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Abstract
This work reports a feasible synthesis of highly-dispersed Pt and Pt-Fe nanoparticles supported on multiwall carbon nanotubes (MWCNTs)
without Fe and multiwall carbon nanotubes with iron (MWCNTs-Fe) which applied as electrocatalysts for methanol electrooxidation. A Pt
coordination complex salt was synthesized in an aqueous solution and it was used as precursor to prepare Pt/MWCNTs, Pt/MWCNTs-Fe,
and Pt-Fe/MWCNTs using FeCl2·4H2O as iron source which were named S1, S2 and S3, respectively. The coordination complex of platinum
(TOA)2PtCl6 was obtained by the chemical reaction between (NH4)2PtCl6 with tetraoctylammonium bromide (TOAB) and it was characterized
by FT-IR and TGA. The materials were characterized by Raman spectroscopy, SEM, EDS, XRD, TEM and TGA. The electrocatalytic activity
of Pt-based supported on MWCNTs in the methanol oxidation was investigated by cyclic voltammetry (CV) and chronoamperometry (CA).
Pt-Fe/MWCNTs electrocatalysts showed the highest electrocatalytic activity and stability among the tested electrocatalysts due to that the
addition of ”Fe” promotes the OH species adsorption on the electrocatalyst surface at low potentials, thus, enhancing the activity toward the
methanol oxidation reaction (MOR).
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1. Introduction

Nowadays the direct methanol fuel cells (DMFCs) have
attracted considerable attention as a power source for zero
emission electric vehicles and portable electronic devices due
to their high efficiencies and environmental friendliness [1,2].
Unfortunately, the sluggish anodic methanol oxidation re-
action (MOR) catalyzed in the anode by Pt electrocatalysts
and the high cost of the noble metal, are some problems
which should be overcome [3]. Therefore it is imperative
for the development of new electrocatalytic materials with
high efficiencies and low costs [4]. Currently, the strate-
gies adopted to improve the catalysts performance and cost-
efficiency include the synthesis of new low loading Pt-based
electrocatalysts [5], the development of better catalyst sup-
ports [6], and the searching of new alternatives of Pt-free
active metals [7,8]. Although the use of the non-Pt elec-

trocatalysts is attractive, its application for the oxidation of
small organic molecules in fuel cell is still far yet to oc-
cur [9]. In recent years the electrocatalysts of Pt nanoparti-
cles coupled with transition metals such as Ru, Au, and Fe
have been tested to improve the electrocatalytic activity in
MOR [10−12]. Besides, in the last years, the multiwall car-
bon nanotubes (MWCNTs) have been applied as an alterna-
tive support for metal catalysts [13]. It has been found that
MWCNTs can provide better electrochemical performances
as catalyst supports on the fuel cells in comparison with tra-
ditional carbon supports (carbon black) [14,15]. Its excel-
lent stability in acid media and its high electrical conductivity
can be the main factors responsible for such findings [16].
On the other hand, Alonso-Nuñez et al. [17] and J. R. Ro-
driguez et al. [18] reported the synthesis of coordination com-
plexes salts with different noble metals used as precursors of
nanostructures supported on MWCNTs. In this direction, the
present work also describes the synthesis of a Pt coordination
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complex salt, (TOA)2PtCl6, which was characterized by FT-
IR and TGA. The salt was used to prepare nanoparticles
(NPs) of Pt and Pt-Fe supported on MWCNTs to be used as
electrocatalysts for MOR. In this report we also studied the
effects of the incorporation of iron in the Pt/MWCNTs for the
MOR. The materials were characterized by SEM, EDS, TEM,
XRD and TGA. Finally, the electrocatalysts were studied by
cyclic voltammetry (CV) and chronoamperometry (CA) in the
MOR.

