Materials Chemistry and Physics 128 (2011) 243-249

Contents lists available at ScienceDirect
MATERIALS
Materials Chemistry and Physics —
journal homepage: www.elsevier.com/locate/matchemphys

Controlled size formation of electrodeposited Pt—-Ru nanostructured catalysts

using chelating compounds
J.M. Sieben*1

Instituto de Ingenieria Electroquimica y Corrosion (INIEC), Universidad Nacional del Sur, Av. Alem 1253, BSOOOCPB Bahia Blanca, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 11 December 2009

Received in revised form 22 February 2011
Accepted 2 March 2011

Keywords:

Pt-Ru catalysts
Electrodeposition
Sodium citrate
Sodium tartrate
Na,H,EDTA
Methanol oxidation

The electrodeposition of Pt and Ru on a oxidized graphite cloth from H,PtClg and RuCls solution contain-
ing trisodium citrate (Cit), disodium tartrate (Tar) and disodium dihydrogen ethylenediaminetetraacetate
(NayH,EDTA) as complexants was investigated. SEM image of the electrode prepared without complexant
showed a continuous compact and rough deposit that covers the entire graphite fibers surface display-
ing the structure of a coating film, whereas particles with uniform size and globular shape regularly
distributed over the support were obtained when the complexants were added to the solution. Thus,
EDX and XRD analysis revealed changes in Pt-Ru catalyst composition. It was concluded from electrocat-
alytic activity measurements that the electrodes prepared using chelating compounds exhibited better
CO tolerance and performance for methanol oxidation than that without complexant.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Anodes for methanol oxidation in DMFC are porous electrodes
constituted by a carbon substrate over which a bimetallic Pt-Ru
electrocatalyst is distributed in form nanosized particles. It is well
known that the oxidative removal of CO,4s by adsorbed oxygen
containing species plays a dominant role in the determination of
the catalyst activity for methanol oxidation. Pt-Ru solid solutions
with low ruthenium content are recognized as the best catalysts for
methanol oxidation in acid solutions at room temperature [1,2]. The
higher activity of these bimetallic materials compared to pure Pt is
generally explained by the bifunctional reaction mechanism [3-5].
According to this mechanism, the ruthenium centers are responsi-
ble for generation of active oxygen species, while platinum centers
keep the adsorbed methanol species; that is, methanol oxidation
proceed with the adsorption of methanol on Pt assembles and the
oxidation of CO,4s by OH,4s adsorbed on Ru atoms.

The catalytic activity of supported systems essentially depends
on the dispersion of the active component onto the inert sup-
port. The effective utilization of supported metallic particles can
be achieved only if metal particles are well dispersed on the sup-
port with an adequate shape, size and roughness [6,7]. In addition,
Gasteiger and Markovic [8] have recently indicated that viable Pt-
based catalysts, that is, with a high mass activity, must have a large
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particle dispersion and high turnover frequency (which quantifies
the number of electrons produced per active site per second at a
defined operating condition).

The development of supported Pt-Ru catalysts prepared by elec-
trochemical procedures has received great attention during the last
years, since the electrochemical techniques offer an effective way
to deposit platinum and ruthenium selectively at desired locations
on the electrode with both ionic and electronic access [9].

The production of catalyst nanoparticles by electrochemical
techniques is very advantageous because the crucial steps in
nanoparticles formation can be controlled by the adequate elec-
tion of current density, and the use of complexing agents and grain
refiners [10,11]. The current density or the overpotential is respon-
sible for the number and size of nuclei. The use of organic additives
enables the control of the crystallization process. Additionally, sur-
face activation of carbon substrates produces surface groups that
act as attachment centers for metallic particles.

Strong complexing agents such EDTA, citrate, and tartrate have
been utilized in remediation of heavy metal contaminated soils
[12], metal plating, water softening, photography, textile, paper
manufacturing and industrial cleaning [13,14]. In catalyst synthe-
sis the complexing agents have been habitually used to prevent the
agglomeration of nano-sized catalyst particles, e.g. polyvinyl pir-
rolydone interact with Pt-Ru catalyst surface sites [15], while EDTA,
tartaric acid and citric acid have been used as growth inhibitors in
silver [16], nickel-tungsten alloy [17,18], tin-zinc alloy [19], and
copper electrodeposition [20].

