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In this work, physical and catalytic properties of Pt–Fe/C nanocatalysts of nominal compositions Pt:Fe
70:30 and 50:50, prepared by a polyol process using a long-chain diol as reducer (hexadecanediol) and
oleic acid and oleylamine as stabilizers, are reported. As-prepared materials have very small particle
size (2.2 nm), narrow particle size distribution, and homogeneous dispersion on the carbon support. The
average compositions determined by energy dispersive X-ray analysis are Pt75Fe25/C and Pt60Fe40/C. Data
lectrocatalyst
xygen reduction reaction
anostructured materials
t-based nanoparticles

for samples submitted to heat treatment in hydrogen atmosphere to induce Pt surface segregation are
also presented. X-ray diffraction and transmission electronic microscopy are used to examine all as-
prepared and heat-treated catalysts. Electronic properties are analyzed based on in situ dispersive X-ray
absorption spectroscopy data. Measurements of electrocatalytic activity for oxygen reduction show that
all Pt–Fe/C have electrocatalytic activities superior to that of Pt/C. Nanocatalysts with a Pt-rich surface
have an enhanced performance for the reduction of oxygen but measurements carried out in methanol

tha
containing solutions show

. Introduction

Fuel cell technology is currently considered one of the promis-
ng approaches to energy generation and, at the same time, a way
o minimize the environmental problems associated to it. Partic-
larly, proton-exchange membrane fuel cells (PEMFCs) and direct
ethanol fuel cells (DMFCs) have been largely investigated due

o their ability to convert chemical energy into electricity with
igh energy densities, low emission of pollutants and low oper-
ting temperatures [1]. Even if these features make PEMFCs and
ethanol direct fuel cells (DMFCs) attractive for applications in

ehicles and portable devices there are still a number of issues to
e worked out to make the generation of electrical power using
uel cells practical and cost-effective. Among other problems that
emain to be solved, the sluggish kinetics of the oxygen reduction
eaction (ORR), that takes place at the cathode, is still the cause of
evere overpotential losses [1,2].

With the purpose of reducing the voltage losses due to the
RR slow kinetics, a number bimetallic Pt–M catalysts (M = first-
ow transition metal) were investigated. Moreover, the use of
second metal more abundant than Pt could contribute also

as the advantage of reducing the costs of the electrocatalysts.
imetallic catalysts such as Pt–Mn [3], Pt–Cu [4,5], Pt–Fe [3–18],

∗ Corresponding author. Tel.: +55 16 33016653; fax: +55 16 33016692.
E-mail address: mercedes@iq.unesp.br (H.M. Villullas).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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t Pt-enriched surfaces have an inferior methanol tolerance.
© 2009 Elsevier B.V. All rights reserved.

Pt–Ni [3–5,7,14,15,19–26], Pt–Co [3–5,7,10,11,15,24–36], Pt–Cr
[3,15,26,37–41] and Pt–V [15,42,43] have been studied and, in
most cases an enhanced ORR electrocatalysis was reported. Dif-
ferent explanations have been considered for the enhancement of
activity for ORR caused by alloying Pt with 3d-transition metals.
Jalan and Taylor [44] proposed that the Pt–Pt nearest-neighbor
distance was the main factor affecting the catalytic activity for
ORR. Other authors suggested that OH species would adsorb at
lower potentials onto the more reactive M atoms at the surface
and thus, lateral interactions would prevent adsorption of other
OH groups on the surface Pt atoms, which would then be available
for the ORR [24]. Toda et al. observed a significant enhancement
of the catalytic activity for the ORR for Pt alloys with Ni, Co, and
Fe, formed by sputtering [7]. These authors also found that all their
sputtered alloy films were covered with a Pt skin of a few monolay-
ers and interpreted their results in terms of an increased d-electron
vacancy of the thin Pt surface layer caused by the underlying alloy.
Other authors also suggested that the enhanced activity for ORR on
bimetallic surfaces may arise from the formation of a Pt skin [19].
Studies of the ORR carried out on Pt–M polycrystalline alloys show
that the systems with a Pt skin near-surface composition were the
most active [45,46].
Pt–Fe catalysts are among the materials that exhibit activities for
the ORR larger than that of Pt/C [3–18]. Studies of the effects of Pt-
rich surface layers were, so far, carried out for Pt–Fe sputtered layers
[7] and polycrystalline alloys [46] but not for carbon-supported
nanoparticles. Thus, the aim of the present work is to analyze the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mercedes@iq.unesp.br
dx.doi.org/10.1016/j.jpowsour.2009.11.096
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values of polydispersity index (� = standard deviation/mean value)
[51]. TEM images also revealed that, as expected, heat treatment
produced an increase in the average particle size. Larger mean
particle size and polydispersity values (3.4 nm and � = 0.18–0.22)
were obtained for the heat-treated Pt–Fe/C catalysts. Fig. 2
112 A.R. Malheiro et al. / Journal of P

