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ABSTRACT

The kinetics of the oxygen reduction reaction (ORR) of PdNi, nanoparticles supported on
a high specific area mesoporous carbon (MC) and Vulcan carbon was studied in the pres-
ence and absence of methanol in acid media. The electrocatalysts, synthesized by chemical
reduction of the metal chlorides with NaBH, in aqueous media were characterized by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). The catalyst supported on
MC has a higher degree of Ni alloying and a smaller particle size than that supported on
Vulcan. The electrochemical characterizations by RDE and DEMS indicate that PdNi, sup-
ported on the high surface area MC exhibits higher catalytic activity for the ORR, very
similar to that of Pd- and Pt-based alloys with the advantage of a very low noble metal
loading. Moreover, the PdNi, supported on MC shows an excellent methanol tolerance in
acid media. Thus, this novel combination catalyst/support would be a suitable cathodic
catalyst for direct methanol fuel cells.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

In the renewable energy sector Direct Methanol Fuel Cells
(DMFC) is also an attractive fuel cell due to the advantage of

Electrocatalysts nanotechnology is an emerging area of the use of a liquid fuel [5]. However, the permeation of alcohol

interest, which opens up new possibilities of applications of
novel materials for the renewable energy sector. Most of the
research in advanced electrocatalysts is performed on
powders containing nanometric-sized particles [1—4]. Because
the fuel cell efficiency is related to the catalyst activity, i.e., the
size, geometry, composition, dispersion of its particles and
interaction with the support, it remains important the control
of these factors during the synthesis process.
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through the membrane (crossover phenomenon) produces
aloss of efficiency and a decrease of the fuel cell voltage due to
parasitic methanol oxidation at the cathode, which remain
as one of the major problems for the performance of the
DMFC [6,7].

One of the critical issue to be addressed in fuel cells is the
lack of effective cathodic electrocatalysts for the multi-
electron charge transfer processes of oxygen reduction

0360-3199/$ — see front matter Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2011.08.113


mailto:osolorza@cinvestav.mx
www.sciencedirect.com/science/journal/03603199
http://www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2011.08.113
http://dx.doi.org/10.1016/j.ijhydene.2011.08.113
http://dx.doi.org/10.1016/j.ijhydene.2011.08.113

32 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 3I1—40

reaction (ORR) at low overpotential. Platinum-based electro-
catalysts are usually employed for the cathode reaction in
PEMFC and DMFC, although its high cost and limited resources
encouraged the study of alternative metals. Pure palladium is
less expensive than Pt but its electrocatalytic activities for ORR
is at least five times lower than of Pt. For this reason, great
efforts have been devoted to improve the electroactivity of Pd
by alloying with transition metals [8,9].

The anion poisoning of Pd in alkaline solutions is lower
than in acid media, leading to a higher ORR activity in alkaline
media, comparable to that of Pt [10]. Pd alloys with Fe [10], Sn
[11], and Au [12] are more active than pure Pd in alkaline
solutions. Ni alloys having compositions PdNi and Pds;Ni
exhibited the highest ORR activities, although they were not
superior to that of pure Pd and Pt [13].

There are several studies of the ORR activities of Pd alloys
in acidic solutions [8]. Savadogo and coworkers observed for
the first time the enhanced ORR activities on sputtered Pd
alloys with Co, Ni and Cr, and more recently Pd—Cu alloys
[14,15]. The system Pd—Co has been extensively studied
[16—18] and the optimal composition seem to be close to
Pd,Co, while for the Pd—Fe systems the PdsFe catalyst has ORR
activities comparable to or higher than that of Pt and Pd,Co. Di
Noto et al. [19] reported Pd—Co catalysts supported on carbon-
nitride with ORR activities higher than that of Pt. Pd—Cu
[15,20], Pd—Ti [21], and Pd—Ni [22] binary system have also
been studied in acidic media.

The ORR activities of Pd ternary systems in acidic media
have been also reviewed by Shao [8]. Ramos-Sanchez and
Solorza-Feria [23] have reported that Pd and bimetallic chal-
cogenide alloys dispersed in Vulcan exhibit better catalytic
activity than Pd alone.

