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bstract

A novel composite polymer membrane based on poly(vinyl alcohol)/hydroxyapatite (PVA/HAP) was successfully prepared by a solution casting
ethod. The characteristic properties of the PVA/HAP composite polymer membranes were examined by thermal gravimetric analysis (TGA),
-ray diffraction (XRD), scanning electron microscopy (SEM), micro-Raman spectroscopy and AC impedance method. An air-breathing DMFC,

omprised of an air cathode electrode with MnO /BP2000 carbon inks on Ni-foam, an anode electrode with PtRu black on Ti-mesh, and the
2

VA/HAP composite polymer membrane, was assembled and studied. It was found that this alkaline DMFC showed an improved electrochemical
erformance at ambient temperature and pressure; the maximum peak power density of an air-breathing DMFC in 8 M KOH + 2 M CH3OH solution
s about 11.48 mW cm−2. From the application point of view, these composite polymer membranes show a high potential for the DMFC applications.

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

Direct methanol fuel cells (DMFCs) [1–43] have recently
eceived a lot of attentions due to their high-energy density
6100 W h kg−1) and low emission of pollutants. The DMFC has
ttracted much attention because of its use of liquid methanol
uel, which is easy to deliver and store. More importantly, liq-
id fuel can be used at ambient temperature and pressure, which
akes the DMFC easy to use with portable 3C electronic devices

13–18].
However, the development of acidic DMFC has faced sev-

ral serious problems: (i) slow methanol oxidation kinetics, (ii)
he poisoning of CO intermediate on the Pt surface, (iii) the
igh methanol crossover through the polymer membrane, (iv)
he high costs of the Nafion membrane and Pt catalyst.
At the present time, the perfluorosulfonate ionomer mem-
ranes, such as Nafion membrane (Dupont), are mainly used on
he DMFC. However, the commercial Nafion polymer mem-

∗ Corresponding author. Tel.: +886 2 9089899; fax: +886 2 29041914.
E-mail address: ccyang@ccsun.mit.edu.tw (C.-C. Yang).
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ranes showed a serious methanol crossover problem [5,9],
here methanol permeates from the anode to the cathode.
he methanol permeation not only causes fuel loss but also

orms a mixed potential at the cathode and reduces the electro-
hemical performance of the DMFC. Thus, the solid polymer
embrane with lower methanol permeability is very impor-

ant property for DMFC applications. For perfluorosulfonate
embrane (Nafion), various ceramic fillers have been added

nto Nafion membranes to reduce the methanol crossover
ate, such as TiO2 [5,24], SiO2 [25–32], montmorillonite
MMT) [33,34], zeolite [35,36], and Zr-phosphate [37] all of
hich have been widely studied. For non-perfluorosulfonate
embranes, different composite polymer-based membranes

or DMFCs have been extensively studied, for example,
VDF + Al2O3 [38], sulfonated styrene–(ethylene–butylene)-
ulfonated styrene (SEBSS) + SiO2 [39], sulfonated poly(ether
ther ketone) + ZrO2 [40], sPEEK + ZrPh [41], sPEEK + MCM-
1 [42], etc.
Alkaline polymer electrolytes based on PVA [43–49]
ave been studied for application on Ni-MH, Zn-air, and
MFC cells. They reported the alkaline PVA-KOH poly-
er electrolyte exhibiting the ionic conductivity to be around

mailto:ccyang@ccsun.mit.edu.tw
dx.doi.org/10.1016/j.jpowsour.2007.11.010
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0−2–10−1 S cm−1 at room temperature. Yang [49] also
repared the alkaline crosslinked PVA/TiO2 nanocomposite
olymer membranes applied on the DMFC. The maximum peak
ower density for alkaline DMFC was about 7.54 mW cm−2 at
0 ◦C and 1 atm.

Hydroxyapatite (Ca10(PO4)6(OH)2, HAP) has long been
sed as an implant material due to excellent biocompatibility,
ioactivity and chemical stability. The addition of hydroxya-
atite (HAP) ceramic filler into a polymer matrix not only
acilitated a reduction of the glass transition temperature (Tg)
nd the crystallinity of the PVA polymer, but also increased
he amorphous phases of the polymer matrix as well as its
onic conductivity. As we know, when the HAP filler, which
s a stiffer material, is added to the PVA matrix, the swelling
atio of PVA/HAP composite polymer membrane is effectively
educed. As a result, the mechanical properties, dimension sta-
ility and swelling ratio of the polymer membrane are also
mproved.