ffects of Pt skin structures on the ORR activity of Pt–Fe/C nanocat-
lysts and on their methanol tolerance.

A modified polyol method using 1,2-hexadecanodiol as reduc-
ng agent and metal acetylacetonates as metal precursors was
sed to prepare Pt–Fe/C catalysts with nominal compositions Pt:Fe
0:30 and 50:50 (atomic ratio). Energy dispersive X-ray analysis
EDX) indicated that the actual compositions were Pt75Fe25/C and
t60Fe40/C, respectively. Surface segregation, i.e. substitution of Fe
ith Pt atoms in the first few atomic layers, results in Pt-enriched

urfaces. Thus, portions of the as-prepared Pt–Fe/C materials were
eat-treated under hydrogen atmosphere to induce Pt segregation.
tructure, average particle size and size distribution, and compo-
ition of as-prepared and heat-treated catalysts were examined by
-ray diffraction (XRD), transmission electronic microscopy (TEM).
lectronic properties were analyzed by in situ dispersive X-ray
bsorption spectroscopy (DXAS). The ORR activities in the absence
nd presence of methanol were investigated in acid solution using
he rotating disk electrode (RDE) technique.

. Experimental

For the preparation of the catalysts, Pt–Fe nanoparticles of
ominal compositions Pt:Fe 70:30 and 50:50 (in atoms) were
rst obtained in dioctyl ether in the presence of 1,2 hexadecane-
iol, oleic acid, and oleylamine, as described elsewhere [36,47].
riefly, the synthesis was carried out by simultaneous reduction
f platinum(II) acetylacetonate (Pt(acac)2 – Aldrich) and iron(II)
cetylacetonate (Fe(acac)2 – Aldrich). Fe(acac)2, Pt(acac)2 and
,2-hexadecanediol were mixed in dioctyl ether and heated to
00 ◦C under nitrogen atmosphere. Then, oleic acid and oleylamine
ere added and the mixture was heated until reflux (298 ◦C) and

ept at that temperature until the formation of the nanoparticles
i.e. black dispersion) was observed. The heat source was removed
nd the dispersion was allowed to cool to room temperature. The
anoparticles were then separated and cleaned (flocculation by
ddition of ethanol, centrifugation, and re-dispersion in hexane,
epeated until a limpid solution was obtained). Finally, the Pt–Fe
articles were anchored on carbon powder (Vulcan XC-72, Cabot)
y constant stirring in hexane media for 2 h. The resulting material
as filtered, copiously washed with ethanol, acetone, and water,

nd dried. Both materials were 20 wt% metal (Pt + Fe) on carbon.
ortions of these samples were treated at 550 ◦C in H2 atmosphere
or 30 min. For comparison purposes, a commercial Pt/C catalyst
20 wt.%, E-TEK) was used as a reference sample.

All catalysts were characterized by X-ray diffraction (XRD)
sing a Rigaku, model D Max 2500 PC diffractometer using Cu K�
adiation (� = 1.5406 Å). Scans were done at 1◦ min−1 for 2� values
etween 10◦ and 100◦. The transmission electronic microscopy
tudy was done using a Philips CM 200 microscope operating at
00 kV, coupled to an EDX spectrometer. The samples for the TEM
nalysis were prepared by ultrasonically dispersing the catalyst
owders in ethanol. A drop of the suspension was applied onto a
arbon-coated copper grid and dried in air.

