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ABSTRACT: Three-dimensionally ordered mesoporous carbon sphere array
(OMCS)-supported Pt nanoparticles (Pt/OMCS) were synthesized and studied
as electrocatalysts for the methanol oxidation reaction (MOR) and oxygen
reduction reaction (ORR). In the Pt/OMCS, the Pt particles with a mean size of
~1.6 nm are homogeneously dispersed on the mesopore walls of the carbon
spheres. The Pt/OMCS catalyst exhibits smaller Pt particle size, greater Pt
dispersion, larger specific electrochemically active surface area (ECSA), higher
activity for MOR and ORR, and better electrocatalytic stability than the carbon
black (Vulcan XC-72R)-supported Pt and commercial Pt/C catalysts.
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s high-efficiency energy conversion and environmentally

benign devices, proton-exchange membrane fuel cells
(PEMFC) have attracted great attention for transportation and
mobile applications."”” The noble metals (such as Pt and Pd)
are the most popular and effective catalysts for PEMFC;*™°
however, the high cost of the noble metals remains one of the
biggest hurdles to the commercial applications of PEMEFC.
Therefore, great efforts have been focused on developing
catalysts with high dispersion, proper particle size, and stability
to effectively utilize the noble metals and, consequently, lower
the cost of PEMFCs. One of the effective ways is developing
catalyst supporting materials with large surface areas, high
chemical stability, and excellent electrical conductivity. Carbon
materials are widely used as catalyst supports that can improve
the distribution of noble metal particles and, thus, achieve high
utilization of the expensive noble metals.

To further enhance the catalytic activity and durability of the
metal/carbon catalysts, there has been in recent years
considerable interest in the development of novel nano-
structured carbon materials, such as graphene, carbon nano-
tubes, carbon nanofibers, hollow carbon spheres, and ordered
mesoporous carbons as catalyst supports.’ > Among them,
mesoporous carbon materials as catalyst supports have received
growing attention because they can provide a high surface area
for highly dispersing catalyst nanoparticles and uniform
mesopores for ion diffusion.*'* Compared with the generally
used bulk mesoporous carbon powders, mesoporous carbon
spheres as catalyst supports are more easily accessible for the
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guest molecules as a result of their high surface-to-volume
ratio.">'® The organization of monodispersed mesoporous
carbon spheres into three-dimensionally (3D) ordered close-
packed arrays would offer important advantages for use as
catalyst supports in electrocatalysis.

The 3D ordered mesoporous carbon sphere arrays (OMCS)
contain hierarchical interconnected macropores (the voids
between the close-packed carbon spheres) and mesopores
(within individual carbon spheres), which would be desirable to
improve the electrocatalytic activity of the catalyst supported on
carbon spheres due to the high surface area from the mesopores
for high dispersion of the catalyst particles and efficient
transport of molecules and ions from the macropores for
increasing accessibility to the active sites.'” In addition, ordered
bicontinuous macropores provide a shorter molecule/ion
diffusion length in the reaction solution, resulting in more
efficient diffusion of reagents compared with the disordered
ones.'®'” The hierarchical combination of ordered macropores
and mesopores may allow for extremely fast mass transport
within the electrode film. Furthermore, the densely packed
carbon spheres would have better electrical conductivity and
mechanical properties than the carbon materials with loosely
aggregated particles.”””!

Received: January 23, 2014
Revised:  May 7, 2014
Published: May 8, 2014

dx.doi.org/10.1021/cs500107t | ACS Catal. 2014, 4, 1926—1930


pubs.acs.org/acscatalysis

ACS Catalysis

Generally, materials (e.g., SiO,,”* TiO,,”* and carbon’) with
3D ordered mesoporous sphere array structures can be
conveniently prepared by a combination of two-step micro-
molding (hard templating) and triblock-copolymer-templating
(soft templating) approaches. The employment of 3D ordered
mesoporous carbon sphere arrays as catalyst supports for the
anode and cathode reactions of the PEMFC has not yet been
reported. Herein, we first demonstrate the preparation of the Pt
nanoparticles supported on 3D ordered mesoporous carbon
sphere arrays (Pt/OMCS) and investigate their electrocatalytic
properties for the methanol oxidation reaction (MOR) and
oxygen reduction reaction (ORR).