Several carbon supported nanoparticles of Pd and its alloys
havebeenreported to exhibitsignificant ORR activity in presence
of methanol [8,9,15,22]. The higher methanol tolerance of the Pd-
M alloys over Pt in acid media, including Pd—Co, Pd—Fe, Pd—Cr,
Pd—Ni, and Pd—Pt [16,24,25] catalysts, encourages their use as
cathodic electrocatalysts in alcohol direct fuel cells. Paradoxi-
cally, several works have reported the use of Pd—Ni catalysts for
the oxidation of alcohols in alkaline fuel cells [26—29].

As quoted by Shao [8], the interaction between the support
and metal nanoparticles and its effect on the ORR activity is
a topic that has not been studied deeply. New types of novel
nanostructured carbon have been investigated as electro-
catalysts support such as carbon nanotubes [30], fibers of
carbon [31], carbon silica composite [32] and mesoporous
carbon [33—35].

The Vulcan XC-72 carbon black has been the most used
carbon support in fuel cells [36]. However, the blocking of the
oxygen transportation reduces the reactive sites to obtain high
current densities when carbon black is used as electrocatalyst
support. This behavior is also attributed to elevated quantity of
water transported by diffusion and electro-osmotic pressure
from the anode through the Nafion® membrane [37]. For this
reason, mesoporous carbon hasbeen taken into consideration as
electrocatalyst support on the last years [38], because it exhibits
good structural properties such as high catalyst dispersion, very
interconnected pores for easy diffusion and transportation of
reactants and sub-products, beside its high electrical conduc-
tance which are attractive for fuel cells application [39,40].

The purpose of this work is to study the kinetics of the ORR
on a nanoparticulated PdNi, ink-type electrode in 0.5 M H,SOy4.
The catalytic activity was determined for the catalyst sup-
ported on a new mesoporous carbon and Vulcan XC-72 carbon
black, both with PdNi, catalyst loading of 45 wt.%. The
combination of the nanoparticulated PdNi, catalyst and the
high specific area mesoporous carbon support constitutes
a completely new approach in the search of more efficient
cathode catalyst in direct methanol PEM fuel cells, where the
crossover of methanol severely reduces the efficiency of the
membrane-electrode assembly.

2. Experimental
2.1. Carbon preparation and characterization

The mesoporous carbon (MC) support was prepared using the
method described elsewhere [41]. Briefly, a precursor was
prepared by polymerization of resorcinol (Fluka) and formal-
dehyde (Cicarelli, 37 wt. %). Sodium acetate (Cicarelli) was
used as catalyst and the cationic polyelectrolyte polydilayl-
dimethylammonium chloride (PDADMAC, Sigma—Aldrich) as
structuring agent. The reactive mixture of resorcinol (R),
formaldehyde (F) and sodium acetate (C) was stirred at 40 °C
for 10 min before the addition of PDADMAC (P). The molar
ratio of the components R:F:C:P was 1: 3: 0.04: 0.03.

Once the mixture became homogenous, the solution was
heated to 70 °C for 48 h at atmospheric pressure. The resulting
brown monolithic RF polymer piece was dried in air for 3 days.
The polymer was then carbonized under nitrogen stream in
a tubular furnace by heating the sample, from ambient
temperature to 1000 °C, at a rate of 40 °C per hour. Finally the
resulting material was grinded and passed through a mesh
with a pore size of 40 pm.

An ASAP 2020 (Micrometrics) instrument was used to
determine the nitrogen adsorption isotherms at —196 °C for
calculating the total volume of micropores through the
Dubinin-Radushkevitch (DR) equation [42], and the specific
surface area through the Brunauer—Emmett—Teller (BET)
equation [43].

Vulcan XC-72 carbon (VC) with a BET surface area of
220 m? g~* from Cabot Corporation was used as an alternative
support. This non-porous carbonous material, having particle
sizes of 40—50 nm, is the carbon support usually employed for
anodes and cathodes of PEM fuel cells feed with hydrogen or
methanol. The chemical composition of the bimetallic catalyst
was determined using an Energy Dispersive X-Ray Spectros-
copy, EDX (Falcon PB8200), coupled to a SEM (Philips, model 515).