In this work, supported Pt-Ru nanostructured catalysts are
prepared by electrodeposition in the presence of different com-


dx.doi.org/10.1016/j.matchemphys.2011.03.006
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:jmsieben@uns.edu.ar
mailto:jmsieben@yahoo.com.ar
dx.doi.org/10.1016/j.matchemphys.2011.03.006

244 J.M. Sieben / Materials Chemistry and Physics 128 (2011) 243-249

plexants. The effect of Cit, Tar, and Na,H,EDTA on the particle size,
morphology and active surface area is discussed. Moreover, the
activity of these electrodes for methanol oxidation is evaluated.

2. Experimental

Graphite cloth (GC-10, from The Electrosynthesis Co., Inc.) of 1cm? exposed
geometric area was used as catalyst support. Electrochemical measurements were
carried out in a conventional glass cell at room temperature after deaeration with
nitrogen. A saturated calomel electrode and a Pt foil were used as the reference
electrode and the counter electrode, respectively. All potentials mentioned in this
work are referred to the calomel electrode (SCE), except for the cyclic voltammo-
grams of methanol oxidation, where SHE scale was applied. A PAR 273A potentiostat
was used to perform the electrochemical experiments. In addition, polish to mirror
glassy carbon (GC) material of 0.07 cm? exposed geometric area was used as sup-
port to collect information about the catalyst structure and morphology using AFM
microscopy.

Before the electrochemical deposition of the catalyst took place, the carbon sup-
ports were treated by anodic potentiostatic polarizationin 0.5 MH,S04 at2 Vfor60 s
followed by a linear cathodic potential sweep down to —0.8V (scan rate 1 mVs-1)
[21].

The catalysts were synthesized by electrodeposition at room temperature using
a diluted solution of platinum and ruthenium salts (2 mM H;PtClg + 2 mM RuCl; in
0.5M H,S04) in combination with a chelating agent (0.02M Cit, 0.02 M Tar, and
0.02 M NayH,EDTA). The solution pH was adjusted to 3.5 with 1.0 M NaOH. Analyti-
cal grade reagents H, PtClg and RuCls (40% w de Pt, 41% w de Ru from Fluka®), H,SO4
(96%, w/w from CarloErba®), Na3C;H507 (99.9% from Pa Alcor®), NayC4H;06-2H, 0
(99.9% from Malinckrodt®), Na;H,EDTA (99.9% from ELL Lowens®), and bidistilled
water were used. No attempt was made to control the pH during deposition, but pH
was measured and, if necessary, adjusted, after each deposition experiment.

The electrodeposition was carried out potentiostatically at —0.5V for 15 min.
After deposition, the electrodes were thoroughly rinsed with bidistilled water and
then tested in sulphuric acid solution. A lineal potential sweep from —0.25V to 0.5V
was applied at a rate of 50mVs—'.

Cyclic voltammetry and chronoamperometry techniques were used to evaluate
the performance of the electrodes in 1M CH3;OH (99.9% from ].T. Baker®)+0.5M
H,S04 solution.

The active surface area of the electrocatalysts was determined by underpotential
deposition of copper (Cu-UPD) [22]. 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 300 s to reduce the RuOy formed during the cyclic
voltammetry. The Cu-UPD experiments were carried out in 0.1 M H,SO4 and 2 mM
CuS04 (99% from Merk®) solution. The working electrodes were polarized at 0.059 V
for 300 s to form a monolayer of copper on the catalyst surface. A linear voltammetric
scan with a scan rate of 10mVs~! was then performed between 0.059V to 0.8V
to remove the adsorbed copper monolayer. The charges obtained for the copper
stripping were corrected for the charges associated with background processes 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, with the assumption
ofanadsorption ratio of a single Cuatom to each surface metal atom and a monolayer
charge of 420 wCcm~2 [23]. Current densities for methanol oxidation are referred
to the active surface area of the catalysts.

UV-vis spectrophotometry (Agilent 8453) was applied to characterize the metal
ion solution in presence of different chelating compounds, using samples diluted in
a rate 1:50 but maintaining the solution pH at a value of 3.5. The morphology and
particle size of the catalyst were examined using scanning electronic microscopy
(SEM, EVO 40 LEO) and non-contact atomic force microscopy (AFM, Nanoscope Dig-
itals Instruments), and thus, particle size distribution analysis was carried out using
Image] program. The structure of the electrodes was characterized by X-ray diffrac-
tion using a XRD, Rigaku Dmax III C diffractometer with a monochromated CuKa
source operated at 40keV at a scan rate of 0.05°s~!. Bulk composition of Pt-Ru
catalysts was performed using EDX analysis.

