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bstract

Electrocatalysis on the anode side of PEM fuel cells (PEMFC) has been widely studied, however, little information has been published on cermet
atalysts, probably due to the very low or negligible power density registered when a ceramic oxide is blended with Pt based powders. In spite of
his, there exists an advantage in the use of oxides, such as TiO2. This type of oxide can exhibit a bifunctional catalytical effect, as a Pt protecting
atrix in the hydrogen oxidation reaction (H.O.R.) which increases CO oxidation and also promotes hydroxide formation, thus improving the

xidation of hydrogen. In this work, a trimetallic composition of 50 mol% (Pt-Ru-Ni, 60:30:10)–50 mol% TiO2 is investigated as anode catalyst for
PEMFC. For the preparation of this catalyst, combustion synthesis was the route selected, which allows us to achieve a powder composite with

rimetallic (PtRuNi) and ceramic (TiO2) phases. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and polarisation curves (after
EA construction) are used to evaluate the catalytic activity of this type of powder. The catalyst obtained shows a single trimetallic phase with
n average particle size of 8 nm. The TiO2 was found mainly as anatase phase with an average particle size of 2–3 nm. No reaction was detected
etween the two phases. The high power density exhibited (107 mW cm−2) with this cermet may be attributable to by a bifunctional effect on the
O and hydrogen oxidation reactions which occur during the single cell operation.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Development of the new anode material for PEMFC and
irect methanol fuel cells (DMFC) can be regarded as one of the
ajor goals in fuel cell research. In order to achieve new cata-

ysts with lower Pt loadings and higher CO tolerance, bimetallic
1–4] and trimetallic [5,6] compositions based on Pt have been
esigned. These metallic alloys have shown improved CO tol-
rance with significant activity towards the hydrogen oxidation
eaction (H.O.R.).

In the late 1980s, White and Sammels [7] reported on ceramic

aterials with a perovskite structure that exhibited intrinsic cat-

lytical activity. Although their work appeared as an alternative
o the problems associated with the use of platinum as an anode
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atalyst, few studies have been reported on this subject. This is
robably due to the very low or negligible power density that
as found when a ceramic oxide was blended with Pt-based
owders. In spite of this, there is an advantage in the use of
ingle and mixed oxides in anode catalysts, as they can exhibit
bifunctional catalytic effect which increases the oxidation of
O and promotes hydroxide formation on the catalyst surface

hus improving the H.O.R. in the anode.
Therefore, the use of metal oxides for this specific applica-

ion has not been rejected, but compositions have focused more
n the development of composite materials: ceramic-metallic
cermets) in which the oxide behaves as a compatible protect-
ng matrix that oxidises CO which is adsorbed on the catalyst
urface. This process could also be linked to the formation of
ydroxide on the metallic particle surfaces, which could con-
ribute to the improvement of the H.O.R.

On the basis of this theory Chinarro et al. [8,9] have

eported the preparation of cermets in the Al2O3-PtRu
nd SrTiFeO3−δ/PtRu systems, which could both exhibit an
mproved CO tolerance and a competitive catalytical activity.
owever, these catalysts showed low power density, less than
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(0.389 nm) [13].

The platinum crystallite size (Table 1) is lower than that
obtained for the same metallic composition [13] PtRuNi
(60:30:10, ∼12 nm) without TiO2, which indicates that the

Table 1
Crystallite size calculated by Debye–Scherrer (DS) from XRD, and lattice
parameter of the metal phase (PtRuNi)
B. Moreno et al. / Journal of P

0 mW cm−2. Nevertheless, it was found that the ceramic com-
onent also helped to obtain a better dispersion of the alloyed
articles, replacing thereby partially the carbon support and
educing the total Pt content. In a recent study, Neophytides et
l. [10] reported the use of TiO2 as a ceramic support for the cat-
lyst particles. It was found that the TiO2 matrix plays an active
ole in the anode catalysis, and that anatase in particular con-
ributes to the generation of hydroxides and intermediate phases
hich participate in both the CO and H2 oxidation reactions. The

rimetallic compound Pt-Ru-Ni (60:30:10) has been previously
tudied [11–13]; however, its preparation by the combustion
ethod has not been reported before.
In this work, combustion synthesis is employed as a fast and

eliable route for catalyst preparation, the method has previously
een used to prepare noble metal (Pt, Pd, etc.)-based catalysts
14,15]. The composition of the cermet is based on modifications
f the metal catalyst 3d orbital by the presence of the oxides,
hich protect the Pt. The oxidising character of the modification,
rings about an enhancement of the CO conversion to CO2,
hereby reducing Pt poisoning. In addition to this, the presence
f TiO2 could improve the catalyst surface, by the formation of
ntermediates which could assist the Pt in the H.O.R.