2.2. Electrocatalyst synthesis and characterization

PdNi, nanocatalyst was synthesized by borohydride chemical
reduction of PdCl, (Sigma—Aldrich 99%) and NiCl,-6H,0 (Sig-
ma—Aldrich 99.9999%) with a molar ratio 1:2 in aqueous
media. The precursors were dissolved in 200 ml of distilled
water and the amount of carbon support required to obtain
a metal loading of 45 wt. % was added, maintaining a vigorous
agitation of the solution for 30 min. A three-fold excess of
NaBH, (Sigma—Aldrich >98.5%) was added as a reducing agent
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and the reaction product was washed several times to remove
the sodium chloride byproduct. The filtered powder was dried
at 70 °C under vacuum and used for physical and electro-
chemical characterizations. The catalysts prepared on meso-
porous and Vulcan carbon are denominated PdNi,/MC and
PdNi,/VC, respectively. The molar ratio Pd:Ni was chosen
according to a previous analysis in which the catalytic activity
of PdNi, was similar to that of PdNi [44], while maintaining the
stability of the catalyst. Electrochemical characterization of
PdNi/CV samples prepared by the chemical methodology re-
ported previously [23,44], with Pd:Ni 2:1, 1:1 and 1:2 M ratios is
included in the supplementary information. There in, very
similar current-potential behaviors despite the different
proportion of precursors in the synthesis was observed.
Therefore, the PdNi, catalyst was selected for the electro-
catalytic study because it contains a lesser quantity of the
noble metal, which implies a reduced cost of the nanocatalyst.

Powder X-ray diffractograms of the PdNi,/MC and PdNi,/
VC electrocatalysts were performed on a Diffrac Brucker AXS,
D8 Advanced Plus diffractometer using a monochromatic
CuKo radiation (1 = 0.154056 nm) and operating at 35 kV and
30 mA. A 26 scanning range from 30° to 90° was explored at
a step scan rate of 0.02° every 15 s. XRD data were analyzed
with Topas Academic software to identify the XRD patterns
and to perform the Rietveld analysis.

2.3. Electrochemical set-up and electrode preparation

Electrochemical experiments were performed in a three-
electrode cell. Cell temperature was controlled by a Haake
thermostat (model DC1) at 25 °C. A platinum mesh was used
as the counter electrode, and Hg/Hg,S0,/0.5 M H,SO,4 (0.680 V
vs. NHE) as reference electrode. A 0.5 M H,SO, solution
prepared from double distilled water and sulfuric acid
(Aldrich) was used as electrolyte.

The determination of electrochemical active surface area
(EAS) was performed by cyclic voltammetry in nitrogen satu-
rated acid solution, in conjunction with CO striping. The elec-
trode potential was held at 0.25 V/NHE and CO (UHP grade)
bubbled for 1 h. Thereafter, the CO was removed by purging the
electrolyte with nitrogen for 15 min and the test electrode swept
from 0.05V to 1.25 V/NHE at 3mVs ™.

Rotating disk electrode (RDE) measurements were con-
ducted on a potentiostat/galvanostat (PARSTAT model 2273).
The ink-type working disk electrode was prepared by depos-
iting the catalyst ink onto the surface of a glassy carbon
electrode (0.07 cm? mounted in an interchangeable holder
(Pine Instruments). The catalyst ink was prepared by mixing
2 mg PdNiy/MC or PdNi,/VC with 6 uL of 5 wt. % Nafion
(DuPont, 1100 EW) and 60 uL of isopropyl alcohol. The result-
ing suspension was sonicated for 5 min and 2 pL of the ink was
deposited onto the glassy carbon electrode surface for the RDE
experiments. The estimated amount of catalyst loading on the

electrode surface was about 0.86 mg cm ™2,

2.4. DEMS set-up and cell
The DEMS setup consists of two differentially pumped

chambers and a quadrupole mass spectrometer (Pfeiffer, EVN
116). The electrochemical cell was connected to a primary

vacuum chamber pumped with a rotary vane pump (DUO 5
Pfeiffer), and a liquid nitrogen cold trap was included in this
section to avoid the inleakage of oil vapours. The secondary
chamber was evacuated at 60 L. s™* by a turbomolecular pump
backed by a dry diaphragm Pfeiffer turbo drag pumping
station (TSH/U 071 E). A gas-dosing valve (Pfiffer, EVN 116)
connects the two chambers. The quadrupole mass spec-
trometer was connected to the secondary chamber and
contains a continuous dynode secondary electron multiplier/
Faraday cup detector with a sensitivity of 200 Ambar—* (QMS
200 M1, Prisma™).

