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a b s t r a c t

To improve the performance of proton-exchange membrane fuel cells which use hydrogen and oxygen
as fuels, the application of small proton-conducting polymer to extend the three-phase boundary into
the primary pores of catalyst-loaded carbon black agglomerates is of interest. An alternative and simple
crosslinking method is proposed in place of the complicated polymer-grafting methods. Platinum-loaded
carbon black is entrapped in epichlorohydrin-crosslinked chitosan of low molecular weight. Morphology
eywords:
roton-exchange membrane fuel cell
arbon black support
hitosan
rosslink
latinum catalyst

and pore analyses of carbon black prior and post treatment are assessed, as well as performances of fuel
cells fabricated with the treated and the untreated carbon black at 40 ◦C and 100% humidity. Results
indicate the existence of chitosan chains in the primary pores of the carbon black agglomerates, corre-
sponding to a decline in the activation overvoltage and resulting in significantly better cell performance.
An increase in chitosan amount, however, does not necessarily enhance the cell performance because
effects of ohmic and concentration losses may become more dominant than that of the raised exchange

l.
current density of the cel

. Introduction

A H2/O2 proton-exchange membrane fuel cell (PEMFC) is con-
idered a clean, sustainable energy source and suitable for the
peration of small electronic devices [1]. Such fuel cells were
nvented in 1960s, but the high cost of precious platinum, used
s a catalyst for H2 oxidation and O2 reduction, has hindered the
ommercialization of PEMFCs. This is, however, no longer the case
s many techniques which reduce the platinum loading from 28 to
.4 mg cm−2 or less without lowering fuel cell performance have
een reported on since 1993 [2–5]. In fact, numerous problems
elaying the commercialization of PEMFCs lie in the electrode lay-
rs, such as sluggish reaction kinetics and poor mass transport of
rotons and electrons [6].

Activation overvoltage, or activation loss, of a fuel cell resulting
rom slow reactions in electrodes appreciably influences the volt-
ge drop at low-temperature operation, but becomes insignificant
t high temperature and high pressure [5]. To lessen the acti-
ation overvoltage for low-temperature operation, a three-phase

oundary, comprising ionomer, catalyst and gas phases, needs
o be formed to push the redox reactions forward in electrodes
5,7]. In this regard, a proton-conducting polymer (e.g., NafionTM

nd Flemion®) is incorporated in the electrode layers, which are
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typically made of a carbon black-supported catalyst. A problem
associated with the use of carbon black, which cannot be dispensed
with, is the tendency of carbon black to be agglomerated due to
its fine size and van der Waals force. The interspaces between
carbon black particles in an agglomerate, alternatively called pri-
mary pores, are less than 40 nm in diameter, while those between
agglomerates, known as secondary pores, are within the diame-
ter range of 40–1000 nm [8,9]. As a result, ionomer molecules with
molecular weights of the order of several hundred thousand grams
per mole cannot penetrate the primary pores and only remain in the
secondary pores [8,10,11]. It has been reported [12,13] that cata-
lyst particles which are inaccessible to large ionomer chains cannot
participate in the redox reactions owing to the lack of the three-
phase boundary, which leads to the raised activation overvoltage
and, consequently, decreased cell performance.

Following the aforementioned findings, catalyst accessibility
can be enhanced by a variety of methods that can be classified
into two main categories: (i) extension of the three-phase bound-
ary areas into the primary pores of catalyst-loaded carbon black
and (ii) restriction of the three-phase boundary areas to the sec-
ondary pores only. The concept of the first category is associated
with the utilization of negatively charged monomers in conjunc-

tion with graft polymerization to ensure better pore penetration
and the stability of contacts between the ionomer chains and the
carbon black particles [14]. Additionally, to improve mass transport
of reactant gases inside the primary pores, the long polyelec-
trolyte chains grafted on the carbon surfaces are replaced by small

dx.doi.org/10.1016/j.jpowsour.2010.06.110
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Table 1
List of ingredients to prepare chitosan-entrapped Pt/C.

