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a  b  s  t  r  a  c  t

Hierarchical  porous  carbons  containing  numerous  nitrogen  atoms  (HPCs-N)  with  high  surface  areas  and
3D  interconnected  open  macropore  structures  were  prepared  as  a catalyst  support  for  PEMFCs.  Despite
the large  amount  of Pt nanoparticles  (40  wt%)  highly  dispersed  Pt catalysts  with  homogeneous  small
diameters  (∼2  nm)  were  achieved  using  the  effects  of  nitrogen  sites.  The  electrochemical  performances
of  a  Pt-incorporated  HPCs-N  cathode  were  better than  those  of  the  Pt-incorporated  carbon  black  cathode
eywords:
atalyst support
uel cell
itrogen-doped carbon
ierarchical

due  to the  improved  carbon-catalyst  binding,  extension  of the  three-phase  boundary,  improved  mass
transfer,  and  a synergistic  support  effect  with  the  nitrogen-doped  support  materials.

© 2012 Elsevier B.V. All rights reserved.
orous materials

. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been of
reat interest as future energy sources for applications such as
ow/zero emission electric vehicles, distributed home power gen-
rators, and power sources for small portable electronics due to
heir high power density, relatively quick start up, rapid response
o varying loads, and relatively low operating temperature [1,2].
owever, wide application of PEMFC technology has been hindered
y the high cost of the Pt catalyst and poor kinetics of the oxygen
eduction reaction (ORR).

One of the main research targets in PEMFC technology is
educing the amount of electro-catalyst used in the cell without
acrificing its performance. Therefore, the efficient utilization of Pt
atalysts is important in the practical applications of PEMFCs. Cat-
lyst support technology has been proven as an effective approach
o reduce the use of Pt catalysts and improve catalytic activity.
he catalytic activity of Pt-based catalysts is strongly dependent
n the catalyst support, which is very important in determining
he size, degree of dispersion, distribution, and stabilization of the
atalysts, as well as the catalytic surface area for the ORR [3].  In

ddition, efficient mass transfer of reactants can be achieved using
atalyst supports with porous structure [4–13]. Particularly, the
se of ordered mesoporous and macroporous carbon has induced
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379-6779/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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superior catalytic effects [4–6]. Yu et al. reported an ordered
uniform porous carbon network prepared by Al-implanted silica
particles, which outperformed the commercial carbon black, E-TEK,
by about 30–40% [6]. Fang et al. reported an ordered hierarchical
nanostructured carbon prepared using a polystyrene sphere tem-
plate, which exhibited greatly enhanced catalytic activity toward
oxygen reduction reaction that was improved by about 53–88%
compared to carbon black Vulcan XC-72. Recently, nitrogen-doped
carbon materials have received considerable attention due to the
strong electron donor nature of nitrogen, which can promote the
enhancement of � bonding, leading to improved stability, elec-
tron transfer rate, and durability of the carbon supports during
the electrocatalytic processes [14–16].  Imran Jafri et al. reported
that nitrogen-doped multi-walled carbon nanocoils and graphene
nanoplatelets used as catalyst supports led to improved maxi-
mum  power densities compared with those of multi-walled carbon
nanocoils and graphene nanoplatelets [17,18]. Chen et al. and Tuaev
et al. reported that nitrogen-doped carbon nanotubes enhanced the
electrocatalytic activity and stability of supported Pt nanoparticles
[19,20].

In this study, 3D hierarchical porous carbons containing numer-
ous nitrogen atoms (HPCs-N) were prepared from the inclusion
complexes of cellulose hosted by urea hydrates [21]. The novel
carbons had open macroporous structure, which is advantageous

in the mass transfer of reactants, as well as high surface area
and numerous nitrogen atoms. Pt nanoparticles were incorpo-
rated by a microwave-assisted ethylene glycol method. The 40 wt%
Pt-incorporated HPCs-N (Pt-HPCs-N) were prepared as catalyst

dx.doi.org/10.1016/j.synthmet.2012.11.005
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
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ig. 1. TEM images of (a), (b) HPCs-N with different magnifications, and (c), (d) Pt-HP
rom  (d).

upports for PEMFCs, and their electrochemical performances were
ompared with those of 40 wt% Pt-incorporated carbon black.

