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ABSTRACT

A novel polymer-inorganic composite electrolyte for direct methanol alkaline fuel cells (DMAFCs) is pre-
pared by physically blending fumed silica (FS) with polyvinyl alcohol (PVA) to suppress the methanol
permeability of the resulting nano-composites. Methanol permeability is suppressed in the PVA/FS com-
posite when comparing with the pristine PVA membrane. The PVA membrane and the PVA/FS composite
are immersed in KOH solutions to prepare the hydroxide-conducting electrolytes. The ionic conductivity,
cell voltage and power density are studied as a function of temperature, FS content, KOH concentra-
tion and methanol concentration. The PVA/FS/KOH electrolyte exhibits higher ionic conductivity and
higher peak power density than the PVA/KOH electrolyte. In addition, the concentration of KOH in the
PVA/FS/KOH electrolytes plays a major role in achieving higher ionic conductivity and improves fuel cell
performance. An open-circuit voltage of 1.0 V and a maximum power density of 39 mW cm~2 are achieved
using the PVA/(20%)FS/KOH electrolyte at 60 °C with 2 M methanol and 6 M KOH as the anode fuel feed
and with humidified oxygen at the cathode. The resulting maximum power density is higher than the lit-
erature data reported for DMAFCs prepared with hydroxide-conducting electrolytes and anion-exchange

membranes. The long-term cell performance is sustained during a 100-h continuous operation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells convert chemical energy into electrical energy and
provide an attractive alternative power source as crude oil
prices surge. Among the various types of fuel cells, the direct
methanol fuel cell (DMFC) has the advantages of high energy
density, low emission of pollutants, and the ability to use lig-
uid fuel that can be easier to store and transport than hydrogen
[1,2]. DMFCs are especially suitable for use in portable elec-
tronic equipments, such as laptop computers, two-way radios,
mobile phones, personal digital assistants (PDA), and other devices
[3,4].

The use of proton-exchange membranes (e.g., Nafion mem-
branes) however, suffers from the cross-over of methanol through
the membrane and from a requirement for large amounts of
the precious platinum catalyst to achieve a high power density
[5-9]. Many researchers have proposed the use of hydroxide-
conducting polymer electrolytes for direct methanol alkaline fuel
cells (DMAFCs) [10-14]. In the anode of a DMAFC, methanol is
oxidized to carbon dioxide and water by reacting with hydroxide
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ions (Fig. 1(a)). Humidified oxygen or air enters the cathode and is
reduced to hydroxide ions. The hydroxide ions are then transferred
from the cathode to the anode, and water molecules are formed
at the anode. This behavior is different from a proton-exchange
DMFC, in which protons diffuse from the anode to the cathode and
water is produced at the cathode. A benefit of DMAFCs is better
performance of the cathode, which does not need a noble metal
catalyst (such as Pt) and which permits use of a cheaper catalyst
(e.g., nickel or silver) [15]. The methanol oxidation rate is faster in
an alkaline media than in an acidic solution [16-19]. In addition,
the OH~ anion transport direction opposes that of the methanol
flux through the membrane and leads to an intrinsic reduction in
methanol permeability.

Although DMAFCs can be fabricated using alkali solutions as
electrolytes [20], these cells usually suffer from solution leakage
and corrosion [21,22]. Anion-exchange membranes (AEMs) con-
taining quaternary amine functional groups may be a better choice
because of their capability to selectively transport hydroxide ions
[5,23-25]. Kim et al. [26], Coutanceau et al. [27], Yu et al. [28],
Varcoe et al. [29] and Matsuoka et al. [30] have reported on the
performance of DMAFCs. Although their power densities were
higher than those for DMAFCs with a Na*-type Nafion membrane
(which had a peak power density of 44 mW cm~2 at 60°C), these
results were still not satisfactory. For example, most researchers
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Fig. 1. Schematics of (a) experimental set-up and electrode reactions in a direct
methanol alkaline fuel cell (DMAFC), and (b) electrolyte holder for conductivity
measurement.

obtained power densities of less than 10mW cm~—2 [5,11,26,29,31].
Higher results were obtained by Yu and Scott [31] (maximum
power density of 17.8 mW cm~2 at 60 °C) and Coutanceau et al. [27]
(18 mW cm~2 at room temperature).

Solid electrolytes based on polymer and inorganic composites
are effective alternatives as the hydroxide-conducting electrolytes.
Hou et al. [32] prepared a KOH-doped polybenzimidazole (PBI)
membrane electrolyte for DMAFCs and reported that the peak
power density was about 31 mW cm~2 at 90 °C while feeding the
anode with a solution containing 2 M methanol and 2 M KOH. Yang
[13,33] synthesized a cross-linked polyvinyl alcohol (PVA)/TiO,
composite for a DMAFC. The maximum power density of their
DMAFC was about 7.54 mW cm~2 at 60 °C using a Pt/Ru black cata-
lyst for the anode and MnO, carbon inks for the cathode. They also
developed a PVA/hydroxyapatite (HAP) composite and achieved
a peak power density of 11.48mW cm~2 at room temperature
[34].

