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a b s t r a c t

The quaternized poly(vinyl alcohol)/alumina (designated as QPVA/Al2O3) nanocomposite polymer mem-
brane was prepared by a solution casting method. The characteristic properties of the QPVA/Al2O3

nanocomposite polymer membranes were investigated using thermal gravimetric analysis (TGA), scan-
ning electron microscopy (SEM), dynamic mechanical analysis (DMA), micro-Raman spectroscopy, and AC
impedance method. Alkaline direct methanol fuel cell (ADMFC) comprised of the QPVA/Al2O3 nanocom-
eywords:
uaternized
VA
l2O3

anocomposite polymer membrane

posite polymer membrane were assembled and examined. Experimental results indicate that the DMFC
employing a cheap non-perfluorinated (QPVA/Al2O3) nanocomposite polymer membrane shows excel-
lent electrochemical performances. The peak power densities of the DMFC with 4 M KOH + 1 M CH3OH,
2 M CH3OH, and 4 M CH3OH solutions are 28.33, 32.40, and 36.15 mW cm−2, respectively, at room tem-
perature and in ambient air. The QPVA/Al2O3 nanocomposite polymer membranes constitute a viable

s on a
lkaline
irect methanol fuel cell (DMFC)

candidate for application

. Introduction

Direct methanol fuel cells (DMFCs) are recently gaining much
ttention for their highly potential applications on the electric vehi-
les (EVs), stationary applications, and portable power sources,
uch as cellular phones, notebook computers, etc. At the present
ime, direct methanol fuel cell (DMFC) is being actively studied and
lot of progress is made during the past few years [1–15]. However,

he development of the DMFC has been hampered due to sev-
ral serious problems, which are slow methanol oxidation kinetics
nd incomplete electrooxidation of methanol, the poisoning of
dsorbed intermediate species on the Pt surface, the high methanol
rossover through the solid-state polymer Nafion membrane, and
he high costs of the Nafion (Du pont) polymer membrane and Pt
atalyst.

Recently, Yang et al. [1,2] synthesized the cross-linked PVA-
ased composite polymer membranes and applied in an alkaline
MFC. More precisely, the carbonation problem of alkaline DMFC
an be greatly reduced by using an alkaline solid polymer mem-
rane instead of an alkaline solution [3–6]. In addition, as we know,

he anodic electrooxidation of methanol in an alkaline media shows

uch faster kinetics than that in an acidic media [7]. The works on
he preparation of the anion exchange polymer membrane for alka-
ine DMFC have been studied intensively [8–15]. Recently, many

∗ Corresponding author. Tel.: +886 29089899; fax: +886 29041914.
E-mail address: ccyang@mail.mcut.edu.tw (C.-C. Yang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.10.091
lkaline DMFC.
© 2009 Elsevier B.V. All rights reserved.

kinds of anion exchange polymer membrane based on quaternized
polymers applied for the alkaline alcohol fuel cells have been inves-
tigated [9,15].

Interestingly, Xiong et al. [16] studied a quaternized poly(vinyl
alcohol) (here designated as QPVA) polymer membrane for appli-
cations in DMFC. The quaternary ammonium groups were grafted
onto the backbone of the PVA host. The ionic conductivity of QPVA
exchange polymer membrane was 7.34 × 10−3 S cm−1 in deion-
ized water at 30 ◦C. Moreover, Xiong et al. [17,18] also prepared
and examined two organic–inorganic hybrid anion exchange mem-
branes based on QPVA and tetraethoxylsilanes (TEOS) [17] and
QPVA/chitosan [18]. These composite polymer membranes show a
high ionic conductivity of 10−3 to 10−2 S cm−1 and a low methanol
permeability of 5.68 × 10−7 to 4.42 × 10−6 cm2 s−1 at 30 ◦C. How-
ever, they did not show any electrochemical data for applications
in an alkaline DMFC [16–18].

There are several ceramic fillers being used on the polymer elec-
trolyte membrane, for examples, TiO2 [1], SiO2 [6], �-Al2O3 [19],
bentonite [20], which are blended into the PVA polymer. Alumina
(Al2O3) [19] was used owing to its good physical (hydrophilic)
and chemical (inert) properties. Alumina is typically used in the
form of nano-particles providing with high surface area and activ-
ity, and excellent chemical stability. The addition of hydrophilic

Al2O3 fillers into the polymer matrix reduces the crystallinity of the
PVA polymer, therefore increasing the amorphous phases of PVA
polymer matrix, resulting in an increase of its ionic conductivity.
As we know, when Al2O3 filler used as a stiffener material added
to the PVA matrix, the mechanical properties of the QPVA/Al2O3

