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Carbon supported Pt-Ru catalysts were prepared by multiple cycles of potentiostatic pulses from aqueous
diluted chloroplatinic acid and ruthenium chloride solutions in the presence of ethanol or ethylene glycol
at pH 2 and 5. SEM images showed that the metallic deposit prepared at pH 2 consisted of large irregular
agglomerates, whereas smaller globular particles were obtained at pH 5. In addition, the average particle
size was considerably decreased in the presence of the stabilizers. The supported Pt-Ru alloys were

tested as catalysts for methanol electro-oxidation in acid media. Electrocatalytic activity measurements
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indicated that the most active electrode was obtained with ethylene glycol as additive at pH 5.
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1. Introduction

Direct methanol fuel cells (DMFCs) are attractive power sources
for applications in low-emission electric vehicles, distributed home
power generation and as power sources for small portable elec-
tronic devices due to their high energy density, simple set-up and
the availability of liquid fuel [1]. Methanol is an attractive fuel due
to its low cost, easy handling, storage and distribution, and because
it can be obtained from biomass. However, there are several seri-
ous technological challenges that must be overcome before general
application such as the slow kinetics of methanol oxidation reac-
tion, the high cost of the catalysts [2], and the phenomenon of
methanol crossover towards the cathode [3].

Nowadays, the main problem of DMFCs is the deficient activ-
ity and selectivity of anode electrocatalysts at a temperature
compatible with available membranes. Platinum is the best cat-
alyst for alcohol oxidation, but its surface is rapidly poisoned by
strongly adsorbed CO-like intermediates produced in the dissocia-
tive adsorption of methanol molecules. Most research has been
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concentrated on the addition of some oxophilic metals as co-
catalysts, forming bi-, tri- and multi-component alloys of Pt with
elements such as Ru, Sn, W, Mo, Os, Ir, Pd, Co, Cu, Fe and Rh [4-10].
Amongst them, the Pt-Ru binary system has been found to exhibit
excellent catalytic activity and high stability and is commonly used
in state-of-the-art DMFCs.

Several studies have shown that the intrinsic activity of a sup-
ported Pt-Ru catalyst for methanol oxidation is determined by at
least three factors: Ru concentration in the bimetallic catalyst, par-
ticle size and surface properties of the carbon support [11-12,4].
In addition, Gasteiger and Markovic¢ [13] have recently indicated
that viable Pt-based catalysts (i.e. of high mass activities) must also
have high turnover frequencies (number of electrons produced per
active site per second under defined operating conditions) and a
high degree of dispersion of the particles over the substrate. There-
fore, it is very important to develop electrodes with a high surface
area, good electrical conductivity and high stability in the fuel cell
environment.

The production of Pt-Ru nanostructured catalysts by electro-
chemical techniques is advantageous in comparison with other
techniques because it is a simple low cost operation which allows
deposits of high purity and uniform deposition to be obtained.
Besides, the metal particles can be deposited selectively at desired
locations on the triple phase boundaries with enough electron, pro-
ton and reactant access, since the method requires both ionic and
electronic access [14]. The catalyst structure, dispersion and parti-
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cle size can be controlled by the adequate selection of overpotential
(or current density). To achieve high dispersion of supported Pt-Ru
nanoparticles, diverse electrochemical synthesis routes have been
explored, such as galvanostatic step [15], potentiostatic step [16],
galvanostatic pulse [17,18], potential pulse [19,20] and deposition
followed by redox replacement [5,6,21]. For example, mesoporous
Pt-Ru deposits supported on gold substrates with large electro-
chemical surface areas and high mass activities were prepared at
constant potential by Franceschini et al. [16]. Coutanceau et al.[17]
prepared highly dispersed nano-sized Pt-Ru deposits on Vulcan
XC-72 by a galvanostatic pulse technique and reported a high cat-
alytic activity for methanol oxidation. On the other hand, Sieben
etal. [18] prepared Pt-Ru catalysts supported on oxidized graphite
felt from solutions containing different complexants and found that
the catalyst prepared using Na,H,EDTA as a stabilizer had high
mass activity for methanol oxidation. Ando et al. [5] developed effi-
cient Pt-Ru/C electrocatalysts for methanol oxidation with ultra
low content of Pt and Ru using galvanic displacement of Pb by Pt
and Ru.

Besides, the use of organic additives facilitates control of the
crystallization process. Some organic compounds are frequently
employed to avoid the agglomeration of nano-sized metal parti-
cles. For example, EDTA, tartaric acid and citric acid have been used
as growth inhibitors in silver-zinc alloy [22], nickel-tungsten alloy
[23], nickel [24] and platinum-ruthenium alloy electrodeposition
[18]. Similar effects are observed in the chemical reduction of Pt
and Pt-Ru in an aqueous solution containing one or more alcoholic
components. For instance, ethylene glycol is able to act as a reduc-
ing agent at elevated temperatures and to prevent metal particles
agglomeration [25,26].