In our previous work, we reported that the incorporation of
fumed silica (FS) nanoparticles into a PVA matrix enhanced the
thermal and mechanical properties of the resulting composites.
The decomposition temperature of the PVA/FS composites was
increased by adding FS [35]. The composite polymer membranes
exhibited higher stability than the pristine PVA in aqueous solu-
tion. The dissolution in water was suppressed, and the crystallinity
of the moistened film was maintained because of nanoparticles that
acted as physical cross-linkers and inhibited PVA chain-unfolding

[35]. In addition, more crystalline regions in the polymer matrix
were transformed into the amorphous domain [36] with higher FS
loading. The free volume was increased, and water transfer was
facilitated in the PVA/FS composite [36]. Although less water was
adsorbed in the PVA/FS composite, a greater percentage of water
was present in the bound state [37]. This bound water does not
easily evaporate, may help to maintain the ionic conductivity, and
provides micro-channels for OH™ transport.

In the present work, we employed this composite as a polymer
electrolyte in DMAFCs. The PVA membrane and PVA/FS composite
were immersed in a KOH solution of varying concentration to pro-
vide hydroxide conductivity. The methanol transport of the PVA
membrane and the PVA/FS composite was investigated. The ionic
conductivities of the PVA/KOH and PVA/FS/KOH electrolytes were
examined. The cell performance of the DMAFCs with these elec-
trolytes was systematically reported as functions of FS loading level,
temperature, KOH and methanol concentrations.

2. Experimental
2.1. Materials

PVA (average molecular weight of 89,000-98,000, more than
99% hydrolyzed), methanol and KOH were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Fumed silica (FS) with a
primary particle size of 14 nm was obtained from Cabot Corp. (Carb-
0O-Sil M5, Tuscola, IL, USA). The materials were used as received.
Pure water of 18 MQ2 cm resistivity was produced using a Milli-
pore water purifier (Elix 5/Milli-Q Gradient system, Millipore Corp.,
Bedford, MA, USA).

2.2. Membrane and electrolyte preparation

PVA (15 g) was dissolved in 135 g of DI water. A predetermined
amount (0-3.75g) of FS was added to the PVA polymer solution.
The mixture was heated to 90 °C and continuously agitated for 6 h.
The slurry was degassed in a heated ultrasonic bath for 15 min.
The viscous polymer slurry was then cast onto a glass plate using
an applicator knife (Model No. 3580, Elcometer Instruments Ltd.,
Edge Lane, England). The cast film was dried at ambient temper-
ature for 1 day, and it was then dried in a vacuum oven at 60°C
for 8 h. The PVA membrane and PVA/FS (which contained 20% FS in
most cases) composite film were peeled from the glass plate and
stored in a desiccator. The thickness of the resulting membrane was
180+ 20 mm and was measured using a digital meter (Model 345,
Elcometer Instruments Ltd., Edge Lane, England). The membranes
were denoted as PVA or PVA/FS. These membranes were immersed
in KOH solutions (1-6 M, equal to concentrations employed in the
cell performance measurements) for 10-20 min. These KOH-doped
PVA and PVA/FS polymer electrolytes were denoted as PVA/KOH or
PVA/FS/KOH, respectively.

2.3. Methanol permeability

Methanol permeability measurements were carried out for PVA
membrane and PVA/FS composites at different temperatures using
a hand-made, double-jacked, glass permeation cell. The glass cell
was divided into two compartments. One reservoir was filled with
1M methanol (aqueous), and the other receiving reservoir was
filled with deionized water. The membrane was placed between
these two compartments to measure the permeability of methanol.
The methanol concentration transported through the membranes
into the receiving reservoir was determined at regular time inter-
vals using a gas chromatograph (HP 4890A, Agilent Technologies
Co. Ltd., St. Louis, MO, USA). The experimental set-up and calcu-
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lation of the methanol permeability were shown in our previous
publication [38].

2.4. lonic conductivity measurements

Conductivity measurements were made for the PVA/KOH
and PVA/FS/KOH electrolytes using an alternating current (AC)
impedance method. The electrolytes were sandwiched in a spring-
loaded glass holder between two stainless steel electrodes with a
surface area of 1.33 cm? each, as shown in Fig. 1(b). A thermocouple
was kept in close contact with the tested electrolyte for tempera-
ture measurements. Each sample was equilibrated in KOH solution
at the tested temperature for at least 30 min prior to analysis. The
electrolyte holder would maintain the moisture inside the mem-
brane and in the holder during the conductivity measurement. The
AC impedance measurements were carried out using an Autolab
PGSTAT-30ZN potentiostat (Eco Chemie B.V., Utrecht, The Nether-
lands). The resistance was recorded at AC frequencies from 10 kHz
to 100Hz at an excitation signal of 10 mV. The resistance (Ry) of
the composite was calculated from the impedance data and derived
from the intercept on the real axis of the Nyquist plot [38-41]. The
conductivity (o) was calculated with the L/(R,A) relation, where L
is the composite thickness (cm) and A is the area of the blocking
electrode (cm?2). The electrolyte conductivity was determined at
various temperatures, ranging from 30 to 60 °C. The temperatures
were maintained within +£0.2°C by a conventional oven (D045,
Deng Yng, Tainan, Taiwan).

