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Sulfonated polyimides (SPIs) derived from 1,4,5,8-naphthalene tetracarboxylic dianhydride, 4,4'-bis(4-
aminophenoxy) biphenyl-3,3’-disulfonic acid and hydrophobic aromatic diamines showed the much
lower methanol permeability and the lower proton conductivity than Nafion 112. The performance and the
water and methanol crossover for direct methanol fuel cells (DMFCs) with the SPI membranes were inves-
tigated in comparison with Nafion membranes. The methanol and water fluxes increased significantly
with increasing load current density for Nafion membranes but not for the SPI membranes, indicating
that they were controlled by both the electro-osmotic drag and the molecular diffusion for the former
but by only the molecular diffusion for the latter. These resulted in the much better DMFC performance
for the SPIs than Nafion membranes especially at high methanol feed concentrations. The Faraday’s effi-
ciency and overall DMFC efficiency at 60°C and 200 mA cm~2 for SPI membrane with IEC of 1.51 meq g~!
were 75% and 21%, respectively, at 5 wt.% methanol feed concentration, and 36% and 9.5%, respectively, at
20 wt.% methanol concentration. They were about two times and three times higher at 5 wt.% and 20 wt.%
methanol concentrations, respectively, than those for Nafion 112. The short-term durability test for 300 h
at 60 °C revealed no deterioration in the DMFC performance. The SPI membranes have high potential for
DMEFC applications at mediate temperatures (40-80°C).
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1. Introduction

Direct methanol fuel cells (DMFCs) have been drawing great
attention because of their potential use as future energy sources
for ubiquitous portable devices such as laptop and mobile phone
[1,2]. Aqueous methanol solution is used as the fuel to generate
electrical power in a DMFC instead of hydrogen gas, which has the
advantage of making the whole system both compact and simple.
It is crucial to use concentrated fuel to achieve high level of energy
capacity, which gives rise to the large methanol crossover through
a polymer electrolyte membrane (PEM) from anode to cathode. The
methanol crossover in DMFC results not only in fuel loss, but also in
an increase in air demand and in a decrease of cell efficiency, due to
the reactions and depolarization of permeated methanol with oxy-
gen at the cathode [3-7]. Because of the issue of methanol crossover
as well as the high cost, the state-of-the-art perfluorosulfonic acid
membranes such as DuPont’s Nafion are not suitable for DMFC
applications. In the past decades, there have been reported a lot of
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literatures focusing on alternative aromatic PEM materials [8-22]
such as sulfonated poly (aryl ether)s (SPAEs) [9-13], sulfonated poly
(ether ether ketone)s (SPEEKSs) [ 14,15], sulfonated polyimides (SPIs)
[16-22], and so on. Besides the methanol crossover, the control
of water level in a PEM also cannot be neglected, which would
give considerable effects on the proton conductivity, fuel trans-
port and electrode reaction kinetics [7,23]. The perfluorosulfonic
acid membranes also showed the transport of a large amount of
water through PEM in DMFC operation. Therefore, for the alterna-
tive PEMs, it is necessary to keep an optimum maintenance of water
balance to achieve high fuel cell performance.

Most of the alternative PEMs mentioned above have been
reported to have comparable or slightly lower proton conductivity
in water but much lower methanol permeability compared with
Nafion, resulting in much larger selectivity of proton conductiv-
ity to methanol crossover. However, most of the researches have
dealt with methanol permeability measured by a liquid/liquid per-
meation method (py,.). Only several researches have dealt with
the in situ analysis of the methanol crossover in DMFC operation
[5,6,9,13,17,20,21]. Furthermore, only a few researches have dealt
with the in situ analysis of both the methanol and water crossover
during DMFC operation [9,20].

SPI membranes are considered as one of the promising can-
didates due to their good film-forming ability and low fuel
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Fig. 1. Chemical structure of SPIs from NTDA and BAPBDS.

crossover [16-22,24,25]. If the ion exchange capacity (IEC) is
beyond a certain level, for example 1.5 mequiv.g~!, some PEMs
such as SPAE and SPEEK swelled extremely or dissolved into
methanol. On the contrary, the SPI membranes showed much
stronger tolerance towards methanol, namely they slightly swelled
when soaked in methanol. We have reported some prelimi-
nary works about methanol permeability py ;. for SPIs derived
from 1,4,5,8-naphthalene tetracarboxylic dianhydride (NTDA), sul-
fonated and non-sulfonated diamines with relatively high IECs of
1.8-2.3 mequiv. g~ [19]. Our results showed that the pmL of the
SPI membranes hardly depended on the methanol concentration up
to 50 wt.%. The py 1. values were in the range of 0.5 x 1076 cm? s~
to 1.7 x 106 cm?s~1 at 50°C and more than two times smaller
than those of Nafion 112. In addition to the high methanol toler-
ance, the excellent membrane stability is also required for PEMs.
The SPIs based on sulfonated diamine of 4,4’-bis(4-aminophenoxy)
biphenyl-3,3’-disulfonic acid (BAPBDS) showed the high water sta-
bility, that is, they maintained the high proton conductivity and
tensile strength after aging in water at 130°C for 300 h, suggesting
high potential as PEMs with the durability of more than 20,000 h at
temperatures below 80°C [26].

