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a b s t r a c t

In the present study, the Nafion®-based self-humidifying composite membrane (N-SHCM) with sul-
fonated carbon nanofiber-supported Pt (s-Pt/CNF) catalyst, N-s-Pt/CNF, is successfully prepared using the
solution-casting method. The scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS)
images of N-s-Pt/CNF indicate that s-Pt/CNF is well dispersed in the Nafion® matrix due to the good com-
vailable online 13 July 2010
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patibility between Nafion® and s-Pt/CNF. Compared with those of the non-sulfonated Pt/CNF-containing
N-SHCM, N-Pt/CNF, the properties of N-s-Pt/CNF, including electronic resistivity, ion-exchange capacity
(IEC), water uptake, dimensional stability, and catalytic activity, significantly increase. The maximum
power density of the proton exchange membrane fuel cell (PEMFC) fabricated with N-s-Pt/CNF operated
at 50 ◦C under dry H2/O2 condition is about 921 mW cm−2, which is approximately 34% higher than that
with N-Pt/CNF.
roton exchange membrane fuel cell

. Introduction

Nafion® membrane, one of the perfluorosulfonic acid (PFSA)
embranes, has been most widely used as the proton exchange
embrane (PEM) for PEM fuel cell (PEMFC) due to its chemical

tability, sufficient mechanical strength, and high proton conduc-
ivity under the hydrated state [1]. The proton conductivity of
he Nafion® membrane depends significantly on its water content
ecause the protons are transported through the hydrated ionic-
lusters formed by the hydrophilic sulfonic groups attached to the
olymer backbone [2,3]. Conventionally, the reactant gases have
o be humidified prior to entering the PEMFC to maintain the sat-
sfactory proton conductivity and to prevent the dehydration of
he Nafion® membrane during operation. However, in this way,
he external humidification units become a burden for the system,
imiting the practical applications. Therefore, finding ways to avoid

quipping the external humidification unit becomes an important
hallenge for PEMFC.

In response to this challenge, extensive efforts have been
ade by many research groups; the self-humidifying composite
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membranes (SHCMs) prepared by incorporating the platinum (Pt)-
based catalysts into the membrane matrix have been progressively
reported in recent years [1,4–19]. The results of these studies indi-
cate that the performance efficiencies of the PEMFCs with the
SHCMs are all better than those without the self-humidifying abil-
ity, particularly under dry fuel conditions. The result is principally
ascribed to the presence of the Pt catalyst embedded in the SHCM,
which is conceived to act as the water generation sites for the cat-
alytic recombination of the fuels permeated through the membrane
from the anode and the cathode.

On the other hand, the incorporation of the plain Pt nano-
particles or the carbon-supported Pt (Pt/C) catalysts into the
membrane may cause a short circuit of the SHCM because the
electron-conducting paths may be formed by the networks of the
plain Pt nano-particles or the Pt/C catalysts added [1,7,8]. To avoid
the formation of the short circuit through the membrane, multi-
layer configurations created by adding extra-plain Nafion® layers
on one or two sides of the SHCM have been reported; the results
show evident improvement on the issue of short circuit [1,7].
Nevertheless, the short circuit may be suppressed by the other
methods, which can decrease the network of the filler added. There-

fore, searching for methods to reduce the possibility of the network
decreasing is also a crucial research topic.

