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bstract

New polymer electrolyte composite membranes were prepared by using chitosan as the matrices and incorporating potassium hydroxide for
onic functionality. These membranes had a three-layer structure, which consisted of a porous intermediate layer and two crosslinked solid surface
ayers. Their ionic-conductive properties were investigated using impedance spectroscopy. Some composite membranes showed a conductivity
ear 10−2 S cm−1 after hydration for 1 h at room temperature. Several composite membranes were preliminarily integrated into fuel cells for the

ssessment of their electrochemical performance using hydrogen as fuel, air as oxidant and platinum as the electrode catalysts. A membrane
lectrode assembly was fabricated by directly pressing two gas-diffusion electrodes onto the two opposite surfaces of the composite membrane.
ll fuel cells showed an open-circuit potential around 1.0 V, and under appropriate running conditions, a current density of about 30 mA cm−2 was

chieved. Some possible improvements on the performance of the resultant fuel cells are also suggested.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane fuel cells have received atten-
ion for years because of their potential applications for portable
ower [1], and use in vehicles [2]. Up to now, these fuel cells
re mainly run based on proton-conducting polymer membranes.
f the known proton-type membranes, the most widespread is
perfluorinated membrane, commercially known as Nafion [3],
hich is a kind of ionomer in which the ionic sites are grafted
nto the skeleton of the polymer chain. Despite great successes
ith Nafion membranes, the cost of Nafion has limited the devel-
pment of the corresponding fuel cells. In addition, it has also
een found that the fuel cells, which employ Nafion membranes,
re limited to the range of the temperature within which the
embranes can be reliably used [4]. Moreover, when Nafion
embranes are applied to direct methanol fuel cells (DMFCs),
hich is now increasingly believed to be the first fuel cell com-

ercially likely to power portable devices [5], several major

bstacles appear, such as a very wet environment and slow anode
inetics as well as parasitic methanol crossover [6–9]. Many

∗ Corresponding author. Tel.: +1 613 541 6000x6702; fax: +1 613 542 9489.
E-mail address: peppley-b@rmc.ca (B. Peppley).
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fforts, therefore, are being directed towards developing new
olymer electrolyte membranes [10]. Besides a great number of
roton-type membranes, alkaline anion-exchange membranes
ave also aroused new interest since several potential advan-
ages could be obtained if alkaline membranes were employed
or DMFCs: (1) facile kinetics at both the cathode and anode
11]; (2) more effective oxidation of methanol in alkaline media
12,13]; (3) reduced level of methanol crossover from anode to
athode; (4) possibly cheaper non-noble metal catalysts (such as
ickel and silver [14]); (5) more easily machined metal bipolar
lates and minimal electrode weeping and component corrosion
15,16].

Besides pure polymer electrolyte membranes, ion-solvating
olymer composite membranes are also quite commonly used
n low-temperature (working temperature is lower than 100 ◦C)
uel cells. These composite membranes can be classified into
cidic and alkaline membranes depending on whether the ionic
unctionality is protonic or hydroxylic. Alkaline ion-solvating
olymer composite membranes are especially attractive because
he fuel cells based on these types of membranes have poten-

ially a much lower cost [17]. To date, several alkaline fuel cells
sing different ion-solvating polymer composite membranes
ave been developed [18–20]. One of relatively successful
embranes is the poly(ethylene oxide)(PEO)-based membrane

mailto:peppley-b@rmc.ca
dx.doi.org/10.1016/j.jpowsour.2006.07.027


1 wer S

i
o
H
s

c
[
s
[
o
a
t
c
o
c
m
p
h
s
c
b
a
f
b
e
K
t
o
l
i
p

2

2

A
a
h
u
v
e
b
t
p

2
c

c
t
(
g
[
m

s
D
t
r

2

s
i
a
q
e
a
t
t
w
t
c
a
c
m
f
w
w
m
i

p
c
c
o
l
s
l
a

i
t
C
C

2
m

m
r

ξ

w
t

06 Y. Wan et al. / Journal of Po

ncorporated KOH, which shows a well-defined characteristic
f voltage versus current density in alkaline fuel cells [21].
owever, due to the high crystallinity of the PEO membrane,

ome drawbacks for this kind of membrane still remain [22,23].
Chitosan, a principal derivative of chitin, is a natural, low-

