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a b s t r a c t

One issue with air-breathing proton exchange membrane fuel cells (AB-PEMFCs) is that the reactants are
not externally humidified, and thus the membrane or the catalyst layers might dry out due to electro-
osmotic drag, diffusion and evaporation at the opening cathode. This results in a drop in internal ionic
conductivity and thus in cell performance. Here, the preparation and characterization of self-humidifying
carbon-supported Pt catalyst using citric acid modified carbon black (CA-CB) as the catalyst support are
eywords:
unctionalization
t nanoparticles
elf-humidifying
uel cells
itric acid

reported. Pt/CA-CB is highly hydrophilic due to the functional groups attached on the carbon support,
which endows the ability to retain water in the membrane electrolyte assembly (MEA) and thereby help
to improve the performance of AB-PEMFCs. A maximum power density of 204 mW cm−2 can be achieved
in an air-breathing PEMFC stack using Pt/CA-CB, a thick polymer membrane (NRE212) and a circular
opening cathode. A 23.4% enhancement in the output power density is obtained by using Pt/CA-CB in
place of a commercial catalyst when oblique slit cathodes are employed. This self-humidifying catalyst

r port
is particularly suitable fo

. Introduction

The advantages of proton exchange membrane fuel cells (PEM-
Cs), such as low operating temperature, quick start-up and high
pecific energy make them highly suitable for portable applica-
ions. Dyer [1] concluded that the cost tolerance (which is the
llowable cost based on the competitive technology to be displaced
r complemented) for fuel cells in portable devices is two orders
f magnitude greater than that for automotive applications. Thus
EMFCs manufacturing and sales for portable applications have
xhibited stronger market growth than their production for other
pplications in the past few years.

Air-breathing proton exchange membrane fuel cells (AB-

EMFCs) are commonly used for portable applications. One issue
ith AB-PEMFCs is that the reactants are not externally humidified,

nd thus the membrane or the catalyst layers are found to dry out
ue to water electro-osmotic drag, back diffusion or evaporation

∗ Corresponding author at: Applied Catalysis, Institute of Chemical and Engineer-
ng Sciences, 1 Pesek Road, Jurong Island, Singapore 627833, Singapore.
el.: +65 6796 3807; fax: +65 6316 6182.
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able PEMFC applications.
© 2010 Elsevier B.V. All rights reserved.

at the opening cathode [2]. Self-humidifying MEAs are deemed to
be the solution to this problem [2–8]. To fabricate self-humidifying
MEAs, modifications of the membrane were undertaken by adding
hygroscopic materials such as silica and zirconia particles [2], or
Pt catalyst materials (for water production) [3–5], or adding both
materials [6–8]. The modification of a membrane using a Pt catalyst
is costly, and might create electron-conducting paths that increase
the possibility of a short-circuit through the membrane. To avoid
this, a composite membrane with a sandwich structure was pro-
posed [5], but the fabrication of a sandwich structure with a Pt
catalyst is still expensive. Another way to solve the problem was
to modify the electrodes where hygroscopic material such as SiO2
was added to the electrodes instead of modifying the membrane to
increase the water content in the MEA and reduce the ionic resis-
tance in the cell [9,10]. Recently Eastcott and Easton [11] produced
a ceramic carbon electrode where SiO2 was homogeneously dis-
tributed on a carbon support. The PEMFC performance was lower
than that of a conventional Nafion impregnated electrode because

of the lower proton conductivity of SiO2, nevertheless this type of
ceramic carbon electrode is believed to be promising for high tem-
perature (>80 ◦C) applications due to its water retention capability.
By incorporating a water transfer region in the electrodes, Wang et
al. [12] proposed another inexpensive and easy method of modifi-

dx.doi.org/10.1016/j.jpowsour.2010.06.103
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lin_jianyi@ices.a-star.edu.sg
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ation of the electrodes without additives; but the incorporation of
water transfer region in the AB-PEMFC means an increase in cell
rea, which is not favourable for portable devices.

Without external humidification, portable fuel cells are prone
o dry out during operation and this leads to lower performance
uring steady-state operations. To solve this problem, a self-
umidifying catalyst using citric acid treatment was fabricated and
he performance of the catalyst was evaluated. In previous work
13], citric acid treatment was demonstrated to be a simple and
ffective method for modifying carbon black and for enhancing the
lectrochemical activity of Pt catalysts for methanol oxidation. A
elf-humidifying Pt catalyst with citric acid modified carbon black
CA-CB) as the support was prepared for a H2 AB-PEMFC. The MEA
abricated from the self-humidifying catalyst is shown to be able
o retain water in the reaction regions, thus leading to an enhance-

ent of proton conductivity without addition of hygroscopic oxides
r modification to the membrane or electrodes. When a thick poly-
er membrane NRE212 was used, a Pt/CA-CB catalyst achieved