2. Experimental

The chemicals reagents used in this study, (NH4)2PtCl6,
FeCl2·4H2O and (C5H5)2Fe were acquired from Alfa Aesar
and NaBH4, TOAB (tetraoctylammonium bromide), toluene
and 2-propanol were purchased from Aldrich Co. All chemi-
cals were used without further purification.

2.1. Synthesis of Pt precursor: (TOA)2PtCl6

The coordination complex salt of Pt was synthe-
sized using the Burst-Schiffrin method [19]. First, the
ammonium hexachloroplatinate (IV), (NH4)2PtCl6, (0.2 g,
4.5×10−4 mol) was dissolved into 10 mL triply distilled wa-
ter. This aqueous solution was then added to 15 mL of a
TOAB (0.493 g, 9.0×10−4 mol) in 2-propanol solution at
room temperature at 25 ◦C. The resulting solution was left
under stirring until the complete precipitation of (TOA)2PtCl6
according to Equation (1). The product was filtered under vac-
uum, washed with deionized water, and dried at 70 ◦C for 8 h.
The yield of (TOA)2PtCl6 was 86%.

(NH4)2PtCl6+2TOAB−→(TOA)2PtCl6+2(NH4)Br (1)

2.2. Synthesis of MWCNTs

The MWCNTs were synthesized by the spray pyrolysis
method, reported elsewhere [20]. First, a starting solution
composed of 1.0 g ferrocene into 25 mL toluene was prepared.
This was atomized and carried by an argon flow into a Vycor
tube which was heated in a cylindrical furnace equipped with
a high precision temperature controller (±1 ◦C). The furnace
temperature was set at 900 ◦C and the flow rate was regu-
lated to 75 mL/s. The solution was fed for 30 min. Then a
black film of MWCNTs-Fe was formed on the inner surface
of the Vycor tube and it was mechanically removed and col-
lected. The raw MWCNTs-Fe (0.5 g) was used to support Pt
nanoparticles obtaining the sample named S1. On the other
hand, to prepare S2 and S3 electrocatalysts, MWCNTs were
treated in order to decrease the Fe content, as follows: 0.5 g
MWCNTs-Fe as prepared was added to 20 mL HNO3 solution
(Aldrich, 70%). The mixture was placed in an ultrasonic bath
for 1 h and then stirred for 12 h while refluxed. The product
was filtered under vacuum, washed with deionized water, and
dried at 70 ◦C for 8 h; since then they will be called MWC-
NTs.

2.3. NPs/MWCNTs

The in situ synthesis of nanoparticles (NPs) on the
MWCNTs surface from metallic precursors (TOA)2PtCl6 and
FeCl2·4H2O, is described in the following sections.

2.3.1. Pt/MWCNTs-Fe (S1)

Raw MWCNTs-Fe (25 mg) were added to 2-propanol
(25 mL) and dispersed in an ultrasonic bath for 1 h. In
a second step, 3.13×10−5 mol Pt precursor ((TOA)2PtCl6)
dissolved in 5 mL 2-propanol solution were added to the
MWCNTs-Fe suspension and stirred for 1 h. Finally, 10 mL
aqueous solution of NaBH4 in excess (stoichiometric metal
ratio : NaBH4, 1 : 10) was added by drip during 5 min to the
suspension, which was stirred at room temperature for 12 h to
reduce Pt4+ to Pt0. The obtained mixture was then filtered and
washed with acetone and water, to be finally dried at 70 ◦C for
4 h. The chemical reduction reaction that occurs during the
Pt/MWCNTs-Fe synthesis is shown in Equation 2.