A stationary flow electrochemical cell, similar to that used
by Planes et al [45], was located on the top of the DEMS intake,
on the primary vacuum chamber. The working electrode was
a glassy carbon electrode of 6 mm diameter with a hole of
0.8 mm diameter in the electrode center.

A porous Teflon® membrane separates the cell from the
DEMS intake, and allows the flow of the volatile products of
the electrochemical reaction toward the analysis chamber.
The working electrode and the cell were designed in such
a way that the electrode was separated ca. 150 um from the
porous membrane, while the solution in this thin layer was in
contact with the bulk solution in the cell. Cyclic voltammo-
grams were performed with an Autolab potentiostat
(PGSTAT302N), while the volatile reaction products were
monitored by the mass spectrometer.

The ink-type working disk electrode was prepared by
depositing uL of the catalyst ink (described above) onto the
surface of a glassy carbon electrode (1.13 cm?). PdNi,/MC,
PdNi,/VC catalysts and Pt supported on Vulcan carbon (E-TEK)
used for comparison, were analyzed using DEMS technique.
The ink formulation and electrode area lead to a catalyst
loading of 0.24 mg cm ™2 for DEMS experiments.

3. Results and discussion
3.1. Carbon characterization

The nitrogen adsorption-desorption isotherms and pore size
distribution of carbonized material at 1000 °C are shown in
Fig. 1. The analysis of the mesoporous carbon using the DR
equation indicates the presence of pores having sizes smaller
than 2 nm. The total pore volume (at p/p° = 0.986) is
0.99 cm® g~* and the micropore volume deduced by DR was
0.23cm®g . A maximum in the pore size distribution is found
at around 20 nm. The micro- (<2 nm) and meso-porosity
(between 2 and 50 nm) is attributed to the structure of the
carbon, which consists of clusters of porous uniform spheres
in a fairly regular array [41]. The BET equation yields to a high
specific surface area (580 m? g~') and the hysteresis loop at
high relative pressure is associated to the mesoporous
materials.

3.2. Catalyst characterization

Fig. 2 shows the XRD patterns of PdNi, catalysts supported on
mesoporous and Vulcan carbon. The five characteristic
diffraction peaks resembles reflections of the face-centered
cubic (fcc) crystal lattice of the Pd (JCPDS card code 65-6174),
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Fig. 1 — Nitrogen adsorption-desorption isotherms. Inset: pore size distribution.

while the peak at 60° correspond to Ni hcp [46], and the small
peak at 33° is probably due to Ni(OH), phase (JCPDS 14—0117).
Rietveld analysis of the samples revealed the presence of a Ni
rich phase in PdNi,/VC while in PdNi,/MC a minimal quantity
of Ni rich phase is detected (Table 1). The diffraction peaks in
the PdNi, catalyst are slightly shifted to higher 26 values (see
inset of Fig. 2) with respect to the corresponding peaks in the
Pd catalyst, this shift in peaks position can be associated to the
alloy formation because partial substitution of Pd by Ni in the
fcc structure produces a contraction of the lattice.
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Fig. 2 — XRD patterns of PdNi, catalysts on different
supports: (a) PANi,/VC and (b) PANi,/MC. The lines indicate
the Pd (fcc) peaks. Inset: zoom of the peaks at 20 = 40°.

The lattice parameter was calculated from XRD data [47]
and equation (1), being A the wavelength of the X-ray source
and 6 the position of diffraction peak.

