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ABSTRACT

Pd4sPtsSnsg electrocatalyst was prepared by a NaBH4 reduction of PdCl,, H,PtClg and SnCl; in THF at
0°C. This catalyst was characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDS) microanalysis and
hydrodynamic electrochemical technique. XRD, SEM and TEM results demonstrate that the borohydrate
reduction methodology enable the synthesis of conglomerated particles nanometric in size ranging from
1 to 6 nm. Oxygen reduction reaction (ORR) activity was investigated on carbon dispersed catalyst by
rotating disk electrode (RDE) technique in H,SO4 0.5 M. The effect of temperature on the kinetics was
analyzing resulting in an apparent activation energy of 42.54 + 1 k] mol~', value which is less than the
obtained for the nanostructured bimetallic PdSn electrocatalyst under the same experimental condition.
The Pd4sPtsSnsg electrocatalyst dispersed on a carbon powder was tested as cathode electrocatalyst in a
membrane-electrode assembly (MEA) arriving to a power density of 210 mW cm~2 at 0.35V and 80°C.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells and metal-air batteries offer attractive alternative
power source for stationary and portable applications in relation to
traditional fossil-fuel energy production, conversion and storage.
However, one critical issue to be addressed is the lack of effec-
tive electrocatalysts for multi-electron charge transfer processes
of oxygen reduction at low overpotential. The cathodic overpoten-
tial is strongly influenced by several physical parameters such as
electrocatalysts intrinsic properties, active catalysts surface area,
concentration and diffusion coefficient of the oxygen and so on.
The novel electrocatalysts are specially aimed to promote the dis-
sociation of the O-0 bond during the oxygen reduction reaction
(ORR) mechanism, and to maintain reactivity and selectivity on
the electrode surface [1-6]. Multi-metallic and alloy catalysts have
been particularly active area of research because it has been estab-
lished that for the cathode reaction, multi-metallic surfaces have
superior activity to pure metal [7,8]. The enhanced reactivity of
the catalysts surfaces is attributed to their electronic and geomet-
ric structure associated to the bi-functional effects, in which the
unique catalytic properties of each of the elements in the catalytic
compound combine in a synergetic manner to yield a surface which
results more active than each of the elements alone. Also an elec-
tronic effect could modify the electronic properties of the alloy to
enhance the active catalytic surface. Among the electrocatalysts
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that have shown interesting electrochemical properties both in
terms of tolerance to alcohol and high activity toward the ORR
are Pd- and Pd-alloys [9,10]. Recently, we have shown that Pd [11]
and Pd-based catalysts [12,13], such as PdSn of nanometric sizes
exhibited an attractive catalytic activity for the ORR, but limited
by the stability of the catalyst in acid media. The interest of this
work in developing palladium thin bimetallic compound bearing
low concentration of platinum atoms is to improve the stability
and avoid the lixiviation of the bimetallic compound as well as to
reinforce the electrocatalytic activity for the ORR through the syn-
ergistic effects of the three metals. The effect of temperature on the
kinetics of the ORR study of the Pd45Pt5Snsg catalyst and the perfor-
mance response of this cathode catalyst in a membrane-electrode
assembly also constitutes part of this work.

2. Experimental
2.1. Physical and chemical characterizations

At present, there are several methods for synthesizing sup-
ported and unsupported nanomaterials based on nanoparticles
catalysts of various controllable sizes. Pd45PtsSnsg electrocatalyst
with low content of Pt was prepared by a NaBH4 (0.06 M) reduc-
tion of PdCl, (0.86 mM), H,PtCl4 (0.086 mM) and SnCl, (0.86 mM)
in a 100mL tetrahydrofuran solution, THF a 0°C, following the
methodology we have reported previously for the preparation of
nanometric Pd-based electrocatalysts [11-13]. Briefly, a chemi-
cal reactor was charged with the reagents and vigorously stirred
for the chemicals solvation. Afterwards, NaBH,4 (0.06 mM) solution
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was slowly added maintaining the stirred solution at 0°C under
N, atmosphere for 16 h. The reaction product was washed with
distilled water to eliminate the sodium chloride formed during the
reaction. After filtered, the powder was dried and weighted obtain-
ing a 99% of yield. The powder was subject to thermal treatment
under H, atmosphere (4 bar) at 573 K for 3 h following a procedure
described for Sn-bimetallic alloys [14,15],in order to avoid Sn lixivi-
ation in the alloy as observed previously during the electrochemical
activation process. The afterward the resulted powder was cooled
down obtaining a yield of 91% and maintained in a closed recipient
prior to optical and electrochemical characterization.