ost biopolymer and also is a weak alkaline polymer electrolyte
24]. A chitosan membrane can retain its chemical and thermal
tability up to 200 ◦C with an acceptable mechanical strength
25]. Furthermore, the presence of hydroxyl and amino groups
n the backbone of chitosan also affords the chitosan membrane
higher level of hydrophilicity, which is crucial for the opera-

ion of polymer electrolyte membrane fuel cells [26]. Although
hitosan is also a semi-crystalline polymer, the crystallinity
f chitosan membranes can be greatly decreased using some
rosslinking [27]. In its natural state (dry state), a chitosan
embrane is almost non-conductive. However, when an appro-

riately crosslinked chitosan membrane is fully hydrated, it can
ave a conductivity close to 10−3 S cm−1 [28]. But this value is
till not high enough for practical fuel cells. Therefore, from the
haracteristics of chitosan mentioned above, chitosan seems to
e a suitable candidate to serve as a matrix for ion-solvating
lkaline polymer composite membranes. Therefore, we have
abricated some alkaline chitosan-based composite membranes
y incorporating KOH for ionic functionality [29] and have
xplored their use in alkaline fuel cells. In order to hold the
OH permanently inside the composite membrane, a special

hree-layer membrane structure was designed, which consisted
f a porous intermediate layer and two crosslinked solid surface
ayers. In the present study, these composite membranes were
ntegrated into fuel cells for a preliminary evaluation of their
erformance.

. Experimental

.1. Materials and reagents

Chitosan and the following chemicals were all obtained from
ldrich and used as received: acetic acid, sodium acetate, N-

cetyl-d-glucosamine, potassium hydroxide pellets, glutaralde-
yde (GA, 25% by weight in water), potassium hydroxide vol-
metric standard (0.1 M solution in water), hydrochloric acid
olumetric standard (0.1 M solution in water). Gas-diffusion
lectrodes (1 mg cm−2 Pt dispersed into Vulcan XC-72 carbon
lack being 20 wt.% of the electrode) were purchased from Elec-
roChem Inc. (USA). The bipolar plates and cell fixtures were
rovided by DuPont Canada.

.2. Degree of deacetylation and molecular weight of
hitosan

The first derivative UV (ultraviolet) spectra of chitosan were
ollected using a CARY 5E UV–VIS–NIR spectrometer and
hey were utilized for calculating the degree of deacetylation

DDA) of chitosan [30]. A calibration curve from N-acetyl-d-
lucosamine was generated according to Tan et al.’s method
31]. The viscosity-average molecular weight of chitosan was
easured using 0.25 M CH3COOH/0.25 M CH3COONa as the

o
c
r
t

ources 162 (2006) 105–113

olvent system with our previously reported method [32]. The
DA value and viscosity–average molecular weight of chi-

osan were determined as 72.5 (±2.2)% and 2.1 (±0.11) × 106,
espectively.

.3. Preparation of composite membrane

The preparation of composite membranes involved a two-
tep process. In the first step, powdered chitosan was dissolved
n a 1.0% (by volume) aqueous acetic acid solution to produce
1.0% (by weight) chitosan solution. To this solution, a known
uantity of GA was added with vigorous stirring for 3 h at ambi-
nt temperature. The mixture was then cast into a membrane on
specially constructed Plexiglas dish designed for fitting into

he fuel cell test assembly. The dish was placed in a chamber and
he solvent was allowed to slowly evaporate while the membrane
as slightly crosslinked at 25 ◦C for 48 h so that the membrane

hus obtained was of a gelatinous nature at the end of this pro-
ess. The dish was subsequently immersed into a pool containing
freshly prepared KOH aqueous solution with a known con-

entration for 24 h to incorporate potassium hydroxide into the
embrane. The soft membrane in the dish was then dried in air

or a given period of time, at which point the solid-like membrane
as carefully peeled off the dish. The so produced membrane
as placed in a hermetically sealed chamber to maintain its
oisture content. This membrane became an intermediate layer

n the further preparation of the composite membrane.
In the second step, a 1.0% (by weight) chitosan solution was

repared in the same way as in the first step, and allowed to be
rosslinked in a flask at 25 ◦C for 48 h. This solution was then
ast into a thin layer on a Plexiglas dish and then the membrane
btained in the first step was overlaid onto this liquid bottom
ayer. Finally, a top layer composed of the crosslinked chitosan
olution was immediately cast onto the membrane. This three-
ayer composite membrane was then dried in air at 25 ◦C for
round 4 days.