In situ Dispersive X-ray Absorption Spectroscopy (DXAS) exper-
ments were performed for some samples at the DXAS beam line
f the Brazilian Synchrotron Light Laboratory (LNLS), Brazil [48].
he storage ring was operated at energy of 1.37 GeV and an initial
eam current of 240 mA. An X-ray beam with a bandwidth of a few
undred eV around the Pt L3 edge (11564.25 eV) was selected using
curved Si(1 1 1) crystal monochromator. Its bending mechanism
ocused the beam at the sample position and the transmitted beam
as collected by using a CCD camera. The exposure time was set

or 150 ms for each measured spectrum. In order to improve the
ignal-to-noise ratio, 100 accumulations (frames) composed a full
pectrum with 1.5 s of total acquisition time. Conversion of data,
Sources 195 (2010) 3111–3118

pixel to energy, was performed by comparing measurements in
conventional mode with those in dispersive mode from standard
foils (Pt metal). The measurements were carried out in a spectro-
electrochemical cell [49], using the catalysts in the form of pellets
that were prepared by pressing a mixture of Nafion® solution and
the catalyst powder (Pt load was 6 mg cm−2). Measurements were
done at constant applied potentials of 0.4, 0.6, 0.8 and 1.0 V vs. RHE
in 0.5 mol L−1 H2SO4 solution.

All the electrochemical measurements were done in a conven-
tional electrochemical cell, with a Pt wire counter-electrode placed
in a separate compartment and a reversible hydrogen reference
electrode. The Pt–Fe/C electrocatalysts were used as ultra-thin lay-
ers [50] on a glassy carbon disk electrode (0.196 cm2) previously
polished down to 0.3 �m alumina. In all cases, the catalyst ultra-
thin layer had a metal load (Pt + Fe) of 28 �g cm−2. The general
electrochemical behavior was characterized by cyclic voltammetry
in N2 saturated 0.5 mol L−1 H2SO4. Measurements of electrocat-
alytic activity for the ORR were done using the rotating disk
electrode technique in O2 saturated solution. Methanol tolerance
was evaluated through measurements of the ORR in O2 saturated
0.5 mol L−1 sulfuric acid solution containing methanol in concen-
tration of 0.1 mol L−1. Solutions were prepared from analytical
grade H2SO4 (Mallinckrodt), analytical grade methanol (Mallinck-
rodt) and ultra-pure water (MilliQ, Millipore). All experiments were
done at 25 ◦C.

3. Results and discussion

3.1. Physical characterization

The actual compositions of the 70:30 and 50:50 Pt–Fe/C electro-
catalysts were determined by EDX analysis, and were found to be
Pt:Fe 75:25 and 60:40, respectively. For the sake of simplicity, we
shall refer to the catalysts as Pt75Fe25/C and Pt60Fe40/C.

Fig. 1 shows a typical TEM image of an as-prepared Pt–Fe/C
catalyst and evidence that the metal nanoparticles are homoge-
neously distributed on the carbon support. Very narrow particle
size distributions, with average particle size of 2.2 nm, were
observed for both as-prepared samples, and indicate that the Pt–Fe
nanoparticles obtained are nearly monodispersed, i.e. show low
Fig. 1. TEM image of the as-prepared Pt75Fe25/C nanocatalyst.
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Fig. 2. Particle size distribution histograms for Pt–Fe/C nanocatalyst. (A) Pt75Fe25

Table 1
Results of TEM and EDX studies of the Pt–Fe/C catalysts.

Pt–Fe/C catalyst TEM particle size (nm) � Pt:Fe (EDX)

Pt:Fe 70:30 as-prepared 2.2 0.13 75:25
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and 3.856 Å for the heat-treated Pt60Fe40/C sample) are consid-
Pt:Fe 50:50 as-prepared 2.2 0.14 60:40
Pt:Fe 50:50 heat-treated 3.4 0.18 –
Pt:Fe 70:30 heat-treated 3.4 0.22 –

hows the particle size distribution histograms for both samples,
t75Fe25/C and Pt60Fe40/C, before and after heat treatment. The
esults of the TEM characterization and EDX analysis of the Pt–Fe/C
anocatalysts are summarized in Table 1.

The structural properties of the as-prepared and heat-treated
t–Fe/C catalysts were studied by X-ray diffraction and the diffrac-
ion patterns obtained are shown in Fig. 3.