In this paper, we prepare a series of SPI membranes from NTDA
and BAPBDS with IECs of 1.51-1.96 mequiv. g~ !, of which the chem-
ical structure is shown in Fig. 1, and investigate their fuel cell
performances in comparison with Nafion, including methanol and
water crossover during DMFC operation.

2. Experimental
2.1. Membrane preparation and characterization

The random copolyimides were prepared from NTDA, BAPBDS
and 1,3-bis(4-aminophenoxy) benzene (BAPBz) or 4,4'-bis(4-
aminophenoxy) biphenyl (BAPB) by one-pot high temper-
ature polycondensation according to the reported method
[16,24,25]. Tough and flexible SPI membranes were obtained
by casting their 5-6wt.% m-cresol solutions (in triethylamine
form) onto glass plates, followed by residue extraction in
methanol and proton exchange in 1M hydrochloric acid solution
[24,25].

The IEC of SPIs was calculated from the feed molar ratio of the
sulfonated diamine to the non-sulfonated one. Water uptake and
dimensional change of membrane were measured according to the
methods described elsewhere [24]. Water uptake was measured
by immersing a sample sheet into water at 30°C for 5 h. Then, the
membrane was taken out, wiped with tissue paper very quickly,
and weighed on a microbalance. Water uptake (WU) was calculated
from Eq. (1):

Wi — Wy

WU (%) = =

x 100 (1)

where Wy and W are the weights of dry and corresponding water-
swollen membranes, respectively.

Dimensional changes in thickness (At¢) and in plane direction
(Alc) were investigated by immersing more than two sample sheets
in water at 30°C for 5 h. The changes of thickness and length were
calculated from Eq. (2):
t—tg

tq
I-14

AIC=T

Atc =

(2)

where t4 and [ are the thickness and length of the dry membrane,
respectively; t and [ refer to those of the membrane swollen in water.

In-plane and through-plane proton conductivity (o and o,
respectively) of SPI membrane was determined using an electro-
chemical impedance spectroscopy technique over the frequency
from 10Hz to 100kHz (Hioki 3532-80). For o/, a single cell with
two platinum plate electrodes was mounted on a Teflon plate at
0.5 cm distance. For o |, a membrane sample was set between two
platinum plate electrodes of 1 cm? area, and mounted on two Teflon
blocks. The cell was placed in liquid water. Proton conductivity, o
and o |, were calculated from Eq. (3):

% = TR
twR (3)

t
AR
where d is the distance between the two electrodes, t and w are
the thickness and width of the water-swollen membrane, respec-
tively,Ais the electrode area, and Ris the resistance value measured.
In the through-plane conductivity measurement, the contact resis-
tance between electrodes and membrane could be neglected only
in the fully hydrated state. The similar o, values were obtained for
the samples of single layer and double layers of membrane.
Methanol permeability py;;. was measured by a liquid-liquid
permeation method as described elsewhere [19]. The measure-
ments were carried out by using a liquid permeation cell and
measuring the methanol concentration in the feed and permeate
at 60°C with an initial methanol concentration in feed of 10 wt.%.

o) =

2.2. Fabrication of membrane electrode assembly (MEA) and
measurements of cell performance

A MEA was fabricated using SPI or Nafion membrane as PEM.
Pt70Ru30/C (54%, TEC61E54, Tanaka Kikinzoku Gr.) and Pt/C (45.5%,
TEC10E50E, Tanaka Kikinzoku Gr.) were used as anode and cath-
ode catalysts, respectively. The catalyst was dispersed uniformly
into the mixture of appropriate amount of water, 1-propanol,
2-propanol, and Nafion® dispersion solution (21wt.%, Aldrich)
through ball-milling and degassing. The catalyst ink prepared thus
was coated onto a carbon paper (Toray Indus. Inc., TGP-H-090,
0.28 mm) using a bar-coater, and dried to obtain a catalyst-coated
electrode. The catalyst loadings for the anode and cathode were
2.2mg Pt/Rucm~2 and 1.67 mg Pt cm~2, respectively. Both sides of
the PEM surface were impregnated uniformly with 1.0 mgcm~—2
of Nafion by applying 0.02 mLcm~2 of 5wt.% Nafion solution as a
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Fig. 2. Schematic diagram of measurement apparatus for water and methanol
crossover in DMFC operation.

binder. A PEM was sandwiched between two catalyst electrodes
and hot-pressed at 150°C at 30kgfcm=2 for 3 min. The effective
electrode area was 5 cm?2. The prepared MEA was positioned into a
single cell test fixture (JARI).

DMFC measurements were carried out in a DMFC test sta-
tion (KIKUSUI KFM2030, EIWA) at 40-80 °C. An aqueous methanol
solution (5-50wt.%) was supplied into the anode at a flow rate
of .0mLmin~!, O, or air was supplied into the cathode at
150N cm3 min~! or 150-750 Ncm3 min~!, respectively, under air
atmosphere. The gas was passed through a humidifier at a given
temperature if necessary.

