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a b s t r a c t

To decrease the Pt content, a polymer electrolyte membrane fuel cell (PEMFC) was formed using a car-
bon supported Pd96Pt4 catalyst as the anode material, and a carbon supported Pd49Pt47Co4 catalyst as
the cathode material. The as-obtained Pd-based PEMFC with an overall Pd:Pt:Co atomic composition of
electrodes (anode + cathode) = 72:26:2 exhibited a performance not too far from that of the fuel cell with
the conventional 100% Pt electrodes. With a Pt content of 35 wt% of that of the cell with full Pt electrodes,
vailable online 8 December 2010
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at a current density of 1 A cm−2 the performance loss of the cell with the Pd-based catalysts was only
11%, with 6% ascribed to the anode catalyst and 5% to the cathode catalyst. The maximum power density
of the Pd-based cell was 76% of that of the cell with Pt catalysts.

© 2010 Elsevier Ltd. All rights reserved.
xygen reduction

. Introduction

Recently, high operating efficiency and environmental friendli-
ess polymer electrolyte fuel cells (PEMFCs) have begun to move

rom the demonstration phase to commercialization due to the
mpressive research effort in recent years. Nevertheless, several
utstanding cost reduction problems and technological challenges
emain to be solved. Among the technological challenges in terms of
EMFC electrodes, the development of anode electrocatalysts toler-
nt to carbon monoxide and cathode electrocatalysts able to reduce
he overpotential encountered under open circuit conditions and
ignificantly enhance the exchange current density are the most
ignificant. One of the barriers to commercialization remains the
rohibitive cost of this technology. The U.S. Department of Energy
et long-term goals for PEMFC performance in a 50 kW stack that
ncluded operation with cathode loadings of 0.05 mg cm−2 or less
f precious metals [1]. The limited supply and high cost of the

t used in PEMFC electrocatalysts necessitate a reduction in the
t level. Generally, there are two ways to reduce the use of Pt
n PEMFCs, that is (1) Pt electrodes with low Pt content and (2)
otal or partial substitution of Pt with other metals. In the former

∗ Corresponding author at: Scuola di Scienza dei Materiali, Department of Chem-
stry, Via 25 aprile 22, 16016 Cogoleto, Genova, Italy.

E-mail address: ermantol@libero.it (E. Antolini).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.11.101
case, as discussed by Wee et al. in a recent review [2], the reduc-
tion of Pt loading in electrocatalysts can be achieved through an
enhancement of the Pt utilization by increasing the active Pt sites,
thinning the active layer thickness and introducing smaller, carbon-
supported, nanometer-sized, Pt particles. Regarding the point (2),
the partial or total substitution of platinum with palladium seems
a promising way to reduce Pt content [3]. Pt and Pd have very sim-
ilar properties (same group of the periodic table, same fcc crystal
structure, similar atomic size). The cost of palladium is about three
times lower than that of platinum, so it could be a good substitute
for Pt as electrode catalyst in fuel cells. Moreover, Pd is interesting
as it is at least fifty times abundant on the earth than Pt. Pd, as other
platinum-group metals, presents electrocatalytic activity for both
the hydrogen oxidation reaction (HOR) and the oxygen reduction
reaction (ORR), but the HOR and ORR activities of Pd are consider-
ably lower than those of Pt [4–6]. The performance of Pd/C for the
HOR as anode catalyst in PEMFC is very poor [7,8]. It has be found,
however, that by addition of a very low amount (5–10 at.%) of Pt, the
HOR activity of Pd attains that of pure Pt [8,9]. On the other hand, it
has been reported that by addition of a suitable metal, as Co and Fe,
the ORR activity of Pd becomes comparable to that of Pt [10–13].

