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In this report, we describe the preparation and electrochemical characterization of a Pt electrocatalyst,
which was synthesized from hexachloroplatinic acid, using the incipient wetness impregnation method.
This carbon mesoporous materials (Pt-CMMs) electrocatalyst was used for catalyzing the oxidation of
methanol and its oxygen-reduction reaction. The electrocatalytic oxidation of methanol was studied using
linear-sweep voltammograms (LSV), polarization and chronoamperometric measurements. Phase
characterizations and morphological analyses were performed using 3D excitation-emission fluorescent
matrix (EEFM) spectroscopy, UV-Vis absorption measurements, and X-ray diffraction (XRD) and
environmental scanning electron microscopy (ESEM) techniques; the ESEM system was equipped with an
energy-dispersive spectrometer (EDS). The oxidation capacity measured using a LSV might explain the high
activity exhibited by the Pt-CMM electrocatalysts in methanol-tolerant oxygen reduction, and the results
demonstrated that the potential and current density of the main reaction peak of the Pt-CMMs
electrocatalyst changed during the reaction. Moreover, EEFM spectroscopy and XRD were determined to be
appropriate and effective methods for characterizing Pt clusters that enhance their intrinsic emission from
Pt-CMMs electrocatalysts in electrocatalytic-treatment systems. Furthermore, the ESEM-EDS results
showed that fresh Pt nanoparticles were highly dispersed on CMMs and featured a 20 nm diameter and a
narrow particle-size distribution.

M
ethanol (CH3OH) has attracted increasing attention worldwide because of its high energy-conversion
efficiency and low-pollution emissions1–3. The energy-conversion process used in direct methanol fuel
cells has attracted considerable attentions as a possible method of generating energy. To increase the

electrocatalytic oxidation of methanol, substantial effort has been devoted toward developing high-performance
catalysts that can potentially shorten the reaction time of the oxidation process and allow the reaction to proceed
under mild operating conditions inside fuel cells. Currently, catalytic oxidation of methanol by using dedicated
electrocatalysts is considered to be a suitable approach for increasing the effectiveness of advanced oxidation
technology because, in this approach, various industrial electrocatalytic processes are used to potentially reduces
the oxidation-reaction time and allows the oxidation to proceed under mild operating conditions4,5. From an
energetic and ecological viewpoint, the electrocatalytic oxidation of methanol (CH3OH-ECO) into a stream of H2

is considered intriguing because this reaction has been shown to be suitable for developing high-performance
proton-exchange membranes and electrocatalyst materials and related membrane-electrode assemblies
(MEAs)6–10. Furthermore, methanol acts as a clean H2-energy carrier that can be used in fuel-cell applications,
which is an additional benefit regarding environmental protection. Moreover, metallic catalysts are often used in
this reaction because they are highly active and exhibit selectivity toward H2.

Comparing catalysts of distinct types has shown that metallic catalysts are the most active catalysts in the
oxidation reaction. Oxidation of adsorbed CO is regarded as the rate-determining step, and Pt is widely accepted
to promote CO oxidation. However, when Pt is used as the catalyst, it is poisoned by the adsorption of the CO
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produced during the methanol oxidation reaction (MOR). Previous,
Feng et al.11 examined the reaction kinetics of methanol oxidation
and compared the catalytic activities reported in the literature; the
results showed that PAN/PSF-based PtRu catalyst materials were
used in a broad range of applications for the purpose of accelerating
the electrocatalytic oxidation of methanol in its liquid phase, which
contributed to improved or promising results. The oxygen-reduction
reaction (ORR) is one of the most critical multistep electrochemical
reactions because it is widely used in fuel cells. Platinum-based mate-
rials have been used to solve problems related to the MOR, and these
materials are recognized to be the most active electrocatalysts of the
ORR. Liu et al.12 obtained a highly efficient and resistant ORR of
methanol to H2 by using a Pt-Co bimetallic catalyst supported on
ordered mesoporous carbons. Moreover, Nikonova et al.13, who
developed a rhenium-based oxide for catalyzing methanol oxidation,
determined that the activity of fresh rhenium catalysts increases
when the temperature is increased during the decomposition of
methanol and that the nature of the ReOx/TiO2 precursor generated
during the catalysis of methanol oxidation at the catalyst surface is a
critical factor involved in the selective oxidation of methanol. Huang
et al.14 investigated methanol decomposition to H2 in a fixed-bed
continuous-flow quartz reactor at 393 K and GHSV 5 46000 h21;
the results demonstrated that methanol conversion reached 95% on a
copper-zinc-supported gold catalyst. Furthermore, Liu et al.15