2.5. Cell performance measurements

The PVA/KOH or PVA/FS/KOH electrolyte was sandwiched
between the sheets of the gas diffusion electrodes (E-tek, 5 mg cm—2
Pt-Ru for the anode and 5mgcm~2 Pt for the cathode) to obtain
a membrane electrode assembly (MEA). The area of the MEA elec-
trode was 5 cm?2. Two flow-field plates made of high-density carbon
with carved flow paths (1 mm wide and 1 mm deep) were fixed
next to the MEA. Two gold-plated copper end plates were used
as current collector and were assembled next to the flow-field
plates. Two heating tapes were adhered to the surfaces of the
end plates. A thermocouple was inserted into the end plates and
the measured temperature was fed back to a controller to ensure
that the cell temperature was at the set point. The experimen-
tal set-up was shown in a separate paper [42]. The thermostated
methanol/KOH solution was fed into the anode at a flow rate of
5mLmin~! and humidified oxygen gas was fed into the cathode.
To maintain the same fuel/oxygen stoichiometric ratio, the humid-
ified oxygen flow rate was set at 50 or 100 mLmin~, respectively,
for 1 or 2M methanol concentration. The electrochemical mea-
surements of the DMAFCs were recorded using a constant current
density mode with an electrical load (Kikusui, PLZ164WA elec-
trochemical system, Tokyo, Japan). The cell performance of the
DMAFCs was investigated as a function of methanol concentration,
KOH concentration, FS loading, and temperature. The experimen-
tal errors for the open-circuit voltage and maximum power density
were calculated on replicated runs at 40 °C. Long-term cell perfor-
mance was recorded using a similar experimental set-up, but these
experiments recycled the used methanol/KOH solution. To prevent
methanol vaporization loss during the test, a lower temperature of
40°C and 1 M methanol concentration were employed in the dura-
bility test. The cell potential was recorded at a current density of
20mA cm—2 every 20 h, with a 30-min off-period. In this way, the
cell potential (during the operational period) and the open-circuit
potential (during the off period) could be monitored continuously
for 100 h.

Fig. 2. Methanol permeability in PVA membranes and PVA/FS composites with dif-
ferent concentrations of FS in 1 M methanol at 30 and 50°C.

3. Results and discussion
3.1. Methanol permeability

Fig. 2 shows the methanol permeability for the PVA membrane
and PVA/FS composites using a 1M methanol solution at 30 and
50°C. The methanol permeability values of the pristine PVA mem-
brane were 3.57 x 1076 and 6.63 x 10~ cm?s~! at 30 and 50°C,
respectively. As the FS loading level was increased, the methanol
permeability was reduced. For the PVA/(20%)FS composite, the
methanol permeabilities were 2.58 x 10-6 and 3.88 x 10-6 cm2 s~!
at 30 and 50°C, respectively. The tortuous path in the compos-
ite structure was formed by the FS filler blending into the PVA
and this resulted in an increased resistance to methanol trans-
port. Liu et al. [43] studied the pervaporation of methanol/water
mixture using PVA and poly(acrylic acid-co-acrylnitrile)/SiO, com-
posites. They found that the selectivity of water over methanol was
increased with FS addition and the FS-containing composites made
the permeation easier for water and more difficult for methanol
molecules. When the temperature was raised, the methanol per-
meability increased for all of the PVA and the PVA/FS composites
because the methanol diffusion rate is greater at a higher temper-
ature.

Yang et al. [44] reported that the methanol permeabil-
ity of PVA/20% montmorillonite (MMT) composites was
2.85x10-6cm?s~1 at 25°C, which was about 10% higher than
that of the PVA/(20%)FS composite in this study. These PVA/FS
composites containing the FS nanoparticles (with a particle size
of 14nm) may lead to the formation of more free volume when
compared with the MMT ceramic filler (with a particle size of
6-16 pwm) in the PVA matrix. The nanoparticles provided a higher
number of particles per unit mass than the micron-sized fillers;
therefore, the methanol permeability of the PVA/FS composite was
lower than that of the PVA/MMT composite.

3.2. lonic conductivity

The resistance and ionic conductivity data of the PVA and
PVA/(20%)FS composites doped with KOH at various temperatures
was calculated using the AC impedance spectra. Fig. 3 shows the
Nyquist plots for the PVA membrane and PVA/(20%)FS electrolytes
impregnated in 1M KOH at 60°C. The full range Nyquist plot is
shown in Fig. 3 with the high frequency range data detailed in the
insert. The intercept on the real axis represents the bulk resistance,
Ry, of the membranes. The Ry, value was decreased with increasing
FS concentration in the PVA membrane. The conductivity values
were calculated from R}, data by normalizing with film thickness
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Fig. 3. Nyquist plots of PVA and PVA/(20%)FS electrolytes doped with 1M KOH at
60°C. The small insert shows the high frequency range data, which are extracted to
obtained resistance and conductivity values.

and electrode contact area. The ionic conductivities of 0.0184 and
0.0583Scm~! were obtained for PVA/KOH and PVA/(20%)FS/KOH
electrolytes, respectively.