Recently, the sulfonation of Pt/C catalyst has been investi-
gated for the PEMFC electrode [20–22]. Easton et al. [20] and Xu
et al. [21,22] chemically attached sulfonated silanes and sulfonic

ghts reserved.
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cid or short-chain sulfonic groups onto the surface of the car-
on black-supported (Pt/CB) catalysts. Sulfonic groups grafted onto
he surface of carbon nanotube-supported Pt (Pt/CNT) catalysts
hrough the thermal decomposition of ammonium sulfate and in
itu polymerization of 4-styrenesulfonate were also reported by
u et al. [23]. Evidently, using the resulting sulfonated Pt/C cata-

ysts to prepare the gas diffusion electrodes (GDEs) not only showed
uch better cell efficiency than the un-sulfonated one, but also less
afion® was required within the catalyst layers. This result can be
scribed to the sulfonated Pt/C catalysts that served as mixed elec-
ronic and protonic conductors, which significantly diminished the
o-called triple-phase boundaries [20–22]. Although sulfonation of
he Pt/C catalyst is a useful method to improve the Pt utilization
y increasing the active triple-phase boundaries [23], most of the
revious studies focused more on the electrode application.

In this study, a Nafion®-based self-humidifying composite
embrane (N-SHCM) with sulfonated carbon nanofiber-supported

t (s-Pt/CNF) catalyst, N-s-Pt/CNF, was prepared through a solution-
asting method. As mentioned above, the hydrophilic sulfonic
roups are attached to the polymer backbone of the Nafion® mem-
rane. The compatibility between the Nafion® and the s-Pt/CNF was
nticipated to improve significantly due to the presence of sulfonic
roups grafted onto the Pt/CNF surface. Consequently, the s-Pt/CNF
as well dispersed in the Nafion® matrix, resulting in the restraint

f the formation of the s-Pt/CNF networks. The existence of the extra
roton-conductive sulfonic groups was also beneficial because they
rovided more sites for the transportation of the protons. For
hese purposes, Pt/CNF synthesized from the microwave-assisted
echnology was sulfonated using the thermal process with the
oncentrated sulfuric acid. The resulting s-Pt/CNF was character-
zed by the wide-angle X-ray diffraction (WXRD) and the Fourier
ransform infrared (FT-IR) spectroscopy. The related properties of
he as-prepared N-s-Pt/CNF, including electronic resistivity, ion-
xchange capacity (IEC), water uptake, and dimensional stability,
ere discussed and compared with those of the Pt/CNF-containing
-SHCM (N-Pt/CNF) and a commercial Nafion® membrane (NRE
12). Moreover, the catalytic activities of the as-prepared N-SHCMs

n the methanol electro-oxidation were determined using the cyclic
oltammetric (CV) method. Finally, the effect of s-Pt/CNF on the
erformance of N-s-Pt/CNF for PEMFC was investigated under both
umid and dry H2/O2 conditions.

. Experimental details

.1. Preparation of sulfonated carbon nanofiber-supported Pt
s-Pt/CNF) catalyst

To prepare the s-Pt/CNF, the Pt/CNF was firstly synthesized using
icrowave-assisted technology [24]. An ultrasonic processor with
frequency of 20 kHz (VCX 750, Sonics & Materials, Inc.) was used

o disperse 0.04 g of carbon nanofibers (CNFs) (30–100 nm in diam-
ter and 1–10 �m in length; Yonyu Applied Technology Material
o., Ltd., Taiwan) homogeneously in the Pt precursor solution con-
isting of 0.05 M hydrogen hexachloroplatinate(IV) hexahydrate
extra pure grade; Showa Chemicals Co., Ltd.), ethylene glycol
reagent grade; TEDIA Company Inc.), and 0.4 M potassium hydrox-
de (reagent grade; Shimakyu’s Pure Chemicals).

The mixed solution was then placed in a domestic microwave
ven (TMO-2030P, Taiwan, 2450 MHz, and 700 W) and heated
or 90 s at 700 W. After being cooled to room temperature, the

esulting suspension was filtered, and the residue was repeatedly
ashed with excess deionized water for at least five times. The

s-synthesized Pt/CNF was finally dried with a freeze-dryer (Eyela
DU-1200, Tokyo Rikakikai) under 15 Pa at −50 ◦C. The amount
f Pt deposited on the CNFs was 21 wt.%, which was determined
ources 196 (2011) 126–132 127

by the thermogravimetric analysis (TGA) from room temperature
to 900 ◦C with a heating rate of 10 ◦C min−1 under air flow of
60 mL min−1 [20]. Afterwards, the s-Pt/CNF was prepared by sul-
fonation of the Pt/CNF with the concentrated sulfuric acid (reagent
grade; Showa chemicals Co., Ltd.) under nitrogen atmosphere at
160 ◦C for 24 h [25].