developed a direct methanol fuel cell (DMFC) composed of a
PtRu-carbon mesoporous material and determined that the DMFC
increased the methanol-oxidizing activity and the selectivity of the
catalyst. Recently, Lee16 examined the electrocatalytic oxidation of
methanol in a liquid stream by using an effective Pt/TiO2 catalyst; a
synergistic effect was detected, and the methanol-reduction activity
obtained was the highest ever reported because the nitride support
structure exhibited high catalytic ability and chemical stability.

Noble transition metals such as platinum-group metals, particu-
larly Pt, have recently attracted growing research interest because
they are used as three-way catalysts and electrocatalysts in fuel cells,
and because they are the most active components in MORs because
of their selective catalytic and oxidation-reduction potential prop-
erties17–19. The use of various functional materials has shown that
these additives are also active in methanol electro-oxidation reac-
tions20,21. For instance, the use of platinum-based metals enhances
the methanol-conversion properties of electrocatalysts and increase
their CO tolerance22,23.

Studying mediated electrochemical-oxidation properties is critical
because these are factors that influence a catalyst’s surface area, crys-
tallite size distribution, electronic conductivity, structural stability,
and catalytic properties. A previous study24 demonstrated that pre-
cious metal (Pt) catalysts exhibit high catalytic activities and they can
be used for elucidating the reduction characteristics of the methanol
conversion that occurs in a catalytic oxidation and dehydrogenation
system. Moreover, the interaction between platinum oxide and
CMMs is complex: various metal interactions can produce syn-
ergistic effects that enhance their catalytic characteristics25.
Conversely, the use of a platinum-based catalyst is recognized as
an alternative approach for enhancing electrocatalytic performance
in certain reactions26,27. However, few studies have used a Pt-com-
posite CMMs (Pt-CMMs) substrate to determine the reactive char-
acteristics of these active metals during electrocatalytic liquid-phase
oxidation of methanol.

Currently, linear-sweep voltammogram (LSV) measurements are
widely used for evaluating the electrochemical activity of a catalyst.
In the case of most catalysts, the excitation-emission fluorescence
matrix (EEFM) spectroscopy data on their fluorescence emissions
are available because the catalysts have been chemically and phys-
ically characterized in detail. However, although these fluorescence
emissions have been studied for decades, particularly in the case of
platinum-based composite materials, little information has been

obtained regarding the fluorescence effects of most newly developed
materials and their interactions with metal structures. In this study,
we used EEFM spectroscopy across a range of excitation and emis-
sion wavelengths as a method to effectively examine the character-
istics of catalysts during the catalytic process. Thus, we investigated
the application of an electrocatalytic oxidation technique in which
the activity of Pt-CMMs was studied during the MOR occurring
within an acidic medium under various conditions by using LSV
measurement of the ORR processes. The catalyst used was also char-
acterized by analyzing data obtained using polarization, chronoam-
perometric, UV-Vis, and EEFM spectroscopy, X-ray diffraction
(XRD) analysis, and environmental scanning electron microscopy
(ESEM) performed using a system equipped with an energy-dispers-
ive spectrometer (ESEM-EDS).

Results
Effect of various scan rates on the oxygen-reduction reaction con-
ducted using Pt-CMMs electrocatalysts: reaction in a sulfuric-acid
solution. The experiments were conducted in a 0.5 M H2SO4

medium and LSV curves were obtained at various scan rates
ranging from 5 to 100 mV/s. In this medium, the complex Pt-
CMMs electrocatalyst displayed little reactivity in the potential

Figure 1 | Linear sweep voltammogram profiles in a 0.5 M H2SO4

electrolyte solution recorded at various scan rates for the Pt-CMMs
electrocatalyst.