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ccyang@mail.mcut.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.10.091
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anocomposite polymer membrane greatly enhance. The thermal
roperty, dimensional stability, and swelling ratio could also be

mproved.
In this work, we attempt to disperse these nano-sized Al2O3

eramic fillers into the QPVA matrix to act as a solid plasticizer
apable of enhancing the chemical and thermal properties, and
imensional stability for the QPVA/Al2O3 nanocomposite polymer
embrane. Alkaline DMFC, comprised of the air cathode loaded
ith MnO2/BP2000 carbon ink on a Ni-foam, the PtRu anode based

n a Ti-screen, and using a QPVA/Al2O3 nanocomposite polymer
embrane, was assembled and investigated. The QPVA/Al2O3 com-

osite polymer membrane was prepared by a direct blend of QPVA
olymer (PVA being amination by GTMAC first) and nano-sized
l2O3 fillers under a stirring condition. A 5 wt.% glutaraldehyde

GA) solution was finally directly added to the composite polymer
embrane for the cross-linking reaction. In comparison, among

hree methanol concentrations (1–4 M), were tested. The elec-
rochemical characteristics of alkaline DMFC using a QPVA/Al2O3
anocomposite polymer membrane were investigated by the lin-
ar polarization and galvanostatic methods; especially for the peak
ower density of alkaline DMFC in ambient conditions.

. Experimental

.1. Preparation of the QPVA/Al2O3 composite polymer
embrane

PVA (Aldrich), nano-sized Al2O3 fillers (10–30 nm, 200 m2 g−1,
BT, Taiwan), glycidytrimethyl ammonium chloride (GTMAC)
Aldrich), and KOH (Merck) were used as received without further
urification. Degree of polymerization and saponification of PVA
ere 1700 and 98–99%, respectively. The QPVA/Al2O3 nanocom-
osite polymer membrane was prepared by a solution casting
ethod [8–10].
The appropriate quantities of the PVA polymer were dissolved

n distilled water under stirring. The above resulting solution was
tirred continuously until the solution mixture became homoge-
eous with viscous appearance at 85 ◦C for 3 h. The temperature of
he viscous mixture was cooled to 65 ◦C, then a suitable amount of
TMAC, KOH (GTMAC:KOH = 1:1 in mole ratio) was added to the

esulting mixture solution under a continuous stirring condition
or 4 h. The resulting viscous polymer mixture was washed using
nhydrous alcohol to obtain yellow precipitates. Then, these quat-
rnized poly(vinyl alcohol) precipitates (the so-called QPVA) were
ried at 65 ◦C in a vacuum oven.

The QPVA/Al2O3 mixture solution was prepared by using a suit-
ble amount of as-prepared QPVA precipitates, 0–10 wt.%Al2O3
llers, and 5 wt.% GA (a cross-linking agent), 1 vol.%HCl at 85 ◦C

or 3 h under a continuous stirring condition. The resulting viscous
lend polymer solution was poured out on a glass plate. The thick-
ess of the wet composite polymer membrane was between 0.020
nd 0.040 cm. The glass plate with viscous QPVA/Al2O3 composite
olymer sample was weighed again and then the excess water was
llowed to evaporate slowly at 60 ◦C at a relative humidity of 30%.
fter evaporation of water solvent, the glass plate with the com-
osite polymer membrane was weighed again. The composition of
PVA/Al2O3 polymer membrane was determined from the mass
alance. The thickness of the dried composite polymer membrane
as controlled in the range of between 0.010 and 0.020 cm.
.2. Crystal structure, morphology, and thermal analyses

TGA thermal analysis was carried out using a Mettler Toledo
GA/SDT 851 system. Measurements were carried out by heat-
ng from 25 to 600 ◦C, under N2 atmosphere at a heating rate of
urces 195 (2010) 2212–2219 2213

10 ◦C min−1 with about 10 mg samples. The surface morphology
and microstructure of the QPVA/Al2O3 nanocomposite polymer
membrane were investigated by a scanning electron microscope
(SEM) (Hitachi S-2600H).

2.3. Ionic conductivity and methanol permeability measurements

Conductivity measurements were carried out on QPVA/Al2O3
nanocomposite polymer electrolytes via an AC impedance method.
The QPVA/Al2O3 nanocomposite samples were immersed in a 4 M
KOH solution for 24 h before measurement. Alkaline QPVA/Al2O3
nanocomposite polymer membranes were clamped between stain-
less steel (SS304), ion-blocking electrodes, each of surface area
1.32 cm2, in a spring-loaded glass holder. A thermocouple was
kept in close proximately to the composite polymer membrane
for temperature measurement. Each sample was equilibrated at
the experimental temperature for at least 30 min before measure-
ment. AC impedance measurements were carried out using an
Autolab PGSTAT-30 equipment (Eco Chemie B.V., Netherlands). The
AC spectra in the range of 300 kHz to 10 Hz at an excitation signal of
10 mV were recorded. AC impedance spectra of the nanocomposite
polymer membrane were recorded at a temperature range between
30 and 70 ◦C. Experimental temperatures were maintained within
±0.5 ◦C by a convection oven. All QPVA/Al2O3 nanocomposite poly-
mer electrolytes were examined at least three times.

