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bstract

Electrode properties are key determinants of the performance of the membrane-electrode assembly (MEA) in fuel cells. In this study, the influence
f dispersion solvent for the catalyst ink on cathode properties and also on the cell performance is investigated. Cathodes containing sulfonated
oly(ether ether ketone) (sPEEK) as an electrode binder are prepared with different dispersion solvents such as N,N-dimethylformamide (DMF),
,N-dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP). When DMF is used as a casting solvent, the
PEEK membrane exhibits a particular low proton conductivity. The high boiling points of DMSO and NMP as dispersion solvents for the cathode
ead to a reduction in the pore volume of the cathode and, consequently, cause poor transport of oxygen at the cathode. A MEA based on a cathode
sing DMAc as a dispersion solvent gives the highest performance due to the high proton conductivity and good morphology of the cathode.

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

The direct methanol fuel cell (DMFC) has attracted much
nterest as a power source of portable electronic devices due to
ts ease of carriage, less safety concerns, and existing fuel sup-
ly infrastructure [1–3]. The main component of a DMFC is
he membrane-electrode assembly (MEA), which is composed
f a solid polymer electrolyte membrane sandwiched between
catalyzed anode and a cathode. The MEA is usually based

n Nafion, and has several drawbacks such as high cost, high
ethanol permeability, and limited operational temperature. To

olve these problems, several alternative membranes have been
nvestigated and are mostly based on polyaromatic engineering
lastics such as poly(etherketone)s (PEK), polysulfones (PSf),

nd polyimides (PI) [4–6]. Despite this research, there have
een few studies of electrodes that might be compatible with
he alternative membranes [7,8].

∗ Corresponding author. Tel.: +82 42 869 3965; fax: +82 42 869 3910.
E-mail address: jungpark@kaist.ac.kr (J.-K. Park).

2

2

s
e
p

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.03.056
ology; Catalyst ink

A high-performance electrode requires good adhesion
etween the membrane and the electrode, uniform Pt disper-
ion in the electrode, good ion conduction, and reactant/reaction
roduct transport through electrode. These properties are influ-
nced by the component materials and fabrication process of the
lectrode. Since the dispersion solvent for catalyst ink can affect
he solubility of the electrode binder and the Pt dispersion, it will
ventually determine the morphological properties of the elec-
rode. This study examines the effect of the dispersion solvent on
he properties of a cathode prepared using sulfonated poly(ether
ther ketone) (sPEEK) as a binder and also investigates the
lectrochemical performance of the resulting DMFC.

. Experimental

.1. Synthesis of sPEEK and membrane preparation
As a material for both the membrane and the electrode binder,
PEEK was synthesized according to the procedure reported
lsewhere [6,8]. The degree of sulfonation of the synthesized
olymer was 61%, as determined by 1H NMR analysis [9].

mailto:jungpark@kaist.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.03.056
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PEEK membranes were prepared by a solution-casting method
10]. A sPEEK solution (10–15 wt%) in N-methyl-2-pyrrolidone
NMP) was directly cast on to a clean glass plate, and dried
t 50 ◦C for 1 day and then again under vacuum at 100 ◦C
or 12 h. The sPEEK film was peeled from the glass plate by
ubmersing it in de-ionized water, and then was fully proto-
ated using 1.0 M sulfuric acid solution at room temperature for
day.

.2. Selection of dispersion solvent for catalyst ink

A dispersion solvent for catalyst ink is required to be both
good dispersant for the Pt catalyst and a good solvent for the

lectrode binder. To select candidates that meet these require-
ents, Pt dispersion and sPEEK solubility tests were performed

n the most commonly used solvents. The solvents used in these
ests are listed in Table 1.

For preparation of the catalyst solution, the mixtures of Pt
nd each solvent were prepared and stirred vigorously in an
ltrasonic bath for 12 h. The mixtures were left for 1 day without
dditional handling and then the degree of Pt dispersion in each
olvent was examined. The solubility of sPEEK in the solvent
as determined simply by checking the optical transparency of

he mixtures at room temperature.