This paper reports the preparation of carbon supported Pt-Ru
catalysts by application of multiple cycles of potentiostatic pulses
from diluted solutions of platinum and ruthenium salts contain-
ing ethanol (EtOH) and ethylene glycol (EG) as stabilizers. A study
is made of the influence of pH and the presence of the stabiliz-
ers on the structural features, particle size, deposit dispersion and
alloy composition and also of the electrochemical activities of these
catalysts for methanol oxidation.

The size, dispersion and morphology of the nanoparticles are
controlled via the solution pH and the stabilizer identity and
concentration. It must be remarked that the preparation pro-
cedure is attractive because the stabilizers are simple organic
compounds that can be eliminated by electrochemical oxidation
without changing the properties of the bimetallic electrodes, while
the stability of the solutions is preserved in the pH range between
2 and 5. Besides, all material electrodeposited on the substrate sur-
face is expected to be available for the catalytic process.

2. Experimental

Graphite cloths (GC-10) of 1cm? geometric area were used as catalyst support.
Electrochemical measurements were carried out in a conventional glass cell at room
temperature using a potentiostat PAR 273A. A platinum foil served as the counter-
electrode, whereas a saturated calomel electrode (SCE) located in a Luggin capillary
served as the reference electrode. An inert nitrogen atmosphere was maintained
over the electrolyte. Electrochemical techniques such as linear and cyclic voltamme-
try and chronoamperometry were used to characterize the catalysts. The electrode
activity for methanol oxidation was measured in 1M CH3OH+0.5M H,S04 solu-
tion by cyclic voltammetry. Chronoamperometry curves were obtained at different
potentials, applying potential pulses from an initial potential of 0 V.

The morphology of the catalyst surface and the particle size were analyzed using
scanning electronic microscopy (SEM, EVO 40 LEO). The crystalline structure of the
electrodes was characterized by X-ray diffraction (XRD) using a Rigaku Dmax III C
diffractometer with a monochromated CuKa radiation source operated at 40 keV ata
scan rate of 0.05° s~!. Bulk composition analysis was performed using an energy dis-
persive spectroscopy (EDX) probe attached to a SEM microscope (JEOL 100). UV-vis
spectrophotometer (Agilent 8453) was applied to evaluate the presence of the differ-
ent Pt and Ru complex species formed. For UV-vis analysis all samples were diluted
at aratio of 1:50.
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Fig. 1. UV-vis absorption spectra for freshly prepared solutions at pH 5 containing
H,PtClg and RuCls, at room temperature. Without stabilizer (mm ), EG ()
and EtOH (m  m ).

Before the electrochemical deposition of the catalyst, the carbon supports were
oxidized in 0.5M H,SO4 to improve wettability, adsorption and cation exchange
capacity [27]. The treatment consisted of an anodic potentiostatic polarization at
2V for 300s followed by a linear cathodic potential sweep down to —0.8V (scan
rate TmVs-1).

The catalysts were prepared by electrodeposition using a diluted solution of
2 mM H;PtClg + 2 mM RuCls; in combination with x mM of ethylene glycol or ethanol
(x=20 or 200) as stabilizers. All solutions were prepared with bidistilled water and
0.5M H,SO4 as supporting electrolyte. The pH of the solution was adjusted to 2
or 5 with 0.5M NaOH solution. The following notation was used for the catalysts
synthesized under the indicated conditions: (I) without stabilizer, (II) 20 mM EtOH,
(111) 200 mM EtOH, (IV) 20 mM EG, and (V) 200 mM EG; while ‘a’ indicates pH 2 and
‘b’ indicates pH 5, e.g. Va.

Electrodeposition was carried out using 30 successive cycles of potentio-
static pulses (see Supplementary Fig. S1). The sequence of alternate negative
and positive potentiostatic pulses was selected to achieve the formation and
growth of crystallites during the cathodic pulse, and the oxidation of hydro-
gen, EG or EtOH throughout the anodic pulse. After deposition, the electrodes
were thoroughly rinsed with bidistilled water and tested in sulfuric acid solu-
tion. A lineal potential sweep from —0.25 to 0.5V was applied at a rate of
50mVs-t.