2.2. Physical characterization

Phase identification of the powdered catalyst, after thermal
treatment, was carried out with a MPD Phillips diffractometer
equipped with Cu Ka radiation and a graphite monocromator
(A=0.1542nm). Scanning steps of 0.02° 20 were used in the
range of 30-90° 26. Particle size was determined from transmis-
sion electron microscopy (TEM) analyses, using a CM200 Phillips
microscope, operated at 200 keV and equipped with energy dis-
persive spectroscopy (EDS) used to obtain an average and local
chemical composition of the samples. For superficial studies, a
Leica-Cambridge Stereoscan 440 SEM, at 20 kV, was used to analyze
the morphology and distribution of the elements in the materials.

2.3. Electrochemical characterization

For electrochemical studies, experiments were carried out in a
temperature controlled double compartment three-electrode test
cell. A platinum mesh was used as the counter electrode and
Hg/Hg,S04/0.5M H;S04 (MSE=0.680V/NHE) as reference elec-
trode. This electrode was outside the cell, kept at room temperature
and connected by a porcelain Luggin capillary close to the surface
of the working electrode. The electrode potentials were referred
to NHE. The electrolyte was a 0.5 M H,S0O,4 solution prepared from
double-distilled water which was degassed with N, for the work-
ing electrode activation and saturated with O, for 20 min before
each ORR electrochemical measurements. Electrochemical studies
were performed in a Voltalab potentiostat. Cell temperature was
controlled by a Haake thermostat (model F3) from 308 to 333 K.
Rotating disk electrode, RDE measurements were conducted on
a thin film catalyst deposited on a glassy carbon disk electrode
(0.196 cm?) mounted in a interchangeable RDE holder (Pine Instru-
ments). The glassy carbon ink-type working electrode disk was
prepared according to a method reported previously [16,17]. The
thin film was deposited from a solution which was prepared by
adding 5 p.L of a suspension resulting by mixing 45 L 2-propanol,
5L Nafion® (5wt.%, Du Pont 1000EW) and 1mg Pd4sPtsSnsg
(50 wt.%/C). The estimated amount of catalyst in the thin film was
about 0.5 mg cm~2. The rotation rate of the working electrode was
in the range of 200 and 2500 rpm at 5mV s~ !, During the ORR mea-
surements an oxygen flux was maintained above the electrolyte
surface.

2.4. Membrane-electrode assembly (MEA) preparation and
characterization

The anodic catalysts layer was prepared by spraying a sus-
pension of ink containing a mixture of a 20wt.% Pt/C (E-Tek)
electrocatalyst in one side of a Nafion 115 membrane. The cat-
alytic ink was prepared by mixing 14 mL of Nafion 5 wt.% (Du Pont,
1100EW), 240 mL of isopropanol, 5 mg of the supported Pt/C and
sonicated for 20 min. The resulting suspension was sprayed onto
the 115 Nafion membrane by means of a home fabricated semiau-
tomatic device. The anodic and cathodic loading in both catalyst

layers was about 1.0mgcm~2. The cathode catalytic ink was pre-
pared following the same procedure as described for the anode
side by mixing 5mg of Pd4sPtsSnsg with 7.5mg of Vulcan car-
bon XC-72 and the resulted suspension sprayed onto the cathodic
side of the 115 Nafion membrane. The gas diffusion medium at
the anode and cathode side was Teflon-treated carbon paper (Elec-
trochem). The MEA was obtained by hot pressing (4.4 kg cm~2) at
120°C for 1 min. The active surface area of the anode and cathode
was 5 cm?2. PEMFC test was carried out in an Electrochem Fuel Cell
Test System 890B operated with high purity hydrogen and oxygen
at 400 cm3 min~!. The fuel cell performance was measured at 40 °C,
60°C and 80 °C without pressure of both gases. The fuel cell station
was equipped with a humidifying system for the reactant gases and
the humidified temperatures were fixed 5°C higher than the fuel
cell temperature.