For both as-prepared Pt–Fe/C nanocatalysts the diffractograms
how a wide diffraction peak centered at 2� around 40◦, associated
o the diffraction of [1 1 1] planes of the face centered cubic (fcc)
tructure of Pt (JCPDS 4-802) and the broad peak at 2� approxi-
ately 25◦ characteristic of the carbon support. The higher angle

eflections typical of the Pt fcc structure (2� ∼46◦, 67◦, and 81◦) are
mall and ill defined, in agreement with data previously reported
or Pt–Co/C [15,36], Pt–Fe/C [15] and other materials prepared
y similar methods [47]. The broaden diffraction signal around

� ∼40◦ and the fact that other diffraction peaks expected for
t are nearly absent was attributed to the small size (∼2 nm) of
he nanoparticles. Early work by Kinoshita [52] show that, for
articles with a cubo-octahedral structure, the mass-averaged dis-
/C; (B) heat-treated Pt75Fe25/C; (C) Pt60Fe40/C; (D) heat-treated Pt60Fe40/C.

tribution (MAD), the distribution of surface atoms normalized to
the total number of atoms in the particle, shows a maximum for
the (1 1 1) crystal face for particle size of ∼2 nm, and that the dis-
tribution of atoms on the (1 1 1) face about 10 times higher than
that on the (1 0 0) face. It was also suggested that very small parti-
cles could have thermodynamically stable structures different than
those expected for the macroscopic material and that very small
particles of fcc metals could have icosahedral structures consisting
primarily of [1 1 1] triangular surfaces [52].

In contrast, the diffraction patterns of the heat-treated Pt–Fe/C
catalysts exhibit the typical signals associated to the fcc Pt struc-
ture. Diffraction peaks are broad and shifted toward higher 2�
values compared to those of Pt/C. This shift in peak position can
be taken as indication of alloy formation because partial substi-
tution of Pt by Fe in the fcc structure produces a contraction of
the lattice. Furthermore, the shifts in peak positions were larger
than the expected values. For solid solutions of compositions Pt:Fe
75:25 and 60:40, the [2 2 0] reflections should be observed at 2�
values of about 67.9◦ and 68.2◦, respectively [18,53]. The inset of
Fig. 3 shows that those diffraction signals are centered at 68.5◦ and
68.8◦, respectively. Those values clearly indicate that the alloyed
phase contains more Fe than the solid solution that corresponds
to the chemical composition of the catalysts. In fact, the calculated
lattice constants (3.872 Å for the heat-treated Pt75Fe25/C catalyst
erably smaller than the lattice parameter of an equimolar solid
solution (3.877 Å, PDF 29-717). In addition, close examination of the
diffraction pattern for the heat-treated Pt60Fe40/C catalyst shows
a weak reflections at 2� ∼44◦, that could be attributed to the
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ig. 3. XRD patterns of Pt–Fe/C nanocatalysts. (A) Pt60Fe40/C; (B) Pt75Fe25/C; (C)
eat-treated Pt60Fe40/C; (D) heat-treated Pt75Fe25/C; (E) Pt/C. Inset: pseudo-Voigt
tting of [2 2 0] diffraction peaks of heat-treated Pt60Fe40/C (C) and heat-treated
t75Fe25/C (D).

ost intense diffraction signal of metallic Fe (PDF 6-696) and a
ery week signal at 2� ∼33◦ that could indicate partial chemical
rdering [54]. Thus, the XRD data obtained for the heat-treated
atalysts clearly show that the alloy phases are enriched in Fe
nd serve as indication of segregation of Pt on the surface. These
esults are in excellent agreement with those reported by Mun et al.
55] for Pt3M polycrystalline alloys. For ion-sputter-cleaned alloys
hat were subsequently annealed at high temperatures, ultravio-
et photoemission spectroscopy data showed modified electronic
tructures suggesting the formation of Pt skin surface layer. More-
ver, Ma and Balbuena [56] carried out theoretical calculations of
egregation energies and reported a value of −0.41 eV for the Pt3Fe
1 1 1) alloy. These authors also pointed out that most Pt3M alloys
ave negative segregation energy, favoring Pt segregation on the
urface.