Alternating current (AC) impedance analysis was performed
under steady-state conditions. The frequency range was from 0.1 Hz
to 10 kHz and the load current was setat 0.25A,0.5A,1.0Aand 1.5 A.
The cell resistance (R.) and electrode reaction resistance (R;) were
determined by the AC impedance cole-cole plots. The proton con-
ductivity in thickness direction of membrane (o, pc) was evaluated
by assuming that the membrane resistance is approximately equal
to the cell resistance.

2.3. Measurements of methanol and water crossover during
DMEFC operation

The water and methanol crossover through PEM during fuel cell
operation was measured using the apparatus depicted in Fig. 2.
Most of the methanol permeated through a membrane was oxi-
dized into CO, and water at the cathode. A small part of the
methanol was not oxidized and flowed into the cathode outlet
stream. The cathode effluent was conducted to a cold trap (<—60 °C)
to condense the water and methanol vapor and then the dried gas
was conducted to a gas sampler for the gas chromatography to mea-
sure the CO, content. The condensed liquid was weighed and then
subjected to the gas chromatography to determine the methanol

content. The methanol permeation flux (qy) was calculated from
Eq. (4):

Mco, + MwmeoH
Atmea

gm (molcm=2s71) =

(4)
where Mco, (mol) and Myeon (mol) are the CO, amount and the
methanol amount, respectively, flowed into the cathode outlet
stream for the measurement time, tmea, and A is the effective area of
MEA. The methanol permeation coefficient py; was evaluated from
Eq. (5), assuming that the membrane was in contact with the feed
methanol solution and feed cathode gas:

ts09
puem? 571 = s (5)
M

where Cy; is a methanol concentration in feed and tsgyry is the
thickness of membrane under 50%RH. The water permeation flux
(qw) was calculated from Eq. (6):

Mwt — Mwr — 2Mco,
Atmea

qw (molcm2s71) = (6)
where Myt (mol) is the amount of water trapped and Mg (mol)
the amount of water generated by the electrochemical reaction of
proton at cathode for tmea.

3. Results and discussion
3.1. Characterization of SPI membranes

In this study, four types of SPI membranes with the higher IECs
(M1 and M2) and the lower ones (M3 and M4) were investigated
and compared with Nafion membranes. Their physical proper-
ties are summarized in Table 1. All the SPIs had high molecular
weights judging from their large reduced viscosities and gave duc-
tile membranes of 30-65 wm in thickness. The SPI membranes
displayed the anisotropic membrane swelling and proton conduc-
tivity. The dimensional change was about three times larger in
the thickness direction than in the plane one. The o, was about
25% smaller than the o). These are because the polymer chains
tend to align in the plane direction to some degree, as reported
in a previous paper [27]. On the other hand, Nafion membranes
showed the isotropic membrane swelling and proton conductivity.
At 60 °C, the SPIs showed slightly lower conductivity values in water
than Nafion 112. According to liquid-liquid permeation measure-
ments, Nafion 112 showed high pyy;;. values of 4.4 x 1076 cm? s~
and 2.4 x 10-6cm?2s~! at 60°C and 30°C, respectively, for 10 wt.%
methanol solution, which were comparable to those reported for
Nafion membranes (2.0-3.2 x 10~ cm?2s~! at 23-30°C) [7,8]. On
the other hand, the SPI membrane M2 showed a much lower py; 1.
value of 1.66 x 10~ cm?s~! at 60°C for 10wt.% methanol. As a
result, the selectivity (o'} [pmy) values were 5.4 x 104Scm=3 s~

Table 1

IEC, water uptake (WU), methanol uptake (MU), size change (Atc, Alc) and proton conductivity (0, o, ) of SPI and Nafion 112 membranes.

Code SPIs? Thickness (m) IEC® (mequiv.g~!) 7€ (dLg1) wud (%) MU? (%) Size changed o) (mSem1) 0.8
At Al

M1 BAPBz(2/1) 46 1.96 4.4 60 0.21 0.084 127 -

M2 BAPB(2/1) 34 1.89 49 57 51 0.18 0.061 127 93

M3 BAPBz(1/1) 65 1.56 23 44 47 0.17 0.055 78 60

M4 BAPB(1/1) 53 1.51 4.4 46 44 0.16 0.057 86 64

Nafion 112 55 0.91 - 39 81 0.14 0.13 139 136

2 Derived from NTDA, BAPBDS and non-sulfonated diamines, BAPB or BAPBz. The data in parentheses are the molar ratios of BAPBDS to non-sulfonated diamine.

b Theoretical value.

¢ 0.5g/dL at 35°C in m-cresol.
d At30°C.

¢ At 60°C in water.