3.4% higher output power density than that of a commercial cat-
lyst under similar testing conditions (oblique slit cathodes). The
ethod is relatively simple and inexpensive compared with other

elf-humidifying MEAs reported in the literature, showing a poten-
ial application in the enhancement of fuel cell performance in
ortable devices. A similar approach whereby enhancement of pro-
on conductivity was achieved by modification of the support has
een reported by other groups of researchers. For instance, Jia et
l. [14] could enhance the wetting of the catalyst layer by oxida-
ion of Pt/C using nitric acid. Instead of using strong acid as the
xidant, Xu et al. [15] and Du et al. [16] employed a simple yet effec-
ive method, i.e., thermal decomposition of ammonium sulfate, to
ttach sulfonic groups on catalyst layers and to improve the con-
uctivity. These methods are similar to the citric acid modification
ethod discussed here.

. Experimental

.1. Catalyst preparation

The self-humidifying catalyst was prepared by deposition of Pt
anoparticles on functionalized carbon black, which was derived

rom commercial carbon black (Vulcan XC72R, Cabot Corp.) using
itric acid (CA) treatment as described in a previous publication
13]. In a typical experiment, 100 mg of XC72 carbon black (Cabot
orp.), 100 mg of citric acid monohydrate (Fluka 99.5%) and 10 ml
f distilled water were mixed with the assistance of ultrasonic
ibration (Elma, 100 W and 35 kHz) for 15 min, and then left to
ry to form a paste. After heating at 300 ◦C for 30 min, the CA-
reated carbon black was ready for Pt deposition. The functionalized
arbon black is assigned as CA-CB. Pt nanoparticles were sub-
equently deposited on CA-CB using microwave-assisted heating
17]. Briefly, a 150 mg sample of CA-CB was dispersed in 50 ml
f ethylene glycol (EG) by ultrasound treatment in a beaker. An
G solution of H2PtCl6·6H2O (Fluka), containing 100 mg of Pt, was
dded drop-wise to the homogeneous CA-CB in EG solution to
btain a catalyst with 40 wt.% Pt. The mixture of Pt precursor
nd CA-CB EG solutions was stirred for 20 min. Subsequently, 1 M
aOH in EG solution was added drop-wise to adjust the pH of

he mixture to 11 while the total volume of the mixture solu-
ion was 150 ml. The mixture solution was then transferred into

round bottom flask and placed inside a microwave reactor (Mile-

tone MicroSYNTH, 2.45 GHz) for 5 min microwave irradiation at
00 W. The resulting suspension of Pt-deposited carbon was cen-
rifuged, washed to remove the organic solvent, and dried at 80 ◦C
vernight in a vacuum oven. The catalyst so prepared is assigned as
t/CA-CB.
Fig. 1. (a) Schematic illustration of experimental setup for air-breathing PEMFC
testing. (b) Two open cathode designs: oblique slit (left) and circular opening (right).

2.2. Catalyst characterization

The distribution and morphology of Pt catalysts were exam-
ined by TEM (JEOL JEM 2010F) operated at 200 kV. X-ray diffraction
patterns were taken on a Bruker D8 advance X-ray diffrac-
tometer, with a 2� angular range from 10◦ to 90◦. The average
crystallite size of the Pt particles was estimated from the diffrac-
tion peak of Pt(2 2 0) using the Debye–Scherrer equation [18].
Fourier transformed infrared (FT-IR) transmission spectra were
obtained with an EXCALIBUR FTS3000MX FT-IR spectrophotome-
ter in the 4000–400 cm−1 region. Cyclic voltammograms (CVs) were
recorded at room temperature (25 ◦C) using an Autolab PGSTAT302
potentiostat/galvanostat and a conventional three-electrode cell
that contained a 0.5 M H2SO4 electrolyte, a 5 mm diameter glassy
carbon working electrode, a platinum foil counter electrode, and
an Ag|AgCl reference electrode. The catalyst ink was casted on the
glassy carbon electrode in the form of a 5 wt.% Nafion (Aldrich)
solution with a metal loading of 407 �g cm−2.