The typical preparation of the Pt/OMCS is briefly described
by the procedure shown in Scheme 1. The PMMA (poly-

Scheme 1. Schematic of the Synthesis of the Pt/OMCS
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(methyl methacrylate)) colloidal crystals composed of ~460
nm PMMA spheres were first prepared by the published
method.** Then the PMMA colloidal crystal was used as an
initial template to synthesize silica inverse opal. For the
production of mesoporous carbon spheres, the silica inverse
opal was applied as a further template, the phenolic resol
precursor (M,, < 500) was employed as a carbon source, and
the triblock copolymer Pluronic F127 acted as a mesopore-
structure-directing agent.zo’25 After carbonation and then
removal of the silica inverse opal, ordered mesoporous carbon
sphere arrays (OMCS) were produced. Finally, the Pt
supported on OMCS was prepared by H, reduction of Pt
ions on the OMCS. The detailed preparation process can be
found in the Supporting Information.

Figure 1A shows the typical scanning electron microscopy
(SEM) image of the silica inverse opal with uniform
macroporous structure. Due to the condensation of silica
precursor during calcination,?® the macropore size shrinks to
~410 nm, ~11% smaller than the diameter of the original
PMMA spheres. Figure 1B reveals an SEM image of the
ordered mesoporous carbon sphere arrays. Through the two-

Figure 1. SEM images of (A) the silica inverse opal and (B) OMCS.
Inset: OMCS with (111) direction at a higher magnification.
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step replication procedure, as-prepared mesoporous carbon still
keeps the spherical shape and ordered close-packed face-
centered cubic (fcc) structure as in the initial PMMA opal, but
the diameter of the carbon spheres is observed to be ~380 nm,
~17% smaller than the original PMMA sphere diameter. This
volume contraction is due to the shrinkage of the carbon
precursor during the calcination process.”® Figure 2A shows the

Figure 2. (A) TEM image of the OMCS (inset: higher magnification
image of one of the mesoporous carbon spheres), (B) TEM image of
the Pt/OMCS, (C) higher magnification TEM image of the Pt/
OMCS, and (D) HR-TEM image of the Pt particles on the
mesoporous carbon spheres.

transmission electron microscopy (TEM) image of the
mesoporous carbon spheres. One of the spheres is enlarged
in the inset of Figure 2A and an ordered cubic mesostructure
with 7—9 nm cell parameter can be clearly seen. The relatively
large mesopore channels of OMCS are beneficial for the growth
of Pt nanoparticles on the carbon spheres.

Pt nanoparticles supported on the OMCS (Pt/OMCS) and
Vulcan XC-72R (Pt/XC-72R) were prepared for the electro-
catalytic reactions. The interconnected network structure with
hierarchical macropores and mesopores is well maintained
(Figure 2B and Supporting Information Figure S2) after
loading Pt particles on the OMCS, which is important for the
dispersion of Pt particles and the facile diffusion of reactants
during the electrocatalytic electrode reactions.””* Figure 2C is
the enlarged TEM image of one carbon sphere and shows that
the Pt particles are uniformly dispersed on the mesopore walls
of the carbon spheres. From the corresponding high-resolution
TEM (HR-TEM) image (Figure 2D), the mean size of the Pt
particles on OMCS is about 1.7 nm based on 100 Pt particles
randomly selected. The X-ray diffraction (XRD) (Figure 3) was
used to further investigate the Pt particle size. The Pt particle
sizes of the Pt/OMCS, Pt/XC-72R, and commercial Pt/C
(HiSpec3000, Johnson Matthey) catalysts estimated by the
Scherrer equation are 1.6, 2.9, and 2.5 nm, respectively, which is
in agreement with the HR-TEM observations (Figure 2D and
Supporting Information Figure S4). The size of the Pt particles
on OMCS is smaller than that on Vulcan XC-72R because of
the pore confinement effect that suppresses the growth of Pt
particles.**% !