Methanol permeability measurements [21,22] were conducted
by using a diffusion cell. The cell was divided into two com-
partments, in which one compartment was filled with D.I. water
(called B compartment) and the other compartment filled with a
20 wt.% methanol aqueous solution (called A compartment). Prior
to testing, the QPVA/Al2O3 nanocomposite polymer membrane was
hydrated in D.I. water for at least 24 h. The composite polymer
membrane with a surface area of 0.58 cm2 was sandwiched by O-
ring and clamped tightly between two compartments. A stir bar
was kept active in the glass diffusion cell during the experiment.
The concentration of methanol diffused from compartment A to
B across the QPVA/Al2O3 nanocomposite polymer membrane was
examined using a density meter (Mettler Toledo, DE45). An aliquot
of 0.20 mL was sampled from the B compartments every 30 min.
Before the permeation experiment, a calibration curve for the value
of density vs. the methanol concentration was prepared. The cal-
ibration curve was used to calculate the methanol concentration
in the permeation experiment. The methanol permeability was
calculated from the slope of the straight-line plot of methanol con-
centration vs. permeation time. The methanol concentration in the
B compartment as a function of time is given in Eq. (1) [21,22]:

CB(t) = A

V

DK

L
CA(t − to) (1)

where C is the methanol concentration, A and L are the composite
polymer membrane area and thickness, D and K are the methanol
diffusivity and partition coefficient between the membrane and the
solution. The product DK is the membrane permeability (P), to, a
time lag, is related to the diffusivity (D): to = L2/6D.

2.4. Micro-Raman spectroscopy analyses

Micro-Raman spectroscopy is a quick tool to characterize
pure PVA and the QPVA polymer membranes. The micro-Raman
spectroscopy analysis was carried out using a Renishaw confo-
cal microscopy Raman spectroscopy system with a microscope

equipped with 10×, 20×, and 50× objectives, and a charge cou-
pled device (CCD) detector. Raman excitation source was provided
by a 632.8 nm He–Ne laser beam, which had the beam power of
17 mW and was focused on the sample with a spot size of about
1 �m in a diameter.
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.5. Preparation of the anode and cathode electrodes

The catalyst slurry ink for the anode was prepared by mix-
ng 70 wt.% PtRu black inks (Alfa, HiSPEC 6000, PtRu black with
t:Ru = 1:1 at. ratio), 30 wt.% PTFE binder solution (Du pont, 60 wt.%
ase solution), and a suitable amount of distilled water and alco-
ol. The resulting PtRu black mixtures were first ultrasonicated

or 2 h. The PtRu black inks for the anode were loaded onto a Ti-
creen [1,10] by an impregnation method, which was loaded at 1
r 4 mg cm−2. The as-prepared PtRu anode was dried in a vacuum
ven at 110 ◦C for 2 h.

The carbon slurry for the gas diffusion layer of the air cath-
de was prepared with a mixture of 70 wt.% Shawinigan acetylene
lack (AB50) with specific surface area of 80 m2 g−1 and 30 wt.%
TFE solution (Teflon-30 suspension) as a wet-proofing agent and
inder. The carbon slurry was coated on the Ni-foam used as a
urrent collector and then pressed under 100 kgf cm−2. The gas
iffusion layer was then sintered at temperature of 360 ◦C for
0 min. The catalyst layer of the air cathode was then prepared
y spraying a mixture of a 15 wt.% of PTFE solution binder and
5 wt.% of mixed powders consisting of MnO2 catalyst mixed
ith BP2000 carbon black (MnO2:BP2000 = 1:1). The MnO2/C cat-

lyst loading on the cathode was controlled at 4 mg cm−2. The
i-foam current collector was 1 cm × 1 cm. The detailed prepara-

ion method of the air electrodes has been reported in literature
23].

.6. Electrochemical measurements

The QPVA/Al2O3 nanocomposite polymer membrane was sand-
iched between the sheets of the anode and the cathode, and then
ressed at 25 ◦C under 100 kgf cm−2 for 5 min to obtain a membrane
lectrode assembly (MEA). The electrode area of the MEA was about
cm2.

The electrochemical measurements of alkaline DMFC were car-
ied out in a two-electrode system. AC spectra of the DMFC with
he frequency range from 100 kHz to 0.01 Hz at an excitation sig-
al of 5 mV were obtained at OCP and 0.40 V. The E–t and i–t
urves of alkaline DMFC using a QPVA/Al2O3 nanocomposite poly-
er membrane were recorded at a current density of 100 mA cm−2

nd a constant cell potential of 0.40 V in 4 M KOH + 1–4 M CH3OH
olution fuels at 25 ◦C, respectively. The polarization (I–V) and
he power density curves of alkaline DMFC with 4 M KOH + 1–4 M
H3OH solution fuels were obtained at a scan rate of 1 mV s−1 at
5 ◦C. All electrochemical measurements were performed on an
utolab PGSTAT-30 electrochemical system with GPES 4.8 pack-
ge software (Eco Chemie, The Netherlands). The electrochemical
erformances of alkaline DMFC using a QPVA/Al2O3 nanocompos-

te polymer membrane and the cathode open to atmospheric air
ere systematically studied at room temperature and in ambient

ir [1,2].