Z. Hu et al. / Journal of Power Sources 194 (2009) 674-682

0.7 180
& A s0°c o9
* OéGUC OO 1 160
06 g o
e Osooc e
e o 1 140
b (0]
05 & .. O
e %0
2 %o %o, od 1204
= A % ..ooo <><><><><> £
Toar A ‘e e nsd ] 2
g, A e, O %5, 100 =
8 A *e < LT =
= A 00 L™ =,
G A, O L&g L =
P 03k Aa o0 %o 180 2
G QOQA Aaaﬁ‘ééfﬂu&a& z
- Oo™ \ABT A, ‘oo 2
007 A AL, * 60 §
0z 8<>AL\. Aa, )
A Aadw T
%A A
01
gg 1 20
@
oy L 1 L L 0
0 100 200 300 400 500

Current Density [mA cm'z]

Fig.3. Effects of cell temperature on DMFC performance for M2 with supply of 5 wt.%
methanol solution and O, (150N cm? min~', dry).

and 3.2 x 10*Scm~3s~1 for M2 and Nafion 112, respectively. The
former was 1.7 times larger than the latter.

3.2. DMFC performance

Fig. 3 shows the effects of cell temperature on DMFC perfor-
mance for M2 with supplying 5wt.% methanol solution and dry
oxygen. With increasing cell temperature from 40°C to 80°C, the
DMFC performance significantly increased. For example, the open
circuit voltage (OCV) increased from 0.59V at 40°C to 0.65V at
80°C and the cell voltage at current density of 200 mA cm~2 (V,q0)
increased from 0.29V to 0.44 V. This was due to that the positive
effect of an enhancement in the electrode reaction rate with an
increase in cell temperature was more predominant than the neg-
ative effect of an increase in the methanol crossover. In this study,
the fuel cell properties at 60 °C were investigated in detail.

Fig. 4 shows the effects of cathode gas and its flow rate on
DMFC performance for M2 at methanol feed concentrations of
5wt.%, 10 wt.% and 30 wt.%. The preliminary experiments for 5 wt.%
methanol were carried out by varying the humidification condi-
tions of cathode gas. The gas humidified at 25 °C gave the similar
results to those shown in Fig. 4(a) for the dry gas, whereas the gas
humidified at 50 °C gave the lower performance. Therefore, in this
study, the cathode gas was supplied without the humidification. In
the case of oxygen supply, the DMFC performance hardly depended
on the flow rate above 30N cm? min—!. In the case of air supply,
the behavior was somewhat different depending on the methanol
feed concentration. At 5wt.% methanol feed concentration, in the
low current density range up to 200 mA cm~2, the cell voltage was
almost the same in magnitude between the oxygen and air supply
regardless of the flow rate, for example, 0.45V at 100 mA cm~2 for
every case. With increasing current density above 200mA cm~2,
the cell voltage decreased more largely for air than for oxygen. As
a result, the cell voltages at 400 mA cm~2 were 0.29V for oxygen
and 0.25V for air at 750N cm?® min~! and 450 N cm? min~!. With
air supply at 150 Ncm? min—1, the cell voltage largely dropped in
the current density range above 300 mA cm~2. This was because
the oxygen gas diffusion process at the cathode became the rate-
determining step. At 10 wt.% methanol feed concentration, the cell
voltage was smaller for air than for oxygen even in the low current
density range. For example, V509 was 0.37V for oxygen and 0.33V
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for air at every flow rate. The difference in the cell voltage became
larger with increasing current density. At 30 wt.% methanol feed
concentration, the difference in the cell voltage between the oxy-
gen and air supply was larger, especially for the low flow rate of
150N cm? min~1, than that at 10 wt.% methanol one. The cell volt-
ages at 100 mA cm~2 were 0.39V for oxygen and 0.34V and 0.29V
for air at 750 N cm3 min~! (450) and 150 N cm3 min~!, respectively.
The effects of air supply and its flow rate on the cell performance
were much larger at the higher methanol concentration and the
higher current density. The results mentioned above in Figs. 3 and 4
were also observed for the other SPI membranes.

Fig. 5 shows the effects of cathode gas and its flow rate on DMFC
performance for Nafion 112. The large effects of the air supply and
its flow rate were observed for Nafion 112 at 10 wt.% methanol
feed concentration. The behavior was comparable to that for M2 at
30 wt.% methanol concentration. The cell performance for Nafion
112 could not be measured with supply of 30 wt.% methanol solu-
tion and air.

Effects of methanol feed concentration on the DMFC perfor-
mance with oxygen supply at a flow rate of 150Ncm?3 min~! for
M4 and Nafion 112 are shown in Figs. 6(a) and 7(a), respectively.
At a low methanol concentration of 5wt.%, M4 and Nafion 112
showed the similar cell performance except for OCV; thatis, the OCV,
cell voltage at 200mA cm~2 (V500) and maximum output (Wmax)
were 0.69V,0.40V and 120 mW cm~2, respectively, for M4, whereas
0.61V,0.38V and 126 mW cm~2 for Nafion 112. With an increase in
methanol feed concentration up to 30 wt.%, the cell performance
decreased less for M4 than for Nafion 112. As a result, at 30 wt.%
methanol concentration, M4 kept a high Wpax of 83 mWcm~2,
which was 2.3 times larger than that for Nafion 112. The DMFC with
Nafion 112 did not work stably at 50 wt.% methanol feed concen-
tration, whereas M4 still kept fairly high cell performance, namely,
OCV of 0.61V, Vg9 of 0.32V and Wiax of 70mW cm—2.