V224
o

"~ sing

(1)

According to Vergard’s law there is a linear dependence of
the lattice parameter with the Ni content, which is:

a—adp

2

Xov = aaﬂoy — Qo
where a is the lattice parameter of the PdNi catalyst that
depends on composition, auny, is the lattice parameter for
a PdNi solid solution [48,49] and a, is the lattice parameter of
Pd. The analysis was done over the Pd (200) peak, indicating
that there is higher quantity of Ni alloyed in the PdNi,/MC
than in PdNi,/VC. Table 1 summarize results of lattice
parameters, Ni alloyed, Rietveld analysis and chemical
composition by EDX.

The broad peaks at the low angle scattering region suggests
the presence of nanocrystallites. The size of the crystallites,
determined with the Topas Academic Software, were 5 nm for
PdNi,/MC and 7 nm for PdNi,/VC catalysts. The TEM images of
synthesized PdNi, samples are shown in Fig. 3, where well
distributed particles, with a nearly uniform size, are observed.
EDX results confirm that 1:2 ratio of Pd:Ni composition is
almost maintained in good agreement with its estimated
stoichiometry.

3.3. Electrochemical characterization

Cyclic voltammetry was used for determination of the EAS
with the CO adsorption and stripping. The CO stripping
electro-oxidation with the corresponding post-oxidation
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Table 1 — XRD and EDX analysis of supported PdNi, samples.

Pd:Ni EDX Lattice parameter/A xni Alloyed Rietveld analysis % phase
Pd fcc Ni hep Ni(OH),
PdNi,/VC 37:63 3.856 0.28 68 24 8
PdNi,/MC 33:68 3.874 0.58 89 0.5 10.5

voltammogram (not included) was taken as a reference base
line. The EAS was calculated by using equation (3):

Q

EAS=——F—
McQpaco

3
where Qpg co = 0.42 mC cm 2 [50] is the charge associated with
the formation of a CO monolayer in the test electrode surface,
mc is the catalyst load, and Q the integrated area under the CO
desorption peak. Values of 17.3 m? g~* and 18.8 m? g~ for
PdNi/VC and PdNi/MC, respectively, were calculated from
measured charges. These results indicate a better dispersion
of the catalyst on the mesoporous carbon.

Fig. 4 shows the steady-state current-potential curves for
the ORR on PdNi, supported on mesoporous (Fig. 4a) and

Fig. 3 — TEM micrographs of the as synthesized catalysts.
a) PdNi,/VC and b) PdNi,/MC.

Vulcan carbon (Fig. 4b). The polarization curves were recorded
in cathodic direction starting from the open circuit potential
(0.92 V vs. NHE) up to 0.3 V vs. NHE, and rotation speed in the
range of 200—1600 rpm. The dependence of the cathodic
current with the potential and rotation speed is observed in
both figures. The electrochemical reaction seems to be under
kinetic and mixed activation-diffusion control in all the
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Fig. 4 — Steady-state current-potential curves for ORR on
PdNi, supported on (a) MC and (b) VC at different rotation
rates, in an oxygen-saturated 0.5 M H,SO, electrolyte.
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potential range. Current increased with increases rotation
speed due to the enhanced oxygen diffusion toward the
electrode surface. The experimental average slope value
agrees with the theoretical slope of the Koutecky—Levich
equation (3), calculated taking into consideration reported
parameters [50,51], suggesting that the ORR proceed toward
water formation via the overall four-electron transfer reaction
(i.e., O, + 4H" + 4e~ — 2H,0).

Fig. 5 shows the mass-transfer corrected Tafel plot for the
PdNi, catalyst supported on mesoporous and Vulcan carbon
and the corresponding kinetic current, iy, determined by Eq.
(4) [52]:

. il
Ik == :
1L —1

4)
with the limiting current, ir:

i, = 0.62nFAD3)"/2y~Y/5C (5)

i being the measured current. The limiting currents were ob-
tained from the Koutecky—Levitch plot (1/i vs w™?), following
the procedure described in literature [50,51,53].