(TOA)2PtCl6+MWCNT-Fe+BH−

4 −→Pt/MWCNT-Fe (2)

(Solution: (TOA)+Cl, NaCl, B(OH)3)

2.3.2. Pt/MWCNTs (S2)

MWCNTs treated (25 mg) were added to 2-propanol
(25 mL) and dispersed in an ultrasonic bath for 1 h. As a sec-
ond step a solution of 3.13×10−5 mol (TOA)2PtCl6 in 5 mL
2-propanol was prepared. Then this solution was mixed to
the MWCNTs suspension and stirred for 1 h. Finally, 10 mL
aqueous solution of NaBH4 in excess (stoichiometric metal
ratio : NaBH4, 1 : 10) was added by drip during 5 min to the
suspension, which was stirred at room temperature for 12 h.
The obtained mixture was then filtered and washed with ace-
tone and water and finally dried at 70 ◦C for 4 h. The propose
reaction to obtain Pt/MWCNTs is shown in Equation (3).

(TOA)2PtCl6+MWCNTs+BH−

4 −→Pt/MWCNTs (3)

(Solution: (TOA)+Cl, NaCl, B(OH)3)

2.3.3. Pt-Fe/MWCNTs (S3)

MWCNTs cleaned (25 mg) were added to 25 mL 2-
propanol and dispersed in an ultrasonic bath for 1 h. In a
second step, 3.13×10−5 mol metals (Pt : Fe ratio of 1 : 1)
from (TOA)2PtCl6 and FeCl2 as precursors were dissolved in
5 mL 2-propanol. Then this solution was added to the MWC-
NTs suspension and stirred for 1 h. Finally in the third step,
10 mL aqueous solution of NaBH4 in excess (stoichiomet-
ric metal : NaBH4 ratio of 1 : 10) was added by drip during
5 min to the suspension, which was stirred at room temper-
ature for 12 h. The obtained mixture was then filtered, to be
later washed with acetone and water, and finally dried at 70 ◦C
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for 4 h. In this step, the chemical reduction reaction occurs to
obtain Pt-Fe/MWCNTs as shown in Equation (4).

(TOA)2PtCl6+Fe2++MWCNTs+BH−

4 −→

Pt-Fe/MWCNTs (4)

(Solution: (TOA)+Cl, NaCl, B(OH)3)

2.4. Electrode preparation

The electrocatalytic inks were prepared by thor-
oughly mixing 2 mg of each sample Pt/MWCNTs-Fe (S1)
Pt/MWCNTs (S2) or Pt-Fe/MWCNTs (S3) with 150 µL
of Nafion ionomer (Aldrich, 5%) and 550 µL of ethanol
(Aldrich, 99.5%). The mixture was placed in an ice bath to
prevent overheating and to minimize the evaporation of the
solvent, and then ultrasonically mixed for 180 s. A 5 µL
aliquot of these inks was deposited using a micro-pipette onto
a freshly polished glassy carbon (GC) electrode (3 mm in di-
ameter). After the solvent was evaporated at 40 ◦C, the elec-
trode was used as a working electrode. S1, S2 and S3 work-
ing electrodes contained about 4.97×10−4, 4.97×10−4, and
2.49×10−4 mmol Pt, respectively.

2.5. Characterization

The coordination complex salt was characterized by in-
frared spectroscopy (FT-IR) using a Perkin-Elmer FT-IR 1605
spectrometer. It was also characterized by thermogravimetric
analysis (TGA) using a TA-Instruments SDT 2920. The sam-
ple was heated in a platinum-pan under dry air flux from room
temperature up to 700 ◦C with a heating rate of 5 ◦C/min.

The MWCNTs were characterized by Raman spec-
troscopy using a J. Y. Horiba LabRam-HR system interfaced
with an Olympus BX41 optical microscopy and an Ar laser
(Olympus TH4-100, 20 mW at 532 nm) source.