. Results and discussion

.1. Thermal analyses

Fig. 1 shows TGA curves for pure PVA film, QPVA film and
he QPVA/Al2O3 nanocomposite membrane, respectively. The TGA
urve of pure PVA film shows three major weight loss regions. The
rst region at a temperature of 80–130 ◦C (Tmax,1 = 89.1 ◦C) is due
o the evaporation of weakly physical and strongly chemical bound

2O; the weight loss of the membrane is about 5–6 wt.%. The sec-
nd transition region at around 240–310 ◦C (Tmax,2 = 264 ◦C) is due
o the degradation of the PVA polymer film; the total weight loss
orresponds to this phase, about 60–70 wt.%. The peak of third stage
t around 410–460 ◦C (Tmax,3 = 439 ◦C) is due to the cleavage back-
Fig. 1. TGA curves for the pure PVA, QPVA, and QPVA/10%Al2O3 polymer membrane.

bone of PVA polymer film; the total weight loss is about 94.63 wt.%
at 600 ◦C.

Fig. 1 also shows TGA curves of the QPVA polymer mem-
brane. The QPVA film also shows three major weight loss regions.
The QPVA film, the first region at a temperature of 80–150 ◦C
(Tmax,1 = 89.2 ◦C) is due to the evaporation of weakly physical and
strongly chemical bound water; the weight loss of the mem-
brane is also about 6–7 wt.%. The peak of the second transition
at around 250–320 ◦C (Tmax,3 = 270 ◦C) is due to the degradation of
the PVA polymer membrane. The peak of third stage at 410–470 ◦C
(Tmax,4 = 445 ◦C) is due to the cleavage of the C–C backbone of QPVA
polymer membranes; the total weight loss is about 94.33 wt.% at
600 ◦C.

Moreover, TGA curve of QPVA/10 wt.%Al2O3 nanocomposite
polymer membrane also reveals three major weight loss regions,
which appear as three peaks in the DTG curves. The first region at
a temperature of 80–150 ◦C (Tmax,1 = 83 ◦C) is also due to the evap-
oration of free and bound H2O; the weight loss of the membrane
is ∼5 wt.%. The peak of the second transition at around 220–280 ◦C
(Tmax,3 = 246 ◦C) is also due to the degradation of the QPVA poly-
mer membrane. The peak of the third transition at 420–480 ◦C
(Tmax,4 = 440 ◦C) is due to the cleavage of the C–C backbone of the
QPVA polymer membrane; the total weight loss is only ca. 77 wt.%
at 600 ◦C.

Accordingly, the degradation peaks of cross-linked QPVA/Al2O3
nanocomposite polymer membranes are less intense and shift
towards higher temperatures. It can be concluded that the ther-
mal stability is improved probably due to the additive effect of
Al2O3 fillers and the chemical cross-link reaction between QPVA
and glutaraldehyde.

3.2. Surface morphology, mechanical properties, and
micro-Raman analyses

SEM photographs of the top and cross-section views of

the QPVA/10 wt.%Al2O3 nanocomposite polymer membranes are
shown in Fig. 2(a) and (b), at a magnification of 500×, respectively. It
is revealed that the surface morphology of the QPVA/10 wt.%Al2O3
nanocomposite polymer sample shows some nt-TiO2 aggregates
or chunks, which are randomly distributed on the top surface. It
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ig. 2. SEM photographs for QPVA/10 wt.%Al2O3 polymer membrane: (a) top-view
nd (b) cross-view.

s found that the dimension of these Al2O3 aggregates embedded
n PVA matrix is about 1–10 �m. Apparently, as SEM results indi-
ate that these nano-sized Al2O3 fillers tend to cause formation of
ggregates and thus cause a poor dispersion in the PVA polymer
ost.

Generally, the hydrophilic PVA polymer and Al2O3 fillers
re homogeneous and compatible without any phase separation
ccurred when a suitable amount of Al2O3 ceramic fillers are added.
s it can be seen, the suitable amount of Al2O3 fillers (also used as

he methanol permeation barriers) in the polymer network matrix
ay assist in reducing methanol crossover through the nanocom-

osite polymer membrane.
Fig. 3(a) shows the storage modulus (E′) vs. temperature

urves for pure PVA film, QPVA film, and QPVA/10 wt.%Al2O3

anocomposite polymer membrane. The storage modulus of pure
VA film (E′ = 1.13 × 109 Pa) was higher than those of QPVA film
E′ = 1.44 × 108 Pa) and QPVA/10 wt.%Al2O3 nanocomposite poly-

er membrane (E′ = 5.99 × 108 Pa) at 30 ◦C, as shown in Table 1.
t was demonstrated that the storage moduli of QPVA film and

able 1
he results of storage modulus (E′) at various temperatures for pure PVA, QPVA, and
PVA/10 wt.%Al2O3 nanocomposite polymer membranes at various temperatures.