The active surface area of the electrocatalysts was determined by copper under-
potential deposition (Cu-UPD) [28]. First reference voltammograms were obtained
in 0.1 M H,S04 cycling between —0.25V and 0.8V at a scan rate of 10mVs~'. The
electrodes were polarized at 0V for 3005 to reduce RuOy formed during the cyclic
voltammetry. The Cu-UPD experiments were carried out in 0.1 M H,SO4 and 2 mM
CuSO4 solution. The working electrodes were polarized at 0.059V for 300 s to form
a monolayer of copper on the catalyst surface. A linear voltammetric scan with a
scan rate of 10mV s~! was then performed between 0.059 V and 0.8 V to remove the
adsorbed copper monolayer (see Supplementary Fig. S2). The charges obtained for
the copper stripping were corrected for the charges associated with background pro-
cesses and oxide growth by subtracting the charge obtained from the reference scan
in the same potential range. The integration of the peak area corresponding to the
Cu-UPD stripping was used to determine the electroactive surface area, assuming
an adsorption ratio of a single Cu atom to each surface metal atom and a monolayer
charge of 420 nCcm~2 [29]. Current densities for methanol electro-oxidation are
referred to the active surface area determined by Cu-UPD.

The loading of the prepared catalysts was estimated in selected samples using
ICP-AES (Shimadzu 1000 model III). The quantity of either metal deposited under
different conditions was found to be between 0.22 and 0.33 mgcm~2.

3. Results and discussion

3.1. UV spectrophotometric analysis of platinum and ruthenium
solutions

Fig. 1 shows the UV spectral change when the different stabi-
lizing agents were added. In the case of H,PtClg + RuCl3 solution
without stabilizer, there are two absorbance peaks at ~200 and
~260nm. The peak at 260 nm is the result of the ligand-to-metal
charge transfer transition in the PtClgZ~ ions [30], whereas the
first peak may be attributed to the partial hydrolysis reaction of
PtClg 2 to form chloroaqua or hydroxy complexes by the following
sequence of reactions (see Ref. [31] and references therein):

PtClg?~ +H,0 = PtCls(H,0)~ +Cl- (1)
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Fig. 2. Voltammetric curves for a GC-10 support in 2 mM H;PtClg + 2 mM RuCl; at (a) pH 2 and (b) pH 5. Without stabilizer (-H-), 20 mM EG (-4-), 200 mM EG (-*-), 20 mM

EtOH (-a-), and 200 mM EtOH (-@®-). Sweep rate 0.5mVs~'.

PtCls(H,0)™ + H,O = PtCly(H,0), +Cl™ (2)
PtClg2~ + OH™ = PtCls(OH)*~ +Cl- (3)

Moreover, the characteristic ruthenium chloride complex
absorption at 210 nm [32] is masked by the H,PtClg absorption at
this wavelength due to the lower absorbance signal of the ruthe-
nium aqueous species.

The two characteristic absorbance bands disappear upon the
addition of EG and EtOH stabilizing agents. This behavior can be
associated with the promoted dechlorination of Pt and Ru precur-
sor salts [33], i.e. the —OH functionalities in EG and EtOH molecules
replace the chloro ligands in order to form more stable complexes
[34].

3.2. Voltammetric measurements for the codeposition of Pt and
Ru at different pH

Fig. 2 shows the linear sweep voltammetry curves correspond-
ing to graphite cloth (GC-10) electrodes in aqueous solutions
containing H,PtClg and RuCl; at different pH with and without
the stabilizing agents. The cathodic limit was selected at —0.3V
and —0.6V for the experiments at pH 2 and 5, respectively. These
potentials were slightly more negative than the onset of H, evolu-
tion on Pt—-Ru particles. Pt electrodeposition, according to previous
studies [35], is controlled by mass transport of species in solution.
The curve corresponding to Pt and Ru deposition without stabilizer
at pH 2 (Fig. 2(a)) shows that Pt deposition starts at about 0.35V.
Moreover, three overlapping reduction waves can be seen with half
wave potentials at 0.08 V, —0.05V and —0.2 V, where the last wave
is probably coupled with the discharge of H* ions on Pt nuclei. The
three reduction waves can be explained by slow nucleation of Pt
centers and the reduction of Pt(+IV) to Pt metal from solutions that
contain substantial amounts of PtClg2~ and two species resulting
from the hydrolysis reaction (Eqgs. (1) and (2)) [36]. Reduction of
each complex is to be expected, and the multiple cathodic waves
would be observed if each complex underwent the reaction:

Pt(IV) + 4e~ — Pt (4)

although the presence of Pt(+II) as a stable intermediate [27] cannot
be entirely discarded from this analysis.

It is known that Ru can be codeposited with Pt on carbon at a
lower overpotential than when it is deposited as a single metal,
favored kinetically by the platinum nuclei formed over the carbon
support [26]. Besides, facilitation of RuCls(H,0)2~ discharge under
conditions of parallel discharge of PtClg2~ and PtCl42~ can be con-
sidered as another possible kinetic reason [37]. In accordance with
the literature data [37], ruthenium codeposition seems to be pos-
sible in the region where no evidence of Ru deposition on carbon
is found, i.e. Ru(+IIl) codeposition may begin in the potential zone
where PtCl5(H,0)~ specie is reduced (-0.15 to O V).