The amount of Pt and Ru deposited on the graphite cloth was estimated using
an ICP-AES (Shimadzu 1000 model III). The samples were prepared by digesting the
electrodes in boiling aqua regia and then removing excess acid. The catalyst loading
was expressed in mg per unit of geometric area.

3. Results and discussion

Fig. 1 shows the UV-vis spectral change when the chelat-
ing compounds were added to the solution. In the solution
without complexant there were two absorbance peaks at ~200
and ~260nm, characteristic of PtCl42~ and PtClg2~, respectively
[24-26]. The peak at 260 nm is the result of the ligand-to-metal
charge transfer transition in the PtClg2~ ions [26]. However, the
characteristic Ru3* ions or the ruthenium hydroxide complexes
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Fig. 1. UV-vis absorption spectra of solutions containing H,PtClg and RuCl; at
room temperature. Without complexant (s ), Cit (mss= ), Tar (m = ), and
Na,H,EDTA ( ). The spectra were carried out using the electrodeposition solu-
tions diluted in a rate 1:50 at pH 3.5.

absorption at 240nm was absent or masked by the H;PtClg
absorption at this wavelength [27]. The characteristic absorbance
band at ~260nm disappeared upon the addition of Cit, Tar and
Na;H,EDTA, but a wide absorbance band between 203 and 210 nm
was observed. The appearance of this band may be related to the
formation of chelate complexes with the polydentate ligand (Cit,
Tar and Na,H,EDTA) by displacement of the chloride ion in PtClg2~
[28,29]. In the presence of HCit2~ (pK,, =4.37), Tar?~ (pK, =4.34)
and H,EDTA~2 (pKa4 = 2.66), it is proposed that citrate, tartrate and
EDTA complexation of Pt(IV) and Ru(IIl) would be formed to realize
the stabilizing effect.

Fig. 2 shows linear sweep voltammetry curves recorded at GC-
10 substrate in H,SO4 solution containing H,PtClg and RuCls with
and without the chelating agents respectively. The cathodic limit
for the experiments was selected to be —0.3V and —0.5V, just neg-
ative to the potential where H; evolution beginning on the Pt-Ru
particles formed during the deposition process. The curve corre-
sponding to Pt and Ru deposition without complexant shows that
Pt reduction begins at about 0.3V and the current due to the reac-
tion increases when the potential shifts to more negative values,
becoming a mass transport controlled process [30]. In addition, it
can be seen the presence of three overlapping reduction waves with
half wave potentials at 0.13V, —0.07V and —0.18V. Besides, the
last wave is probably coupled with H* ion discharge on Pt nuclei.
Pletcher and co-workers [31] believe that these loops can be fully
explained by slow nucleation of Pt centers, where the solution con-
tains substantial amount of PtClg2~ and two species resulting from
the hydrolysis reaction (PtCls(H,0)~ and PtCl4(H,0),), where each
species is reduced to Pt(0). This interpretation coincides with the
multiple cathodic waves observed in the figure, although the pres-
ence of Pt(+II) as a stable intermediate cannot be discarded.
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Fig. 2. Voltammetric curves for a GC-10 support in 2mM H;PtClg +2 mM RuCl;
and 0.5M H;SO4. Without complexant (msssss ), Cit (I I M ), Tar (lll Bl ), and
NapH,EDTA (M W B ). Scanrate 0.5mVs~!,
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Fig. 3. EDX spectra of Pt-Ru/GC-10 electrodes. Without complexant (a), and
NayH,EDTA (b).

In addition, Ru deposition from RuCls(H,0)%~ ion could begin
in the potential zone where PtCl5(H,0)~ specie is reduced. It is
known that the overpotential of Ru electrodeposition is rather high
on carbon, but it is much lower on Pt, so Ru can be codeposited with
Pton carbon at alower overpotential favored kinetically by Pt nuclei
formed over the carbon support [32].

The organic compounds shifted Pt(+IV) reduction process
towards more negative potentials. Indeed the electrodeposition
of Pt appears to begin at about 0V, and two reduction waves are
only visible. This behavior can be connected to the existence of
new species in the solution, i.e. carboxyl anion and amine groups
act as a ligand forming chelate-type complexes with platinum and
ruthenium ions. In addition, a significant reduction in the electrode-
position current is observed, which may represent inhibition of the
deposition process. The decrease in current may be related to spe-
cific adsorption of the organic molecules over the metallic particles
thus hindering electrodeposition [10,28,33-35].