The ionic conductivity of the PVA membrane and the
PVA/(20%)FS composite doped with 1 and 6 M KOH at different tem-
peratures were measured. The conductivities of both the PVA/KOH
and the PVA/FS/KOH electrolytes increased with KOH concen-
tration and FS loading. Typical results are shown in Fig. 4. The
maximum conductivity value obtained for the PVA/(20%)FS/KOH
electrolyte was 0.16Scm~! when it was doped in 6 M KOH and
operated at 60°C. The higher concentration of impregnated KOH
alsoresulted in higher conductivity. For instance, the conductivities
of the PVA/FS/KOH electrolytes were 0.058, 0.086, and 0.16S cm™!
when doped with 1, 2 [42] and 6 M KOH, respectively. This increase
may be ascribed to two reasons. First, a greater percentage of
bound water was present in the electrolyte with higher KOH con-
centration. The bound water does not evaporate at an elevated
temperature, and the enhanced water retention improves the wet-
tability of the membrane. Furthermore, the electrolytes immersed
in 6 M KOH exhibited higher KOH uptake than those in 1 M KOH. For
instance, PVA/FS impregnated in 6 M KOH contained 2.02 g KOH g~!
composite, a level that was higher than that in 1M KOH (with an
uptake of 0.96 g KOH g~1). Higher KOH uptake and higher bound-
water levels resulted in the higher conductivity for the electrolyte
immersed in the higher-concentration KOH solution (6 M).

Fig. 4. lonic conductivities of PVA/KOH and PVA/FS/KOH electrolytes after being
immersed in 1 and 6 M KOH at different temperatures.

Additionally, the hydroxide ion may diffuse faster in the FS-
containing composite because of a higher free volume in the
polymer matrix [36]. During film formation, the steric hindrance of
the nanoparticles prevents polymer chain alignment and packing
and leads to more amorphous regions and the formation of more
free volume in the polymer matrix [36]. This enlarged free volume
provides a pathway for the diffusion of the smaller hydroxide ion
and water [36]. However, the free volume (with a diameter of 4.46 A
[36]) allows less methanol (with a diameter of 3.63 A[45]) transport
than water (with a diameter of 2.64 A [45]) permeation, resulting
in the suppressed methanol permeability discussed earlier. There-
fore, the conductivity was improved, and the methanol cross-over
was retarded in the FS-containing composite. As the tempera-
ture was raised, the diffusivity was accelerated because of the
higher kinetic energy of the hydroxide ions and the expanded free
volume in PVA associated with the high temperature. Therefore,
the conductivity was increased for the PVA/FS composite polymer
membranes at elevated temperatures. For comparison, Yang et al.
[12] reported that the ionic conductivities of the alkaline-doped
PVA/(20%)HAP (hydroxyapatite) and PVA/(2%)TiO, composite were
0.044 and 0.018 Scm~! at 30°C, respectively, at 30 °C, which were
lower than that of our PVA/(20%)FS/KOH electrolyte doped with
2M KOH (0.076Scm~! at 30°C).

3.3. Reproducibility measurement

Reproducibility of open-circuit voltage (Vo) and experimen-
tal error in the maximum power density (Pmax) values for direct
methanol alkaline fuel cell performance measurements at 40°C
are shown in Fig. 5(a) and (b). The experimental errors for the
open-circuit voltage and maximum power density were 0.021V
and 0.64mWcm~2, respectively, corresponding to coefficients
of variation of 2.19 and 2.23%. The polarization losses in the
voltage-current density (V-I) curve can be classified into three
regions: (i) in the activation energy region, the initial voltage drops
quickly at low current density, (ii) in the ohmic region, the linear
voltage drop is observed due to ohmic loss, and (iii) in the concen-
tration loss region, the voltage drop is due to reactant deficiency at
high current density. The exact mechanism of initial voltage drop is
not clearly demonstrated. Hoster et al. [46,47] studied the methanol
oxidation on the surface of Pt—-Ru model electro-catalysts used for
fuel cell electrodes. They attributed that the fast initial voltage drop
at low current density is due to the non-equilibrium concentration
among the active Ru oxide catalyst. Yu et al. [48] studied perfor-
mance comparison between the miniature silicon wafer fuel cell
with smaller size channels and a standard fuel cell and reported
the initial drop of the voltage at very low current density was due
to an electrochemical activating process, which was caused by the
sluggish kinetics of oxygen reduction at the cathode surface.