Catalyst Chitosan solution (mL) Epichlorohydrin (mL) Crosslinking time (h) Chitosan content in catalyst (wt.%)
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Nitrogen sorption isotherms and pore-size distributions for both
non- and chitosan-entrapped Pt/C were determined at 77 K using
an Autosorb-1 surface area analyzer (Quantachrome, Science Engi-
Pt/C 0 0
Chi-4-Pt/C 5 1
Chi-10-Pt/C 15 1

roton-conducting molecules (e.g., sodium sulfite) [15]. The second
ategory is based on a concept that, prior to the catalyst impregna-
ion, the primary pores of bare carbon black are blocked by ionomer

olecules that are either ready-made and large enough to reside
n the secondary pores only [16,17], or formed by polymerization
f monomers present in the primary pores [18]. Thus, by block-
ng the primary pores of the carbon black with large ionomer, only
econdary pores are impregnated with metal catalyst.

As the surface of carbon black is inert to any grafting, the tech-
iques mentioned above must rely on functionalization of the
urface to generate active sites that can anchor molecules. For graft
olymerization, some initiator molecules may bind to the carbon
lack surface via a one-step or a multi-step functionalization. As an
xample of the former case, the carbon black surface is function-
lized with alcoholic hydroxyl groups, which are used along with
eric ions to initiate free-radical polymerization [14]. The example
f the latter is functionalization of the carbon black surface with car-
oxyl groups followed by their conversion to acyl chloride groups,
hich can form chemical bonds with azo-initiator molecules to

ttain free-radical polymerization. [18]. It should be noted that,
uring a grafting process, direct contact between catalyst-loaded
arbon black and organic solvent may cause spontaneous combus-
ion [14], which calls for cautious handling.

To summarize, the techniques described above can be deemed
omplex and may prolong the procedures to obtain the desired
arbon products in excess of 24 h. To avoid the complications of
atalyst impregnation and grafting techniques, a simple and swift
ethod (i.e., the utilization of small ionomer chains, which can

ccess the primary pores, in entrapment of catalyst-loaded carbon
lack) is proposed. Covalent crosslinking of the ionomer chains is
xploited to ensure the adherence of such small polymer chains
o carbon black particles. To reach the goal, low molecular-weight
hitosan was chosen to represent the ionomer mentioned above
ecause of its high glass transition temperature in addition to its
wo different functional groups: –OH and –NH2. Only the former
unctional group can be covalently crosslinked with epichlorohy-
rin to form the network structure [19], while the latter group is
ree to attract proton and water molecules (both of which con-
ribute to the proton mitigation). Furthermore, this method is not
nly simple and rapid, but also safe as it allows the catalyst-loaded
arbon black to be in contact with water and, consequently, reduces
he risk of fire.

This work aims to demonstrate that platinum-loaded carbon
lack entrapped in crosslinked chitosan can enhance H2/O2 fuel
ell performance. The performance of fuel cells assembled with the
reated carbon black at 40 ◦C and 100% humidity is scrutinized and
ompared with fuel cells fabricated with untreated carbon black
nder the same test conditions. Furthermore, to analyze the effec-
iveness of the method on cell performance, the morphology and N2
orption isotherms of carbon black entrapped in a chitosan network
f varied chitosan content are examined.

. Experimental
.1. Materials

Platinum, HiSPEC 4000, nominally 40% on carbon black (#42204,
amed Pt/C) was purchased from Alfa Aesar. Chitosan (Mn ∼ 20k,
0 0
1 4
1 10

87% deacetylation, PDI ∼ 6) was obtained from A.N. Lab, Thailand;
whereas acetic acid, epichlorohydrin, and sodium hydroxide were
acquired from Sigma–Aldrich, Acros Organic, and MERCK, respec-
tively. Prior to use, the Pt/C was dried overnight in a vacuum oven at
80 ◦C. All other chemicals were used without any prior treatment.