Figs. 6(b) and 7(b) show effects of methanol feed concentra-
tion on the cell performance with air supply at a flow rate of
450N cm3 min~! for M4 and Nafion 112, respectively. Compared
with the oxygen supply, the air supply reduced the cell performance
largely. The reduction in cell performance was larger for Nafion
112 than for M4 and for higher methanol concentration. At 10 wt.%
methanol concentration, the Wiax values were 83 mW cm—2 and
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Fig. 6. Effects of methanol feed concentration on DMFC performance for M4 with
supply of (a) O, (150N cm? min~') and (b) air (450 N cm?® min~') at 60 °C.

68 mW cm~2 for M4 and Nafion 112, respectively, which were 25%
and 40% lower than those with the oxygen supply. At 30wt.%
methanol concentration, Nafion 112 showed the too low cell per-
formance to be measured stably, whereas M4 displayed moderately
high cell performance, namely, OCV of 0.59V, V,q of 0.25V and
Wiax of 55 mW cm—2.

3.3. Methanol and water crossover

Fig. 8(a) and (b) shows the methanol and water crossover
through M1, M4 and Nafion 115 during DMFC operation as functions
of load current density and methanol feed concentration, respec-
tively. Nafion 115 with a larger thickness of 130 m was chosen here
for comparison, considering the high methanol crossover for Nafion
112 at high methanol concentrations above 20 wt.%. In Fig. 8(a), with
an increase in the current density at a constant methanol feed con-
centration of 20 wt.%, the water flux qw for Nafion 115 increased
significantly due to the increasing contribution of electro-osmotic
drag of proton migration. From the slope of the line in the current
range above 200 mA cm~2, the water electro-osmotic drag coeffi-
cient for Nafion 115 was evaluated as 2.4 H,O/H*, which was close
to the literature values of 2.5-3.3 H,O/H* [20,28]. On the other
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hand, the qw for M1 and M4 hardly changed with an increase in
the current density, indicating that the water flux was not con-
trolled by the electro-osmotic drag but by the molecular diffusion.
This seemed due to the difference in membrane morphology. The
SPI membranes have no clear hydrophilic ionic channel structure
as considered in Nafion membranes and have the lower fraction of
loosely bonded and free water than Nafion membranes. The sim-
ilar water crossover behavior has been reported for disulfonated
poly(arylene ether benzonitrile)s [9]. In Fig. 8(b) at a constant cur-
rent density of 200 mA cm~2, the q for Nafion 115 hardly changed
with anincrease in the methanol concentration, because it was con-
trolled by the electro-osmotic drag. On the other hand, for M1 and
M4, the qw decreased largely with an increase in the methanol con-
centration (or with a decrease in the water concentration at anode),
because of a decrease in the driving force of water diffusion.

The ratio of unoxidized methanol in the cathode outlet stream
to the total methanol permeated through the membrane was 3-9%
for Nafion 112 and 0.5-2.5% for Nafion 115 and SPI membranes at
methanol feed concentrations of 5-30wt.% and at 200 mAcm2.
In this paper, the CO, amount in the cathode outlet stream was
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attributed only to the methanol crossover, because the contribution
of the CO,-crossover from the anode was considered to be negligi-
bly small in the case of high methanol concentrations above 5 wt.%
and the low current densities, based on the reported results [29].
In Fig. 8(a), with increasing the current density from 0 mA cm—2
up to 600 mA cm~2, the methanol flux qy for Nafion 115 increased
largely from 1.3 x 1076 molcm 2 s~ up to 3.2 x 10~ molcm~2s~1.
This indicated that the methanol crossover for Nafion membranes
was controlled by both the molecular diffusion and the electro-
osmotic drag. Recently, the relationship of leakage current density
(or qum) versus current density has been investigated for Nafion
membranes as parameters of operational conditions such as cell
temperature, methanol feed concentration, membrane thickness,
and anode and cathode flow rates and the experimental results have
been analyzed based on a model [5]. According to Eccarius et al., the
qum decreased with increasing the current density at a low methanol
concentration of 1.6 wt.%, whereas it increased at 4.8 wt.% methanol
concentration. According to their simulation results, for 12.8 wt.%
methanol, the qy; increased largely with increasing the current den-
sity, as observed for 20 wt.% methanol in the present study. On the
other hand, for the SPI membranes, the qy hardly changed with
the current density, indicating that the methanol crossover for SPI
membranes was not controlled by the electro-osmotic drag but
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Table 2

Methanol flux and permeability (qm, pm ), proton conductivity (o rc), OCV, cell voltage (Vaoo400)). potential efficiency (ng ), Faraday’s efficiency (nr) and overall DMFC efficiency

(npmrc) of SPI and Nafion membranes during DMFC operation.