Two series of composite membranes were prepared by vary-
ng the amount of crosslinking agent or altering the concen-
ration of KOH solution. One set was designated as CH/G-A,
H/G-B, CH/G-C, and CH/G-D; the other set was named as
H/K-4, CH/K-5, CH/K-6 and CH/K-7, respectively.

.4. KOH content in the intermediate layer of composite
embrane

The KOH load (ξKOH, wt.%) in the inner layer was deter-
ined using a gravimetric method and calculated via following

elationship:

KOH = [(W2 − W1/D) × C0]

W0
(1)

here W1 is the total weight of the membrane and the dish before
he dish was immersed in the KOH solution; W2 the total weight

f the membrane and the dish after the dish was taken out of the
ontainer and the KOH solution inside the dish was completely
emoved; C0 (%, w/v) the concentration of the KOH solution; D
he density of the KOH aqueous solution and it varies with C0;
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Table 1
Basic information of the composite membranesa

Membranes GA/chitosan weight
ratio in feed

C0 (%) ξKOH (wt.%) Conductivity (S cm−1)b,c

Before hydration After hydration

CH/G-A 0.0555:1 4 5.61(±0.11) 1.26(±0.24) × 10−6 1.25(±0.21) × 10−2

CH/G-B 0.0647:1 4 5.49(±0.12) 1.19(±0.29) × 10−6 1.21(±0.26) × 10−2

CH/G-C 0.0741:1 4 5.44(±0.13) 1.24(±0.23) × 10−6 1.17(±0.19) × 10−2

CH/G-D 0.0832:1 4 5.32(±0.11) 1.28(±0.21) × 10−6 1.24(±0.22) × 10−2

CH/K-4 0.0555:1 4 5.53(±0.12) 1.09(±0.36) × 10−6 1.19(±0.17) × 10−2

CH/K-5 0.0555:1 5 5.82(±0.15) 1.13(±0.27) × 10−6 1.62(±0.18) × 10−2

CH/K-6 0.0555:1 6 6.49(±0.13) 1.74(±0.21) × 10−6 2.26(±0.24) × 10−2

CH/K-7 0.0555:1 7 7.04(±0.11) 2.69(±0.32) × 10−6 3.14(±0.17) × 10−2

a The values listed in the table are average values from six specimens for each sample.
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at 1 (H2):4 (air) for all measurements. In order to examine the
b Hydration time for conductivity measurements is 1 h.
c The thickness of the membrane in the dry state and in the swollen state is me

re used for the calculation of the conductivity.

0 the dry weight of the chitosan. C0 and calculated ξKOH for
wo sets of samples were listed in Table 1.

.5. Degree of crosslinking of composite membrane

Since it was quite difficult to quantify the degree of crosslink-
ng for these composite membranes because of some unwanted
ide reactions, an estimate of the degree of crosslinking for
ach composite membrane was made by using the GA/chitosan
eight ratio in the feed as an approximation.

.6. Ionic conductivity

The measurements of ionic conductivity were carried out
sing an AGILENT impedance analyzer (model 4294A) accord-
ng to a published method [33]. Complex impedance spectra
ere recorded at ambient temperature by sandwiching dry mem-
ranes between a pair of brass-blocking electrodes in the mea-
urement cell with an alternating current (a.c.) mode (frequency
ange: 0.1–104 kHz, amplitude of the a.c. signal: 0.5 V). For the
easurements in the swollen state of the membranes, the mem-

ranes were immersed in water at room temperature for 1 h. Prior
o any measurement, the surface water was gently removed,
nd then the swollen membrane was quickly placed between
wo electrodes in the measurement cell. Repeat measurements
ere performed and the ionic conductivity was averaged. In
ost cases, the bulk resistance of the composite membrane was

irectly obtained from the intercept of the complex impedance
raph with the real axis. In some cases that impedance curves
id not touch the real axis, the complex impedance plot was then
xtrapolated to its intersection with the real axis, and the con-
uctivity of corresponding composite membrane was calculated
ith Osman’s method [34].

