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Abstract The present paper describes an easy and quick
synthesis of hollow core mesoporous shell carbon
(HCMSC) simply templated from unpretreated solid core
mesoporous shell silica using a cheap precursor like sucrose.
Physical characterizations showed uniform spherical carbon
capsules with a hollow macroporous core of ca. 305- and
55-nm-thick mesoporous shell, forming a well-developed 3-
D interconnected bimodal porosity. High specific surface
area and large pore volume were also confirmed, suggesting
the obtained HCMSC as a promising catalyst support.
HCMSC-supported Pt (nominal 20 wt.%) with an average
Pt particle size of 1.9 nm was synthesized by wet impreg-
nation, and a signal of strong interaction between carbon
support and platinum was confirmed by X-ray photoelectron
spectroscopy. In cyclic voltammetry and linear sweep vol-
tammetry tests, the P/HCMSC electrode showed signifi-
cantly higher electrocatalytic activity for methanol
oxidation reaction (MOR) and oxygen reduction reaction
(ORR) if compared with commercial Pt/Vulcan catalyst.
The durability tests by cyclic voltammetry showed for the
Pt/HCMSC a lower electrochemical active surface area loss
than the commercial one in acidic solution. All the primary
tests suggested that the PHCMSC, due to its particular
structure and the high dispersion of noble metal particles,
is a promising catalyst for fuel cell applications, for MOR
and ORR.
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Introduction

Since the introduction of fuel cells (FCs) technology, carbon
materials have been widely studied as supports for precious
metals catalysts (e.g., Pt, Pd, Ru, etc.) [1-4]. As suitable
supports for FC catalysts, carbon materials should possess
high specific surface area, good electrical conductivity,
diffusion-favored porosity, and high stability in FCs envi-
ronment. Up to 1990s, the most commonly used catalyst
support in low-temperature FCs was carbon black (e.g.,
Vulcan XC-72R, Black Pearls, and Denka Black [3]). How-
ever, in order to improve the electrochemical activity and
stability of the supported catalysts, new carbon materials
with controlled and tunable nanostructures have been abun-
dantly developed, as summarized in the literature [5]. Or-
dered mesoporous carbons (OMCs) with narrow pore-size
distributions (PSDs), high specific surface areas (up to
1,800 m* g "), and large pore volumes were successfully
templated from silicas and used as novel catalyst supports in
FCs [4, 6-8]. Generally, metal-supported OMCs presented
high metal dispersion because of the high specific surface
area, good mass transfer because of the ordered porosity, but
low metal accessibility because of the presence of Pt located
into the pores without Nafion® ionomer access [9]. Carbon
nanotubes have been deeply investigated as catalyst sup-
ports for low-temperature FCs because of their high elec-
tronic conductivity, large specific surface area, and high
stability [10]. However, the high cost and the complexity
of the synthesis methods hindered the commercialization of
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carbon nanotubes. Carbon nanohorns, carbon nanocoils, and
carbon fibers have also been studied as FC catalyst supports
and showed promising results [11-13].

Hierarchically porous carbons, especially those possess-
ing well-defined macropores and interconnected meso- and/
or micropores, attracted much attention because of their
excellent performance of mass transport from macropores
and their high specific surface areas from micro-/mesopores
[14—17]. Ren et al. [15] reported a dual-porosity carbon with
a high specific surface area (>1,000 m? g ') as well as large
pore volume (>1.2 cm® g ), and its corresponding PtRu/C
catalyst demonstrated a higher activity toward methanol
oxidation reaction (MOR) than commercial electrocatalysts.
Chen et al. [16] also demonstrated that bimodal porous
carbon materials with three dimensionally interconnected
structures were promising supports in FC application. In
the last decade, since firstly reported by Yoon et al. in
2002 [17], a unique dual-porosity carbon structure with
macroporous hollow cores and mesoporous shells, named
hollow core mesoporous shell carbon (HCMSC), was con-
sidered to be promising for FC application as catalyst sup-
port [18-21]. In their synthesis, HCMSCs were templated
from pre-treated solid core mesoporous shell (SCMS) silica
with phenol-paraformaldehyde resin or divinylbenzene/azo-
bis-isobutyronitrile (DVB/AIBN) as precursors. However,
the incorporation of the reactive species (e.g., aluminum
oxide) onto the mesoporous silica template and use of
complicated precursors (e.g., DVB/AIBN) resulted in a
tedious process and high costs for carbon production.

