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Abstract
A comparative study between Pt-Au/MWCNT and Pt/C
(commercial) as cathodic electrocatalyst of H2/O2 fuel cell is
performed. Pt-Au/MWCNT is synthesized using the reverse
microemulsion method and this procedure is scaled-up in
order to prepare membrane-electrode assemblies for fuel
cells with an active area of 9 cm2. Those electrocatalysts
are characterized by both physicochemical techniques and
electrochemical measurements to evaluate their catalytic
activity for Oxygen Reduction Reaction (ORR). In the
half-cell study, Pt-Au/MWCNT show higher kinetic
current density as cathodic electrocatalyst compared with
Pt/C. Likewise, in a fuel cell hardware the maximum power
density is significantly higher for Pt-Au/MWCNT cathode
(625 mW cm-2 at 0.426 V) when compared with Pt/C anode
(355 mW cm-2 at 0.499 V).

1. Introduction
One of the main concerns of the last decades has been the
demand for efficient energy sources to supply energetic
requirements worldwide [1]. Energy sources based on
petroleum and hydrocarbon are the most employed to satisfy
the population energetic demand [2]. Nevertheless, two
main adverse effects are implied: (a) Petroleum is limited
and it is anticipated that the availability of this source will
decrease [3]; (b) Most hydrocarbons contribute significantly
to pollution generation, increasing the concentration of the
greenhouse effect gases. Furthermore, gases such as NOx
and SOx are also involved either in oil refinery or energy
generation process from hydrocarbon sources [4].
Hence, new sustainable energy sources such as solar [5], wind
[6], geothermal [7], hydro [8] have emerged as an alternative
to supply the energetic requirements of the mankind and
have gained importance in recent years. Renewable energies
have the advantage of producing clean energy on site, but
lack the capability to produce steady power as the resource
will vary according to the weather conditions. Batteries,
capacitors and fuel cells are ideal companions to renewable
energies and can complement these technologies as they
supply electricity during intermittent energy production. The
most efficient way to convert hydrogen back to electricity is
via fuel cells, which can be defined as a device that generate
electrical energy from a chemical [9] or biochemical [10]
reaction. Fuel cells are efficient, clean, and noise free energy
generators that convert the chemical energy of a fuel and
oxidant into electricity. The fuel cell consists of an anode and
cathode, where the oxidation of the fuel and reduction of the
oxidant take place, respectively. Both electrodes are typically
made of a catalyst layer on top of a gas diffuser, and separated