Yu and Scott [50–52] recently studied the electrochemical
erformance of the alkaline DMFC with anion-exchange mem-
ranes. The DMFC performance with a maximum power density
f about 10 mW cm−2 was obtained in a commercial quaternary-
mmonium anion-exchange membrane (Morgane-ADP, Solvay
A, Belgium). In addition, Rhim et al. [53] and Lin et al.
54] prepared PVA/PWA polymer electrolyte membranes and
pplied them to the DMFC. Varcoe et al. [55–58] developed
nd characterized the quaternary-ammonium (as the counter
ons bound to the polymer backbone) radiation grafted ETFC
55], PVDF and FEP [58] alkaline anion-exchange membrane
AAEM). They prepared the AAEM-MEAs that do not contain
ny metal-cation Mn+ (i.e., K+, Na+) to avoid the carbonate pre-
ipitation problem and to improve long-term operation stability.
his preparation proved to be a breakthrough for alkaline anion-
xchange membranes on fuel cell applications. The peak power
ensity of 130 mW cm−2 for the H2/O2 fuel cell with AAEM
embrane was obtained, while the maximum power density of

.5 mW cm−2 was obtained in a metal-cation-free methanol/O2
uel cell with 2–2.5 bar back pressure at 80 ◦C.

Those experimental results indicated that when different
eramic fillers were added into the solid polymer electrolyte
SPE), ionic conductivity, thermal and mechanical properties
ere improved. The increase of ionic conductivity of the com-
osite polymer electrolyte can be explained by the fact that
he HAP fillers in the polymer matrix created some defects or
oids at the boundaries of between the ceramic particles and
he polymer chain. In this composite polymer membrane there
as a dispersion of the HAP ceramic fillers into the PVA matrix,
hich acted as a solid plasticizer capable of enhancing chemical,

hermal and mechanical stabilities for the composite polymer
embranes.
TGA was used to analyze the thermal stability properties of

he PVA/HAP composite polymer membrane. The crystallinity
nd surface morphology of the PVA/HAP composite polymer

embranes were examined by XRD and SEM, respectively.
icro-Raman spectroscopy was applied to study the chemi-

al composition of the PVA/HAP polymer membranes. The
onic conductivity of alkaline PVA/HAP composite polymer

a
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p
p
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lectrolytes was measured by AC impedance spectroscopy. The
haracteristic properties of the crosslinked PVA/HAP polymer
embranes with different weight percentages of HAP fillers

2.5–10 wt.%) will be examined and discussed in detail.
In this work, the alkaline DMFC, composed of the air cath-

de electrode loaded with MnO2/BP2000 carbon inks, the PtRu
node electrode (4.00 mg cm−2) and the PVA/HAP compos-
te polymer membranes, was assembled and examined. The
VA/HAP composite polymer membranes were first prepared

hrough direct blending of PVA with HAP fillers under ultra-
onic condition. The composite polymer membranes obtained
rom this process were further crosslinked by adding 5 wt.%
lutaraldehyde (GA) solution. For anodic methanol electro-
xidation reaction, cathodic oxygen reduction reaction (ORR)
nd the overall reaction of the DMFC in alkaline media can be
escribed as follows:

Anodic reaction:

CH3OH + 6OH− → CO2 + 5H2O + 6e−,

E0
a = −0.810 V (vs. SHE), (1)

Cathodic reaction:

1.5O2 + 3H2O + 6e− → 6OH−,

E0
c = 0.402 V (vs. SHE), (2)

Overall reaction:

CH3OH + 1.5O2 → CO2 + 2H2O, E0
cell = 1.21 V, (3)

Additionally, the electrochemical characteristics of the
MFCs with alkaline PVA/HAP composite polymer mem-
ranes were investigated by the linear polarization, galvonostatic
nd potentiostatic methods; especially, for the peak power den-
ity of the DMFC.

. Experimental

.1. Preparation of the PVA/HAP composite polymer
embranes

PVA (Aldrich), HAP ceramic fillers (Aldrich), and KOH
Merck) were used as-received without further purification.
egree of polymerization and saponification of PVA were 1700

nd 98–99%, respectively. The PVA/HAP composite polymer
embranes were prepared by a solution casting method. The

ppropriate weight ratios of PVA:HAP = 1:2.5–15 wt.% were
issolved in distilled water by stirring. The PVA/HAP compos-
te polymer membranes were further crosslinked by adding a
wt.% glutaraldehyde solution (GA, 25% content in distilled
ater, Merck) and 1.0 vol.% HCl (HCl used as a catalyst) in the
ath. The above resulting solution was stirred continuously until
he solution mixture reached a homogeneous viscous appearance

