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Abstract

A series of Pt-Ru and Pt-Mo bimetallic catalysts were prepared via a chemical
reduction method by bubbling CO to form carbonyl compounds as metal precursors. In
both cases the Pt-Ru and Pt-Mo bimetallic electrocatalysts achieved the maximum activity
when the amount of Ru and Mo in the material was 50%wt. The physicochemical
characterization of the electrocatalytic materials through X-ray diffraction (XRD) and
transmission electron microscopy (TEM) has determined the presence of bimetallic
structures. The electrochemical characterization using cyclic voltammetry, electrochemical
impedance spectroscopy (EIS) and polarization curves in Proton Exchange Membrane Fuel
Cells (PEMFC) and Direct Methanol Fuel Cell (DMFC) allowed to systematically
investigate the electrocatalytic activity of the synthesized materials for the electrooxidation
of hydrogen and methanol. The Pt-Ru/SWCNT electrocatalysts showed a higher current
density at least 7-fold and 3-fold compared with Pt/SWCNT and Pt-Mo/SWCNT
electrocatalysts, respectively. Besides, the Pt50%-Ru50%/SWCNT exhibited a shifting to
negative values in the onset potential reaction for the electrooxidation of methanol of
200mV in comparison with Pt100%/SWCNT and Pt50%-Mo050%/SWCNT electrocatalysts.
The experimental and simulated polarization curves obtained from DMFC show that Pt-
Ru/SWCNT and Pt-Mo/SWCNT electrocatalysts exhibited higher power and current
densities values compared with the Pt/SWCNT electrocatalyst. The membrane-electrode
assembly (MEA) with Nafion® and the Pt-Ru/SWCNT electrocatalysts showed an open-
circuit voltage value of 0.730V, significantly higher than that the values for the MEAs with
Pt/SWCNT (0.663V) and Pt-Mo/SWCNT (0.633 V), respectively.

Keywords: Bimetallic electrocatalysts, electrochemical impedance spectroscopy (EIS),

membrane-electrode assembly (MEA), fuel cell performance, PEMFC, DMFC.



1 Introduction

Proton-exchange membrane fuel cells (PEMFCs) are electrochemistry systems that
convert chemical energy to electrical energy by means of the combustion of hydrogen,
alcohols, hydrocarbons, etc., through the anodic reaction that is catalyzed at the anode
where the fuel is inserted, while the oxygen is inserted into the cathode to complete the
reaction [1]. Electrodes are generally porous gas diffusion electrodes to ensure the supply
of reactant gases to active zones where the catalyst is in contact with the protonic
membrane and the electronic (carbon) conductor. In the cathode, oxygen reduction reaction
is normally catalyzed by platinum (Pt), where Pt dispersed on carbon exhibits a good
performance. The oxidation reaction depends on the fuel, and the platinum is, in general, a
good catalyst for this reaction. The platinum is important for oxidation of pure hydrogen.
However, the presence of certain traces of gases such as CO, SOz, H2S, NO2, NH3 can
poison the catalyst, which is particularly relevant in the case of CO for low temperature fuel
cells. The CO molecules are prone to be adsorbed on the Pt catalyst surface, causing severe
poisoning at low temperatures [2, 3]. Several strategies have been used to avoid CO
contamination. Previous elimination of CO can be done by water-gas shift conversion of
CO into CO2 hereby producing more hydrogen. This conversion is favored at high
temperature, but the equilibrium decreases with the H2/CO ratio [3]. A similar strategy is
the oxidation of CO by small amounts of air or oxygen, but the presence of the oxidant
leads to a decrease in the fuel cell efficiency and raises a safety problem. The purification
of the hydrogen before its insertion into fuel cells involves a great energetic cost for fuel
cells. Stepwise reforming of hydrocarbons has been proposed for production of CO-free
hydrogen for fuel cell applications [4]. The use of Pt alloys or ternary Pt-based catalysts
have been widely studied to enhance CO tolerance.

The ability to dissociate the molecule of water at lowest potentials has been
associated to ruthenium [5], in consequence, an anode that uses ruthenium can work at low
potentials to obtain higher cell voltages only by re-formulating the Pt-based electrocatalysts
[5]. Also, the use of a second metal as molybdenum has been reported to reduce the
drawbacks associated to the CO adsorption on platinum electrocatalytic sites [6], because

the effect of molybdenum is similar to that of ruthenium concerning the dissociation of



water to produce OH™ anions on their surface. These OH™ anions contribute to the oxidation
of adsorbed species like CO carrying out their oxidation to CO2 [7-9]. Some authors have
proposed that the increase in the tolerance for CO poisoning in the Pt-Mo electrocatalyst is
due to the oxygenated species formed by the molybdenum (MoO(OH)2) [10, 11]. This
species promotes the CO oxidation, which suggests that the increase in CO tolerance is
achieved through a bifunctional mechanism [12]. Thus, there is a great interest in the study
of Pt-M electrocatalysts, and the compositions studied include Pt-Ru [13-16], Pt-Mo [11,
17, 18], Pt-Ru-Mo [19] or Pt-Ru-X (X=Mo, Nb, Ta) [20]. Pt-Ru catalysts have been
extensively used in direct methanol fuel cells (DMFC) [21]. CO is an intermediate specie in
the methanol electro-oxidation and can occupy the active sites of the catalyst, resulting in
slow reaction kinetics. With the use of ruthenium-platinum alloys the oxidation kinetics of
methanol has improved significantly reaching a practicable level.

The majority of experimental studies focus the preparation of the electrocatalysts
using carbon as support though of colloid based or different methods of impregnation [22,
23]. However the use of surfactant remains on the surface of the method colloid and hinders
the fuel access to the catalyst sites [24]. The physics of carbon nanotubes have evolved
rapidly since their discovery in 1991 of multi-wall carbon nanotubes and two years later the
single-wall by Iijima [25]. Since then experimental studies have focused on different fields
such as mechanics, optics and electronics due to excellent physical properties in various
applications [25, 26]. From then carbon nanotube (CNT) based materials are been
intensively studied due to a number of novel and unique properties that make them
potentially useful in a wide range of applications. CNT layers offer outstanding properties
like excellent flexibility, optical transparency, high electrical conductivity, extremely small
weight, and low processing cost [27]. Single-walled carbon nanotubes can be described as a
sheet of graphite that is rolled generating a cylindrical figure resulting in a structure in one
dimension with axial symmetry. The diameters of single-walled carbon nanotubes lie in a
range of 0.7 to 10.0 nm [28]. The structure of the CNT depends on the orientation of the
hexagons in the cylinder with respect to the axis of the tube. As consequence of the
orientation CNT have attracted much interest because they can former essentially one-
dimensional periodic structures with electronic characteristics (metallic or semiconductor)

and could be interesting to prepare MEAs using appropriate inks for fuel cells applications.