3.4. Effect of cathode gas on cell performance

Fig. 6 shows the open-circuit voltage and power density val-
ues for the PVA/(20%)/FS/KOH electrolyte using both humidified
air and oxygen as the cathode feed. It shows that the cell perfor-
mance with oxygen was higher than that with air, and this result
was probably due to the reduced oxidant activity of air, which leads
to activation loss and concentration loss. The open-circuit potential
and peak power density of the DMAFC with an oxygen-feed were
1.0V and 39 mW cm—2, and those with the air-feed were 0.92V
and 32 mW cm~2, respectively. The peak power density using pure
oxygen was 22% higher than that with air-feed.

There are limited reports available on the effect of cathode
gas identity (oxygen vs. air) on DMAFC performance when using
hydroxide-containing electrolytes. Scott et al. [11] reported that
DMAFCs with oxygen as the cathode feed performed better than
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Fig. 5. (a) Reproducibility of open-circuit voltage (Vo) and (b) experimental error
in the maximum power density (Pmax) values for direct methanol alkaline fuel cell
performance measurements at 40 °C (anode: 2 M methanol in 6 M KOH with a flow
rate of 5mLmin~1, cathode: humidified oxygen with a flow rate of 100 mLmin~1).

those using air. The open-circuit potential and peak power den-
sity of a DMAFC system using oxygen were around 0.665V and
10.8 mW cm~2, respectively; and these values were higher than
those when using air as cathode feed (0.655V and 8.4 mW cm~2).
For direct methanol fuel cells with proton-exchange membranes,
some authors observed that the cell performance was better with
oxygen as the cathode feed than with air. Ge and Liu [49] studied
the cell performance of a Nafion 117 membrane and found that the

Fig. 6. Effect of cathode feed gas on direct methanol alkaline fuel cell performance
at 60°C (anode: 2 M methanol in 6 M KOH with a flow rate of 5mLmin~', cathode:
humidified oxygen with a flow rate of 100 mL min—').

Fig. 7. Effect of fumed silica addition in PVA on DMAFC cell performance at 60°C
(anode: 2 M methanol in 6 M KOH with a flow rate of 5mLmin~"', cathode: humidi-
fied oxygen with a flow rate of 100 mL min~1).

DMFC'’s peak power density with oxygen was about 100% higher
than when using air as the cathode feed. Seo and Lee [50] also
reported improved results; oxygen as the cathode feed generated
145% higher power than air as the cathode feed. Although the dif-
ference in the power densities of our DMAFCs between oxygen-
and air-feed was lower than their impacts on the proton-exchange
DMEFCs, the improved power output when using oxygen as the oxi-
dant was confirmed.

3.5. Effect of fumed silica addition on the cell performance

Fig. 7 shows the polarization curves and the power densi-
ties obtained for the single cell using the PVA/KOH and the
PVA/(20%)FS/KOH electrolytes and 2M methanol and 6M KOH
solution as fuel at 60°C. The PVA/(20%)FS/KOH electrolyte exhib-
ited better cell performance than that of the PVA/KOH electrolyte.
There was a 12.5% increase in the open-circuit voltage when the
PVA/KOH electrolyte was changed to the PVA/(20%)FS/KOH elec-
trolyte (0.88 and 0.99V, respectively). Moreover, the peak power
density of the DMAFC with the PVA/(20%)FS/KOH electrolyte was
65% higher than that of the PVA/KOH electrolyte (39.0 mW cm~2
vs. 23.5mW cm~2). The higher open-circuit potential indicated
that the methanol transport was suppressed when using the FS-
containing electrolyte. Limited methanol was transported into the
anode, and the methanol oxidation potential on the anode was min-
imized. The higher power density can also be ascribed to the higher
conductivity in the composite polymer electrolyte because of the
FS incorporation discussed earlier. As seen from the polarization
curves in Fig. 7, the slope of the ohmic loss region when using the
PVA/FS/KOH electrolyte was lower than that for the PVA/KOH elec-
trolyte. This difference implies a smaller ohmic loss from the MEA
when employing the PVA/FS/KOH electrolyte. The higher ionic con-
ductivity of the PVA/FS/KOH electrolyte contributed to its higher
power output than that of the PVA/KOH electrolyte.