.7. Ion-exchange capacity (IEC) of composite membrane
A previously reported method [35,36] was used to deter-
ine the IEC. A piece of composite membrane with a given
eight was immersed in a 0.1 M HCl standard solution (20 ml)

t ambient temperature for 24 h with occasional stirring, and then

e
k
s
T

before and after hydration, respectively, and the corresponding average values

he solution together with membrane was titrated back to neu-
ralization with 0.1 M KOH standard solution. End-points were
etermined from the maximum points registered in the differen-
ial titration plots. Three repeats were conducted for each sample
nd a blank run (without membrane) was also performed. The
EC was calculated as follow:

EC = nHCl,i − nHCl,f

mdry
(2)

here nHCl,i is the HCl quantity (equivalent) in the initial solu-
ion (0.1 M, 20 mL), nHCl,f, the remaining amount of HCl (equiv-
lent) determined by the titration, and mdry is the mass of the
ry membrane sample.

.8. Membrane electrode assembly (MEA)

Two surfaces of the composite membrane were slightly wet-
ed using a very small amount of water. The composite mem-
rane was allowed to stay in air for 5 min before it was used for
EA. Two electrodes of the same size were directly attached to

he two opposite surfaces of the composite membrane and two
tainless steel plates were respectively applied to each electrode.
he MEA was made by pressing this assembly at 4 t for 10 min
t 25 ◦C.

.9. Determination of potential–current polarisation curves

The obtained MEA was incorporated into a single test fix-
ure and the resultant unit cell was then installed into the Fuel
ell Automated Test Station (Hydrogenics Inc.). The cell was

un under various operation conditions by changing the opera-
ion temperature and relative humidity as well as the flow rate
f hydrogen and air (in most cases, the pressure ratio of hydro-
en to air was kept at 103 kPa/103 kPa). The flow rate between
ydrogen and air was always kept constant with a fixed ratio
ffect of the single operation condition, the cell was run while
eeping all other operational conditions constant. The active
urface area of the electrode was automatically recorded by the
est Station.



1 wer Sources 162 (2006) 105–113

3

3

c
a
m
i
i
e
w

d

d
H
b
g
w
t
n
d
i
p
w
d
t
r
c
w
d
a
c
f
m
1
t

c
p
b
m
S
a
l
i

i
a
r
z
i
t
p
p

F
o
B

t
a common conductor. A few main parameters and calculated
ionic conductivity from impedance spectra for two sets of sam-
ples are summarized in Table 1. Several characteristics can be
drawn from Table 1: (1) it is not the GA/chitosan weight ratio
08 Y. Wan et al. / Journal of Po

. Results and discussion

.1. Basic parameters of composite membrane

Under ideal reaction conditions, i.e., each GA molecule
rosslinks two amino groups on two different chitosan chains
nd all other possible side reactions are negligible, an approxi-
ate calculation could be performed for the degree of crosslink-

ng of chitosan membrane by considering the composition of
nitial reaction mixture, and the degree of crosslinking can be
xpressed as the fraction of bridges in the total number of net-
ork structural elements [37]:

.c. = χ

χ + (1 − 2χ)
× 100% (3)

where χ is the amount of crosslinking agent (in mole) intro-
uced into the reaction per one mole of the aminosaccharide.
owever, in our case, ideal reactive results cannot be achieved
ecause (1) some GA molecules may only react with one amino
roup (the other end of the GA molecule is free) or they do react
ith two amino groups but these two amino groups belong to

he same chitosan chain; (2) those GA molecules which have
ot reacted with any amino group in the first step, will be simply
issolved into the KOH solution or water. Hence, it is nearly
mpossible to quantify the degree of crosslinking for these com-
osite membranes. It may be feasible to use the GA/chitosan
eight ratio in the feed as an approximate estimation for the
egree of crosslinking of composite membrane assuming that
he degree of crosslinking of composite membrane is closely
elated to or even proportional to the amount of GA used in the
rosslinking reaction. In the following sections, the GA/chitosan
eight ratio in the feed will be thus used as a substitution of the
egree of crosslinking of the composite membrane. Although
relatively high KOH load may provide the resultant hydrated

omposite membranes with a higher conductivity, however, we
ound that composite membranes would show relatively poor
echanical properties if the KOH content was higher than ca.

2 wt.%. The KOH content, therefore, was controlled to less
han 8.0 wt.%.