t 90 ◦C for 2 h. The blending time of PVA polymer and HAP
llers was well controlled. The resulting viscous solution was
oured out into a Petri dish. The thickness of the wet composite
olymer membranes was between 0.20 and 0.40 mm. The Petri
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ish with viscous PVA/HAP composite polymer sample was
eighed again and then the excess water solvent was allowed

o evaporate slowly at 25 ◦C at a relative humidity of 30%. The
etri dish with the PVA/HAP composite polymer membrane
as weighed again after the composite polymer membrane was
ried. The composition of the PVA/HAP composite polymer
embrane was determined by mass balance. The thickness of

he composite polymer membranes was controlled within the
ange of 0.10–0.30 mm. The preparation methods of the PVA-
ased polymer electrolyte membranes by the solution casting
ethod have been reported in detail elsewhere [43–49].

.2. Ionic conductivity measurements, liquid uptake and
welling ratio

Conductivity measurements were made for alkaline
VA/HAP composite polymer membranes by an AC impedance
ethod. The PVA/HAP composite samples were immersed in
M KOH solutions for at least 24 h before testing. The alka-

ine PVA/HAP composite polymer membranes were placed
etween SS304 stainless steel, ion-blocking electrodes, with
surface area of 1.32 cm2, in a spring-loaded glass holder.
thermocouple was kept close to the composite polymer

embrane for temperature measurement. Each sample was equi-
ibrated at the experimental temperature for at least 30 min
efore measurement. AC impedance measurements were carried
ut using Autolab PGSTAT-30 equipment (Eco Chemie B.V.,
etherlands). An AC frequency range of 300 kHz–10 Hz at an

xcitation signal of 5 mV was recorded. The impedance of the
omposite polymer membrane was recorded at a temperature
ange of 30–70 ◦C. Experimental temperatures were maintained
ithin ±0.5 ◦C by a convection oven. All alkaline PVA/HAP

omposite polymer membranes were measured at least three
imes.

The pre-weighted and dried PVA/HAP composite polymer
embrane (W0) was immersed in DI water, 99 wt.%CH3OH,
M KOH aqueous solutions, respectively, and maintained for
4 h at 25 ◦C until equilibrium was established. The compos-
te polymer membrane was taken out from the immersion bath
nd the excess surface water was carefully removed. The weight
f the wet composite polymer membrane (W1) was then deter-
ined. The percentages of liquid absorption and swelling ratio
ere calculated from the following equation:

bsorption (%) = W1 − W0

W1
× 100 (4)

welling ratio (%) = W1 − W0

W0
× 100 (5)

.3. Thermal property, crystallinity and morphology
nalyses

TGA thermal analysis was carried out using a PerkinElmer

yris 7 TGA system. The measurements were carried out by
eating from 25 to 500 ◦C, under N2 atmosphere at a heating rate
f 10 ◦C min−1 with about 10 mg samples. The crystal structures
f all PVA/HAP composite polymer membranes were examined

t
w
r
a

r Sources 177 (2008) 40–49

sing a Philips X’Pert X-ray diffractometer (XRD) with Cu K�
adiation of wavelength λ = 1.54056 Å for 2θ angles between
0 and 90◦. The surface morphology and microstructure of the
VA/HAP composite polymer membrane were examined by a
itachi S-2600H scanning electron microscope (SEM).

.4. Micro-Raman spectroscopy analyses

Raman spectrum is a unique tool used to characterize the
VA/HAP composite polymer membrane. The micro-Raman
pectroscopy analysis was carried out by a Renishaw confo-
al microscopy Raman spectroscopy system with a microscope
quipped with 10×, 20×, and 50× objectives, and a charge-
oupled device (CCD) detector. Raman excitation source was
rovided by a 514 nm laser beam, which had the beam power
5 mW and was focused on the sample with a spot size of about
�m in diameter.

.5. Preparation of the anode and cathode electrodes

The preparation of the catalyst slurry ink for the anode elec-
rode was prepared by mixing 70 wt.% PtRu black inks (Alfa,
iSPEC 6000, PtRu black with Pt:Ru = 1:1 molar ratio), 30 wt.%
TFE binder solution (Dupont, 30 wt.% base solution), and a
uitable amount of distilled water and alcohol. The resulting
tRu black mixtures were ultrasonicated for 2 h. The PtRu black

nks were loaded onto the carbon paper (SGL GDL 10 BC, Ger-
any) by a paint-brush method to obtain a loading of PtRu black

f 4.0 mg cm−2. The as-prepared PtRu anode electrode was dried
n a vacuum oven at 100 ◦C for 2 h.