Figure 2 | Polarization curves for ORR on the Pt-CMMs electrocatalyst in
O2 saturated 0.5 M H2SO4 solution at various scan rates and a rotating
speed of 1600 rpm.
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window when the scan rate was either 5 or 10 mV/s (Fig. 1). The LSV
curves revealed that the Pt-CMMs electrocatalyst exhibited elevated
redox capacities when the potential scan rates were increased (from
50 to 100 mV/s): notable oxidation peaks at 0.3 and 0.25 V and
respective increased currents were observed (Fig. 1). Proton
adsorption on Pt surfaces was observed at potentials under 0.3 V,
and this was followed by the hydrogen- evolution reaction28. We also
conducted experiments in which polarization profiles and onset
potentials were used for the ORR at various scan rates ranging
from 5 to 100 mV/s; the reaction was in a 0.5 M H2SO4 medium
and the reaction mixture was rotated at 1600 rpm at room
temperature. The results showed that the current increased linearly
when the scan rates were increased. In 0.5 M H2SO4, complex Pt-
CMM electrocatalyst displayed little reactivity in the potential
window when the scan rate was either 5 or 10 mV/s (Fig. 2). A
previous study suggested that at low potential scan rates, the
electrode reaction was controlled by adsorption, whereas at high
potential scan rates, the reaction was diffusion controlled29. The
LSV curves further revealed that the Pt-CMMs electrocatalyst
exhibited elevated redox capacities when a higher potential scan
rates was used (100 mV/s): a notable onset potential at 0.4 V and
its respective increased currents were observed (Fig. 2).

Effect of various scan rates on the oxygen-reduction reaction con-
ducted using Pt-CMMs electrocatalysts: reaction in a methanol
solution. To investigate the properties of the complex Pt-CMMs
electrocatalyst, we conducted the following experiments, in which
LSV scan rates were used that ranged from 5 to 100 mV/s, and a
0.5 M methanol-oxidation reaction was performed with in a 0.5 M
H2SO4 medium (Fig. 3). A rapid rise in current density was not
detected until a potential of approximately 0.6 V, and this rise was
observed when a scan rate of 100 mV/s was used (Fig. 3). Thus,
increasing the scan rates increased the range of the current. Further-
more, the LSV plots revealed that the Pt-CMMs electrocatalyst
exhibited an elevated oxidation current density when a wide peak
of current density was reached in the MOR at approximately 0.4 V
and 0.2 mA. This oxidation capacity suggested that the catalyst
exhibited substantial activity in methanol-tolerant oxygen reduc-
tion because the number of electrochemically active sites that are
formed was increased. Moreover, a potential peak was generated at
0.6 V during the forward scan because of the catalytic activity that
occurs during methanol oxidation, and an onset potential was
observed near 0.2 to 0.4 V during the reverse scan and this
represents the effectiveness of the removal of the removal of the
incompletely oxidized carbonaceous species that are formed during
the oxidation reaction4,15. A previous study demonstrated that CMM

Figure 4 | Polarization curves for ORR on the Pt-CMMs electrocatalyst in
O2 saturated 0.5 M H2SO4 1 0.5 M CH3OH solution at various scan rates
and a rotating speed of 1600 rpm.

Figure 5 | Polarization curves of the Pt-CMMs electrocatalyst in O2

saturated 0.5 M H2SO4 1 0.5 M CH3OH solution (a) before and (b) after
the electrocatalytic test.

Figure 6 | Chronamperometric measurements of the Pt-CMMs
electrocatalyst in O2 saturated 0.5 M H2SO4 1 0.5 M CH3OH solution
(a) before and (b) after the electrocatalytic test.

Figure 3 | Linear sweep voltammogram profiles in O2 saturated 0.5 M
H2SO4 1 0.5 M CH3OH solution electrocatalytically recorded at various
scan rates for the Pt-CMMs electrocatalyst.
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can function as a substrate because residual oxygen-containing
functional groups are generated in the catalytic reaction and the
CMMs strongly promote oxygen storage on the catalyst surface26.
To further evaluate the electrocatalytic activities of the complex