The atomic compositions of Pt-Ru/GC electrodes were deter-
mined by EDX technique (Fig. 3) and ICP-AES analysis. The
information of all catalysts from both analytical techniques is listed
in Table 1.The ruthenium content of the catalyst prepared without
complexant was about 25 at.%, whereas near 16at.% was deter-
mined in those prepared with the chelating compounds (Table 1).
The composition of the electrodeposits is known to mainly depend
on bath composition and applied current density. The decrease in
Ru content upon the addition of complexants may be due to addi-
tive adsorption on the cathode surface, limiting Ru3* discharge.
Moreover, the kinetic of Pt nucleation process may be decelerated,
limiting Ru nucleation. Thus, differences in the stability constant of
Ru and Pt ion complexes could explain this behavior. However, it is
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Fig.4. XRD patterns of Pt—-Ru/GC-10 electrodes. Without complexant (a), Cit (b), Tar
(c), and NayH,EDTA (d).

not clear, at the moment, which is the reason for this comportment;
and this will be subject of further studies. The EDX spectra of the
bimetallic catalysts and the corresponding XRD patterns (Fig. 4) do
not show the presence of oxygen in the deposit.

The XRD patterns of the carbon supported Pt-Ru catalysts are
shown in Fig. 4. The diffraction peaks referred to carbon support are
located at 26 values of about 43° and 54° in the XRD diffractograms.
Moreover, three peaks characteristic of face centered cubic (fcc)
crystalline at approximately 26 values of 40°, 47° and 70°, which
are associated with the (111),(200)and (2 2 0) planes respectively
are observed, indicating that the catalysts have principally single-
phase disordered structure (i.e., solid solution). It can be noted
from the figure that all the diffraction peaks of Pt-Ru catalysts are
slightly shifted to higher 26 with respect to those of pure Pt (not
shown), revealing the formation of an alloy involving the incorpo-
ration of Ru atoms into the fcc structure of Pt. It is important to note
that no diffraction peaks indicating the presence of either pure Ru
or Ru-rich hexagonal close packed (hcp) phase are observed, but
their presence cannot be discarded because they may be present
in a very small amount of metallic ruthenium and its oxides in the
amorphous state forming clusters over the surface of the bimetallic
particles.

The peak profiles in XRD patterns are obtained by integration of
the respective areas after peak deconvolution using the Marquardt
algorithm. A lattice parameter of 3.922+0.002A is determined
for Pt/GC-10 (not shown), which is in good agreement with pure

Table 1

Parameters of nanostructured Pt-Ru supported on oxidized graphite cloth.
Pt-Ru/GC-10 XRu(EDX) XRu(XRD) dpsemy® de(xrD Wpt-Ru© Pt:Ru¢ se Sw

(+£0.05) (+0.08) (£10)nm (£2)nm (+0.05) mg cm~2 atomic ratio (+1.3)cm? (£0.9)m2 g!

Without complexant 0.25 0.23 150 30 0.69 1:0.30 60.4 8.8
Cit 0.14 0.16 50 5 0.33 1:0.14 84.9 26.1
Tar 0.15 0.17 70 6 0.41 1:0.18 79.8 194
Na,H,EDTA 0.13 0.14 20 4 0.23 1:0.12 99.7 42.6
@ dp: particle size determined from SEM images.
b d.: crystallite size determined from Debye-Scherrer’s equation.
¢ Wp_gy: catalyst loading measured using ICP-AES experiments.
d Pt:Ru atomic ratios calculated by ICP-AES results.
e

Active surface area measured by Cu-UPD stripping.
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Fig. 5. Top-view SEM images of Pt-Ru/GC-10 electrodes without complexant (a),
and NayH,EDTA (b). Top-view and 3D AFM image of a Pt-Ru/GC electrode prepared
using Na,H,EDTA as complexant (c).

Pt (3.923 A); whereas values of 3.895+0.003A, 3.901+0.004 A,
3.903£0.002 A, and 3.902 4+ 0.002 A are measured in the bimetal-
lic catalysts prepared without complexant, Cit, Tar and Na,H,EDTA
respectively. In accordance with the Vegards’ law, the nominal Ru
content of the Pt—-Ru catalyst agrees with EDX results (Table 1).