The carbon slurry for the gas diffusion layer of the air cathode
as prepared with a mixture of 70 wt.% Shawinigan acety-

ene black (AB50) with specific surface area of 80 m2 g−1 and
0 wt.% PTFE (Teflon-30J suspension) as a wet-proofing agent
nd binder. The carbon slurry was coated on the Ni-foam as
current collector and then pressed at 100 kgf cm−2. The gas

iffusion layer was then sintered at temperature of 375 ◦C for
0 min. The catalyst layer of the air electrode was then prepared
y spraying a mixture of a 15 wt.% of PTFE solution binder and
5 wt.% of mixed powders consisting of �-MnO2 (electrolytic
anganese oxide, EMD) catalyst supported on BP2000 carbon

lack. The Ni-foam current collector was cut at 1 × 1 cm2. The
reparation methods of the air cathode electrodes have been
eported in detail elsewhere [59,60].

.6. Electrochemical measurements

The PVA/HAP composite polymer membranes were placed
etween the sheets of the anode electrode and the cathode
lectrode, and then hot-pressed at 60 ◦C with a pressure of
00 kgf cm−2 for 5 min to obtain a membrane electrode assem-
ly (MEA). The electrode area of the MEA was about 1 cm2.

The electrochemical measurements were carried out in a

wo-electrode system. The E–t or i–t curves of the DMFCs
ith alkaline PVA/HAP composite polymer membranes were

ecorded at various current densities of 20–40 mA cm−2 and
t different cell potentials (0.20–0.40 V). All electrochemical
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Table 1
The results of weight loss (%) of the PVA/HAP composite polymer membranes
at various temperatures

Types Temperature (◦C)

100 250 350 600

HAP powders 0.68 6.81 2.79 3.49
PVA film 0.63 8.00 73.10 92.24
PVA/2.5 wt.%HAP 3.75 12.13 35.98 90.67
P
P

b
t

b
a
t
G
1
b

C.-C. Yang et al. / Journal of

easurements were performed on an Autolab PGSTAT-30 elec-
rochemical system with GPES 4.8 package software (Eco
hemie, The Netherland). The electrochemical performances
f the DMFC employing the PVA/HAP composite polymer
embrane with the cathode electrode open to atmospheric air
ere studied in 8 M KOH + 2 M CH3OH solutions at ambi-

nt temperature and pressure. The construction of alkaline
MFC for testing has been described in detail elsewhere

49].

. Results and discussion

.1. TGA thermal analysis

Fig. 1(a) shows TGA and differential gravimetric analysis
DTG) thermographs of the PVA polymer membrane without
A (un-crosslinked sample) and the PVA polymer membrane
ith 5 wt.% GA (crosslinked sample), respectively. The TGA

nd DTG curves of the un-crosslinked PVA polymer film reveal
wo main weight loss regions, which appear as two peaks in the

TG curves. The first peak transition region at around 282 ◦C

s due to the degradation of PVA polymer membrane; the total
eight loss corresponds to this stage at about 77 wt.%. The peak
f the second stage at 424 ◦C is due to the cleavage C–C back-

ig. 1. TGA thermographs of the PVA, PVA/GA, and crosslinked PVA/HAP
omposite polymer membranes with different compositions of HAP fillers.

w
t
p
t
p
s
t

o
b
P
w
t

F
d

VA/5 wt.%HAP 2.93 7.26 27.96 91.90
VA/10 wt.%HAP 2.58 6.81 27.39 87.06

one of PVA polymer membrane, the so-called carbonation; the
otal weight loss was 91 wt.% at 600 ◦C.

TGA and DTG curves of the crosslinked PVA polymer mem-
ranes with GA also display two main weight losses, which
lso appear as two peaks in the DTG curves. The first peak
ransition at around 197 ◦C may be due to the degradation of
A; the total weight loss corresponds to this stage at about
5 wt.%. The third peak at 450 ◦C is caused on account of the
reaking of the main chain of the PVA polymer; so that there
as a total weight loss of 91 wt.% at 600 ◦C. By comparison,

he second main weight loss is obviously less intense, as com-
ared with the un-crosslinked PVA polymer film. Table 1 lists
he percentages of weight loss for PVA and crosslinked PVA
olymer membranes at different stage temperatures. Thermal
tability of the PVA membrane is improved by the crosslinked
reatment.