Figure 4 compares the MOR and ORR performances of the
Pt/OMCS, Pt/XC-72R, and commercial Pt/C catalysts. The
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Figure 3. XRD patterns of the Pt/OMCS (a), Pt/XC-72R (b), and
commercial Pt/C (c) catalysts.
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Figure 4. (A) Cyclic voltammograms (CVs) of the Pt/OMCS (a), Pt/
XC-72R (b), and commercial Pt/C (c) catalysts in Ar-saturated 0.5 M
H,S0,; (B) CVs of the catalysts in Ar-saturated 0.5 M H,SO4 and 1 M
CH;0H; (C) ECSA-normalized CVs of the catalysts in Ar-saturated
0.5 M H,SO, and 1 M CH;OH ( scan rates for A, B, and C: 50 mV
s™1); (D) ORR curves of the catalysts in O,-saturated 0.5 M H,SO,
solution at room temperature (1600 rpm, scan rate: $ mV s™'); (E)
corresponding Tafel plots of the mass activity-potential curve for
ORR; and (F) loss of the ECSA of the catalysts with number of CV
cycles in Ar-saturated 0.5 M H,SO, solution at room temperature (0—
1.3 V vs RHE, scan rate: 50 mV s™*).

electrocatalytic results of the three catalysts are summarized in
Table 1. Figure 4A shows the cyclic voltammograms (CVs) in
0.5 M H,SO, solution at a scan rate of 50 mV s~'. The CV
curves reveal two distinctive potential regions associated with
hydrogen adsorption/desorption (below 0.35 V) and Pt
oxidation/reduction (above 0.4 V) processes, respectively.”>~>*
The specific electrochemically active surface area (ECSA) of
the Pt/OMCS is calculated to be 85.7 m? g_l, which is much
higher than that of the Pt/XC-72R (42.5 m® g™') and
commercial Pt/C (55.3 m* g™') catalysts. The larger ECSA is
ascribed to the smaller and higher dispersion Pt particles of the
Pt/OMCS catalyst.>>~>’

The electrocatalytic properties of these catalysts for MOR
were tested (Figure 4B and Figure 4C). The Pt/OMCS reaches
a forward anodic current peak value of 671 mA mg~’, which is
5.7 times and 4.6 times that of the Pt/XC-72R (118 mA mg™")
and the commercial Pt/C (145 mA mg '), respectively. After
normalization to the ECSA (Figure 4C), the Pt/OMCS exhibits
a peak current density of 0.78 mA cm™?, which is still far larger
than that of the Pt/XC-72R (028 mA cm™) and the
commercial Pt/C (0.26 mA cm™2). In addition, the ratio of I
(forward anodic current peak) to I, (reverse anodic current
peak) of the Pt/OMCS catalyst is 1.56, which is higher than
that of both the Pt/XC-72R (1.21) and the commercial Pt/C
(0.86) catalysts. This higher I; /I, indicates a better poisoning
tolerance of the Pt/OMCS catalyst for MOR.*® The I; /I, value
of the Pt/OMCS is comparable to or higher than that of the
reported Pt/ordered macroporous carbon spheres (1.60),* Pt/
mesoporous carbon nanofibers (1.23)*¢ and Pt/carbon sphere
chains (1.30)* catalysts.

The significantly enhanced MOR performance is not fully
understood yet, but may be related to the unique hierarchical
porous structure of the Pt/OMCS catalyst with highly
dispersed Pt particles. The high dispersion of small Pt particles
deposited on the mesopore walls of the carbon spheres
provides more active sites for the MOR, and the 3D
interconnected ordered macropores and mesopores allow the
facile transport of the reactant and product molecules and ions
to and from the catalyst, increasing the access of methanol to
the active sites.*'™** In addition, owing to the confinement
effect of the mesopores of the Pt/OMCS, the methanol
molecules are trapped to stay relatively longer and thus be
oxidized more efficiently on the surface of the Pt particles.*>*®
The rapid mass transport and more activity sites of the Pt/
OMCS may facilitate water dissociation to produce adsorbed
OH groups on the catalyst surface that can accelerate the
oxidation of the adsorbed CO intermediates, leading to the
enhanced poisoning tolerance of the catalyst.*>*’

Figure 4D shows typical ORR polarization curves of the
catalysts obtained in O,-saturated 0.5 M H,SO, solutions with
a scan rate of S mV s™' and rotating speed of 1600 r min~" at

