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Abstract:

The influence of hierarchical porosity on electrocatalytic property was investigated with Pt nanoparticles

supported on three types of carbon materials, namely, commercial Vulcan XC-72, ordered mesoporous carbon CMK-5,

and hierarchical carbon aerogel (HCA). The electrocatalytic activity of carbon supported Pt nanoparticles was verified by

cyclic voltammetry in H,SO, and CH;OH solution. PYHCA presented superior performance with higher peak current

(7.5 mA -cm™) and electrochemical active area (128.0 m?-g™). This could be attributed to the carbon aerogel with

continuous but nonperiodical mesopore structure, which facilitated dispersion of Pt nanoparticles and mass transport

around reactants and products.
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It is imperative to promote optimum activation of the catalyst
component in the electro-oxidation of hydrogen and methanol,
which would make fuel cell devices more efficient and more
economic!?!. This is often done by getting well dispersed Pt
nanoparticles on high-surface-area support while lowering the
total amount of noble metal used and thereby increase Pt utiliza-
tiont<.

Among the support materials for Pt nanoparticles, carbon
black is normally used because of its appropriate electronic con-
ductivity and surface area™. However, the diameter of the pores
within the carbon particles is too small to provide access for fu-

Pt nanoparticles;

Mesopore; Electrocatalytic property

el, electrolyte, and ions™'!

. One advisable strategy to reduce per-
formance degradation because of mass transport resistance is us-
ing an alternative carbon support with higher mesoporosity or
marcroporosity!2,

One-dimensional periodic porosity has been functionally and
aesthetically appealing. However, it is probably unsuitable for
surface-based applications such as adsorption area and catalytic
activity!™", Hence, since carbon support has been found to pos-
sess strong influence on the accessibility of the active sites!',
more effort is still needed to seek out the optimum architecture

of carbon support. Notably, carbon-silica composite aerogels
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constructed with a continuous mesoporous network make it
more expediently to ensure rapid mass transport of external
reagents and offer electronic conduction paths to the catalyst. In
this way, it became one of the preferred solutions to the hidden
Pt problem, and the activity of supported electrocatalyst was en-
hanced by orders of magnitude!'.

In addition, the metal particles could hardly be adsorbed on
the hydrophobic surface of supports. The actual loading of Pt
nanoparticles is much less than the initial input, herein named as
the lost Pt problem. It usually occurs during the process of re-
duction and subsequent treatments (e.g., rinse and dispersion)'s!,
In the present work, we investigated the effects of surface area
and mesopore percentage in three carbon supports on the Pt cat-
alysts for electro-oxidation of hydrogen and methanol. The Pt
nanoparticles were expected to have a high dispersion and ex-
cellent performance, which depended markedly on the pore
character of carbon support.

1 Experimental

Commercial carbon black Vulcan XC-72 (Cabot), hierarchical
carbon aerogel (HCA), and ordered mesoporous carbon CMK-5
were used as the support materials in the present work. Ordered
mesoporous carbon CMK-5!"! was synthesized using SBA-15
as a hard template and furfuryl alcohol as a carbon source, fol-
lowed by carbonization at 1073 K under N, atmosphere for 2 h.
The synthesis of hierarchical carbon aerogel was based on the
previously published works ® with addition of Pluronic F127
(M,=12600, PEO106PPO70PEO106, Sigma-Aldrich) as foamer.
Briefly, 3.1 g resorcinol and 5.35 g formalin (37%(w)) were
dissolved in 20 mL of magnesium hydroxide saturated solution
under magnetic stirring for 30 min. Meanwhile, 0.1 g F127 was
dissolved in 20 mL of ethanol to obtain transparent solution and
then added to the initial solution. The mixture was stirred for an-
other 1 h. After curing for 3 days at 363 K, the wet gels were im-
mersed in acetone to exchange the water inside the pores and
then dried at room temperature under ambient pressure. It was
transformed into hierarchical carbon aerogel after further car-
bonization at 1073 K for 2 h under N, atmosphere. The catalysts
with 20% (w) Pt were then prepared in a microwave oven (LG
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MG-5021MW1, 2450 MHz) at 700 W for 60 s''9.

The porous structures of the carbon supports were measured
by N, adsorption and desorption isotherm using Micromeritics
ASAP 2010 at 77 K. X-ray diffraction (XRD) patterns were
recorded by a Bruker D8 ADVANCE diffractometer using Cu
K, radiation (A=0.154056 nm). Transmission electron microscopy
(TEM, FEI Tecnai G?) operating at 200 kV was applied to chara-
cterize the morphology and particle distribution of the as-pre-
pared catalysts. The electrical conductivity of the samples was
determined by the four-point probe meter (Wentworth Labora-
tories probe station) at room temperature in conjunction with a
multimeter (Keithley 6514 system electrometer).