2.2. Preparation of Nafion®-based self-humidifying composite
membrane (N-SHCM)

First, commercially available Nafion® membrane, NRE 212,
which was purchased from DuPont Company, was purified accord-
ing to well-known membrane cleaning procedures to remove
the organic impurities prior to use [26]. The pretreated NRE 212
was immediately re-dissolved in the desired amount of N,N′-
dimethylformamide (DMF; HPLC grade; TEDIA Company Inc.) to
form a solution containing 5 wt.% of the Nafion®.

The Nafion®-based self-humidifying composite membrane (N-
SHCM) with the s-Pt/CNF, N-s-Pt/CNF, was prepared using a
solution-casting method. A designed amount of s-Pt/CNF was
added into the 5 wt.% of Nafion®/DMF solution prepared above
and dispersed by an ultrasonic processor to form a homogenous
suspension. The resulting suspension was then cast into a stain-
less steel mold and evaporated slowly at 120 ◦C under vacuum to
remove most of the solvent. The membrane was further heated to
160 ◦C and allowed to dry completely. The as-prepared N-s-Pt/CNF
was cooled down to room temperature and purified again by the
same procedures used for NRE 212 as described above. The thick-
ness of N-s-Pt/CNF was 25 �m achieved by controlling the amount
of Nafion®/DMF solution. The amount of Pt used in N-s-Pt/CNF was
0.02 mg cm−2. For comparison, the Pt/CNF-containing N-SHCM, N-
Pt/CNF, with the same Pt loading and thickness as in N-s-Pt/CNF
was prepared also by the same procedures.

2.3. Characterizations and measurements

To identify the as-synthesized Pt catalysts, Pt/CNF and s-Pt/CNF,
their wide-angle X-ray diffraction (WXRD) patterns were recorded
from 20◦ to 100◦ at a scanning rate of 0.04◦ min−1 performed by
the PANalytical PW3040/60X’ Pert pro (45 kV, 40 mA) diffractome-
ter with a copper target (� = 1.541 Å). For each measurement, the
sample was packed compactly and aligned perpendicularly to the
diffraction axis. The average particle size for each as-synthesized
Pt/CNF catalyst was estimated by calculating the width of the char-
acteristic diffraction peak (1 1 1) according to the Debye–Scherrer
formula (1) [27]:

dh,k,l = 0.89�

Bh,k,l cos �
(1)

where dh,k,l is the average particle size in nm, � is the wavelength
of the X-ray (1.541 Å), � is the angle at the maximum of the peak,
and Bh,k,l is the measured peak width at half peak intensity.

Fourier transform infrared (FT-IR) spectra of the as-synthesized
Pt/CNF catalysts were measured using a JASCO FT-IR-4200 spec-
trometer. Each specimen was prepared by making the KBr pellet
composed of 100 mg of KBr (IR grade, ACROS Organic Company)
and 2 mg of the Pt/CNF catalyst.

The surface morphologies of the N-SHCMs and their corre-
sponding Pt mappings were investigated by the scanning electron
microscope (SEM, Hitachi S-3500N) equipped with the energy-
dispersive spectrometer (EDS, Noran Vantage DI instrument).

Before measurement, each specimen was coated with a layer of
carbon using a sputter coater to enhance the electrical conduction.

The electronic resistivity of each membrane was measured by a
four-point probe method using the combined system of a current
supplier (AUTOLAB PGST30, Eco Chemie) and a voltmeter (Keithley
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96). The measured current density and voltage were then con-
erted to the corresponding electronic resistivity (� cm) [28].