For their application, the catalysts are deposited on Gas Diffusion Layer (GDL),
which permit the access of the combustion reactants to the catalysts and the electronic
conduction. GDL are normally carbon. The proton-exchange membrane is placed between
the anode and the cathode and is used as an electrolyte. Nafion® is the most studied and
operated electrolyte for PEMFC’s at low temperatures, having a sulfonated poly-
tetrafluoroethylene polymeric structure. This membrane usually has a small temperature
range in which it is stable. The upper limit of temperature is dictated by the humidification
of the membrane, as water is a prerequisite for proton conduction.

In this work, we report the synthesis of Pt-Ru and Pt-Mo electrocatalysts supported
on single-wall carbon nanotubes (SWCNT) for the electrooxidation of methanol and
hydrogen in a proton-exchange membrane fuel cell (PEMFC). The characterization of the
electrocatalytic materials was carried out by X-ray diffraction (XRD) and transmission
electron microscopy (TEM) in order to determine the presence of a bimetallic structure.
The electrochemical characterization was achieved wusing cyclic voltammetry,
electrochemical impedance spectroscopy (EIS) and polarization curves in PEMFC and
DMEFC in order to systematically investigate the electrocatalytic activity of the synthesized
materials for the electrooxidation of hydrogen and methanol.

Furtthermore, the experimental results obtained in PEMFC and DMFC were
compared with the theoretically calculated parameters obtained by the use of the
thermodynamic equations describing the behavior of the system and the resistance in the

fuel cell arrangement.
2 Experimental
2.1 Synthesis of Pt-M bimetallic electrocatalysts
Metallic platinum was obtained from a precursor of H2PtCls that after weighing the
desired amount was dissolved in 20 mL of distilled water. This dissolution was placed in a

round-bottom two-necked flask to which CO was bubbled for about 12 hours under

continuous stirring. During this process, the solution changed its color from orange to dark



purple with the formation of a dark precipitate. The changes in the dissolution are due to
the formation of platinum carbonyl complexes ([Pt3(C0)g]37). When the bubbling of CO
was stopped, and after a 30 minutes period to eliminate the residual CO in the flask, the
single-wall carbon nanotubes support (Sigma-Aldrich, Batch #: 06905JH) was added to the
dissolution previously dispersed in 1-2 dichlorobenzene (solvent). The mixture was heated
to 90°C under continued stirring during 24 hours for the reduction of platinum. The final
mixture was filtered and washed several times with diethyl ether.

In order to obtain the Pt-M electrocatalyst, during the platinum reduction reaction
when the solution changes into a purple coloration (platinum carbonyl [Pt;(C0)¢]%7), the
precursors of Ruthenium and Molybdenum (Ru3(CO)12 or Mo(CO)s) was added to obtain
the two different types of bimetallic electrocatalysts, subsequently the single-wall carbon
nanotubes support was added into the dissolution previously dispersed in 1-2
dichlorobenzene (solvent). All the mixture was heated to 90°C in a continued stirring
during 24 hours for the reduction of platinum and ruthenium or molybdenum. The final
mixture was filtered and washed several times with diethyl ether. All the electrocatalysts
were subjected to a thermal treatment at a temperature of 400°C for 2 hours in a cylindrical
reactor in a N2 atmosphere to remove the excess of organic solvents.

The synthesis of each electrocatalysts were prepared with the same theoretical
amount of platinum (20%wt) owing we were want to studied the effect in the addition of

different amounts of molybdenum and ruthenium.

2.2 Preparation of the working electrode for the half cell

To make an ink containing the electrocatalysts, 1.0 mg of catalyst, 10.0 uL of
Nafion® and 100uL of isopropanol were mixed. The mixture was stirred in an
ultrasonication bath water bath for 15 minutes, and then a 5.0 uL aliquot was taken and
placed on the surface of a glassy carbon cylinder (0.785 cm?) that had been previously dried

for 10 minutes at room temperature.

2.3 Preparation of the membrane-electrode assembly



2.3.1 Electrocatalytic ink

The preparation of the electrocatalytic inks used to impregnate the GDL (Gas
Diffusion Layer) was carried out using the catalysts previously synthesized in the
laboratory, Nafion® dissolution as binder and isopropanol as solvent. The amount of
electrocatalyst were used is related with an amount of platinum 1.5 mg cm™ that
impregnate on the GDL. The amount of electrocatalyst used was calculated according to
each composition. The amount of Nafion® was 15%wt and that value has been take from
the parametric investigations of direct methanol fuel cell electrodes manufactures by
spraying, carried out by Koraishy et al. [29]. Also, the amount of isopropanol used was
around 8 times higher than the combined amount of electrocatalyst and Nafion®. The
surface of the GDL was 6.25 cm? and the impregnation of the ink was carried out by a

suction type professional airbrush.

2.3.2 Activation of the proton exchange membrane

The proton-exchange membrane (Nafion® 117) was prepared in the laboratory
using as precursor a dissolution of Nafion® (5.2% wt) supplied by DuPont via casting
method. The Nafion® dissolution was placed in a flat-bottomed petri dish, which was then
introduced in a climate chamber at 60 °C overnight to evaporate the solvent and produce
the Nafion® membrane. After detachment from the petri dish, the thickness of the resulting
membrane was measured with a HEIDENHAIN thickness instrument equipped with a flat
tip. The results of the average thicknesses of membrane are presented in Table 1. The
values shown there are the average of five measurements and the error included represents

the standard deviation from the average value.
2.3.3 Membrane-Electrode Assembly
The membrane-electrode assembly (MEA) is formed by an anode, a cathode and the

proton-exchange membrane. The anodes used were the GDL impregnate with our catalysts

and their loadings are summarized in table 1. A commercial platinum-Black cathode was



directly with an amount of platinum of 1 mg cm™ and the Nafion® 117 membranes were
prepared.