.2. Electronic properties

Dispersive X-ray absorption spectroscopy (DXAS) was used to
robe the electronic characteristics of electrocatalysts under in
itu electrochemical conditions. The analysis of white lines was
erformed by using the method of Shukla et al. [8,57]. The absorp-
ion spectra were fitted by an arc tangent function which was
ubtracted from the experimental data, and the result was fitted
y a Lorentzian function. The Levenberg-Marquardt nonlinear
egression method [58] was used in both fitting procedures. In
greement with literature reports [59,60], an increase of the white

ine intensity for increasing applied potential, resulting from the
dsorption of oxygenated species on the Pt surface, was observed
or all catalysts examined. Fig. 4 shows normalized Pt L3 absorp-
ion edges and integrated intensities for the different Pt–Fe/C
atalysts.
Fig. 4. (A) Normalized Pt L3 absorption edges for the different Pt–Fe/C catalysts: (�)
Pt75Fe25/C; (©) heat-treated Pt75Fe25/C; (�) Pt60Fe40/C; (�) heat-treated Pt60Fe40/C.
(B) Integrated intensities of the Lorentzian. Applied potential: 0.80 V.

In general, DXAS data indicate that the Pt d-band is lesser filled
in the Pt–Fe/C catalysts than in the case of Pt/C. The white line inten-
sity for the Pt60Fe40/C catalysts, as well as the integrated area of the
Lorentzian, was always larger than for the Pt75Fe25/C sample. This
is consistent with a lesser occupancy of the Pt d-band caused by
the presence of a larger amount of metallic Fe. When DXAS data for
as-prepared and heat-treated catalysts are compared, it is observed
that heat treatment caused a decrease in the white line intensity
as well as in the value of the integrated area. The increase in the
degree of alloying should further facilitate the hybridization of the
Pt d-band with empty states above the Fermi level reducing the d-
electron number. However, previous studies have pointed out that
the Pt d-band vacancy would tend to decrease with the increase
of particle size [60,61]. Thus, according to current understanding,
the hybridization will become less favorable once the particle size
is increased. Clearly, the heat treatment causes a change in sur-
face structure, i.e. a Pt-rich surface layer and an enriched Fe core,
and, simultaneously, a particle size increase. Both changes, increas-
ing the alloying and particle growth, affect the d-band occupancy
and their relative contributions cannot be separated. Therefore, the
change in the Pt d-band occupancy produced by the heat treatment
should result from a combination of both effects.

3.3. Electrochemical behavior
The general electrochemical behavior of the Pt–Fe/C nanocat-
alysts was characterized by cyclic voltammetry in N2 saturated
0.5 mol L−1 H2SO4. For both catalysts, the current–potential curves
are similar to those reported in the literature [18] and stable
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Fig. 6. (A) Cyclic voltammetry curves for the as-prepared Pt75Fe25/C catalyst: 3rd
cycle between 0.05 and 0.8 V (—) and 3rd cycle after opening the potential window
up to 1.0 V (· · ·). Inset: Scheme of the potential program applied. (B) Evolution of
the current–potential profiles of the as-prepared Pt75Fe25/C catalyst upon repeated
ig. 5. Cyclic voltammetry curves for the as-prepared Pt75Fe25/C (—) and Pt60Fe40/C
· · ·) catalysts.

rofiles were obtained after a few cycles. The curves obtained at
0 mV s−1 for the as-prepared Pt–Fe/C catalysts in the potential
ange of 0.05–0.8 V, for electrodes containing the same total
mount of metals (Pt + Fe = 28 �g cm−2), are shown in Fig. 5. As it
an be seen, the general features of the voltammetric curves are
imilar, while the total charge involved is larger for the material
ith lower Fe content. EXAFS studies lead Teliska et al. [12] to

onclude that their Pt–Fe and Pt–Cr samples had a Pt skin while
he Pt–Ni and Pt–Co clusters were more homogeneous, with M
toms on the surface. However, this seems not to be the case
or our as-prepared catalysts. Considering that both as-prepared
t–Fe/C samples have the same particle size and polydispersity
ndex, and because it is known that adsorption of underpotential
eposited hydrogen on Fe is inhibited by the presence of oxide
pecies [62], the charge decrease for increasing Fe content can be
aken as evidence of the presence of both metals, Pt and Fe, on the
articles surface of our as-prepared samples.