The ion-exchange capacity (IEC) of each membrane was deter-
ined by the typical titration method [29]. The dry membrane was

oaked in a 1 M sodium chloride solution and carefully stirred with
magnetic stirrer for 12 h at the ambient temperature to ensure the
rotons were replaced completely by the sodium ions. This solu-
ion was subsequently titrated against a 0.01 M sodium hydroxide
olution to neutralize the exchanged protons using the phenolph-
halein (Indicator grade, ACROS Organic Company) as an indicator.
fter that, the calculated IEC value was obtained through Eq. (2):

EC = V × M

m
(2)

here IEC is the ion-exchange capacity (mequiv. g−1); V is the
dded titrant volume at the equivalent point (mL); M is the molar
oncentration of the titrant; m is the dry membrane weight (g).

Water uptake of each membrane was calculated from Eq. (3), W1
s the net weight of the dry membrane after drying at 80 ◦C in the
acuum oven for 24 h and W2 is the weight of the wet membrane
oaked in the deionized water at 80 ◦C for 24 h:

W(wt.%) = W2 − W1

W1
× 100% (3)

For measuring the dimensional stability of each membrane, the
pecimen with the area of 6 cm × 5 cm was stored at the vacuum
ven of 80 ◦C for 24 h. Areal change (�A) was calculated by mea-
uring the area of the specimen before (A1) and after (A2) soaking
n the deionized water at 80 ◦C for 24 h, as expressed in Eq. (4):

A(%) = A2 − A1

A1
× 100% (4)

All the results, including the electronic resistivity, IEC, water
ptake and dimensional stability, were determined with the stan-
ard deviations based on the measurements of three samples for
ach Pt/CNF catalyst and membrane.

The catalytic activity of each N-SHCM in the methanol electro-
xidation was determined by the cyclic voltammetric (CV) method.
he electrolyte used in this measurement was composed of 1 M
ethanol and 1 M sulfuric acid solution. The N-SHCM was used as

he working electrode. The Ag/AgCl electrode (Model 6.0733.100,
etrohm, Switzerland, 0.207 V at 25 ◦C) and the platinum elec-

rode (Model 6.0301.100, Metrohm, Switzerland) were used as the
eference and the counter electrode, respectively. The measure-
ents were performed in the conventional three-electrode test cell
hich was connected with the electrochemical analyzer (AUTOLAB

GST30, Eco Chemie) under the sweep rate of 5 mV s−1 from −0.1 to
.9 V at room temperature. During the test, a high-purity Nitrogen
as was carefully purged in the electrolyte to minimize the oxygen
ontamination.

.4. Fabrication of membrane electrode assembly (MEA) and cell
fficiency test

The MEAs with an active area of 5 cm2 were fabricated by the
ot-pressing procedure at 130 ◦C under 30 kg cm−2 for 5 min. The
oven web-based gas diffusion electrodes (GDEs), LT 140E-W,
ere purchased from BASF Fuel Cell, Inc., USA. The amount of Pt
sed for the anode and cathode was 0.5 mg cm−2. To minimize the

nterfacial resistance between the N-SHCM and GDEs, the 5 wt.% of
afion® solution diluted from a commercially available 20 wt.% of

afion® solution (DE 2020, DuPont) was coated on the electrode

urface using the brush method. The solid content of the loaded
afion® was restricted to 1.8 mg cm−2 for each electrode.

The corresponding single-cell fixture was composed of the as-
repared MEA and a pair of graphite plates with a serpentine flow
Fig. 1. XRD patterns of (a) Pt/CNF and (b) s-Pt/CNF.

channel of 1 mm width and 1 mm depth. To circumvent the GDE
getting into the channels, the MEA (0.5 ± 0.02 mm in thickness) was
placed between a pair of PTFE gaskets, each of which has a thickness
of 0.25 mm. Next, the MEA was clamped between two stainless end
plates, with eight bolts tightened to a uniform torque of 2.94 N m
in order to ensure that the MEA comes into close contact with the
graphite plates without getting into the channels.