In the present work, a novel and smart method to synthe-
size HCMSC with high specific surface area and large pore
volume is proposed, using unpretreated SCMS silica as
template and cheap sucrose as the carbon precursor. To the
best of our knowledge, such a quick and inexpensive meth-
od has not been reported so far. The obtained carbon mate-
rial was used as the support for platinum loading. The
dispersion of platinum nanoparticles, the MOR, the oxygen
reduction reaction (ORR), and the durability of the sup-
ported catalyst were systematically investigated and com-
pared with those of commercial Pt/Vulcan.

Experimental
Synthesis of SCMS silica and HCMSC

Mesoporous materials were intensively developed using
different organic and block copolymer surfactants [22, 23].
In this work, submicrometer-sized solid core mesoporous
shell (SCMS) silica was synthesized from the simultaneous
polymerization of tetracthoxysilane (TEOS) and octadecyl-
trimethoxysilane (C;3TMS) followed by removal of the
organic group, according to the procedure reported by
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Buchel et al. [24]. Firstly, 6.3 ml of aqueous ammonia
(32 wt.%, Sigma Aldrich) was added into a solution con-
taining 150 ml of ethanol and 20 ml of doubly distilled
water. After stirring for 15 min, 12 ml of TEOS (98 wt.%,
Sigma Aldrich) was added at 30 °C under vigorous stirring,
and the above mixture was stirred for 6 h to yield uniform
silica spheres. Then, a mixture containing 10 ml of TEOS
and 4 ml C,gTMS (90 wt.%, Sigma Aldrich) was added into
the colloidal solution containing silica spheres and further
reacted for 1 h. The final SCMS silica material was retrieved
by centrifugation and further calcined at 550 °C for 6 h
under oxygen atmosphere.

HCMSCs were synthesized using a hard templating
method: 1 g of SCMS silica was added to a solution con-
taining 0.63 g of sucrose, 0.07 g of H,SO,4 (97-98 wt.%,
Sigma Aldrich), and 2.5 g of H,O. The mixture was kept in
an oven for 6 h at 100 °C, and subsequently, the temperature
was increased to 160 °C and maintained for another 6 h. The
heating procedure was repeated after the addition of 0.4 g of
sucrose, 0.05 g of H,SOy, and 2.5 g of H,O, in order to
completely infiltrate the internal pores of SCMS silica with
carbon. The carbon-silica composite was obtained after
pyrolysis at 900 °C for 6 h and then washed in 5 wt.% HF
(Sigma Aldrich) solution to remove silica template.

Preparation of Pt/HCMSC catalyst

Dispersion of the catalytic metal on the HCMSC was
achieved by wet impregnation technique. A solution of chlor-
oplatinic acid hexahydrated (H,PtClg-6H,0, Sigma Aldrich)
in acetone was added dropwise to the carbon powder. The
mixture was ultrasonicated for 30 min and then stirred for 2 h.
The slurry was then heated at 60 °C, with continuous stirring,
in order to evaporate the excess acetone. The amount of acid
in the solution depended on the desired platinum content in
the catalyst [25]. The sample was then treated under H, flow
at 300 °C for 2 h in order to reduce the PtCls>~ ions to metallic
Pt. In this work, HCMSC-supported catalysts were prepared
and denoted as PYHCMSC, with a nominal 20 wt.% of Pt
loading. A commercial 20 wt.% Pt/Vulcan electrocatalyst (E-
Tek) was used for comparison tests. The nominal and com-
mercial values included all the Pt content without distinguish-
ing between oxidized or metal Pt.