2.3. Fabrication and characterization of air-breathing PEMFCs

The air-breathing PEMFC was fabricated following procedures
similar to those described in [19]. The gas diffusion layer (GDL) was
prepared by using carbon paper (P75T from Ballard®), Vulcan XC-
72R carbon powder (Cabot Co.) and polytetrafluoroethylene (PTFE,
60 wt.% Aldrich), with a 30 wt.% PTFE content and a 1.5 mg cm−2

carbon loading. The catalyst layer was deposited on the GDL,
and consisted of a 1:1 weight ratio mixture of the Pt/CA-CB
catalyst and Nafion (Dupont®), the Pt loading was 0.4 mg cm−2.
The 5-layer sandwiched MEA consisted of GDL|Catalyst|Nafion
Membrane|Catalyst|GDL and was fabricated by hot-pressing at
50 kg cm−2 and 140 ◦C. For comparison, two types of Nafion mem-
brane (NRE211 or NRE212) were used in separate testsp; NRE212
is 50 �m in thickness while NRE211 is only 25 �m. A MEA with an
active area of 11 cm2 was inserted into an AB-PEMFC test fixture

that consisted of two cell stacks, as schematically shown in Fig. 1.
Two air-breathing cathodes were positioned on top and bottom of
the planar stack. Two anodes were placed back-to-back with an
insulation layer separating them (see [19]). The hydrogen flow was
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(–CO) groups. The FT-IR spectra in Fig. 3 exhibit carbonyl, carboxyl
and hydroxyl bands in the regions 1300–1700 and 3300–3600 cm−1

for Pt/CA-CB and CA-CB, which are almost negligible for Pt/C-
Com and as-purchased XC72R. These functional groups can be also
attached on carbon materials by means of chemical oxidation meth-
ig. 2. Size distributions of Pt nanoparticles supported on Vulcan XC72R: (a) TEM im
istribution derived from TEM studies of Pt/CA-CB (blue) and Pt/C-Com (red); (d) X-r
Cu K�). (For interpretation of the references to color in this figure legend, the read

dmitted into the middle plates and distributed to the two cells.
ote that two different designs for the open cathode (see Fig. 1b),
amely, oblique slit and circular opening, were used in compara-
ive testing to investigate the effect of current density on the water

anagement of the fuel cell.
Polarization curves were measured using a Scribner® fuel cell

est system. Cell conditioning was performed at room temperature
nder a constant voltage of 0.5 V for 2 h prior to data acquisition.
ry hydrogen was fed into anode in a dead-ended mode at a pres-

ure of 20 kPa, while oxygen was diffused by free convection from
he surrounding air at room temperature (25 ◦C) with a relative
umidity of 60%.

For comparison with PE/CA-CB, parallel experiments were per-
ormed on a commercial Pt/C catalyst purchased from Alfa Aesar
HiSPEC 4000, 40 wt.% Pt supported on Carbon Black), which is
abeled as Pt/C-Com in the following text and figures.

. Results and discussion

.1. Physical and electrochemical analysis of catalyst

The TEM images in Fig. 2 show that both the commercial catalyst
t/C-Com (Fig. 2a) and the Pt/CA-CB catalyst (Fig. 2b) have good Pt
istribution with a particle size between 2 and 6 nm (Fig. 2c). The
verage particle sizes for Pt/CA-CB and Pt/C-Com are very similar,
.e., 3.9 and 4.0 nm, respectively.

XRD patterns of the above two samples are compared in Fig. 2d.
he peaks at 2� values of about 39.8◦, 46.3◦, 67.6◦, and 81.5◦ are

haracteristic of face-centered cubic (fcc) crystalline Pt, ascribed
o the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes, respectively. The
t particle sizes, calculated from the Pt(2 2 0) peak width using the
ebye–Scherrer equation are about 3.8 and 4.1 nm for Pt/CA-CB and
t/C-Com, respectively, that is, in close agreement to the TEM mea-
commercial catalyst Pt/C-Com; (b) TEM of Pt/CA-CB; (c) histograms of particles-size
fractograms of Pt/CA-CB (blue) and Pt/C-Com (red). Incident wavelength is 1.5406 Å
eferred to the web version of this article.)

surements. It is important to note that Pt/CA-CB has much more
intense C (0 0 2) peak at 25◦, and this implies a better graphitic
structure of CA-CB as compared with XC-72 without citric acid
treatments. The high crystallinity of carbon is significantly impor-
tant for good corrosion resistance and hence a long life span of the
PEMFC Pt/C catalysts [20].