During the test operation, the single-cell fixture was connected
to an in-house fuel cell test station composed of an electronic
load (Chroma 63030, Chroma Ate Inc.), potentiostat/galvanostat
instrument (AUTOLAB PGST30, Eco Chemie) and a bubble-type
humidifier. The fuel of the anode was hydrogen, and that of the
cathode was oxygen. Before the cell test, a leak test was performed
using nitrogen gas to ensure that the single cell was gastight.
Afterwards, a constant current mode was applied to activate the
MEA. In the measurement, the electronic load was controlled by
the software Nova version 1.3 and interfaced by a computer for
data collection. The cell test was carried out under humidified and
dry H2/O2 conditions, respectively. For both conditions, the flow
rate of the anode and cathode was 70 and 102 mL min−1, respec-
tively (corresponding to 1.6/2.3 of the stoichiometric ratio). For
the humidified H2/O2 condition, the operating temperatures of the
anode humidifier, the cathode humidifier, and the cell were all set
to 50 ◦C, while the cell was operated at 50 ◦C in dry H2/O2 condi-
tion. The test was operated under an atmospheric pressure, and the
cell performances were obtained by controlling the cell current and
recording the corresponding stabilized voltage.

3. Results and discussion

3.1. Characterizations of s-Pt/CNF

The as-synthesized Pt/CNF catalysts, non-sulfonated and sul-
fonated by thermal process with concentrated sulfuric acid, were
analyzed by XRD and their corresponding patterns are shown in
Fig. 1. The characteristic diffraction peaks of Pt crystal for the non-
sulfonated Pt/CNF catalyst (Fig. 1(a)) are clearly seen at the Bragg
angles of 40◦, 46◦, 68◦, 81◦, and 83◦. These peaks correspond to
the results reported in [23,30,31] and can be indexed to the (1 1 1),

(2 0 0), (2 2 0), (3 1 1), and (2 2 2) planes of the face-centered cubic
(fcc) Pt, respectively. This result indicates that the Pt/CNF was suc-
cessfully synthesized using the microwave-technique for 90 s. The
XRD pattern recorded for the sulfonated Pt/CNF, s-Pt/CNF is pre-
sented in Fig. 1(b). It exhibits a similar characteristic diffraction
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Table 1
Measurement parameters of the XRD.

s-Pt/CNF Pt/CNF

h k l 1 1 1 1 1 1
� (Å) 1.541 1.541

p
e
o
a
X
a
P
t
T
f
a

w
o
t
f
g

3
p

p
o
S

B1 1 1 (◦) 0.996 1.847
Bragg, 2� (◦) 39.877 39.814
Pt size (nm) 8.39 4.53

attern as the Pt/CNF in terms of peak position and intensity. How-
ver, the s-Pt/CNF obviously shows sharper XRD peaks than those
f the non-sulfonated Pt/CNF, indicating that the s-Pt/CNF presents
larger particle size than that of the non-sulfonated one. The main
RD parameters of the Pt X-ray diffraction and calculation results
re listed in Table 1. The average Pt particle size for the Pt/CNF and s-
t/CNF are calculated to be 4.53 nm and 8.39 nm, respectively, from
he (1 1 1) diffraction peaks using the Debye–Scherrer formula [27].
he significant increase in Pt particle size is probably due to the
acile agglomeration of nano-scale Pt particles on the CNF surface
t high thermal-treating temperature [23].

Fig. 2 shows the FT-IR spectra of Pt/CNF and s-Pt/CNF. Compared
ith the spectrum of Pt/CNF (Fig. 2(a)), the new absorption peaks

bserved at 1065 and 1174 cm−1 of s-Pt/CNF in Fig. 2(b) are assigned
o the symmetric and asymmetric stretching vibrations of the sul-
onic group, respectively. This finding confirms that the sulfonic
roups were successfully grafted onto the s-Pt/CNF surface.