The activity of these Pt-free Pd-based catalysts, however, seems to
depend on the synthesis method. Indeed, in various papers a con-
siderably lower ORR activity of Pd-based catalysts than Pt was also
reported [14–16]. Raghuveer et al. [14] found that, in the absence
of thermal treatment, the ORR activity of Pd–Co–Au/C, prepared

dx.doi.org/10.1016/j.electacta.2010.11.101
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:ermantol@libero.it
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oth by the borohydride method and the reverse microemulsion
ethod, was lower than that of Pt/C. Wang et al. [15] found the
RR overpotential on all of Pd–Co/C electrocatalysts with differ-
nt Pd/Co atomic ratios prepared by a modified polyol reduction is
igher than that on the Pt/C catalyst, indicating that the ORR activity
n Pd-based catalysts is lower than that on the Pt-based catalysts
n pure acidic solution. Finally, Liu and Manthiram [16] observed
hat the as-prepared Pd4Co/C catalyst, synthesized by a modified
olyol reduction process, has lower catalytic activity for ORR than
he as-prepared Pt/C, although all of them have a similar particle
ize.

The addition of Pt is another way to increase the ORR of Pd.
ndeed, many works showed that platinum addition increases the
RR activity of palladium [17–23] and that the dependence of the
RR activity on the Pt content goes through a maximum. In partic-
lar, Guerin et al. [21] and Ye and Crooks [22] reported an increase

n the activity of Pd with the amount of Pt, following a parabolic
rend with a maximum activity in the composition range of 50–90%
t that is potential-dependent. The presence of platinum should
mprove the stability of palladium in acid media as well as reinforce
he electrocatalytic activity for the ORR through the synergistic
ffects of the metals.

Generally the particle size of carbon supported metals increases
oing from Pt to Pt–Pd to Pd, independently of the preparation
ethod [8,17,24–27]. The increase in metal particle size is more

ignificant for Pd contents >50 at.%. The different dispersion of the
etal nanoparticles on the carbon support is mainly due to their

ifferent nucleus-growth mechanisms of metal nanoparticles in
t/C and Pd/C catalysts. Recently Beard et al. [28] used surface mod-
fication of a carbon support preceding deposition of catalytic Pd
eed nuclei to prepare Pt–Pd catalysts by the electroless deposi-
ion (ED) of Pt onto the Pd surface. Functionalization of a carbon
upport with nitric acid to form surface carboxylic acid groups is fol-
owed by pre-treatment in a pH 14 bath to convert the acid moieties
o the corresponding carboxylate (RCOO−) groups. The negative
urface charge results in an electrostatic attraction between the
arboxylate groups and positively charged Pd2+ cations during wet
mpregnation to produce smaller catalytic Pd seed nuclei which
ct as deposition sites for Pt in the ED process. Using this method
hashi et al. [23] prepared various Pd–Pt/C catalysts with a max-

mum Pd/Pt atomic ratio of ca. 1 and a maximum metal (Pd + Pt)
oading on carbon of 13.4 wt%, having a particle size of 3.2 nm.
his preparation method could be valid also for the achievement of
d–Pt/C catalysts with small particle size in more severe conditions,
hat is, Pd/Pt atomic ratio > 1 and metal loading of 20 wt%.

Palladium-based electrocatalysts have been tested as anode
aterials for alcohol oxidation in alkaline direct alcohol fuel cells

29]. In this work we have tested single PEMFCs with Pd-based elec-
rodes, that is, a Pd catalyst with a very low Pt content (5 at.% Pt)
s anode material, and a Pt-free Pd–Co and ternary Pd–Pt–Co cat-
lysts as cathode materials. The performance of the best Pd-based
EMFC was compared with that of a PEMFC with conventional Pt
lectrodes.

. Experimental part

.1. Synthesis methods

Carbon supported Pt, Pd–Pt in the nominal atomic compo-
ition 95:5, Pd–Co (75:25) and Pd–Pt–Co (50:30:20) catalysts

ere prepared by reduction of metal precursors with formic acid.
n appropriate amount of carbon powder (Vulcan XC-72, Cabot,
40 m2 g−1) was suspended in 2 M formic acid solution and the
uspension heated to 80 ◦C. Chloroplatinic acid (H2PtCl6·6H2O,
ohnson Matthey) solution (in the case of Pt/C, Pd–Pt/C and
Acta 56 (2011) 2299–2305