Fig. 1(b) demonstrates shows TGA and DTG thermographs
f HAP powders and the PVA/HAP composite polymer mem-

ranes with various HAP compositions. Those curves of the
VA/HAP polymer film reveal two main weight loss regions,
hich also appear as two peaks in the DTG curves. The first

ransition region at around 350–380 ◦C (Tmax,1 = 363 ◦C) is

ig. 2. XRD patterns for the PVA/HAP composite polymer membranes with
ifferent HAP compositions.
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ue to the degradation of PVA polymer membrane; the total
eight loss corresponding to this stage was about 38–46 wt.%.
he second peak at 439 ◦C (Tmax,2 = 439 ◦C) leads to the
leavage backbone of PVA polymer membrane and the total
eight loss was about 90 wt.% at 600 ◦C, as displayed in
able 1.

Overall, the degradation peaks of the crosslinked PVA/HAP

omposite polymer samples are less intense and shift towards
igher temperatures. It can be concluded that the thermal stabil-
ty is improved due to the effect of HAP ceramic fillers and the
hemical crosslinking treatment.

b
P
t
p

ig. 3. SEM photographs: (a) top view of HAP fillers at 200×; (b) top view of HAP fi
or PVA/5 wt.%HAP; (e) top view for PVA/10 wt.%HAP SPE; (f) cross-sectional vie
r Sources 177 (2008) 40–49

.2. Crystallinity, surface morphology and micro-Raman
nalysis

The X-ray diffraction measurement was performed to exam-
ne the crystallinity of the PVA/HAP composite polymer

embranes. Fig. 2 illustrates the diffraction pattern of the
VA/HAP composite polymer membranes that were prepared

y a blending process with different HAP compositions. The
VA polymer is well known to exhibit a semi-crystalline struc-

ure with a large peak at a 2θ angle of 19–20◦ and a small
eak of 39–40◦ [43–49]. A large peak at 2θ = 19–20◦ for

llers at 1000×; (c) top view for PVA/5 wt.%HAP SPE; (d) cross-sectional view
w for PVA/10 wt.%HAP SPE; (g) cross-sectional view for PVA/15 wt.% SPE.
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Fig. 3. (Continued ).

he PVA/2.5–10 wt.%HAP composite polymer membranes was
learly seen in Fig. 2. But, the peak intensity of XRD for
he PVA/HAP composite polymer films was obviously reduced
hen the amount of added HAP fillers increased. Under such

ircumstances, it was clear that the amorphous domain in the
VA/HAP composite polymer membranes was greatly aug-
ented (i.e., the degree of crystallinity decreased).
Table 2 shows the values of relative crystallinity (%) for the

VA/HAP composite polymer membranes with different com-
ositions of HAP fillers. The relative crystallinity values of the
VA/HAP composite polymer membrane decreased from 100

o 30.53%. Note that the degree of amorphous domain increases
ith an increase in the contents of HAP fillers. There is a sig-
ificant motion of the polymer chain in the amorphous phase
r some defects existing at an interface between the polymer
hains and the crystal HAP fillers at the same time as there is
on-conductivity the crystalline phase. Therefore, the charac-
eristic of the PVA/HAP composite polymer membranes shows
ood ionic conductivity transport property (data shown in Sec-
ion 3.3). This is due to the more amorphous phase and flexible of
ocal PVA chain segmental motion in the PVA/HAP composite
olymer membranes.

SEM photographs for the as-received HAP powders at dif-
erent magnifications (200× and 1000×) are shown in Fig. 3(a)
nd (b), respectively. As SEM photographs indicated, the HAP

owders have a flake-like structure with different sizes. The
op and cross-sectional views of SEM photographs for the
VA/5 wt.%HAP composite polymer membranes can be found

able 2
he percentages of relative crystallinity of PVA/HAP composite polymer
embranes

ype Position of
peak#1 (◦)

Intensity
of peak#1

Relative
crystallinity (%)a

VA film 19.77 704 100.0
VA + 5%GA film 19.77 316 44.88
VA/2.5 wt.%HAP + 5 wt.%GA 19.77 268 38.07
VA/5 wt.%HAP + 5 wt.%GA 19.77 228 32.38
VA/10 wt.%HAP + 5 wt.%GA 19.77 215 30.53

a Based on peak#1 of XRD data.
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n Fig. 3(c) and (d), respectively. Moreover, the top and cross-
ectional view of SEM photographs for the PVA/10 wt.%HAP
omposite polymer membranes are also shown in Fig. 3(e) and
f), respectively. Furthermore, these HAP fillers are found to dis-
erse well into the PVA polymer matrix. The dimension for the
AP fillers embedded in PVA matrix is about 2 �m × 20 �m
ith flake-like shape, as shown in Fig. 3(f). Fig. 3(g) partic-
larly shows the cross-sectional view of SEM photograph for
he PVA/15 wt.%HAP composite polymer membrane at 500×.