The Nafion® 117 membrane was sandwiched between the anode and cathode
electrodes, ensuring that the anode and cathode properly coincide. Later on, this assembly
was placed in a hot press with a double metal plate (Rondol) to afford a proper binding of
the two electrodes with the membrane. All the MEAs were prepared by this hot-press

procedure working at 35 kg cm™ and 130 °C for 3 minutes.

Table 1 Composition (anode) and main properties of the prepared MEAs.

Pt M Thickness
Sample Electrocatalysts® loading loading average ° 1
(mgem?) (mgem?)  (um) (5 em
MEA1 [Pt100%]209%/SWCNTs0q, 1.5 - 202+8 1.11x10%2
MEA2 [Ru100%]20%/SWCNTs00, - 1.5 19348 1.05x102
MEA3 [Mo100%]20%/SWCNTs0e, - 1.5 200+10 8.31x1073
MEA4 [Ptso%Mo0s0%]409%/SWCNTe00, 0.75 0.75 192+7 1.67x107
MEAS [Pte796M0339]309%/SWCNT 709, 1.0 0.5 206+7 7.85x10°
MEAG6 [Ptg09sM0209%]25%/SWCNT 759, 1.2 0.3 19148 8.73x1073
MEA7 [PtsossRU20%]25%/SWCNT759, 1.2 0.3 19448 6.21x107
MEAS8 [Pte796R U339 ]300/SWCNT 7094 1.0 0.5 217+10 8.47x1073
MEA9 [PtsovsRus0% J400/SWCNTeov, 0.75 0.75 21249 9.42x1073

& Composition of the synthesized electrocatalysts used for the anode.

2.4 Physicochemical characterization

2.4.1 Transmission Electron Microscopy (TEM)

The technique of transmission electron microscopy (TEM) was used in order to
observe the particle sizes present in the electrocatalyst. The microscope used was a JEOL
JEM-2010 (available at USAI, Chemistry School, UNAM) using an acceleration voltage of
200 kV. From the images obtained by TEM it was possible to determine the average

particle size.

2.4.2 X-ray Diffraction



This technique was used in order to know the metal phases present in the
electrocatalysts as well as the possible presence of metal oxides. The equipment used for X-
ray diffraction was a Siemens D5000 powder diffractometer (available at USAI, Chemistry
School, UNAM) with a Cu Ka radiation source (A\=1.540562 A). The 20 range studied was
5°<20 <90 degrees.

2.5 Electrochemical characterization

2.5.1 Half-cell electrochemical characterization

The experiments were conducted without agitation, the electrolyte was
deoxygenated with N2 and the electrochemical cell was an arrangement of three electrodes
connected to a Voltalab PST050 potentiostat. The voltamperometric tests were taken at
room temperature with a sweep rate of 30 mVs™!. A saturated calomel electrode (SCE) was
used as the reference electrode and the results were converted to the normal hydrogen
electrode (NHE) scale. The working electrode was a glassy carbon cylinder impregnated
with an ink that contained the electrocatalysts, while the auxiliary electrode was a graphite

bar. The electrolytes that were used during the electrochemical half-cell tests were the

following:
. 0.5 M H2SOs4 dissolution.
. 0.5 M in H2SO4 and 0.5 M in CH3OH dissolution.

2.5.2. Electrochemical impedance spectroscopy (EIS).

The proton conductivity of the MEAS was measured by impedance spectroscopy at
different temperatures in the frequency range of 102 to 10° Hz using a Novocontrol
Broadband Dielectric Spectrometer (Hundsangen, Germany) integrated by an SR 830 lock-
in amplifier with an Alpha dielectric interface. The MEAs were previously equilibrated
with distilled water and afterwards placed between two gold electrodes in a liquid parallel
plate cell coupled to the spectrometer and incorporating deionized water (Milli-Q) to ensure

fully hydrated state of the samples. The temperature was controlled by nitrogen jet



(QUATRO from Novocontrol) with a temperature error of 0.1 K during every single sweep

in frequency.

2.5.3 MEA'’s electrochemical characterization

Once all MEA's were prepared, the next step was their evaluation in a fuel cell
(Baltic Fuel Cells). The MEA was placed in the middle of two bipolar plates of graphite
with conventional channels for the distribution of the fuel. Once the MEA was positioned
between the two bipolar plates, the whole system was inserted inside a device that closed
with air pressure (4 psi), after which the fuel cell was ready for its use. The fuel cell
measurements in a single PEMFC were performed at 25°C. The flow rates were 0.25 L min

! for pure hydrogen and 0.5 L min™! for pure oxygen at atmospheric pressure.

For the sake of comparison, the different MEAs were also tested for direct methanol
fuel cell application (DMFC). For this, a 2 M methanol solution in water, pumped at a flow
rate of 5 mL min™! was used to feed the anode. The cathode was directly fed with oxygen
gas at a flow rate of 150 mL min" and 1 atm of pressure. In this case the measurements

were made at 50 °C.

3 Results

3.1 Physicochemical characterization
All the physicochemical characterization were carried out only for the
[Ptso%Ru20%]25%/SWCNT75% and [Pte7%Mo033%]30%/SWCNT70% electrocatalysts that they

exhibited the best electrochemical performance in half-cell.