Pd–Pt–Co/C), a palladium chloride (PdCl2·2H2O, MERCK) solution
(in the case of Pd–Co/C, Pd–Pt/C and Pd–Pt–Co/C) and cobalt
nitrate (Co(NO3)2·6H2O, Aldrich) (for Pd–Co/C and Pd–Pt–Co/C)
were slowly added to the carbon suspension. The suspension was
left to cool at room temperature and the solid filtered and dried
in an oven at 80 ◦C for 1 h. The material was 20 wt% metal on car-
bon. The Pd–Pt–Co/C catalysts in the nominal atomic ratio Pd:Pt:Co
50:30:20 were prepared by two ways: (1) simultaneous impregna-
tion of Pd, Pt and Co precursors on the formic acid impregnated
carbon support (catalyst named PdPtCoS), and (2) impregnation of
Pd and Pt precursors on the support, then impregnation of Co, fol-
lowed by thermal treatment at 700 ◦C under flowing N2 (catalyst
named PdPtCoT).

2.2. Structural characterization

The atomic ratio of the catalysts was determined by the energy
dispersive X-ray (EDX) technique coupled to a scanning electron
microscopy LEO Mod. 440 with a silicon detector with Be window
and applying 20 keV.

X-ray diffractograms (XRD) of the electrocatalysts were
obtained in a universal diffractometer Carl Zeiss-Jena, URD-6, oper-
ating with Cu k� radiation (� = 0.15406 nm) generated at 40 kV and
20 mA. Scans were done at 3◦ min−1 for 2� values between 20◦

and 100◦. It has to be remarked that the XRD measurements on
as-prepared and thermally treated catalysts were carried out on
the catalyst powder, whereas the XRD analysis on the catalysts
submitted to RPC was carried out on the electrode.

The in situ X-ray absorption spectroscopy (XAS) measure-
ments were performed in the Pt LIII absorption edges at 0.8 V
vs. the reversible hydrogen electrode (RHE), using a spectro-
electrochemical cell [22]. The working electrodes consisted of
pellets formed with the dispersed catalysts agglutinated with PTFE
(ca. 40 wt%) and containing 6 mg cm−2 of catalyst. The counter elec-
trode was a Pt screen. This electrode was cut in the center, in order
to allow the free passage of the X-ray beam. Prior to the experi-
ments, the working electrodes were soaked in the electrolyte for at
least 48 h. XAS experiments were made at 0.8 V vs. RHE, after cycling
the electrodes in the range defined by these potentials. Results pre-
sented here correspond to the average of at least two independent
measurements.

All the XAS experiments were conducted at the D04B-XAS1
beam line in the Brazilian Synchrotron Light Laboratory (LNLS),
Brazil. The data acquisition system for XAS comprised three ion-
ization detectors (incidence I0, transmision It and reference Ir). The
reference channel was employed primarily for internal calibration
of the edge positions by using a foil of the pure metal. Nitrogen was
used in the I0, It and Ir chambers.Transmission electron micrograph
(TEM) analysis was carried out at 120 kV using a JEOL JSM-5900LV
microscope.

2.3. Electrochemical characterization

Tests in PEMFCs: For the PEMFC studies, the electrodes were hot
pressed on both sides of a Nafion® 115 membrane at 125 ◦C and
50 kg cm−2 for 2 min. The Nafion® membranes were pre-treated
with a 3 wt% solution of H2O2, washed and then treated with a
0.5 M solution of H2SO4. The geometric area of the electrodes was
4.6 cm2. The metal loading was 0.4 mg cm−2 both at the anode and
at the cathode. The Pt/C and Pd–Pt/C (95:5) samples were tested
as anode catalysts, using a commercial 20 wt% Pt/C by E-TEK as the

cathode catalyst. The Pd–Co/C, Pd–Pt–Co/C and Pt/C catalysts were
tested as cathode materials, using the Pd–Pt/C (95:5) sample as the
anode catalyst.