3. Results and discussions
3.1. Characterization of the prepared Pd4sPtsSnsg catalyst

X-ray diffraction results of PdSn and Pd4s5Pt5Snsg compounds
synthesized under the same experimental conditions are shown in
Fig. 1. Synthesized PdSn [13] showed an orthorhombic structure
Pnma, which experimental XRD pattern matches well the standard
JCPDS card 03-065-2603. Narrow peaks in the PdSn XRD pattern
indicate the presence of nanocrystallites which percentage, about
90%, was determined by MDI jade 5.0 software. The average size
of the PdSn catalyst, about 8.6 nm (Rpw 10.3), was deduced by fit-
ting the diffraction patterns using the academic Topas software.
Low Pt concentration addition changes the bulk structure of the
palladium thin bimetallic compound as shown in XRD and TEM
results: XRD pattern of Pd45Pt5Snsg showed a reduced number of
peaks in relation to obtained on PdSn, fitting in almost all the cases
with structural Pd face-centered cubic (fcc) package (JCPDS card
046-1043), Pt (JCPDS card 04-0802) and Sn (JCPDS card 04-0673).
However, crystalline faces positioned at 20=52°, 58° and 80° not
correspond to the lattice phase of the three metals of the com-
pound, revealing the alloy formation between Pd, Pt and Sn. These
new phases are associated to strong interactions between the three
metallic atoms which enhanced the stability of the Pd45Pt5Snsg
compound in relation to that of Pd alone [11]. The average crys-
tallite size of the PdSn catalyst, about 6.3 nm (Rpw 10.3), was
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Fig. 1. XRD patterns of nanosized particles of PdSn and Pd4sPtsSnsg catalysts as-
synthesized by the borohydride reduction method.
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Fig. 2. SEM micrograph of Pd4sPtsSnsg catalyst synthesized by the NaBH,4 reduction
method in THF at 0°C.

deduced by fitting the diffraction patterns using the same academic
Topas software mentioned above. Broad peaks in the Pd45PtsSnsg
diffraction peaks suggest low crystallinity which percentage about
30% was also determined by using the same software. Studies by
SEM, Fig. 2, showed a homogenous distribution of spherical pow-
der agglomerates composed of numerous powder particles having
sizes less than 100 nm. Notice that these particle sizes are still
much larger than the calculated crystallite size (~6 nm), indicating
that the particles are nanocrystalline, a common feature reported
for materials produced by the NaBH4 reduction process [11]. The
average composition of the as-synthesized powders, as deter-
mined by EDS, was approximately 45 at% Pd, 5 at% Pt and 50 at% Sn
(Pd45Pt5Snsg), in concordance with the started estimated composi-
tion of synthesis. The morphology of Pd45Pt5Snsg was analyzed by
TEM and results exhibited spherical agglomerates which are built
of fine particles. Fig. 3 shows a TEM micrograph of Pd4s5PtsSnsg
particle sizes catalyst of around 1-6 nm which are agglomerated
in a greatest degree of clustering spherical particles in a range of
100 nm.

Fig. 4 shows mapping images for the Pd45Pt;Snsg sample where
a uniform distribution of elemental palladium, platinum and tin

Fig. 3. TEM micrograph of Pd4sPt5Snsg catalyst synthesized by the borohydride
reduction method.

throughout the particle with no evidence of metal segregation
within the mapped area is observed.

These results of XRD, SEM-EDS and TEM indicate that the
as-synthesized Pd45PtsSnsg powder mixtures consist mostly of
powder agglomerates in which palladium, platinum and thin par-
ticles are intimately mixed.