The kinetic parameters reported in Table 2, indicate that in
both carbon supports, MC and VC, the catalytic activity of the
PdNi, catalyst for the ORR is within the order of magnitude
reported for bimetallic catalysts and it is acceptable for use as
cathode electrodes in fuel cells. The Tafel slope is close to
60mV/dec in both supported catalyst. However, it should be
noted the lower overpotential required to reach the same
current density in the catalyst supported on mesoporous
carbon. In summary, the kinetic parameters for PdNi,/MC
show that this catalyst is able to drive the ORR at very similar
rate compared to Pd- nad Pt- based alloys reported in the
literature as the state of art (see Table 2), with the advantage of
a very low noble metal loading [1,54—56]. This is attributed to
a better distribution of PdNi, catalyst on the mesoporous
support and to the higher amount of Ni alloyed in the PdNi,/
MC in relation to Ni alloyed in PdNi,/VC.
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Fig. 5 — Mass-transfer corrected Tafel plots for PdNi,
electrocatalysts supported on MC and VC.

Table 2 — Kinetic parameters of PdNi, catalyst on VC and
MC and other catalyst reported in the literature.

b i E@1 Ref.
(mVdec?) (mAcm? mAcm?
V)

PdNi,/VC 65 2.94 E-08 0.796 thiswork
PdNi,/MC 62 5.78 E-07 0.769 thiswork
PY/C 52 1.33E-06 - [54]
Pt—Cu/C 48 4.33 E-08 - [54]
Pd—Cu 98 5.8 E-06 - [1]
Pd-Cu- 500 °C - - ~08  [55]
PANI/C 60 - ~073  [56]
Pt—PdNi/C 60 - ~081  [56]

3.4. DEMS characterization

It has been demonstrated that some palladium-based cata-
lysts exhibit high tolerance to methanol oxidation reaction
(MOR) and are stable in the presence of methanol [22,57,58]. In
order to analyze the electro-oxidation of methanol on the
supported PdNi, catalysts, and compare with Pt/C catalyst
(20 wt. %, E-TEK), we performed DEMS characterization on
these materials in O, saturated 0.5 M CH30H + 0.5 M H,S0,
solution.

Some of the volatile products and secondary product
species can be monitored online by DEMS during methanol
oxidation. In Fig. 6 the electrochemical current, and the ionic
current of mass spectrometric (Iys) for carbon dioxide (m/
z = 44) and metylformiate (m/z = 60) formation on the Pt/VC
catalyst are shown. Methylformiate detection indicates the
formation of formic acid as a side product. Behm and
coworkers studied in detail the DEMS behavior of Pt/C elec-
trodes under similar conditions [59—62]. Their conclusions
can be briefly summarized as follows: i) the methanol electro-
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Fig. 6 — Cyclic voltammetry and potentiodynamic DEMS
ionic currents of Pt/VC in O, saturated 0.5 M H,SO, + 0.5 M
methanol. a) electrochemical current (arrows indicate
sweep direction); b) ionic current corresponding to m/

z = 44 (CO,); and c) m/z = 60 (methylformiate).
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oxidation produces CO-type species that adsorbed on the
platinum active sites blocking them,; ii) hydroxyl species
created by water dissociation is necessary for removal
adsorbed species; iii) at higher positive potentials the MOR is
inhibited by PtO formation at the electrode surface; iv) in the
reverse scan the MOR is reactivated together with the reduc-
tion of PtO; v) the subsequent decay in the current is due to re-
poisoning of the catalyst surface by adsorbed methanol
dehydrogenation residues; vi) the shape of the ion current
curves follows that of the faradaic current.

Similar DEMS characterizations were performed for PdNi,/
VC and PdNi,/MC catalysts. Fig. 7(a—e) and Fig. 7(f—j) show the
current-potential responses in acid media for PdANi,/VC and
PdNi,/MC, respectively. Fig. 7a (VC) and 7f (MC) shows the
electrochemical response of both catalyst in H,SO,4 (nitrogen
saturated) which is similar to Pd catalyst [53]. The peak of the
oxide reduction is shifted to more anodic potential in relation
to that reported for pure Pd, indicating that the incorporation
of Ni in the Pd structure inhibits the chemisorption of OH™
ions on the Pd sites [22,23,44]. The electrochemical current in
the region of 0.3—0.6 V/NHE is larger for the catalyst supported
on MC than for the catalyst supported on Vulcan. It is evident
that the high surface area (double layer) and electroactive
superficial groups (pseudocapacitance) of the MC produce an
enhanced current in this region. At the same time, the OH™
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reduction process and adsorption-desorption of hydrogen
seems to be hidden on MC.