The polarization experiments in the PEMFC were carried out
galvanostatically (Electronic Load HP 6050A) with the cell at 90 ◦C,
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carbon supported Pd–Co/C, Pd–Pt–Co/C and Pt/C electrocatalysts,
and the lattice parameters and the crystallite size of these catalysts
are given in Table 1. Assuming that the lattice parameter of PdPt
alloys obey to Vegard’s law in the entire range of compositions
Fig. 1. XRD diffractograms of Pd95Pt5/C and Pt/C catalysts.

sing O2 saturated with water at 90 ◦C and 3 atm in the cathode,
nd either pure hydrogen or a mixture of H2/100 ppm CO saturated
ith water at 95 ◦C and 1 atm in the anode. The gases were primary
ixture of 100 ppm carbon monoxide in hydrogen balance, nitro-

en (99.996%), carbon monoxide (99.5%) and hydrogen or oxygen,
ll from White Martins. Before cell test, to activate the catalysts,
he electrodes have been submitted to a repetitive potential cycling
1500 cycles) in the range 0.5–1.0 V. The cell polarization data were
ollected at 90 ◦C/3 atm O2 pressure.

CO stripping experiments were performed on the gas diffusion
lectrodes using a potentiostat–galvanostat (Solartron 1285). In
hese experiments, the cathode was used as the working electrode,
hile the anode was used as both the counter and the RHE. The CO

tripping experiments were carried out in the following way: after
ecording a CV in a N2 purged system, CO was admitted to the cell
nd adsorbed at 0.075 V for 20 min. The excess CO was eliminated
ith N2 gas and the stripping charges determined between 0.075

nd 1.0 V vs. RHE using a scan rate of 10 mV s−1 after correcting the
urrents for the background. Being the Pd49Pt47Co4 used as cathode
atalyst, CO was bubbled only on the cathode. Linear sweep curves
ere recorded in the range 0.1–1.0 V vs. RHE.

. Results

.1. Pd-based anode catalysts

A PEMFC using a Pd–Pt/C catalyst with a very low Pt content as
node material was compared with a cell using a conventional Pt/C
atalyst as anode material. As reported by Papageorgopoulos et al.
7] and Garcia et al. [8], the performance of Pd/C for the HOR as
node catalyst in PEMFC is very poor. For this reason we have cho-
en the nominal Pd:Pt composition 95:5. The value of Pd:Pt atomic
atio of the Pd–Pt/C catalyst was 96:4, near to the nominal com-
osition. Fig. 1 shows the XRD patterns of the carbon supported
d–Pt and Pt electrocatalysts. The lattice parameters and the par-
icle size of these catalysts are given in Table 1. The value of the
attice parameter (0.3894 nm, slightly higher than that of pure Pd
a = 0.3890 nm)) indicates the formation of a PdPt alloy. The parti-

le size of the Pd–Pt/C catalyst was more than twice with respect
o Pt/C. Fig. 2 shows the current–potential curves for single PEM-
Cs using as anode materials the Pd96Pt4/C and Pt/C catalysts, and
onventional Pt/C as cathode material. As can be seen in Fig. 2,
n agreement with previous works [8,9], the presence of a small
Fig. 2. Polarization curves in single PEMFCs operating at 90 ◦C and 3 atm O2 pressure
with Pd96Pt4/C and Pt/C as anode electrocatalysts. Cathode: 20 wt% Pt/C. Anode and
cathode metal loading 0.4 mg cm−2.

amount of Pt remarkably increased the activity of Pd, attaining
the value of pure Pt. The slightly lower performance of the cell
with Pd95Pt5/C as anode catalyst than that of the PEMFC with Pt/C
could be ascribed to the higher particle size of the Pd-based cata-
lyst than Pt. Moreover, as expected, Pd95Pt5/C presented a higher
CO tolerance than Pt/C.

3.2. Pd-based cathode catalysts

A Pt-free Pd–Co/C and ternary Pd–Pt–Co/C catalysts have been
used as cathode materials in PEMFCs and compared with a con-
ventional Pt/C. The EDX compositions of Pd–Co/C and Pd–Pt–Co/C
catalysts are reported in Table 1. The amount of Pt in the PdPtCoS
catalyst was lower than the nominal one, as well as the amount
of Co in the PdPtCoT catalyst. Fig. 3 shows the XRD patterns of the
Fig. 3. XRD diffractograms of Pd75Co25/C, Pd53Pt15Co32/C, Pd49Pt47Co4/C and Pt/C
catalysts.
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Table 1
EDX composition, lattice parameter, crystallite size by XRD and particle size by TEM of Pd–Co/C, Pd–Pt–Co/C and Pt/C catalysts.