The basic morphologies of the composite membranes in the
ross-sectional area were examined using a SEM. Since the com-
osite membrane was prepared by overlaying three layers one
y one, as expected, a three-layer structure for these composite
embranes has been observed, as shown in Fig. 1(a). Closer
EM examination reveal that the top-layer and the bottom-layer
re solid layers, and there exist some pores in the intermediate-
ayer. One of SEM images for the porous structure inside the
nner layer is presented in Fig. 1(b).

Figs. 2 and 3 represent several typical plots of the complex
mpedance spectra for CH/G-B and CH/K-5 samples before and
fter hydration. In Fig. 2, both spectra comprise two distinct
egions in the complex plane, a partial arc in the high frequency
one and a linear region in the low frequency zone, reveal-

ng the electrolyte characteristic of composite membranes in
he dry state. However, the corresponding spectra of two com-
osite membranes in their hydrated state have lost partial arc
arts and their ionic resistance greatly decreases, indicating that

F
B

ig. 1. SEM micrographs of the composite membranes. (a) Three-layer structure
f composite membrane (CH/G-B); (b) porous structure of inner layer (CH/G-
).

he hydrated composite membranes, in fact, act basically like
ig. 2. Impedance spectra of the composite membranes in dry state. ©, CH/G-
; �, CH/K-5.
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Fig. 4. Potential–current polarization curves of four cells using composite mem-
branes in set of CH/K-i (i = 4–7) with relative humidity at 50% (unfilled symbols)
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ig. 3. Impedance spectra of the composite membranes after hydration for 1 h
t room temperature. ©, CH/G-B; �, CH/K-5.

ut the concentration of KOH solutions that exerts an impact on
he KOH content of the membranes; (2) dry composite mem-
ranes show a conductivity of around 10−6 S cm−1, which is in
he range for semi-conductors; (3) the hydrated composite mem-
ranes exhibit a higher conductivity near 10−2 S cm−1, and their
onductivity does not substantially vary with the GA/chitosan
eight ratio, and only shows a slight change with the KOH con-

ent. Detailed analyses and explanations for these data can be
ound in another published report regarding the preparation and
haracterization as well as some properties of these composite
embranes [38].
An ideal ionic conductivity of the hydrated polymer elec-

rolyte membrane for the fuel cell operation is close to
0−2 S cm−1 or higher if only the conductivity is considered
39]. On the basis of the above observations, the GA/chitosan
eight ratio does not substantially affect the conductivity of

he hydrated membranes and all the hydrated composite mem-
ranes in the series CH/K-i (i = 4–7) possess a conductivity
f around 10−2 S cm−1, therefore, only those composite mem-
ranes in the CH/K-i (i = 4–7) set, which were prepared with a
xed GA/chitosan weight ratio (0.0555:1) but various concentra-

ions of KOH solutions, were selected for further investigations
n fuel cell testing.

.2. Performance of fuel cells under basic running
onditions

It is generally accepted that a relatively high cell pressure
ay help to improve the performance of a fuel cell. In our case,
e encountered some difficulties such as the leakage of fuel

nd oxidant or a measurable fluctuation of the potential–current
olarization curves if a high cell pressure was applied. The
ell pressure ratio of hydrogen to air, hence, is selected as
(H2) = p(air) = 103 kPa (at fixed flow rate of fuel, p is the ini-

ial of pressure) for the fuel cell measurements. In addition, it
as also found that the effect of the relative humidity on the
erformance of the cell was quite pronounced. Fig. 4 illus-
rates several relevant potential–current polarization graphs. It

s
C
t
t

nd 100% (filled symbols). (Flow rate: 50 ml min−1 (H2)/200 ml min−1 (air);
emperature: 50 ◦C; pressure: p(H2) = p(air) = 103 kPa). ©, CH/K-4; ♦, CH/K-
; �, CH/K-6; �, CH/K-7; �, CH/K-4; �, CH/K-5; �, CH/K-6; �, CH/K-7.

s observed that with a relative humidity at 50%, the voltage of
he cell sharply drops within a very narrow range related to the
urrent density; on the other hand, a much better performance
f the cells was achieved when the relative humidity reached
00%. As mentioned earlier, the chitosan membrane is highly
ydrophilic due to its polar groups. A relative humidity at 100%
ertainly helps the chitosan membrane absorb water from the
urrounding environment to the maximum limit and further to
orm more percolation pathways inside the membrane for ionic
ransport with the aid of gaps between ion aggregates in the

embrane [40,41], and by doing this, the fuel cell would give a
etter performance [42]. Unfortunately, potential–current polar-
zation curves relating to different relative humidities have not
een systematically collected because the size of the unit cells
s relatively small and the relative humidity between 50% and
00% cannot be exactly controlled. In the following testing, the
elative humidity, therefore, was kept as constant at 100%.