here large HAP aggregates or chunks are clearly formed and
ocated at different positions of the PVA matrix, the HAP fillers
ere not dispersed well.
As a whole, the compatibility of the PVA polymer and HAP

llers is uniform and homogenous when the content of HAP
eramic fillers is less than 10 wt.%. As we know, the higher
ontent of HAP fillers (as a methanol permeation barrier) in
he PVA matrix may assist in reducing the methanol crossover
hrough the composite polymer membrane.

Fig. 4 shows the micro-Raman spectra for HAP powders
nd PVA/HAP composite polymer membranes with different
ompositions of HAP fillers. It can be seen clearly from the
icro-Raman spectra that the strong characteristic scattering

eak of HAP fillers at 958 cm−1 is associated with the HAP
ller; this is due to the P–O band stretching. By contrast, the
trong peak for the PVA polymer at 1437 cm−1 is due to the C–H
ending and O–H bending. Moreover, the two weak vibrational
eaks for the PVA polymer at 912 and 851 cm−1 are due to the
–C stretching. Finally, there are several weak scattering peaks
t 1145 and 1088 cm−1; which are caused by the C–C stretch-
ng and C–O stretching. Interestingly, the peak intensity of the
147 cm−1 band is an indicator of the degree of crystallinity of
he PVA polymer [61]. The peak intensity of the 1147 cm−1 band
ecreased when the amount of HAP fillers added was increased.
t can be clearly seen that the intensities of the 1147 cm−1 char-
cteristic vibrational peak of all PVA/HAP composite polymer
embranes are greatly decreased and the result indicates the

morphous phases in the PVA/HAP composite polymer mem-
rane were augmented. The higher the percentage of amorphous
omains of the PVA/HAP, the higher the value of ionic conduc-
ivity which can be obtained.

.3. Ionic conductivities measurement, liquid absorption,
nd swelling ratio

The typical AC impedance spectra (the so-called Nyquist
lot) of alkaline PVA/HAP composite polymer membranes by
direct blending of PVA polymer with the HAP fillers (5 wt.%)
t different temperatures are shown in Fig. 5. The AC spectra
re typically non-vertical spikes for stainless steel (SS) block-
ng electrodes, i.e., the SS|PVA/HAP SPE|SS cell. Analysis
f the spectra yields information about the properties of the
VA/HAP polymer electrolyte, such as bulk resistance, Rb.
aking into account the thickness of the composite electrolyte

lms, the Rb value was converted into the ionic conductivity
alue, σ, according to the equation: σ = L/Rb × A, where L is
he thickness (cm) of the PVA/HAP polymer membrane, A is
he area of the blocking electrode (cm2), and Rb is the bulk
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Table 3
The ionic conductivity values of PVA/HAP composite polymer membranes with
different compositions of HAP fillers

T (◦C) HAP contents (σ, S cm−1)

2.5 wt.%HAP 5 wt.%HAP 10 wt.%HAP

30 0.0182 0.0251 0.0442
40 0.0212 0.0272 0.0465
50 0.0263 0.0295 0.0483
6
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ig. 4. Micro-Raman spectra for the PVA/HAP composite polymer membranes
ith different amounts of HAP fillers.

esistance (�) of the alkaline PVA/HAP composite polymer
lectrolyte.

Typically, the Rb values for the blend PVA/HAP composite
olymer membranes are of the order of 1–2 � and are dependent
n the contents of HAP fillers and KOH in the film. Note that,
he composite polymer membrane was immersed in 8 M KOH

olution for 24 h before measurement. Table 3 shows the ionic
onductivities of the alkaline PVA/HAP (2.5 wt.%) composite
olymer membrane at different temperatures. As a result, the
onic conductivity value is 0.0182 S cm−1 at 30 ◦C.

ig. 5. Nyquist plot for alkaline PVA/5 wt.%HAP composite polymer mem-
rane.