.3. Preparation of cathodes based on different dispersion
olvents and their characterization

Catalyst inks for cathodes were prepared according to the
ollowing procedures: sPEEK solutions (5 wt%) were prepared
sing different dispersion solvents. Platinum black (ETEK Inc.)
as added and the ratio of Pt black to pure sPEEK was 19:1.
ll mixtures were stirred vigorously to achieve a uniform dis-

ersion of Pt. Each catalyst ink was applied to carbon paper
TGPH090, Toray) by a brushing technique. All the cathodes
ere prepared to contain the same amount of Pt loading, viz.,
mg cm−2.

able 1
esults of dispersion test of Pt and solubility test of sPEEK

Pt dispersion test sPEEK solubility test

cetone O X
cetonitrile X X
eionized water O �a

MAc O O
MF O O
MSO O O
thanol O X

sopropyl alcohol X X
ethanol X O
ethyl ethyl ketone �b X
MP O O
-Propanol X X
etrahydrofuran X X
oluene X X

a sPEEK was not dissolved at room temperature. It could be dissolved at
00 ◦C.
b Pt particles were well-dispersed for the 1st day, and then were precipitated.
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To estimate the proton conductivity of catalyst layer indi-
ectly, sPEEK membranes were solvent-casted separately using
he dispersion solvents that had been used for preparation of
he cathodes, and their proton conductivities were evaluated by
c impedance spectroscopy (1400 FRA and 1470E, Solartron)
11]. The morphological properties of the cathodes, including
ore size distribution and porosity, were characterized by Hg-
orosimetry (Autopore IV 9500, Micrometrics). To investigate
xygen transport through the cathode, linear sweep voltamme-
ry was performed [12]. To make a dynamic hydrogen electrode
DHE) as the reference electrode, humidified hydrogen gas was
upplied to the anode at a flow rate of 50 mL min−1. The cathode,
orking electrode, were supplied with humidified oxygen gas

t a flow rate of 50 mL min−1. Linear sweep voltammograms at
10 mV s−1 scan rate were recorded in the potential range from
.5 to 0.0 V versus DHE.

.4. MEA fabrication and its electrochemical
haracterization

Several MEAs were manufactured using the cathodes pre-
ared with different dispersion solvents. To investigate the effect
f the cathode on MEA performance, the same anode and sPEEK
embrane were used. The catalyst ink for the anode was com-

osed of 5 mg cm−2 of Pt/Ru (1:1, a/o) and Nafion solution
5 wt%, Dupont), and it was applied to carbon paper. The mem-
rane was sandwiched between the anode and the cathode by
ot-pressing at 130 ◦C for 3 min under 800 psi. The MEAs were
hen connected to a test station equipped with an electronic load
Won-A tech, Korea) and current–voltage curves at 60 ◦C were
btained galvanostatically. A 2.0 M methanol solution was sup-
lied to the anode at 1.0 mL min−1 and oxygen to the cathode at a
ow rate of 200 mL min−1. Impedance measurements were per-
ormed on the operating cells using ac impedance spectroscopy.
he ac signal had the amplitude of 10 mV and the frequency

ange was from 0.05 Hz to 10 kHz. All spectra were measured
t a dc potential of 0.4 V.

. Results and discussion

.1. Selection of dispersion solvents for catalyst ink

Since a uniform dispersion can ensure a high utilization of
t, the degree of Pt dispersion in various solvents was firstly
xamined. Visual observation for comparison of the degree of
t dispersion in various solvents is shown in Fig. 1 and the results
re listed in Table 1. The Pt particles in de-ionized water, ethanol,
cetone, methyl ethyl ketone, NMP, N,N-dimethylformamide
DMF), N,N-dimethylacetamide (DMAc), and dimethyl sulfox-
de (DMSO) are well-dispersed, while they are precipitated
n acetonitrile, isopropyl alcohol, toluene, tetrahydrofuran, 1-
ropanol, and methanol. The solubility of sPEEK also needs to
e taken into account in the preparation of a high-performance

lectrode since it can influence the contact area between Pt and
lectrode binder. As listed in Table 1, methanol and several apro-
ic polar solvents including NMP, DMF, DMAc, and DMSO are
ound to be good solvents of sPEEK.
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and DMAc, which are 153 and 165 C. This would lead to a
relatively slow evaporation of DMSO and NMP. Consequently,
the cathodes based on DMSO and NMP as dispersion solvents
exhibit smaller pore volumes than those based on DMF and
Fig. 1. Degree of Pt dis

Based on these results, DMF, DMAc, DMSO, and NMP, that
ere both good solvent of sPEEK and good dispersant of Pt,
ere selected as dispersion solvents in this study.