Table 1. Pt Mass Contents, Pt Particle Sizes, ECSAs, Peak Current Densities for MOR in the Forward Scan, and ORR Activities
at 0.85 V of the Pt/OMCS, Pt/XC-72R, and Commercial Pt/C Catalysts

peak current density for MOR

ORR activities at 0.85 V

Pt Pt particle size” ECSA mass activity specific activity mass activity specific activity
sample content” (nm) (m* g™ (mA mg™') (mA cm™?) (mA mg™') (mA cm™)
Pt/OMCS 19.4% 1.6 85.7 671 0.78 212 0.28
Pt/XC-72R 19.1% 2.9 42.5 118 0.28 78 0.18
commercial Pt/C 19.6% 2.5 55.3 145 0.26 93 0.17

“The data were determined by inductively coupled plasma—atomic emission spectrometry (ICP). “The data were calculated by XRD.
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room temperature. The current densities were calculated by
normalizing to the geometric electrode area. To compare the
catalysts” intrinsic activity, the corresponding Tafel plots are
shown in Figure 4E. The kinetic currents of the electrocatalysts
are calculated by usin§ the mass-transport correction for
rotating disk electrodes:

LY

< (1)
where j is the mass-transport-free kinetic current density, j
refers to the experimentally obtained current density, and j, is
the measured diffusion-limited current density. The mass
activity can be determined by normalizing to the Pt loadings
and the specific activity can be determined by normalizing to
the ECSAs. The kinetic currents measured from Figure 4E are
summarized in Table 1. The kinetic mass current density of the
Pt/OMCS at 0.85 V is calculated to be 212 mA mg_l, which is
~2.3 times as high as that of the commercial Pt/C (93 mA
mg_l). After normalization to the ECSA, the Pt/OMCS still
shows the highest catalytic activity for ORR. The higher ORR
activities of the Pt/OMCS catalyst may be attributed to the
high dispersion of Pt particles on the mesopore walls of the
carbon spheres and the improved mass transfer due to the
interconnected macropores between the close-packed spheres
and ordered large mesopores.”**>*75°

The durability tests of the catalysts were carried out by
cycling the electrode potential between 0 and 1.3 V at a scan
rate of S0 mV s™! in argon-purged 0.5 M H,SO, solution at
room temperature. As can be seen in Figure 4F, the Pt/OMCS
catalyst loses only ~26% of its Pt ECSA after 1000 cycles,
whereas that of the Pt/XC-72R and commercial Pt/C catalysts
has decreased by 46% and 64%, respectively. The Pt/OMCS,
Pt/XC-72R, and Pt/C catalysts were investigated by TEM
before and after the durability tests (Supporting Information
Figure S4). The increased Pt particle size, the aggregation of Pt
particles, and the falling off of Pt particles from the carbon
support are considered the major contributors for the Pt ECSA
loss of the Pt/XC-72R and commercial Pt/C catalysts. By
contrast, there was only slight increase in Pt particle size, but no
obvious aggregation of Pt for the Pt/OMCS catalyst after the
durability test (Supporting Information Figure S4 and Figure
SS). This may be due to the confining effect of the mesopores
of OMCS on Pt particles, which further indicates the better
stability of the Pt/OMCS catalyst.>**>3!

In summary, 3D ordered mesoporous carbon sphere arrays
(OMCS) were prepared by a two-step replication approach.
The catalyst of Pt nanoparticles supported on OMCS (Pt/
OMCS) was successfully fabricated by the hydrogen reduction
method. The Pt particles with a mean size of ~1.6 nm are
uniformly dispersed on the mesopore walls of the carbon
spheres. The Pt/OMCS catalyst exhibits smaller Pt particle size,
greater Pt dispersion, higher electrocatalytic performance for
MOR and ORR, and better durability than Vulcan XC-72R-
supported Pt and commercial Pt/C catalysts. The higher
activity of the Pt/OMCS may arise from its unique hierarchical
structure with ordered macropores and mesopores that can
facilitate the mass transfer and improve the Pt particle
dispersion. In addition, the mesoporous structure of the
OMCS makes the Pt particles less vulnerable to dissolution
and aggregation during the electrocatalytic processes than those
supported on the carbon black, leading to a better durability for
electrocatalytic reactions. Thus, the Pt/OMCS would be a
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promising candidate as both the anode and cathode catalysts
for the PEMFC.
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