The XRD patterns for the Pt, Pt-Ru and Pt-Mo electrocatalysts are shown in Figure
1. The peaks located at 20 = 38.8, 46.5, 67.6, and 81.3° represent a face-centered cubic
structure for Pt and correspond to its (111), (200), (220) and (311) planes respectively [30-
33] (JCPDS Card 04-0802), for the [Pti00%]20%/SWCNTs0% electrocatalyst. In the case of
the [Pt67%Mo033%]30%/SWCNT70% electrocatalyst, the peaks in their XRD pattern show a



similar structure with the observed located at the same 20 values of the Pt/SWCNT
electrocatalyst. However, the XRD patterns for the [Ptso%Ru20%]25%/SWCNT75%
electrocatalyst exhibited a shifting toward higher 20 values in the peaks characteristic for a
face-centered cubic structure and this can be related with a change in the lattice parameter
[31, 34, 35]. The observed values were 20 = 40.87, 47.22, 69.54 and 83.98° that correspond
to the (111), (200), (220) and (311) planes, respectively. The XRD patterns for the Pt-Ru
and Pt-Mo electrocatalysts did not show any peak characteristic for Ru and Mo as the peak
related with the (110) plane for Mo has a similar 26 value than the one for Pt, this overlap
sesulting in a broader peak [36], and the crystallographic response of Ru can only be seen
for Ru contents above 60% wt [35-37]. Furthermore, the peaks in the XRD patterns for the
[Ptso%Ru20%]25%/SWCNT75% and [Pte7%Mo033%]30%/SWCNT70% are wide compared to the
shape of the Pt / SWCNT peaks due to the presence of Pt in the crystalline structure of Ru
and Mo as rich-phase of the alloy element [37, 38]. All the XRD patterns also exhibited
peaks at 20 = 26.42, 44.37, 51.57 and 76.12°, corresponding to the (002), (200), (220) and
(311) planes of the SWCNT used as the support [34, 39-41].
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Figure 1 XRD patterns for the [Ptgo%RIlzo%]25%/SWCNT75%, [Pt67%M033%]3()%/SWCNT70%,
electrocatalysts along with those for [Ptiooe]200/SWCNTsgy, and SWCNT.



The crystallite sizes were calculated using the Scherrer equation based on the
corresponding (220) diffraction peak for each electrocatalyst and were determined to be 18,
7 and 15 nm for the [Pti00%]20%/SWCNTs0%, [Ptso%Ru20%]25%/SWCNT75% and
[Pt67%M033%]30%/SWCNT70%  electrocatalysts, respectively. The lattice parameters
calculated using the Bragg equation for the synthesized electrocatalysts along with the
reported lattice parameters for commercial Pt/C are compared in Table 2. The lattice
parameters for the Pt-Ru and Pt-Mo electrocatalysts showed a decrease in their value in
comparison with commercial Pt values due to the alloying between Mo and Ru with Pt
resulting in bimetallic nanoparticles for each electrocatalyst. This change in the lattice
parameter is related with the shifting of the peaks in the XRD patterns [35, 42]. The wide
peaks in the XRD patterns for the  [PtsowRu20%]25%/SWCNT75%  and
[Pt6704M033%]30%/SWCNT70% and the change in each lattice parameter are related with the
formation of an alloy [37, 38], discarding the formation of a physical mixture between Pt-M

(M=Ru or Mo) [43].

Table 2 XRD parameters for the synthesized electrocatalysts.

Lattice parameter Crystallite size
Sample
A) (nm)
Pt/C commercial 3.9200 [31, 44] 15[31]
[Pt100%]20%/S WCNTgos, 3.9191 17
[Ptgo%RUzo%]zs%/SWCNT75% 3.8494 7
[Pt67%M033%]30%/SWCNT70% 3.9046 15

Figure 2 shows the STEM micrographs for the electrocatalysts synthesized. It can
be observed that for [Pti00%]20%/SWCNTsov (Fig. 2a), [PtsoRu20%]25%/SWCNT7s9 (Fig. 2b)
and [Pt670Mo033%]30%/SWCNT70% (Fig. 2¢) the nanoparticles have a good distribution on the
SWCNT support and those particles are displaying a homogeneous semi-spherical
morphology. In relation to particle size, the average size obtained was 11 and 13 nm for the
[Pt100%]20%/SWCNTs0% and [Pte7%:Mo033%]30%/SWCNT70% electrocatalysts, respectively, and

10 nm for the [PtsosRu20%]25%/SWCNT759% electrocatalyst. Those results are consistent with



the crystallite sizes calculated using the Scherrer equation. Their chemical composition and

the particles size distribution are presented in the supplementary information.

200nm  SU8Z: 9 *2 SE(L) 200nm

200nm  SU8230 30.0kV 7.9mm x250k SE(L)

Figure 2 TEM micrographs for a) [Pti00%]20%/SWCNTgow, b) [Pte79M03304]300/SWCNT70e, and c)
[PtgovsRu20%]25%/SWCNT7sy, electrocatalysts with Z contrast (right) and dark field (left).

3.2 Electrochemical characterization

The figure 3 shows the electrochemical response for the Pt-Ru/SWCNT (Fig. 3a)
and Pt-Mo/SWCNT (Fig. 3b) electrocatalysts in acid media are comparable with the
Pt/SWCNT electrocatalyst response. In the plot that corresponds to the Pt-Ru/SWCNT

electrocatalyst (Fig. 3a) it is possible observe the classic response of a Pt material as it



exhibits the protons adsorption/desorption zone at 0.1 V vs. NHE, and the formation of
platinum oxides around 0.9 V vs. NHE for the anodic sweep and the reduction of the
platinum oxides between 0.85 and 0.4 V vs. NHE for the cathodic sweep. Furthermore,
hydrogen formation on the Pt-Ru/SWCNT electrocatalyst happens at a single potential
value and the shape of the peak is acute. This behavior is related with the affinity of the Pt-
Ru/SWCNT electrocatalyst for the adsorption and formation of hydrogen. This feature
indicates the possibility of using this material in a fuel cell for the electrooxidation of
hydrogen. For the case of the Pt/SWCNT and Pt-Mo/SWCNT (Fig. 3b) electrocatalysts, the
corresponding profiles did not show with clarity the formation and the reduction of
platinum oxides. Also, the adsorption/desorption zone is not clear in both materials and for

that reason the hydrogen evolution took place at lowest current densities.
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Figure 3 Cyclic voltammograms in 0.5 M H,SOy for the Pt-M electrocatalysts at 30mV s™!