Debye-Scherrer’s equation is used to estimate the average
Pt-Ru crystallite size from Pt (111) and (220) peaks. When the
catalyst is prepared from complex solutions the average size of the
crystallites estimated by XRD is around 4-6 nm, whereas the mean
crystallite size is 30 nm when there is no complexing agent. In addi-
tion, the ratio between (111) and (220) areas does not change
significantly in these samples indicating the absence of preferential
orientation.

Fig. 5(a) shows a SEM micrograph of Pt-Ru/GC-10 electrode
prepared using the solution without complexant. The reduction
process creates a rough coating film of Pt-Ru particles formed by
several layers of globular particle agglomerates with sizes between
150 and 200 nm (Table 1), which follows the graphite cloths relief.
This is the consequence of a higher number of nucleation sites
on GC-10 support formed during the cathodic pulses. In addition,
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Fig.6. Dependency of the active surface area S and catalyst mass per unit of geomet-
ric area w with the particle size for supported Pt-Ru catalysts. Without complexant
(#), Cit (a), Tar (M), and NayH,EDTA (@).

over the compact deposit some islands with incipient dendrites
can be seen. Dendrite formation happens when a deposition pro-
cess occurs in the mass-transfer or mixed control region [35]. In
this condition, the dendrite growth is accelerated due to a faster
diffusion rate of the metal ions at the tip of the excrescences [36].

The addition of Cit, Tar and Na;H,EDTA to the deposition bath
(Fig. 5(b)) inhibits the formation of the coating film and the den-
dritic particles observed in Fig. 5(a). As a result, Pt-Ru particles
exhibit uniform size and globular shape appearing regularly dis-
tributed over the support surface with sizes between 50 and 90 nm
for Cit and Tar, and between 20 and 30 nm for Na,H,EDTA.

To obtain additional information by AFM microscopy pla-
nar Pt-Ru electrodes were prepared using GC as support. When
complexants are used, i.e. Na;H,EDTA (Fig. 5(c)), metallic agglom-
erates constituted by nano-sized particles connected via intergrain
boundaries are observed; whereas larger agglomerates constituted
by bigger particles are observed in the sample without complexant
(Fig. 5(d)). The mean particle size of the catalysts determined by
AFM is in agreement with those determined from SEM images.

Comparing XRD and SEM it is concluded that Pt-Ru particles
observed by SEM are, in fact, agglomerates comprised of nano-sized
particles. Similar particle morphology was observed by Coutanceau
et al. [37] on carbon-supported Pt-Ru/C catalysts prepared by
galvanostatic pulse electrodeposition. It is known that electrodepo-
sition of noble metals on carbon supports occurs via 3D nucleation
and growth mechanism [38,39]. Generally, primary nucleation on
carbon is followed by secondary nucleation on predeposited Pt
surface, due to a higher concentration of nucleation centers on Pt
surface compared to carbon. The result of secondary nucleation is
the formation of complex micro and nano multi-grained Pt struc-
tures [40].

From Table 1 and Fig. 6 it can be seen that the active surface
area, S, the catalyst loading, w, and the true surface area, Sy, are
significant affected when the additives were added to the solution.
The average size of Pt-Ru particles decreases with an increase in S
and Sy, whereas, for the catalyst loading the inverse dependence is
observed. The largest value of S, is obtained with Na,H,EDTA addi-
tion, followed by Cit and Tar respectively. This result can be related
to the decrease in Pt-Ru particle size and a remarkably uniform
and high dispersion of the alloy particles, along with the reduc-
tion of Pt-Ru catalyst loading. The addition of the complexants
results in a significant loading reduction for both metals follow-
ing the order: Na,H,EDTA > Cit > Tar > without complexant. In the
meantime, Rumass loading is reduced more than that of Pt probably
due to a kinetic reason. As was mentioned previously, the capacity
of the organic agents to complex the metal ions, and the specific
adsorption of these organic molecules inhibits particle growth and
prevents particle agglomeration.