Surface characterization

The morphology of the samples was examined using a FEI
inspect SS0/EDAX. Field emission scanning electron mi-
croscope (FESEM; model JEOL JSM 6700F) was also
employed to determine the surface morphology and spheres
sizes. Nitrogen adsorption isotherms at 77 K were recorded
by an ASAP2010 Instrument (Micromeritics). The specific
surface area (SSA) of the samples was calculated through
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the Brunauer—-Emmet—Teller (BET) method within the rela-
tive pressure range of 0.05 to 0.2 [26]. The PSD was
obtained with the Barrett—Joyner—Halenda (BJH) method
calibrated for cylindrical pores according to the improved
Kruk—Jaroniec—Sayari (KJS) method [27].

The X-ray diffraction (XRD) patterns were collected with
a Philips X-Pert MPD X-ray diffractometer equipped with a
Cu Ko radiation and 0.02° step size (6 s step time) at 40 kV
and 30 mA. High-resolution transmission electron micros-
copy (HRTEM; model JEOL JEM 2010) was employed for
estimation of the platinum particle size and distribution in
the carbon supported catalysts. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out using a
Physical Electronics PHI 5800 (USA) multi-technique
ESCA system (with monochromatic Al-Ka X-ray radia-
tion). The survey and narrow spectra were obtained with
energy of 187.8 and 23.5 eV, respectively. The samples were
placed in an ultrahigh vacuum chamber at 2x 10 '° Torr.

The platinum-to-carbon weight percentage in the cata-
lysts was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) with a Varian Liberty 100
instrument. Prior to analysis, the samples were digested in
hot concentrated HCI/HNOs=3:1 mixture.

Electrochemical characterization and accelerated
degradation tests

Electrochemical measurements were carried out on an elec-
trochemical workstation (CHI 600D series) at room tempera-
ture in a three-electrode system. An Ag/AgCl (1.0 M CI)
electrode and a Pt wire were used as reference electrode and
counter electrode, respectively. The calculation of the Ag/
AgCl reference electrode potential in 1.0 M KCI solution
compared to the reversible hydrogen electrode (RHE) provid-
ed the value of 0.255 V. Cyclic voltammetries (CVs) were
conducted in N,-saturated 0.5 M H,SO, solution with or
without 1.0 M CH;OH at a scan rate of 10 mV s '. Chro-
noamperometric experiments were carried out in 0.5 M
H,SOy, solution with 1 M CH;OH at room temperature, with
the electrode potential fixed at 0.6 V (vs. Ag/AgCl). A glassy
carbon covered with a thin layer of Nafion®-impregnated
catalyst (geometrical area 0.076 cm?) was employed as the
working electrode. Prior to measurement, N, was bubbled
directly into the cell for at least 15 min to saturate the solution.
Potential cycling is a common accelerated degradation test for
electrocatalysts of FC because it is simple and time-effective
[28-31]. The working electrode was cycled between 0.2 and
1.0 V (vs. Ag/AgCl) at a scan rate of 1.0 V™' in N,-saturated
0.5 M H,SOy solution. The potential range of 0.2-1.0 V
(vs. Ag/AgCl) for accelerated degradation tests assured the
accelerated corrosion of carbon supports as well as the sinter-
ing of Pt nanoparticles based on the protocol suggested by
DOE [32] and other literature papers [28, 33]. The cyclic

voltammograms were recorded at a scan rate of 10 mV s '

after every 1,000 consecutive potential cycles. The hydrogen
desorption peak area was used to quantify the electrochemical
active surface area (EASA). Linear sweep voltammetry (LSV)
was performed in O,-saturated 0.5 M H,SO, solution at a scan
rate of 5 mV s~'. A rotating glassy carbon disk covered with a
thin layer of Nafion®-impregnated catalyst (geometrical area
0.126 cm?®) was used as the working electrode, and the rotation
rate of the disk varied between 100 and 2,500 rpm. Oxygen
was bubbled directly into the cell for at least 30 min before
the test and was flushed over the cell solution during the
measurement.