To complement the electrochemical characterization, the Pt/SWCNT, Pt-
Ru/SWCNT and Pt-Mo/SWCNT electrocatalysts were tested for the electrooxidation of
methanol in acid media (Figure 4). The results revealed that the Pt-Ru/SWCNT
electrocatalyst exhibited the highest electrocatalytic activity as the current density presented
the highest value in comparison with the Pt/SWCNT and Pt-Mo/SWCNT electrocatalysts
(at least a 7-fold and 3-fold increase, respectively) with the lowest amount of metal
addition, providing a kinetic gain for the electrooxidation of methanol. Furthermore, for the

Pt-Ru/SWCNT the onset potential reaction for the electrooxidation of methanol was shifted



towards negative potential (0.6 V vs. NHE) indicating that the oxidation reaction starts
before in this electrocatalyst when compared with the P/SWCNT and Pt-Mo/SWCNT
electrocatalysts, that exhibit an onset potential reaction of 0.8 V vs. NHE. Thus, this result
shows that the Pt-Ru/SWCNT electrocatalyst achieves a thermodynamic gain for the
electrooxidation of methanol in comparison with the other two materials and suggest that

the Pt-Ru/SWCNT could be used as the anode in a DMFC.
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Figure 4 Electrooxidation of methanol 0.5 M in H,SO4 0.5 M

A final measurement was carried out to determine the degree of poisoning of the
electrocatalysts. This can be calculated as the ratio between the peak current in the sweep
forward ir (Peak I) and the peak current in the sweep back i» (Peak II). If the value of this
ratio is above 1 this means that the electrocatalyst exhibits a high tolerance for the
carbonaceous species that adsorb on their surface and shows an appreciable effectiveness to
remove the adsorbed species that can poison the electrocatalyst [29, 31, 42-45]. For the
present materials, the obtained ratios were 2.6, 1.2 and 5 for Pt/SWCNT, Pt-Ru/SWCNT
and Pt-Mo/SWCNT, respectively, revealing that the three electrocatalysts have a quite good
tolerance to carbonaceous species, avoiding the poison of their active sites, in particular for

Pt-Mo/SWCNT.

3.3. Electrochemical impedance spectroscopy characterization



Electrochemical impedance spectroscopy (EIS) measurements were carried out at
different temperatures in order to obtain information on the MEAs conductivity. The data
of complex impedance were analyzed in terms of the corresponding Bode diagrams as
shown in Figure 5. A close inspection of this figure shows that the modulus of the
impedance decreases with the frequency until a constant value. However, the phase angle
increases until a value close to 0°. The value of |Z*| constant means that the impedance has
only a resistive contribution and its value represents the electrical resistance of the MEA.
The capacity contribution of the impedance is more important at lower frequency. The

slope of the modulus of impedance corresponds to the exponent of the frequency for a

constant phase element (CPE), Z" =(ioC)

. When the slope is one this corresponds to an
ideal capacitor. Two different inclinations in the modulus of the impedance were observed,
which can be related to different interface processes. Jeng et al. [49] applied an impedance
model for MEAs with two CPEs that assigned to the electrode-membrane interface and the
catalyst layer, respectively. These authors found that the exponents for the CPE at the
interface are close to one, as in an ideal capacitor; however, the exponents for the CPE at
the catalyst layer are around 0.6-0.7. The exponents found for the MEAs in the present
study were between 0.85 and 0.45. The equivalent circuit for the electrical behavior of the
prepared MEAs could be described as two CPEs and a resistance associated in series. The
resistance for the MEA corresponds to the protonic resistance introduced by the Nafion®

membrane together with the electronic resistance of the electrodes, being much higher the

protonic resistance than the electronic resistance.
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Figure 5. Bode diagram for all the MEAs at 25 °C. The inset shows the Nyquist plots for the same MEAs at
25°C. The points represent the experimental data while the continuous lines are the calculated fit by means of

equivalent circuit shown in the plot.

In the inset of figure 5 we plot the imaginary part vs. the real part of the impedance
for all the MEAs. In this plot, the so-called Nyquist diagram, the experimental data are
represented as points and the solid lines represent the fitting curves obtained following the
equivalent circuit commented above and indicated in the same inset. The resistance of the
MEA can also be determined by the intersection of the Nyquist plot with the axis of
abscissas, when Z’= R and Z” = 0. Is easy to probe that the values found are in agreement

with the obtained by means of Bode diagram when the phase angle ¢ will be equal to 0.



The conductivity of the MEAs was calculated from the resistances by means of the
expression

— n

where o, S and 1 are, respectively, the proton conductivity, the area of the MEA and
the thickness of the material that is in contact with the two gold electrodes in which we are
making the measurements with the Novocontrol. The contact area was of 6.25 cm? for all
MEAs, and the obtained proton conductivities are summarized in Table 3, showing an
average value for the proton conductivity of (9.7+1.2)x10* S cm™’. It is worth mentioning
that the catalyst composition does not influence the proton conductivity for these MEAs.

The SWCNT support has a high electronic conductivity; therefore, the electrical resistance

of the electrode is very low compared with the resistance of Nafion® membrane.
3.4. Fuel cell performance

The performance of the different MEAs prepared with Nafion® membranes was
measured in a single cell operating with H2/O2. They were evaluated over a long period of
time at a constant voltage of 0.5 V. The resulting polarization curves at 25°C and a high
percentage of relative humidity are shown in Figure 6. An open circuit voltage (OCV) is
near 1.0 V for all MEAs, which is a well-known typical value for Nafion® membranes. The
cell voltage of a PEM fuel cell can be modeled by means of the equation (2) as reported by

several authors [50-53],

V=VOC—A1-ln[‘lj—i-R-S—m-exp(m') (2)

Iy

where V is the cell voltage, Voc the reversible open circuit voltage, i the cell current
density, io the forward and reverse (exchange) current density at equilibrium under OC
conditions, R is the protonic resistance of the membrane and S the area of the membrane
exposed to the protons flux, m and n are empirical parameters associated with mass

transport limitation phenomena. A is the sum of the slopes of the Tafel equation for anode



RT
and cathode. The Tafel slope can be given by ' 2aF , where a is the charge-transfer
coefficient, R the gas constant, T the absolute temperature and F the Faraday’s constant.
The fit of the equation (2) to the experimental values shown in Figure 6 can be used to
obtain the values of Voc, Ai, io, R, m and n, respectively. For this purpose, the
experimental results of the performance were fitted to the equation (2) using the GRG

nonlinear algorithm and the fitting parameters are gathered in Table 3.