The citric acid functionalization method modifies the surface of
carbon blacks with hydroxyl (–OH), carboxyl (–COOH) and carbonyl
Fig. 3. Infrared transmittance spectra of supported Pt/C catalysts and carbon sup-
ports: [1] as-purchased Vulcan XC-72R; [2] Pt/C-Com; [3] CA-CB; [4] Pt/CA-CB.
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and thus increases with increasing current density, whereas the
latter usually predominates and decreases with increasing mem-
brane thickness. The experimental results with NRE 211 in Fig. 6a
and b have shown that self-humidification without external humid-

Table 1
Physical and electrochemical properties of 40 wt.% Pt/CA-CB and 40 wt.% Pt/C-Com.
ig. 4. Comparison of dispersion of 10 mg of citric acid treated XC-72R (CA-CB) and
s-purchased Vulcan XC-72R (CB) in de-ionized water after ultrasound treatment
or 30 s.

ds that use oxidizing chemicals or acids such as HNO3, KMnO4,
2O2 and H2SO4, These methods, however, often require exten-

ive (usually 4–48 h [21–23]) heating during the oxidation process,
nd a filtration and washing process to remove residue oxidants
re also time consuming. In contrast to conventional surface oxida-
ion methods, citric acid funtionalization is simple and fast without
rolong heating, and does not require filtration and washing for
emoval of residue. Citric acid will decompose to carbon dioxide
nd water when heated above 175 ◦C at atmospheric pressure, thus
itric acid modification method does not require any process for
he removal of residue reactant. The citric acid molecule contains
hree carboxylic groups and one hydroxyl group. During the heat-
ng process, the citric acid molecules attached on carbon particles

ill partially decompose into carboxylic and hydroxyl functional
roups that attached to the carbon surface, while those citric acid
olecules that are not in contact with the carbon surface will

ecompose to carbon dioxide and water. It is favourable to max-
mize the contact of citric acid with the carbon blacks by adding
ome water to the citric acid and carbon black mixture to form a
aste and then rapidly transferring the paste to a furnace preheated
t 300 ◦C.

The presence of functional groups on CA-CB can greatly increase
he dispersion of the carbon support in water as demonstrated
n Fig. 4. On the other hand, XC72R carbon blacks without func-
ionalization cluster together and separate from the water. The
ast dispersion of CA-CB in water indicates that CA-CB is more
ydrophilic than its untreated counterpart.

The CV curves for Pt/CA-CB and Pt/C-Com in Fig. 5 are almost the
ame. The peak at 0.123 V and the shoulder at 0.181 V are attributed
o the desorption charge of Hads on Pt(1 1 0) sites, while the peak at
.243 V is assigned to the desorption charge of Hads on Pt(1 0 0) [24].
sing the hydrogen monolayer adsorption charge of 0.210 �C cm−2

n a smooth Pt surface, electrochemical surface areas (ECSA) for
he catalysts were calculated from the area enclosed by the hydro-
en adsorption and desorption peaks in the CV curves. The ECSA
f Pt/CA-CB is calculated to be 53.8 m2 g−1, i.e., slightly larger than
hat of Pt/C-Com, which is about 45.8 m2 g−1.
The physical and electrochemical properties of the two sam-
les obtained from TEM, XRD and CV studies are summarized in
able 1, showing that Pt/CA-CB and Pt/C-Com have similar average
t particle size and similar ECSA, nevertheless Pt/CA-CB possesses
Fig. 5. Cyclic voltammtry (CV) curves of Pt catalysts supported on commercial car-
bon, Pt/C-Com and Pt on citric acid modified catalyst Pt/CA-CB.

a many more functional groups, and hence higher wettability, than
Pt/C-Com.

3.2. Performance evaluation of air-breathing PEM fuel cells
(AB-PEMFC)

Fig. 6a displays the polarization curves of the four AB-PEMFCs
using different catalysts (i.e., Pt/CA-CB (�) or Pt/C-Com (�)), and
electrolyte membrane (i.e., NRE 211 (green and pink in color) or
NRE 212 (blue and red in color)). When the thin membrane NRE
211 is used, the performance of Pt/CA-CB is slightly better than that
of Pt/C-Com, with a maximum power density of 101.3 mW cm−2

at 0.41 V vs. 96.2 mW cm−2 at 0.38 V (see Fig. 6b). This result is
consistent with the similar Pt dispersion and electrochemical prop-
erties of the two catalysts. When the thick membrane NRE 212 is
used the performance of Pt/C-Com/NRE212 is becomes inferior to
that of Pt/C-Com/NRE211, particularly at low cell voltage and in
the high current region (V < 0.5 V and I > 150 mA cm−2, the region
of concentration polarization). The maximum power density is
102.8 mW cm−2 at 0.40 V for Pt/CA-CB vs. 83.3 mW cm−2 at 0.43 V
for Pt/C-Com. All preparation and testing conditions are identical
in the two series of experiments, except for the thickness of the
membranes, which is 50 �m for NRE 212 and 25 �m for NRE 211.