Catalyst EDX composition Pd:Pt:Co Lattice parameter (2 2 0) (nm) Particle size by XRD (2 2 0) (nm) Particle size by TEM (nm)

Pt/C 0:100:0 0.3922 4.1 dn 4.4
dv 5.2

PdPtCoT/C (50:30:20) 49:47:4 0.3905 18 dn 7.7
dv 15* (without the particle
with size 53 nm)

9.2
12.0
11.3
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PdPtCoS/C (50:30:20) 53:15:32 0.3879
Pd75Co25/C 75:0:25 0.3894
Pd95Pt5/C 96:4:0 0.3894

rom pure Pt to pure Pd, we have calculated the lattice param-
ter of a PdPt alloy in the Pd:Pt composition = 1:1, ca. the Pd:Pt
omposition in the PdPtCoT catalyst. The calculated lattice param-
ter (0.3908 nm) was in good agreement with that experimental
alue of PdPtCoT (0.3905 nm). Co likely do not alloy or its effect
n the lattice parameter is negligible due to its low amount. The
attice parameter of the PdPtCoS catalyst, instead, was lower than
hat calculated applying Vegard’s law to the PdPt alloy in the Pd:Pt
omposition = 3.5:1, that is, the Pd:Pt atomic ration in the PdPtCoS
atalyst. This means that likely a ternary PdPtCo alloy was formed.
he very large particle size of the PdPtCoT/C catalyst is due to the
hermal treatment at 700 ◦C. As the thermal treatment at 700 ◦C has
een carried out under flowing N2, cobalt is present in the reduced
orm Co(0).

Fig. 4 shows the current–potential and power density curves for
single PEMFC using as cathode materials the activated Pd75Co25/C,
dPtCoS/C, PdPtCoT/C and Pt/C catalysts, and the Pd96Pt4/C cat-
lyst as anode material. The cathode performance was in the
rder Pt/C > PdPtCoT/C > PdPtCoS/C � Pd75Co25/C. The performance
f the Pt-free Pd75Co25/C was poor: the maximum power density
MPD) of the cell with Pd75Co25/C as cathode catalyst was 25% of

PD of the cell with Pt/C as cathode material. The cell with PdPt-
oT/C as cathode catalyst, instead, showed a good performance,
ith a value of MPD which attained 85% of that of the cell with Pt/C

s cathode catalyst. In a fuel cell, the potential at 0.01 mA cm−2,
0.01, is a useful parameter to evaluate the ORR activity [30]. Fig. 5

hows the dependence of V0.01 on Pt content in the catalyst. The
ata follow a parabolic law with a maximum for a Pt content of ca.
0%, in agreement with the literature results [17,21].

ig. 4. Polarization and power density curves in single PEMFCs operating at 90 ◦C
nd 3 atm O2 pressure with Pd75Co25/C (squares), PdPtCoS/C (circles), PdPtCoT/C (up
riangles) and Pt/C (down triangles) as cathode electrocatalysts. Full symbols: polar-
zation data; open symbols: power density data. Anode: 20 wt% Pd96Pt4/C. Anode
nd cathode: catalyst loading 0.4 mg cm−2.
Fig. 5. Dependence of the PEMFC potential at 0.01 A cm−2 on Pt content in the
catalyst.

3.2.1. Comparison of structural characteristics of Pd49Pt47Co4/C
and Pt/C

Among the catalysts tested as cathode material in PEMFCs, PdPt-
CoT/C was the most interesting, so we have investigated more in

detail its characteristics and compared with those of Pt/C.