The morphology of the NPs/MWCNTs was studied by
scanning electron microscopy (SEM) using a JEOL JSM5300
with accelerating voltage of 15 kV. The sample composi-
tion content was determined by means of a JEOL JSM5300
equipped with a Kevex Super Dry EDS (energy disperse spec-
troscopy), with scan range of 0 to 10 keV. NPs/MWCNTs
were studied by X-ray diffraction (XRD) using a Phillips
X’Pert Diffractometer, with Cu Kα (λ=1.5405 Å) radiation
source operated at 45 kV and 40 mA. All samples were eval-
uated in a 2θ range from 10o to 80o; crystalline phases were
identified using the database JCPDS-ICDD 2003 files. The
morphology and size of the NPs were investigated by trans-
mission electron microscopy (TEM) using a JEOL 2010 mi-
croscope. Also TGA studies were performed for the electro-
catalyst in an air atmosphere where the samples were heated
at 5 ◦C/min from room temperature to 700 ◦C. Electrochemi-
cal measurements were performed using an EC Epsilon BAS
potentiostat/galvanostat in a conventional three electrode elec-

trochemical cell, using a GC electrode as a working electrode,
Pt electrode as a counter electrode and an Ag/AgCl electrode
as a reference electrode. Electrochemical experiments in-
cluded CV and CA measurements which were carried out at
room temperature. Before each experiment, the GC electrode
was mechanically polished with alumina (0.05 µm, Buehler)
and rinsed with ultrapure water to remove the impurities. Be-
fore the MOR took place, the surface of the working elec-
trode was cleaned with a 0.5 mol/L H2SO4 solution saturated
with N2 for 10 cycles between −0.2 V and 1.3 V at 100 mV/s
[21,22]. For the MOR a 0.5 mol/L H2SO4+1.0 mol/L MeOH
solution saturated with N2 was used and the cyclic voltam-
mograms were performed at 100 mV/s between −0.2 V and
1.3 V for 10 cycles [23,24]. The electrolyte solutions of
0.5 mol/L H2SO4 and 1 mol/L MeOH were prepared using
H2SO4 (Fermont, 98%), methanol (Aldrich, 99.5%) and ul-
trapure water (Millipore MilliQ, 18 MW ·cm).

3. Results and discussion

3.1. Characterization of the organometallic salts

3.1.1. FT-IR study

Figure 1 shows the infrared spectrum corresponding to
the (TOA)2PtCl6 structure, whereas Table 1 summarizes the
infrared frequencies detected for the organometallic precursor
with its corresponding vibration modes. The IR spectrum of
(TOA)2PtCl6 presents four main groups of vibration attributed
to the TOA group at 725, 1481, 2853, and 2924 cm−1. The
band observed at 725 cm−1 corresponds to a rocking mode
vibration of the CH2 chain. The band observed at 1481 cm−1

is defined as the asymmetric C–H scissoring vibration of the
CH2–N+, whereas the bands at 2924 and 2853 cm−1 are as-
signed to the asymmetric and symmetric C-H respectively,
due to stretching vibrations of the methylene (CH2) group of
the TOA. These bands are similar to those obtained by the
pure TOAB molecule [25].

Figure 1. IR spectrum of the (TOA)2PtCl6 compound
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Table 1. FT-IR frequencies observed for the (TOA)2PtCl6 compound

IR frequencies (cm−1)
Compounds

vas (CH2) vs (CH2) δ(C–H) of N–(CH2)4 β-(CH2)
(TOA)2PtCl6 2924 2853 1481 725
TOAB [25] 2925 2859 1458 714

3.1.2. TGA study

Figure 2 shows the thermal decomposition behavior of
the (TOA)2PtCl6 salt, while Table 2 summarizes the weight
loss detected in each decomposition step of the organometal-
lic precursor. Two steps of weight loss can be distinguished at
average temperatures of 240−350 ◦C and 350−480 ◦C. The
first step corresponds to the loss of the main parts of the hy-
drocarbons 8(CH3(CH2)5CH=CH2) with a weight loss of 66%
(theoretical 66%). The second step corresponds to the loss of
2NH4Cl in combination with two chlorine molecules (2Cl2)
leading to a weight loss of 16% (theoretical 18%). The chem-
ical formula of the residue gives PtO2 with 18% (theoretical
17%) suggesting that Pt is remaining in an oxidation state of
IV. The discrepancies between the theoretical and experimen-
tal weight losses were −1.0%, due to the possible presence of
(NH4)2PtCl6 that did not react with TOAB.