The first aspectis associated with the existence of species such as
carboxyl anion and amines groups that can form chelate-type com-
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Fig. 7. Cyclic voltammograms of Pt-Ru/GC-10 electrodes in 1M CH3;0H/0.5M
H,S04. Without stabilizer ( mmm ), Cit ( ), Tar (m m), and Na;H,EDTA (
). Scan rate 50 mV s~!. Potentials are expressed with respect to SHE scale.

plexes with platinum and ruthenium ions. On the other hand, the
organic molecules in excess adsorb on the surface, blocking metal
ions deposition and crystal growth. The tendency of the complex-
ants to segregate towards the surface is favored by its polar nature,
as was observed for the system nano-copper/citric acid [11], nano-
nickel/saccharin [34], and nano-silver/EDTA [28]. The free electron
pairs of the oxygen atoms in organic molecules can interact strongly
with Pt-Ru particles being attracted to the electrode due to the
presence of a strong electric field allowing larger surface energy
of the whole system as was suggested by Shimazaki et al. [41].
On the other hand, the differences observed between Cit, Tar and
NayH,EDTA can be linked to differences in the stability of Pt(+IV)
and Ru(+III) ion complexes formed after the addition of the organic
compounds.

Fig. 7 shows the cyclic voltammograms recorded at 50 mVs~!
in 1M CH30H +0.5M H,S04 solution at room temperature. For all
the electrodes the onset of the methanol oxidation reaction takes
place near 0.2V. The beginning of methanol electro-oxidation at
this potential can be associated with the formation of OH,4s species
on Ru atoms originating in the water dissociation that occurs at
potentials more negative than that on Pt atoms, through the so
called bifunctional mechanism [42,43] such as shown below. At
room temperature, CH3OH is adsorbed only on Pt sites, while water
molecules dissociates on Ru giving OH,4s (step 3) and the species
adsorbed on Pt and Ru combine together forming CO, (step 4) in a
Langmuir-Hinshelwood (L-H) type reaction [3].

CH30H + Pt — Pt—CH30Haqq (1)
Pt-CH30H,qs — Pt-CO.qs +4HT +4e~ (2)
H0 + Ru — Ru-OH,4s +H" + e~ (3)
Pt-CO,4s + Ru-OH,4s — Pt + Ru + COy +H" +e~ (4)

A methanol oxidation peak during the forward scan at about
0.55V and another anodic peak on the reverse scan, ca. 0.33V, due
to the removal of incompletely oxidized species, i.e. CO, formed in
the forward scan can be seen. The potentiodynamic measurements
suggests that Pt-Ru/GC-10 catalyst prepared using Na,H,EDTA as
complexant presents the greatest activity for methanol oxidation,
followed by those prepared using Cit and Tar.

The performance of the bimetallic catalysts for methanol oxida-
tion is compared using the ratio of current densities associated with
the anodic peaks in the forward (Jp¢) and reverse (Jpp,) scans. This
relationship has been used to infer the CO tolerance of the catalyst
[44]. A lower Ju¢/Jpp value indicates a poor oxidation of methanol
during the anodic scan and excessive accumulation of carbona-
ceous species on the catalyst surface [45]. Therefore, a higher J,¢/J,p,
value is indicative of improved CO tolerance. It can be seen that
the electrodes prepared using the chelating compounds display

Table 2

Catalytic activity of supported Pt-Ru/GC-10 electrodes.
Solution J2  mAcm JwP Ag™! JotlJob

0.2V 03V 0.2V 03V

- 0.02 0.06 1.8 5.3 2.8
Cit 0.18 0.40 47.0 104.5 18.1
Tar 0.13 0.23 25.2 44.7 16.7
H,EDTA 0.39 0.82 166.1 349.4 12.0

a J: current density per unit of active surface area.
b J,: current density per unit mass of catalyst.

the best CO resistance among the prepared catalysts (Table 2). This
behavior could be related to the presence of high intergrain bound-
aries, providing active sites for water adsorption and dissociation
and, thus for the oxidation of CO and methanol [40].

In a parallel work, current transient measurements at constant
potentials were carried out for 600 s (Fig. 8), showing that the dif-
ferent electrodes present the same behavior as that observed in
the voltammetric curves. The results are summarized in Table 2.
Chronoamperometric curves in Fig. 8 shows a high initial current
density for methanol oxidation, which rapidly decays to a much
lower value. This current decay is observed in the literature for
bimetallic Pt-Ru catalysts at diverse temperatures and methanol
concentrations [4,43]. Gasteiger et al. [43] indicated that deacti-
vation is caused by blocking access of the active sites due to the
formation of poisoning species. Chemisorption of methanol gives
rise to the adsorption of CHO and CO intermediaries with the former
detected at short adsorption times and low potentials.