. Experimental

.1. Pt-HPCs-N fabrication

HPCs-N were prepared using a previously reported procedure
21]. A mixture of 7 wt% NaOH/12 wt% urea/81 wt% water solution
re-cooled to −12 ◦C for 2 h was prepared, and 4 wt%  cotton cel-

ulose (Aldrich) was immersed in the mixture solution, which was
hen intensely stirred for approximately 5 min  at ambient temper-
ture (IC solution). The IC solutions were then frozen at −196 ◦C and
hen freeze-dried for 3 days. The IC cryogel was carbonized from
oom temperature to 800 ◦C for 3 h. A heating rate of 5 ◦C/min and
n Ar flow of 200 mL/min were applied. After the cryogel was  car-
onized, it was washed using distilled water and ethanol and then
ried in a vacuum oven at 30 ◦C.

The Pt nanoparticles were incorporated into the HPCs-N using
 microwave-assisted ethylene glycol method [7].  In particular,
.0 mL  of an aqueous solution of 0.05 M H2PtCl6·6H2O was mixed
ith 150 mL  of ethylene glycol in a 250-mL beaker. A total of
.75 mL  of 0.4 M KOH was then added dropwise to a vigorously
tirred solution in order to adjust the pH to approximately 8–9. The
equired amount of HPCs-N was added to the mixture and ultraso-
icated for 30 min. The beaker containing the mixture of Pt salts and
with different magnifications and (e) A size histogram of Pt nanoparticles estimated

HPCs-N was  heated in a household microwave oven (Samsung RE-
C20DV, 2450 MHz, 700 W)  for 100 s. The resulting suspension was
stirred vigorously overnight and filtered. The residue was  washed
thoroughly with deionized water and dried overnight at 80 ◦C.

2.2. Preparation of the Pt-HPCs-N cathode and membrane
electrode assembly (MEA)

The fabricated Pt-HPCs-N were dispersed in isopropyl alcohol
via ultrasound treatment for 30 min  and then mixed with a 5 wt%
Nafion solution. The mixture was then ultrasonicated for another
30 min and sprayed onto a carbon cloth. 40 wt%  Pt-loaded Pt-CB
catalysts (Johnson Matthey, USA) were also prepared using a sim-
ilar method. For the membrane electrode assembly (MEA), the
40 wt% Pt-loaded Pt-CB catalysts were used as the anode catalysts.
The electrodes had a geometric area of 4 cm2 with a Pt loading
of 0.2 mg/cm2. The Pt-HPCs-N and Pt-CB cathodes had geomet-
ric areas of 4 cm2 with a Pt loading of 0.2 mg/cm2. The MEA  was
prepared via hot pressing pretreated Nafion 212 (DuPont, USA)
sandwiched between the anode and cathode.
2.3. Characterization

The morphologies of the HPCs-N and Pt-HPCs-N were observed
using transmission electron microscopy (TEM; JEM2100F, JEOL,
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ig. 2. X-ray diffraction pattern of Pt-HPC-N. Mean Pt particle size was estimated
o  be 2.2 nm from the Pt (2 2 0) peak.

apan). Elemental analyses were performed using an EA1112 ana-
yzer (CE Instruments, Italy). The porous properties of the HPCs-N
nd Pt-HPCs-N were examined using nitrogen adsorption and

◦
esorption isotherms that were obtained at −196 C using the
urface area and a porosimetry analyzer (ASAP 2020, Micromeri-
ics, USA). X-ray photoelectron spectroscopy (XPS; PHI 5700 ESCA,
orea) was performed using monochromated Al K� radiation

ig. 3. XPS (a) N 1s spectra and (b) Pt 4f spectra of the Pt-HPCs-N. (c) Nitrogen adsorption
t-HPCs-N (circle).
62 (2012) 2337– 2341 2339

(hv = 1486.6 eV). The Pt loading in the samples was determined
using inductively coupled plasma-optical emission spectroscopy
(ICP-OES). In order to estimate the electrochemical surface areas
(ESAs) of Pt in the carbon-supported Pt catalysts, a three-electrode
electrochemical cell was employed, and cyclic voltammetry mea-
surements were taken at room temperature with scan rates of
100 mV/s over the potential range of −0.2 to 1.2 V (vs. Ag/AgCl).
The polarization performance tests were conducted at 70 ◦C using
a fuel cell test station. H2 and O2 were supplied to the anode and
cathode at flow rates of 200 and 600 mL/min, respectively.

