
Research Article
Organic Solvent’s Effect in the Deposition of Platinum
Particles on MWCNTs for Oxygen Reduction Reaction

Carolina Silva-Carrillo,1 Edgar Alonso Reynoso-Soto,1 Rosa María Félix-Navarro,1

Shu Wai Lin-Ho,1 Aline Díaz-Rivera,1 Francisco Paraguay-Delgado,2

José Álvaro Chávez-Carvayar,3 and Gabriel Alonso-Núñez4

1Centro de Graduados e Investigación, Instituto Tecnológico de Tijuana, Apartado Postal 1166, 22000 Tijuana, BC, Mexico
2Centro de Investigación en Materiales Avanzados, Miguel de Cervantes 120, 31109 Chihuahua, CHIH, Mexico
3Instituto de Investigación en Materiales, Universidad Nacional Autónoma de México, Circuito Exterior, Ciudad Universitaria,
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We reported the synthesis of platinumparticles anchored on the surface ofmultiwall carbonnanotubes (MWCNTs).The synthesis of
platinum particles was carried out by microemulsion method using hexadecyltrimethylammonium bromide (CTAB) as surfactant
to enhance the dispersion of platinum particles in hexane (C6), heptane (C7), and octane (C8) solutions. The effects of the
microemulsion dispersion medium on the synthesis of platinum particles on MWCNTs (MWCNT/Pt) hybrid materials and their
catalytic activities of the oxygen reduction reaction (ORR) in HClO

4
were investigated. The anchored platinum particles showed

good dispersion on carbon nanotubes surface with the average particle sizes of 2.65 ± 0.60, 2.89 ± 0.68, and 0.97 ± 0.29 nm for the
dispersion medium of C6, C7, and C8, respectively. The experimental results of ORR experiments indicated a relationship between
the size and the dispersionmedia of the platinumparticles; also the catalytic activity of the anchored platinumonMWCNTparticles
strongly depends on the dispersion medium employed in the microemulsion process.

1. Introduction

A fuel cell is an electrochemical device which converts free
energy of a chemical reaction directly into electrical energy
[1]. The main advantages of fuel cells are their high efficiency
for electricity production of about 60% and practically zero
emissions [2]. The cathode compartment is very important
for the fuel cell because it is where the oxygen reduction reac-
tion (ORR) takes place. The ORR is a sluggish reaction that
consumes about 90% of total Pt content in PEM fuel cells [3].
The sluggish kinetics of the ORR are the main factor affecting
the energy conversion efficiency of fuel cells [4, 5]. Improve-
ment of the efficiency of the catalyst by the development of Pt
nanoparticles supported on carbonaceous materials with

high surface area has been proposed as one of the most effec-
tive approaches to reduce the Pt contents with good activity
for theORR [6–8]. Surface oxidation of Vulcan Carbonmate-
rials as support for platinum nanoparticles can also increase
the hydrophilicity of the surface, which can result in the
decrease of gas permeability, as the pores becomemore likely
to be filled with liquid water that can hinder gas transport [9].
Due to their unique electrical and structural properties, car-
bon nanotubes (CNTs) are an attractive support material for
Pt nanoparticles (Pt NPs). Carbon nanotubes have demon-
strated the ability to carry large current densities and fast elec-
tron transfer kinetics when used for electrochemical applica-
tions [10].
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There are differentmethods to synthesizeCNTs decorated
with platinum nanoparticles such as colloidal method [11],
microwave method [12, 13], chemical reduction [14], polyols
method [15, 16], sputter technique [17], and microemulsion
methods [18]. The microemulsions are thermodynamically
stable colloidal dispersion constituted of a polar and a non-
polar solvent coexisting in a single phase with well-defined
hydrophobic and hydrophilic domains stabilized by a mono-
layer of surfactant molecules [19, 20]. Water-in-oil microe-
mulsions are employed to produce ultrafine metal particles
by precipitation with a narrow particle size distribution. In
general, two microemulsions of same composition but con-
taining different reactants with 10% in water are mixed and
the precipitate is then isolated.This technique uses a nonpolar
microemulsion in which the water droplets can be regarded
as microreactors [20–22]. In recent decades researches have
been focused on the areas of understanding the effects of
changing diversified emulsion parameters such as surfactant
molar ratio (𝑊

𝑜
), temperature, oil phase, and pH on the size,

shape, andnumber of synthesized particles [23–26].Oil phase
plays an important role in the synthesis of metallic particle
by microemulsion, because oil phase controls the interac-
tion in the assembly of surfactant molecules to produce
a supramolecular structure as reported by several authors
[27–31]. The interactions between oil phase and surfactant
hydrocarbon chains control the diffusion and mobility of
reactants in the nucleation stage: formation and growth of
particles.The oil phase causes an effect on the particle growth
rate; this is due to the fact that the molecular volume of the
solvent produces a variation on intermicellar exchange rate,
which is given by the degree of interactions of the solvent
molecules with the hydrocarbon chain of surfactant [31, 32].