Opening the potential window up to 1.0 V did not produce
ignificant changes in the current–potential profiles, as shown
n Fig. 6A for the as-prepared Pt75Fe25/C catalyst. Fig. 6B shows
hat neither the charge or the shape in the hydrogen region
hanged significantly on repeated cycling between 0.50 and 1.0 V.
dentical behavior was observed for heat-treated catalysts, as
hown in Fig. 7. A comparison of the current–potential profiles in
he hydrogen adsorption/desorption region after 25 cycles up to
.0 V is shown in Fig. 8. Clearly, while nearly featureless curves
re observed for the as-prepared catalysts the current–potential
rofiles of the heat-treated materials have noticeably more Pt-

ike shapes, indicating the formation of Pt-rich surface layer, in
ood agreement with the XRD data. For both heat-treated cata-
ysts, the hydrogen adsorption/desorption region involves larger
harges than those measured for the as-prepared materials, despite
he particle size growth produced by the heat treatment (from
.2 to 3.4 nm), which would lead to a smaller active area of
t. In general, these data indicated that Pt surface segrega-
ion was promoted by the heat treatment. It should be noted,
hough, that the hydrogen adsorption/desorption charges mea-
ured for the heat-treated Pt60Fe40/C catalyst are smaller than
or the heat-treated Pt75Fe25/C catalyst. Because there is evi-
ence of formation of a Pt-rich layer, the smaller charge would

ndicate that the heat treatment applied might be insufficient
o form a complete Pt surface layer on the Pt60Fe40/C cata-
yst.
In a general way, all Pt–Fe/C catalysts prepared in this
ork show good stability during potential cycling up to 1.0 V

Figs. 6 and 7), in good agreement with theoretical calculations [63].
reeley and Nørskov performed Density Functional Theory calcu-

ations to estimate trends in the thermodynamics of surface alloy
cycling between 0.50 and 1.0 V. Cycles between 0.5 and 1.0 V accumulated: 25 (·–·–·);
50 (– – –); 100 (- - -); 200 (—). The 3rd cycle after opening the potential window up
to 1.0 V (· · ·) is included for comparison. Inset: Scheme of the potential program
applied.

dissolution in acidic media and predicted that Fe would be stabi-
lized on various substrates, including Pt, and that Pt skins would be
stabilized compared to pure Pt [63].

3.4. Oxygen reduction electrocatalysis

A typical set of polarization curves for the ORR on Pt–Fe/C cat-
alysts is shown in Fig. 9, where current densities are normalized
to the geometric area of the glassy carbon substrate. The polar-
ization curve for a commercial Pt/C catalyst (E-TEK) is included as
reference. For all catalysts studied well-defined diffusion limiting
currents for the ORR, at potentials below ca. 0.7 V, are followed by
a mixed diffusion-kinetic control between ca. 0.70 and 0.95 V. The
limiting diffusion currents depend linearly on the square root of the
rotation rate [64] and all Levich plots (iL vs. ω1/2) lay together, show-
ing the same slope and a small positive intercept caused by oxygen
diffusion in the ultra-thin catalyst layer [65]. While all Pt–Fe/C cat-
alysts have ORR activities larger than Pt/C, heat-treated Pt–Fe/C
samples are more active than the as-prepared ones.

For all Pt–Fe/C catalysts studied, mass-transport corrected Tafel
plots (not shown) show a linear region with a Tafel slope close to
−60 mV dec−1 in the region of low overpotentials, followed by a

−1
change in the slope to nearly −120 mV dec for high overpoten-
tials. This Tafel slope change from −60 mV dec−1 to −120 mV dec−1,
which is well known for ORR on polycrystalline [66] and single crys-
tal Pt electrodes [67], has also been previously observed for Pt–Fe/C
[14,18]. It is widely accepted that this change in Tafel slope is caused
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Fig. 7. (A) Cyclic voltammetry curves for the heat-treated Pt75Fe25/C catalyst: 3rd
cycle between 0.05 and 0.8 V (—) and 3rd cycle after opening the potential window
up to 1.0 V (· · ·). (B) Evolution of the current–potential profiles of the heat-treated
Pt75Fe25/C catalyst upon repeated cycling between 0.50 and 1.0 V. Cycles between
0.5 and 1.0 V accumulated: 25 (·–·–·); 50 (– – –); 75 (- - -); 100 (—). The 3rd cycle after
opening the potential window up to 1.0 V (· · ·) is included for comparison. Potential
programs applied were those depicted in Fig. 6.
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Fig. 9. Polarization curves for the ORR on Pt–Fe/C catalysts (ω = 2500 rpm).

