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a b s t r a c t

We report a durable electrocatalyst support, highly graphitized mesoporous carbon (GMPC), for oxygen
reduction in polymer electrolyte membrane (PEM) fuel cells. GMPC is prepared through graphitizing
the self-assembled soft-template mesoporous carbon (MPC) under high temperature. Heat-treatment
at 2800 ◦C greatly improves the degree of graphitization while most of the mesoporous structures
and the specific surface area of MPC are retained. GMPC is then noncovalently functionalized with
poly(diallyldimethylammonium chloride) (PDDA) and loaded with Pt nanoparticles by reducing Pt pre-
cursor (H2PtCl6) in ethylene glycol. Pt nanoparticles of ∼3.0 nm in diameter are uniformly dispersed
on GMPC. Compared to Pt supported on Vulcan XC-72 carbon black (Pt/XC-72), Pt/GMPC exhibits a
uel cells
lectrocatalyst
urability

higher mass activity towards oxygen reduction reaction (ORR) and the mass activity retention (in per-
centage) is improved by a factor of ∼2 after 44 h accelerated degradation test under the potential step
(1.4–0.85 V) electrochemical stressing condition which focuses on support corrosion. The enhanced activ-
ity and durability of Pt/GMPC are attributed to the graphitic structure of GMPC which is more resistant
to corrosion. These findings demonstrate that GMPC is a promising oxygen reduction electrocatalyst
support for PEM fuel cells. The approach reported in this work provides a facile, eco-friendly promising
strategy for synthesizing stable metal nanoparticles on hydrophobic support materials.
. Introduction

The polymer electrolyte membrane (PEM) fuel cell is a clean
nd high-energy-efficiency power source. Even though significant
fforts have been made in the research and development of PEM
uel cell and great progresses have been achieved for the past
ecades, PEM fuel cells are still not commercially available. Cur-
ently the most challenging issues to commercialize PEM fuel cells
re the prohibitive cost and poor durability [1,2], both of which
re heavily dependent on the catalytic electrode materials (typ-
cally platinum on carbon support) [1]. Recently, more research
fforts have been devoted to improve the durability of PEM fuel
ell electrocatalyts [1,2]. The degradation of electrocatalysts gen-
rally includes two aspects: carbon support corrosion and catalytic

etal (platinum) sintering [2,3]. The corresponding strategies are

o develop durable carbon support [4–6] and to alloy Pt with other
etals [2,7–14].
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Different types of carbons have been developed as PEM fuel
cell catalyst supports [4], for example, carbon nanotubes (CNTs)
[15–27] and mesoporous carbon (MPC) [28–30]. CNTs with Pt
nanoparticles on them have shown enhanced catalytic activity
and durability [31,32] compared to the widely used Vulcan XC-72
carbon black due to the specific structures and higher durabil-
ity of CNTs [33,34]. MPC is another novel carbon with specific
pore structures (mainly 2–50 nm of pore sizes) [35–37] which are
beneficial for fuel cell application [4,38]. MPC supported Pt or
Pt alloys electrocatalysts have shown excellent performances for
methanol oxidation [28,29] and oxygen reduction reaction (ORR)
[30]. Graphitized carbon nanomaterials [5,39], for example through
high-temperature treatment, show promising in improving the
electrocatalyst durability, but the challenges remain for loading
Pt nanoparticles on them. Usually heat-treatment of porous car-
bon at high temperatures destroys the pore structures and sharply
reduces the specific surface area [40]. In addition, high-temperature

annealing removes the structure defects and functional groups
of carbon [41] and makes the carbon surface very hydrophobic
which is more difficult to uniformly load Pt nanoparticles. Con-
sequently, strong oxidizing acids are used to re-functionalize the
graphitized carbon and re-create defects and oxygen functional

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ig. 1. Schematic of depositing Pt nanoparticles on graphitic mesoporous car-
on (GMPC). GMPC is first coated with poly(diallyldimethylammonium chloride)
PDDA), and [PtCl6]2− is attracted on PDDA/GMPC followed by reduction to Pt
anoparticles in ethylene glycol (EG).