2.2. Entrapment of Pt/C in covalently crosslinked chitosan

A 1 wt.% chitosan solution in 1 wt.% acetic acid was added to
a round-bottom flask that contained 1 g of oven-dried Pt/C. The
solution was subjected to pulsed ultrasonication by means of a
Cole-Parmer 500 W ultrasonic processor (model CP505, 25% ampli-
tude) for a period of 10 min. The dispersion was then well mixed
with epichlorohydrin via the same ultrasonic treatment and subse-
quent stirring, prior to the application of heat under reflux at 50 ◦C
for 1 h. Next, a 0.1 M NaOH solution was added and the resulting
mixture was boiled for a period of time, which was denoted as
the crosslinking time. Afterwards, the mixture was washed and
decanted using the following solutions in sequence: deionized
water, 0.1 M HCl, 0.1 M NaOH, and deionized water. It was sub-
sequently dried overnight at 80 ◦C under vacuum until a constant
weight was attained. The amounts of some of the aforementioned
ingredients for the preparation of the Pt/C entrapment are summa-
rized in Table 1.

2.3. Fabrication of MEA and measurement of cell performance

The ink solution for the control run consisted of isopropanol,
deionized water, a commercial LiquionTM 1100 Nafion solution (Ion
Power, Inc.), and Pt/C in an amount that yielded a platinum loading
of 0.4 mg cm−2. The same recipe was also utilized to prepare an
ink solution, in which untreated Pt/C was replaced by the same
weight of the treated one. Consequently, the platinum content in
the latter ink was slightly less than that in the former due to the
presence of chitosan. An electrode layer with an active area of 5 cm2

was formed on each side of a Nafion 115 membrane, all of which
was subsequently assembled with gas-diffusion layers by the hot
pressing method [20].

Fuel cell performance was evaluated with an in-house fuel cell
test station under atmospheric pressure [20]. Hydrogen and oxy-
gen gases were fed to the anode and cathode sides at flow rates of
0.2 and 0.1 mL min−1, respectively. The humidifier and cell temper-
atures were identical and kept constant at 40 ◦C.

2.4. BET analysis and morphology
neering). The samples were dried at 100 ◦C for 8 h prior to the
measurement. The morphology of treated and untreated Pt/C was
characterized by a JEOL JSM-6301F scanning electron microscope
(SEM) and a JEOL JEM-2010 transmission electron microscope
(TEM).
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Fig. 1. SEM images of catalysts: (a) Pt/C

. Results and discussion

.1. Morphology of treated and untreated Pt/C

The scanning electron micrograph in Fig. 1a displays the ten-

ency of naturally occurring agglomeration of Pt/C, which is
nhanced by the entrapment of Pt/C in chitosan (Fig. 1b). In addi-
ion, the comparable sizes and similar shapes of individual particles
n the agglomerates of Pt/C and Chi-4-Pt/C are easily observable

ith the aid of TEM, as shown in Fig. 2a and b, respectively. These

Fig. 2. TEM images of catalysts: (a) Pt/C and (b) Chi-4-Pt/C. Magnificat
b) Chi-4-Pt/C (Magnification: 50 000×).

observations indicate that chitosan thinly covers the Pt/C parti-
cles, and thereby results in the occurrence of a greater content of
agglomerates.

3.2. N2 sorption isotherms and pore-size distributions
It should be noted that, in addition to micropores and meso-
pores, the N2 sorption technique can be used to characterize
macropores with pore diameters in the range of 40–100 nm. The
technique yields results that are comparable with those measured

ions of left and right images are 20 000 and 60 000, respectively.
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Fig. 3. N2 sorption isotherms of (a) Pt/C (triangles) and (b) Pt/C (triangles) in
comparison with Pt/C entrapped in varied content of chitosan at 77 K: Chi-4-Pt/C
(squares) and Chi-10-Pt/C (circles). Open and closed symbols represent adsorption
and desorption isotherms, respectively.