Figure 2. Weight loss and the first derivative curves recorded from TGA
analysis of (TOA)2PtCl6 compound under oxygen

Table 2. TGA results of (TOA)2PtCl6 compound
under oxygen atmosphere

(TOA)2PtCl6
T1 (◦C) 240−350

D w1 (wt%, exp.) 66

D w1 (wt%, theor.) 66
Assuming loss 8(CH3(CH2)5CH=CH2)

T2 (◦C) 350−480
D w2 (wt%, exp.) 16.0

D w2 (wt%, theor.) 18.0
Assuming loss 2Cl2+2NH4Cl

SD w, (wt%, exp.) 82.0

Residual (wt%, exp.) 18.0
Residual (wt%, theor.) 17.0

Assuming residual as PtO2

3.2. Raman spectroscopy study of MWCNTs

Raman spectrum provides further information about
the crystallinity and morphology of the MWCNTs. Two
strong peaks at 1587 and 2703 cm−1 and one weak peak at
1361 cm−1 are observed in the Raman spectra of Figure 3.
The peak at 1587 cm−1 is attributed to the vibration of sp2-
bonded carbon atoms which is commonly named first-order
G-band, and corresponds to the tangential vibrations of the
carbon atoms [26,27]. The small peak at 1361 cm−1 is as-
signed to the vibration of the D-band carbon atoms with dan-
gling bonds in plane terminations of the disorder [26−28].
The peak at 2703 cm−1 is an overtone or second-order har-
monic of the G mode assigned to G’-band and the intensity
of this peak depends strongly on the metallicity of the nan-
otube [29−31]. The lower value of ID/IG corresponds to bet-
ter quality tubes. The ID/IG ratio for raw MWCNTs-Fe and
MWCNTs comes out to be 0.28 and 0.34, respectively. The
higher value of ID/IG may be due to the presence of amor-
phous carbon and defects of the sample [27].

Figure 3. Raman spectra of MWCNTs and MWCNTs-Fe after treatment
with HNO3

3.3. Nanoparticles on MWCNTs

3.3.1. SEM and EDS study

The chemical composition of the NPs/MWCNTs was ex-
amined by EDS analysis, and the spectrum is given in Fig-
ure 4(c). The elemental quantification was done using the
standard Magic 5 software, and results in atomic percent are
shown in Table 3. The morphologic information of the elec-
trocatalysts was studied by SEM analysis. Figure 4 represents
the typical SEM micrograph of the samples, In Figure 4(a)
and 4(b), rodlike morphology can be seen with a diameter in
the nanometer range and length varying in some micrometer.
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Figure 4. SEM images of raw MWCNTs-Fe (a); Pt-Fe/MWCNTs (b) and its EDS spectrum (c)

Table 3. Bulk chemical composition of the analyzed samples

Content (at%)
Samples

Pt Fe
S1 43.3 56.7
S2 98.8 1.2
S3 55.8 44.2

3.3.2. XRD study

Crystallographic information of the electrocatalysts was
obtained by powder X-ray diffraction technique. The XRD

Figure 5. XRD patterns of three electrocatalysts

patterns (Figure 5) for S1, S2 and S3 catalysts show three
diffraction peaks at the Bragg angles of 39.8o, 46.2o and 67.5o

that correspond to the (111), (200) and (220) planes of Pt,
reported on the database JCPDS file No. 04−0802. The
diffraction peak at 26.4o corresponds to the (002) plane of C
support, reported on the database JCPDS file No. 08−0415.
The diffraction peak at 54.5o corresponds to the (112) plane of
PtO, reported on the database JCPDS file No. 85−0714 [32].
No Fe0 or Fe2O3 peaks are observed in the XRD patterns of
all samples and this is probably because their phases were
not fully developed. It may also be that the particle sizes of
Fe were relative small or probably the Fe atoms were incor-
porated in the Pt structure forming an alloy. Table 4 lists the
calculated average sizes for all the catalysts nanoparticles sup-
ported on MWCNTs, which were calculated from the Pt (111)
peak using the Scherer equation [33,34].