3.2. Electrochemical study of oxygen reduction

Fig. 5 presents the final cycle from a typical voltamperomet-
ric cyclic activation process for the PdSn and Pd45PtsSnsg samples.
These voltamperograms indicate the characteristic behavior of
PdSn, showing that with the incorporation of Pt its electrochemical
response is modified in the anodic and cathodic regions. Well-
defined typical adsorption/desorption peaks are observed on the
Pd45PtsSnsg catalyst in the region of 0.0-0.35 V/NHE. In the region
the 0.5-1.2 V/NHE the adsorption of H,O at the electrode surface is
notorious and shift of the onset potential for the cathodic reaction
on the Pd45Pt5Snsq is detected. Anincrease in the obtained ORR cur-
rent density can be observed, thus indicating that the Pd45Pt5Snsg
catalyst possess a higher oxygen adsorption capacity than PdSn
alone.

The oxygen reduction reaction is a complex combination of
charge transfer and mass transport processes which by the low con-
centration of oxygen in acid environment, is usually studied under
hydrodynamic conditions. Fig. 6 shows hydrodynamic behavior of
the Pd4sPtsSnsg catalysts with Vulcan carbon powder dispersed
into a Nafion film coated on a glassy carbon in oxygen saturated
0.5M H,S04 at 25°C. The polarization curves were recorded from
the open circuit potential to 0.2V versus NHE. A charge transfer
kinetics control with rotation rate-independent current is observed
in the range of 0.75-0.90V/NHE; at more cathodic potentials,
mixed control became significant arriving to a well-defined mass
transport-limited current as a function of the rotation rate. A dif-
ferent behavior was observed for Pd [11] and PdSn nanoparticles
catalyst [13] where only mixed kinetic-diffusion control was clearly
observed, regardless of the electrode rotation rates. It was consid-
ered that increases in the limiting current on high performance
electrocatalysts are associated with the increase of molecular oxy-
gen diffusion in the boundary-layer thickness through the electrode
surface. The reduction reaction is fast enough at high cathodic
overpotentials, associated in almost all the cases to a flat limiting
plateau as described for a Pt/C electrode [18]. An explanation for
the well-defined current plateau could be attributed to a distribu-
tion of electrocatalytic active sites on the electrode surface such
as observed in the mapping of Fig. 4. In a film-coated electrode
surface, the overall measured current, i, is related to the kinetic cur-
rent, iy, the boundary-layer diffusion-limited current, iy, and film
diffusion-limited current, i¢ by [19]
1 1 1 1

+

TR W
iy represents the film diffusion-limited current controlled by reac-
tant diffusion in the i Nafion® layer and is given by the following
equation:

. TleFDfo

if= ——— (2)
f S r

In this equation, Dy and C; are the diffusion coefficient and the
concentration of O; in the film, respectively, and dy is the film thick-
ness. The effect of the film diffusion is significant only in the case
when the electrode is covered by a Nafion film [19,20] and can be
neglected in the present study since the amount of Nafion (5 L
5wt.% in 45 L of solution) in the prepared catalyst suspension is
sufficiently small and hence not expected to be a factor in the lim-
iting current density on the rotating electrode where only 5 pL of
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Fig. 4. Mapping images of the components of the Pd4sPtsSnsg catalyst.

catalystinkis loaded. The boundary-layer diffusion-limited current
can be expressed as

ig = 0.2nFC,DYv~1/601/2 = B!/ (3)