An electrochemical interface (Solartron 1287) and a conven-
tional three-electrode system were used to conduct voltammetry
experiments at room temperature. A saturated calomel electrode
(SCE) and a platinum foil were used as the reference electrode
and the counter electrode, respectively. The working electrode
was prepared according to our previous work!'®], The electro-
catalytic activity was measured in 0.5 mol +L™ H,SO, between
—0.22 V and 0.98 V at a scan rate of 20 mV +s™ and in 2.0 mol-
L™ CH;0H+1.0 mol-L™ H,SO, between 0 V and 1 V at the same
scan rate. The chronoamperometry curves were investigated in
the methanol system at 0.70 V.

2 Results and discussion
2.1 Porosity of different carbon supports

Three types of carbon supports were analyzed by the N, ad-
sorption-desorption isotherms at 77 K, as given in Fig.1. It can
be seen that Vulcan XC-72 has abundant micropores (<2 nm).
The hierarchical carbon aerogel possesses a small quantity of
micropores together with considerable mesopores of diameters
approximately 6.0 nm. In addition, the isotherm of CMK-5 is of
type IV with a pronounced H2-type hysteresis loop. It is indicat-
ed as an ordered mesostructure in CMK-5 with a narrow pore
size distribution centered at 3.8 nm™"),

The calculated textural characteristics of different carbon sup-
ports are listed in Table 1. The data indicate that the hierarchical
carbon aerogel consists of both mesopores and micropores like
the conventional Vulcan XC-72 carbon. However, the percent-
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Fig.1 N;sorption isotherms (a) and pore size distribution curves (b) of the carbon supports
Isotherms for CMK-5 and HCA are offset vertically by 200 cm®- g™
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Table 1 Textural characteristics of different carbon supports

Sample SBH, S:"m, V".Um ] an, R Conducljvity
(m*g™")  (m*g") (em’-g") (cm’-g™) (S-m™)
XC-72 231.2 87.7 0.82 0.51 62% 58.5
HCA 521.7 110.0 0.90 0.73 81% 73.9
CMK-5  1545.0 - 1.47 1.47 100% 37.6

Sger: BET surface area; S,eo: micropore area; Viy,: total pore volume;

Vieso: MESOpOre volume; Rieso (=Vipeso/ Viow): mesoporosity

age of micropores is significantly less in the hierarchical carbon
aerogel sample compared with that of Vulcan XC-72. It is sug-
gested that the removal of F127 can yield the enhanced meso-
porosity and the well-developed pore interconnectivity in hierar-
chical carbon aerogel. CMK-5 possesses dominant pores in the
mesoporous range (<5 nm). Additionally, the electrical conduc-
tivities of these supports are comparable. Their support proper-
ties were also expected as the same order as the mesoporosity:
CMK-5>hierarchical carbon aerogel>Vulcan XC-72.

2.2 Structural analysis of catalysts

XRD patterns of the Pt catalysts supported on different car-
bons are shown in Fig.2. For all the samples, the diffraction
peaks at approximately 39°, 46°, 67°, and 81° are because of
Pt(111), (200), (220), and (311) planes, which can be indexed to
face-centered cubic phase®". The (220) diffraction peak was cho-
sen to estimate average particle size using the Scherer equation®
because there is no overlapping with other peaks. The average
particle sizes are approximately 3.4 and 4.6 nm on Vulcan XC-
72 and CMK-5, respectively. Additionally, the average particle
size of Pt on hierarchical carbon aerogel support is the smallest
(2.0 nm). Furthermore, the degree of crystallization™ is evaluat-
ed by the peak intensity ratio of Pt(111) to graphite (002), as
shown in Table 2. The value of Pt/HCA is the lowest, indicating
the great electrochemical active area and superior catalytic per-
formance.

From the TEM images in Fig.3, it is found that metal particles
supported on hierarchical carbon aerogel are dispersed very uni-
formly at this magnification and have a narrow size distribution.
All the Pt particles in PYHCA generally isolate each other. In
comparison, there is conglomerating effect for the particles sup-
ported on both Vulcan XC-72 and CMK-5. The particles tend to
aggregate into larger ones. This might have a disadvantage of
lower active surface area exposed in the Pt/XC-72 and Pt/CMK-
5 samples. In this way, homogenous dispersion and effective ac-
cessibility of Pt nanoparticles may be contributed to the large
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Fig.2 XRD patterns of Pt catalysts supported on Vulcan
XC-72 (a), CMK-5 (b), and HCA (c)

Table 2 Calculated parameters of Pt nanoparticles from

XRD and CV
Sampl Degree of crystallization Oxidation peak current  Electrochemical
ample
P (from XRD) density (mA-cm™)  active area (m*-g™)
Pt/XC-72 2.13 4.2 81.8
Pt/CMK-5 2.18 5.8 69.8
Pt/HCA 1.56 7.5 128.0

pore space with continuous framework in carbon support, which
would further enhance the electrocatalytic activity.
2.3 Electrocatalytic activity of catalysts

The stable and consistent CV curves after a few initial scans
are shown in Fig.4 for the Pt catalysts in sulfuric acid. It can be
clearly seen that all the curves show distinct hydrogen evolution
peaks, which are characteristic of polycrystalline platinum, show-
ing good activity of the Pt nanoparticles. For all the catalysts, the
hydrogen region from —0.22 to 0.20 V (vs SCE) corresponds to
the reductive adsorption of protons in the cathodic scan and the
subsequent oxidation of the hydrogen adatoms in the anodic
scan™.. A smaller oxidation charge in this region for Pt/CMK-5,
and especially for Pt/XC-72, implies a smaller electrochemical
active area for these catalysts compared to Pt/HCA.