c
f
4
a

F
b

0 0.0314 0.0315 0.0514
0 0.0378 0.0335 0.0542

The ionic conductivity values of alkaline PVA/HAP com-
osite polymer membrane with 5 and 10 wt.%HAP fillers are
.0251 and 0.0442 S cm−1 at 30 ◦C, respectively. The data shows
he highest ionic conductivity of alkaline PVA/HAP composite
olymer membrane is 0.0442 S cm−1 with 10 wt.%HAP fillers
t an ambient temperature. These results can be determined
s the ionic conductivity of the PVA/HAP composite polymer
embranes increases when the content of added HAP fillers

ncreases.
In general, when the HAP fillers are added into the PVA poly-

er membrane, more accessible amorphous phases (or more
efects) appear and enhance its ionic mobility. It was observed
hat the ionic conductivity is of the order in 10−2 S cm−1 at
mbient temperature. The temperature dependence of the ionic
onductivity obeys the Arrhenius type: σ = σ0 exp(−Ea/RT),
here σ0 is a pre-exponential factor, Ea is the activation energy,

nd T is the temperature in K. The log10(σ) vs. 1/T plots,
s shown in Fig. 6, obtains the activation energy (Ea) of the
VA/HAP composite SPE, which is highly dependent on the

ontents of HAP fillers and KOH electrolyte. The Ea value
or alkaline PVA/5 wt.%HAP composite polymer membrane is
.37 kJ mol−1; the Ea value for the crosslinked SPEs normally
ppears as over 20 kJ mol−1. It is well known that Ea is related

ig. 6. Arrhenius plot of alkaline PVA/5 wt.%HAP composite polymer mem-
rane.
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Table 4
The results of liquid absorption (%) of the PVA/HAP composite polymer mem-
branes at 25 ◦C

Absorption Types

PVA/2.5
wt.%HAP

PVA/5
wt.%HAP

PVA/10
wt.%HAP

DI water 60.5% 55.3% 45.0%
99 wt.%CH3OH 16.4% 15.0% 14.8%
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Fig. 8 shows the i–t curves of an air-breathing DMFC employ-
ing the PVA/10 wt.%HAP composite polymer membrane in 8 M
KOH + 2 M CH3OH solution at 0.40, 0.30 and 0.20 V at 25 ◦C,
M KOH 47.6% 38.3% 36.6%

o its ionic mobility (μi), because σ =
∑

F|Zi|Ciμi, where σ is
he ionic conductivity, F is Faraday constant, Zi is the charge
umber, Ci is the carrier concentration, and μi is the mobil-
ty [62]. Consequently, it can be considered that the increase
f ionic conductivity accomplished by adding HAP fillers is
ainly related to its ionic mobility (μi), which indicates the
ore segmental motion in the amorphous phase of the PVA
atrix, resulting in the higher ionic mobility and ionic conduc-

ivity.
Besides, the dimension stability of the PVA/HAP composite

olymer membranes is also crucial for practical applications.
he results of liquid absorption (%) values of PVA/HAP com-
osite polymer membranes in DI water, 99 wt.%CH3OH, 4 M
OH solutions are shown in Table 4. The absorption percentage
f DI water slightly decreases from 60.5 to 45.0 wt.% when the
mount of added HAP fillers increases from 2.5 to 10 wt.%. Fur-
hermore, the absorption percentage of CH3OH solution remains
teadily around 14–16 wt.% while the absorption percentage
f 4 M KOH solution decreases from 47.6 to 36.6 wt.% as the
mount of added HAP fillers increases.

By contrast, the results of swelling ratio (%) for the PVA/HAP
omposite polymer membranes in DI water, 99 wt.%CH3OH,
M KOH solutions are listed in Table 5. The data demonstrate

hat the swelling ratio value of the PVA/HAP composite poly-
er membranes in DI water significantly decreases from 122.4

o 88 wt.% as the amount of HAP fillers added increases from
.5 to 10 wt.%. The swelling ratio in 99 wt.%CH3OH is around
7–19 wt.%; furthermore, the swelling ratio in 4 M KOH solu-
ion greatly decreases from 91 to 55 wt.%. When the HAP filler
s a stiffer material is added into the PVA matrix, the swelling
atio of PVA polymer membranes can be effectively reduced.

bviously, the thermal properties, ionic conductivity and dimen-

ion stability are improved.

able 5
he results of swelling ratio (%) of the PVA/HAP composite polymer mem-
ranes at 25 ◦C

welling Types

PVA/2.5
wt.%HAP

PVA/5
wt.%HAP

PVA/10
wt.%HAP

DI water 122.4% 112.9% 88.4%
99 wt.%CH3OH 19.7% 17.6% 17.4%
4 M KOH 90.7% 67.5% 54.7%

F
p
1

ig. 7. The E–t curves for the DMFC employing the PVA/10 wt.%HAP com-
osite polymer membrane in 8 M KOH + 2 M CH3OH solution at 25 ◦C and
atm.