When the stabilizers are added to the solution, a shift towards
more negative potentials in Pt(+IV) reduction process is observed.
The electrodeposition of Pt begins at 0.2 V in the solution containing
20 mM of EtOH or EG, whereas Pt(+IV) reduction starts at ~0.15V
when the concentration of the stabilizers is increased 10 times
(200 mM). At low concentration of the alcohols, three reduction
waves are visible, although the second wave is more drawn out
along the axis and the first wave becomes shorter. However, only
two reduction waves are visible when 200 mM of EtOH or EG are
added or at least the first two waves become indiscernible. Experi-
ments at pH 5 lead to voltammetric curves with a few differences as
regards those obtained at pH 2. For example, the beginning of the
reduction process is shifted to more negative potentials and the
peak associated with the discharge of H* ions on Pt nuclei becomes
more clearly defined although appearing at potentials more nega-
tive than at pH 2.

The voltammetric behavior observed with the stabilizers at both
pHs may be associated with several causes: (i) the capability of the
stabilizing agent to form complexes with the metal ions, (ii) the
irreversible adsorption of organic molecules which inhibits parti-
cle growth and (iii) the reduction in the polarity of the electrolyte
which improves ion exchange of Pt and Ru ions with the support
surface oxide groups. The first point, as was suggested previously,
can be associated with the substitution of the chloro ligands by
the —OH functionalities in EG and EtOH molecules in order to form
more stable complexes [34]. The addition of EG and EtOH with rel-
ative permitivities of 37.8 and 24 respectively, may influence the
simultaneous electrodeposition of Pt and Ru when the alcohol con-
centration is high. The addition of alcohols may lead to a decreased
ionic strength in the deposition bath, augmenting the interparticle
electrostatic repulsion and thus influencing the nucleation-growth
mechanism [38].

3.3. Physicochemical analysis of the working Pt-Ru catalysts

The atomic composition of Pt-Ru catalysts was determined
by the EDX technique. The results are listed in Table 1. The Ru
content in the different samples is in the expected order, tak-
ing into account the procedure used to deposit the metals. Pt
enrichment of electrodeposits as compared with Pt:Ru ratio in
the solution has been observed by several authors for a broad
range of deposition parameters [29,37,39]. Gavrilov et al. [37] sug-
gested that this behavior was due to kinetic, not thermodynamic
hindrances.

The ruthenium content of the catalysts prepared with the sta-
bilizers at pH 2 is slightly lower than that on the catalyst prepared
without a stabilizer, whereas the inverse dependence is observed
at pH 5. This behavior could be a consequence of the interplay
between the pH of the deposition bath and the presence of the
stabilizers, since both factors influence the rate of Ru electrodepo-
sition.
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Table 1

Synthesis conditions and physical parameters of supported Pt-Ru catalysts.
Electrode Solution pH Stabilizer Stabilizer concentration XRu(EDX) Agec (Nm) XRu(xrD)? dp (nm)P dc (nm)© S(cm?)d Sw(m2g1)

(mM)

Ia 2 - - 0.15 0.3902 0.17 200-300 18 16.8 -
Ila 2 EtOH 20 0.14 0.3904 0.15 100-300 7 46.5 -
Ma 2 EtOH 200 0.13 0.3905 0.15 100-200 5 78.1 23.7
IVa 2 EG 20 0.13 0.3907 0.13 200-300 8 28.2 -
Va 2 EG 200 0.13 0.3908 0.12 100-200 6 55.3 -
b 5 - - 0.12 0.3907 0.13 100-150 12 40.2 121
IIb 5 EtOH 20 0.14 0.3907 0.13 75-100 7 55.4 -
IlIb 5 EtOH 200 0.15 0.3907 0.13 50-75 5 78.2 33.9
IVb 5 EtOH 20 0.13 0.3908 0.12 20-60 5 86.7 -
Vb 5 EtOH 200 0.15 0.3905 0.15 20-40 4 95.8 42.8

Xru, alloyed Ru atomic fraction; ag, lattice parameter; dp, particle size; d., crystallite size; S, active surface area; Sy, specific surface area.

3 Estimated from lattice parameter using the Vegard's law (Eq. (5)).
b Determined from SEM analysis.

¢ Determined from Debye-Scherrer equation.

d Determined from Cu-UPD measurements.

Fig. 4 shows that the simultaneous hydrogen evolution begins
at about —0.4V at pH 5, whereas it starts at —0.2 V at pH 2. It seems
probable that adsorbed hydrogen will compete with ruthenium ad-
atoms for the free platinum sites during the first stages of Pt—-Ru
electrodeposition producing accumulation or deficit of Ru atoms
on the bimetallic agglomerate surface.