terms of either Co content, Pt–Pt distance or as a function of particle
ig. 8. Comparison of cyclic voltammetry curves for the different catalysts recorded
fter 25 cycles between 0.5 and 1.0 V: As-prepared Pt60Fe40/C (—); as-prepared
t75Fe25/C (· · ·); heat-treated Pt60Fe40/C (– – –) and heat-treated Pt75Fe25/C (–··–··–).
he curve for the Pt/C control sample (gray) is included for comparison.

y variations in the coverage of adsorbed oxygen, which follows a
emkin isotherm at low currents and a Langmuir isotherm at high
urrents. Because Tafel slopes for all Pt–Fe/C catalysts studied have
imilar values, the rate determining step of the ORR is likely to be
he same, despite the differences in Fe content, particle size and
urface structures.
Fig. 10 shows the mass-transport corrected current densi-
ies of oxygen reduction at 0.90 V for the different Pt–Fe/C
anocatalysts. The value for Pt/C is included for comparison.
he variation of current density with the catalysts composition
Fig. 10. Mass-transport corrected current densities of oxygen reduction at 0.90 V.

(Pt75Fe25/C > Pt60Fe40/C) is in agreement with our previous find-
ings of a maximum activity for catalysts containing 20–30% of Fe
[18]. It is also evident from Fig. 10 that heat-treated catalysts are
significantly more active for the ORR. As already mentioned, the
larger catalytic activity of Pt-based materials has been attributed
to changes in the Pt d-band occupancy [7], to more favorable Pt–Pt
nearest-neighbor distance [44] and to the adsorption of OH species
at lower potentials onto the more reactive M atoms at the surface
[24]. On the other hand, theoretical calculations for Pt skin surfaces
suggested that geometric effects do not contribute to the enhanced
ORR activities and that the main factor for the enhanced perfor-
mance for the ORR would be the electronic structures modified by
the Pt surface segregation [56].

Additionally, and despite the many questions regarding the
influence of catalysts properties on catalytic activity that remained
to be answered, there is general consensus about the influence that
particle size might have on the kinetics of the ORR. For instance,
the mass activity of Pt in phosphoric acid shows a maximum at
d = 3.5 nm, coincident with the maximum of the mass-averaged
distribution for the (1 0 0) planes [68].

Furthermore, studies of carbon-supported Pt-based binary cata-
lysts (Pt–Co, Pt–Cr and Pt–Ni) carried out by Min et al. [26] showed
that particle size and alloying are the two most important factors
affecting the catalytic activity towards oxygen reduction reaction.
Studies of the ORR on Pt–Co/C catalysts lead Antolini et al. [33] to
conclude that the activity of their catalysts could not be explained in
size, pointing out the mutual influence among these parameters.
While it is clear from Fig. 10 that the heat-treated catalysts have

a superior performance than the as-prepared Pt–Fe/C materials, it is
important to keep in mind that heat treatment of the nanocatalysts
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Fig. 11. (A) Oxygen reduction polarization curves in the absence and in the presence

proves that a surface Pt enrichment will decrease the methanol
tolerance of cathodes in direct methanol fuel cells.
A.R. Malheiro et al. / Journal of P

roduced, simultaneously to the Pt surface enrichment, an increase
n the mean nanoparticle sizes and a decrease in the vacancy of the
t d-band.

According to Toda et al. [6], the increased d-vacancy of the Pt,
esult of the alloying, will cause a strong metal-oxygen interac-
ion accompanied by weakening of the O–O bond of adsorbed O2

olecules. A maximum enhancement would be the consequence of
n excessive d-vacancy that could make back-donation of electrons
rom a Pt atom to an adsorbed O2 molecule might be insufficient.
n the other hand, Wang and Balbuena investigated the thermo-
ynamics of key steps of the ORR using density functional theory
nd concluded that the d-orbital coupling effect can significantly
ecrease the Gibbs free energy for the electron transfer steps in the
RR, resulting in enhanced ORR kinetics [69].

Thus, when catalytic activities of the two as-prepared samples,
hich have the same average particle size and polydispersity index

Fig. 2), are compared the superior activity of the Pt75Fe25/C catalyst
an be interpreted, in principle, in terms of the Pt d-band occu-
ancy. Heat-treated catalysts, which have lesser d-band vacancy
nd larger particle size, show better performance for the ORR
han as-prepared samples. Because both properties are likely to be
elevant, the enhanced performance observed for heat-treated cat-
lysts seems to indicate that the detrimental effect expected from
he reduced d-band vacancy (compared with the as-prepared mate-
ials) might have been overcome by a more favorable particle size
68].