In this work MWCNTs decorated with Pt particles
(Pt NPs) were successfully prepared through water-in-oil
microemulsion method using CTAB as surfactant and differ-
ent organic solvents. The effects of hydrocarbon chain length
on the catalytic properties of Pt nanoparticles synthesized
were investigated. The MWCNT/Pt hybrid materials were
used as catalysts for ORR using rotating disk electrode (RDE)
by hydrodynamic voltammetry in acid medium; it clearly
demonstrated the effect in catalytic activity with respect to
the size of the platinum particles synthesized.

2. Experimental

2.1. Reagents. All chemicals used in this work were without
further purification. Potassium hexachloroplatinate (IV)
(K
2
PtCl
6
⋅6H
2
O), sodium borohydride (NaBH

4
), sodium cit-

rate tribasic hydrate (C
6
H
5
Na
3
O
7
⋅𝑥H
2
O), hexadecyltrimeth-

ylammonium bromide (CTAB), and platinum on graphitized
carbon (Pt/C, 20wt.% loading) were purchased from Sigma-
Aldrich. Other reagents such as sulfuric acid (H

2
SO
4
, 97%),

nitric acid (HNO
3
, 90%), 2-propanol (C

2
H
8
O, 99%), and

hexane (C
6
H
14
, 95%) were purchased from Fermont. All

aqueous solutions were prepared with Milli-Q water (18MΩ,
Thermo Scientific). The MWCNTs used in this work were
synthesized by spray pyrolysis technique and purified with
nitric acid before being modified with platinum particles as
reported previously by Alonso-Nuñez et al. [33].

2.2. Preparation of MWCNT/Pt NP. The synthesis of
MWCNT/Pt NP hybrid material was carried out by microe-
mulsion method. Microemulsion solution, named solution
A, was prepared using CTAB with a molar ratio (𝑊

𝑜
) of 91

in organic solvents of hexane (C6), heptane (C7), and octane
(C8) mixed with 2-propanol andH

2
O in a ratio of 64 : 32 : 4%

v/v.Then 20mg of MWCNTs was dispersed by ultrasound in
30mL of solution A in a three-necked round bottom flask.
The dispersion was stirred for 10min at 60∘C. Afterwards,
an aqueous solution of 500mmol L−1 in sodium citrate
tribasic hydrate and 500mmol L−1 in sodium borohydride
was mixed with 7.5mL of solution A; this solution was then
added to the MWCNTs dispersion. After 15min of stirring
the MWCNTs dispersion with the reducing agents solution,
a second microemulsion solution containing the platinum
precursor was added; this precursor solution was prepared
by mixing 2.5mL of an aqueous solution of K

2
PtCl
6
⋅6H
2
O

with 7.5mL of solution A. Finally the solution was left to
react at 60∘C for 90min.

After the overall reactionwas completed, theMWCNT/Pt
hybrid material was separated from the dispersion by fil-
tration using a regenerated nitrocellulose membrane filter
of 0.45𝜇m pore diameter. The product was washed with 2-
propanol, deionized water, and acetone; this washing proce-
dure was repeated several times to eliminate the remaining
surfactant molecules. Finally, the MWCNT/Pt hybrid mate-
rial was dried at 40∘C for 2 h in an oven.

2.3. Characterization of MWCNT/Pt Hybrid Materials. Sev-
eral techniques were used to characterize our synthesized
hybrid materials; the size and the shape of Pt NP were stud-
ied by transmission electron microscopy (TEM) on a JEM
2200FS with spherical aberration corrector in probe mode,
and the accelerating voltage was 200 kV.The sample prepara-
tion for TEM analysis was made by preparing dispersion of
the MWCNT/Pt NP hybrid material in ethanol and placed in
ultrasound for 3min and then a drop of the dispersion was
placed on a copper grid coated with a holey carbon film.