Pt-CMMs electrocatalyst, we conducted experiments in which
polarization profiles and onset potentials were used for the ORR at
scan rates ranging from 5 to 100 mV/s; a 0.5 M methanol oxidation
reaction was performed within a 0.5 M H2SO4 medium (Fig. 4). A
rapid rise in current density was not detected until an onset potential
of 0.42 V, and this rise was observed when a scan rate of 100 mV/s
was used (Fig. 4); this indicated the occurrence of the MOR. Thus,
increasing the scan rates increased the range of the current.
Furthermore, the polarization plots revealed that the Pt-CMMs
electrocatalyst exhibited an elevated oxidation current density
when a wide peak of current density was reached in the MOR at
approximately 0.42 V. This catalytic performance in the
electrooxidation of methanol suggests that the catalysts exhibited
high activity in methanol-tolerant oxygen reduction because the
numbers of electrochemically active sites and porous structures
that were formed were increased. At scan rates of 5 and 10 mV/s,
the complex Pt-CMMs electrocatalysts generated diminished
methanol-oxidation peak currents in a given potential window
(Fig. 4). Oliveira19 demonstrated that the adsorption and desorp-
tion of oxygen-containing PtOH species play key roles in methanol
catalytic electrolysis and hydrogen evolution. Moreover, certain
incompletely oxidized carbonaceous intermediates of this reaction
are adsorbed at the surface of electrode, which might lead to a loss of
electrocatalytic activity.

Figure 7 | UV-Vis absorption spectra of the Pt-CMMs electrocatalyst (a)
before and (b) after the electrocatalytic test.

Figure 8 | Contour plots of the excitation-emission fluorescent matrix for the Pt-CMMs electrocatalyst (a) before and (b) after the electrocatalytic test.
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Pt-CMMs electrocatalyst performance. To elucidate the corrosion
properties of the complex Pt-CMMs electrocatalyst, we conducted
experiments in 0.5 M H2SO4 by using the polarization curve profiles,
and we performed the MOR in an acidic medium by using the
equilibrium potential (Veq) (Fig. 5). In 0.5 M H2SO4, the Pt-CMM
electrocatalyst generated a shoulder peak at approximately 1.18 V in
the potential window, which is shown as the equilibrium potential
Veq (Fig. 5a). Moreover, the polarization-curve plots revealed that in
0.5 M methanol, the Pt-CMMs electrocatalyst generated a notable
potential peak at 0.5 V, which is far from the corrosion potential of
the catalyst (Fig. 5b). Furthermore, we conducted experiments in
0.5 M H2SO4 by using the chronoamperometric-curve profiles,
and we performed the MOR in an acidic medium at 0.5 V (Fig. 6).
The Pt-CMMs electrocatalyst exhibited higher current densities in
0.5 M methanol compared with the densities generated by aged
samples (Fig. 6b), and the currents gradually stabilizes over time
and attained a steady state. This oxidation capacity suggests that
the initial high current corresponds mainly to double-layer charg-
ing and that the electrocatalyst is highly resistant to poisoning in the
MOR. Moreover, the results showed that the oxidation current
measured in the aged sample decreased rapidly because of
irreversible CO poisoning19.

To delineate the electrochemical properties of the complex Pt-
CMMs electrocatalyst, we measured UV-Vis absorption spectra
(Figure 7), which provided information on the states of the platinum
species in the catalyst. The results revealed that bands associated with
an octahedral platinum (IV) species were observed at 228 nm30

(Fig. 7a) and that the UV-Vis absorption spectra displayed only
minor changes (Fig. 7b). Notably, the active metal, complex Pt,
and the CMMs typically exhibited strong synergistic relationships
when they were prepared as a complex Pt-CMMs substrate catalyst31.

To further characterize the reactive properties of the catalyst, we
analyzed the excitation/emission plot positions generated from the
data obtained by performing EEFM spectroscopy. Figure 8a displays
3D-EEFM fingerprint obtained for fresh complex Pt-CMMs; four
noteworthy excitation/emission plots were generated at 220/250,
220/320, 220/330 and 275/340 nm. Figure 8b displays the EEFM
fingerprint of the Pt-CMMs catalyst that was obtained after the
activity test; in this case, two notable excitation/emission plots at
220/340 nm and 220/400 nm were observed instead of four plots.