Table 1 shows the peak power density results reported by dif-
ferent researchers using methanol and alkali as the anode feed.
Verma and Basu [20] obtained a power density of 15 mW cm—2
with 2M methanol and 3M KOH liquid electrolytes at 65°C.
Other literature reports are for DMAFC with solid electrolytes.
Please be aware that the peak power density data were gener-
ated at various operating conditions (with some critical parameters
shown in Table 1). The results are better compared under simi-
lar test conditions. For instance, we can compare results at 60°C,
1-2M methanol concentration, and 4-5mgcm~2 catalyst load-
ing. Yang et al. [13,51] obtained peak power densities of 4.13 and
7.54mW cm™!, respectively, using KOH-doped cross-linked PVA
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Table 1
Comparison of peak power densities of DMAFCs presented in the literature (data sorted according to electrolyte phase, temperature, methanol and alkali concentrations).
Electrolyte Operating conditions Peak power density (mW cm~2) Source
Anode catalyst (loading Temperature Feed methanol +alkali
inmgcm=2) (°C)
Liquid alkali Pt (1) 65 2M+3M KOH 15 Verma and Basu [20]
KOH-doped PBI Pt-Ru (2) 90 2M+2M KOH 31 Hou et al. [32]
KOH-doped PVA/FS Pt-Ru (5) 60 2M+6M KOH 39 This work
KOH-doped PVA/FS Pt-Ru (5) 60 2M+2M KOH 153 Lue et al. [42]
KOH-doped PVA cross-linked Pt-Ru (4.5) 60 2M+2M KOH 413 Yang et al. [51]
with sulfosuccinic acid
KOH-doped PVA/TiO, Pt-Ru (4) 60 2M+2M KOH 7.54 Yang [13]
KOH-doped PVA/FS Pt-Ru (5) 60 2M+1M KOH 7.9 Lue et al. [42]
Nafion 117, Na-form Pt(2) 60 2M+1M NaOH 4.4 Yu et al. [28]
Anion-exchange membrane Pt (2.14) 60 2M+1M NaOH 10.1 Yu and Scott [5]
(ADP, Solvay), OH-form
Anion-exchange membrane Pt (0.526) 60 2M+1M NaOH 17.8 Yu and Scott [31]
(ADP, Solvay), OH-form
KOH-doped PVA/FS Pt-Ru (5) 60 1M+6M KOH 30 This work
KOH-doped PVA/FS Pt-Ru (5) 60 1M+1M KOH 10.2 Lue et al. [42]
Anion-exchange membrane Pt(1) 60 1M methanol 8.5 Scottetal. [11]
(ADP, Solvay), OH-form
poly(ethylene-co- Pt-Ru (4) 50 2 M methanol 2.1 Varcoe et al. [29]
tetrafluoroethylene) based
anion-exchange membrane
Anion-exchange membrane Pt-Ru (4) 50 1M+1M KOH 6.1 Matsuoka et al. [30]
(AHA, Tokuyama), OH-form
KOH-doped PVA/FS Pt-Ru (5) 40 2M+6M KOH 30 This work
KOH-doped PVA/FS Pt-Ru (5) 30 2M+6M KOH 15 This work
KOH-doped PVA/HAP Pt-Ru (4) 25 2M+8M KOH 11.48 Yang et al. [34]
KOH-doped PVA/TiO, Pt-Ru (3.6) 25 2M+4M KOH 9.25 Yang et al. [33]
Anion-exchange membrane Pt (1.8) 25 2M+3M KOH 115 Kim et al. [26]
(AHA, Tokuyama), OH-form
Anion-exchange membrane Pt(2) 20 2M+4M KOH 18 Coutanceau et al. [27]

(ADP, Solvay), OH-form

and PVA/TiO, electrolytes at 60°C using 2M methanol and 2M
KOH as the anode feed. Matsuoka et al. [30] obtained a peak power
density of 6.1 mW cm~! at 50°C with hydrocarbon-based anion-
exchange membrane using 1M methanol and 1M KOH as the
anode feed. Varcoe et al. [29] prepared MEA using poly(ethylene-
co-tetrafluoroethylene) derived anion-exchange membrane and
attained peak power density of 2.1 mW cm~2 using 2 M methanol
fuel. The electrochemical results in this study are superior to these
literature data.

Other studies demonstrated the feasibility of extending beyond
the normal operating conditions and reported DMAFC perfor-
mance data. Yu and Scott [31] achieved a peak power density of
17.8mW cm~2 at 0.526 mgcm~2 Pt loading using Morgane-ADP®
anion-exchange membrane and 60°C. Hou et al. [32] obtained a
high peak power density of 31 mW cm~1! at 90 °C with alkali-doped
polybenzimidazole electrolyte. Coutanceau et al. [27] reported
18 mW cm~! at 20°C with ADP anion-exchange membrane. These
references also serve bench marks for future development.

The PVA/FS/KOH electrolyte for DMAFCs showed a much higher
power density (39.0mW cm~2 at 60 °C) than those reported in pre-
vious research (Table 1). The FS plays an important role in reducing
the methanol permeability (Fig. 2), in increasing the thermal and
mechanical strength of the FS-incorporated PVA membranes [35],
and in enhancing the electrolyte conductivity (Fig. 4). The con-
ductivity of the PVA/FS/KOH electrolyte was almost one order of
magnitude higher than the other hydroxide-exchange membranes
[13,32,34]. These benefits resulted in a high open-circuit voltage
and high power density for the DMAFCs.