Table 3. Fitting parameters for the experimental I-V curves and maximum power density for all prepared

MEAs

Yoc A io RS m n Prmax
MEAS vy  @v) *  (mAem?d) (remd) V) (em*mA”)  (mW cm?)
MEAI 1010 1872 069  428x10° 036  3.18x102  1.61x102 66
MEA4 1044  77.64 017 944x107 065  887x105  2.26x102 107
MEAS  1.021 8512 0.5 1.84 138 ; ; 7
MEA6  1.025 4920 026 2.27 039  8.15x102  6.74x10° 88
MEA7  1.035 13429  0.10 5.74 028  387x106  3.17x102 116
MEAS 1037 1892 068 34810 108  145x105  2.96x102 132
MEA9  1.007 7421  0.17 1.49 028  3.19x10°  1.23x102 125

A close inspection of the second term in equation (2) provides information on the
activation losses, which are related with the charge-transfer coefficient (o parameter)
describing the portion of the electrical energy applied that is employed in lowering the free
energy barrier for the electrochemical reaction. The value of a must be in the 0-1 range.
The value of 0.5 is accepted as a standard value for electrochemical reactions occurring in
PEMFCs over platinum catalysts [54], but, in practical terms, values of o are used between
0.4 and 0.7 from experimental PEMFC’s polarization curves [55-57]. The MEAS with 33%
of ruthenium in the catalyst has a very similar charge-transfer coefficient to MEA1 with
only platinum at the catalyst. The presence of this percentage of ruthenium does not affect
the catalytic activity for hydrogen combustion. Instead, the presence of molybdenum or
other percentages of ruthenium reduce this catalytic activity [54, 55, 57]. The best values

were observed for MEA1 and MEAS with a very similar and low value. This indicates that



the substitution of 33% of platinum for ruthenium does not hinder the catalytic activity. The
protonic resistance per unit of area, r (=R/S), depends both on the thickness and the
protonic conductivity of the membrane. The protonic conductivity is affected by the
relative humidity and not by the composition of catalyst. The last term of the equation (2)
are the concentration losses that occur when the reactants are rapidly consumed at the
electrodes by the electrochemical reactions taking place, leading to concentration gradients.
The parameters m and n are empirical coefficients with typical values of 3x10° V and
8x10” cm? mA™! [54, 55, 57]. The present results show typical values for MEA4, MEA7
and MEAS, and an acceptable value for MEA9. On the contrary, higher values were found
for MEA1 and MEAG.

Figure 6 shows the evaluation of the synthesized electrocatalysts using a single
PEMFC with the current-voltage and power curves for the oxidation of hydrogen. MEA1
was used as the reference because it only contains platinum. A comparison of the voltage
that the MEAs achieved when the current density was 50 mA c¢cm™ showed the following
trends: MEA8>MEAI~MEA6~MEA9~MEA7>MEA4>MEA5. MEAS, with 33% of
ruthenium, exhibited the highest cell voltage in comparison with other MEAs. However,
the MEAs with different percentages of ruthenium (20% or 50%) or with some
molybdenum (20%) afforded similar cell voltages to MEA1. For MEAs with a higher
amount of molybdenum (33% or 50%), the cell voltages were worse. Power density in the
PEMFC was obtained in the MEAs with Pt-Ru or Pt-Mo electrocatalysts as compared with
MEAT1 (Pt 100%). Furthermore, the MEAs using Pt-Ru electrocatalysts as anodes displayed
higher power density values than the MEAs with Pt-Mo electrocatalysts, in particular MEA
8, with 33% of ruthenium, which presented the highest power density value (132 mW cm”
2). The results of the current densities for all the MEAs evaluated exhibited the same trends
than the power density results, with the Pt-Ru electrocatalysts showing higher current
density values than Pt-Mo and Pt electrocatalysts. Indeed, the highest current density value
(350 mA cm™) was obtained for MEA9 (Pt50%-Ru50%). This was an expected behavior
for the Pt-Ru/SWCNT electrocatalysts because they exhibited in the voltammograms an
affinity for the hydrogen. For the Pt-Mo/SWCNT electrocatalysts, current densities values
vary between 225 mA cm? (MEAS5) and 325 mA cm? (MEA4) depending of Mo

concentration, where the maximum power density obtained are compressed between 71



mW cm? in case of MEAS (Pt67%-Mo33%) and 107 mW cm™ for MEA4 (Pt50%-
Mo50%). These values were higher than those for the Pt/SWCNT electrocatalyst. The
increase in the performance of the PEMFC using the Pt-Ru/SWCNT and Pt-Mo/SWCNT
electrocatalysts, over the Pt/SWCNT electrocatalyst, must be associated to the addition of
Ru and Mo leading to a bimetallic material with modified surface properties, which is

particularly relevant for the transition metals in combined with a noble metal [42, 58-60].
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Figure 6. Polarization curves of MEAs with a Nafion® membrane and Pt/Ru or Pt/Mo at the anode under
H,/O; operation at 25°C. Experimental data are represented by points and the continuous lines are obtained by
fitting the data to the equation (2). The curves V vs. i are given by solid symbols and the curves of power

densities vs. current density by open symbols.

To complement the electrochemical characterization, MEA1 (Pt/SWCNT), MEA9
(Pt-Ru/SWCNT) and MEA4 (Pt-Mo/SWCNT) were also tested in a single cell operating
with MeOH/Oz to know the performance of the MEAs in a direct methanol fuel cell
(DMFC). Figure 7 shows the polarization curves at 50°C with a 2 M methanol feed at the
anode and pure oxygen without humidification in the cathode. As expected, the open circuit
voltage (OCV) of the cell usually does not reach the theoretical value of the overall

reversible cathode and anode potential at the given temperature and pressure.
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Figure 7. Polarization curves for the DMFC performance for the MEA 1 (Pt/SWCNT), MEA 4 (Pt50%-
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The reduction of the OCV from the theoretical voltage has been attributed to the
penetration of the fuel across the membrane and the catalyst [54, 61], and thus, these values
are an indicator of the degree of methanol crossover by diffusion. The OCV value of the
MEAO9 of Nafion® with the Pt50%-Ru50%/SWCNT electrocatalyst is 0.730V, higher than
the OCV for MEA1 (Pt100% /SWCNT, 0.663V) and MEA4 (Pt50%-Mo050%/SWCNT,
0.633V). These values are higher than the values found by Ren et al. [59] reporting OCV
values around 0.6 V with S-ZrO2/ Nafion® membranes in DMFCs. They are also better
that those found by S. Molla et al. [62] using commercial GDL covered by a Pt/Ru (50:50)
alloy with a catalyst loading of 5.0 mg cm™.