.4. Electrochemical characterization of alkaline DMFC

Fig. 7 shows the E–t curves of alkaline DMFC consist-
ng of the anode electrode with a loading of PtRu black of
.0 mg cm−2, the cathode electrode with MnO2/BP2000 car-
on inks of 3.63 mg cm−2 and the PVA/10 wt.%HAP composite
olymer membrane in 8 M KOH + 2 M CH3OH solutions at 20,
0 and 40 mA cm−2 at 25 ◦C, respectively. In spite of a tendency
o fall at the beginning of the test, the cell potential is stable and
emains constant for 10 h test; it shows good electrochemical
tability of alkaline DMFC.
ig. 8. The i–t curves for the DMFC employing the PVA/10 wt.%HAP com-
osite polymer membrane in 8 M KOH + 2 M CH3OH solution at 25 ◦C and
atm.
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Fig. 9. The IV and PD curves for the DMFC employing the PVA/10%HAP
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omposite polymer membrane in 8 M KOH + 2 CH3OH solution at 25 ◦C and
atm; (1) IV curve for E-TEK anode; (2) IV curve for Ti-based anode; (3) PD
urve for E-TEK anode; (4) PD curve for Ti-based anode.

espectively. The average current densities of the DMFC are
8.59, 33.84, and 52.96 mA cm−2, respectively. Although the
ischarge current densities dropped at the beginning of the
est, it was soon stabilized and remained constant for 10 h. The
esult revealed an improved electrochemical performance of the
MFC. According to the result of Fig. 8, the power density of

he air-breathing DMFC in 8 M KOH + 2 M CH3OH solution at
.20 V is 10.59 mW cm−2 (0.20 V × 52.96 = 10.59 mW cm−2)
t 25 ◦C.

Fig. 9 illustrates the potential–current density and the power
ensity–current density curves of an air-breathing DMFC in 8 M
OH + 2 M CH3OH solution at 25 ◦C. The maximum power
ensity of 11.48 mW cm−2 of the air-breathing DMFC employ-
ng the Ti-based anode with 4 mg cm−2 PtRu black was clearly
chieved at Ep,max = 0.22 V with a peak current density (ip,max) of
2.20 mA cm−2. On the other hand, the maximum power density
f the air-breathing DMFC using a ELAT anode with 4 mg cm−2

tRu/C was only about 5.81 mW cm−2 at Ep,max = 0.190 V with
peak current density of 30.58 mA cm−2 at 25 ◦C.

Scrosati and coworkers [7] prepared the PVA/SiO2 com-
osite polymer membrane for a lab-type acidic DMFC using
2 M H2SO4 + 2 M CH3OH solution, with the DMFC being

t a maximum peak power density of about 2.0 mW cm−2

t the ambient temperature and pressure. Furthermore, it
as found from their results that the stability of MEA with
afion polymer membrane seems unstable for their lab-

ype DMFC. By contrast, the electrochemical performance of
lkaline DMFC using the crosslinked PVA/HAP composite
embrane (PD = 11.48 mW cm−2) is better than that of acidic
MFC cell with the crosslinked PVA/SiO2 composite mem-
rane (PD = 2.00 mW cm−2) at ambient conditions. The alkaline
MFC system apparently exhibits some advantages over than
hat of the acidic DMFC system. This alkaline DMFC consists of
he air electrode using a non-precious metal catalyst (i.e., with

nO2/BP2000 catalyst inks instead of with Pt/C inks) and a
ow-cost PVA/HAP composite polymer membrane (i.e., a cheap

[
[
[

r Sources 177 (2008) 40–49

on-perfluorosulfonated polymer membrane instead of Nafion)
s particularly worthy of notice.

. Conclusions

The composite polymer membrane based on PVA/HAP was
repared by a solution casting method. Alkaline air-breathing
irect methanol fuel cell (DMFC) utilizing the PVA/HAP com-
osite polymer membrane was assembled and systematically
tudied. The air-breathing DMFC was comprised of the air
athode electrode with MnO2/BP2000 catalyst inks, the PtRu
i-anode electrode and the PVA/HAP composite polymer mem-
rane. The results demonstrated that alkaline air-breathing
MFC with the PVA/HAP composite polymer membrane shows
ood electrochemical performances at ambient temperatures and
ressure. The maximum peak power density of the DMFC is
1.48 mW cm−2 at ambient air and temperature. From the appli-
ation point of view, these composite polymer membranes show
high potential for the DMFC applications.
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