.3. Variation of performance of unit cell with composite
embranes

Figs. 5 and 6 show several potential–current polarization
urves based on a few different MEAs and measured in unit
ells at 40 and 60 ◦C, respectively. These potential–current
urves exhibit almost the same open-circuit potential of about
.0 V both at 40 and at 60 ◦C. Meanwhile, it can be observed
hat (1) at the lower operation temperature, 40 ◦C, with respect
o the same voltage, the current density of the cell using CH/K-7
r CH/K-6 membrane was comparably higher than that of
he cell employing CH/K-4 membrane, but it was measurably
ower than that of the cell utilizing a CH/K-5 membrane and (2)
t an elevated operation temperature, 60 ◦C, an approximately

imilar performance was achieved when CH/K-7, CH/K-6 or
H/K-5 membranes were employed. These results indicate

hat the KOH content of composite membranes seems not
o dominate the potential–current behavior of the cells and a
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Fig. 5. Potential–current polarization curves of four cells. (Flow rate: 50 ml
m
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m
a
m
m
M
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b
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F
m
=
C

in−1 (H2)/200 ml min−1 (air); temperature: 40 ◦C; pressure: p(H2) = p(air) =
03 kPa, relative humidity: 100%). �, CH/K-4; �, CH/K-5; �, CH/K-6; �,
H/K-7.

omposite membrane with a higher conductivity is not likely to
rovide a cell with a better performance. Additionally, it is also
oticed that the potential–current curves of cells can display
easurable changes even if these cells use the same kind of
EAs which were fabricated using the composite membranes

rocessed in the same batch with the exact same compositions
these variations are not presented here). A possible reason
ay arise from the interfacial properties of the membrane

nd electrodes because some defects in the surface of the
embrane as well as nonuniformity in the thickness of the
embrane could exert an influence on the properties of the
EA and in turn, the performance of the cell. Fig. 7 presents

hree SEM images CH/K-5 specimens (they were cut from

he same kind of composite membranes prepared in the same
atch under the exact same processing conditions, and coded as
H/K-5-a, CH/K-5-b, CH/K-5-c, respectively). It is apparent

ig. 6. Potential–current polarization curves of four cells. (Flow rate: 50 ml
in−1 (H2)/200 ml min−1 (air); temperature: 60 ◦C; pressure: p(H2) = p(air)
103 kPa, relative humidity: 100%). �, CH/K-4; �, CH/K-5; �, CH/K-6; �,
H/K-7.
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ig. 7. Surface morphology of different specimens selected from CH/K-5 com-
osite membranes in the same batch. (A) CH/K-5-a; (B) CH/K-5-b; (C) CH/K-
-c.

hat the surface morphologies of the different specimens vary
rom one to another. Those easily viewed microscopic defects
nd nonuniformity will inevitably contribute to increasing the

nterfacial resistance between the membrane and the electrodes
o some extent in a quite random way, and consequently the

EAs will also exhibit relatively irregular characteristics. The
esults illustrated in Figs. 5 and 6, therefore, should be related
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membrane: CH/K-4, flow rate: 50 ml min−1 (H2)/200 ml min−1 (air); pres-
ure: p(H2) = p(air) = 103 kPa; relative humidity: 100%). �, 40 ◦C; �, 50 ◦C;
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o a synergetic effect rising from the membrane’s bulk conduc-
ivity and the interface properties between the membrane and
lectrodes.

.4. Effect of temperature on the performance of cell

Since the KOH load inside the composite membrane has not
ignificantly affected the performance of the cells, CH/K-4 was
elected for investigating the temperature dependence of the
ells, and the results are shown in Fig. 8. It can be seen that,
ith respect to the same voltage, the current density of the cell
arkedly increases as the operation temperature rises from 40

o 70 ◦C. However, a further increase in the operation tempera-
ure, for example, to 80 ◦C, does not substantially improve the
erformance of the cell. Possible reasons may lie in the follow-
ng facts. In principle, a higher operation temperature not only
romotes the catalytic reactions of electrodes but also facili-
ates the ions to migrate through the membrane [43], hence, a
etter performance could be achieved when a relatively high
peration temperature is applied. Nevertheless, once a higher
peration temperature is reached while the operation pressure is
aintained as a constant, water will be more easily evaporated