The synthesis and preparation of a novel cermet catalyst with
ominal composition 50 mol% (PtRuNi, 60:30:10)–50 mol%
iO2, by combustion route, is approached in this work.

. Experimental procedure

Compositions were prepared on the basis of 50 mol% (Pt0.6
u0.3-Ni0.1)–50 mol% TiO2. The reactants were all reagent
rade (CH3–CO–CH C(O–)CH3)2Pt (97%, Aldrich), (CH3–
O–CH C(O–)CH3)2Ni (95%, Aldrich), (CH3–CO–CH
(O–)CH3)3Ru (97%, Aldrich) and Ti(IV) isopropoxide (95%
ldrich). Urea (CO(NH2)2) (Aldrich, 98%) was used as fuel and

n oxidant aid (NH4NO3) was added to achieve the stoichio-
etric ratio of the fuel-oxidizer mixture. The reagents were first
ixed in a basin, homogenised and heated to 100–150 ◦C using
heating mantle, under continuous stirring. Once the solution

egan frothing, the temperature was then raised to 300 ◦C, and
ithin seconds the ignition of the reactant mixture took place,

s observed by the presence of a flame-propagation wave. The
s-prepared powders were sieved through a 63 �m mesh.

The phase analysis of the combustion powders was car-
ied out by X-ray diffraction (XRD) with a Siemens D5000
ifractometer, under work conditions of 50 kV and 30 mA, and
sing Cu K� radiation (λ = 1.5404 Å). Lattice parameters were
alculated using Al2O3 (99.99% Fluka) as a standard. The
ebye–Scherrer equation [16] was used to calculate particle size

rom (1 1 1) platinum XRD reflections. Transmission electron
icroscopy (TEM) using a Hitachi H-7000 instrument operating

t 125 kV was also utilised. X-ray photoelectronic spectroscopy
XPS) analysis was performed using a Fisons ESCALAB may
00R spectrometer. Membrane-electrode assemblies (MEA)

ere prepared using the procedure described by Chinarro et

l. [17]. Briefly, the catalytic layer was prepared from an
nk with fluidificant behaviour mixing the appropriate amount
f solvents, carbonaceous support (60 wt%), Nafion solution

C

P

ig. 1. XRD of the as-prepared (Pt0.6Ru0.3Ni0.1)0.5(TiO2)0.5 sample, metal Pt
ines (- - -), TiO2 as rutile (�) and TiO2 anatase (©).

nd 50 mol% PtRuNi (60:30:10)/50 mol% TiO2 (anode) or
t/C (DeNora) (cathode) catalyst (40 wt%), which was auto-
atically aerographed onto Toray carbon cloth. Nafion 112

Dupont) was employed as solid electrolyte. The electro-
hemical characterisation of the MEA was carried out in an
–V test station designed and developed by the CSIC. The
onditions used during the measurements were: p(O2) = 1 bar,
(H2) = 0.75 bar, cathode load = 0.77 mg Pt cm−2 (commercial
atalyst), anode load = 0.75 mg Pt cm−2 (catalysts prepared in
his work), Tcell = 60 ◦C. The active surface area of the MEA
as 25 cm2.

. Results and discussion

The XRD pattern of the prepared sample (Fig. 1) showed pure
t reflections which were shifted towards higher 2θ angle val-
es, indicating the formation of a solid solution between Pt-Ru
nd Ni. No significant peaks associated to TiO2 were indexed,
lthough weak reflections around 25–30◦ were detected, which
ould be attributed to a mixture of anatase (©) and rutile (�)
hases. Lattice parameter and particle size were calculated from
he pattern obtained; results are shown in Table 1. The sam-
le presented a particle size on the range of 8–9 nm, measured
or the metallic phase of the cermet, while the ceramic phase
howed a smaller particle size. The calculated lattice parame-
er (Table 1), is in agreement with the observations made from
he analysed patterns, confirming the formation of a face-centre
ubic solid solution. The value was lower than that reported
or pure Pt (0.392 nm) [18], and was only slightly lower than
hat obtained for the metallic component (PtRuNi alloy) alone
omposition Crystallite size
DS (nm)