.2. Proton conduction in catalyst layer

The proton conductivity of the catalyst layer is an important
eterminant of electrode performance and can provide use-
ul information for optimization of the MEA structure [13].
lthough there have been several reports of the proton conduc-

ivity of catalyst layer, the measurement methods were either
mpractical or too complex [14–16]. In this study, proton con-
uctivity of sPEEK membranes using DMF, DMAc, DMSO,
nd NMP as a casting solvent were examined for easy and fast
pproximation of proton conductivity of the catalyst layer.

Table 2 lists the proton conductivity of the sPEEK membrane
t 30 and 60 ◦C. The proton conductivity of the membrane using
MF as a casting solvent is found to be remarkably lower than

hose of the membranes based on other casting solvents. This
s due to the fact that the nitrogen electron pairs of DMF are
nvolved in hydrogen bonding with the sulfonic acid hydrogen
toms of sPEEK [9,17]. Since the sulfonic acid group of the
PEEK influences the number of charge carriers and the mobility
f protons available for proton transport, the hydrogen bonding
ields a reduction in proton conductivity.

.3. Morphological properties of cathodes

The pore structures of cathodes prepared with different dis-
ersion solvents were investigated by Hg-porosimetry. The total
orosity of the cathodes using DMF, DMAc, DMSO, and NMP

s dispersion solvents was 85, 86, 77 and 71%, respectively. In
act, the primary and secondary pores are especially important
n determining electrode properties rather than the total pore
olume [18]. It is known that the catalyst layer in the elec-

able 2
roton conductivities of sPEEK membranes based on different casting solvents

Roton conductivity (S cm−1)

30 ◦C 60 ◦C

MF 0.045 0.094
MAc 0.086 0.130
MSO 0.080 0.143
MP 0.090 0.139

F

on in various solvents.

rode has two distinctive pore distributions, namely primary and
econdary pores [19,20]. The former is identified as the space
etween the primary particles in the agglomerate, and the latter
s the space between the agglomerates.

The pore size distributions of the cathodes based on different
ispersion solvents, which were measured by mercury intrusion
orosimetry, are shown in Fig. 2. There are two distinctive pore-
ize distributions with a boundary of around 100 nm. The small
ores in this boundary are considered to be primary pores and
he large ones up to 2–3 �m are secondary pores. Pores larger
han the secondary pores are usually from the carbon paper or
mperfections such as cracks and holes in catalyst layer [21], and
re excluded in our investigation. In both primary and secondary
egions, it is found that the cathodes using DMF and DMAc as
ispersion solvents have larger pore volumes than those based on
MSO and NMP. This appears to be related to the boiling point
f the dispersion solvents. Since the dispersion solvents selected
n this study have relatively high boiling points, the pores in
he cathodes may be partially filled with the residual solvents
ven after the heat treatment. The boiling points of DMSO and
MP are 189 and 202 ◦C, and are higher than those of DMF

◦

ig. 2. Pore size distribution of cathodes based on different dispersion solvents.
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MAc. This dependency of pore volume on boiling point is in
ood agreement with the results of other publications [22,23].

Since, during cell operation, a complex flow of reactants and
eaction products exists in the pore of the electrodes, the pore
tructure is very important for cell performance. In the cath-
de, a matter of a concern in this study, the pores must allow
aseous oxygen to reach the catalyst surface and support effi-
ient removal of product water to prevent flooding. In this study,
he controlled variable for preparation of the cathode is the dis-
ersion solvent of catalyst ink, and thus it was expected that
he difference in the pore volume in the cathode will result in a
hange of gaseous oxygen transport. This effect is investigated
y means of linear sweep voltammetry for oxygen reduction, as
iscussed in the following section.