On the other hand, the conductivity values for these MEAs found from the
resistance values shown in Table 4 from measurements in single cell PEMFC with
methanol as feed are in agreement with the values obtained by electrochemical impedance
spectroscopy (EIS), using both the Nyquist and the Bode plots. Although proton
conductivities of the MEAs under these conditions were ca. 0.010 S cm’!, around 1/3 of the
one measured for pristine Nafion®, 0.032 S cm’!, the values of MEAs resistance found in

the ohmic region of the I-V curve (linear behavior between i=200 mA cm? and =600 mA



cm?) was 0.08 Ohm for the Nafion® membrane. This value is smaller than the value found
for our MEAs under PEMFC with hydrogen as feed. The reason for this much shorter
difference in the ohmic resistance exhibited by the MEAs under real DMFC operation can
be explained again by the fact that the Nafion® membrane accomplishes a lower methanol
CrOSSOVer.

The maximum power density for the present MEAs containing Nafion® was for the
Pt50%-Ru50%/SWCNT electrocatalyst with a value of 237.6 mW cm™. This value is
higher than the one displayed by the MEA containing Nafion® and Pt100%/SWCNT
(209.2 mW cm™) and the related MEA with Pt50%-Mo050%/SWCNT (118.7 mW cm™).
Those results were in good agreement with those from the half-cell voltammograms for the
electrooxidation of methanol, where the highest electrocatalytic activity was shown by the
Pt-Ru/SWCNT electrocatalyst that reported the maximum current density and a shifting in
the onset potential to highest negative values. The higher power density detected for MEA9
can be related with its higher affinity for the adsorption of methanol in comparison with the
other electrocatalytic materials. The results obtained in this work for polarization curves
and power densities are better than the ones found for PVI/Pd modified membranes and
Nafion® 115 membranes, where, at 80 °C, the maximum power density reached the value
of 160 and 140 mW cm™ respectively [63], and quite similar to those for the Nafion® -
polyvinyl alcohol (PVA) nanofibers composite membranes [62]. The present results are
also around 33% higher than those for a 46 pm thickness pristine Nafion® MEA using
commercial electrodes, covered by an Pt/Ru alloy (50:50, 5 mg cm™ catalyst loading)
together with a 20%wt of dry Nafion® ionomer; and for the cathode a 5 mg cm™ catalyst
loading of Pt pressed onto a GDL [64]. The results are also improved in comparison with
the MEA used by Kim et al. where the authors prepared a MEA dispersing a commercial Pt
black catalyst in alcohol containing Nafion®, where the catalyst ink was coated onto the
GDL for cathode 5Smg cm™ of Pt and for anode Pt/Ru in the proportion of 1:1 [65].

Thus, taking into account the former data and comparisons, the performance of the
Nafion® MEAs prepared in this work with a Pt-Ru/SWCNT electrocatalyst are a good
candidate to be used as a proton conductive material between anode and cathode in DMFCs

and also in the case of PEMFCs.



Finally the results presented in Figure 7 were modeled by equation (2), where the
feed fuel in the anode is methanol 2M of concentration and oxygen in the cathode. In all the
measurements, the single DMFC was thermostatized at 50°C. The fit of the experimental i-
V and i-P values to equation (2) was carried out using the minimum mean square error
method, in order to obtain the corresponding parameters. The fitting parameters 4, io, R, m
and n estimated are reported in Table 4 and the theoretical behavior according to these
parameters is presented in Figure 8 by the solid lines included. As usual, the open circuit
cell voltage, V, decreases from the thermodynamic electromotive force of the cell to a value
between 0.63 and 0.73 V. As MEAs preparation has been the same in all cases and the
membrane is the same (Nafion® of identical thickness) the abrupt decrease is caused in
general by internal currents, energy activation of the oxidation reaction related with the
electrodes catalyst loading and methanol crossover.

As can be observed, the value of Voc follows the trend Voc (MEA4) < Voc (MEA1)
< Voc (MEAD9). These differences can be attributed to the catalyst efficiency. The values of
the proton resistance obtained from the experimental fit of the polarization curves were in
agreement with the values measured directly by impedance spectroscopy in each MEA.
Finally, the activation process associated with the electrocatalytic activity of the anode
catalyst layer at the electrodes of MEAs through the values of the parameters ip and A
shows a better behavior of the MEA9 (Pt50%-Ru50%/SWCNT) than MEAI
(Pt100%/SWCNT) and MEA4 (Pt-Mo/SWCNT), respectively, at it is shown in table 4,
where the presence of the Ruthenium at 50% in the catalyst decrease around of 25% the
charge-transfer coefficient (o), in comparison with the other MEA’s and the exchange
current density vary from 8 mA cm™ for MEAO9 to 10 mA cm™ and 14 mA cm™ for MEAI
and MEAA4, respectively.

Table 4 Fitting parameters for the i-V curves of MEA1 (anode of Pt100%/SWCNT), MEA9 (anode of
Pt50%-Ru50%/SWCNT) and MEA4 (anode of Pt50%-Mo050%/SWCNT) using 2 M methanol solutions at
50°C.

Voc io A1l R m n

Samples ) (mA em?) (mV) (9)) V) (A

MEAL1 0.663 10 36 0.053  0.00013 1.24 0.39



MEA4 0.63 14 34 0.031 0.007 0.63 0.28

MEA9 0.73 8 46 0.030 0.005 0.75 0.58

Thus, the Pt-Ru electrocatalyst (MEA9) showed the highest values of current
densities and power density in comparison with the Pt-Mo and Pt100% electrocatalysts in
DMEFCs applications.