The electrochemical active area for Pt nanoparticles could be
estimated from the integrated charge in the hydrogen adsorption
region of the cyclic voltammograms, and normalizing with scan
rate, Pt loading, and the charge value of 0.21 mC <cm™ for Pt
surface®. The calculated results of electrochemical parameters of
Pt nanoparticles are listed in Table 2. With an equal amount of
materials applied on the electrode, the electrochemical active
area for P/HCA is 128.0 m?- g™, while the value reduces to 64%

Fig.3 TEM images of Pt catalysts supported on Vulcan XC-72 (a), CMK-5 (b), and HCA (c)
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Fig.4 Cyclic voltammograms of ink electrodes in
0.5 mol-L! H,SO, solution

for Pt/XC-72 (81.8 m*+g™). Besides, since the base line was tak-
en by extrapolation of the double-layer region, which was most-
ly depended on the large mesopores, the Pt/CMK-5 gives the
lowest value (69.8 m?-g™), despite its little higher current than Pt/
XC-72.

A carbon black, such as Vulcan XC-72, has been most fre-
quently used as a support for electrocatalysts because it is inex-

89 However, the pres-

pensive and has good corrosion resistance
ence of a significant amount of microporosity leads to a poor uti-
lization of the Pt particles because the catalyst particles present
in the micropores will not be accessible to the electrolyte for ac-
tive sites®.. In contrast, for a comparable metal particle size, or-
dered mesoporous carbon with higher surface area and larger
amount of mesoporosity is expected to provide a high dispersion
of Pt nanoparticles and high mass transport speed, and thus have
a better electrocatalytic activity for hydrogen oxidation in acid
solution. Unfortunately, the periodic mesopores in CMK-5 pro-
duced the largest double-layer capacitance at the same time 9,
thus, the calculated activity for PtYCMK-5 was weakened be-
cause of the rise of the base line. In view of the periodic porosity
with one-dimensional channels, any internal blockage may make
all flow and transport although the structure is limited!>"), Un-
like the carbon using template synthesis, the pores in carbon
aerogel are nonperiodical, representing mesopore space by
slightly overlapping spheres in a continuous network!*®!, and
may effectively offer transport routes around reactants and prod-
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Fig.5 Cyclic voltammograms of ink electrodes in
2.0 mol-L' CH;0H+1.0 mol-L* H,SO, solution

tls

Fig.6 Chronoamperometry of ink electrodes in 2.0 mol-L™
CH;0H+1.0 mol-L™* H,SO, solution at 0.70 V

ucts. Hence, it is not surprising that Pt nanoparticles supported
on hierarchical carbon aerogel present the best performance with
the highest oxidation peak current density of the hydrogen
adatoms (7.5 mA -cm™). The hierarchical, interconnected but
nonperiodical pore structure on the mesoscale of carbon aerogel
could make it be more suitable for the support in catalytic reac-
tion, in agreement with the proposal of the novel catalytic
nanoarchitecture!.

It can be further proved in the electrolyte of 2 mol <L
methanol mixed with 1 mol+L™ H,SO, solution (Fig.5). The effi-
ciencies of the specimens on methanol oxidation were compared
in items of forward peak current density!”. Pt/HCA displays a
characteristic voltammogram with a relatively high value of the
forward peak current density. For all the specimens, the CO des-
orption peak current densities during the reverse scan were sig-
nificantly lower than their forward values, implying that all the
catalysts indeed effectively suppress the adsorption of CO on the
Pt surface.

Another important evaluation of catalytic performance is the
stability at methanol oxidation potential. The current—time curves
at 0.70 V are given in Fig.6. All the catalysts show a slight decay
because of adsorbed reaction intermediates during the methanol
electro-oxidation®). Pt/CMK-5 responds the same current as Pt/
XC-72, however, it falls more rapidly after 200 s. Pt/HCA dis-
plays a gentle slope, indicating more resistant to poisoning by
the reaction intermediates than the others. Furthermore, Pt/HCA
gives superior performance with the highest current response.

3 Conclusions

Three types of carbon materials were loaded with Pt nanopar-
ticles through the microwave irradiation method. On the carbon
aerogel support, the Pt particles were dispersed very uniformly
and had a narrow size distribution. Moreover, as a carbon aero-
gel support with the hierarchical, continuous but nonperiodical
pore structure on the mesoscale offers transport routes around
reactants and products, Pt/HCA presented the best performance
with the highest peak current and stability. In contrast, both the
periodic porosity with one-dimensional channels in CMK-5 and
dominant micropores in Vulcan XC-72 would limit transport
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from fuel to the anchorages of active Pt nanoparticles, which

displayed inferior performance in acid and methanol.
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