Seminal reports of some authors [40,41] disclosed that the
shape of the voltammograms for bimetallic Pt-Ru catalysts was
very susceptible to changes in their surface composition. Gasteiger
et al. [40] reported major changes in the voltammetric response of
well characterized sputter-cleaned single-phase Pt-Ru alloys con-
taining from 7 to 100% surface Ru content. They observed that
the enrichment of the surface with Ru causes the increase of the
pseudo-capacitive current in the double layer zone and the pro-
gressive loss of the distinctive feature of pure Pt in the “hydrogen
region”. On the other hand, Frelink et al. [41] found a good correla-
tion between the potential of the surface oxide reduction peak on
the CVs and the surface catalyst composition upon Ru electrodepo-
sition on the Pt surface.

Fig. 3 shows that the stabilizers have some influence on the
shape of CVs of Pt-Ru supported catalysts in sulfuric acid solution.
The increment of the synthesis solution pH results in an attenu-
ated intensity of the characteristic hydrogen adsorption/desorption
peaks and a reduction of the coulombic charge (e.g. the cathodic
charge is reduced at about 30% for catalyst III) in the so called
“H-UPD zone”. Nevertheless, the pseudo-capacitive current in the
double layer region stays almost unchanged. An attempt to obtain
some values for the surface composition was made using the
method described by Gasteiger et al. [40]. However, the current
contribution of the oxygenated surface groups from the carbon
substrate to the pseudo-capacitive behavior of the double layer
makes it impossible to gain reliable information. The aforemen-
tioned reduction of the hydrogen desorption charge observed for
the catalysts prepared at pH 5 can nevertheless be considered as an
indication of the surface enrichment in ruthenium of the catalysts
prepared under these conditions.

XRD patterns of the catalysts are shown in Fig. 4. The diffrac-
tograms show three peaks characteristic of Pt face centered cubic
(fcc) crystalline structure at approximately 26 values of 40.2°, 46.1°
and 68.2°, which are associated with the [111], [200] and [22 0]
planes. Comparing with the reflections of pure Pt the diffraction
peaks for Pt—-Ru/GC-10 are shifted slightly to higher 20 values. The
slight shift of the diffraction peaks reveals the formation of an alloy
(i.e. solid solution) involving the incorporation of Ru atoms into
the fcc structure of Pt. It is important to note that no diffraction
peaks indicate the presence of either pure Ru or Ru-rich hexagonal
close packed (hcp) phase, but their presence cannot be discarded

because metallic ruthenium or amorphous ruthenium oxides may
be present in very small amounts over the surface of the bimetallic
particles.

The peak profiles in XRD patterns were obtained by integra-
tion of the respective areas after peak deconvolution using the
Marquardt algorithm. A lattice constant of 0.3922 + 0.0004 nm was
determined for Pt/GC-10 in good agreement with 0.3923 for pure
Pt, whereas values between 0.3902 and 0.3908 4+ 0.0005 nm were
obtained for Pt-Ru/GC-10 catalysts prepared with and without the
stabilizers (Table 1). In accordance with the Vegard’s law (Eq. (5)),
the nominal Ru content of Pt-Ru catalysts estimated from XRD
patterns agrees with that measured from EDX analysis.

apt = Apt—pu — 0.0124Xgy (5)

where ap; and ap;_gy (nm) are the lattice parameters of Pt/GC-10
and Pt-Ru catalysts respectively, and Xg, is the alloyed Ru atomic
fraction.
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Fig. 3. Cyclic voltammograms for carbon supported Pt-Ru catalysts in 0.5 M H,SO4
at a scan rate of 50mVs~!. Catalysts prepared at (a) pH 2 and (b) pH 5. Without
stabilizer (eeee), 20 mM EG ( ),200mM EG (@ ® @ ), 20 mM EtOH (emsssm ), and
200 mM EtOH ( e ).
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Fig.4. XRD spectra of Pt—-Ru/GC-10 catalysts prepared by successive cycles of poten-
tiostatic pulses: pH 2, without stabilizer (a1), 20 mM EtOH (b1), 200 mM EtOH (c1),
20mM EG (d1) and 200 mM EG (e1); pH 5,without stabilizer (a2), 20 mM EtOH (b2),
200 mM EtOH (c2), 20mM EG (d2) and 200 mM EG (e2).

Debye-Scherrer’s equation was used to estimate the average
Pt-Ru crystallite size from the most distinct peak, Pt [1 1 1] centered
around 20=40.2°. The size of the crystallites (more properly, the
coherence length of crystalline domains) measured from diffrac-
tograms are listed in Table 1. It can be seen that the addition of the
stabilizers at both pHs decreases the diameter of the crystallites, in
agreement with results reported by several authors [25,26,33].