where 0.2 is a constant used when w is expressed in revolution per
minute, ne is the number of electrons transferred per molecule of O,
in the overall reaction, F the Faraday constant, C, the concentration
of oxygen dissolved (1.1 x 10~ molcm~3), D, the diffusion coeffi-
cient of oxygen in the solution (1.4 x 10~> cm? s~ 1), v the kinematic
viscosity of the sulfuric acid (1.0 x 1072 cm~2s-1) [21] and B the
Levich constant. The current of the oxygen reduction reaction can
be written as dependent on the kinetic current and the diffusion-
limited current as shown in the following equation:
1 1 1 1 1
TRk kB @
From the data of Fig. 6, the Koutecky-Levich plots (i~! vs. w=1/2)
were drawn (figure not included). At all the rotation speeds, a
series of essentially parallel straight lines in a broad potential range
was observed, which indicates that the reaction order for the O,
reduction at a Pd4sPt5Snsg catalyst electrode is unity, similar to
observed and reported previously on PdSn [13]. Fig. 7 shows the
mass transport corrected Tafel plots obtained for the Pd45Pt5Snsg
catalyst ink-type electrode on which oxygen reduction kinetics
studies were conducted in 0.5M H,SO,4 at 298 K. Electrochemi-
cal polarization curves on Pd, PdSn and Pt were also included in
this figure for comparison. The Tafel plots were obtained after the
measured currents were corrected for diffusion to give the kinetic
currents in the mixed activation-diffusion region, calculated from
Eq. (4):

g
=75 (5)

where i;/(ig — i) is the mass transfer correction. The Tafel plots
show a linear behavior in the mixed activation-diffusion region
and a deviation of the kinetic current occurs with higher slope
at high current density. A Tafel slope of —40mV dec~!, charge
transfer coefficient of 0.68 and an exchange current density of
3.35 x 1074 mA cm~2 was determined on Pd45PtsSnsg at 308 K. The
kinetic parameters deduced for the oxygen reduction on all the
catalysts ink-type electrodes at 308 K are presented in Table 1.
The effect of temperature on the kinetic parameters of the
Pd4s5PtsSnsg electrocatalyst is of paramount importance in the
cathodic reaction of a fuel cell. The oxygen reduction was per-
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Fig. 5. Cyclic voltammetry of PdSn and Pd4sPtsSnsg catalysts in oxygen free 0.5M
H,S04 solution at 298 K. Scan rate potential of 50mVs-1.
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Fig. 7. Mass transfer corrected Tafel plots for ORR in O, saturated 0.5M H,SO;4 at

308K of different Pd-based ink-type electrocatalysts deposited on glassy carbon. Pt
is depicted as comparison.

formed on a RDE by recording current-potential curves, similar to
reported in Fig. 6, for each cell temperature. The mass transfer cor-
rected current-potential curves at various temperatures are shown
in Fig. 8. Effects such as the increase of the catalytic current and
shift of the curves to more positive potentials were observed from
increasing temperatures. As expected, the kinetics of the electro-
chemical reaction is higher at elevated temperatures, reflecting the
temperature dependence of the chemical rate constant. This behav-
ior is indicative of an enhancement of the electrocatalytic kinetic
reduction of the adsorbed oxygen with temperature. To evaluate
the exchange current density, io, and the charge transfer coefficient,
o, from the Tafel slope as function of temperature, the dependence
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Fig. 8. Mass transfer corrected Tafel plots for the ORR on Pd4sPtsSnsg catalyst at
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Table 2

Variation of kinetic parameters with temperature for ORR on Pd4sPtsSnsg electro-
catalyst in 0.5M H,SO4.

T (K) o —b(mVdec) ip (MAcm~2)
308 0.68 40.0 3.352x 104
BB} 0.62 43.0 4390 x 104
318 0.68 39.9 6353 x 104
323 0.68 40.7 5.720 x 104
328 0.65 479 10.41 x 104

[13] was evaluated using the value of AG° (H,-0, cell) at each
temperature using equations (6a) and (6b):

o

AG(HZ/Oz) =-296,658 —33.6T InT +389.8T, (J mol‘1) (6a)
—AG,
_ (H2/03)
Er= 2F (6b)

Tafel slopes and kinetic parameters deduced from the linear part
at each temperature of Fig. 8, are presented in Table 2. One can see
that Tafel slope is practically invariant with temperature, leading to
a dependence of the transfer coefficient with temperature. Table 2
shows Tafel slopes are invariant with temperature and are closely
equal to —120 mV at all temperatures, i.e. to 2.3 x 2RT/(«F).