PEMs MeOH (%) qm (wmolcm—2s71) pm (x10°cm? s=1) o1rc (mScm-T) 0CV (mV) Va00(400) (MV)P ne (%) nr (%) npmec (%)
Nafion 112 5 0.53 1.87 62 588 361 30 40 1.2

Air? 0.53 1.9 62 585 329 27 40 10.8

M4 0.13(0.10) 0.44(0.33) 29 690 385(266) 3222)  73(88) 23(19)
Air 0.12(0.10) 0.40(0.35) 28 670 340(221) 28(18)  75(87)  21(16)
Nafion 112 10 1.2 2.2 62 574 350 29 22 6.3
Nafion 115 0.88 3.7 84 610 372 31 28 8.6

Air 0.82 3.4 88 608 345 28 30 8.4

M2 0.64 0.71 39 640 413 34 35 12

M4 0.29(0.27) 0.5(0.47) 27 657 365(265) 3022)  54(72) 16.3(15.6)
Air 0.29(0.33) 0.5(0.55) 26 643 325(207) 27(17)  54(68) 14.5(116)
Nafion 112 20 25 2.2 63 544 322 27 12 33
Nafion 115 2.0(2.5) 4.1(5.3) 78 562 330(237) 27(20)  15(21)  4.1(42)
M1 1.2 0.88 28 597 362 30 23 6.7

M3 0.55 0.57 19 580 307 25 38 9.2

M4 0.61(0.63) 0.52(0.53) 24 641 362(265) 3022)  36(52) 10.8(114)
Air 0.63(0.76) 0.53(0.65) 23 611 325(164) 27(135) 36(48)  9.5(6.4)
Nafion 112 30 3.2 19 54 525 152 12.5 10 1.2
Nafion 115 3.0 4.1 74 581 301 25 10 2.6

M1 1.56 0.77 25 555 307 25 18 4.6

M4 0.92 0.52 21 613 318 26 27 71

Air 0.95 0.54 19 590 231 19 27 5.1
Nafion 115 50 4.6 3.9 68 533 136 11 7 0.8

M1 2.42 0.72 21 542 284 13 13 2.9

M4 1.53 0.52 18 613 322 26.5 18 49

Air 1.49 0.51 16 548 139 1.4 19 2.2

3 With air supply at 450 Ncm? min—'.

b At 60°C and 200 mA cm~2; the data in parentheses are at 400 mA cm~2; with oxygen supply at 150 Ncm? min~" unless noted as air.

by the molecular diffusion. As a result, the difference in methanol
flux between Nafion and SPI membranes became much larger with
increasing the current density. In Fig. 8(b), ata constant current den-
sity of 200 mA cm~2, the qy increased linearly with increasing the
methanol concentration for Nafion and SPI membranes, indicating
that the py; hardly depended on the methanol concentration.

The gy and py values measured in situ during DMFC opera-
tion are listed in Table 2. It is noted in this paper that the qy and
pwm refer to the values measured in situ during DMFC operation,
whereas the qy; ;. and pyy ;. refer to the corresponding values mea-
sured ex situ by the liquid/liquid permeation method. It has been
reported for Nafion membranes that the gy, varies inversely as
membrane thickness and the py; ;. hardly depends on the thick-
ness [7]. On the other hand, the gy has been reported not to vary
so largely as due to the contribution of the electro-osmotic drag
[4], suggesting the larger py for the thicker Nafion membrane. In
this study, the py value of Nafion 115 (4.0 x 10~6 cm? s=1) was two
times larger than that of Nafion 112 (2.0 x 10~ cm?s~1). On the
other hand, for SPI membranes the qy; varied inversely as the thick-
ness and the py; hardly depended on the thickness. For example,
M3 membranes with different thicknesses of 35 wm and 65 pm
showed py values of 0.61 x 10-6cm? s~ and 0.57 x 10-6 cm? s~ 1,
respectively. This is because the molecular diffusion was domi-
nant for the SPI membranes. Among the SPI membranes M1-M4,
the methanol permeability depended mainly on the IEC. M1 with
a high IEC of 1.96 mequiv.g~! showed a high py value of about
0.9 x 10-6 cm? s~1, whereas M4 with a low IEC of 1.51 mequiv.g~!
showed a low py value of about 0.5 x 10-6 cm? s~!, which was a
fourth of that of Nafion 112.

The gy values and their measurement conditions reported in
literatures are listed in Table 3 for comparison with our results. For
Nafion membranes, the qy; values in this study were in the similar
level to those reported by Eccarius et al. and Kim et al. [5,13], but
were fairly larger than those reported by Kim et al. and Watanabe
and co-workers [9,21]. From the data reported by Watanabe and
co-workers and Kim et al. for Nafion 112, the gy values at 60°C and