Figure 9 displays the XRD patterns of the fresh and used catalysts,
which reveal that the catalyst changed during exposure to the elec-
trocatalytic environment. Furthermore, the XRD analysis confirmed
the existence of the PtO2/Pt0 states of the Pt-CMMs catalyst. The
dominant PtO2 diffraction peaks of the Pt-CMMs catalyst were
detected at 2h values of approximately 42.5u32. The dominant (200)
and (220) planes of the face center cubic (fcc) structure of the Pt0

diffraction peak of this catalyst were detected at 2h values of approxi-
mately 47.5u and 67.4u, respectively. This result agrees with the data
that Shin33 obtained for this system. Moreover, the two peaks at 2h
values of approximately 25.9u and 43.2u are the (002) and (101)
diffraction planes of the amorphous and hexagonal carbon support,
respectively34.

To characterize the surface of the fresh and aged catalyst, we
examined the changes in the surface morphology of the catalyst by
using SEM-EDS (Fig. 10). The EDS provided evidences of the pres-
ence of Pt and carbon in the composite. The ESEM results showed
that the Pt nanoparticles were highly dispersed on the CMM and
featured a diameter of 20 nm and a narrow particle-size distribution
(Fig. 10). Furthermore, the surface of the catalyst appears more
aggregated and crystalline in Fig. 10a than in Fig. 10b; the result
presented in Fig. 10b indicates that disaggregated and dispersed
phases were formed when the surface of the catalyst was aged or
when it was poisoned because of plugging or carbon corrosion, which
implies that the porosity of the particles had changed. These crystal
phases might account for the high activity of the catalysts. These
results also confirm that the dispersion phenomena exhibited by
the catalyst increased the efficiency of methanol oxidation.

Discussion
In this study, we determined that current density increased when the
potential scan rate was increased; this can be attributed to the excita-
tion signal generated during the charging of the interface capacitance
by the charge-transfer process35 (Fig. 1 and 2). In a previous study,
the current-density peak in this type of an electrochemical reaction
was demonstrated to be approximately 0.25 V, because the reaction
involves a strong adsorption of hydrogen36. Furthermore, the gen-
eration of a platinum hydroxide species (Pt(OH)x) has been shown to
generate reduction peaks at 0.5 V37. However, when this CMM is in
the presence of a platinum catalyst, the absorption can be assumed to
promote the formation of the electrocatalytically active phase of
PtO12.

When present with a platinum catalyst, the CMM can also be
assumed to promote the formation of the active phase of PtO during
methanol oxidation27. Moreover, the overall methanol electro-oxida-
tion reaction can be considered in dehydrogenation of methanol and
water, and the formation of a second C-O bond in the Pt metal has
been proposed by Oliveira19. Furthermore, Galal et al.17 also demon-
strated that platinum is the catalyst component that is most active in
the adsorption of oxygenated species, which leads to the surface
poisoning of the catalyst by the adsorbed CO (Pt(CO)ads) that blocks
the catalyst surface and thereby severely limits oxidation kinetics.
Consequently, the catalytic activity of the complex Pt-CMMs elec-
trocatalyst system in the oxidation of methanol is considered to
involve several steps of dehydrogenation that lead to the formation
of COads and the oxidation reaction from COads to CO2, and this
promotes the functional mechanism of the catalyst. Methanol is
commonly considered to be adsorbed onto the surface of the catalyst
before undergoing catalytic reaction at the platinum-oxide active
sites. Methanol and oxygen were adsorbed onto specific sites on
the complex Pt-CMMs electrocatalyst, and this promoted the rapid
conversion of methanol to hydrogen and water. Furthermore, the
complex Pt-CMMs electrocatalyst might have played a key role in the
catalytic oxidation of methanol, whereas the CMM might have pro-
vided the active sites required for the catalyzed oxidation reaction.
Conversely, the catalytic activity might also have resulted from

Figure 9 | XRD of the Pt-CMMs electrocatalyst in a 0.5 M H2SO4 1
0.1 M CH3OH solution (a) before and (b) after the electrocatalytic test.