roups before the deposition of Pt nanoparticles [39]. This pro-
ess is hazardous and not environmentally friendly. The reproduced
tructural defects will also decrease the electrical conductivity and
orrosion resistance of carbon support [42], which reduces the
lectrocatalytic activity and the durability of electrocatalysts [15].
herefore, it is necessary to develop a durable graphitized porous
arbon with high surface area using an alternative and environ-
entally friendly strategy to deposit Pt nanoparticles on the carbon

upport.
The objective of this work is to improve the electrocata-

yst durability without losing or even improving activity through
aterials design and modification. Here, we report a durable

lectrocatalyst support, highly graphitized mesoporous carbon
GMPC). MPC is synthesized using a self-assembled soft-template

ethod as reported previously [35,43,44] and graphitized at
igh temperature (2800 ◦C) to produce GMPC. GMPC is then
oncovalently functionalized with a long-chain polyelectrolyte,
oly(diallyldimethylammonium chloride) (PDDA) followed by

oading Pt nanoparticles (Fig. 1). The mesoporous structure and
igh specific surface area of MPC are retained using this approach.
he synthesis strategies of both mesoporous carbon and Pt/GMPC
re facile and effective.

. Experimental

.1. Synthesis of graphitic mesoporous carbon

The mesoporous carbon (MPC) was prepared using a self-
ssembled soft-template method as reported previously [43,44].
n brief, 2.52 g phloroglucinol and 2.52 g polyethyleneoxide-
-polypropyleneoxide-b-polyethyleneoxide (Pluronic F127
O106PO70EO106) were dissolved in 18 g of a mixture of ethanol,
ater, and 37% HCl with a weight ratio of 10:9:0.1. 2.6 g of 37%

ormaldehyde solution was then added to the mixture in one
atch and stirred for 1 h. A polymer layer was separated from the

eactants and cast into a thin film on a 15-cm OD Petri dish. The film
as further cured at 80 ◦C for 12 h after it was dried overnight at

oom temperature. The cured film was scratched off the Petri dish
nd carbonized under flowing nitrogen in a tubular furnace, which
as ramped to 850 ◦C at 1 ◦C min−1 and then kept at 850 ◦C for 2 h.
rces 195 (2010) 1805–1811

Afterwards, the carbonized sample was heat-treated at 2800 ◦C
for 1 h under helium in a graphite furnace to produce graphitic
mesoporous carbon (GMPC). The pores within the GMPCs are tun-
able in the order of 6–15 nm in diameter. The GMPCs studied here
have pores of ∼8 nm in diameter. The conductivity of the GMPC is
above 300 S cm−1, much higher than that of Vulcan XC-72 carbon
(4.0–7.0 S cm−1) [45]. The conductivity of the non-graphitized MPC
is only ∼2.0 S cm−1.

2.2. Synthesis of Pt/GMPC

First, GMPC was coated with PDDA (MW = 200k–350k,
Sigma–Aldrich). Typically, 300 mg GMPC were dispersed in
500 mL 0.5 wt% PDDA aqueous solution and ultrasonicated for at
least 3 h to produce a stable dispersion of GMPC. Then the GMPC
dispersion was stirred for 24 h. After that, 2.5 g KNO3 was added
to increase the attractive action between PDDA and GMPC surface
and lead to a highly functionalized GMPC with PDDA [42,46]. After
stirring for another 24 h, the dispersion was filtrated and washed
with ultrapure DI water (18.2 M� cm, Mill-Q Corp.) to remove the
free polyelectrolyte and then dried for 3 h at 90 ◦C in vacuum.

Next, Pt nanoparticles were loaded onto PDDA-functionalized
GMPC by reducing hexachloroplatinic acid (H2PtCl6) in ethylene
glycol (EG) [15]. Typically, 2.656 mL H2PtCl6 EG solution (7.53 mg
Pt per mL EG) was added drop by drop into 50 mL EG solution
with mechanical stirring for 10 min. NaOH (1 M in EG solution)
was added to adjust the pH of solution to above 12. Then 80 mg
PDDA-coated GMPC was added to the above solution and stirred
for 60 min. The solution was refluxed at 130 ◦C for 4 h to ensure
that H2PtCl6 was completely reduced. After cooling down to room
temperature and stirring for 12 h, the pH of reaction solution was
adjusted to <2 with nitric acid solution (1 M in DI water), which
promotes the adsorption of the suspended Pt nanoparticles onto
the carbon support, then 20 mL ultrapure DI water was added and
stirred for 48 h. The resulting catalyst was washed with ultrapure
DI water until no Cl− was detected and then dried for 3 h at 90 ◦C in
vacuum. A 20 wt% Pt/GMPC electrocatalyst was obtained. A Pt/XC-
72 (20 wt% Pt) electrocatalyst was prepared in the same way by
depositing Pt nanoparticles on Vulcan XC-72 carbon black.