by an electrolyte where the ion exchange occurs to complete
the reaction.
There are many types of fuel cell based on the fuel employed
such as alkaline (AFC) [11], Phosphoric acid (PAFC) [12],
molten carbonate (MCFC) [13] and solid oxide (SOFC) [14].
Polymer Electrolyte Membrane Fuel Cell (PEMFC) [15] has
gathered much interest due to its low operating temperature
between 60 °C to 80 °C and high versatility [16]. Since the
range of energy produced in PEMFC goes from 10-3 W to
106 W, supplying energy to small electrical devices and up
to large systems for energy distribution purposes is possible.
In addition, PEMFC has experienced an increased usage as
an environmentally sustainable energy generator for various
application areas such as transportation, portable electrical
devices and stationary energy. Besides, this technology
permits the interconnection with others renewable energy
sources (generating Hybrid Power systems) with the aim of
enhance the energy demand [17-19].
PEMFC can be operated with both hydrogen and alcohols
as fuels, but hydrogen [20] produces a higher power density
than alcohol [21]. It is well known that the determining
process in PEMFC is the cathodic process, where the Oxygen
Reduction Reaction (ORR) takes place with a lower rate
constant than fuel oxidation [22]. The main mechanisms on
the electrochemical ORR leads to two main applications: (1)
ORR via 4 electrons leading to H2O and heat generation,
this approach is employed in energy conversion, such as
in PEMFC [23]; (2) ORR via 2 electrons leading to H2O2
generation, this approach is employed in environmental and
synthesis applications, since H2O2 produced is a powerful
oxidant reagent [24, 25].
The operational performance of the cell is influenced
by different parameters such as, temperature of the cell,
gas feeding and design of the flow plates [16, 26], water
management [27], pressure of the gases [28] and activity of
the catalyst [29].
The improvement on the catalytic activity for the ORR
represents one of the important studies in fuel cell
development. Pt based electrocatalysts are the most reported
materials for ORR [29] because of their high stability, kinetic
activity, etc. Efforts to increase the catalytic activity for ORR
include improved catalyst utilization, higher electroactive
surface area, homogeneous catalyst distribution, and higher
electrical contact between the Pt particles. To achieve these
targets, the utilization of improved catalyst supports based
on carbon structures such as Multiwalled Carbon Nanotubes
(MWCNT) [30], Single wall Carbon Nanotubes (SWCNT)
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[31], graphene oxide film [32], Vulcan [33] and Graphite
[34] have been reported with different results. MWCNT have
shown excellent electrical properties, extraordinary thermal
conductivity [35] and good mechanical properties [36] making
them a good candidate for catalyst support [37] in fuel cells.
Other areas of research in the catalyst activity improvement
are: to decrease the catalyst particle size [38], structural
change to increase electrochemical active area, to improve
durability due to CO poisoning and increase the active
sites [39]. In the catalyst layer, research has been focused
on increasing the contact between the support and the
catalyst particles to reduce the resistance to charge- and
mass-transfer, and to increase gas-diffusion channels, with
the main objective of enhancing the ohmic contact in the
triple-phase boundary (catalyst, ionomer and support)
within the catalyst layer structure [40]. There exist other
areas of PEMFC improvement such as, the development of
alternatives to Pt to reduce catalyst cost such as, non-noble
materials [41], organometallic complexes [42] and alloy
materials [43], including alloying with other metals and
core-shell nanocatalysts [44, 45]. Fang et al. [46] reported the
evaluation of the performance in a PEMFC of an assembly
fabricated with Pt/C (ETEK) as anode and Pt51-Au49/C
(20wt%) as cathode with active area of 5 cm2; the evaluation
was performed at 75 oC, 30 lb in-2 H2/O2 and 0.40 mgPt cm-2,
obtaining current and power densities values around
1400 mA cm-2 at 0.5 V and 640 mW cm-2, respectively. So-Mi
et al. [47] synthesized a catalyst based on Platinum and gold
supported on carbon with various Pt/Au ratios by reduction
method, these materials were evaluated as catalysts in the ORR
and it reached a maximum when Pt/Au ratio was 90/10. Also,
an assembly was made with Pt/C (ETEK) and Pt90-Au10/C
(20 wt%) as anode and cathode, respectively, and active area
of 5 cm2 to evaluate in a PEMFC at 70 oC, 400 mL min-2 H2
and 1300 mL min-2 O2, platinum loading of 0.40 mgPt cm-2.
The maximum power density reached was 370.3 mW cm-2 and
current density value of 800 mA cm-2 at 0.5 V.
This work presents the synthesis of composite bimetallic
nanoparticles based on platinum and gold supported on
MWCNT (Pt-Au/MWCNT) with atomic ratio Pt-Au
(1:1) and 20 wt% of metal loading (Pt-Au) with 80 wt%
of MWCNT by the reverse microemulsion method to be
used as electrocatalysts in the cathode of a single PEMFC.
The nanomaterials of Pt-Au/MWCNT and commercial
Pt on Vulcan XC-72 carbon (Pt/C) were characterized by
physicochemical methods. Electrochemical measurements
such as thin-film rotate disk electrode (RDE) and
electrochemical active surface area (SEI) were performed
in order to compare the catalytic activity for ORR and
understand the pathway of the ORR using Koutecky-Levich
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equation. Furthermore, Membrane Electrode Assemblies
(MEAs) prepared using Pt-Au/MWCNT and Pt/C as
cathode and anode, respectively and Pt/C as both cathode
and anode were compared through electrochemical tests in
a single fuel cell hardware. Catalyst ink with various Nafion®
concentrations such as 3 wt%, 6 wt%, 16 wt% and 26 wt%
was varied in the cathode to study the influence of its
concentration on the performance of the MEAs.

2. Materials and methods
2.1

Chemicals

Potassium hexachloroplatinate (IV) (K2PtCl6∙xH2O,
98%), Chloroauric Acid (HAuCl4∙xH2O, 99%) sodium
citrate tribasic hydrate (C6H5Na3O7∙xH2O, 99%),
Hexadecyltrimethylammonium bromide (CTAB, 99%),
Ferrocene (C10H10Fe, 98%) and Nafion® solution (5 wt%) were
purchased from Sigma-Aldrich. Sodium borohydride (NaBH4,
98%), sulfuric acid (H2SO4, 97%), nitric acid (HNO3, 70%),
isopropanol (C3H8O, 99%), methanol (CH3OH, 99.9%),
ethanol (C2H5OH, 99%), toluene (C7H8, 99.5%) and acetone
(C2H6O, 99%) were acquired from Fermont. Nitrogen gas
(99%), oxygen gas (99%), argon gas (99.9%), hydrogen
gas (99%) and liquid nitrogen (99.999%) were supplied by
Industrial Gases Infra. All chemicals were used as received. Clear
fused quartz tube was purchased from AdValue Technology.
Gas diffusion layer (SGL carbon 34BC) with air permeability
of 0.35 ± 0.25 cm3 cm-2 s-1 was acquired from Ion Power, Inc.
Commercial Pt/C was acquired from Fuel Cell Store. Nafion
R212 Membrane was supplied by Dupont. Aqueous solutions
and water used in synthesis of nanomaterials were prepared
with Milli-Q water (18 MΩ, Millipore).
2.2