.5. Oxygen reduction in the presence of methanol

The crossover of methanol through the proton-exchange mem-
rane is still one of the most important problems that affect the
erformance of direct methanol fuel cells. The contamination of
he cathode compartment with methanol causes a mixed potential,
hich results from the oxygen reduction and methanol oxidation

eactions taking place simultaneously, that produces severe losses
f cell voltage. A number of Pt-based materials have been studied
s methanol-tolerant catalysts for oxygen reduction and the latest
dvances were recently reviewed [70].

The methanol tolerance of Pt–Fe/C was evaluated through
otating disc electrode measurements of the ORR in O2 satu-
ated 0.5 mol L−1 H2SO4 solution containing 0.1 mol L−1 methanol.
ig. 11A shows oxygen reduction polarization curves taken in the
bsence and in the presence of methanol in the solution. As it can
e seen, the polarization curve for the ORR obtained in the pres-
nce of methanol in the solution shows that positive currents are
easured above ca. 0.90 V. A comparison of ORR current densi-

ies measured at 0.80 V and ω = 2500 rpm in the absence and in
he presence of methanol for the Pt–Fe/C catalysts and for the Pt/C
ontrol sample is shown in Fig. 11B. Even though the ORR current
ensities measured in the presence of methanol are significantly

arger on all Pt–Fe/C catalysts than on Pt/C, some significant losses
f performance are evident. In general, the as-prepared catalysts
re less affected by the presence of methanol in the solution, with
RR current dropping about 15 and 35% for the Pt75Fe25/C and
t60Fe40/C catalysts, respectively. The ratio between the measured
RR current densities in presence of methanol and in methanol-

ree solution indicates that methanol tolerance increases in the
rder: heat-treated Pt75Fe25/C < Pt/C < heat-treated Pt60Fe40/C < as-
repared Pt60Fe40/C < as-prepared Pt75Fe25/C. It is worth to note
hat while the heat treatment produced an improvement in cat-
lytic activity for the ORR (Fig. 10), the methanol tolerance of

atalysts with Pt-rich surfaces is considerably lower.Although cur-
ent losses vary for the different catalysts, data presented in Fig. 11
ndicate that all Pt–Fe/C materials are active for methanol oxidation.
he significant activity of Pt–Fe/C catalysts for methanol oxidation
as also verified by means of current potential curves taken in
of methanol in the solution, for Pt60Fe40/C. (B) Comparison of ORR current densities
measured at 0.80 V and ω = 2500 rpm in the absence and in the presence of methanol
for the Pt–Fe/C catalysts and for the Pt/C control sample.

N2 saturated 0.5 mol L−1 H2SO4 containing 0.1 mol L−1 methanol,
as shown in Fig. 12, for both Pt60Fe40/C catalysts. The increase in
methanol oxidation current observed for the heat-treated sample
Fig. 12. Current potential curves of methanol oxidation on Pt60Fe40/C (—) and heat-
treated Pt60Fe40/C (–©–).
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. Conclusions

All Pt–Fe/C nanocatalysts examined in this work showed
nhanced catalytic activities for oxygen reduction compared to
hat of Pt/C. As-prepared catalysts have average particle sizes
f 2.2 nm and their catalytic activity depends on composition
Pt75Fe25/C > Pt60Fe40/C). Heat treatments at 550 ◦C in H2 atmo-
phere during 30 min promoted the formation of Pt-rich surfaces
nd an increase in the average particle size (3.4 nm). DXAS data
ndicate that the Pt d-band is lesser filled in the Pt–Fe/C cata-
ysts than in the case of Pt/C. A decreased Pt d-band vacancy was
bserved after heat treatment, most like resulting of the combined
ffects of simultaneously increasing the alloying and the parti-
le size. Generally, the catalysts with Pt-rich surfaces showed an
nhanced activity for the ORR. On the other hand, the presence of
t-rich surface layers considerably lowered the methanol tolerance.
hus, while catalysts with Pt-rich surfaces might enhance the per-
ormance of cathodes in H2/O2 PEM fuel cells, significant potential
osses due to methanol crossover might occur in direct methanol
uel cells.
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