Lattice
parameter (nm)

t0.6Ru0.3Ni0.1/50 mol% TiO2 8.8 0.384 ± 0.001
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Fig. 3. Polarisation curves of the MEA prepared with the as-prepared catalysts
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ig. 2. TEM micrograph of the as-prepared powders and its electron diffraction.

eramic phase brings about a decrease in the Pt-alloy particle size
nd, therefore, an increasing its specific surface area. The TiO2
anatase–rutile) formation in the reaction partially consumes the
ombustion energy thereby the inhibiting agglomeration and
rowth of the metallic particles.

TEM analysis of the as-prepared powders showed a well-
ispersed, nanoparticulated catalyst. Two different phases were
iscerned from the micrographs (Fig. 2): the darker particles
an be to the trimetallic alloy and the lighter particles to the
iO2 support. The electron diffraction pattern confirmed the
anocrystalline nature of the powders.

.1. Electrochemical single cell test

Cermet catalyst powders were characterised electrochemi-
ally by using single cell experiments. An electrode-membrane
ssembly was prepared as described in the experimental section,
mploying the as-prepared powder supported on carbon Vulcan
s anode catalyst. The i–V and power curves (Fig. 3) showed
similar response for both tests, with a maximum power den-

ity (dPmax) of 107 mW cm−2 (Table 2). Comparing the title
omposition with the curves obtained for the Pt-Ru-Ni cata-
ysts (171 mW cm−2) [13] synthesized in the same conditions,
he results obtained with the cermet are promising, because the
ecrease in the dPmax in the cermet is only 1.75 times lower than

he power density obtained with Pt0.60Ru0.30Ni0.10. This differ-
nce, which was assumed to be even higher, can be attributed to
he presence of the ceramic phase in the catalyst composition.

simple assessment using percolation theory indicated that the

able 2
aximum power density (dPmax) and maximum current density (imax) of the
EA tested

est 1 (�) 2 (�)

Pmax (mW cm−2) 101.3 107.5

max (mA cm−2) 240.0 240.0

H
c
p

H

H

H

i

s anode (�, �) Pt0.6Ru0.3Ni0.1 (�, �, �, ♦) (Pt0.6Ru0.3Ni0.1)0.5(TiO2)0.5 both
amples were synthesized with urea.

aximum power density achieved with TiO2 concentrations as
igh as 50 mol% should give a value less than 50 mW cm−2;
owever, the value achieved in this work (107 mW cm−2) can
nly be explained by taking into account the assumptions of
eophytides et al. [10], who suggested an active role of the
iO2 matrix in the catalytic H.O.R. process associated to oxy-
ydroxide formation on the particle surface. The mechanism is
escribed below [10]:

i(OH)4 + M → Ti(OH)3
+ + M–OH + e− (R.1)

i(OH)3
+ + 2H2O → Ti(OH)4 + H3O+ (R.2)

It is apparent that the presence of TiO2 does not limit the
nodic reaction by decreasing the concentration of active sites
or H2 adsorption. Instead there are probably less but better dis-
ersed achive sites. Moreover, the presence of oxy-hydroxides of
i do not hinder the H.O.R. activation process, probably because
selective strong metal–support interactive (SMSI) mechanism
an also operate.

The data of the i–V curve were fitted to the Tafel equation in
rder to study the activation overpotential of the anodic reaction.
t was found that the value of the Tafel slope was 30 mV dec−1,
hich is in the same range as the slopes obtained both with com-
ercial catalysts [19] and for Pt-Ru-Ni [13]. These data indicate

hat the activation process in the anodic reaction is limited by
2 adsorption in a similar manner to that which occurs with

atalysts free of ceramic phases [19]. The reactions which take
lace are described below ((R.3)–(R.5)):

2 → Had + Had (R.3)
2 → H+ + Had + e− (R.4)

ad ↔ H+ + e− (R.5)

In conclusion, the presence of TiO2 in this catalyst do not
nterference the anodic reaction.
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Table 3
Binding energies of the XPS bands, their intensities (parentheses) and ratio of
the elements in the catalysts surface

Bands Ebind (eV) Atomic ratio (surface)

Pt 4f 7/2
71.1 (61)

Ru/Pt 0.4073.0 (39)

Ru 3d5/2
280.2 (22)

Ni/Pt 0.48284.4 (78)

Ni 2p3/2 854.6
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ig. 4. XPS spectra for the elements on the surface of the sampled prepared
Pt0.6Ru0.3Ni0.1)0.5(TiO2)0.5.