rom one side of the membrane through which the hydroxide
ons will migrate, which inevitably results in a decreased water
ontent inside the composite membrane and, in turn, a lowered
igration rate of hydroxide ions. As a consequence, the expected

dvantages possibly obtained from a higher operation temper-
ture could be cancelled out by the decrease in the migration
ate of hydroxide ions and the performance of the cell would
ot be improved further even at an elevated operation tempera-
ure. Based on the above observations, an appropriate running
emperature should be controlled between 60 and 70 ◦C.
.5. Effect of flow rate of fuel on the performance of cell

When the temperature, humidity and pressure of cell are
elected as 60 ◦C, 100% and p(H2) = p(air) = 103 kPa, respec-

a
r
t
r

rane: CH/K-6, temperature: 60 C; pressure: p(H2) = p(air) = 103 kPa, relative
umidity: 100%). �, 50 ml min−1 (H2)/200 ml min−1 (air); �, 84 ml min−1

H2)/336 ml min−1 (air).

ively, and the flow rate of fuel is set at a ratio of 50 ml min−1

H2) to 200 ml min−1 (air) (the ratio of hydrogen to air is fixed
t 1:4), it is observed that the cell can be continuously and
tably run. With a further increase in flow rate to 84 ml min−1

H2)/336 ml min−1 (air), the cell performance was measurably
mproved. Fig. 9 shows two representative plots. It is seen
hat when the flow rate was increased from 50 ml min−1

H2)/200 ml min−1 (air) to 84 ml min−1(H2)/336 ml min−1

air), the activation polarization (initial part of the curve) and
he Ohmic polarization (middle part of the curve) of the plot

atched with flow rate at 84 ml min−1(H2)/336 ml min−1 (air)
re both stronger than with 50 ml min−1 (H2)/200 ml min−1

air). Meanwhile, when the current density reaches around
5 mA cm−2, the potential of the cell dropped down to almost
he same value: ca. 0.2 V for both plots. Potential–current
urves at a flow rate higher than 84 ml min−1(H2)/336 ml min−1

air) have not been given because they behave almost the
ame as the flow rate at 84 ml min−1(H2)/336 ml min−1 (air)
n Fig. 9. These results may be explained based on following
entative mechanism. When the flow rate reached 50 ml min−1

H2)/200 ml min−1 (air), a just high enough concentration of
xygen and hydrogen inside both the cathode and anode was
chieved for the electrodes to start continuous catalytic reaction
nd enable the cell to be stably operated. After that, since the
otal volume of voids inside the electrode is unchanged, an
ncrease in the flow rate of air may first raise the concentration of
xygen at the cathode and then facilitate the catalytic reactions
f both electrodes, leading to a stronger activation polarization
f the cell by producing more OH groups at the cathode. As a
esult, a greater concentration gradient of OH groups over the
embrane from the cathode to the anode would be established,
hich would further enhance the Ohmic polarization of the cell
nd provide the cell with a better performance. Once the flow
ate was increased up to 84 ml min−1(H2)/336 ml min−1 (air),
he concentration of oxygen and hydrogen may reach their
espective saturation concentrations for the catalytic reactions
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Table 2
Supplement parameters of the membrane and cell

Sample code Average thickness (�m)a IEC (meq g−1) IR (m�) OCP (V)

Dry Wetb

CH/K-4 217 (±12) 389 (±31) 0.39 (±0.02) 46 (±5.3) 0.98 (±0.03)
CH/K-5 238 (±7) 367 (±26) 0.42 (±0.04) 42 (±3.6) 0.96 (±0.04)
CH/K-6 223 (±15) 379 (±34) 0.48 (±0.02) 49 (±8.2) 0.97 (±0.03)
CH/K-7 231 (±11) 392 (±29) 0.53 (±0.03) 44 (±7.1) 0.96 (±0.05)
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a The average thickness is recorded as average values from five specimens fo
b Hydration time for thickness measurements is 1 h.

f the electrodes and further increase in flow rate does not help
he cell achieve improved performance.