www.nature.com/scientificreports
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strong interaction between the complex Pt and the CMMs. In poten-
tial scans performed at slow sweep rates of 5 and 10 mV/s, the
complex Pt-CMMs electrocatalyst generated smaller methanol-
oxidation peak currents in a given potential window than it did at
high sweep rates (Fig. 3). This result suggests that the MOR is slowed
because of the intermediate COads poisoning effect, which might
block the adsorption and dehydrogenation of methanol on the elec-
trocatalytic-material surface4. Moreover, when the potential scan

rate was increased, the peak potential obtained for the electrocata-
lytsis of methanol shifted to a more positive potential, which sug-
gested a kinetic limitation in the reaction between the redox sites of
Pt-CMMs and methanol. Therefore, oxygen reduction was diffusion-
controlled at potentials below 0.4 V and was under mixed diffusion-
kinetic control in the potential region between 0.4 and 0.6 V as
reported elsewhere38. Conversely, the oxidation of methanol might
also proceed through a mechanism other than the Langmuir-

Figure 10 | ESEM-EDS images of the Pt-CMMs electrocatalyst in a 0.5 M H2SO4 1 0.1 M CH3OH solution (a) before and (b) after the electrocatalytic
test.

www.nature.com/scientificreports
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Hinshelwood mechanism, and in a previous study, Chen23 proposed
the Eley–Rideal mechanism for explaining the roles of the OH groups
on the surface of the Ni support and of the OH2 ions in the electro-
lyte, respectively, in the enhancement of the CO tolerance. Thus, the
reaction mechanism must be investigated further to elucidate the
performance of the complex Pt-CMMs electrocatalyst at the scan
rates of 5 and 10 mV/s. The Pt-CMMs electrocatalyst exhibited elec-
trocatalytic ORR activity (Fig. 4), and it also exhibited a plateau and a
sharp transition of control from kinetics to diffusion, which implies a
one-step, four-electron pathways of the ORR occurring on the elec-
trodes39. Furthermore, the potential peak at 0.42 V obtained during
the forward scan can be attributed to the catalytic activity during
methanol oxidation; this activity might also have been resulted from
the strong interaction between the complex Pt and the CMMs.

The oxidation capacity of the catalyst might account for its high
methanol-electrooxidation activity, which results from the forma-
tion of Pt-OHads at high potentials40 (Fig. 5). Thus, we determined
that the complex Pt-CMMs electrocatalyst plays a dominant role in
the process of methanol electrocatalysis. Previously41,42, methanol
was reported to be adsorbed onto the catalyst surface before under-
going an oxidation–reduction reaction at the active sites located at
the electrode-electrolyte interface. The activity of the Pt-CMMs elec-
trocatalyst decayed over time (Fig. 6), which might have occurred
because of the adsorption of the intermediate products of methanol
oxidation (such as CO) on the Pt-particles surface, the thermodyn-
amic sink in the reaction, and this would have inhibited the electro-
oxidation reaction of methanol43.

The results of our study suggested that the catalytic activity exhib-
ited by the complex Pt-CMMs electrocatalyst system during meth-
anol oxidation can be explained by the catalytic behavior of the Pt
and the carbon-substrate pairs, which transport protons transport
highly efficiently (Fig. 7). Thus, this experimental result is similar to
that obtained by Liu et al.44, who investigated methanol-decomposi-
tion reactions. Furthermore, the excitation/emission plots of the
catalyst can be described based on the metal-enhanced fluorescence
effect (Fig. 8), in which fluorescence is associated with the Pt clusters
that are present on the surface of the complex Pt-CMMs electroca-
talyst during the reaction45. When oxidation occurred over the Pt-
CMMs catalyst, the platinum was transformed from the oxide form
to the metal form (Fig. 9). The platinum in a CMM can be assumed to
promote the formation of the active phase of PtO2 upon the oxida-
tion of methanol. The results of XRD experiments indicated that
platinum (IV) oxide active sites were formed on the Pt-CMMs cata-
lyst. Therefore, methanol can be considered to have been adsorbed
on the surface of the catalyst before undergoing an electrocatalytic
reaction at the platinum-oxide active sites. The high dispersion and
uniform distribution of the Pt catalyst within the carbon support can
enhance the electrocatalytic activity of the Pt-CMMs catalyst.
Moreover, the results shown in Fig. 10 indicates that platinum and
carbon can leach from the catalyst, which reduces the surface activity
of platinum. Elemental-composition analysis of the test catalysts’
surfaces revealed that the leaching of metal ions from the Pt-
CMMs catalyst varied slightly. Platinum eluted from the catalyst,
which likely rendered the active site of the carbon an exposed surface.
In the case of carbon-supported catalysts, performance is lost mainly
because of carbon corrosion, which leads to the agglomeration of Pt
particles on the surface of the support46. Furthermore, the ESEM
results showed that the aged Pt particles were highly dispersed on
the CMM and featured a diameter of approximately ,40 nm and a
narrow particle-size distribution.