.2. XPS measurements

Regarding the promising values obtained by the electrochem-
cal tests, surface composition characterisation was carried out
mploying XPS. The spectra of the elements are shown in Fig. 4;
he binding energy values determined by the analysis of the
ands are listed in Table 3. These results have been compared
ith other reported data [11], and the TiO2 influence on the

inding energy of the metal elements in the cermet has been
tudied.

The Pt on the catalyst surface exhibits two bands whose bind-
ng energy indicates two different oxidation states: 0 and +2 (as

c
e
a
(

Ti/Pt 0.54i 2p3/2 458.1
1s 529.9

tO). These bands undergo a shift to higher energy due to a
harge transfer process, observed by Park et al. [11]. The inten-
ity of the bands (Table 3) indicate that the greatest amount of
t in the surface is present as Pt(0).

In the case of the Ni 2p3/2 orbital, the binding energy obtained,
54.6 eV, is consistent with NiO formation; no binding energy
ssociated to metal Ni was found. However, in the case of the
u 3d5/2 orbital, the presence of metal Ru has been associated

o the band located at 280.2 eV. Another band appears at a bind-
ng energy of 284.4 eV, which cannot be associated to RuO2 or
uO3. According to Rolison et al. [20], the binding energy for Ru
d5/2 belonging to a hydrated oxide is shifted to higher energy in
omparison with the value for the anhydrous oxide. Therefore,
he above mentioned band corresponds to some hydrated Ru
xide or Ru(OH)x compound. The intensity of the bands indicate
hat the catalyst surface promotes the formation of hydroxide
pecies. The presence of Ru(OH)x seems to be important in the
xidation of CO but not in the H.O.R.

The surprising result of 107 mW cm−2 obtained with this
aterial as anode could be explained by a SMSI process, i.e.
strong interaction between the Pt–Ru–Ni alloy and the TiO2.
ccording to this theory, the process must be governed by the
resence of hydroxide ions associated to TiO2, such as reported
y Neophytides et al. [10]. However, these authors do not detect
he existence of hydroxide groups. Marino et al. [21] described
he XPS spectrum of Ti 2p in which the band associated to
i 2p3/2, can be deconvoluted in five components, which are
ttributed to TiO2 next to 458.8 eV while Ti–OH has a binding
nergy of 457.5 eV. This latter value is almost the same as that
btained for the material studied in this work.

Neophytides et al. [10] indicated that the percentage of
natase (TiO2) on the catalyst surface is Ti deficient, which
mplies that its crystal structure can contain easily transferred
ydrogen atoms and hydroxide ions. In fact, the metastable
natase phase does not exist as stoichiometric TiO2, but usu-
lly appears as TiO2−x. Therefore, anatase may increase the
issolution of water molecules when M–OH groups are on the
atalyst surface which may, in turn, have a positive influence on
he overall catalytic process (R.O.H. and O.CO). The support
ceramic phase) has a synergic effect with respect to the main

atalytic phase (alloy phase). As mentioned, this effect can be
xplained by the presence, of hydroxide groups associated to the
lloy which help the catalysis on the cermet surface via reactions
R.1) and (R.2).
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. Conclusions

. A composite formed of two different compatible phases was
prepared by combustion: a trimetallic alloy PtRuNi and a
ceramic phase, TiO2, that is found as a mixture of anatase
and rutile phases.

. A bifunctional effect seems to occur when the inorganic
phase, TiO2, acts as a matrix to with the metal catalyst. On
the one hand, the catalysis effect is governed by the trimetal-
lic alloy and the catalytical effect of the hydroxide groups
produced, Ru(OH)x and Ti(OH)x, while the former also acts
on CO oxidation (O.CO) reaction and the latter acts on both
O.CO and H.O.R. processes.

. The high power density values, 107 mW cm−2, obtained
with the synthesised material as anode, may, therefore, be
attributable to a SMSI process, i.e. the strong interaction
between the alloy PtRuNi and the ceramic TiO2.
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