Water transport and distribution are critical for PEMFCs, in par-
ticular for AB-PEMFCs. An appropriate humidity condition not only
can improve the performance and efficiency of a fuel cell, but
can also prevent irreversible degradation of the catalyst and the
membrane. The water content in the MEA can be affected by two
processes during fuel cell operation: (i) electro-osmotic drag as the
result of protons moving from the anode to the cathode, which pull
water molecules along with them and dehydrates the anode; and
(ii) back diffusion from cathode to anode, driven by the water con-
centration gradient across the membrane due to water production
at the cathode. The former one is proportional to the proton flow
Particle size from
TEM [nm]

Particle size from
XRD [nm]

EAS [m2 g−1]

Pt-CA-CB 3.9 3.8 53.8
Pt/C-Com 4.0 4.1 45.8
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Fig. 6. (a) Polarization curves of Pt/CA-CB and Pt/C-Com catalysts on AB-PEMFC
stack with oblique slit cathodes (see schematic diagram in inset) employing Nafion®
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Fig. 7. (a) Polarization curves of Pt/CA-CB and Pt/C-Com with circular opening cath-
odes, NRE212 membrane and 30 wt% PTFE GDL. Data obtained from ElectroChem
embrane NRE 212 (� and �) and NRE 211 (� and �), respectively. Solid lines are
orresponding fits for experimental data. (b) Power densities curves of four MEAs
onsisting of Pt/CA-CB and Pt/C-Com with NRE212 and NRE211, respectively.

fiers for both hydrogen and air works well with both Pt/C-Com
nd Pt/CA-CB, nevertheless the back-diffusion is obviously weak-
ned with NRE 212 where the thickness is twice of NRE 211. On
ne hand this may avoid water flooding and pore blocking, but
n the other hand the net water loss in the anode region may
esult in poorer Pt/C-Com fuel cell performance. In this scenario,
he hydrophilic property and better water retention capability of
t/CA-CB can compensate the water loss at the anode and maintain
he high performance of the catalyst, as indicated in Fig. 6a and b.

Note that the above data were collected with an oblique slit open
athode and a GDL composed of 30 wt.% PTFE. To study further the
ffect of catalyst self-humidifying on fuel cell water management,
n alternative open cathode design: circular opening design was
sed for the comparison. Both designs were manufactured with the
ame opening ratio of 47% [19], but the circular opening design has a
horter rib distance and smaller hydraulic diameter compared with
he oblique slit design. A narrower ribbed cathode channel is found
o have a better oxygen distribution, while a smaller hydraulic
iameter could increase the mass-transfer coefficient. Hence a cir-
ular opening design has been shown to perform better than the
blique slit design [19]. This is true for Pt/CA-CB too.

Polarization curves obtained from the AB-PEMFC with a circu-

ar opening cathode, a NRE212 membrane and 30 wt.% PTFE GDL
re presented in Fig. 7a. The performance is better when a circular
pening cathode is used instead of oblique slit cathode. Pt/CA-
B exhibits the highest output power density 204.4 mW cm−2 at
Pt/C catalysts under identical conditions are included as reference. (b) Power density
curves of Pt/CA-CB and Pt/C-Com with circular opening cathodes, NRE212 mem-
brane and GDL with 30 wt% PTFE.

0.45 V compared with 194.2 mW cm−2 at 0.45 V for Pt/C-Com, both
of which are much better than those with oblique slit cathodes in
Fig. 6b: 102.8 mW cm−2 at 0.40 V for Pt/CA-CB and 83.3 mW cm−2

at 0.43 V for Pt/C-Com. The improvement by using circular opening
design is more evident for Pt/C-Com because more efficient oxygen
diffusion (hence more water production at cathode) with the cir-
cular opening design can enhance the water back-diffusion which
is weakened due to the use of a thicker membrane (NRE212). In
Fig. 7b, the data for ElectroChem electrodes is included as a refer-
ence. Its maximum power density is 183.8 mW cm−2 at 0.40 V, i.e.,
less than that for both Pt/CA-CB and Pt/C-Com.

The amount of PTFE content in the GDL can greatly affect the
water transportation and diffusion in the MEA and hence greatly
influence the fuel cell performance. In Fig. 8a, the polarization
curves of the MEAs using GDL with 10 wt.% PTFE (and NRE212,
circular opening cathode) give significantly lower current density
than those using GDL with 30 wt.% PTFE, including Pt/CA-CB-
30%PTFE, Pt/C-Com-30%PTFE and Electro-Chem. This is due to a
lesser amount of hydrophobic pores that function as the water
removal channels in the GDLs with 10 wt.% PTFE. In this case, the
hydrophilic characteristic of Pt/CA-CB is not favourable when the
water removal capability of the GDL is lower. The MEA prepared

with Pt/CA-CB and 10 wt.% PTFE GDL has a slightly lower perfor-
mance (166.1 mW cm−2 at 0.45 V, see Fig. 8b) compared with that
prepared with Pt/C-Com and 10 wt.% PTFE GDL (169.9 mW cm−2 at
0.45 V, see Fig. 8b). This clearly demonstrates that to enhance the
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ig. 8. (a) Polarization curves of Pt/CA-CB and Pt/C-Com fabricated on GDL with
0% PTFE (using NRE212 and circular opening cathode). (b) Power densities curves
f Pt/CA-CB and Pt/C-Com fabricated on GDL with 10% PTFE (using NRE212 and
ircular opening cathode).

erformance of MEA in AB-PEMFC, the hydrophilic/hydrophobic
roperties for both the catalyst layer and the GDL have to be
djusted to obtain optimum performance.