SEM micrographies of Pt-Ru catalysts on oxidized graphite
cloths are shown in Fig. 5. At pH 2 the GC-10 substrate is com-
pletely covered with metal particles, grouped in large irregular
agglomerates distributed over the support surface (Fig. 5(a1)-(c1)).
The irregular shape of the islands can be associated with a depo-
sition process occurring at mass-transfer or mixed control regime
[34,35]. Furthermore, the irregular morphology may be related to
the interplay between primary and secondary nucleation resulting
in the formation of complex micro and nanograined Pt structures
[34]. Besides, simultaneous hydrogen evolution on the surface of
the metal nuclei formed at the first stages of the deposition process
can contribute to the morphology observed for the catalysts synthe-
sized at pH 2. The mean particle size (more precisely, agglomerate
size) of Pt—-Ru/GC-10 catalysts is listed in Table 1. The catalyst Illa
exhibits the lowest particle size followed by catalyst Va, indicating
that EtOH acts as a better stabilizer than EG at pH 2.

On the other hand, a higher average size and a high degree of
coalescence are observed in catalyst Ia. Gloaguen et al. [44] dis-
closed that Pt particles gradually grow during the electrodeposition
procedure and eventually overlap producing the coalescence of
individual particles. Zoval et al. [45] concluded that Pt electrode-
position on HOPG takes place via formation of particles 10-20 nm
in diameter followed by their lateral sticking through surface diffu-
sion, which results in particle agglomeration. In fact, both processes
can contribute to the Pt-Ru catalyst morphology observed in SEM
images.

At pH 5 the bimetallic particles exhibit a uniform size and a
globular shape, appearing regularly distributed over the support
surface with lower average size and higher dispersion than those

obtained at lower pH (Fig. 5(a2)-(c2)), which is in agreement with
results obtained by other authors [26,46]. As was suggested by Bock
et al. [26], the synthesis solution pH is a key factor that influences
the noble metal dispersion and the particle size. The morphological
characteristics of the deposits in the case of the catalysts IlIb and
Vb can be associated with the chelating capability of carboxylate
anions and the irreversible adsorption of organic molecules, which
restrict particle growth and prevent particle agglomeration.

The coexistence of Pt and hydroxylated species (PtOH,4s and
RuOH,q4;) formed during the anodic pulses on the freshly elec-
trodeposited nanoparticles is probably responsible for the catalytic
oxidation of EtOH and EG, which would lead to the formation
of CH3COOH and C,04H; (or HOCH,COOH) respectively [39,40],
through the so-called bifunctional mechanism [39]. The carboxy-
late anions of these molecules (acetate, glycolate and oxalate) can
interact with the noble metal ions forming chelate-type complexes.
At pH 5 the amount of free carboxylate is expected to be high, so the
stabilizing action of the anion should be important as was observed
for complexants such as citrate and EDTA [18]. Nevertheless, this
effect should not be so important at pH 2 because free carboxylate
anion groups would be almost non-existent and the carboxyl group
is believed to act as a poor stabilizer [26,46].

Besides, the surface diffusion of metal adatoms can be hindered
by the dissociative adsorption of EtOH or EG during the anodic
pulses, essentially by forming strongly adsorbed by-products on the
catalyst surface [47,48], that is, the free electron pairs in the oxygen
atoms would interact strongly with Pt-Ru particles and therefore
the inhibiting effect would be very strong as it is observed for other
systems [49].

However, the characteristics of the deposit shown in Fig. 5(a2)
appear to be anomalous if it is considered that no stabilizer was
used to prepare the catalyst. In other words, no changes in the mor-
phology should be expected. However, more OH™ ions are available
at pH 5, and more Cl~ in [PtClg ]~ complex ions can be replaced by
OH~ through the hydrolysis reaction (Eq.(3)) [31] (similar behavior
is expected for Ru chloride species), thus decreasing the deposition
rate of Pt and Ru complex ions.

Amongst the catalysts prepared at pH 5, catalyst Vb exhibits the
lowest mean particle size followed by catalyst IVb and catalyst IIIb.
This behavior can be related to the better stabilization obtained
with EG addition, especially due to the presence of glycolate and
oxalate anions resulting from the EG oxidation reaction [26].