The exchange current density corresponding to each Tafel slope
was calculated by extrapolating the potential to the E, value
at the experimental operating cell temperature. The tempera-
ture dependence of the exchange current density in Table 2 can
be analyzed via conventional Arrhenius plot (Fig. 9). The appar-
ent activation energy, AE#, for the oxygen reduction reaction
on Pd4s5PtsSnsg electrocatalyst was evaluated in the temperature
range of 308-333 K, from a linear regression analysis of the slope
of the Arrhenius equation represented by the relationship

AE#* = —2.3R [d log 10}

— Ty (7)
of the reversible oxygen electrode potential, Er, on temperature d(1/T)
Table 1
Kinetic parameters deduced from the oxygen reduction reaction in 0.5 M H,SO4 at 298 K.
Electrocatalysts Eoc (NHEV-1) —b(Vdec) o i, (MAcm~2) Potential/V at i=0.1 mA cm 2 Ref.
Pd 0.78 0.131 0.46 6.6 x 1076 0.647 [11]
PdSn 0.80 0.056 0.46 1.606 x 10-¢ 0.64 [13]
Pdy4s5PtsSnsg 0.90 0.068 0.40 3.352 x 104 0.81
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Fig. 10. Performance curve for Pt (20 wt.%/C) anode/Pd4sPtsSnsg (40 wt.%/C) cath-
ode, operating on H,/O, at 80°C.

An average value of AE# =42.5440.08k]mol-! was calcu-
lated. This value is lower in comparison to that of nanometric Pd
(89.8 kJmol~1)[11]and PdSn (53.18 k] mol~1)[13] electrocatalysts.
This result indicates that the incorporation of low concentration
of platinum to a palladium tin bimetallic compound improves the
catalytic activity and selectivity of the Pd45Pt5Snsq electrocatalyst
towards the reduction of molecular oxygenin acid medium to water
formation. The performance of the Pd45PtsSnsg (20 wt.%) carbon
supported catalyst produced by NaBH4 reduction, synthesized and
used as cathode electrode in polymer membrane fuel cell will be
the subject of forthcoming communications.

3.3. PEMFC performance

Fig. 10 shows result of the MEA performance of the anode,
Pt 20wt.%/C (E-tek) with a catalyst loading of 1.0 mgcm~2, and
cathode catalyst loading (1.0 mg cm~2) of Pd4sPt5Snso 20 wt.% dis-
persed on Vulcan carbon, tested at 40°C, 60°C and 80°C. An
increase of the power density was observed with temperature.
The maximum performance obtained under this experimental con-

dition was 210mW cm~2 at 0.35V and 80°C. The performance
of Pd45Pt5Snsg/Vulcan carbon was about 46% lower than MEA Pt
performance reported by our group in Ref. [1]. This behavior is
attributed to the low Pt content in the Pd45Pt5Snsg catalyst and
by using the same catalyst loading on anodic and cathodic side,
situation which could be improved by thorough loading study on
the MEA cathodic side. Further study is carried out in our group of
research in order to properly support the catalyst to improve the
electrochemical behavior and to determine the long term stability
of the Pd45Pt5Snsg as cathode in a PEMFC.

4. Conclusions

The borohydride reduction process has been proven to be a
significant synthetic tool for the preparation of spherical pow-
der agglomerates composed of Pd45Pt5Snsg catalyst, with particles
less than 100 nm, containing crystallites of around than 6 nm in
size. The electrocatalytic activity of this compound, for the oxygen
reduction reaction in acid media, showed that the electrocata-
lyst allowed multi-electron charge transfer to water formation,
with an apparent activation energy of 42.54 4+ 0.08 k] mol~!. The
Pd4s5PtsSnsg electrocatalyst has also demonstrated catalytic activ-
ity as cathode in a single PEMFC. The performance achieved with
anodic and cathodic loading of 1.0 mgcm~2 was 210 mW cm~2 at
0.35V and 80°C. This value is about the half of the performance
reported with Pt under the same experimental conditions.
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