3. Results and discussion

The HPCs-N had a 3D interconnected porous structure over
a large area, and well-developed open macropores, which were
hundreds of nanometers in diameter (Fig. 1a and b). The open mac-
roporous structure remained the same after the Pt nanoparticles
were incorporated on the surface (Fig. 1c). In addition, the consid-
erably homogeneous Pt nanoparticles were well-dispered on the
carbon surface despite a large amount of 40 wt% Pt nanoparticles
(Fig. 1d). The histogram of the Pt nanoparticles obtained from the
measurements of over 100 Pt nanoparticles demonstrates that the

Pt nanoparticle size was mostly in the range of 2–3 nm (Fig. 1e).
This small diameter and high dispersion of Pt nanoparticles
were attributed to nitrogen sites that provided the main initial
nucleation sites for Pt nanoparticle formation [22]. In addition, the

 and desorption isotherm and (d) pore size distribution of the HPCs-N (cubic) and
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Fig. 4. (a) Cyclic voltammograms of the Pt-HPCs-N cathode at a scan rate of 100 mV/s
2

support effect with the HPCs-N, because the nitrogen-doped carbon
nanostructures are known to decompose reactive intermediates
such as hydrogen peroxide into oxygen during the ORR  [16]. The
340 Y.S. Yun et al. / Synthetic M

ntroduction of nitrogen atoms endows the carbons with a polar
ature, which allows easy wetting [23,24]. The mean Pt nanoparti-
le size was also calculated from XRD patterns, by estimating from
he isolated Pt (2 2 0) peak using the Scherrer equation (Fig. 2):

 = 0.9�K˛1

B(2�) cos �max
(1)

here �K˛1 is the X-ray wavelength, �max is the maximum angle
f the (2 2 0) peak, and B(2�) is the half-peak width for Pt (2 2 0)
n radians. The size of Pt nanoparticles was 2.2 nm, which was
onsistent with the typical TEM images of the Pt-HPCs-N samples.

The chemical nature and stoichiometry of the nitrogen atoms
nd Pt nanoparticles were confirmed via XPS measurements (Fig. 3a
nd b). The compositional analyses indicate approximately 9.4 at.%
f nitrogen atoms and 5.1 at.% Pt nanoparticles in the surface region
f the samples. The elemental analysis and ICP-OES also indi-
ated the presence of nitrogen atoms and Pt nanoparticles in the
t-HPCs-N. 6.1 wt% nitrogen atoms and approximately 40 wt% Pt
anoparticles were incorporated in the Pt-HPCs-N. The chemical
tmosphere of the nitrogen atoms in the Pt-HPCs-N was primar-
ly in the form of pyrrolic groups and pyridinic nitrogen species, as
ndicated by the N 1s peaks centered at 399.9 and 398.0 eV, respec-
ively (Fig. 3a). The Pt 4f spectra exhibited an intense doublet (71.6
nd 74.8 eV), which is attributed to the metallic Pt (Fig. 3b) [25]. The
eak peak at 78.1 eV was most likely caused by a small amount of

t (IV) species on the surface [25].
The pore characteristics were investigated using nitrogen

dsorption and desorption isotherms (Fig. 3c and d). The nitrogen
dsorption and desorption isotherms of the HPCs-N and Pt-HPCs-N
epict IUPAC type I and IV hybrid shapes, which suggest dual micro-
orous and mesoporous structures (Fig. 3c). The surface area of the
PCs-N was 815.7 m2/g. The surface area decreased to 444.9 m2/g
fter the Pt nanoparticles were incorporated on the surface of
he HPCs-N. However, the Pt-HPCs-N had high surface area, and
ts hierarchical pore structure remained after the Pt nanoparticles

ere incorporated on the surface of the HPCs-N (Fig. 3d). The high
urface area from the mesopores and micropores and the open
acroporous structure facilitate simultaneous access between the