Thermogravimetric analysis (TGA) was performed on a
TA-Instruments Q500 using a heating rate of 20∘C/min in an
air flow of 60mL/min.

The crystalline nature of Pt NP was studied by X-ray
diffraction. The X-ray diffraction patterns were collected
with a diffractometer, Siemens D5000, with Cu K𝛼 radiation
(1.5404 Å) by holding the silicon substrate with the clip of
the sampler; the samples were scanned with a lapse of 1 s of
collection per step.

2.4. Electrochemical Measurements. The electrochemical
experiments were carried out with a potentiostat/galvanostat
(Biologic VMP-300) electrochemical analyzer. All electro-
chemical experiments were performed at 25 ± 0.5∘C in a
three-electrode cell in an electrolyte solution of 0.5MHClO

4
.

The reference electrode used was Ag/AgCl sat. KCl, Pt spiral
wire as counter electrode and a rotating disk electrode (RDE)
of Au was used as working electrode with a geometric area of
0.1257 cm2 and was modified with MWCNT/Pt hybrid mate-
rial. To modify the RDE, its surface was first polished with
alumina of 0.3 𝜇m slurry grade. After the RDE surface was
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polished, it was modified with a catalytic ink of MWCNT/Pt.
The catalytic ink was prepared by suspending 5wt.% of
our hybrid material in Nafion�/ethanol solution of ratio
78.6 : 21.4% v/v; this mixture was sonicated for 30min; after
that, an aliquot of 80 𝜇L catalytic ink was placed on the RDE
surface and dried in air at room temperature.

The determination of hydrogen adsorption/desorption
process was carried out by cyclic voltammetry at a potential
window from 1.3 to −0.12 V with a scan rate of 100mV s−1
using an aqueous solution of HClO

4
at 0.5mol L−1 under N

2

atmosphere.

2.4.1. Electrocatalytic Activity Experiments for the ORR Using
MWCNT/Pt NP Hybrid Material. The ORR experiments
were carried out at the MWCNT/Pt NP hybrid material
modified surface of RDE at rotating speeds of 50, 100,
250, 500, 750, and 1000 rpm with a scan rate of 5mV s−1;
HClO

4
(aq) at 0.5mol L−1 was used as the electrolyte solution.

All working solutions were saturated with O
2
for 20min at

constant O
2
bubbling rate before experiments and during

the measurements. All potentials shown in this work are in
reference to standard hydrogen electrode (SHE).

3. Results and Discussion

3.1. Physicochemical Characterization of MWCNT/Pt NP
Hybrid Materials. The morphology, size, and distribution of
Pt NP supported on MWCNT were studied by transmission
electron microscopy at STEM mode. In Figure 1, the low
resolution TEMmicrograph (Figures 1(a) and 1(c)) of hybrid
materialsMWCNT/Pt-C6 (a) andMWCNT/Pt-C7 (b) can be
clearly seen, where the exterior surfaces of the carbon nan-
otubes were decorated with well-dispersed fine nanoparticles
in some MWCNT areas. The high resolution micrographs
shown in Figures 1(b) and 1(d) revealed the aggregates of Pt
NP on the MWCNT support.

For the nanomaterial MWCNT/Pt-C8 synthesized using
octane as the emulsionmedia, the low resolutionmicrograph
(Figure 1(e)) apparently showed the existence of platinum
nanoparticles on carbon support; however, the high resolu-
tion micrograph (Figure 1(f)) indicated that there were fewer
and smaller Pt nanoparticles at the MWCNT support.

In the analysis of the size, a decrease of particle size
was observed with the increase of the number of carbon
atoms in the emulsion liquid used for the synthesis. Further-
more, the formed Pt NP showed spherical morphology; the
particle size distribution was calculated from these images.
In the case of MWCNT/Pt-C6 hybrid material the size
distribution is 2.65 ± 0.60 nm, while for the hybrid materials
synthesized with heptane and octane the size distributions
were observed to be 2.89 ± 0.68 nm for MWCNT/Pt-C7
and 0.97 ± 0.29 nm for MWCNT/Pt-C8. The particle size’s
decrease in the hybrid material MWCNT/Pt-C8 can be
attributed to the emulsion liquid employed, because the chain
length of the emulsion liquid generates an increase in the
intermicellar exchange rate; this is due to the fact that as the
chain length increases, it becomes progressively coiled and
therefore its penetration in the surfactant layer becomesmore
difficult. Thus, the mutual interaction among surfactant tails

Table 1: Physicochemical characterizations of MWCNT/Pt hybrid
materials.