Table 2
BET specific surface area and pore volume of Pt/C with varied chitosan content.

Catalyst BET specific surface
area (m2 g−1)

Pore volume (cm3 g−1)
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At 0.6 V the cell fabricated with Chi-4-Pt/C yields a higher
Pt/C 138 1.16
Chi-4-Pt/C 113 1.11
Chi-10-Pt/C 66 0.97

y mercury porosimetry, which is typically used to characterize
acroporous materials [21,22].
The shape of the N2 adsorption isotherm for Pt/C in Fig. 3a

s identical to that of the isotherms for Chi-4-Pt/C and Chi-10-
t/C. The isotherm is a type II in accordance with the IUPAC
lassification [23] and is indicative of nonporous and macrop-
rous adsorbents. The narrow hysteresis loop (type H3) appearing
n the adsorption–desorption isotherms specifies adsorbents with
lit-shaped pores, formed by layers of globule agglomerates [24].

pronounced increase in adsorption at high relative pressure
mplies the existence of mesopores and macropores (referred to
s primary and secondary pores of the carbon black agglomerates,
espectively). All of these observations reflect the characteristics of
acroporous materials arising from the agglomeration of the car-

on black particles (already confirmed by SEM and TEM images in
igs. 1 and 2).
In Fig. 3b, for the entire range of the relative pressure, both
dsorption and desorption isotherms of chitosan-entrapped Pt/C lie
eneath those of the untreated Pt/C, and thereby indicate a decline

n the capacity of gas adsorption. Additionally, it is evident in Table 2
Fig. 4. Pore-size distributions of catalysts with various levels of chitosan content:
Pt/C (triangles), Chi-4-Pt/C (squares), and Chi-10-Pt/C (circles).

that the reduction of the corresponding BET specific surface area
and pore volume is caused by the chitosan content. Furthermore,
the pore-size distributions in Fig. 4 shows a decrease in the spe-
cific volumes of pores with diameters in the range 2–60 nm on
the addition of chitosan. This observation confirms the existence
of chitosan in the primary and secondary pores of the carbon black
agglomerates.

With an increased chitosan amount, the diminution in the spe-
cific volumes of pores of less than 40 nm diameter is, however,
insignificant (see Fig. 4). This implies a higher amount of chitosan
in the secondary pores for Chi-10-Pt/C, whereas chitosan is mostly
present in the primary pores for Chi-4-Pt/C.

3.3. Single fuel cell tests

Polarization and power density curves displayed in Fig. 5a
and b were obtained from performance tests of a single fuel cell
assembled with three different catalysts (Pt/C, Chi-4-Pt/C, and Chi-
10-Pt/C), while all other cell components and test conditions were
kept identical. In addition, each catalyst was used to prepare both
the anode and the cathode. The Marquardt method was employed
to fit Eq. (1) to the polarization data in order to yield the exchange
current density (i0) and Tafel slope (b) for both electrodes, as listed
in Table 3. Note that all obtained fitting R2 values are greater than
0.99 and thereby confirm good fits.

Vcell = Vreverse − �act − �ohm − �conc (1)

where Vcell and Vreverse are the cell and reversible voltages,
respectively; �act, �ohm, and �conc are the activation, ohmic and
concentration overvoltages of the cell, respectively. The calculated
overvoltages are associated with voltage losses at both electrodes
[7,25]. As shown in Fig. 5a, �conc is negligible and can be neglected,
whereas �act and �ohm are derived as follows:

�act = b ln
(

i

i0

)
(2)

�ohm = iRohm (3)

where i and Rohm are the cell current density and ohmic resistance,
respectively. The latter was obtained by means of linear regression
of the polarization data in the medium range of current density
range, which renders fitting R2 values higher than 0.99.
current density than the cell with Pt/C, which gives the order Chi-4-
Pt/C > Pt/C > Chi-10-Pt/C, as shown in Fig. 5a. The descending order
of the current density values is also identical with those of the cor-
responding power density values at 0.6 V and maximum power
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Table 3
Calculated kinetic parameters for H2/O2 fuel cells assembled with different catalysts.