.3. Simulation analysis of the air-breathing PEM fuel cells
AB-PEMFC)

The polarization curve of a PEMFC can be described by the ana-
ytical expression:

= Er − �act − �ohm − �conc (1)

where Er(V) is the reversible potential for the cell, �act is the acti-
ation overpotential, �ohm is the ohmic overpotential (both ionic
nd ohmic), and �conc is the concentration overpotential. These

verpotentials can be expressed as function of current density [25],
.e.,

act = b log10

(
i + iloss

i0

)
(2)

able 2
lectrode-kinetic and mass-transfer parameters for MEAs tested using oblique slit cathod

Er [V] Eocv [V] b [V(decade)−1] iloss [mA cm−1]

Pt/CA-CB with N212 1.103 0.9316 0.05954 0.7900
Pt/C-Com with N212 1.092 0.9319 0.05544 0.7865
Pt/CA-CB with N211 1.096 0.8839 0.06513 1.802
Pt/C-Com with N211 1.046 0.8453 0.06081 1.964
rces 195 (2010) 8044–8051 8049

�ohm = ri (3)

�conc = mieni (4)

where:

b = 2.3RT

˛F
(5)

and i0 (mA cm−2) is the exchange-current density; b (V(decade)−1)
is the Tafel parameter, r (� cm2) is the total cell internal resistance;
iloss is the internal current density loss (mA cm−2); ˛ is the transfer
coefficient; R (8.314 Jmol−1 K−1) is the gas constant; F is the Faraday
(96,485 C mo1−1) constant; T (K) is the temperature. Parameters
m (� cm2) and n (cm2 mA−1) are empirical curve-fitting parame-
ters for the exponential voltage drop observed in the high current
density region.

A modified logarithmic charge-transfer overpotential fitting
term (Eq. (2)), incorporating a fitted exchange-current density as
well as a fitted internal cell current density as proposed in Ref. [26]
was utilized here. A modification of the concentration overpoten-
tial term proposed by Kim et al. [27] by multiplication of the current
density (Eq. (4)) was implemented in this study. The modification
of the concentration overpotential term was corrected according
to the considerations suggested by Xia and Chan [28], namely, that
mass-transport losses should occur in all ranges of current density
and should be proportionally dependent on current density.

Combining Eqs. (1)–(4), a semi-empirical current voltage equa-
tion is obtained:

V = Er − b log10

(
i + iloss

i0

)
− ri − mieni (6)

and when i = 0, Eq. (6) gives the open-circuit potential,

Eocv = Er − b log10

(
iloss

i0

)
(7)

For analysis of the polarization curves, another kinetic parameter,
viz., the mass-transfer impedance (Rm), was implemented and the
equation takes the form:

Rm = �conc

i
= meni (8)

Since the fitting parameters m and n are not derived from any
physical or chemical consideration, it makes more sense to discuss
the mass-transfer impedance as the parameter that is capable of
describing the exponential voltage drop in the polarization curve.

A non-linear least-squares method was employed to fit the
polarization curves (solid lines in Fig. 6a) to the semi-empirical
current–voltage equation. The fitted parameters are given in
Tables 2 and 3. The correlation coefficient obtained from the non-
linear least-squares fitting is in excess of 0.99.

The temperature-dependent theoretical reversible potential for
the cell is given by [29,30]:

Er = 1.229 − 8.5 × 10−3(T − 298.15) + RT

2F
ln[pH2 (pO2 )0.5] (9)
where pH2 and pO2 are the partial pressure of H2 and O2, respec-
tively. At T = 298.15 K, Er = 1.221 V, which is about 0.1 V higher than
the fitting results (ca. 1.1 V, from Tables 2 and 3). This may be due to
the increase in cell temperature during the measurements, espe-
cially at high current densities; the cell temperature may rise to

es. Same GDL with 30% PTFE content used for all MEAs.

i0 [10−6 A cm−2] r [� cm2] m [� cm2] n [cm2 mA−1] R2

1.044 1.473 0.000065 0.0194200 0.9995
1.019 1.987 0.001600 0.0008960 0.9972
0.9990 1.384 0.024340 0.0044000 0.9997
0.9820 1.273 0.003010 0.0000025 0.9979
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Table 3
Electrode-kinetic and mass-transfer parameters for MEAs tested using circular opening cathodes. NRE 212 used for all MEAs.