Synthesis of the nanomaterials

2.2.1 Synthesis, purification and functionalization of
MWCNT
MWCNT were synthesized by the spray pyrolysis technique,
as reported by Alonso-Núñez et al [48]. The solution
containing 25 mM of ferrocene in toluene was nebulized and
transported to a quartz tube by argon flow at 20 psig, the
flow injection was controlled by a rotameter at 6.37 cm3 h-1.
The quartz tube was previously heated at 850 oC in an oven
(Thermo Scientific model Lindberg/Blue M) to start the
synthesis and the reaction time was fixed to 30 min at the
aforementioned conditions. Then, the reactor was allowed to
cool in argon atmosphere until it reaches room temperature.
Purification/functionalization of MWCNT support which
acts as the support for platinum nanoparticles are required
to remove the residues derived from the synthesis and creates
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active sites to attach the nanoparticles onto the support. The
process was carried as follows: a solution of
3 M HNO3/1 M H2SO4 was mixed with 2 mL of CH3OH
to eliminate residual contents of Fe in 100 mg of MWCNT
(Fe is associated with the ferrocene used in the synthesis
of MWCNT) by reflux for 120 min. Finally, the purified/
functionalized MWCNT was rinsed with water, methanol
and acetone by using a filtering system and allowed to dry for
24 h at 100 oC.
2.2.2

Synthesis of Pt-Au/MWCNT nanomaterial

Once MWCNT were synthesized and functionalized,
the synthesis of the nanomaterial was carried out. Since
commercial Pt/C has a platinum loading of 20 wt%, the aim
of the synthesis by reverse microemulsion was to obtain the
same loading (20 wt%) of nanosized Pt-Au on the MWCNT
with atomic ratio Pt:Au (1:1). Reverse microemulsion proved
to be an effective method for good dispersion and synthesis
of smaller size nanoparticles [49]. Our group has reported the
synthesis of bimetallic electrocatalysts for H2O2 generation
by reverse microemulsion [24, 25]; however, those reports are
referred to 20 mg of the nanomaterial with different synthesis
procedures. In this work, the synthesis was scaled up to
obtain 100 mg of Pt-Au/MWCNT nanomaterial starting
with 80 mg of MWCNT support.
The nanoparticle deposition on MWCNT procedure begins
with the preparation of solution A, consisting of CTAB/
isopropanol/water in 4.8/88.9/6.3 (v/v%), respectively.
80 mg of MWCNT in 170 mL of solution A were dispersed
in ultrasonic bath for 45 min. The dispersed slurry was
stirred and refluxed for 10 min in a round bottom flask
of 1.0 L with three necks. Simultaneously, two different
microemulsion solutions were prepared, a solution of K2PtCl6
(9.8 mM) in 40 mL of solution A and the reducing solution,
which consisted of NaBH4 (50 mM) and C6H5Na3O7
(50 mM) in 40 mL of solution A. The reducing solution was
then added to the slurry, after stirring by 20 min, the K2PtCl6
solution was added. Finally, the system was left standing to
react for 3 h. After that, a second dose of reducing solution
HAuCl4 (6.2 mM) was added in 40 mL of solution A and
allowed to react by additional 3 h.
The composite Pt-Au/MWCNT obtained from this process
was rinsed with water, isopropanol, methanol and acetone,
successively, filtered and dried for 24 h at 100 oC.
2.3

Physicochemical and microscopic characterization

Thermogravimetric analysis (TGA) were performed using TA
Instrument-Q500 by using a Pt pan of 100 μL Thermograms
were recorded in the temperature range of 30 oC to 850 oC,

using a heating rate of 20 oC min-1 with an oxygen flow of
60 mL min-1.
Transmission Electron Microscopy (TEM) on a JEOL
2200FS with spherical aberration corrector in probe mode
was used to observe the morphology of Pt-Au/MWCNT and
elemental composition of the samples was made by X-ray
dispersive energy (EDS) attached to this equipment.
SEM micrographs were acquired by using a TESCAN VEGA
3, operated at 20 kV and elemental analysis were carried
out with Bruker 125 eV detector coupled to the TESCAN
microscope to observe the microstructure of the MEAs.
2.4