Sample Particle size by TEM
(nm)

Pt content
Wt.%

Crystal size
(nm)

MWCNT/Pt-C6 2.50 ± 0.22 12.35 2.43
MWCNT/Pt-C7 2.89 ± 0.68 19.06 2.78
MWCNT/Pt-C8 0.97 ± 0.29 8.73 —

is stronger than the interaction between the surfactant tail
and solvent molecules [28, 29]. It has been reported that a
high intermicellar exchange rate increases the formation of
micelles, and thiswill result in the formation of small particles
[27, 34]. In our case, the use of octane (C8) as solvent resulted
in the formation of ultrafine Pt NP of ∼1 nm.

The crystalline nature of the MWCNT/Pt hybrid mate-
rials was studied by X-ray diffraction (XRD) measurements
as shown in Figure 2. The XRD pattern of the MWCNT/Pt
hybrid material synthesized with all three organic solvents
used, hexane, heptane, and octane, showed 002, 111, and 200
reflection planes at 26.0, 40.2, and 46.8 in 2𝜃 range. The
002 reflection plane can be assigned to hexagonal graphitic
carbon of MWCNTs. In the case of 111 and 200 reflection
planes, they correspond to platinum with face-centered
cubic (FCC) crystalline structure, which are anchored on
MWCNTs surface. The low intensity and shape of diffraction
peaks at 40.2 and 46.8 in the XRD pattern are due to the size
of Pt NP. The intensity at 40.2 degrees occurs increasingly
in the following order: MWCNT/Pt-C7 > MWCNT/Pt-C6
> MWCNT/Pt-C8; this decrease in peak intensity may be
due to a decrease in the number of steps Pt(111), while
for the intensity at about 45 degrees, MWCNT/Pt-C7 >
MWCNT/Pt-C8>MWCNT/Pt-C6, itmay suggest a decrease
in the steps Pt(100). It is noticed that the MWCNT/Pt-C7
hybrid material shows a diffraction peak Pt(220) at 54.3
degrees; this may suggest the presence of steps Pt(110) [35].

Some authors report that the reactivity of Pt surface
varies in the steps and the terraces surface, because the
concentration of the electrons has lower work function [36];
for example, the adsorption of OH groups is highest in steps
sites of Pt(100) inhibiting O-O bond adsorption and rupture
[37]. The crystal plane of the particles provides information
and explains the reactivity and catalytic activity for the
MWCNTs/Pt hybrid materials against ORR.

The crystal size was determined from XRD patterns by
the Scherer Equation shown below:

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
𝛽

, (Scherer Equation)

where 𝐷 is the crystallite size, 𝜆 is the X-ray wavelength of
CuK
𝛼
, and 𝐾 is a dimensionless shape factor with a value

close to unity; it can be taken as 0.9 for full width at half
maximum (FWHM) of spherical crystals with cubic unit cells
[38].The results of crystalline sizes are summarized inTable 1.

The metallic contents of MWCNTs/Pt hybrid materials
were determined by thermogravimetric analysis. The ther-
mograms of MWCNTs/Pt hybrid materials are shown in
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Figure 1: TEM images and histogram of MWCNT/Pt hybrid nanomaterials MWCNT/Pt-C6 (a and b), MWCNT/Pt-C7 (c and d), and
MWCNT/Pt-C8 (e and f).
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Figure 2: XRDpatterns ofMWCNT/Pt-C6 (red line),MWCNT/Pt-
C7 (green line), and MWCNT/Pt-C8 (blue line) hybrid materials.