Types Pure PVA (Pa) QPVA (Pa) QPVA/10 wt.%Al2O3 (Pa)

30 ◦C 1.13 × 109 1.44 × 108 5.99 × 108

60 ◦C 2.52 × 108 8.45 × 107 2.54 × 108

100 ◦C 1.51 × 108 4.47 × 107 1.72 × 108

130 ◦C 1.31 × 108 1.68 × 107 1.12 × 108

140 ◦C 1.18 × 108 1.19 × 107 8.27 × 107

150 ◦C 1.07 × 108 9.30 × 106 6.26 × 107

tan(ı)1 peak/◦C 30.87 27.27 26.32
tan(ı)2 peak/◦C – 81.18 109.25
Fig. 3. DMA curves for the pure PVA, QPVA, and QPVA/10%Al2O3 nanocomposite
polymer membranes: (a) E′ vs. T and (b) tan(ı) vs. T.

the QPVA/Al2O3 nanocomposite membranes decrease when the
Al2O3 fillers are added or the PVA polymer is being quaternized
by GTMAC. In fact, the storage modulus of the QPVA/10 wt.%Al2O3
polymer membrane at 100 ◦C (E′ = 1.72 × 108 Pa) was slightly higher
than that of pure PVA film (E′ = 1.51 × 108 Pa).

Clearly, it was confirmed that these Al2O3 fillers markedly
enhance the mechanical properties of the QPVA/Al2O3 composite
polymer membrane. However, when the content of Al2O3 fillers
was over 10 wt.%, the stiffening effect was progressively decreased
due to the serious agglomeration of Al2O3 fillers in the PVA polymer
matrix.

Fig. 3(b) shows the loss factor or tan(ı) vs. temperature curves
for pure PVA film, QPVA film, the QPVA/10 wt.%Al2O3 composite
film. The glass transition temperatures (Tg) can also be taken at a
peak of the tan(ı) curve (denoted as tan(ı)1). The results indicate
that the glass transition temperatures of pure PVA film (desig-
nated as a Tg,PVA) and the QPVA/10 wt.%Al2O3 SPE are 30.87 and
26.32 ◦C, respectively. Whereas the glass transition temperatures
of the QPVA film and the QPVA/10 wt.%Al2O3 SPE (ca. 26–27 ◦C) are
lower than that of pure PVA film (at 30.8 ◦C). Generally, the sensi-
tivity of the glass transition temperature measurement by DMA is
much better than that by DSC. It may be concluded that the actual
glass transition temperature of the QPVA/10 wt.% Al2O3 composite
polymer membrane is around 26–27 ◦C. Obviously, these quater-
nized PVA polymer films (i.e., QPVA and QPVA/Al2O3) show much

lower degree of crystallinity, as compared with pure PVA film.

Furthermore, it was observed that there are two tan(ı) peaks,
i.e., tan(ı)1 and tan(ı)2, for QPVA/10 wt.%Al2O3 nanocomposite
polymer membranes; the variation region of the first tan(ı) peak
(i.e., take tan(ı)1 as Tg,PVA at 26 ◦C) is located between 20 and
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ig. 4. Micro-Raman spectra for GPTMAC solution, pure PVA, and the QPVA polymer
embrane.

0 ◦C; however, the secondary tan(ı) peak (designated as tan(ı)2)
s observed at 109.2 ◦C, the so-called the ˇc relaxation; it is due
o the relaxation of the crystalline domain of QPVA/10 wt.%Al2O3
anocomposite polymer membrane. Interestingly, there is no clear
an(ı)2 peak on pure PVA film. Clearly, it was revealed that the
egree of crystallinity of QPVA/10 wt.%Al2O3 SPE is lower than that
f QPVA SPE.

The lower intensity value of the tan(ı)2 peak for the
PVA/10 wt.%Al2O3 nanocomposite polymer membrane can
e described as the incompatibility within two materials or the
ecrease in the crystallinity for QPVA/10 wt.%Al2O3 SPE. The
roader and lowering intensity of tan(ı)2 peaks may be due to
he decrease of the crystallinity of the QPVA/10 wt.%Al2O3 SPE.

Fig. 4 shows the micro-Raman spectra of GTMAC (used as an
nimating agent), pure PVA film, and the QPVA film, respectively.
here are several strong characteristic scattering peaks for pure
VA film, located at 852, 918, 1140, and 1440 cm−1, respectively. It
an be observed from micro-Raman spectra that some character-
stic peaks for GTMAC are found at 755, 867, 897, 940, 1265, and
443 cm−1. In contrast, there are several main peaks for the QPVA
lm, located at 755, 856, 883, 918, 1110, 1140, 1265, and 1378 cm−1,
s seen in Fig. 4. In particular, three Raman characteristic peaks at
55, 883, and 1265 cm−1 were appeared on the QPVA film, as com-
ared with the Raman peaks of pure PVA. The peak at 755 cm−1 is
ue to the C–N stretching; the peak at 883 cm−1 is identified for

–O–C stretching; the peak of 1265 cm−1 could be due to the C–H
eformation. It is a proof that PVA polymer has been successfully
uaternized by GTMAC via a quaternization process. Table 2 lists
everal major Raman peak positions for GTMAC, pure PVA film and
he QPVA film.

able 2
aman peak positions for GTMAC, pure PVA, QPVA polymer membranes.