Catalyst Nonlinear regression fitting Linear regression fitting

i0 (×10−7 A cm−2) b (mV dec−1) Fitting R2 Rohm (� cm2) Fitting R2

d
d
a

r
t
m
i
a
v
o
c

s
t
p
w
e
b

d
b
o

F
d

Pt/C 7.00 20
Chi-4-Pt/C 8.24 15
Chi-10-Pt/C 9.97 29

ensity values, as indicated in Fig. 5b. Thus, the results clearly
emonstrate superior cell performance in the presence of a small
mount of chitosan in the electrode layers.

In comparing the cell performances of Pt/C and Chi-4-Pt/C in the
anges of medium and high current density (Fig. 5a), it is obvious
hat Chi-4-Pt/C does not significantly affect ohmic resistance and

ass transport. In the lower current density region, however, the
0 value listed in Table 3 for the cell fabricated with Chi-4-Pt/C is
lmost 20% higher than that for the cell made with Pt/C, while the b
alue is 25% decreased, which indicates a reduction in the activation
vervoltage. This results in a performance improvement for the fuel
ell assembled with Chi-4-Pt/C.

The amplification of i0 of the cell due to the chitosan content
ignifies higher redox reaction rates, which indicates the success of
he application of chitosan to extend the three-phase boundary into
rimary pores. It is also worth noting that the total catalyst weight
as constant and identical in all experiments. Consequently, the

ntrapment of Pt/C in chitosan raises not only the cell performance,

ut also platinum utilization.

The i0 values in Table 3 can represent the exchange current
ensity for the oxygen reduction reaction (ORR) at the cathode
ecause the reaction is considerably slower than the hydrogen
xidation reaction (HOR) at the anode [26]. Mizuhata et al. [14]

ig. 5. (a) Polarization and (b) power density curves of fuel cells fabricated with
ifferent amounts of chitosan.
0.995 0.51 0.997
0.996 0.54 0.997
0.996 0.65 0.996

reported i0 values at the cathodes of H2/O2 fuel cells fabricated with
non-grafted or polymer-grafted carbon black to be 1.5 × 10−6 and
9.5 × 10−6 A cm−2, respectively, which are about one order of mag-
nitude higher than the values in Table 3. This is mainly attributed
to the higher operating temperature (60 ◦C) as opposed to 40 ◦C
employed in the present work [27]. Mizuhata et al. [14] ascribed
an increase in i0 at the cathode to the presence of the polymer
in the primary pores of carbon black agglomerates. Note that the
Tafel slope values obtained in that study [14] are of the same order
of magnitude as those reported in Table 3, albeit slightly higher
due to the greater temperature effect [27]. Also, it should be added
that experimental confirmation may be needed to differentiate the
influence of a polymer on i0 at the anode and the cathode.

The contribution of chitosan in the primary pores to the
reduction in activation overvoltage is likely to be caused by two
cooperative factors: (i) the existence of good interfacial contacts
between chitosan molecules and Pt/C particles; (ii) the ability of
chitosan to protonate. The first factor is due to the entrapment of
Pt/C particles in the network formed by chitosan molecules, which
are small enough to penetrate into the primary pores of carbon
black agglomerates, as depicted in Fig. 6a. The second factor is illus-
trated in Fig. 6b. Epichlorohydrin can form bonds with hydroxyl
functional groups of chitosan and leaves the amine groups free for
ionization, or protonation. In addition to ionization by protons gen-
erated at the anode, chitosan can also be protonated in water. The
pKa of chitosan, which reflects the degree of protonation, is actu-
ally 6.1–6.7 [28]; therefore, almost 50% of the amine groups per one
chain is protonated in deionized water, which has a pH of approxi-
mately 6.5. Thus, there are plenty of protonated amine groups that
enable proton transfer on the catalyst surface by means of the Grot-
thuss mechanism, i.e., the progression of a proton from one hydrogen
bonding site of chitosan to another. Furthermore, due to its natu-
ral hydrophilic characteristics, chitosan can hold water generated
in the fuel cell, which enhances proton migration via the Vehicle
mechanism.