.4. Oxygen transport at the cathode

The performance of an electrode is determined by the kinet-
cs and reactant permeation properties [12]. In the cathode of a
MFC, oxygen is supplied and reduced in the presence of Pt by

he following reaction:

2 + 4H+ + 4e− → 2H2O, Er = 1.23 V

f potential of the electrode is made relatively more negative than
he equilibrium potential, the reactant will be reduced [24]. In
xygen reduction, the equilibrium potential is shifted towards
lower potential than the theoretical reversible potential Er

ecause of its sluggish reaction kinetics. As shown in Fig. 3,
he reduction currents of all cathodes are generated at the sim-
lar voltage, i.e., around 0.9 V (versus DHE). This means that
he dispersion solvent for catalyst ink does not have much effect
n the intrinsic kinetics of the cathode. By contrast, there is a
emarkable difference in the limiting current of the various cath-
des that is related to mass transport limitations. The plateau in

he linear sweep voltammogram is indicative of an insufficient
upply of oxygen to the reactive site of the cathode. Since mass
ransport in the cathode is determined mainly by the permeabil-
ty of oxygen which, in turn, is largely governed by the pore

ig. 3. Linear sweep voltammograms for oxygen reduction at cathodes using
ifferent dispersion solvents.
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olume, the limiting current shows a similar change with the
ype of dispersion solvent as the pore volume. Cathodes using
MF and DMAc as dispersion solvents show higher limiting

urrents compared with those using DMSO and NMP, and these
ill be reflected in the single-cell performance.

.5. Electrochemical characterization of single-cell

The effect of dispersion solvent for catalyst ink on DMFC
erformance is shown in Fig. 4. Although all the cells exhibit
imilar voltage–current behaviour up to 300 mA cm−2, the volt-
ge drop becomes significantly different in the region of higher
urrent density, where mass-transfer is the dominant variable in
etermination of the cell performance. If gaseous oxygen trans-
er to the reaction site at the cathode is not successfully achieved,
here will be a mass transfer limitation leading to a limitation
n current density, which can cause deterioration of MEA per-
ormance. As shown in Fig. 4, the limiting current density of
he MEA using NMP as a dispersion solvent for the catalyst ink
s lowest, about 300 mA cm−2, and the limiting current densi-
ies of other MEAs increase in the order of DMSO, DMF and
MAc. This pattern for the change in limiting current density

s consistent with the pore volume behaviour in the cathode, as
hown above. Since the dispersion solvents DMSO and NMP
roduce a relatively smaller pore volume in the cathode because
f their high boiling points, gas feeding becomes more difficult
or the cathodes based on these solvents, which results in a retar-
ation of gas transport to the reaction sites. By contrast, MEAs
ased on DMF and DMAc as dispersion solvents for the cata-
yst ink give relatively higher limiting current densities that are
reater than 400 mA cm−2 due to their higher pore volume. It is
herefore concluded that the dispersion solvent used in electrode
reparation influences the performance of DMFC significantly,
onsiderable mass-transfer limitation.
The electrical resistances of the MEAs were measured by

lectrochemical impedance spectroscopy. The impedance spec-

ig. 4. Polarization curves for single-cells with cathodes based on different
ispersion solvents at 60 ◦C.
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ig. 5. Impedance spectra of single-cells with cathodes based on different dis-
ersion solvents during cell operation at a dc potential of 0.4 V.

ra at 0.4 V of single-cells based on different dispersion solvents
or the catalyst ink are presented in Fig. 5. It is remarkable that
n the region of high frequency corresponding to bulk transport,
here is a clear difference in the spectra between the MEA based
n the dispersion solvent DMF and the MEAs based on other
ispersion solvents. The MEA based on DMF shows a higher
esistance in the high frequency region than the other MEAs,
hich have nearly the same resistance. This is attributed to the

ower proton conductivity of the catalyst layer based on DMF.

. Conclusions

A series of different cathodes with a sPEEK binder have been
repared from catalyst inks using different dispersion solvents.
he type of dispersion solvent can significantly influence the
roton conductivity of catalyst layer and also the pore mor-
hology of the electrodes which, in turn, affects cell perfor-
ance.
A cathode using DMF as a dispersion solvent exhibits the
owest proton conductivity of the catalyst layer due to hydrogen
onding between DMF and sPEEK. Cathodes prepared with
MF or DMAc as a dispersion solvent produce larger pore vol-
mes than those based on DMSO and NMP. This is due to the

[

[
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elatively lower boiling points of the former two solvents and
nfluences oxygen transport behaviour at the cathode. As a con-
equence, MEAs based on cathodes using DMAc as a dispersion
olvent produce the highest limiting current density and highest
ell performance. These results demonstrate that the dispersion
olvent used for the catalyst ink is obviously a key factor in the
reparation of high-performance DMFCs.
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