Figure 3. The MWCNTs/Pt hybrid materials showed decom-
position in two steps; the first decomposition occurs at
around 150∘C with an average weight loss of 5 to 8%;
this is attributed to thermal decomposition of carbonaceous
functional groups (C-O, C=O, and O-C=O) created on the
surface of MWCNTs by the chemical oxidation of C=C
double bonds during acid treatment of MWCNT [39]. This
first decomposition step was not observed for MWCNTs
without acid treatment as shown in Figure 3 for comparison
purposes. The second decomposition was observed for all
hybrid materials which correspond to the thermal oxidation
of MWCNTs between 200 and 650∘C, leaving residues of
12.35 wt.%, 19.06wt.%, and 8.73wt.% which corresponded to
the platinum wt.% in MWCNT/Pt-C6, MWCNT/Pt-C7, and
MWCNT/Pt-C8, respectively. The variation on the metallic
contents can be attributed to the change of micelle exchange
rate during formation and deposition of Pt NP on the carbon
nanotubes surface. Some authors reported that an increase
in number of particles formed was due to an increase in
the micelle exchange rate under the condition of employing
organic solvent with high number of carbon atoms; however,
when the platinum particles were synthesized in the presence
of MWCNT, the reaction is controlled by the microemulsion
and the curved surface of nanotubes as reported by Staykov
et al. [40]; the surface of MWCNTs will control the covalent
character of binding betweenmicroemulsion and particles, as
a result of the electron density shift from the nanotubes and
the particles to the region between the metal and the carbon.
This interaction causes changes in the thermal stability
of MWCNTs; thus it shows a shift to low decomposition
temperatures of the nanotube.

In Table 1 the physicochemical characteristics of the
MWCNTs/Pt hybrid materials are summarized. A relation-
ship between size and contents of platinum particles with the
organic solvent employed in the synthesis can be seen clearly.
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Figure 3: Thermogravimetric analysis of MWCNT (black line),
MWCNT/Pt-C6 (red line), MWCNT/Pt-C7 (green line), and
MWCNT/Pt-C8 (blue line) hybrid materials.

Bagwe and Khilar [27] reported the effects of the type of
organic solvents such as cyclohexane, heptane, and decane
on absorption and particle size of silver NPs synthesis via
inverse microemulsion. They observed that the intermicellar
exchange rate changed upon changing the type of organic
solvent, which was responsible for final changes in particle
size. Also Petit et al. [41] found that the replacement of cyclo-
hexane by isooctane decreased silver’s particle size. In our
present work, the trend was observed to be consistent with
that described in the literatures when heptane and octane
were employed as organic solvents but not in the case of
hexane; this might be due to the low viscosity of hexane; thus
it may not have good interaction with the surfactant chain.

3.2. Electrochemical Performance of MWCNT/Pt Hybrid
Materials. The electrochemical characterization of
MWCNT/Pt hybrid materials was carried out by CV in the
hydrogen adsorption/desorption experiments. Figure 4(a)
shows the CV curves for the MWCNT/Pt hybrid materials
and Pt/C commercial catalyst (Pt loading 20wt.%) measured
in N
2
saturated 0.5M HClO

4
solution at a scan rate of

100mV s−1.TheCVcurves show three characteristic potential
regions: the hydrogen adsorption and desorption region (0.0
to 0.2 V), double layer plateau region (0.2 to 0.4V), and the
formation and reduction of surface Pt oxide (0.5 to 0.8V).The
onset potential of OHads formation and the peak potential
for the reduction of Pt-OHads are of particular interest. In
the cyclic voltammograms, the dependence of the particle
size and content on the intensity of the Pt-OHads bond can
clearly be seen. The MWCNT/Pt-C7 hybrid material shows
the strong absorption of oxygen and more negative potential
for the reduction of Pt-OHads. The study of dependence
of the peak potential of Pt-OHads bond on the Pt loading
on MWCNTs is shown in Figure 4(b). It can be observed
that the peak potential of the Pt-OHads reduction shifts
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Figure 4: Cyclic voltammograms of MWCNT/Pt hybrid materials
and Pt/C catalysts in 0.5M HClO

4
, with scan rate of 100mV s−1 at

25∘C (a). Graph of the relationship of the potential of OH adsorption
on Pt NP versus Pt loading (b).

significantly toward more positive values as the Pt loading
is above 20wt.% on MWCNTs. It is evident that the loading
and the density of Pt NP on MWCNT significantly affect
the chemical adsorption of oxygen-containing species by a
reduction of the oxophilicity as reported by Wang et al. [42].

The electroactive surface area was also determined from
the hydrogen adsorption and desorption region (0.0 to
0.2 V).The charge values (𝑄H) measured under the hydrogen
adsorption curves are compared in Table 2. We see an
increase in the electrochemically active area (EASA) related
to the metallic content and the particle size, which in turn
is related to the type of organic solvent used in the synthesis
and its interaction with surfactant molecules due to a change
of the intermicellar exchange rate as discussed before [43].