.2. Sulfonation effect of Pt/CNF on the compatibility and
roperties of N-SHCM
To investigate the sulfonation effect of Pt/CNF on the com-
atibility of s-Pt/CNF with the Nafion® matrix and the properties
f the Nafion®-based self-humidifying composite membrane (N-
HCM), the as-prepared Pt/CNF before and after sulfonation was

Fig. 3. SEM microphotographs (left) and the corresponding EDS Pt map
Fig. 2. FT-IR spectra of (a) Pt/CNF and (b) s-Pt/CNF.

used to prepare the N-SHCMs, respectively. The scanning electron
microscopy (SEM) micrographs and their corresponding energy
dispersive spectroscopy (EDS) Pt mappings for the surface of the
N-SHCMs, N-Pt/CNF, and N-s-Pt/CNF are presented in Fig. 3. Com-
pared with the SEM morphology of N-Pt/CNF shown in Fig. 3(a),
a smooth surface is exhibited for N-s-Pt/CNF in Fig. 3(b), imply-
ing that no agglomeration was observed in N-s-Pt/CNF and that
s-Pt/CNF was better dispersed in the Nafion® matrix than Pt/CNF.
This is further confirmed by the corresponding EDS Pt mappings

shown in Fig. 3(d). The tremendous improvement in the dispersion
of s-Pt/CNF in the Nafion® matrix is attributed to the better com-
patibility between the Nafion® and s-Pt/CNF due to the presence of
the grafted sulfonic groups in s-Pt/CNF.

pings (right) of the top-view of (a) N-Pt/CNF and (b) N-s-Pt/CNF.
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Fig. 4. Cyclic voltammograms of (�) N-Pt/CNF and (�) N-s-Pt/CNF.

Table 2 lists the values of the electronic resistivity, ion-exchange
apacity (IEC), water uptake, and areal change for the N-SHCMs and
he NRE 212. As indicated, the electronic resistivity of N-Pt/CNF
vidently decreased with the addition of Pt/CNF into the Nafion®

atrix. Nevertheless, the electronic resistivity of N-s-Pt/CNF was
bout 40-fold higher than that of N-Pt/CNF, implying that the elec-
rons were much more difficult to transport in N-s-Pt/CNF than
-Pt/CNF. This can be ascribed to the fact that s-Pt/CNF was much
etter separated in the Nafion® matrix than the Pt/CNF due to the
etter compatibility as discussed above, resulting in a smaller net-
ork formed by s-Pt/CNF and a decreased electron-conduction in
-s-Pt/CNF.

As indicated in Table 2, the order of the IEC values for these
embranes is N-s-Pt/CNF > NRE 212 > N-Pt/CNF. This order implies

hat more sulfonic groups were in N-s-Pt/CNF than NRE 212, and it
s ascribed to the presence of the sulfonic groups in the s-Pt/CNF
hat are beneficial to the increase in water uptake and proton-
onducting abilities. In fact, a similar trend is obtained in the
ater uptake as indicated in the table; approximately 29% more
ater was uptaken by N-s-Pt/CNF than by NRE 212. By increas-

ng the water absorbed, the dimensional stability of the membrane
as supposed to decrease significantly because the swelling abil-

ty of the membrane was considered to increase. However, the
real changes of both N-Pt/CNF and N-s-Pt/CNF listed in Table 2
ere approximately 73% and 41% lower than that of NRE 212,

espectively. This is attributed to the intrinsic mechanical prop-
rty of CNF and the good compatibility between the s-Pt/CNF and
afion® matrix, which results in restraining the swelling of the
embrane effectively [7]. Further, the more areal change for N-

-Pt/CNF than for N-Pt/CNF is attributed to its higher water uptake
bility.