Types Peaks

Raman major peak positions/cm−1

GTMAC 755 867 897 940
Pure PVA 852 918 1140 1440
QPVA 755 856 883 918
Fig. 5. Nyquist (a) and Arrhenius (b) plots for the QPVA/10 wt.%Al2O3 nanocompos-
ite polymer electrolyte in 4 M KOH.

3.3. Ionic conductivity and alcohol permeability measurements

The typical AC impedance spectra of QPVA/10 wt.%Al2O3
nanocomposite polymer membrane at different temperatures are
shown in Fig. 5(a). The AC spectra were typically non-vertical spikes
for stainless steel (SS) blocking electrodes, i.e., the SS|QPVA/Al2O3
SPE|SS cell. Analysis of the spectra yielded information about the
properties of the QPVA/Al2O3 polymer electrolyte, such as bulk
resistance, Rb. Taking into account the thickness of the nanocom-
posite electrolyte films, the Rb value was converted into the
ionic conductivity value, �, according to the equation: � = L/RbA,
where L is the thickness (cm) of QPVA/Al2O3 polymer mem-
brane, A is the area (cm2) of the blocking electrode, and Rb is
the bulk resistance (ohm) of the alkaline nanocomposite polymer

membrane.

Typically, the Rb values of QPVA/10 wt.%Al2O3 nanocomposite
polymer membranes are on the order of 0.2–0.3 ohm (as seen in the
inset of Fig. 5(a)) and are highly dependent on the contents of Al2O3
fillers and the concentration of KOH. Note that the nanocomposite

1265 1443

1110 1140 1265 1378 1440
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Table 3
Ionic conductivities (S cm−1) of QPVA/Al2O3 nanocomposite polymer membranes
containing 4 M KOH electrolytes at various temperatures.

Temp. �/S cm−1

Pure PVA QPVA/0 wt.%Al2O3 QPVA/5 wt.%Al2O3 QPVA/10 wt.%Al2O3

30 ◦C 0.0106 0.0137 0.0165 0.0350
40 ◦C 0.0112 0.0147 0.0183 0.0392
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50 ◦C 0.0131 0.0170 0.0203 0.0420
60 ◦C 0.0152 0.0195 0.0228 0.0444
70 ◦C 0.0182 0.0210 0.0247 0.0479

olymer membrane was immersed in a 4 M KOH solution for 24 h
efore measurement.

Table 3 lists the ionic conductivity values of pure PVA film, QPVA
lm, and QPVA/10 wt.%Al2O3 nanocomposite polymer membrane
ith a 4 M KOH electrolyte solution at different temperatures.
s a result, the ionic conductivity of alkaline pure PVA film is
.0106 S cm−1 at 30 ◦C. Comparatively, the ionic conductivities of
lkaline QPVA/5 wt.%Al2O3 and QPVA/10 wt.%Al2O3 nanocompos-
te polymer electrolytes (being soaking in 4 M KOH electrolyte) are
.0137, 0.0165, and 0.035 S cm−1 at 30 ◦C, respectively. It showed
hat the highest ionic conductivity of the QPVA/10 wt.%Al2O3
anocomposite polymer electrolyte is � = 0.0350 S cm−1 at ambi-
nt temperature. It was also found that the ionic conductivity of the
PVA film (�30 ◦C = 0.0137 S cm−1) is higher than that of pure PVA
lm (�30 ◦C = 0.0106 S cm−1) [1,2]. By comparison, the ionic conduc-
ivity of QPVA/10 wt.%Al2O3 nanocomposite polymer electrolyte
�30 ◦C = 0.0350 S cm−1) is higher than that of PVA/10 wt.%TiO2 com-
osite polymer electrolyte (�30 ◦C = 0.0012 S cm−1) [24].

According to the ionic conductivity result, it is seen clearly that
he ionic conductivity of QPVA/Al2O3 nanocomposite polymer elec-
rolytes increases when the content of Al2O3 fillers was increased.
s we know, when the Al2O3 fillers used as stiffener materials were
dded to the QPVA matrix, the swelling ratio of QPVA membranes
an be effectively reduced (data not shown here). As expected, the
hermal and mechanical properties, and dimensional stability are
lso improved.

However, the ionic conductivity of QPVA/Al2O3 nanocomposite
olymer electrolytes starts to decrease when the content of Al2O3
llers is over 10 wt.%. From the log10(�) vs. 1/T plots, as shown in
ig. 5(b), the activation energy (Ea) of the QPVA/10 wt.%Al2O3 poly-
er electrolyte can be obtained, which is highly dependent on the

ontents of Al2O3 fillers and KOH concentrations. In addition, the
a value of the QPVA/10 wt.%Al2O3 nanocomposite polymer mem-
ranes is on the order of 5∼6 kJ mol−1.