3.3. Determination of Catalytic Activity of Hybrid Materials
for ORR. The electrocatalytic activity of Pt NP supported on

Table 2: Determination of electrochemical active surface area
(EASA) of Pt.

Sample Loading of Pt
(mg)

𝑄H
(mC)

EASA
(cm2mg−1 Pt)

MWCNT/Pt-C6 0.035 1.23 145.80
MWCNT/Pt-C7 0.055 2.05 176.01
MWCNT/Pt-C8 0.025 — —
Pt/C 0.058 1.22 107.19

MWCNT was evaluated in the ORR by linear voltammetry
measurements. Figure 5 shows the linear polarization curves
for MWCNT/Pt-C6, MWCNT/Pt-C7, and MWCNT/Pt-C8
hybridmaterials obtained fromORR in 1.0MHClO

4
solution

at various rotation speeds of the RDE. From linear polar-
ization curves of all materials, three different characteristic
regions were observed only at low rotational speeds. When
the RDE rotation rate is increased, limiting currents are also
increased due to the increment of oxygen diffusion through
the electrode surface as reported in the literature [44].
However, limiting currents are not observed at high rotation
speeds; this may indicate that the diffusion and the kinetic
processes are both dominating in this step for the catalysis in
ORR.

The linear voltammetry results of MWCNT/Pt hybrid
material for ORR in 0.5M HClO

4
are summarized in

Figure 6. To compare the ORR catalytic activity, all the cur-
rents are normalized to the mass of platinum that had been
drop-coated onto the electrode.Among all these hybridmate-
rials,MWCNT/Pt-C7 shows the highest activity in the kinetic
controlled region for the ORR, much higher than the Pt/C
commercial catalyst, while MWCNT/Pt-C8 shows the worst
ORR performance as shown in Figure 7.

The values of half-wave potential (𝐸
1/2

) for ORR
with MWCNT/Pt-C6, MWCNT/Pt-C7, andMWCNT/Pt-C8
hybrid materials are 0.62, 0.76, and 0.52V, respectively, and
0.72V for Pt/C commercial catalyst (20% Pt-loaded activated
carbon). The half-wave potential of the MWCNT/Pt NP-C7
and Pt/C catalyst is shifted to higher potentials as compared
to other catalysts reported in this work. This may indicate
that a lower overpotential is required to efficiently catalyze the
reduction of oxygen as suggested in previous publication [45].

The low catalytic activity of the hybridmaterialMWCNT/
Pt-C6 with respect to MWCNT/Pt-C7 and Pt/C commercial
nanomaterials could be attributed to the less metallic Pt con-
tents; this results in fewer active sites for O

2
adsorption. On

the other hand, hybrid material MWCNT/Pt-C8 shows the
lower catalytic activity with respect to other materials used;
this might be due to the adsorption of the OH groups of elec-
trolyte in the steps Pt(100) that had smaller Pt nanoparticles
of this nanomaterial; this would inhibit O

2
adsorption on its

surface [36, 37]. These results agree with those reported by
Shao et al. [46], where less than 2.1 nm particle sizes showed
increase in energy of Pt-O bond; this may efficiently inhibit
the oxygen reduction; therefore hybrid materials MWCNT/
Pt-C8 and MWCNT/Pt-C7 show a lower specific mass value
in the ORR compared to MWCNT/Pt-C7 and Pt/C which
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Figure 5: Linear voltammograms for ORR in O
2
saturated solution of 0.5M HClO

4
at 25∘C using MWCNT/Pt-C6 (a), MWCNT/Pt-C7 (b),

MWCNT/Pt-C8 (c), and Pt/C commercial catalysts (d) at 5mV s−1.
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Figure 6: Current-potential curves for ORR in O
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4
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MWCNT/Pt-C7 (blue line), MWCNT/Pt-C8 (red line), and Pt/C commercial (black line) catalysts at 25∘C at 5mV s−1. Insert: comparisons
of the mass activities at 0.90V.
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Figure 7: Koutecky-Levich plots for MWCNT/Pt-C6 (a), MWCNT/Pt-C7 (b), MWCNT/Pt-C8 (c), and Pt/C commercial catalyst (d) at
various potentials in O

2
saturated 0.5M HClO

4
solution with a scan rate of 5mV s−1.

present the higher specificmass activity; this can be attributed
to the lower Pt content in the first two hybrid materials,
generating a smaller active area; this resulted in a lower mass
transfer. The mass-specific activities values for MWCNT/Pt-
C7 hybrid materials and Pt/C in this work are consistent with
the values reported by Khudhayer et al. [47] and by Shrestha
et al. [48].