d = 0.9λ/(Bcosθ) (5)

where, d is the average particle sizes (nm), λ is the wavelength
of X-ray radiation (Cu Kα, λKα1 = 1.5418 Å), θ is the angle
at the position of the peak maximum and B is the half peak
broadening for Pt (111) peak.

3.3.3. TEM study

Figure 6 shows TEM micrographs of the Pt and Pt-Fe

Figure 6. TEM images of three electrocatalysts at low magnifications
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nanoparticles supported on MWCNTs. It can be seen that
for all samples the NPs were formed uniformly on the ex-
ternal wall of the CNTs, showing spherical morphologies for
all samples. The micrographs showed well-dispersed metal
nanoparticles on the MWCNTs. Their sizes were obtained by
measuring the nanoparticles from TEM images using a digi-
tal micrograph imaging analysis software (Gatan, Inc). More
than 100 nanoparticles were measured to ensure the statisti-
cally significant representation of the nanoparticles sizes. All
samples had a mean size of less than 4 nm. The size distribu-
tions of these NPs according with the TEM images (Figure 6)
are fairly consistent with the Gaussian distribution, obtaining
an average size of 2.1±0.5, 1.7±0.4 and 1.5±0.2 nm for the
samples S1, S2, and S3, respectively. Thus, these values of the
particle size (Table 4) are slightly different to those obtained
by XRD analysis, but they follow the same pattern.

Table 4. Average particle sizes of three electrocatalysts
based on XRD and TEM

Samples XRD particle size (nm) TEM particle size (nm)
S1 3.4 2.1±0.5
S2 3.2 1.7±0.4
S3 1.5 1.5±0.2

3.3.4. TGA study

TGA were performed under dry air flux for all samples to
quantify the amount of metal deposited on the support. Fig-
ure 7 shows the different TGA curves obtained for each one
of the samples, whereas quantification results as well as on-
set and final temperatures for the oxidation (Toxid) process
are listed in Table 5. For S1 (solid line), support oxidation
starts at 463 ◦C and finalizes at 665 ◦C. Only a residual mass
of 25.6 wt% was founded corresponding to PtO2 and Fe2O3

coming from Pt NPs and remaining ferrocene, respectively.
The residual mass for the sample S2 was of 14.7 wt%, which
corresponds to PtO2 coming from the coordination complex
salt of Pt. The residual mass for the sample S3 was of
22.3 wt% and it corresponds to PtO2 and Fe2O3 coming from
the precursor salts. The sample S3 was the most effective to-
ward the oxidation of the MWCNTs as a result of the oxygen

Figure 7. TGA analyses under dry air flux for the different Pt-M/MWCNTs
systems

species formed on Pt-Fe which are transferred to the car-
bon surface as a result of the intimate contact between Pt-Fe
nanoparticles and the carbon, which is derived from the for-
mation of CO2. Pt-Fe is definitely oxidized into PtO2 and
Fe2O3 only after the complete oxidation of the carbon support
[35]. It is also shown in Table 5 that the raw MWCNTs-Fe
and MWCNTs oxidation starts at 460 ◦C and finalizes at 670
and 680 ◦C, respectively. Only a residual mass of 10.5 wt%
by the raw MWCNTs-Fe and 0.5 wt% by the MWCNTs were
founded corresponding to Fe2O3 coming from remaining fer-
rocene, respectively.