2.3. Materials characterization

The transmission electron microscope (TEM) images of the cat-
alysts were taken in a JEOL TEM 2010 microscope equipped with
an Oxford ISIS system. X-ray diffraction (XRD) patterns in � − 2�
scan mode (0.03◦ s−1) were obtained using a Philips Xpert X-ray
diffractometer using Cu K� radiation at � = 1.54 Å. Raman spectra
were acquired using a Renishaw inVia Microscope using a 514.5 nm
Argon laser at 50% power with a 50× aperture. Nitrogen adsorp-
tion/desorption was carried out with a Quantachrome Autosorb 6-B
gas sorption system to obtain the BET surface area and BJH pore size
distribution.

2.4. Electrochemical tests

The electrochemical tests were controlled with a CHI660C work-
station (CH Instruments, Inc., USA). Pt wire and Hg/Hg2SO4 (−0.69 V
vs. RHE) were used as the counter electrode and reference elec-
trode, respectively. The working electrodes were prepared by
applying catalyst ink onto the pre-polished glassy carbon disk
electrodes (15 �g Pt/C on 5 mm disk in diameter) [47]. The work-

ing electrodes were first activated with cyclic voltammograms
(50 mV s−1, 0–1.1 V) in N2-saturated 0.5 M H2SO4 solution until
a steady CV was obtained (∼100 cycles) in a specially designed
6-channel electrochemical cell (Fig. 2). The durability tests were
carried out in N2-saturated 0.5 M H2SO4 solution in the 6-channel
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ig. 2. 6-Channel electrochemical cell (six working electrodes are connected in-
arallel).

lectrochemical cell with potential step electrochemical stress-
ng method (1.4 V 10 s to 0.85 V 5 s) which focuses on support
orrosion [47]. Before and after the degradation test, the linear
weep voltammograms (LSV) for oxygen reduction reaction (ORR)
ere measured with a rotating disk electrode test system (Pine

nstruments Company, USA) in O2-saturated 0.5 M H2SO4 solution
10 mV s−1, 1600 rpm) in a standard 3-electrode cell. All the tests
ere conducted at room temperature. The electrode potentials
ere scaled to reversible hydrogen electrode (RHE).

. Results and discussions

Fig. 3 shows the XRD patterns of MPC and GMPC. It can be seen
hat three broad XRD diffraction peaks appear on MPC, i.e., C(0 0 2)
t 2� = 24.0◦, C(1 0 1) at 2� = 43.7◦ and a diffraction peak at 2� = 79.4◦
48–50]. For GMPC, the C(0 0 2) (2� = 26.4◦) and C(1 0 1) (2� = 42.8◦)
iffraction peaks become sharper and narrower, and several more
iffraction peaks become evident, which are assigned to C(0 0 4)
t 2� = 54.5◦, C(1 1 0) at 2� = 77.6◦, C(1 1 2) at 2� = 83.5◦, C(0 0 6) at

Fig. 3. XRD patterns of MPC (850 ◦C) and GMPC (2800 ◦C).
Fig. 4. Raman spectra of MPC (850 ◦C) and GMPC (2800 ◦C).

2� = 86.8◦, indicating the high crystallinity (graphitization degree)
of the carbon structure in GMPC [5,51]. The interplanar d-spacing
(d0 0 2) can be calculated from the 〈0 0 2〉 reflection using Bragg’s
law (d = n�/2 sin(�)), which are 3.71 Å and 3.37 Å for MPC and GMPC,
respectively. The d0 0 2 of GMPC is very close to that of an ideal struc-
ture of graphite (3.35 Å), which also indicates the highly ordered
graphitic structure of GMPC [52].

The Raman spectra of GMPC and MPC are shown in Fig. 4. The
two peaks are attributed to the D band at 1340 cm−1 and the G
band at 1580 cm−1, respectively. The D band is often referred to
as the “disordered” band and G band as the “ordered” graphitic
band. Therefore, the relative intensity of the G band and D band
(IG/ID) is indicative of the graphitization degree [5,28]. The IG/ID
ratio was calculated to be 1.58 and 1.03 for GMPC and MPC, respec-
tively. The higher IG/ID ratio of GMPC indicates a much more
ordered graphitic structure [53], which is consistent with the XRD
results.