Both the working electrodes for CVs and LSVs were
prepared with the same procedure as follows: 5.0 mg of
catalyst (Pt/Vulcan or PtYHCMSC) was mixed with 0.1 ml
of ethanol, 0.1 ml of isopropanol, and 30 ul of Nafion®
solution (5 wt.%, Quintech). The mixture was sonicated
for 30 min to obtain the ink slurry. Then 5 ul of the slurry
was applied to the surface of each the glassy carbon
electrodes (0.076 and 0.126 cm?, respectively), and the
lined electrodes were kept at room temperature for 1 h
before use. The obtained results from the analyses were
then normalized per milligram of Pt.

Results and discussion
Surface characterization of HCMSC and PtHCMSC catalysts

The morphological characterization of SCMS silica and
HCMSC supports was performed by SEM and FESEM. Fig-
ure 1 shows representative SEM images of the SCMS silica
and HCMSC. In Fig. la, most of the SCMS silica particles
were spherical and uniform with an average particle size of
430 nm, while the HCMSC (Fig. 1b) showed a smaller parti-
cle size of ca. 410 nm, indicating a slight shrinkage compared
to its parent silica template. The FESEM images (Fig. 1c, d)
confirm that the HCMSC had a hollow core diameter of ca.
305 nm and shell thickness of ca. 55 nm.

Nitrogen adsorption—desorption isotherms for SCMS and
HCMSC are shown in Fig. 2a, which can be classified as a
type IV isotherm with H,-type hysteresis according to the
International Union of Pure and Applied Chemistry nomen-
clature. Surface structural parameters for the HCMSC and
Vulcan are summarized in Table 1. The SCMS silica pos-
sessed a rather small SSA of 326 m* g ' as well as a quite low
pore volume (Fig. 2b), whereas the corresponding HCMSC
exhibited a large SSA of 1,258 m* g ' and a total pore volume
of 1.06 cm® g~! (Table 1), which were mainly attributed to the
presence of the mesopores in the shell. A narrow PSD cen-
tered at ca. 3.3 nm was estimated for the mesopores in the
HCMSC. From Table 1, it is evident that the porosity of
HCMSC prepared from sucrose was similar to that prepared
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Fig. 1 SEM micrographs of
SCMS silica (a) and its carbon
replica HCMSC (b); FESEM
micrographs of HCMSC (¢, d)

from phenol-paraformaldehyde resin (HCMSC 1 [20]) but
possessed a much higher SSA than the one synthesized from
divinylbenzene/azobis-isobutyronitrile (HCMSC 2 [21]). All
the HCMSCs exhibited much larger SSA and mesopore vol-
ume than the Vulcan (E-Tek [18]). Additionally, each carbon
capsule of the HCMSC had a bimodal pore system composed
of a spherical macroporous core and mesopores in the shell
connecting inside and outside of the hollow core, while Vul-
can exhibited an appreciable amount of micropores (<2 nm)
except for the randomly distributed mesopores and macro-
pores with varying sizes.

XRD patterns for PYHCMSC and commercial Pt/Vulcan
electrocatalysts are shown in Fig. 3. Both XRD patterns of
the Pt/C electrocatalysts exhibited the main characteristic
peaks of FCC crystalline Pt with planes of (111), (200),
(220), and (311) located at 39.5°, 46.3°, 67.5°, and 81.5°
in the 260 axis [34]. The first broad peak at 26 of 23.9°
belonged to the carbon support.

From HRTEM images of Pt/HCMSC, at both low
(Fig. 4a) and high magnification (Fig. 4b), the platinum
particles appeared well homogeneously and highly dis-
persed on the HCMSC surface: Both the external shell and
the internal core of the support resulted completely covered
by nanosized metal particles. The evaluation of the platinum
particle distribution was performed on the higher-
magnification HRTEM picture (Fig. 4b), as shown in
Fig. 5: The particle size distribution appeared very narrow,
centered on a mean particle size of 1.9 nm, with very low
standard deviation. Moreover, the Pt particles incorporated
on HCMSC were found to be smaller than those in the
commercial Pt/Vulcan catalyst (2.4 nm [35]), due to the
much higher SSA of the HCMSC. Determined by ICP-
AES analysis, the overall Pt percentage in the synthesized
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Pt/HCMSC was 16.7 wt.%, whereas the Pt percentage of the
commercial Pt/Vulcan was 19.6 wt.%.