Fig. 6 shows the X-ray absorption near edge structure (XANES)
spectra at the Pt L3 edge at 0.8 V vs. RHE for the as-prepared PdPt-
CoT/C and Pt/C electrocatalysts, and for the reference Pt foil. A

Fig. 6. Pt L3 XANES spectra at 0.8 V vs. RHE for carbon supported Pt and PtPdCoT
electrocatalysts relative to a Pt reference foil in 0.5 mol L−1 H2SO4.
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ig. 7. TEM image (a) and histogram of particle size distribution (b) of the Pt/C
atalyst.

ignificant increase in the intensity of the Pt L3 white line of Pt/C
ompared to PdPtCoT/C and the reference Pt foil was observed. Nor-
ally, the intensity of the Pt L3 edge increases with the increase in

t d-band vacancy, in this case due to the adsorption of oxygenated
pecies [31]. The affinity of OH chemisorption on Pt depends on
oth the metal particle size and alloying. It is known that there is an

ncrease in the affinity of OH chemisorption on Pt as the metal par-
icle size decreases [32] and the amount of M in Pt–M also decrease
n Pt alloys [31]. The lower intensity of the Pt L3 white line of PdPt-
oT/C compared to that of Pt/C was mainly due to the higher particle
ize of PdPtCoT/C than Pt/C, but also to alloying effect.

Figs. 7 and 8 show the results of TEM analysis of the as-prepared
t/C (Fig. 7) and PdPtCo/C (Fig. 8) catalysts. As can be seen in Fig. 7a,
he distribution of Pt particles on the carbon support is in a narrow
article size range. The histogram of the particle size distribution
Fig. 7b) reflects quantitatively the size distribution in the Pt/C cat-
lyst, with a narrow particle distribution centered at a particle size
f 4.5 nm. Conversely, the image of the PdPtCoT/C catalyst (Fig. 8a)
hows a non-uniform distribution of the particle size, with the
resence of some giant particles (size > 30 nm) together with par-

icles having a smaller size and in a narrow particle size range. The
istogram of the PdPtCoT/C (Fig. 8b) shows a wide particle distribu-
ion, with the presence of a tail at large particles, with one particle
arge than 50 nm, likely formed during the thermal treatment.
Fig. 8. TEM image (a) and histogram of particle size distribution (b) of the PdPtCoT/C
catalyst.

The number averaged particle size, dn, and the volume averaged
particle size, dv, have been calculated using Eqs. (1) and (2):

dn =
∑

(k)nkdk∑
(k)nk

(1)

dv =
∑

(k)nkd4
k∑

(k)nkd3
k

(2)

where nk is the frequency of occurrence of particles with size dk. The
particle sizes of Pt/C obtained from the TEM images were in agree-
ment with those calculated from the XRD (2 2 0) peak, as reported
in Table 1, and the values of dn and dv were similar. In the case
of the PdPtCoT/C catalyst, the discrepancy of the number averaged
size by TEM with the crystallite size by XRD is due to the fact that
the Scherrer formula yields a volume averaged size, to which the
largest particles contribute disproportionately. The higher value of
dv than that of dn confirms the effect of the large particles on the
main particle size. The chemical surface area (CSA) of the metal
particles was calculated using the following equation:
CSA (m g ) =
�dn

(3)

where � is the density of Pt (21.4 g cm−3) or the Pd–Pt (1:1) alloy
(16.8 g cm−3). The values of CSA are reported in Table 2.
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Table 2
Chemical surface area (CSA) and electrochemical surface area (ECSA) of PdPtCoT/C and Pt/C, and potential at 0.01 A cm−2 (�V0.01) and maximum power density (MPD), in
terms of both geometric area and ECSA, of PEMFCs with PdPtCoT/C and Pt/C as cathode catalysts.

�V0.01 (mV) MPD (geometric area) (mW cm−2) MPD (ECSA) (mW cm−2)

904 598 4.2
900 710 3.7
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Fig. 10. Polarization and power density curves of single PEMFCs operating at 90 ◦C
and 3 atm O2 pressure with Pd96Pt4/C and Pd49Pt47Co4/C as anode and cathode
Catalyst CSA (TEM) (m2 g−1) ECSA (CO stripping) (m2 g−1)