3.6. Effect of methanol concentration on the cell performance

Fig. 8 shows the cell polarization curves and the power density
data of the DMAFCs with the PVA/FS/KOH electrolytes in differ-
ent methanol concentrations in 6 M KOH for the anode feed at

60°C. As the methanol concentration increased from 1 to 2 M, the
open-circuit voltage and the peak power density increased. The
open-circuit potential and peak power density for 2 M methanol
were 1.0V and 39 mW cm~2, which were higher than the open-
circuit potential and the peak power density for 1M methanol
(0.98 Vand 30 mW cm~2)at 60 °C. This trend was in agreement with
the literature results. When the concentration of methanol was
increased to 2 M, Yu and Scott [11,31] also observed the increase in
cell performance of a DMAFC that used a perfluorocarbon anion-
exchange membrane. They reported a maximum power density
of 17.8mWcm~2 at 60°C with 2M methanol+1M NaOH when
employing their synthesized anode and cathode catalysts. They also
observed a decrease in the power density as the methanol concen-

Fig. 8. Effect of methanol concentration on DMAFC performance with
PVA/(20%)FS/KOH electrolyte at 60°C (anode: methanol in 6 M KOH with a flow
rate of 5mLmin~', cathode: humidified oxygen with a flow rate of 50 mLmin~" for
1M methanol or 100 mLmin~! for 2 M methanol).
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Fig. 9. Effect of temperature on the cell performance of DMAFCs with
PVA/(20%)FS/KOH electrolyte and using (a) 1M and (b) 2 M methanol in 6 M KOH
(anode: methanol in 6 M KOH with a flow rate of 5mLmin~', cathode: humidified
oxygen with a flow rate of 50 mLmin~! for 1 M methanol or 100 mLmin~"' for 2M
methanol).

tration was raised to4 M [5,11]. The higher methanol concentration
increases the oxidation rate at the anode and generates more elec-
trons through the external circuit. With an even higher methanol
concentration, excess un-reacted methanol may cross-over to the
anode and produce an unwanted oxidation reaction that lowers the
effective cell potential. Therefore, excess methanol does not benefit
DMAFC function.

3.7. Effect of temperature on the cell performance

Fig. 9(a) shows the cell polarization curves and the power
density values for the DMAFC containing the PVA/(20%)FS/KOH
electrolyte fed with 1M methanol and 6 M KOH fuel at 30-60°C.
The cell potential and the power density increase with increasing
the operation temperature because of the faster catalytic kinet-
ics achieved at higher temperatures. The peak power density of
30mW cm~2 was obtained at a potential of 0.47 V with a current
density of 66 mA cm~2 at 60°C, and the peak power density of the
DMAFC was decreased to 20 and 12mW cm~2 for 40 and 30°C,
respectively. Fig. 9(b) shows the dependence of cell performance on
temperature when using 2 M methanol in 6 M KOH fuel at 30-60 °C.
The peak power density of 39 mW cm~2 was obtained at a potential
0f0.47 Vwith a current density of 84 mA cm~2 at 60 °C, and the peak
power density of the DMAFC was decreased to 30 and 15 mW cm~2
for 40 and 30°C, respectively.

Yu et al. [52] reported that the oxidation of 2M methanol in
0.5M NaOH solution is 109 and 114mV dec~! at 20 and 60°C, and
they confirmed the higher methanol oxidation achieved at a higher

Fig. 10. Dependency of DMAFC performance on KOH concentration at 40°C
(PVA/(20%)FS/KOH electrolyte (anode: 2 M methanol in KOH with a flow rate of
5mLmin~"', cathode: humidified oxygen with a flow rate of 100 mL min—").

temperature. Scott et al. [11] and Yang [13] also observed that the
peak power density of the DMAFC increases as the operation tem-
perature increases from 25 to 60 °C. High temperatures accelerate
methanol oxidation reactions [52,53]. Therefore, more electrons
were produced at a high temperature, thereby increasing the cur-
rent density. Meanwhile, higher temperature enhanced the ionic
conductivity of the electrolyte (Fig. 4) and of the MEA (shown in
the lower slope of the ohmic loss regions in Fig. 9), slowed the volt-
age loss, and maintained high power output. The overall fuel cell
performance was greatly enhanced at an elevated temperature.

3.8. Effect of KOH concentration on the cell performance

Fig. 10 shows the cell polarization curves and the power den-
sity results of the DMAFC fed with 1-6 M KOH and 2 M methanol
while using the PVA/(20%)FS/KOH electrolyte at 40°C. The data
shows that the cell performance increased with increasing the con-
centration of KOH. The polarization curve showed an open-circuit
potential of 0.62 and 1.0V for 1 and 6 M KOH, respectively. The
higher KOH concentration supplied more OH™ ions that are needed
for the oxidation half-reaction on the anode (Fig. 1(a)). The peak
power density with 6 M KOH was 30 mW cm~2 at 40 °C, which was
significantly higher than the values of 5 and 11 mW cm~2 achieved
using the DMAFC with 1 and 2M KOH, respectively. Yang [13]
showed 7.54 mW cm~! peak power density using 2 M methanol and
2M KOH as anode feed with KOH-doped PVA/TiO, electrolyte at
60 °C. As the KOH concentration was increased to 4 M, a peak power
density of 9.25 mW cm~! was achieved at room temperature [33].
Our data and Yang's results confirm the significant enhancement
on cell performance by increasing the KOH concentration.