Table 5. TGA results for the Pt-M/MWCNTs systems
decomposition under oxygen atmosphere

Onset Toxid Final Toxid Residual metal
Samples

(◦C) (◦C) oxide amount (wt%)
S1 463 665 25.6
S2 426 655 14.7
S3 400 630 22.3

MWCNTs-Fe 460 670 10.5
MWCNTs 460 680 0.5

3.4. Electrochemical evaluation

Figure 8 shows that CV curves are similar to those of
pure polycrystalline Pt. However, the hydrogen adsorp-
tion/desorption region presented a shift to higher potentials for
S3. This is due to an interaction from Pt-Fe, causing changes
in the adsorption strength of the hydrogen on the Pt, because
the Pt-Fe material is more electropositive than Pt polycrys-
talline, modifying the electronic environment and therefore
changing the adsorption strength of hydrogen. Moreover, Fig-
ure 8 shows that S1 and S2 do not exhibit a peak oxidation
between 0.4 and 0.45 V in contrast to S3, which is due to the
possible presence of the Fe atoms on the surfaces of the Pt
nanoparticles, which promotes an increase of adsorption of
OH-species on the surface of the nanoparticles [36]. More-
over, in Figure 8, in the cathodic scan it can be observed a
shift of 0.1 V in the peak of the OH-desorption species for S3,
in relation with the others samples, which indicates that the

Figure 8. Cyclic voltammograms of electrocatalysts in a 0.5 mol/L H2SO4
solution saturated with N2 with a scan rate of 100 mV/s
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OH-species are more strongly adsorbed on the surface of the
nanoparticles. This is due to the Pt-Fe material which is more
electropositive.

3.4.1. Methanol oxidation

Figure 9 shows the cyclic voltammograms obtained for
the methanol oxidation reaction of the electrocatalysts. The
detailed analysis for the methanol oxidation reaction is sum-
marized in Table 6. It can be observed that during the anodic
scan, the current rapidly increases forming a peak in about 1.0,
1.2 and 0.6 V for S1, S2 and S3, respectively, which are at-
tributed to the MeOH electrooxidation in forward scan. After
cathodic scan, the current increases due to the carbonaceous
species oxidation in the back scan [37], forming peaks around
0.56, 0.7 and 0.43 V for S1, S2 and S3, respectively. Table 6
summarizes the oxidation peaks obtained for the samples in
the methanol oxidation reaction. According to these results,
the bimetallic systems S1 and S3 showed a good electroac-
tivity. The relation jf/jb indicates whether the material is a
resistant electrocatalyst to CO poisoning in methanol oxida-
tion. Figure 9 shows that the catalyst S3 records the highest
ratio of electroactivity with a jf/jb of 1.5, recording a higher
oxidation current density (jf) with a value of 86 mA·cm−2 at
0.618 V. Furthermore, S3 starts the MOR around 0.3 V, this
being the lowest value. Moreover, it can be observed that S3
oxidizes the carbonaceous species in the cathodic scan at the
lowest potential of 0.437 V. It is believed that this improve-
ment in the electroactivity of S3 is due to the presence of Fe
atoms on the surface of the Pt nanoparticles. Moreover, it is
believed that the presence of Fe nanoparticles in the MWC-
NTs promotes a shift in the oxidation potential because S1
shows a peak of MOR at 0.99 V, which is lower than that pre-
sented by S2 at 1.24 V.

Figure 9. Cyclic voltammograms of methanol oxidation of three electrocat-
alysts performed in a 1.0 mol/L MeOH+0.5 mol/L H2SO4 solution saturated
with N2 at room temperature at a scan rate of 100 mV/s

For further assess, the electrocatalyst performance to-
ward MeOH oxidation was carried out with chronoamper-
ometry tests at a steady potential. Figure 10 shows the
CA curves corresponding to the composites, obtained in

1 mol/L MeOH+0.5 mol/L H2SO4 at an anodic potential of
Ef. S3 was the electrocatalyst that showed the highest cur-
rent density throughout the experiment in comparison with
the other samples. Moreover, from these results poison-
ing rates were determined [38], S1 and S2 having similar
poisoning rates of 0.2993 min−1 and 0.2881 min−1, respec-
tively. Furthermore, S3 exhibited a very low poisoning rate
of 3.7049×10−7 min−1. These results are consistent with
the cyclic voltammograms obtained wherein S3 presented a
very high activity compared with the S1 and S2 systems,
which is an indication that S3 is an excellent electrocatalyst
for methanol electrooxidation.