MEAs preparation

MEAs were prepared applying the catalyst ink onto the
Gas Diffusion Layers (GDL) with metal loading on the
GDL of 0.5 mg cm-2 to obtain the cathode and anode Gas
Diffusion Electrodes (GDE) followed by hot-pressing with
the membrane in between, to form a 5-layer MEA with an
active area of 9 cm2. More details of this and other methods
to prepare MEAs are described in [50-52]. In all the MEAs
prepared, only Pt-Au/MWCNT was used as cathodic
electrocatalyst, while the commercial Pt/C was used as anodic
electrocatalyst.
The Pt/C catalyst ink was prepared by mixing the Pt/C
nanomaterial with a solution of water, Nafion® solution
(5 wt%) and ethanol in a 1:4:1.4:20 by weight ratio,
respectively. However, the catalytic ink ratio was changed
(1:1.4:20:212 ) for Pt-Au/MWCNT to ensure a homogenous
dispersion. The amount of Nafion® solution was varied:
3 wt%, 6 wt%, 16 wt% and 26 wt% to study the influence
of its concentration on the performance of the MEAs.
2.5

Electrochemical measurements

All electrochemical measurements were performed in a threeelectrode cell, which contained a Pt Rotating Disk Electrode
(RDE) as the working electrode (WE, geometric area,
0.1257 cm2), Ag/AgCl/KCl(saturated) as the reference electrode
(RE) and a Pt spiral wire with large surface area as counter
electrode (CE). These electrodes were immersed in 0.5 M
H2SO4 solution at room temperature. The electrochemical
system was connected to a potentiostat/galvanostat Biologic
model VMP-300. All potential values were referred to the
Standard Hydrogen Electrode (SHE).
In order to perform the electrochemical measurements, the
Pt RDE surface was first polished with an alumina slurry
(0.05 μm grade), and then, the electrode was prepared with
40 μL of a catalytic ink prepared by suspending 2 mg of
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either Pt-Au/MWCNT or Pt/C in a solution of 150 μL
of Nafion® (5 wt%) and 550 μL of ethanol. The ink was
sonicated before the deposition on the electrode to obtain a
homogenous ink.
The MEAs fabricated with these two catalysts (commercial
Pt/C and Pt-Au/MWCNT), were characterized in a single
fuel cell hardware (in-house design), in order to compare
their performance and also to correlate these results with
the kinetic results obtained in the RDE study. The fuel cell
tests were carried out by using a potentiostat/galvanostat
Solartron model 1287 with 20A booster attached, Solartron
model 1290 and an Impedance/Gain-phase analyzer
Solartron model 1260.
2.5.1 SEI and ORR activity
Measurement of Electrochemical active surface area (SEI) is
based on the integrated charge in hydrogen underpotential
deposition (H-UPD) in platinum. Ye et al [53] reported SEI,
accordingly to Eq. 1:
SEI = QH ⁄ Qref * Ptload 				

(1)

Where SEI is reported in m2 g-1, QH is the integrated charge
in H-UPD region (mC), Qref is the integrated charge for the
adsorption/desorption of one monolayer of hydrogen in Pt
(111), which is a constant value of 0.21 mC cm-2 and Ptloading
is the mass of Pt placed onto working electrode (mg).
To carry out SEI measurements, cyclic voltammetry (CV) in
0.5 M H2SO4 solution were recorded in the potential range
of 0.0 V to 1.4 V vs SHE, at scan rate of 100 mV s-1.
For ORR catalytic activity test, 0.5 M H2SO4 solution was
bubbled with oxygen gas for 20 min. Then, linear sweep
voltammetry (LSV) were recorded in a potential range of
1.0 V to 0.1 V vs SHE, at scan rate 5 mV s-1. Also, different
rotation speeds of the Pt-modified RDE (50, 100, 250, 500,
750 and 1000 rpm) were applied in order to analyze the
results by Koutecky-Levich equation [54].

2 mV s-1 to obtain the polarization (I-V) curve by triplicate
for each sample, at 60 oC and 10 psig for H2 and O2.
The active surface area (ESA) is an analog test to determine
the electrochemical active surface area (SEI) performed in the
fuel cell hardware. In ESA, cyclic voltammetry is recorded,
supplying nitrogen gas at cathode and hydrogen at anode, the
charge integrated in the potential range from 0.0 to 0.3 V is
related to H2 adsorption/desorption in the anode.

3. Results and Discussion
3.1

TGA analysis

In order to confirm the amount of metallic content (Pt and
Pt-Au) and the thermal behavior of the MWCNT and the C
Vulcan, TGA analysis was performed. It is important to point
that this technique is non-selective to each metallic species
for Pt-Au/MWCNT. Fig. 1 shows the thermograms for
Pt-Au/MWCNT and Pt/C. The thermogram corresponding
to Pt/C shows a weight loss at 400 oC is attributed to the
combustion of the Vulcan carbon [55]. The remaining weight
of 19.35% is associated with the corresponding metallic
oxide (PtO2) while the thermogram corresponding to
Pt-Au/MWCNT shows a weight loss at 580 oC associated
with MWCNT combustion [55]. The final of 25.00%
weight loss is attributed to the corresponding metallic oxides
(PtO2 and Au2O3). However, it is not feasible to accurately
determine the individual concentration for each element.
3.2