PdPtCoT/C 46.4 35.6
Pt/C 63.7 48.5

Fig. 9 shows the results of the linear sweep CO stripping exper-
ments. In agreement with the results of Garcia et al. [8], the peak
otential for PdPtCoT/C occurred at a higher value than for Pt/C,

ndicative of the stronger CO bonding to Pd. While CO adsorption
n PtPdCoT/C can occur on both Pt and Pd atoms, the oxidation
nvolves only a single uniform peak. A synergistic effect is thus
vident; the peak is not simply an addition of fractional contribu-
ions of Pt and Pd sites. Electronic modification of the CO adsorption
haracteristics on the two metals, due to alloy formation, is clearly
upported by the results shown in Fig. 9. The electrochemical chem-
cal surface area (ECSA) of the metal particles obtained by CO
tripping is reported in Table 2. From the electrochemical sur-
ace area (ECSA, by CO stripping) and the chemical surface area
CSA, by TEM) the Pt utilization efficiency, i.e. the ratio between
he ECSA and CSA, can be calculated [33,34]. The catalyst utiliza-
ion efficiency was similar, 0.76 and 0.77 for Pt/C and PdPtCoT/C,
espectively, in agreement with the value of 0.72 reported in the
iterature [33,34]. As shown in Table 2, the PdPtCoT/C catalyst pre-
ented a specific activity, in terms of V0.01, slightly higher than that
f Pt/C. In agreement with the values of V0.01, while the MPD of the
ell with PdPtCoT/C, expressed in terms of the geometric area, that
s, in terms of mass activity, is lower than that of the cell with Pt/C,
he MPD of the PEMFC with PdPtCoT/C, expressed in terms of the
lectrochemical surface area, that is, in terms of specific activity, is
lightly higher than that of the cell with Pt/C (see Table 2).

.3. Comparison of PEMFCs with Pd-based and conventional Pt
lectrodes

The polarization and power density curves of PEMFCs with
d96Pt4/C and PtPdCoT/C as anode and cathode catalysts, respec-
ively, and with conventional Pt/C catalysts are shown in Fig. 10. As

an be seen in Fig. 10, the performance of the cell with Pd-based
lectrodes was only slightly lower than that of the cell with con-
entional Pt/C electrodes. The power densities at 1 A cm−2 were
23 and 554 mW cm−2 for the cells with Pt/C and Pd-based cata-

ysts, respectively. A performance loss of only 11% occurred, with 6%

ig. 9. COads stripping voltammograms of Pt/C and PdPtCoT/C electrocatalysts.
catalysts, respectively, and with conventional Pt/C catalysts. Full symbols: polariza-
tion data; open symbols: power density data. Anode and cathode: catalyst loading
0.4 mg cm−2.

ascribed to the anode and 5% to the cathode. The maximum power
density (MPD) of the Pd-based cell was 76% of the MPD of the cell
with Pt/C catalysts. The lower performance has to be ascribed to
the higher particle size of both the Pd-based anode and cathode
catalysts than Pt/C.

4. Conclusions

The performances of PEMFCs with Pd-based catalysts were com-
pared with that of a PEMFC with conventional Pt/C catalysts. The
power density at 1 A cm−2 of a cell with Pd96Pt4/C and Pt/C as
anode and cathode catalysts, respectively, was only slightly lower
(94%) with respect to the conventional PEMFC with Pt/C catalysts
at both electrodes. The performance at 1 A cm−2 of a quasi Pt-free
PEMFC with Pd96Pt4/C as anode catalyst and Pd75Co25/C as cath-
ode catalyst (overall Pd:Pt:Co catalyst composition 85.5:2:12.5),
instead, was considerably lower (22%) than that of the cell with
Pt/C catalysts. Finally, the performance at 1 A cm−2 of a PEMFC
with Pd96Pt4/C as anode catalyst and PdPtCoT/C as cathode cata-
lyst (overall Pd:Pt:Co catalyst composition 72:26:2) was 89% than
that of the conventional PEMFC, with a performance loss of 6%
ascribed to the anode catalysts and 5% to the cathode catalyst.
Thus, this work demonstrates that Pd-based catalysts can substi-
tute conventional Pt catalysts in PEMFCs with only a slightly loss
in cell performance, particularly at high current densities. For both
electrodes, the performance loss is due to the higher particle size
of Pd-based catalysts than Pt, decreasing the active surface area
of the catalyst, and negatively influencing their catalytic activity.
To reduce cell performance loss, it is necessary to synthesize Pd-

based catalysts with low particle size. So, further works should
be addressed to develop new synthesis methods of Pd-based cata-
lysts with low Pt content and low particle size, maintaining a high
catalytic activity.
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