Furthermore, the permeability measurements for methanol
ere carried out on the QPVA/Al2O3 nanocomposite polymer
embrane. All values of methanol permeability for QPVA/Al2O3

anocomposite polymer membranes were obtained from the slope
f the straight line (also see references of [1,2]). It is shown that
he methanol permeability values of the QPVA/Al2O3 nanocom-
osite polymer membrane are (6.66–2.81) × 10−7 cm2/s, at 25 ◦C.
owever, the permeabilities of the QPVA/Al2O3 nanocomposite
olymer membranes (on the order of 10−7 cm2 s−1) are lower than
hat of Nafion membrane (on the order of 10−6 cm2 s−1).

.4. Electrochemical measurements

The AC impedance spectra of the DMFC using a QPVA/
0 wt.%Al2O3 nanocomposite polymer membrane with 4 M

OH + x M CH3OH solution fuels at open circuit potential are
hown in Fig. 6(a). The area bulk resistance (AR) is around
.2–0.40 ohm cm2, as seen more clearly in the inset of Fig. 6(a) at
igh frequency region. In addition, AC impedance spectra of the
MFC with 4 M KOH + x M CH3OH solution fuels at 0.40 V are shown
Fig. 6. AC impedance spectra for the DMFC comprised of the QPVA/10%Al2O3 poly-
mer membrane with 4 M KOH + x M CH3OH fuels at 25 ◦C and in ambient air: (a) OCP
and (b) 0.40 V.

in Fig. 6(b). The area bulk resistance is around 0.3–0.40 ohm cm2,
as seen clearly in the inset of Fig. 6(b). The value of the area
bulk resistance of the QPVA/10 wt.%Al2O3 nanocomposite polymer
membrane is comparable to that of Nafion 117 (AR = 0.35 ohm cm2)
[1].

The E–t curves of the DMFC with various 4 M KOH + x M CH3OH
solution fuels at 25 ◦C at a constant current density of 100 mA cm−2

are shown in Fig. 7. It is observed that the best electrochemi-
cal performance of the DMFC is for 4 M KOH + 4 M methanol fuel
(Eavg = 0.353 V, P.D. = 35.3 mW cm−2); in contrast, the poorest one
(Eavg = 0.191 V, P.D. = 19.1 mW cm−2) is for 4 M KOH + 1 M methanol
fuel. Obviously, the electrochemical performance of the DMFC with
fuels in sequence is as follows: 4 M methanol > 2 M methanol > 1 M
methanol.

Fig. 8 shows the i–t curves of the DMFCs consisting of the PtRu
anode, the MnO2 cathode and a QPVA/10 wt.%Al2O3 nanocomposite
polymer membrane with 4 M KOH + 1–4 M methanol fuels at 0.40 V
at 25 ◦C and in ambient air. The average current densities of the
DMFCs with 4 M KOH + 1, 2, and 4 M methanol fuels are 57.14, 75.01,
and 98.24 mA cm−2, respectively. In spite of a tendency of the cell
potential to drop at the beginning of the test, the current densities
remained constant during the test period.
Fig. 9 shows the potential–current density and the power
density–current density curves of the DMFCs with 4 M KOH + 1–4 M
methanol fuels, respectively. As a result, the highest peak power
density of 36.15 mW cm−2 for the DMFC with a 4 M KOH + 4 M
methanol fuel is achieved at Ep,max = 0.235 V with a peak current
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Fig. 7. The E–t curves for DMFC comprised of QPVA/10 wt.%Al2O3 polymer mem-
brane with 4 M KOH + x M CH3OH fuels at 25 ◦C and in ambient air.
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ig. 8. The i–t curves for the DMFC comprised of QPVA/10 wt.%Al2O3 polymer mem-
rane with 4 M KOH + x M CH3OH fuels at 25 ◦C and in ambient air.

ensity (ip,max) of 153.53 mA cm−2, as listed in Table 4. On the
ther hand, the peak power density of alkaline DMFC with a 4 M
OH + 2 M CH3OH fuel is 32.40 mW cm−2 at Ep,max = 0.239 V with a

−2 ◦
eak current density of 135.52 mA cm at 25 C. In comparison, the
eak power density of the DMFC using a QPVA/10 wt.%Al2O3 mem-
rane with a 4 M KOH + 2 M CH3OH fuel (P.D.max = 32.40 mW cm−2)

s much higher than that of the DMFC using a PVA/10 wt.%TiO2
embrane (P.D.max = 9.25 mW cm−2) [24] at the same amount cat-

able 4
he I–V and power density results for the DMFC (the anode: 4 mg cm−2 of PtRu black
n Ti-screen) using a QPVA/10 wt.%Al2O3 polymer membrane with 4 M KOH + x M
ethanol fuels at 25 ◦C and in ambient air.

Parameters x

1 M CH3OH 2 M CH3OH 4 M CH3OH

P.D.max/mW cm−2 28.33 32.40 36.15
ip,max/mA cm−2 121.91 135.52 153.53
Ep,max/V 0.232 0.239 0.235
Fig. 9. The I–V and PD curves the DMFC comprised of QPVA/10 wt.%Al2O3 polymer
membrane with various 4 M KOH + x M CH3OH fuels at 25 ◦C and in ambient air.

alyst loadings on the electrodes, i.e., the anode with 4 mg cm−2

PtRu black ink and the cathode with 4 mg cm−2 MnO2/C ink. This
indicates that the electrochemical performance could be greatly
improved (about 3.5 times) via a quaternization process [8–10] on
the PVA polymer.