STEM microscopy

The morphology and the size distribution of the
nanoparticles anchored on the MWCNT were determined
by STEM mode images. The micrographs of the
Pt-Au/MWCNT electrocatalyst clearly shows the uniformly
dispersion of Pt-Au on the MWCNT creating a multidimensional network structure that facilitates the electrons/

2.5.2 Fuel cell testing protocol
The ohmic resistance was measured with an Electrochemical
Impedance Spectroscopy (EIS) in the frequency range of
100 kHz to 0.1 Hz with 10 mV ac, at 0 V dc and 10 steps
dec-1. The fuel cell hardware is fed with oxygen (cathode) and
hydrogen (anode), both at 10 psig and heated at 60 oC.
The MEAs performance was measured by potentiodynamic
polarizations from OCV to 0.1 V, with a scan rate of
148
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protons transfer and increasing the active sites (Fig. 2a
and 2b). The porosity of catalyst/MWCNT network in
combination with the placement of catalyst particles closer
to nanotubes edges provides effective triple phase formation
and transfer of gas and water, thereby, reducing the ohmic
resistance and promoting electronic and ionic transfer.
The TEM images confirmed a good distribution of the
bimetallic particles. Fig. 2c shows the particle size Gaussian
distribution with an average diameter of 3.26±0.47 nm for
Pt-Au nanoparticles. The Fig. 2d and Fig. 2e shows the lower
and higher magnification of Pt/C commercial nanoparticles
on Vulcan carbon with a good deposition of Pt on the
carbon support. At low magnification, uniform dispersion
is observed and at high magnification the particles do not
overlay. However, large aggregation of Pt particles makes it
difficult for the reactants to access the active sites and causing
reduced catalyst utilization. Fig. 2f shows the particle size
distribution for Pt with average diameter of 1.76±0.33 nm.
The composition analysis was performed by EDS and Fig. 3
shows the typical elemental composition spectrum of Pt-Au/
MWCNT. The average elemental composition was obtained
from 12 different zones analyzed in the sample. The EDS
spectra for Pt-Au/MWCNT showed 54.13% of Pt and
45.87% of Au In close agreement with the original Pt:Au
ratio (1:1) of the precursor synthesis solution.
According to STEM micrographs and EDS elemental
analysis, it can be seen that the Pt commercial particle size
is smaller than Pt-Au alloy. However, Pt-Au particles on
MWCNT have better performance in the fuel cell hardware.

Matsumoto et al. [56], Zhao et al. [57] and Wu et al. [42]
have also shown better performance when carbon nanotubes
are used as the support material.
3.3

Electrocatalytic activity for ORR

3.3.1 Electrochemically active surface area of the
electrocatalyst
Fig. 4 shows cyclic voltammograms for Pt-Au/MWCNT
and Pt/C. Both electrocatalysts show hydrogen adsorption/
desorption features in the potential range of 0.0 V to 0.3 V
vs SHE. The reduction peak potential of PtxOy is located
at 0.65 V vs SHE in both electrocatalysts. Herein, the SEI
values for both electrocatalysts are calculated according
to Eq. 1, where, QH for Pt-Au/MWCNT and Pt/C
(commercial) were 7.33 mC and 8.69 mC, respectively.
From TGA analysis and elemental average value from EDS,
the Ptloading of Pt-Au/MWCNT and Pt/C (commercial)
were estimated to be 0.02 mg for both electrocatalysts. The
SEI values estimated were found 24.93 m2 g-1 for Pt-Au/
MWCNT and 27.39 m2 g-1 for Pt/C (commercial).
3.3.2 Oxygen Reduction Reaction for the electrocatalyst
In order to measure the catalytic activity in the ORR for
the electrocatalysts, LSV were performed using the RDE
technique. Fig. 5a and 5b shows the voltammograms for
Pt-Au/MWCNT and Pt/C, respectively. It is noticeable that
the onset potential for ORR was around 0.8 V vs SHE for
both samples. Also, the electrocatalysts showed no significant

Fig. 2. TEM images of (a and b) PteAu/MWCNT and (d and e) Pt/C commercial; Histogram of the size distribution of
(c) PteAu/MWCNT nanomaterial and (f ) Pt/C commercial.
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Fig. 3. EDS and HAADF image of one zone of PteAu/MWCNT
nanomaterial.

difference in the diffusion limiting current density at
1000 rpm (or plateau current density).

Fig. 4. Cyclic voltammograms of PteAu/MWCNT and Pt/C
(commercial) electrocatalysts in 0.5 M H2SO4 at scan rate of 100 mV s-1.