.3. Catalytic activity of N-SHCMs

Fig. 4 shows the cyclic voltammograms of the as-prepared
-SHCMs measured in the CH3OH/H2SO4 solution from −0.1 to
.9 V with 5 mV s−1 of the sweep rate. The oxidative peaks of the
ethanol occurred at 0.67 and 0.68 V for N-Pt/CNF and N-s-Pt/CNF,

espectively, which are in the range of 0.67–0.72 V reported for the
ypical Pt/C catalysts [32,33]. The current density of the oxidative
eak, Iap, for N-s-Pt/CNF is 1108 mA g−1, which is approximately

% higher than that for N-Pt/CNF. Although the average Pt particle
ize for the s-Pt/CNF calculated using the Debye–Scherrer formula
s larger than that for the non-sulfonated Pt/CNF, less agglomera-
ions of the s-Pt/CNF were observed in N-s-Pt/CNF as evidenced in
ig. 3(d). The slight increase in the current density for N-s-Pt/CNF
Fig. 5. Polarization curves of PEMFC measured in the humidified H2/O2 system (a)
I–V and (b) I–P curves (�) FC-1, (�) FC-2, and (�) FC-3.

can be ascribed to the better dispersion of s-Pt/CNF than of Pt/CNF
in the Nafion® matrix as discussed above. This shows that the
increased Pt particle size for the s-Pt/CNF does not significantly
affect the catalytic activity of N-s-Pt/CNF. The result suggests that
the as-prepared N-s-Pt/CNF has better catalytic activity to carry
out the recombination reaction of the fuels for generating water to
assist the proton transport.

3.4. Cell performance of PEMFC test

To study the sulfonation effect of Pt/CNF on the performance
of the corresponding PEMFC, the MEAs for the preparation of the
PEMFCs, FC-1, FC-2, and FC-3 were fabricated with N-s-Pt/CNF, N-
Pt/CNF, and NRE 212, respectively. Fig. 5 plots the polarization
curves of the as-prepared PEMFCs measured under the humidi-
fied H2/O2 condition. As depicted in Fig. 5(a), a higher open circuit
potential (OCP) of FC-3 is exhibited, which is more likely due to
the higher electronic resistivity and lower hydrogen crossover of
NRE 212 [7]. Nevertheless, a decrease in I–V performance of the
FC-3 was clearly observed in the range of 0.8–0.5 V. This find-
ing implies that the potential drops of FC-1 and FC-2 caused by

ohmic overpotentials were less than those of FC-3, that is, there
was less resistance loss for FC-1 and FC-2 than for FC-3. This can be
attributed to the self-humidifying ability of the N-SHCM, resulting
in the improvement of cell efficiency. The best current and power
densities of FC-1 at 0.4 V were 2740 mA cm−2 and 1084 mW cm−2,
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Table 2
Comparison of the electrical and physical properties between N-SHCMs and NRE 212.

Membrane designation Electronic resistivity (� cm) Ion-exchange capacity, IEC (mequiv. g−1) Water uptake (wt.%) Areal change (%)

N-s-Pt/CNF 610 ± 8 1.12 ± 0.02 36 ± 2 13 ± 1
N-Pt/CNF 15 ± 2 0.90 ± 0.01 25 ± 1 6 ± 1
NRE 212 12096 ± 15 0.93 ± 0.02 28 ± 1 22 ± 2

Table 3
Comparison of the fraction of current densities delivered by a PEMFC fabricated with the N-s-Pt/CNF, N-Pt/CNF and NRE 212 membranes operating under dry H2 and O2.

Membrane designation Fraction of current density at the voltage of different voltagea (%)

0.8 V 0.7 V 0.6 V 0.5 V 0.4 V

N-s-Pt/CNF 50.0 42.1 40.0 76.7 84.7

n ope

r
v

d
F
3
u
p
t

F
(

N-Pt/CNF – 20.0
NRE 212 – –

a The fraction of current density was calculated in comparison to that obtained o

espectively. These values are approximately 105% higher than the
alues obtained from FC-3 (i.e., 1340 mA cm−2 and 533 mW cm−2).