Although a small amount of chitosan boosts fuel cell per-
formance, the cell fabricated with Chi-10-Pt/C (Fig. 5a and b)
possesses the poorest performance. Chi-10-Pt/C, which contains
greater amounts of chitosan than Chi-4-Pt/C, yields higher values
for i0, b, and Rohm, as indicated Table 3. The larger values for b and
Rohm imply higher activation and ohmic overvoltages, which both
hinder the effect of an increased i0 on the cell performance. Fur-
thermore, the mass transport problem in the cell fabricated with
Chi-10-Pt/C is detected at a much lower current density. These signs
of poor performance can be attributed to the excessive amount of
chitosan present in the pores of Pt/C, which causes: (i) an alteration
of the state of the reactive surface; (ii) the obstruction of gas trans-
port to reactive sites; (iii) resistance to electron flow and contact
resistance.

The likely cause of the higher Rohm values for the cell fabri-
cated with Chi-10-Pt/C is twofold. First, the absence of strong bonds
between the polymer and carbon black particles, which can inhibit

polymer movement, as well as the dissimilar thermal expansion
coefficients of polymer and carbon black particles is responsible
for the increase in the electrical resistivity of polymer–carbon black
composites [29] that, in the present work, appears to be correlated
to the amount of chitosan. Second, the difference in volume change
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ig. 6. (a) Scheme of platinum-loaded carbon black entrapped in crosslinked low
olecular-weight chitosan. Nafion chains only remain in the secondary pores of the

arbon black due to its high molecular weight. (b) Crosslinking of chitosan molecules
ith use of epichlorohydrin molecules.

f Nafion and other hydrocarbon polyelectrolytes under identical
hermal and aqueous conditions and identical fuel cell operating
onditions causes local interfacial delamination, which consecu-
ively triggers an increase in the contact resistance [30–32]. The
urrent work, as evident in Fig. 4, reveals the possibility of increased
evels of chitosan in the secondary pores for Chi-10-Pt/C, compared

ith Chi-4-Pt/C, and this is responsible for the boosted numbers of
hitosan–Nafion contacts. This indicates the cause of the inferior
erformance of the cell assembled with Chi-10-Pt/C.

. Conclusions

Performance improvement of a fuel cell using H2 and O2 by
he utilization of a small proton-conducting polymer to extend
he three-phase boundary into the primary pores of platinum-

oaded carbon black agglomerates can be successfully achieved
y the application of a straightforward method that is related to
he entrapment of the carbon black particles in epichlorohydrin-
rosslinked chitosan. The superior performance of the fuel cell
ssembled with treated carbon black is due to the reduction of

[
[
[

[

ower Sources 196 (2011) 147–152

the activation overvoltage, that stems from the higher exchange
current density and lower Tafel slope. This is associated with the
presence of chitosan in the primary pores of carbon black agglom-
erates, as is experimentally confirmed by BET analysis. Despite an
elevated exchange current density with an increased amount of chi-
tosan in the electrode layers, augmented levels of chitosan do not
necessarily cause an improvement in the cell performance. This is
because excessive chitosan greatly enlarges the Tafel slope and the
correlated activation overvoltage, as well as both ohmic and con-
centration losses. Nevertheless, chitosan can be of use as a promis-
ing ionomer for accelerating redox reaction rates in electrodes.
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