The kinetic current density [54] at 0.7 V can be defined as
(Eq. 2):
jk,0.7 V = jD * j0.7 V / jD – j0.7 V				

(2)

Where jk, 0.7 V is the kinetic current density at
0.7 V (mA cm-2), jD is the diffusion limiting current density
(mA cm-2) and j0.7 V is the current density at 0.7 V. According
to Eq. 2, the values of kinetic current density at 1000 rpm
were: -7.65 mA cm-2 and -3.68 mA cm-2 for Pt-Au/MWCNT
and Pt/C (commercial), respectively. Lin et al. [58] reported
nano-structured catalysts based on carbon-supported Au@Pt
core shell with varying the atomic ratio of Pt:Au synthesized
by the seed-mediated growth method; the best catalytic
activity for ORR obtained was for Au@Pt(2:4)/C catalyst,
the current density value exhibited was around -4 mA cm-2 at
0.1 V vs SHE and 1800 rpm.
ORR is a complex process that involves different pathways
[59]. In order to clarify the mechanism of ORR, KouteckyLevich equation was used to determinate the number of
electrons transferred (n) during the ORR; this equation states
an inverse ratio between the reciprocal of the current density
and the square root of the rotation speed (Eq. 3):
1/J = 1/Jk + 1/B w 				
1/2

(3)

Where J (mA cm ) is the experimentally observed current
density, Jk is the kinetic current density (mA cm-2) and w is
the rotation speed of the RDE (rpm). When this relationship
is plotted, n in the ORR can be calculated from the slope,
according to Eq. 4:
-2

B = 0.20nFD2/3O2 u-1/6 CO2			
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(4)

The coefficient 0.20 is used when w units are rpm, n is
the number of electrons transferred, DO2 is the diffusion
coefficient for oxygen (1.85 x 10-5 cm2 s-1), u is the kinematic
viscosity of H2SO4 solution (0.01 cm2 s-1) and CO2 is the
concentration of dissolved oxygen in the solution
(1.13 x 10-6 mol cm-3). Fig. 5c shows the Koutecky-Levich
plots for Pt-Au/MWCNT and Pt/C, where the number
of electrons transferred in ORR is close to 4 in both
electrocatalysts, leading to H2O generation. Also Fig. 5d
shows that the ORR with 4 electrons transferred occurs in
the Pt-Au/MWCNT in a wide potential range (0.1-0.6 V vs
SHE), which is recommendable on electrocatalysts for fuel
cell application.
Table 1 shows the Koutecky-Levich slope, the experimental
number of electrons transferred (nexp) in ORR, and the kinetic
rate constant (k) values derived from the intercept term in
Koutecky-Levich equation for Pt-Au/MWCNT and Pt/C. It
is noticeable that a higher value of the kinetic rate constant is
observed for Pt-Au/MWCNT than for Pt/C (commercial),
which could be due to a synergistic effect of the bimetallic
alloying character.
3.4

Fuel cell test

3.4.1 Comparison of Pt-Au/MWCNT and Pt/C
The performance of the Pt-Au/MWCNT as cathode catalyst
in a single fuel cell was compared with the Pt/C commercial,
Fig. 6a shows the peaks attributed to hydrogen adsorption/
desorption between 0.0 to 0.3 V. The charge integrated for
hydrogen desorption is related to Electrochemical Surface
Area (ESA) values. ESA values found were similar for both
electrocatalysts, 0.45 mC cm-2 for Pt-Au/MWCNT and
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Fig. 5. Linear voltammograms recorded in O2 saturated H2SO4 (0.5 M) at different rotation
speeds for (a) Pt–Au/MWCNT, (b) Pt/C at scan rate of 5 mV s-1, (c) Koutecky-Levich plot
for Pt–Au/MWCNT (◊) and Pt/C (*) determined at 0.5 V vs SHE and (d) Koutecky-Levich plot
for Pt–Au/MWCNT at different potentials.

the path to the reactant gases to the
reaction sites. The higher porosity in
the structure of the Pt-Au/MWCNT
catalyst layer (compare Fig. 7c and
7e) produced a lower mass transport
resistance than the Pt/C catalyst layer,
as observed at moderate currents in Fig.
6b, where the voltage dropped faster for
Pt/C than for Pt-Au/MWCNT due to
the mass transport limitations. It also
can be inferred form the low currents
region in Fig. 6b that the curves
slopes for both catalyst layers (Pt/C
commercial and Pt-Au/MWCNT) were
similar, although, pointing to similar
activation overpotentials in fuel cell.
Lin et al. [58] performed the evaluation
of Au@Pt (2:4)/C as catalyst in a
PEMFC reaching a maximum power
density value of 479 mW cm-2 using
H2 and O2 at 80 oC. Also, Selvarani et
al. reported a catalyst based on Pt-Au
(3:1) supported on carbon (Pt-Au/C),
which was used as cathode in PEMFC,
the maximum power density obtained
with this catalyst was 650 mW cm-2
using H2 and O2 at 60 oC, the amount
of the platinum is higher than catalyst
reported in this work [60].
3.4.2 Variation of Nafion® solution
content in the catalytic ink

Fig. 6. (a) Adsorption/desorption region of Pt–Au/MWCNT and Pt/C; (b) Polarization curves
(filled) and power densities (blank) for both assemblies.