Er [V] Eocv [V] b [V(decade)−1] iloss [mA cm−2] i0 [10−6 A cm−2] r [� cm2] m [� cm2] n [cm2 mA−1] R2

Pt/CA-CB on GDL with 30% PTFE 1.075 0.9002 0.05888 0.9680 1.040 0.513 0.000520 0.0124400 0.9962
00
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CB can hence have more water content and lower resistance than
Pt/C-Com.

When GDLs with less PTFE loading (10 wt.% vs. 30 wt.%) are used
in the MEAs, larger mass-transfer impedance is seen in Fig. 9, par-
ticularly at high current densities. The finding is in agreement with
Pt/C-Com on GDL with 30% PTFE 1.084 0.9215 0.05501 0.95
Pt/CA-CB on GDL with 10% PTFE 1.104 0.9119 0.06507 0.93
Pt/C-Com on GDL with 10% PTFE 1.099 0.9291 0.05751 0.89
ElectroChem electrodes 1.092 0.9113 0.06294 0.73

a. 40 ◦C. If T = 313.15 K (i.e., 40 ◦C) is substituted in Eq. (9), the
heoretical reversible potential will be 1.093 V and the fitted Er

alues for the MEAs are similar to this value. The Tafel slopes
or the MEAs are well within the range reported in the litera-
ure from 0.052 V(decade)−1 to 0.096 V(decade)−1 [26–28,31,32].
he value of 0.06 V(decade)−1, which is a typical low Tafel slope
alue, corresponds to a regime where O2 reduction occurs on a
t oxide covered surface [33], as a consequence of low current
ensity due to low temperature and humidification. The fitted

nternal current density loss iloss is similar to values reported in
he literature [34–36] that are in the range of 1–2 mA cm−2. The
tted open-circuit potential (OCV) for the MEAs also gives a value
hat is close to the actual OCV measured. From comparison of the
esults reported in the literature with the parameters in Table 2, it
an be concluded that the parameters obtained through numeri-
al fitting using the semi-empirical current–voltage equation are
easonable representatives of the electrochemical properties of
he cells. All MEAs have a similar reversible potential Er, open-
ircuit potential EOCV, exchange-current density i0 and Tafel slope b.
his demonstrates that the electrochemistry and the catalyst uti-
ization rate are similar and the difference in their performance
s mainly attributed to physical properties. The exchange-current
ensity for PEMFC has been reported to range from 1 × 10−4 to
.84 × 10−8 A cm−2 [37–42], whereas the exchange-current den-
ities of the MEAs obtained from the numerical procedure are
round 1.0 × 10−6 A cm−2, which is in the lower side of the above-
entioned i0 range reported by other workers. This is reasonable as

he polarization curves are obtained from AB-PEMFC operating at
oom temperature, and the low ambient temperature and oxygen
ux are the causes of smaller exchange-current density [33]. The

loss for MEAs with NRE 211 is about double that of MEAs with NRE
12 (1.8 mA cm−2 vs. 0.8 mA cm−2). This is consistent with the fact
hat NRE 212 is twice as thick as the NRE 211 and thus able to reduce
he crossover of H2 that contributes to internal current losses. The
esistance r of the cells obtained from the numerical procedures
s found to range from 0.5 to 2 � cm2. For MEAs using the oblique
lit cathode, the resistance for Pt/CA-CB is around 1.38–1.47 � cm2,
.e., similar to that reported by Chu and Jiang [43], i.e., 1.33 � cm2

or a 32-cm2 cell operating at 30 ◦C and 50% relative humidity. The
t/C-Com with NRE212 has the largest resistance r (1.987 � cm2), in
greement with the argument that it has the least water content in
he membrane due to poor back-diffusion and low humidification.

The effect of the hydrophilic catalyst Pt/CA-CB on the perfor-
ance improvement is reflected in the lower resistance of the

ell compared with one with the catalyst Pt/C-Com (1.473/1.987;
.513/0.692; 0.519/0.690 in Tables 2 and 3). That is, the ability to
etain water in the catalyst layer can reduce the internal resistance
f the cell. The ohmic overvoltage can be written as:

ohm = ri = (rel + rion)i (10)

he electronic resistance rel is negligible, whereas, the ionic resis-

ance rion depends greatly on the degree of humidification of the

embrane and catalyst layer [44–47], the dynamic electro-osmotic
rag and the back-diffusion processes of water. In Table 2, which