The Pt oxidation state and the interaction between carbon
support and platinum metal were determined by XPS. The
XPS referred to a C 1s value of 284.6 eV. As shown in
Fig. 6a, the Pt 4f peaks were deconvoluted into Pt 4f5,, and
Pt 4f5,, doublets labeled as 1, 2, 3 and 1, 2', 3/, with the
corresponding binding energy and relative ratio listed in
Table 2. The most intensive doublet, namely | and 1’, was
attributed to metallic platinum [36]. The second intensive
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Table 1 Surface characterization of PtYHCMSC and Pt/Vulcan from
BET and BJH analyses

Carbon support SSA Dy Viotal Vimicro
(m* g™ (nm) em*gh)  (em’gh)
HCMSC 1258 33 1.06 0.21
Vulcan [18] 230 - 0.31 0.09
HCMSCI1 [20] 1290 3.0 0.80 —
HCMSC2 [21] 759 3.9 0.99 -

doublet, namely 2 and 2', belonged to PtO or Pt(OH),, as
reported by Kim et al. [37]. The last doublet showed quite
low intensity, which was assigned to PtO,-xH,0 or Pt(OH),
[38]. The fraction of metallic platinum on the surface,
Pt(0)s, can be evaluated from the intensity of the first
doublet (1 and 1’). It can be seen that PtYHCMSC catalyst
displayed a higher Pt(0)s value than the commercial Pt/
Vulcan catalyst, indicating more active sites and a higher
catalytic activity for the former [39]. Furthermore, the bind-
ing energies of Pt 4f peak for PYHCMSC catalyst increased
by 0.2 eV when compared to that for Pt/Vulcan, as shown in
Fig. 6b. The observed slight shift of the doublet to higher
binding energies might be a signal of stronger carbon sup-
port/platinum interaction [20, 28]. For PUHCMSC catalyst,
the smaller Pt particles were likely to have higher fraction of
surface atoms interacting with the carbon support, compared
to larger particles, and thus stronger interaction was induced
between metal particles and carbon support.

Electrochemical characterization on the activity
of Pt/HCMSC catalyst

The cyclic voltammograms of Pt/HCMSC and Pt/Vulcan are
shown in Fig. 7, together with their respective carbon sup-
ports only. The double layer capacitance of Pt/HCMSC
catalyst increased due to the higher SSA of the HCMSC
support. The EASA of Pt nanoparticles can be obtained
from the hydrogen electrooxidation peaks after subtraction

E
8,
2
z
g PYHCMSC
kS
X ) . ) . _ Pt/Vulcan
10 20 30 40 50 60 70 80 90

2Theta []

Fig. 3 XRD spectra of PYHCMSC and Pt/Vulcan catalysts

Fig. 4 HRTEM micrographs of Pt/HCMSC at low (a) and high (b)
magnifications

of the double layer capacitance, by using the following
equation (Eq. 1) [40, 41]:

On

EASA =351 [P )

where Oy is the amount of charge during hydrogen desorp-
tion on the surface of Pt electrode (milli-Coulombs per
square centimeter), as shown in Fig. 7a, b; [Pt] represents
the platinum loading (grams per square meter) on the work-
ing electrode and 0.21 represents the Pt poly-crystallite
hydrogen adsorption constant (milli-Coulombs per square
centimeter). The obtained EASA were 120.1 m? gpt_l for Pt/
HCMSC and 66.0 m* gp ' for Pt/Vulcan, respectively, as
listed in Table 3. The theoretical specific surface area
(TSSA) for Pt particles was also calculated from the crys-
tallite size determined from the HRTEM particle size distri-
bution, using the following equation (Eq. 2) [42]:

6
TSSA = — (2)
p-d

60 PYHCMSC statistics:

50 min: 1.4 nm
mean: 1.9nm

40 max: 2.7 nm
st.dev.. 0.21

Pt particles distribution [%]
L)
o

14 16 18 20
Pt particle diameter [nm]

22 24 26 28

Fig. 5 Platinum particle size distribution of PYHCMSC evaluated
from Fig. 4b
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Fig. 6 Deconvolution of XPS Pt 4f spectra for PYHCMSC (a); com-
parison of Pt 4f spectra for PYHCMSC and Pt/Vulcan catalysts (b)

where p is the density of platinum (21.4x10° g m ) and d is
the mean diameter of the particle (meters) determined from
HRTEM for Pt/HCMSC catalyst and taken from literature
[35] for Pt/Vulcan catalyst (see Table 2). The Pt utilization
efficiency, Ep, of the catalysts calculated from EASA and
TSSA is also reported in Table 3. The EASA calculated
from CVs exhibited some losses compared with the TSSA
from the HRTEM, which was probably attributed to the
blocking or anchoring of the Nafion® on the surface of Pt
particles and to the inaccessibility of catalyst deep inside the
micropores of the carbon support [43]. It should be noted
that Ep, for PYHCMSC catalysts was 24.9 % higher than that
of Pt/Vulcan catalyst. The high Ep, of PHCMSC resulted
partly from the uniform dispersion of Pt nanoparticles with
small size (average 1.9 nm) and partly from the narrow-size

distribution of mesopores (between 2.0 and 4.0 nm) on
HCMSC support. Additionally, the unique well-combined
bimodal nanoporous structure of HCMSC, providing more
efficient mass transport networks around Pt nanoparticles,
could also contribute to the higher Pt utilization efficiency
of PHCMSC electrocatalyst.

The electrochemical catalytic activities of Pt/ HCMSC
and commercial Pt/Vulcan toward MOR were investigated
through CV. Prior to analysis, the electrodes were placed in
the N,-saturated 0.5 M H,SO4 and 1.0 M CH;0H aqueous
solution for about 10 min to allow the system reaching a
stable state. The CV curves of Pt/HCMSC for MOR were
obtained after about 10 cycles and compared with Pt/Vulcan
under the same condition as shown in Fig. §. For both
catalysts, the peaks observed at about 0.69—0.77 V in the
forward scan (/;) were characteristic of MOR [44], whereas
the peaks at about 0.45-0.46 V in the reverse scan (/) were
primarily associated with removal of the residual carbon
species formed in the forward scan [45]. The I/I, value,
which was usually applied as an index to evaluate the
tolerance of catalyst to CO poisoning [46] was calculated
and listed in Table 3. A higher /¢/I;, value suggested that a
higher amount of methanol was completely oxidized to
carbon dioxide [47]. The catalyst Pt/HCMSC exhibited an
I/I, of 1.95, which was much higher than that of Pt/Vulcan
(I#1,=0.87), indicating higher efficiency toward MOR for
the former. The potential of the methanol oxidation peak (/f)
can also be used to evaluate the catalysts’ activity. The
lower peak potential is usually thought to result from higher
MOR activity of the catalyst [48, 49]. However, this poten-
tial is not always considered especially when catalyst sup-
ports with high BET SSA are involved. The supported
catalysts with higher activity could have positively shifted
MOR peak [18, 50-52]. In addition, this peak potential is
also dependent on the Pt loading of the GC electrode, which
is not the intrinsic property of the catalyst [53]. On the
contrary, the magnitude of the peak current density (/p) is
directly proportional to the amount of methanol oxidized at
the electrode and is commonly used to evaluate the activity
of the catalyst toward MOR [50, 53, 54].

The Pt/HCMSC presented a maximum mass activity
(MA o) 0f 275.8 mA mgpf1 toward MOR, which was sig-
nificantly higher than that for Pt/Vulcan (169.6 mA mgpt_l).