0.43 mC cm-2 for Pt/C (commercial). However, Fig. 6b demonstrates that better
fuel cell performance is obtained by using Pt-Au/MWCNT as cathode than Pt/C
(commercial) since the maximum power density values were 625 mW cm-2 at
0.426 V for Pt-Au/MWCNT and 355 mW cm-2 at 0.499 V for Pt/C (commercial)
(Table 2). These values were obtained from the polarization curve (Fig. 6b), where
the ohmic and mass transport overpotentials are higher for Pt/C (commercial)
than Pt-Au/MWCNT cathode. Assuming that both MEAs had the same humidity
content during the test (pre conditioning process as part of testing protocol) and
similar triple-phase boundary areas, the better performance of Pt-Au/MWCNT
could be due to good ohmic contact along the catalyst layer facilitated by the
location of the catalyst particles along the edges of the MWCNT and a better
3-D structure. Furthermore, in the mass transport overpotential zone, it could
be hypothesized that a thinner thickness of the Pt-Au/MWCNT catalyst layer
(Table 3) not only benefited the utilization of the catalyst sites but also reduced

Fig. 8a shows the signals attributed
to hydrogen adsorption/desorption
between 0.0 to 0.3 V of some
fabricated MEAs with different
concentration of Nafion® solution
in the catalytic ink (the other
components: Pt-Au/MWCNT,
ethanol, and water were maintained
Table 1
Experimental parameters for PteAu/
MWCNT and Pt/C (commercial) determined
from Koutecky-Levich plot.
Sample
Pt/C
(Commercial)
Pt-Au/
MWCNT

Experimental

slope

nexp k (cm s-1)

3.15

5.00 1.73 X 10-2

3.20

4.98 2.26 X 10-2
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Table 2
Different performance parameters for PteAu/MWCNT and Pt/C (commercial) with 6 wt% of
Nafion® in the fuel cell test.
Assembly
Pt/C
(commercial)
PteAu/
MWCNT

OCP (V) R (W) J (A cm2, E = 0.5V) J (A cm2, E = 0.1 V)

P (mW cm-2)

- 0.97

0.24

0.71

1.07

355

- 0.96

0.20

1.14

2.34

625

Table 3
Effect of Nafion® content on catalytic layer thickness and different performance parameters
in fuel cell test for PteAu/MWCNT with different wt% of Nafion® solution.
Nafion®
content
(wt%)

3
6
16
26

Estimated catalytic layer OCP (V)
thickness (mm)
Pt/C
(anode)

Pt–Au/
MWCNT
(cathode)

25
24
16
17

22
15
11
11

- 0.95
- 0.96
- 0.96
- 0.96

R (W) J (A cm-2, E = 0.5 V) J (A cm-2, E = 0.1 V) P (mW cm-2)

0.22
0.20
0.24
0.21

0.77
1.14
0.71
0.65

1.82
2.34
1.70
1.73

424
625
396
364

Fig. 7. SEM images of the assembly with Pt–Au/MWCNT (cathode) and Pt/C (anode).

Fig. 8. (a) Adsorption/desorption region of assemblies with different wt% of Nafion® solution
and (b) Polarization curves (filled) and power densities (blank) of the assemblies.
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constant as defined in section 2.5). It
is well known that the composition of
catalytic ink solution is an important
challenge to improve fuel cells
manufacturing and an attempt was
made in this paper to understand their
influence in the performance of the
cathode. The concentrations of Nafion®
solution used here were: 3, 6, 16,
and 26 wt% and their corresponding
ESA values were: 0.37 mC cm-2,
0.45 mC cm-2, 0.25 mC cm-2 and
0.21 mC cm-2, respectively. It is clearly
evident that the MEA with 6 wt%
of Nafion®, had the widest region
associated with the adsorption and
desorption of hydrogen and obtained
the highest ESA value (see Fig. 8a).
Likewise, the Fig. 8b shows the
polarization (I-V) and power density
curves for the MEAs with variation of
Nafion® solution. Similarly, the MEA
with 6 wt% of Nafion® showed the
best performance in the I-V curve,
with 1.14 A cm-2 at 0.5 V and the
highest maximum power density with
625 mW cm-2, is noticeable that this
catalyst reach practically the same
maximum power density value than
the reported by Fang et al., however
that value is obtained at 75 °C, while
the value reported in this work was
obtained at 60°C [46]. Table 3 shows
the performance parameters of all
MEAs with different concentrations
of Nafion® solution. These results
confirmed the impact on the PEMFC
performance by the concentration of
Nafion® solution in the catalyst layer.
It is also very well known that the
amount of Nafion® affects the mass
transport and the ionic conductivity
in the triple phase boundary areas
within the catalyst layer and across
the membrane interface [61]. Several
studies suggest that there is an optimal
amount of Nafion® up to a critical ratio
at which the Nafion® (ionomer) begins
to create a mass transport barrier and
higher electronic impedance [62-65].
An insufficient amount of Nafion®