The slopes of the ohmic regions in Fig. 10 were used to calculate
the resistances of the MEAs. The electrolyte resistance was obtained
from AC impedance measurement (shown in Section 2.4). Table 2
shows the ohmic resistance values of the MEAs using PVA/FS/KOH
and of the corresponding electrolytes at 40°C with 1-6 M KOH.
The resistance of both the MEA and electrolyte decreased with
increases in KOH concentration. The MEA resistance was higher
than the electrolyte resistance because the former represented the
overall resistance contributed from the electrolyte, the gas dif-
fusion electrode, the interface(s), the graphite flow-field plates,
and the current collector. The resistance difference (shown in the
last column of Table 2) between the MEA and the electrolyte was
ascribed to the gas diffusion electrode, the interface(s), the graphite
flow-field plates, and the current collector. The higher KOH con-
centration not only reduced the electrolyte resistance, but it also
suppressed the other resistances from the non-electrolyte compo-
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Table 2
Resistance of the membrane electrode assembly (MEA)? and the electrolyte alone
while using different concentrations of KOH.

KOH concentration Resistance Resistance Resistance
(MEA) (2) (electrolyte) (£2) (other)® (2)

1M 2.77 0.25 2.52

2M 1.40 0.18 1.22

6M 0.77 0.14 0.63

3 Electrolyte: KOH-doped PVA/(20%)FS, 40°C.

b Resistance contributed from gas diffusion electrode, the interface(s), the
graphite flow-field plates, and the current collector. The value was estimated by
subtracting the “resistance (electrolyte)” values (data from Fig. 4 and [42]) from the
“resistance (MEA)” values (data from V-I curves in Fig. 10).

nents. The cell performance was significantly improved by adding
high-concentration KOH.

3.9. Durability test

Fig. 11 shows the cell performance during a long-term stability
test for the DMAFCs at a constant current of 20 mA cm~2 at 40°C.
The data were recorded over a continuous operating period of
100h with 30-min off-periods every 20h. During the stability
test, the cell potential of 0.56V for the DMAFC was quite stable
and corresponds to the cell potential at a constant current of
20mAcm—2 at 40°C (Fig. 9(a)). During the off-period, the cell
potential immediately returned to 0.94V, which matched the
open-circuit potential at 40°C (Fig. 9(a)). Yang [13] reported
the results of a long-term stability test for DMAFCs using a
PVA/TiO, /KOH electrolyte at 25°C. In that test, the cell potential
was 0.17V at 20mA cm~2 and returned to 0.77 V (the open-circuit
potential) during the off-period. Our long-term stability results
had a trend similar to that of Yang's observation but with a
higher cell potential and an increased open-circuit voltage for the
DMAFCs in this work. In this operation mode, the methanol/KOH
discharge was recycled into the feed reservoir to save the fuel and
to avoid refill interruptions. The produced carbon dioxide from the
methanol oxidation reaction may have been retained in this recycle
stream. During the 100-h period of operation, the accumulated
carbon dioxide was not significant enough (less than 0.1 mol;
(20mA cm~2)(5cm?2)(100 h)(3600s/1 h)(1 mol e~ /96,500 C)(1 mol
CO,/6 mole~)=0.062 mol) to result in any detrimental effects on
the cell potential or on the power density. Furthermore, the weak
carbonate has little impact on the pH value of the fuel and on the

Fig. 11. Long-term performance of the DMAFC with the PVA/(20%)FS/KOH elec-
trolyte in 1M methanol and 6 M KOH fuel at 40°C (operated at a constant current
of 20mA cm~2 with a 30-min off-period every 20h, anode: 1M methanol in 6 M
KOH with a flow rate of 5mLmin~', cathode: humidified oxygen with a flow rate of
50 mLmin~!).

electrolyte conductivity. Padhy and Reddy [54] studied the DMFC
performance of recycled methanol solution up to 100h using
Nafion 117 as the electrolyte and 2 M methanol feed at 70°C, and
found ~3% efficiency drop compared with non-recycled fuel. Our
result and Padhy and Reddy’s data demonstrate that the recycled
methanol fuel do not sacrifice the cell performance at this time
span.

4. Conclusion

The solid electrolyte consisting of alkaline-doped PVA/FS com-
posites was successfully prepared by a solution-casting method.
Ionic conductivities and suppressed methanol cross-over rates
were improved by adding the FS nanoparticles. The temperature
and concentrations of methanol and KOH solutions were key oper-
ating parameters influencing the performance of the DMAFCs. An
optimal open-circuit potential and a peak power density of 1.0V
and 39 mW cm~2 were obtained using a 2 M methanol fuel in 6 M
KOH at 60°C with the PVA/(20%)FS/KOH electrolyte. These elec-
trochemical results were superior to those reported at similar
operating conditions in the literature. Long-term cell performance
was sustained during a 100-h continuous operation. Overall, the
PVA/FS/KOH electrolyte is an inexpensive material and can be used
for direct methanol alkaline fuel cells.
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