Table 2 Characterization of Pt/HCMSC and Pt/Vulcan from HRTEM and XPS analyses

Electrocatalyst =~ Mean Pt particle Pt 415, Pt 4f5), Percentage of
size (nm) metallic Pt
Binding energy (eV)  Relative ratio (%)  Binding energy (¢V)  Relative ratio (%)  on the surface
(Pt(0)s %)
Pt/HCMSC 1.9 71.52 28.68 74.90 23.64 52.32
Pt/Vulcan 2.4% 71.50 29.45 74.82 19.74 49.19

?Value taken from [35]
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Fig. 7 Cyclic voltammograms of PtHCMSC and Pt/Vulcan

The increased value in mass-normalized current density indi-
cated that the Pt catalyst supported on HCMSC had an en-
hanced intrinsic activity toward MOR.

Figure 9 shows the chronoamperometric curves of the
two catalysts toward MOR at 0.6 V. Both catalysts showed a
decay in the methanol oxidation current with time, which
may result from the poison of intermediate species on Pt
active sites [55]. Pt/HCMSC catalyst showed a little slower
decay rate and higher activity than the Pt/Vulcan catalyst
during the 50-min testing, evidencing that the PHCMSC
catalyst exhibited an enhanced catalytic activity toward
methanol oxidation.

The superior catalytic activity of Pt/HCMSC toward
MOR could be due to the higher Pt utilization efficiency
determined by CV and the unique pore structure minimizing

400
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Fig. 8 Methanol oxidation reaction for Pt/HCMSC and Pt/Vulcan

mass diffusion limitations [56]. This HCMSC material syn-
thesized from sucrose could be a promising catalyst support
for effective electrocatalysts in direct methanol fuel cells
(DMFCs) according to these primary results.

Figure 10 displays the LSV and Koutecky—Levich plots
(at 0.6 and 0.65 V, respectively) of Pt/HCMSC and Pt/
Vulcan catalysts at various rotating speeds of rotating disk
electrode. As presented in the LSVs, the limiting currents of
ORR on PtYHCMSC were much higher than those on the Pt/
Vulcan at the same scanning rates. The increase in the
limiting current is associated with the increase of molecular
oxygen diffusion through the electrode surface [57]. There-
fore, the enhancement of ORR on Pt/HCMSC could be
partly attributed to the diffusion-favored porosity of
HCMSC support. The kinetic currents (/y;,) of PYHCMSC
and Pt/Vulcan catalysts were calculated from Koutecky—
Levich analysis at 0.65 and 0.6 V, respectively, and the mass
activities were also derived from I;,, as listed in Table 3.
The mass activities of Pt/C catalysts were 0.025-0.031 A
mgp, ' at 0.60 V, which were similar to the activities of Pt/C
(16.6 wt.%) and Pt/OMC (11.5 wt.%) catalysts reported by
Elezovic et al. [58], and Zeng et al. [8], respectively, and
also in the range of 0.020-0.045 Amgp, ' for Pt/OMCs
(60.0 wt.%) reported by Joo et al. [59]. The kinetic currents
and mass activities of PYHCMSC were higher than those of
Pt/Vulcan, indicating the higher catalytic activity toward

Table 3 Electrochemical characterization of P/HCMSC and Pt/Vulcan from CV, MOR, and ORR analyses

Electrocatalyst EASA TSSA Epi (%) MOR ORR
m?gh  (m’g)
Il MA ax 0.6V 0.65V
©) (mA mgp, ')
]kin MA Ikin MA
(mA) (A mgp, ') (mA) (A mgp, ")
Pt/HCMSC 120.1 147.6 81.4 1.95 275.8 0.57 0.031 0.242 0.013
Pt/Vulcan 66.0 116.8 56.5 0.87 169.6 0.53 0.025 0.192 0.0089

EASA electrochemical active surface area of Pt particles, 7SS4 theoretical specific surface area of Pt particles, Ep, Pt utilization efficiency of the
catalysts calculated as EASA/TSSA, I/I, ratio between the peak observed in the forward scan () and peak observed in the backward scan (1,,),
MA,,., maximum mass activity toward methanol oxidation reaction derived from maximum current density, /;;, kinetic current intensity for oxygen
reduction reaction calculated from Koutecky—Levich, MA mass activity toward oxygen reduction reaction derived from /i,
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Fig. 9 Chronoamperometric curves of Pt/HCMSC and Pt/Vulcan for
methanol electrooxidation in 0.5 M H,SO, solution with 1 M CH;0H
at room temperature at 0.6 V (vs. Ag/AgCl)