t electrocatalyst, reactant, and Nafion. In addition, the high sur-
ace area resulting from the mesopores and micropores can also
ontribute ORR electrocatalytic activity by providing numerous
itrogen-doped sites. The extension of the three-phase boundary
esults in the enhancement of the ORR electrocatalytic activity.
ig. 4a shows the cyclic voltammograms of the Pt-HPCs-N and
t-CB cathodes at a scan rate of 100 mV/s over a potential range
f −0.2 to 1.4 V. The ESAs of the Pt in the supported Pt (40 wt%)
atalysts were determined from the integrated charge in the hydro-
en adsorption region of the steady-state cyclic voltammograms
n the supporting electrolyte. The ESA was calculated as 55.2 m2/g
or the Pt in the Pt-HPCs-N cathode, which is significantly larger
han the 36.5 m2/g measured for the Pt in the Pt-CB cathode, indi-
ating higher utilization of the Pt-HPCs-N induced by the open
acroporous structure and nitrogen atoms. The improvement in

 adsorption is related to the ease of access to the Pt nanoparticles
ecause of the open macropores. The ORR electrocatalytic activ-

ties of the Pt-HPCs-N and Pt-CB cathodes were evaluated using
yquist plots, as shown in Fig. 4b. The semicircular diameter of

he Pt-HPCs-N cathode was much smaller than that of the Pt-CB
athode. This suggests that the ORR charge transfer resistance was
uch smaller at the Pt-HPCs-N cathode catalysts. Fig. 5 shows the

olarization curves of the Pt-HPCs-N and Pt-CB cathodes. In the
egion of very low current density, a rapid voltage drop in the

otential–current curve, which is generally known as an activa-
ion polarization, reflects the sluggish kinetics intrinsic to the ORR
t the cathode surface. The voltage drop of the Pt-HPCs-N cath-
de was smaller than that of the Pt-CB cathode. This indicates
over a potential range of −0.2 to 1.2 V (0.2 mg Pt/cm ) and (b) Nyquist plots for the
Pt-HPCs-N cathode (0.2 mg Pt/cm2), a frequency range from 2000 Hz to 0.05 Hz with
an  amplitude of 1 mA at 70 ◦C in OCV condition.

better kinetics in the ORR of the Pt-HPCs-N cathode. The improved
performance can be attributed to the improved carbon-catalyst
binding and open macroporous structure with a relatively high
three-phase boundary. It can also be considered as a synergistic
Fig. 5. Polarization and power density plots at 70 ◦C of the single MEA  using Pt-
HPCs-N and Pt-CB cathodes (0.2 mg Pt/cm2), respectively.
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t-HPCs-N cathode exhibited a mass transfer limitation in a higher
urrent density region than the Pt-CB cathode. The open macropo-
ous structure in the Pt-HPCs-N cathode provides a fast pathway
o the active sites through which the reactant and products can be
ransported readily from the active sites, and by which they can
void the mass transport limitation. Therefore, the performance
f the Pt-HPCs-N cathode was much higher than that of the Pt-
B cathode. The maximum power densities for the Pt-HPCs-N and
t-CB cathodes were 393 mW/cm2 and 322 mW/cm2, respectively.
he value of the maximum power densities for the Pt-HPCs-N was
bout 2 kW/g Pt, which is much higher than the values (1.1 kW/g
t and 0.88 kW/g Pt) for the nitrogen-doped multi-walled carbon
anocoils and nitrogen-doped graphene nanoplatelets [17,18]. As

 result, the performance of a single MEA  was increased by 22%
sing the Pt-HPCs cathode, indicating better efficiency of the Pt
atalysts through the use of a novel nanostructured catalyst sup-
ort.

. Conclusion

A cathode with homogeneous small diameter and high disper-
ion of Pt catalysts was prepared using a novel carbon as a catalyst
upport. The ESA of Pt in the Pt-HPCs-N cathode (55.2 m2/g) was
uch higher than that of the Pt in the Pt-CB cathode (36.5 m2/g).

he ORR charge transfer resistance was also much smaller for the
t-HPCs-N cathode catalysts. The full cell performance of a single
EA  using a Pt-HPCs-N cathode (393 mW/cm2) was  22% higher

han that of a single MEA  using a Pt-CB cathode (322 mW/cm2).
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