On the other hand, under the dry H2/O2 condition, the dramatic
ecreases in the OCP and cell efficiency are clearly observed for

C-3 in Fig. 6. The power density of FC-3 output at 0.4 V was only
.8 mW cm−2 because the NRE 212 membrane was not hydrated
nder the dry condition, resulting in the difficulty in proton trans-
ort. The result confirms that the Nafion® membrane is not suitable
o operate under dry conditions as expected. However, both the OCP

ig. 6. Polarization curves of PEMFC measured in the dry H2/O2 system (a) I–V and
b) I–P curves (�) FC-1, (�) FC-2, and (�) FC-3.
36.1 65.3 74.4
– 0.5 0.7

rating with humidified H2 and O2.

values and the performances of the PEMFCs fabricated with the
as-prepared N-SHCMs significantly improved under the dry con-
dition. The current and power densities obtained from FC-2 were
1740 mA cm−2 and 688 mW cm−2, respectively, indicating that the
Pt present in the N-SHCM plays a critical role in the catalytic recom-
bination of the reactant fuels permeating through the membrane.
With the same Pt loading, the power density of FC-1 was further
increased to 921 mW cm−2, which was about 34% higher than that
of FC-2. Based on the same thickness of N-SHCMs, the significant
enhancement is ascribed to the higher catalytic activity of N-s-
Pt/CNF, which generates water more efficiently. In addition, the
higher IEC value contributed by the extra sulfonic groups grafted
onto the s-Pt/CNF is also beneficial to increase the proton transport.

The relative currents generated at different cell voltages with
the dry H2 and O2 compared with those obtained with humidi-
fied reactants for the MEAs fabricated with N-s-Pt/CNF, N-Pt/CNF,
and NRE 212 membranes are shown in Table 3. The fraction of
current density was calculated in comparison with that obtained
from operating with humidified H2 and O2. The fractions of cur-
rent density delivered with the N-s-Pt/CNF membrane are higher
than those delivered with the N-Pt/CNF and NRE 212 membranes.
For example, the cell with the N-Pt/CNF membrane with dry reac-
tants generates 20–74% of the current generated with humidified
reactants at a cell voltage of 0.7–0.4 V. On the other hand, the cell
with N-s-Pt/CNF membrane generates 42–85% of the current under
similar conditions. These results indicate the pronounced effect
of the incorporated s-Pt/CNF catalyst in self-humidifying compos-
ite membrane and the improvement of cell performance with dry
reactants.

4. Conclusions

Nafion®-based self-humidifying composite membrane (N-
SHCM) with the sulfonated carbon nanofiber-supported Pt
(s-Pt/CNF) catalyst, N-s-Pt/CNF, was successfully prepared in the
present study through a solution-casting method. The XRD result
showed that the Pt/CNF was successfully synthesized using the
microwave-technique, whereas FT-IR spectrum indicated that the
sulfonic groups were successfully grafted on the s-Pt/CNF by ther-
mal reaction of the Pt/CNF with the concentrated sulfuric acid. The
images of SEM-EDS show that s-Pt/CNF was better dispersed in the
Nafion® matrix, confirming that the compatibility between Nafion®

and s-Pt/CNF was significantly improved due to the sulfonation.

Comparing with that of non-sulfonated Pt/CNF-containing N-
SHCM, N-Pt/CNF, the electronic resistivity of N-s-Pt/CNF was about
40-fold higher. Moreover, the related properties of N-s-Pt/CNF,
including ion-exchange capacity (IEC), water uptake, dimensional
stability, and catalytic activity, significantly increased due to the
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resence of the sulfonic groups grafted onto the s-Pt/CNF surface.
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hat with N-Pt/CNF. The results suggest that the as-prepared N-s-
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