Electrocatalyst performance for methanol oxidation of the most
active home-made supported Pt-Ru catalyst results highly com-
petitive when it is compared with some chemical-synthesized
catalysts reported in the literature (Table 3). The electrodes activ-
ity for methanol oxidation does not follow the order of decreasing
particle size, from which home-made catalyst performance would
be expected to be lower than those listed in Table 3. It is therefore
necessary to reach a reasonable explanation that can satisfy this
behavior.

The enhanced catalytic activity of the home-made electrode pre-
pared using Na,H,EDTA as complexant may be associated with:

1. Catalyst-support interaction

2. Concentration of surface defects

3. Catalyst composition

4. Extent of catalyst surface oxidation

The presence of functional groups can contribute to improve
electrode performance. Activation of carbon material increases its
hydrophilicity, making the surface more accessible to the metal
precursor. Under favorable wetting conditions electrostatic effects
mainly determine the amount of Pt adsorbed by carbon in the
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Fig. 8. Chronoamperometry curves at 0.3V vs. SCE for Pt-Ru/GC-10 electrodes in
1M CH30H/0.5 M H,S04. Without stabilizer (s ), Cit ( ), Tar (m wm ), and
Na,H,EDTA ( ).
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Table 3

Quasi-stationary current densities at of methanol oxidation on supported Pt-Ru catalysts as synthesized in this work and prepared by other techniques.
Pt-Ru Xru dpnm wimg cm—2 SymZ g1 JmAcm—2 JwAg!
This work 0.13 20 0.23 42.6 0.82 3494
[46] 0.40 2.5 0.24 - 0.08 -
[47] 0.41 2.3 0.24 - 0.03 -
[48] 0.30 20 0.11 - 0.08 45.9
[49] 0.33 5.0 - - - 23
[50] 0.50 4.0 133 - - 4.5
[51] 0.47 3.9 1.0 55.8 0.05 27.9
[52] 0.32 2.0 0.08 - - 37.3
[53] 0.10 39 0.71 - - 185.0
Commercial® 0.50 2-4 - - - 7-10

a w: catalyst mass per unit of geometric area.

b E-TEK® Pt-Ru/C (40 and 20 wt.%; Pt:Ru mol ratio 1:1) catalysts; data from Refs. [49,52].

equilibrium impregnation with an aqueous solution of hexachloro-
platinic acid [54]. In other words, the oxygen-containing groups act
as anchoring sites for catalyst particles or their precursors. In the
former case, the precursor is supposed to distribute more uniformly
over the carbon surface to provide a higher dispersion of metal
and to make sintering more difficult (quantum chemical calcula-
tions and experimental observations indicate that heterogeneous
surfaces can better stabilize metal in highly dispersed state) [55].
Carbon support influence the nature of catalyst particles due to
electronic interactions as a result of collective interactions defined
primarily by the bulk electronic structure of the two phases or as
a result of the interaction of metal clusters with local sites of the
support with specific properties such as acidity or basicity [56].
Therefore the electronic interactions could influence the size and
morphology of metal crystallite, their surface and bulk properties,
resistance to coalescence and poisoning. Therefore, the interac-
tions at the metal-support interface can decrease the adsorption
strength of methanolic residues [56]. Besides, the oxidized groups
could facilitate the accessibility of methanol to the electroactive
surface and participate in the oxidation of the absorbed intermedi-
ate species formed in alcohol dissociation.

Nanostructured catalysts habitually exhibit a large quantity of
surface defects, and these defects substantially affect the catalyst
behavior. It should be noted that the specific surface area estimated
from XRD using Eq. (5) considerably exceeds the values observed
in Table 1, i.e. S,y value of the catalyst prepared using Na,H,EDTA
as complexantis 42.6 m? g-1, while S, ., value calculated from the
results of XRD is 65.6 m2g~1.

6000
PPt—Rudc

'w,cal = (5)
where S, .5 and d. are the specific surface area and the crystallite
size respectively, determined from the results of XRD and pp;_gy is
the density of the alloy determined from catalyst composition.