Furthermore, the lowest power density of the DMFC with a 4 M
KOH + 1 M CH3OH fuel is about 28.33 mW cm−2 at Ep,max = 0.232 V
with a peak current density of 121.91 mA cm−2 at 25 ◦C. As a matter
of fact, the values of peak power densities are also on the order of
4 M CH3OH > 2 M CH3OH > 1 M CH3OH. Especially, 4 M CH3OH fuel
shows the highest power density (36.15 mW cm−2) among three
methanol concentrations.

In addition, the different amounts of PtRu black inks on the
anode for the DMFC may significantly affect its electrochemi-
cal performance. The DMFC comprised of the anode with a PtRu
black loading of 1.1 mg cm−2 and with same air cathode and the
QPVA/10 wt.%Al2O3 composite polymer membrane was assembled
and examined for comparison. Table 5 displayed the peak powder
density results for the DMFC using the anode with a PtRu black load-
ing of 1.1 mg cm−2 with 4 M KOH + 1–4 M methanol fuels at ambient
conditions. The peak power density of the DMFC (the anode with
a 1.1 mg cm−2 PtRu black loading) is only 12.36 mW cm−2, which

is much less than that of the DMFC (the anode with a 4 mg cm−2

PtRu black loading) when the test was carried out at the same
4 M KOH + 4 M methanol concentration. Table 6 lists some elec-
trochemical test results for the DMFC comprising of the anode

Table 5
The I–V and power density results for the DMFC (the anode: 1.1 mg cm−2 of PtRu
black on Ti-screen) using the QPVA/10 wt.%Al2O3 polymer membrane with 4 M
KOH + x M methanol fuels at 25 ◦C and in ambient air.

Parameters x

1 M CH3OH 2 M CH3OH 4 M CH3OH

P.D.max/mW cm−2 9.06 12.53 12.36
ip,max/mA cm−2 42.55 60.82 62.44
Ep,max/V 0.210 0.210 0.200
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Table 6
Some electrochemical parameters of the DMFC (the anode: 1.1 mg cm−2 of PtRu
black on Ti-screen) comprising of a QPVA/10 wt.%Al2O3 polymer membrane with
x M KOH + 4 M methanol fuels at 25 ◦C and in ambient air.

Fuels Item

OCP/V ip,max/mA cm−2 Ep,max/V P.D.max/mW cm−2
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1 M KOH + 4 M CH3OH 0.82 42.16 0.20 8.53
2 M KOH + 4 M CH3OH 0.83 56.76 0.18 10.39
4 M KOH + 4 M CH3OH 0.84 62.44 0.20 12.36
6 M KOH + 4 M CH3OH 0.88 88.01 0.20 17.72

t 1.1 mg cm−2 PtRu black loading with x M KOH (x: 1–6 M) + 4 M
ethanol fuels. It was found that the OCP value of the DMFC

ncreases when the concentrations of KOH electrolyte increase. The
eak powder density of the DMFC is also increased from 8.53 to
7.72 mW cm−2 when the KOH concentration is increased from 1
o 6 M. In summary, these results indicated that the electrochem-
cal performance of the DMFC was markedly affected by the KOH
oncentrations and the contents of the PtRu black on the anode.

Accordingly, it demonstrates here that alkaline DMFC consists
f the air electrode using non-precious metal catalyst, i.e., cheap
nO2 catalyst instead of expensive Pt. The metal oxide catalyst

f MnO2 is not only inexpensive but also more tolerant towards
rossover, and is active for the reduction of O2 to OH− in an alkaline
edia. Another advantage is that the QPVA/Al2O3 nanocom-

osite polymer membrane is a cheap non-perfluorosulfonated
olymer membrane, as compared with an expensive Nafion
embrane.

. Conclusions

The nanocomposite polymer membrane based on the QPVA and
l2O3 blends was prepared by a solution casting method. It demon-
trates that the ionic conductivity of the PVA polymer membrane
reatly increases via an amination process employing GTMAC.

lkaline direct methanol fuel cell comprising of the QPVA/Al2O3
anocomposite polymer membrane was assembled and systemat-

cally examined. Among three concentrations methanol fuels, the
ighest peak power density of the DMFC comprising of the anode
ith 4 mg cm−2 PtRu black with a 4 M KOH + 4 M CH3OH fuel is

[
[
[

[

urces 195 (2010) 2212–2219 2219

about 36.25 mW cm−2. However, the peak power densities of the
DMFC were on the order of 4 M CH3OH > 2 M CH3OH > 1 M CH3OH.

From the practical point of view, the QPVA/Al2O3 nanocompos-
ite polymer membrane can be prepared by a simple process. The
QPVA/Al2O3 nanocomposite polymer membrane appears a viable
candidate for applications in alkaline DMFCs.
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