ORR for the former. The metal/support interaction may be
partly responsible for the change of the mass activity. The
stronger interaction for Pt/HCMSC could enhance charge
transfer between carbon support and Pt particles, eventually
positively affected the catalytic activity.

Accelerated degradation tests on the durability
of PHCMSC catalyst

The electrocatalysts stability is one of the most important
issues in the development of supported catalysts for FC
application [60]. Carbon corrosion is considered to be a vital
cause of cathode degradation in proton exchange membrane
fuel cells (PEMFCs), which usually operates in a potential
window of 0.6-1.0 V (vs. SHE). The anode of DMFC,
operating around 0.4 V (vs. SHE), is also susceptive to
carbon support corrosion [61]. Another issue related to the
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Fig. 11 Cyclic voltammograms for PHCMSC and Pt/Vulcan after
consecutive cycling (a) and the related loss of EASA (b)

durability of FC catalysts is the sintering of Pt nanoparticles,
by either a coalescence mechanism (aggregation of adjacent
small particles by thermal motion during the electrochemi-
cal process) or an Ostwald ripening mechanism (dissolution
of small Pt particles and recrystallization into a large parti-
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cle) [3, 62—-65]. To evaluate the stability of the supported
catalysts, accelerated durability test was conducted by po-
tential cycling. Figure 11a shows the CVs for PUHCMSC
and Pt/Vulcan before cycling and after every 1,000 consec-
utive cycling. With cycling, a reduction on the hydrogen
desorption—adsorption peaks was observed for both cata-
lysts, indicating losses of EASA and catalyst degradations.
After 4,000 potential cycles, the loss of EASA for Pt/Vulcan
catalyst was 26.8 %, which was almost the 45.6 % more of
that for PUHCMSC catalyst (18.4 %), as shown in Fig. 11b.
The lower EASA loss for Pt/HCMSC was likely due to the
stronger interaction between Pt and HCMSC support con-
firmed by XPS, which minimized the coalescence and Ost-
wald ripening of small Pt nanoparticles [63, 64]. The unique
pore structure and high BET SSA of HCMSC support could
be helpful to confine the sintering of Pt nanoparticles and
improve the stability of the catalyst.

Conclusions

In the present work, HCMSC with a bimodal pore system
composed of a hollow core and mesoporous shell was facilely
synthesized by a liquid impregnation method, using cheap
sucrose as carbon precursor and unpretreated SCMS silica as
hard template. The prepared carbon materials with uniform
spherical grains showed a narrow pore-size distribution, a
high specific surface area, as well as a large pore volume in
the framework. The HCMSC-supported catalyst (Pt/HCMSC)
was prepared by solution impregnation with H,PtCls6H,O
and subsequent H, reduction. Smaller Pt particles, higher
fraction of metallic state Pt, as well as stronger interaction
between carbon and metal particles were detected for the Pt/
HCMSC, compared with the commercial Pt/Vulcan catalyst.
CV tests confirmed a high EASA and high Pt utilization
efficiency for the PYHCMSC, due to the small uniformly
dispersed Pt particles as well as the unique bimodal pore
structure of the HCMSC support. The Pt/HCMSC was found
to be more catalytic active toward methanol oxidation reaction
and oxygen reduction reaction compared to the commercial
catalyst Pt/Vulcan, which was consistent with its higher
EASA and higher Pt utilization efficiency. From the acceler-
ated degradation tests, the PYHCMSC showed less EASA loss
than the commercial Pt/Vulcan. From the present results,
HCMSC materials confirmed to be potential supports for FC
electrocatalysts suitable for both PEMFCs (ORR reaction) and
DMFCs (MOR reaction).
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