This behavior can be explained by particle agglomeration at the
experimental conditions used to prepare the catalysts. The degree
of particle coalescence & can be calculated with Eq. (2) [57]:

=1

Sw, cal

(6)

Here S, is the specific surface area determined from Cu strip-
ping and ICP analysis (Table 1). The calculation gives a & value
of about 0.35, indicating some degree of particle agglomeration.
& can be used as an indirect measured for the concentration of the
grain boundaries regions, so the concentration of grain boundaries
should be high. In this way, the home-made catalysts are formed by
agglomerates composed of nano-sized metal grains interconnected
via grain boundaries, resulting in the formation of multi-grained
structures. According to the recent molecular-dynamics simula-
tions of the structure and deformation behavior of nano-crystalline
materials performed by Wolf et al. [58], nanostructured materi-

als may be represented as consisting of highly ordered crystalline
domains surrounded by disordered region of about 0.5 nm wide.
These discontinuities in the crystal planes may act similarly to low
coordinated sites (steps and kinks) on single crystalline and other
extended surfaces [57], which exhibit very high catalytic activity for
methanol oxidation. Metal atoms on proximity of grain boundaries
usually have decreased number of neighbors in the first coordina-
tion shell, and thus, are expected to bind adsorbates and catalyze
bond-breaking reactions like methanol dissociative chemisorption
[59].

On the other hand, the catalysts prepared by chemical tech-
niques usually exhibits particle sizes between 2 and 5nm. A low
activity of small particles in methanol oxidation has been noticed
by Takasu et al. [60] and was attributed to the ‘negative’ particle
size effect; since small Pt-Ru particles are more susceptible to CO
poisoning. This observation is supported by the evidence presented
by Mukerjee and McBreen [61]. In this investigation smaller parti-
cles (<5 nm) with their higher proportion of low coordination sites
(greater number of surface sites with higher Pt d-band vacancies)
adsorbs species such as H, OH and CO more strongly.

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 geometric orientation
and a suitable atomic configuration at the surface allowing the reac-
tants to be in an appropriate binding situation. The lower Ru content
on the Pt-Ru/GC-10 electrode probably has some positive effect
on the catalyst activity at room temperature. When Ru content
exceeds 20 at.% the surface sites available to methanol adsorption
decrease reducing the activity of the catalyst. This result can be eas-
ily explained assuming a random distribution of Pt and Ru in the
surface as was recently outlined by Hoster et al. [62]. This behav-
ior can be understood by some geometrical considerations, i.e. the
perimeter of Ruislands on the Pt(1 1 1) surface influence the activity
for methanol oxidation. Hoster et al. [62] observed that the activity
for methanol starts to decrease as soon as alcohol adsorption at the
free Ptsitesis hindered by too-high Ru coverage. Thus, they empha-
sizes the importance of low-coordinated Ru sites at edge positions
for the performance of the bifunctional mechanism at Pt(111)-Ru
surfaces. These results may be extended to explain the behavior of
supported Pt-Ru nanostructured catalysts.

Finally, another reason that can be put forward to explain the
lesser activity of the catalysts synthesized by chemical methods
may be related to the nature of Pt-Ru species in the catalyst sur-
face. Analysis of the catalysts by photoelectron spectroscopy are
conclusive on the presence of Pt, Pt(Il) and Pt(IV) species in most
of the catalysts prepared by chemical methods [47]. The presence
of oxidized Pt species such as PtO and PtO, in these Pt-Ru sup-
ported catalysts would contribute to their lesser activity due to a
reduction of the available sites for methanol adsorption. Raman
et al. [63] found that the reduced nanoparticles were more active
towards methanol oxidation than the fully or partially oxidized.
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4. Conclusions

The addition of complexants to the deposition bath controls the
structural characteristics of the electrodeposits. The behavior of
the bimetallic electrodes can be associated with the catalyst par-
ticle size and particularly agglomerate size, true surface area, and
composition of the deposit.

The most active electrocatalyst for methanol oxidation was pre-
pared using Na,H,EDTA as complexant followed by the electrode
prepared using Cit and Tar. The results can be explained consider-
ing that the complexes formed with Na,H,EDTA are more stable
than those formed with Cit and Tar, exerting an important influ-
ence on the electrodeposition kinetics of the metals. In addition,
the specific adsorption of organic molecules can contribute to the
inhibition of particle growth.

From a practical point of view the electrode prepared with
Na,H,EDTA appears to be interesting as materials for applications,
and not as exclusively model systems, since it combines a good
intrinsic activity and a high true surface area with low catalyst
loading that make it possible to obtain good catalytic activity for
methanol oxidation.
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