5wt.% methanol were evaluated as 0.13 x 10-molcm~2s~! and
0.33 x 107 molcm~2s~1, respectively, which were a quarter and
two thirds, respectively, of our value, 0.53 x 106 molcm~2 s~1. The
methanol crossover is also affected by the anode backing and cata-
lyst layers. If these layers effectively disturb the methanol diffusion,
the methanol concentration at the interface between the anode
catalyst layer and the membrane will become lower than the feed
concentration, and as a result the methanol crossover will be effec-
tively reduced. The difference in the qy; values among the literatures
and the present study might be attributed to some difference in the
anode backing and catalyst layers. The qy; values in this study is con-
sidered to directly reflect the permeation properties of the mem-
branes without the effect of the anode backing and catalyst layers.
The gy values of a side-chain type SPI membrane with an IEC of
1.94 mequiv. g~ ! (abbreviated to SPI-SP hereafter) have been inves-
tigated at 80-100°C and methanol concentrations of 3.2-9.6 wt.%
by Watanabe and co-workers [21]. From their data, the gy values for
the SPI-SP at 60 °C were evaluated as 0.072 x 10~ molcm~2s~! and
0.15 x 10~ molcm—2 s~ for 5wt.% and 10 wt.% methanol, respec-
tively, which were about a half of the qy values for M4. The gy
values at 80°C and 1.6 wt.% methanol for sulfonated poly(arylene
ethers), BPSH-40 and 6FCN-35 with IECs of 1.72 mequiv.g~! and
1.32mequiv.g~!, respectively, have been reported by Kim et al.
[9]. Assuming the similar temperature dependence to the SPI
membrane, the qy; values for BPSH-40 and 6FCN-35 at 60°C and
5wt.% methanol concentration were evaluated from their data
as 0.24 x 107 molcm=2s~1 and 0.27 x 10~ molcm~2s~1, respec-
tively, which were about two times larger than the qy value for
M4. Recently, Kim et al. also have reported the DMFC performance
for sulfonated poly(arylene ether ether nitrile)) m-SPAEEN-60,
with an IEC of 1.91mequiv.g~! [9], of which the qu value
(0.064 x 10~ molcm~2s~! at 60°C and 1.6 wt.% methanol concen-
tration) was slightly larger than the corresponding value of M4.
The py . values were 4.4 x 1076 cm? s~ and 1.7 x 10~ cm? s~!
for Nafion 112 and M2, respectively, at 60 °C and 10 wt.% methanol
concentration, which were two times larger than the corresponding
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Table 3
Methanol flux (qm) of representative PEMs in DMFC operation.
Membrane Thickness (m) Operation conditions i(mAcm2) Ref.
gm (pmolcm=—2s71) Temp. (°C) MeOH (wt.%)
Nafion 117 180 0.19 50 4.8 0 5
0.25 50 4.8 200
0.5 50 12.8 0
0.74 50 12.8 200
Nafion 1135 90 0.10 50 1.6 0
0.07 50 1.6 200
GEFC-117 0.32 60 6.5 0 6
0.27 60 6.5 200
Nafion 112 51 0.26 80 1.6 0 9
Nafion 115 127 0.14 80 1.6 0
6FCN-35 51 0.13 80 1.6 0
BPSH-40 49 0.15 80 1.6 0
Nafion 112 50 0.19 60 1.6 0 13
m-SPAEEN-60 53 0.064 60 1.6 0
0.090 80 1.6 0
0.35 80 6.4 0
Nafion 112 50 0.20 80 3.2 100 21
0.53 80 6.4 100
0.87 80 9.6 100
SPI-SP 50 0.077 80 3.2 100
0.16 80 6.4 100
0.25 80 9.6 100
Nafion 112 55 0.53 60 5 200 This study
122 60 10 200
Nafion 115 130 0.82 60 10 200
M4 53 0.12 60 5 200
0.29 60 10 200

pm values (2.1 x10°6cm?s~! and 0.71 x 1076 cm? s~ ! for Nafion
112 and M2, respectively). The smaller values measured in situ
compared with the values ex situ was due to the lower membrane
swelling near the cathode in DMFC operation, where the membrane
on the cathode was contact with humidified gas instead of water.

Asmentioned above, the water and methanol crossover behavior
is quite different between Nafion and SPl membranes. The methanol
and water crossover increase significantly with increasing load cur-
rent density for Nafion membranes, but not for SPI membranes. The
methanol crossover is followed by the methanol electro-oxidation
on cathode, which competes with the oxygen reduction on cathode,
resulting in a mixed potential and a reduction of OCV. Therefore,
under the conditions of a high methanol concentration and a high
load current density, the total amount of water in the cathode
became much larger for Nafion than for SPI membrane. This inter-
rupts diffusion of oxygen molecules from gas diffusion layer to
catalyst layer of cathode. As a result, oxygen diffusion into cata-
lyst layer is apt to become a rate-determining step, especially for
the air supply. This causes further reduction in DMFC performance,
especially of maximum output, for Nafion membranes. In the case
of SPI membranes, both the water and methanol fluxes are kept
at a relatively low level even at a high current density and a high
methanol concentration. As a result, the DMFC performance for SPI
membranes is kept at a relatively high level.