Methods
Materials. The Pt-CMM substrate catalyst that was used in this study was prepared
through the process of incipient wetness impregnation, which involved using aqueous
H2PtCl6. Before depositing, the carbon mesoporous substrate was first refluxed in a
nitrate-acid solution, and this treated carbon substrate was then filtered and washed
with deionized water and dried at 333 K in an oven for 6 h. Subsequently, the

platinum catalyst was coated on a high-surface-area CMMs (Vulcan XC-72 carbon
black) and the platinum active metal was maintained at 10 wt%. After the coating
process, the mixture was ultrasonically homogenized for 30 min and stirred for 2 h,
and the resulting powders formed were fashioned into tablets by using acetic acid as a
binder. The tablets were later reheated at 573 K and the catalyst was calcined at 673 K
in an air stream for 6 h to burn out the binder used in tablets. The tablets were then
crushed and sieved to obtain particles ranging in size from 0.25 to 0.15 mm, which
were used in various experiments.

Analyses. To investigate the electrochemical behavior of the electrode samples, LSV,
polarization-curve and chronoamperometric measurements were obtained at room
temperature by using an electrochemical analyzer (CHI 6081D, USA) that was
equipped with a 3D electrochemical cell. The ORR was evaluated based on LSV
measurements obtained using a rotating disk electrode (RDE) technique. The
working electrode (WE) was a glassy carbon electrode, and in each analysis, the
samples were scanned at rates of 5, 10, 50 and 100 mV/s and the potential was cycled
between 20.2 and 1.2 V. The counter electrode (CE) was a platinum wire, and a
saturated hydrogen electrode (SHE) was used as the reference electrode (RE). The
H2SO4 (0.5 M) electrolyte was saturated with high-purity oxygen for at least 30 min.
The ORR polarization curves were obtained in the potential range of 0.1 to 1.0 V by
using scanning rates of 5, 10, 50 and 100 mV/s and a rotating speed of 1600 rpm at
room temperature. In this study, the catalyst ink was prepared using the following
procedure: First, 5 mg of the Pt-particle carbon mesoporous substrate catalyst was
added to 2.5 mL of deionized water and ultrasonicated for 30 min. Subsequently,
approximately 20 mL of the resulting mixture was withdrawn and deposited onto a
polished-glass carbon electrode and allowed to dry in air at 333 K for 60 min. Finally,
20 mL of 5% Nafion solution was added as a binder onto the disk in a nitrogen
environment12,15. FEEM spectroscopy was performed to fully characterize the spectra
of the catalyst material; the EEFM spectra were obtained using a luminescence
spectrophotometer (F-4500, Hitachi, Japan) equipped with a xenon lamp as the
excitation source. The emission spectra were plotted along the x-axis and the
excitation spectra were plotted along the y-axis. All slit widths in the excitation and
the emission monochromators were 10 nm. The EEFMs obtained comprised 60
excitation and 60 emission spectra in the 200–800 nm range, and this yielded discrete
values of the fluorescence intensities at 3600 excitation/emission wavelength pairs;
from these spectra, blank spectra of pure water were subtracted. The UV-Vis
absorption spectra of the solid sample were obtained using a photo
spectrophotometer (U-2900, Hitachi, Japan). XRD analysis was performed using a
Diano-8536 diffractometer equipped with a CuKa radiation source. During analyses,
samples were scanned from 10u to 80u at a rate of 0.4u/min. We used an ESEM system
equipped with an EDS (Quanta 200 FEG, FEI Company, Czech Republic) to elucidate
the morphology of the catalyst; these studies yielded information on the distribution
of the Pt-CMMs composite present on the catalyst surface.
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