Artículo de investigación
results in a poor triple phase boundary presence, limiting
the platinum activity even though there is an even particle
distribution. This phenomenon could explain the lower ESA
obtained for the MEA with 3 wt% of Nafion® compared
to the MEA with 6 wt% of Nafion® (see Fig. 8a). On the
other hand, excess Nafion® blocks the pores of the catalyst
layer, masks the catalyst particles, hinders the path of the
reactant gas to the active sites, and also increasing the water
content in the catalyst layer. These are the impacting factors
for the MEA performance and the hydrogen adsorption/
desorption (see Fig. 8a). Likewise, the lower performance
obtained in the MEAs with Nafion® concentrations of 3, 16
and 26 wt% in the I-V curve confirm that Nafion® plays an
important role for both the ohmic and mass transport regions
showing a similar voltage drop (similar slope) after the active
polarization region, with the best performance for MEA with
6 wt% of Nafion® (see Fig. 8b).
3.4.3 SEM micrographics of MEAs
SEM and EDS analysis were performed in order to measure
the thickness of the catalytic layer in both diffusers of
MEA. The thickness of the catalytic layer was estimated
by determining the presence of Pt and Pt-Au at different
distances from the surface until Pt and Pt-Au were no
longer detected. This profile of catalytic layer (distance wise)
from the surface of the GDL is related to the ink solution
application method; the porosity of the GDL, the catalyst
material (Pt/C or Pt-Au/MWCNT) and the composition of
the ink solution (Nafion® content). Fig. 7 shows micrographs
for a MEA (Nafion® 6 wt%), where the thickness of the
Nafion membrane was 45.8 μm, the thickness of the catalytic
layer had a thickness of 23.8 μm for Pt/C (commercial),
while for Pt-Au/MWCNT was found in 15.4 μm. Table 3
shows values of different parameters of MEAs prepared by
varying the content of Nafion® in catalytic ink. When Nafion®
content was increased, the thickness of the catalytic layer
decreased and the power density of the cell varied, reaching a
maximum value when a 6 wt% of Nafion® content was used.
These results could be linked to the porosity of the catalyst
layer, as the MWCNT has a more compact system compared
to the Vulcan carbon, demonstrated a thinner layer with
better repercussions in the ohmic contact.

4. Conclusions
Although there are few reports with Pt-Au catalyst in
literature, no reports of this material is reported by using
MWCNT as support. The synthesis of Pt-Au/MWCNT
by using reverse microemulsion methodology and their
performance was compared with Pt/C (commercial). The
experimental characterization indicates a good dispersion,

size distribution and adequate total amount of metal content
of the nanomaterial. Moreover, the elemental average
value from EDS confirms that the composition of Pt:Au is
approximately 1:1.
Electrochemical measurements were performed in order
to compare the catalytic activity in the ORR for Pt-Au/
MWCNT and Pt/C (commercial). No significant differences
were observed in SEI, onset potential and diffusion limiting
current density in both electrocatalysts. However, the value of
kinetic density current at 0.7 V is higher in Pt-Au/MWCNT
than Pt/C (commercial), this fact is attributed to an
improvement in the electronic charge transference by using
MWCNT as support, compared with other carbonaceous
materials. ORR with 4 electrons transferred took place in
both electrocatalysts leading to H2O. Furthermore, ORR
process with 4 electrons occurred in a wide range of potential
in Pt-Au/MWCNT, which means this electrocatalyst is a
promising alternative to Pt/C for fuel cell application.
A critical parameter in the catalyst performance is the
adequate quantity of Nafion, in this paper were studied
different Nafion® concentration, the MEA with 6 wt% of
Nafion® showed the best performance in a single fuel cell
hardware working with H2 and O2. Even with the same value
of ESA, Pt-Au/MWCNT exhibited a better performance
in single fuel cell test. An explanation based on the thinner
catalyst layer obtained with the alternative
Pt-Au/MWCNT and its multi-dimensional network is
believed to have facilitated transportation of gases and water,
ensuring reactants to reach the catalyst sites.
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