3.4. Efficiency of DMFC
The Faraday’s efficiency (ng) is defined as the ratio of the

methanol consumed for electrochemical reaction to the total
methanol consumption including the methanol consumed for

electrochemical reaction and wasted by crossover. The potential
efficiency (ng) is defined as the ratio of cell voltage to the stan-
dard cell voltage (E, = 1.214 V). The overall DMFC efficiency (1npmgc)
is defined as the product of ng and ng. These are effective factors
to evaluate the PEM performance in the DMFC operation. Table 2
summarizes the 7y, ng and npmec at a current density of 200 (or
400) mA cm~2 together with other DMFC performance factors such
as OCV, o, rc and cell voltage V,q0(400)-

Although the gy and ng hardly depended on the cathode gas,
oxygen or air, the cell voltage, ng and npygc largely depended on
it. They were larger for oxygen than for air. The differences in them
between oxygen and air increased with increasing methanol feed
concentration and current density and were larger for Nafion 112
than for SPI membranes. For 5wt.% methanol and at 200 mA cm—2,
the npmrc values with air supply were 10.5% and 21% for Nafion 112
and M4, respectively, and the corresponding values with oxygen
supply were 11.6% and 23%. The two times higher npyrc values for
M4 were due to the 1.9 times higher ng values. With an increase
in methanol concentration, the ng and npwrc decreased largely
especially for Nafion membranes. For 20 wt.% methanol, Nafion
membranes showed very low npyrc values of 3.3-4.1% even with
the oxygen supply, whereas M4 showed fairly high npygc values of
10.8% and 9.5% with oxygen and air supply, respectively. The three
times higher nppmgc values for M4 were due to the three times larger
ng values.

With increasing the current density from 200mAcm~2 to
400 mA cm~2, the nr increased, but the ng decreased, and as a result
the npumec increased or decreased depending on the operation con-
ditions. In the case of a low methanol feed concentration of 5 wt.%,
for SPI membrane, the increase in nr at 400 mAcm~2 was not so
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Fig. 9. DMFC performance for M3 (35 m in thickness) before and after the dura-
bility test with supply of 10 wt.% methanol solution and dry gas at 60°C. (O,®) Oz,
150N cm? min~1; (A, A) air, 450 N cm3 min~1.

large because of the fairly high nr value of 75% at 200 mA cm~2
to compensate the decrease in ng and as a result the npygec at
400 mA cm~2 was smaller than that at 200 mA cm~2 regardless of
the oxygen and air supply. In the case of a high methanol feed con-
centration (for example, 20 wt.%), for Nafion and SPI membranes,
the increase in ng was so large to compensate the small decrease in
ng with the oxygen supply and as a result the npyrc at 400 mA cm—2
was similar to that at 200 mA cm~2. On the other hand, with the air
supply, the decrease in ng was larger and the npyrc at 400 mA cm—2
was smaller than that at 200 mA cm2.

Among the SPI membranes M1-M4, M4 showed the best npyrc
performance. This is explained as follows. M4 had a low IEC of
1.51 mequiv.g~! and a moderate thickness of 53 wm, which led to
the low qy and high . M1 and M2 had high IECs of 1.96 mequiv. g~!
and 1.89 mequiv.g~! and relatively thin thicknesses of 46 um and
34 wm, which led to the relatively small cell resistance and large
o rc and also led to the relatively large qy and low ng. The for-
mer contributes to the lower -V loss, but the latter acts to reduce
the cell voltage. As a result, the V,g¢ and the ng were comparable
between M1-2 and M4. Therefore, the lower gy and higher ng for
M4 led to the higher npygc.

3.5. Durability

A short-term durability test was performed for M3 of 35 wm in
thickness at 60°C for 300 h. Fig. 9 shows the polarization curves
before and after the test. After the test for 300 h, the DMFC perfor-
mance was rather improved, namely, the OCV and cell voltage and
output power increased slightly after the test. This would be due to
the improved catalyst activity. The MEA remained intact and there is
no sign of property deterioration for the PEM, suggesting the good
durability of this kind of SPI membranes for DMFC application at
moderate temperatures.

4. Conclusions

The SPI membranes derived from NTDA and BAPBDS showed
excellent tolerance against methanol and more than 2.5 times lower
methanol permeability but 30-50% smaller through-plain proton
conductivity in water than Nafion 112. The OCV was much higher for
the SPIs than for Nafion 112 due to the lower methanol permeability.

The methanol and water crossover through the SPI membranes dur-
ing DMFC operation were controlled by only the molecular diffusion
but not by the electro-osmotic drag. This was quite different from
Nafion membranes and was of great advantage to DMFC perfor-
mance. The SPI membranes displayed better DMFC performances
than Nafion membranes especially at high methanol feed concen-
trations and with air supply. At a relatively low methanol feed
concentration of 5wt.% and 60°C, the SPI membrane (M4, 53 wm)
with a low IEC of 1.51 mequiv.g~! showed the high DMFC perfor-
mances, namely, Voo of 0.34V and Wax of 88 mW cm—2, which
were comparable to those of Nafion 112. However, the npygc value
for M4 was 21% at 200 mA cm~2 due to a high g of 75%, which were
two times higher than those of Nafion 112. At a high methanol feed
concentration of 30 wt.%, Nafion 112 showed the too low cell per-
formance to be measured stably, whereas M4 displayed moderately
high cell performance, namely, OCV of 0.59V, V¢ of 0.25V and
Winax 0of 55 mW cm~2. A short-term durability test for 300 h at 60 °C
showed no deterioration in fuel cell performances for the SPI mem-
brane. The SPI membranes have potential for DMFC applications at
mediate temperatures.
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