Fig. 5 shows the TEM images and the selected area elec-
tron diffraction (SAED) pattern of GMPC. The individual layered
graphene planes with ribbon-like highly ordered graphitic struc-
tures can be observed in the high-resolution TEM image (Fig. 5b).
The interlayer distance can be calculated to be 3.37 Å from the SAED
pattern. This is consistent with the XRD and Raman analysis.

Fig. 6 shows the nitrogen adsorption/desorption isotherms and
the pore size distributions (inset) of mesoporous carbon before
and after the heat-treatment at 2800 ◦C. It can be seen that
after the graphitization, the specific surface area decreases from
∼500 m2 g−1 to ∼220 m2 g−1 which is still comparable to that of
the widely used Vulcan carbon black XC-72. The reduction of spe-
cific surface area is attributed to the elimination of micropores due
to the crystallization of the amorphous carbon in MPC. The pore
size distribution remains between MPC and GMPC. Therefore, most
of the mesoporous structures are retained after high-temperature
graphitization while the specific surface area is still sufficiently high
for catalyst support application.

Pt nanoparticles were deposited on GMPC and Vulcan carbon
XC-72 with the assistance of PDDA. Fig. 7 shows the TEM images
of Pt/GMPC and Pt/XC-72. It can be seen that Pt nanoparticles
(∼3 nm in diameter) are uniformly dispersed on both GMPC and
Vulcan carbon XC-72. Generally, it is very difficult to uniformly
deposit metal nanoparticles on hydrophobic materials such as
GMPC if there is no surface functionalization. But in this work,
the long-chain positively charged PDDA [54] can effectively trap

the negatively charged [PtCl6]2− (H2PtCl6 was used as a Pt pre-
cursor) and help stabilize and disperse Pt nanoparticles on carbon
support. Apparently, this PDDA-functionalization strategy allows
facile synthesis of Pt nanoparticles on hydrophobic substrates with-
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Fig. 5. TEM (a, b) images and the selected area elec

Fig. 6. Nitrogen adsorption/desorption isotherms of MPC (850 ◦C) and GMPC
(2800 ◦C) (inset: the pore size distributions).
tron diffraction (SAED) (c) pattern of GMPC.

out the concerns of hazardous chemical functionalization processes
using strongly oxidizing acids [39,55], which may also destroy the
intrinsic structure of graphitic carbon. The facile synthesis method
is anticipated to be widely applicable for the synthesis of metal
nanoparticles/hydrophobic substrates composites.

Fig. 8 shows the XRD patterns of Pt/GMPC and Pt/XC-72 which
reveal the diffraction peaks of both carbon and platinum. The
diffraction peaks from graphitic structures of GMPC are still evident
and Pt on both samples exhibits similar crystalline structures. Due
to the highly graphitic structure of GMPC, Pt and carbon diffraction
peaks overlap at around 40◦ and 82◦ on Pt/GMPC.

Fig. 9 shows the typical oxygen reduction polarization curves
and cyclic voltammograms (CVs, inset) on Pt/GMPC and Pt/XC-
72 before and after 44 h electrochemical stressing test. It can be
seen that hydrogen adsorption/desorption (0–0.4 V in CVs) are
suppressed and the oxygen reduction polarization curves are neg-
atively shifted for both samples. The electrochemical surface areas

(ESA) of Pt, which is indicative of Pt nanoparticle dispersion and
how many Pt atoms are possibly active in electrochemical reac-
tions, were calculated from the hydrogen adsorption/desorption
charge (210 �C cm−2) [56]. The oxygen reduction kinetic currents
were obtained using the Koutecky–Levich equation with mass-
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Fig. 7. TEM images Pt/GMPC and Pt/XC-72.

Fig. 8. XRD patterns of Pt/GMPC and Pt/XC-72.
rces 195 (2010) 1805–1811 1809

transport correction [11]:

Ik = Id × I

Id − I
(1)

where Ik is the mass transfer-free kinetically controlled ORR cur-
rent, Id is the measured diffusion-limited current, and I is the
experimentally obtained current (background subtracted). The
durability of the electrocatalysts can be characterized by the reten-
tion percentages of ESA and ORR values after the electrochemical
stressing, which are shown in Fig. 9c and d (we ran three tests for
each sample and the data shown here are averaged values with the
deviation <±4.0%).