Finally, the overpotential due to the sum of the protonic resistance of the membrane
and the methanol electro-osmotic effects was estimated following the procedure previously
described by Li-Ning Huang et al [66]. For this, it can be assumed that the dV/di derivative,
when the concentration of the methanol in the anode is constant, can be given as [62, 67].

-4 G
A—? < A << 4

Taking into account that at current densities above 200 mA cm?, ¢ 150
then the first term in equation (3) can be omitted and the parameter 43 calculated from the
slope of the plot of V vs. i for current densities i> 150 mA c¢cm™ such as those observed
from Figure 7, where the methanol crossover can be attributed to two mechanisms: electro-

osmosis and diffusion. From data in Figure 8 and applying the equation (3) in the 200-600

mA cm™ range the parameter 43 was estimated and from this value, together with equation

21 of reference [62], X eos can be obtained using equation (4) [66]

L
Ay =—+ 1T pps 4)
o

where L is the thickness of the MEA, ¢ its conductivity and X+ cos the resulting parameter
relates the overpotential to a combination of protonic resistance (i.e. L/c) and methanol
crossover by electro-osmosis. The values obtained for the MEA with MEA9 (Pt50%-
Ru50%/SWCNT), MEA1 (Pt100%/SWCNT) and MEA4 (Pt50%-Mo050%/SWCNT) were
3.7x104, 3.5x10* and 3.3x10* V cm? mA™!, respectively. From this result it can be

observed that the parameter 43 are quite similar but decreases in each MEA depend of the



type of catalyst. These results can be related with the electrodeposition and the surface
composition of the bimetallic Pt:M catalysts. The activity of this composition shows that
methanol oxidation is higher in Pt:Ru than in the other materials and higher than for a
commercial catalyst with a 1:1 Pt:Ru bulk atomic ratio. Table 5 shows a comparison
between the performances of our -electrocatalysts with previous works reported

performances.

Table 5. Performances of Pt /SWCNT, Pt-Ru/SWCNT and Pt-Mo/SWCNT electrocatalysts in compared with
the literature.

Electrocatalyst Fuel Parameters
Smple Anode Cathode Anode Cathode (zS)V ((iz::ietl;ft (m&m;‘n_z) ’l;ggp
(mA cm?)
MEAI Pt/SWCNT Pt/C MeOH 2M (0)3 0.652 950 200 50
MEA4 Pt-Mo/SWCNT Pt/C MeOH 2M (o)} 0.640 950 210 50
MEAS Pt-Ru/SWCNT Pt/C MeOH 2M (0)3 0.725 950 230 50
Kim [68] Pt/C Pt/C H» Air 0.95 1400 SREE 80
Kim [38] PtRu/C Pt/C H» Air 0.9 2000 450 70
Li [69] Pt/C Pt-Fe/C  MeOH 1M (0)3 0.7 400 Ak 90

The parameters that were obtained with the Pt/SWCNT, Pt-Ru/SWCNT and Pt-
Mo/SWCNT electrocatalysts are close to the performance of the Kim et al. [68] even
though in their research they used hydrogen as fuel and a higher temperature (80°C) in
compared with our test (fuel: methanol 2M and 50°C). Furthermore, Li et al. [69] exhibited
a lowest performance in their fuel cell because they obtained a low open circuit voltage
(OCV), maximum power density and maximum current density with a temperature of 90°C
in compared with our performance in a single direct methanol fuel cells at 50°C. In
conclusion, such is shown in table 5, our materials present an excellent performance for the
electrooxidation of methanol using SWCNT as supported. In studies on DMFC our results
show a power density using Pt/C in the cathode twice than obtained by Li at al. [69] using
Pt-Fe/C as electrocatalysts in the cathode. On the other hand, the OCV is about 5% higher



in our MEAs using electrocatalysts of Pt/Ru in anode and Pt/C in the cathode than Pt-Ru/C
in the anode and Pt-Fe/C in the cathode obtained by Li at al. [69].

4 Conclusions

The synthesis of bimetallic Pt-Ru and Pt-Mo electrocatalysts via chemical reduction by
carbonyl compounds was successfully, obtaining semi-spherical nanoparticles with small
dimensions (10 nm, respectively). The nanoparticles were supported on single-wall carbon
nanotubes in order to evaluate the electrocatalytic activity for the electrooxidation of
hydrogen and methanol. The Pt-Ru/SWCNT and Pt-Mo/SWCNT electrocatalysts showed
higher electrocatalytic activity than Pt/SWCNT electrocatalyst for the electrooxidation of
the fuels tested here. This enhancement is related to the addition of Ru and Mo because the
bimetallic material changes the properties on the surface, when it is combined transition
metals with a noble metal. The Pt-Ru/SWCNT electrocatalysts exhibit an affinity for the
adsorption and the formation of hydrogen that result in a good response for the
electrooxidation of hydrogen in a fuel cell, when were used hydrogen as fuel. Moreover,
the Pt-Ru/SWCNT electrocatalysts showed a higher current density at least 7-fold and 3-
fold in compared with Pt/SWCNT and Pt-Mo/SWCNT electrocatalysts, respectively.
Besides, the Pt50%-Ru50%/SWCNT exhibited a shifting to negative values in the onset
potential reaction for the electrooxidation of methanol of 200mV compared with
Pt100%/SWCNT and Pt50%-Mo50%/SWCNT electrocatalysts. All the electrocatalysts
were tested as anodes in a PEMFC using hydrogen and methanol as fuels. The results were
obtained showed that the Pt50%-Ru50%/SWCNT electrocatalyst exhibited a better
performances in single fuel cell than the Pt50%-Mo50%/SWCNT and Pt100%/SWCNT
electrocatalysts. In the PEMFC for the Pt50%-Ru50%/SWCNT electrocatalysts the OCV
obtained with hydrogen and methanol were 1.007 V and 0.730 V, respectively.
Furthermore, the power densities obtained were 132 and 237.6 mW cm™ and the current
densities were 350 and 910 mA cm™ using hydrogen and methanol, respectively. These
results for DMFC are better than the results obtained by Li at al. [69] using Pt-Fe/C as

electrocatalyst in the cathode.
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