ists the electrokinetic parameters for the MEAs with oblique slit
athodes, the resistance of the MEA using commercial Pt/C-Com
1.057 0.692 0.000044 0.0164100 0.9985
1.042 0.519 0.004370 0.0114200 0.9961
0.9996 0.690 0.010200 0.0078500 0.9989
0.9966 0.632 0.000003 0.0240700 0.9932

and NRE211 is 1.273 � cm2. When NRE 212 is used, the resistance
of the Pt/C-Com MEA is increased to 1.987 � cm2. The increment
in resistance can be attributed to the increase of the membrane
thickness (from 25.4 �m for NRE 211 to 50.8 �m for NRE 212) that
impedes the back diffusion of water. The decrease in water con-
tent in the membrane and catalyst layer causes the drop in ionic
conduction and is reflected as an increase in cell resistance. On the
other hand, the MEA resistance of the catalyst Pt/CA-CB with NRE
212 is about 1.473 � cm2, which only increased by about 6.4% from
1.384 � cm2 when NRE 211 was used for the MEA. This demon-
strates that the water retention ability of the Pt/CA-CB catalyst is
able to maintain a higher ionic conductivity compared to Pt/C-Com
when a thicker membrane is used. When a thinner membrane is
employed, the performance of Pt/C-Com and Pt/CA-CB is similar,
since a thinner membrane would be beneficial for water back-
diffusion and would facilitate the hydration of the membrane and
thus the advantage of using a hydrophilic catalyst does not prevail
[45,46].

When the circular opening design is used for the cathode, the
cell resistance for the MEAs in Table 3 is significantly smaller
than those using oblique slit cathodes, in the range between 0.513
and 0.69 � cm2. The reduction in cell resistance is due to greatly
improved diffusion and transportation of oxygen. As a result, more
water generation, as well as more water transport by proton
from anode (electro-osmotic water drag) [47], would hydrate the
membrane and catalyst layers, lowering the ionic resistance. The
experimental results in Ref. [47] indicate that when the cathode is
not humidified, at high current densities the net electro-osmotic
drag coefficient (net number of water molecules carried by each
proton) has a larger value. That is with the circular opening cath-
ode (higher current density than oblique slit cathode) water dry
out in the anode region may occur, and the self-humidifying Pt/CA-
Fig. 9. Mass-transfer impedance for polarization curves of AB-PEMFC with circular
opening design.
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he experimentally observed large potential drop in the high cur-
ent density region due to the use of GDLs with 10 wt.% PTFE. This is
consequence of flooding in the electrodes due to less hydrophobic
ores to allow transport of oxidant to the reaction sites. In this case,
he performance of Pt/CA-CB is worse than that of Pt/C-Com since
oth the catalyst layers and the GDLs of the MEA are hydrophilic.

. Conclusions

In summary, a 40 wt.% Pt/C catalyst, Pt/CA-CB prepared by using
itric acid functionalized carbon black (CA-CB) as the support shows
n effective self-humidifying property in AB-PEMFC. Pt/CA-CB has
imilar physical and electrochemical properties to a commer-
ial catalyst Pt/C-Com, but has a highly hydrophilic property and
xhibits excellent performance in air-breathing PEMFC stack. When
thin polymer membrane NRE211 is used as the solid electrolyte,
t/CA-CB and Pt/C-Com show little difference in fuel cell perfor-
ance. On the other hand, when a thicker polymer membrane

NRE212) is used as the electrolyte, Pt/CA-CB-NRE212 gives a power
utput of 102 mW cm−2, which is 23.4% higher than that from the
ommercial catalyst Pt/C-Com-NRE212 under similar testing con-
itions. This result is particularly useful when it applies to a working
nvironment with low ventilation and humidity. Although a thin-
er membrane can be used to increase back-diffusion of water, a
hicker membrane still prevails if durability is considered; hence
t/CA-CB will be useful to increase the ionic conductivity while
aintaining cell durability. Under better oxygen transport condi-

ions using an improved cathode design (circle opening), a MEA
ith the combination of Pt/CA-CB, NRE212 and GDL with 30 wt.%

TFE shows an even higher performance, with 204 mW cm−2 at
.45 V, i.e., better than that of Pt/C-Com, NRE212 and GDL with
0 wt.% PTFE (191 mW cm−2 at 0.40 V). Simulation analysis of the
olarization curves with semi-empirical current–voltage equations
eveals that the self-humidifying Pt/CA-CB catalyst possesses high
ater retention capability and is able to maintain the hydration

evel of the membrane, and thereby reduces the internal cell resis-
ance. This result is especially useful for portable applications of
EMFCs, in which self-humidification and air-breathing are both
ssential, and it has potential commercial value, since the CA mod-
fication approach is simple, effective, and of low cost.
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