Table 6. Oxidation peaks of cyclic voltammogram
of the electrocatalysts systems

Samples Ef (mV) jf Eb (mV) jb jf/jb

S1 991 60 566 55 1.1
S2 1238 76 675 53 1.4
S3 618 86 437 56 1.5

Figure 10. Chronoamperommetry of methanol oxidation at Ef vs Ag/AgCl
for three electrocatalysts systems in 1 mol/L MeOH+0.5 mol/L H2SO4 solu-
tion saturated with N2 at room temperature

4. Conclusions

Results obtained in this work imply that the Pt-
Fe/MWCNTs system has adequate potential applications for
fuel cells. The reduction of its particle size to the nanoscale
leads to an increase of the catalytic sites/unit mass; however, it
may be coupled with a structural change in the increase of the
turnover number for certain structure-sensitive reactions. It
was shown that adsorbed hydrogen exhibited a strong depen-
dence on factors such as particle size and surface composition.
The structures may play a more important role in the hydrogen
adsorption and desorption than the compositions of the Pt-Fe
nanoparticle catalysts.

Acknowledgements
We gratefully acknowledge for their technical support to I.

Gradilla, Fco. Ruiz, E. Aparicio and J. Peralta from CNyN-UNAM.
We also thank CONACyT (Project 155388 and 174689) for its
financial support.



490 J. R. Rodriguez et al./ Journal of Energy Chemistry Vol. 23 No. 4 2014

References

[1] Jung D H, Bae S J, Kim S J, Nahm K S, Kim P. Int J Hydrogen
Energy, 2011, 36(15): 9115

[2] Esmaeilifar A, Rowshanzamir S, Eikani M H, Ghazanfari E. En-
ergy, 2010, 35(9): 3941

[3] Zeng J H, Lee J Y. Int J hydrogen Energy, 2007, 32(7): 4389
[4] Huang H J, Chen H Q, Sun D P, Wang X. J Pow Sources, 2012,

204(1): 46
[5] Li W Z, Xin Q, Yan Y S. Int J hydrogen Energy, 2010, 35(6):

2530
[6] Lin J F, Kamavaram V, Kannan A M. J Pow Sources, 2010,

195(2): 466
[7] Bashyam R, Zelenay P. Nature, 2006, 443(7107): 63
[8] Othman R, Dicks A L, Zhu Z H. Int J Hydrogen Energy, 2012,

37(1): 357
[9] Lamy C, Lima A, LeRhun V, Delime F, Coutanceau C, Leger J

M. J Pow Sources, 2002, 105(2): 283
[10] Jusys Z, Kaiser J, Behm R J. Electrochim Acta, 2002, 47(22-23):

3693
[11] Ye W C, Kou H H, Liu Q Z, Yan J F, Zhou F, Wang C M. Int J

Hydrogen Energy, 2012, 37(5): 4088
[12] Guo S J, Wang E K. Nano Today, 2011, 6(3): 240
[13] Li L, Xing Y C. J Phys Chem C, 2007, 111(6): 2803
[14] Wu P, Li B H, Du H D, Gan L, Kang F Y, Zeng Y Q. J Power

Sources, 2008, 184(2): 381
[15] Liu X, Villacorta R, Adame A, Kannan A M. Int J Hydrogen

Energy, 2011, 36(17): 10877
[16] Kruusenberg I, Matisen L, Shah Q, Kannan A M, Tammeveski

K. Int J Hydrogen Energy, 2012, 37(5): 4406
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