Fig. 7b (VC) and 7 g (MC) show that the shape of the cyclic
voltammetry for the ORR in O, saturated solutions, in these
figures an enhancement of the electrochemical current is
observed due to the oxygen reduction. When 0.5 M methanol
is added to the solution (Fig. 7c (VC) and 7 h (MC)) the current-
potential behavior is very similar to those without methanol.
However, lower current values were observed in solutions
containing methanol, which could be attributed to the diffu-
sion competition between methanol and oxygen [63].

Fig. 7d (VC) and 7i (MC) show the ionic current responses,
corresponding to carbon dioxide formation when the poten-
tial sweep is applied. Fig. 7e (VC) and 7j (MC) show the ionic
responses corresponding to methylformiate evolution. Both
responses, carbon dioxide and methylformiate formation, do
not change over the analyzed potential range, indicating that
those species are not formed ie. the catalyst is methanol
tolerant.

Further evidence of the methanol tolerance of the PdNi,/VC
catalysts was obtained through chronoamperometry
measurements coupled with mass spectrometry. For
comparison, a potential jump to a methanol oxidative poten-
tial was performed for Pt/VC and PdNi,/VC. Fig. 8 shows the
ionic currents evolution for m/z = 44, attributed to CO,, for Pt/
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Fig. 7 — Cyclic voltammetry of PdNi, supported on VC (a—e) and MC (f—j). Current-potential curves in: a,f) 0.5 M H,SOy4; b,g) O,
saturated 0.5 M H,SO,; c,h) O, saturated 0.5 M CH30H/0.5 M H,S0,. Ionic DEMS current-potential curves in O, saturated 0.5 M
CH30H/0.5 M SO4H, for: d,i) m/z = 44 (CO,); e,j) m/z = 60 (methylformiate). Scan rate of 10 m Vs, without rotation.
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Fig. 8 — Time evolution of the ionic DEMS current
corresponding to CO, (m/z = 44) in 0.5M H,SO, + 0.5M
CH3O0H solution for Pt/VC and PdNi,/VC.

VC and PdNi,/VC at 0.8 V. It can be seen that under these
conditions, CO, is observed as a product of the methanol
oxidation for the Pt/VC catalyst, while CO, was not detected for
the PdNi, catalyst.

In summary, the DEMS data demonstrate that the PdNi,/C
catalyst is almost completely methanol tolerant under the test
conditions and meet the conditions required for a suitable
cathode material for DMFC.

4, Conclusions

Nanoparticulated PdNi, catalyst was synthesized by chemical
reduction of the corresponding transition metal chlorides
with NaBH, in aqueous media and supported on a novel
mesoporous carbon, with a specific area more than double
than that of Vulcan carbon.

The morphological and composition characterizations of
the PdNiy/MC and PdNiy/VC catalysts seems to indicate
a higher degree of Ni alloying and a smaller nanoparticle size
for the catalyst supported on MC, probably as a result of its
higher specific area and the presence of superficial groups
which enhance metal alloying.

The electrochemical characterizations indicate that the
PdNi, catalyst supported on MC exhibits a lower overpotential
for the same current density, as compared to that supported
on Vulcan. Results of kinetic parameters on the PdNi,/MC
catalyst showed that it is able to drive the ORR at very similar
rate than Pd- and Pt-based alloys reported in literature as the
state of the art, with the advantage of a very low noble metal
loading. This could be the result of a best dispersion of the
PdNi, nanoparticles and to the higher amount of Ni alloyed in
the PdNi,/MC catalyst.

Finally, DEMS experiments performed for the first time on
these catalysts showed that the PdNi,/MC catalyst has no
activity for the methanol oxidation in the range 0—1.4 V/NHE.

In summary, our results clearly indicate that the PdNi,/MC
catalyst would be a suitable cathodic catalyst for DMFC where

a high activity for the ORR, along with a good tolerance for
methanol, is required.
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