Table 1 shows the parameters habitually used to characterize
the supported Pt-Ru catalysts. It can be seen that the active surface
area, S, and the specific surface area, Sy, are significantly affected
by the presence of EtOH and EG in the solution. In general, the cata-
lysts prepared at low pH exhibit S values lower than those catalysts
prepared at high pH. At pH 2 the electrodes prepared by adding ele-
vated EtOH concentration (Illa) exhibit the highest active surface
area, followed by that prepared adding high EG concentration (Va);
whereas at pH 5 the inverse behavior is observed (S of Vb>IIIb).
This result can be related to the decrease in Pt—Ru particle size and
aremarkably high dispersion of alloy particles. Moreover, it can be
seen that Sy increases almost three times when the catalysts are
prepared using EG and EtOH. On the other hand, it can be observed
from the results that the catalyst loading decreases when the pH of
the solution is increased. This observation agrees well with results
reported by Kim et al. [46] for Pt/C catalysts prepared by the polyol
technique at different pHs. The authors concluded that the reduc-
tion of Pt loading by increasing the pH of the solution is caused
mainly by the electrostatic repulsive force between carbons and
Pt particles. However, in this case the diminution of catalyst load-
ing by increasing pH is probably related to the slower reduction
rate of Pt and Ru species resulting from the hydrolysis reaction (Eq.
(3)). Besides, in the presence of stabilizers, as the solution becomes
less acidic, more stable complex species are formed, with stronger
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Fig. 5. Top-view SEM images of Pt—-Ru/GC-10 electrodes comparing the particles obtained using different stabilizing agents. pH 2, without stabilizer (a1), EtOH (b1) and EG
(c1); pH 5 without stabilizer (a2), EtOH (b2) and EG (c2). Pt-Ru/GC-10 catalysts prepared by successive cycles of potentiostatic pulses.

Table 2

Catalytic activities of supported Pt—-Ru/GC-10 catalysts.
Electrode ipr (MAcm=2 )2 i(mAcm=2)P i(Ag1)P
Ia 0.57 0.16 -
Ila 1.00 0.28 -
Illa 2.59 0.63 149.3
IVa 0.91 0.24 -
Va 1.49 0.42 -
Ib 1.03 0.31 37.5
IIb 1.84 0.45 -
I1Ib 3.05 0.93 3153
IVb 2.05 0.62 -
Vb 4.89 1.44 614.9

2 Data from cyclic voltammetry experiments, tenth cycle.
b Data from quasi-stationary measurements at 0.4 V.

metal-ligand bonds, and hence, Pt and Ru species are less prone to
be reduced [26].

To summarize the increase in the pH of the solution and the
addition of the stabilizers is helpful in controlling the size and mor-
phology of metallic particles and in improving catalyst dispersion
with a reduction in the metal loading.

3.4. Methanol electro-oxidation

Figs. 6 and 7 show the cyclic voltammograms recorded at
50mV s~! and current transient measurements carried out at 0.4V
for 300 s, respectively in 1 M CH3OH + 0.5 M H,SO4 solution at room
temperature for catalysts prepared at pH 2 (a) and pH 5 (b). The
results of methanol electro-oxidation for the electrodes prepared
under the different conditions are summarized in Table 2.

In general, for all the electrodes the onset of methanol oxidation
reaction takes place at potentials below 0.2V, which is associated
with the formation of OH,4s species on Ru atoms at potentials
more negative than on Pt atoms, through the so-called bifunctional
mechanism [39,50]. A methanol oxidation peak appears during the
forward scan at about 0.65V and another anodic peak can be seen
on the reverse scan at lower potentials, due to the removal of
incompletely oxidized species formed in the forward scan.

The catalysts prepared at pH 5 exhibit better performances than
those prepared at pH 2. The voltammograms of the catalysts syn-
thesized at pH 2 show that PtRu/GC-10 catalyst Illa has higher

activity for methanol oxidation, followed by electrode Va. On the
other hand, catalyst Vb becomes the most active of the catalysts
prepared at pH 5, followed by catalyst IlIb.

The quasi-stationary experiments showed the same tendency as
that observed on the CVs. Current transients are characterized by a
rapid current decay at short time, followed by a quasi-steady-state
current at times longer than 120s. This current decay is observed
in the literature for Pt—-Ru catalysts at different temperatures and
methanol concentrations [39,51]. The main cause of the current
decay is the blocking of the active sites by the poisoning species.
In this way, carbon monoxide specie acts as poison but possibly
it is not the only one because the reaction is deactivated even at
the potentials where CO is oxidized by the presence of OH species
adsorbed on Ru atoms.

A comparison of the dependence of i upon S, dp and the cata-
lyst loading for the electrodes prepared under different deposition
conditions indicate that better performances for methanol oxida-
tion are obtained using the electrodes that have lower agglomerate
size and higher dispersion of the bimetallic particles over the car-
bon substrate (higher active surface area), which is in accordance
with data in the literature [52,53]. Catalysts prepared at low pH,
even those synthesized adding stabilizers, exhibit a high degree of
particle agglomeration, so that part of the catalyst surface will be
less accessible to the alcohol solution.

Furthermore, the superior activity of the electrodes prepared at
pH 5 may be associated with the slightly higher concentration and
uniform dispersion of Ru atoms on the catalyst surface.

However, these features are not enough to justify the differ-
ence greater than a factor of two between the specific activities for
samples Vb and Illa, and the reason why the activity for methanol
electro-oxidation increases with both the active surface area and
the specific surface area. Another explanation would be that mass
transport limitations rather than intrinsic electrocatalytic effects
are responsible for such behavior (Seidel et al. [54] and references
therein). The presence of transport problems due to the characteris-
tics of the catalyst materials (substrate properties, particle size and
morphology, catalyst dispersion, and metal loading) could explain
the unusual behavior observed in this case.