In order to determine the kinetics of MWCNT/Pt hybrid
materials for ORR, current-potential curves were analyzed
using the Koutecky-Levich equation (see (1)), where 𝐽 is the
experimentally observed current, 𝐽

𝑘
and 𝐽
𝐿
are the kinetic and

diffusion-limited current densities, respectively, 𝑛 is the num-
ber of electrons transferred per molecule of O

2
reduced, 𝐹

is the Faraday constant (96485Cmol−1),𝐷O
2

is the diffusion

coefficient for oxygen in 0.5M HClO
4
(1.85 × 10−5 cm2 s−1)

solution, 𝜔 is the rotation rate in revolutions per minute
(rpm), 𝐶O

2

is the concentration of dissolved oxygen in 0.5M
HClO

4
(1.13 × 10−6mol cm−3), ] is the kinematic viscosity of

electrolytes employed (0.5M HClO
4
is 0.01 cm2 s−1), and 𝑘 is

the apparent electron transfer rate constant [49]:
1

𝐽
= −
1

𝐽
𝑘

+
1

𝐽
𝐿

=
1

𝐽
𝑘

+
1

𝐵𝜔
1/2
. (1)

Consider 𝐵 = 0.20𝑛𝐹𝐶𝑏O
2

]
−1/2

𝐷
2/3

O
2

𝜔
1/2 and 𝐽

𝑘
= 𝑛𝐹𝜅.

The plots of 1/𝐽 versus 1/𝜔1/2 for each hybrid material
are shown in Figure 7. From the Koutecky-Levich plots the
number of electrons transferred to the ORR at different
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potentials with good linearity can be determined [50, 51].
The results indicate potential dependence on the number of
transferred electrons for the ORR for the MWCNT/Pt-C6
and MWCNT/Pt-C8 hybrid materials; at low potential the
reaction proceeds via two-electron transfer; this indicates
the formation of H

2
O
2
, but at higher potential the reaction

proceeds via four-electron transfer; this corresponds to
the reduction of O

2
to H
2
O as reported in the literatures

[48–50]. In the case of the MWCNT/Pt-C7 material the 1/𝐽
versus 1/𝜔1/2 plot indicates that the reduction of oxygen
occurs via four electrons in the potential range studied; it
selectively promotes the formation of H

2
O; this is similar to

the Pt/C commercial catalyst; oxygen reduction reaction is
via three-electron transfer.

These experimental results of this work indicate a rela-
tionship between the size of the platinum particles and the
catalytic activity for ORR. The MWCNT/Pt-C7 catalyst was
found to be the most active for the ORR via a mechanism
of four-electron transfer and the formation of H

2
O for the

potential range studied.The particle size and crystal structure
play an important role in the catalytic activity of the material.
It is reported that the low-index crystallographic facets of
Pt show an increase of catalytic activity for the ORR in
order of Pt(100) ≪ Pt(111) < Pt(110); other crystallographic
facets can promote adverse effects for the adsorption of OH
species on Pt facets that would block active sites for O

2

adsorption and modify the ORR kinetics [51, 52]. There are
reports demonstrating that Pt particles with sizes close to
3 nm exhibit the maximum catalytic activity for ORR [46, 53,
54]. It was determined that the particle size of MWCNT/Pt-
C7 catalysts was about 3 nm; this catalyst may require a lower
overpotential for the ORR and 𝐸

1/2
would be close to the

value of the commercial Pt/C; thus it promotes ORR with a
reaction mechanism via four-electron transfer.

4. Conclusion

The experimental results of our present work had revealed
that there was dependence of the size and the contents of
the platinum particles anchored onMWCNTs on the organic
solvent used in microemulsion solution during the synthesis
process. When the length of the hydrocarbon chain is greater
than seven carbons, there is an increase in chain flexibility
and interactionwith hydrocarbon chain of the surfactant; this
would modify the micellar exchange rate of the microemul-
sion process, and thus it would lead to the decrease of the
particle size and its catalytic activity for the oxygen reduction
reaction. The MWCNT/Pt-C7 catalyst shows good physic-
ochemical and electrochemical properties and would be an
ideal catalyst for use as the cathode material in the fuel cell.
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