From Fig. 9c, it can be seen that the initial ESA of Pt/GMPC is
slightly lower than that of Pt/XC-72, and Pt/GMPC exhibits slightly
higher oxygen reduction current density (A g−1). This might be
attributed to the subtle difference in Pt nanoparticle shapes and/or
sizes. It might also be due to the difference in the conductivity of
supports. GMPC exhibits higher graphitization degree, which usu-
ally leads to higher conductivity of carbon materials [4,45,57–59]
(>300 S cm−1 for GMPC vs. 4.0–7.0 S cm−1 for Vulcan XC-72 [45,58]).

Fig. 9d shows the durability of Pt/GMPC and Pt/XC-72 in terms
of the retention percentage of ESA and ORR current density. It
can be seen that, after the 44 h electrochemical stressing test,
Pt/GMPC retains ∼45% of the initial ESA and ORR values but only
∼20% of the initial ESA and ORR values for Pt/XC-72. Therefore,
the durability of Pt/GMPC is improved by a factor of ∼2 under our
potential step electrochemical stressing condition which focuses
on the degradation of support by separating carbon corrosion
from Pt dissolution/redeposition [47]. The durability can also be
measured by the degradation in the half-wave potential (E1/2) of
oxygen reduction [7]. It can be calculated from the oxygen reduc-
tion polarization curves (Fig. 9a and b) that the E1/2 is negatively
shifted by 48 mV and 73 mV for Pt/GMPC and Pt/XC-72, respec-
tively, which indicates that Pt/GMPC is much more durable than
Pt/XC-72 [7]. Because the Pt nanoparticle size and crystallinity are
similar for both Pt/GMPC and Pt/XC-72 as can be seen from TEM
images and XRD patterns, the only key difference between these
two electrocatalysts lies in the support materials. More specially,
the enhanced durability of Pt/GMPC can be mainly ascribed to
the specific properties of GMPC: high degree of graphitization and
mesoporous graphitic structures. Following are the general degra-
dation mechanisms of PEM fuel cell electrocatalysts [2,3]: (i) Pt
dissolution/redeposition, which is also called the Ostwald ripening
process, involves the dissolution of Pt from small particles and the
redeposition of soluble Pt species onto large particles, (ii) the migra-
tion and coalescence of Pt nanoparticles on the carbon supports,
and (iii) the detachment of Pt nanoparticles from carbon supports,
which is typically caused by carbon corrosion. We have shown that
our accelerated degradation test (ADT) protocol using potential
step electrochemical stressing method can separate support corro-
sion and Pt dissolution/redeposition and the degradation model of
Pt/C electrocatalysts under this ADT test is mainly caused by carbon
support oxidation [47]. The electrochemical durability of carbon
increases with its degree of graphitization [5,31]. This is because
the corrosion of carbon usually starts from the structure defects,
and carbon with higher degree of graphitization has significantly
lower defects [32]. The enhanced � bonding strength of graphene
sheets in GMPC due to the increased graphitization degree [60]
might make Pt-carbon interaction stronger which also helps stabi-
lize Pt nanoparticles during the degradation test [2,61]. The metal

nanoparticle–substrate interactions might be further enhanced by
the increased interfacial contact area between the convex metal
nanocrystals and concave mesopores in GMPC [61,62]. Therefore,
the highly ordered graphitic structures of GMPC contribute to the
high durability of Pt/GMPC.
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ig. 9. Linear sweep voltammograms of oxygen reduction (10 mV s−1, 1600 rpm) and
b) before and after the degradation test; the initial electrochemical surface areas
SA and ORR after the degradation test (d).

. Conclusions

A highly graphitized mesoporous carbon (GMPC) is prepared by
eat treating the self-assembled soft-template mesoporous carbon
MPC) at high temperatures. Pt nanoparticles (∼3 nm) are uni-
ormly and facilely deposited on GMPC through the noncovalent
unctionalization of GMPC with poly(diallyldimethylammonium
hloride) (PDDA) followed by reducing Pt precursor in ethy-
ene glycol (EG). Pt/GMPC thus prepared exhibits a much better
urability (∼2 times) under our potential step electrochemi-
al stressing condition which focuses on support corrosion and
igher activity towards oxygen reduction reaction (ORR) than
he widely used Pt/XC-72, which are attributed to the enhanced
orrosion resistance of graphitic structure of GMPC. GMPC is a
romising durable catalyst support for fuel cells. The approach
eported here provides a facile and promising strategy to syn-
hesize electrocatalysts with high durability and activity for
EM fuel cells. This strategy can be widely applied to the
ynthesis of metal nanoparticles on hydrophobic support materi-
ls.
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