.6. Possible improvement on the performance of the
esultant fuel cells

The above results reveal that current density of these alka-
ine fuel cells is still too low for practical application. A few
ther parameters may provide useful clues for improving the
erformance of the cells. Table 2 lists several supplemental
arameters for the membrane in the CH/K-i (i = 4–7) set and
he corresponding cells, including the average thickness of the
ry membrane and the corresponding average thickness of the
ydrated membrane, ion-exchange capacity (IEC) of membrane,
nternal resistance (IR) and open-circuit potential (OCP) of the
ells.

In general, most practical polymer membrane fuel cells have
n IR less than 3 m� and in some cases, the IR for an ideal value
ould be diminished to around 1 m�. The IR in Table 2 for four
inds of cells are all higher than 40 m�, which is over ten times
igher than the IR value required and explains why the current
ensity for those cells was low. The IR here should be mainly
omposed of two parts: the resistance of the composite mem-
rane itself and the interfacial resistance between the membrane
nd electrodes. In Table 2, four kinds of dry membranes have
n average thickness more than 200 �m, and after hydration
or 1 h, the thickness of the membranes was increased to more
han 350 �m. The membranes themselves, therefore, could con-
ribute a considerable amount of resistance to the cell. In order
o reduce the resistance of the membrane itself, one of effective
pproaches is to reduce the thickness of the membranes. Srini-
asan et al. [44] evaluated the effect of membrane thickness on
he performance of a cell, and reported that significant improve-

ents on the performance of cell could be achieved using the
hinner membranes. As for the decrease in the strength of the

embrane due to the change in the thickness of membrane, it
ay be compensated by increasing the degree of crosslinking,
hich will also decrease the degree of swelling of the membrane

nd help to reduce the thickness of the corresponding hydrated
embrane. Some efforts are being made to produce thinner com-

osite membranes.

One of the most effective methods to fabricate MEAs is to

ress the electrodes onto the membrane at a proper tempera-
ure at which the two components can be very tightly bonded
ogether, which will also possibly reduce the IR of the cell.

t
o
o
1

sample.

owever, in the present cases, by hot-pressing MEAs at various
emperatures, we have not obtained any substantial improve-

ent in the performance of the cells. The main reason may be
scribed to the too high glass transition temperature of chitosan,
hich is between 170 and 200 ◦C depending on the sources of

hitosan and its DDA and molecular weight [45,46].
It has been reported that the interfacial resistance can be

emarkably reduced by using appropriate interfacial gels with
onic-conductive characteristics [21,47–51]. The main mecha-
ism is that the interfacial gels will fill in the voids between
he membrane and electrodes, and thus the active surfaces and
uantity of functional ions as well as the load of water molecules
t the interface between the electrode and the membrane could
e possibly increased, which would contribute to decreasing the
nterfacial resistance. An alkaline and high ionic-conductive gel
s required for the present cells. However, several answers are
till needed for an appropriate interfacial gel due to the specific
roperties of chitosan and so far investigations are still ongoing.

The IEC of the composite membrane listed in Table 2 is
elatively low compared to the IEC of most commercial proton-
xchange membranes [52–54]. Generally, the IEC is linked to
he content of ions inside the membrane and the migration rate
f the ions. Since the KOH load inside the membranes is high
nough for ionic conductivity, it is expected that by reducing
he thickness of the membranes and also regulating their degree
f crosslinking, the IEC of the membranes could be further
ncreased.

. Conclusions

A preliminary evaluation on alkaline chitosan-based com-
osite membrane fuel cells indicates that these membranes with
suitable KOH load are feasible for alkaline fuel cell applica-

ions although the power density of the resulting fuel cells are
till low at present. At a lower running temperature, the per-
ormance of the fuel cell showed measurable changes with the
OH content but these changes became much less when the

uel cell was run at an elevated temperature. In addition, a rel-
tively high running temperature provided the fuel cell with a
uch better performance. The current–potential characteristics
ere also significantly affected by the relative humidity. Addi-
ionally, the flow rate of the fuel can also affect the performance
f these fuel cells. Under appropriate operation conditions, all
btained fuel cells showed an open-circuit potential of around
.0 V. Under certain operation conditions, a current density of
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bout 30 mA cm−2 was achieved with a voltage of about 0.2 V.
he performance of the fuel cell could be further improved by

wo approaches. One of them is to decrease the thickness of
omposite membranes and simultaneously enhance their phys-
cal strength, and the other approach is to use an alkaline and
onic-conductive interfacial gel.
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