On the other hand, the tridimensional structure of the carbon
support can contribute to the mass transport issue since methanol
must diffuse through the material fiber arrangement to reach the
inner Pt-Ru particles. Therefore, if most methanol molecules are
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consumed at the electrode surface only a few will arrive at the inner
catalyst particles [35]. This behavior may be more pronounced in
the catalyst that exhibits large agglomerates and poor dispersion
on the external cloth surface.

A comparison of electrocatalytic activities for Pt—-Ru supported
electrodes published by different research groups is difficult to
achieve due to the diverse testing conditions (alcohol concen-
tration, temperature and set-up for performing electrochemical
experiments) and catalyst materials (synthesis methods, catalyst
characteristics and material support properties). Despite these
problems, mass activity with respect to time from chronoamper-
ometric data obtained after 300 s and methanol oxidation current
peak on the CV of the most active home-made Pt—-Ru/GC-10 catalyst
(Vb) can be compared with some chemically-synthesized cata-
lysts reported in the literature [55-59]. Higher catalytic activity
is obtained with catalysts Vb despite the higher particle size of
the electrodeposit (20-40 nm against 2-8 nm), the lower platinum
loading and some degree of agglomeration. For example, Zhao et al.
[55], Kim et al. [56], Chetty et al. [57] and Jiang et al. [58] reported
peak current densities between 200 and 340 Ag~! (or between 0.46
and 0.73 mAcm~2) for PtgsRug s catalysts dispersed on different
carbon supports, with average particle sizes in the range of 2-8 nm,
specific surface areas in the range of 44-57 m2 g~ and Pt loadings
between 0.3 and 2 mg cm—2, while Li and Hsing [59] reported that a
Ptg51Rug 49/C catalyst with 0.2 mg cm~2 Pt loading, an average par-
ticle size of ca. 2.5 nm, and a S,y value of about 41 m? g~! showed a
peak current density of about 400 Ag=1 (0.56 mAcm~2).

The enhanced performance of electrode Vb can be mainly
explained by the better Pt-Ru particle utilization, while in the
chemical synthesized catalysts, part of the catalytic material is inac-
tive for the oxidation reaction.

Besides, some aspects of this behavior may also be associ-
ated with the nanostructured nature of the electrodeposits; that
is the multi-grained structures of the catalysts (nano-sized grains
interconnected via grain boundaries) may act similarly to low coor-

), 20 mM EG (e ) and 200mM EG (& ® = ).

dinated sites (steps and kinks) on single crystalline and other
extended surfaces, which will enhance the adsorption of the alco-
hols and promote CO oxidation [60 and references cited therein].

Moreover, some differences in the catalytic performance of the
electrodes can be attributed to changes in the alloy composition. In
general, surface reactions require a specific crystal orientation and
a suitable atomic configuration at the surface favoring an appropri-
ate bonding situation of the reactants, as was recently outlined by
Hoster et al. [61].

Finally, the interaction of metal clusters with support sites hav-
ing specific properties such as acidity or basicity could decrease the
adsorption strength of methanolic residues and the oxidized groups
would facilitate the accessibility of methanol to the electroactive
surface [62].

Although studies under more real fuel cell conditions need to be
carried out for these electrode materials, the results of this prelim-
inary work shows that the catalysts prepared in this work exhibit
better methanol electro-oxidation activities than some catalysts
prepared by chemical methods. Further studies are in course mainly
focused on the evaluation of the stability and performance of the
Nafion® covered Pt-Ru catalysts in long-term experiments and the
use of these electrodes in the fabrication of membrane electrode
assemblies (MEASs) to test the catalysts under real DMFC operat-
ing conditions. Besides, the synthesis procedure will need to be
further optimized to reduce particle size and to enhance particle
dispersion.

4. Conclusions

Nanostructured Pt-Ru catalysts supported on an oxidized
graphite cloth were successfully prepared by a simple electrochem-
ical technique in ethanol or ethylene glycol aqueous solutions at
pH 2 and 5. Solid solutions of low Ru content (between 12 and 17%)
were formed. The catalyst composition was only slightly affected
by the solution pH and the presence of the alcohols.
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The addition of the stabilizers EtOH and EG, along with the solu-
tion pH, were critical to determine the size, shape and dispersion
of the particles of the resulting Pt-Ru catalysts.

Electrodes with better properties were obtained with higher
concentrations of EtOH and EG at pH 5. These materials exhibited
a better performance for methanol oxidation than those prepared
at pH 2. This result can be related to a remarkable improvement
of the deposit dispersion, a reduction of particle size and a higher
active surface area of the catalyst. Furthermore, mass transport
limitations are suggested to explain some unusual behavior of the
electrodeposited catalysts.
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