ResearchGate

See discussions, stats, and author profiles for this publication at:

Catalityc effects of ruthenium and osmium
spontaneous deposition on platinum surfaces
toward methanol oxidation

Article /7 Journal of Colloid and Interface Science - September 2005

DOI: 10.1016/j.jcis.2005.03.039 - Source: PubMed

CITATIONS READS
15 9

7 authors, including:

Q Universidade Paulista @. Universidad Estatal a Distancia

59 PUBLICATIONS 611 CITATIONS 15 PUBLICATIONS 82 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Recuperacion de tubos capilares de pozos geométricos (Tesis de licenciatura en Metalurgia de Daniel
Project

Mora Montoya)

Project Tesis de Maestria personal
All content following this page was uploaded by on 07 March 2017.
The user has requested enhancement of the downloaded file. All in-text references are added to the original document

and are linked to publications on ResearchGate, letting you access and read them immediately.


https://www.researchgate.net/publication/7813745_Catalityc_effects_of_ruthenium_and_osmium_spontaneous_deposition_on_platinum_surfaces_toward_methanol_oxidation?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/7813745_Catalityc_effects_of_ruthenium_and_osmium_spontaneous_deposition_on_platinum_surfaces_toward_methanol_oxidation?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Recuperacion-de-tubos-capilares-de-pozos-geometricos-Tesis-de-licenciatura-en-Metalurgia-de-Daniel-Mora-Montoya?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Tesis-de-Maestria-personal?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/S_Bonilla?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/S_Bonilla?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidade_Paulista?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/S_Bonilla?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Javier_Rodriguez_Yanez?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Javier_Rodriguez_Yanez?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad_Estatal_a_Distancia?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Javier_Rodriguez_Yanez?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Javier_Rodriguez_Yanez?enrichId=rgreq-0a2bb45f60928fd59e51a223f798fe11-XXX&enrichSource=Y292ZXJQYWdlOzc4MTM3NDU7QVM6NDY5Mjc1MjcxMDEyMzUzQDE0ODg4OTUzNTE1NjU%3D&el=1_x_10&_esc=publicationCoverPdf

Available online at www.sciencedirect.com

SCIENCE DIRECT® JOURNAL OF
Colloid and
Interface Science

ELSEVIER Journal of Colloid and Interface Science 288 (2005) 377-386
www.elsevier.com/locate/jcis

Catalityc effects of ruthenium and osmium spontaneous deposition on
platinum surfaces toward methanol oxidation

S.H. Bonilla?, C.F. Zinola’*, J. Rodrigue?, V. Diaz®, M. Ohaniarf, S. MartineZ,
B.F. Giannett?

@ Laboratorio de Fisicoquimica Tedrica e Aplicada, LAFTA, Instituto de Ciéncias Exatas e Tecnologia, Universidade Paulista, Dr. Bacelar 1212,
CEP 04026 002 S50 Paulo, Brazl
b | aboratorio de El ectroquimica Fundamental, Facultad de Ciencias, Universidad de la Republica, Igua 4225, CP 11400 Montevideo, Uruguay
C Indtituto de Ingenieria Quimica, Facultad de Ingenieria, Universidad de la Replblica, J. Herreray Reissig 565, CP 11300 Montevideo, Uruguay

Received 27 January 2005; accepted 4 March 2005
Available online 25 April 2005

Abstract

The influence of ruthenium and osmium spontaneous deposition on polycrystalline platinum in sulfuric acid was studied by conventional
electrochemical techniques. The inhibition of the hydrogen adatom voltammetric profile by the foreign adatoms was used to calculate the
degree of surface coverage of ruthenium, osmium, and a mixture of both metal ions from solutions of different composition. Methanol
adsorption and oxidation were compared on bare platinum, platinum/ruthenium, platinum/osmium, and ternary compounds, considering the
efficiency of methanol oxidation per hydrogen adatom displaced by the foreign metal on platinum.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction fundamental studies during the past decddgs. The main
advances have been achieved due to the progress in the use of

Electrochemical energy conversion is a topic of techno- single crystal electrode surfaces in e!efctrochelmical stpdies

logical importance, with main developments arising from and the'dev.elopment of.surface s§n5|t|ve hybrid technlqges

novel anodic electrocatalysts. The efficiency of these elec-fOr the in situ and ex situ analysis of the electrocatalytic

trochemical devices is mostly conditioned by the surface Processefs-9].

topography and composition of the substrates, which in the A number of procedures have been proposed to change

case of fuel cells are platinum or platinum allofs?2]. the structure and composition of electrode surfaces in fuel

However, the development and characterization of poison—C?"S' Underpotential depositipn and surface decoration of
resistant catalysts is of tremendous interest in this technol-différent metal atoms on platinum electrocatalysts lead to
ogy. The microscopic structure of these electrode surfaces jgenhanced surface reactivity upon anodic oxidation of fuels
also required to complement the understanding of the elec—SUCh as methandl0-13] The study of early-stage metal

trochemical reactivity developed from these modified plat- deposition has_ ia long tradd|t|gn t'r? elec;trochefrrt]t;stry, kt))etm%
inum electrocatalystis]. a process mainly governed by the nature of the substrate

The influence of the surface structure of electrodes in and foreign metals and by the electrode potential. In spite

processes involving anodic oxidation of fuels is a topic of .Of the equilibrium potentla_lls with th_e_ new metal being cas-
ily reached, underpotential deposition produces dramatic

changes in the electrode surface propeftids-16]
* Corresponding author. Fax: +598 2 525 07 49. Ruthenium and osmium deposition on platinum are of
E-mail address: fzinola@fcien.edu.uyC.F. Zinola). special interest for methanol anodic oxidation on fuel cells
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and were first reported in the early sixtigs,18] Among The adsorption of methanol will be mostly on platinum
the different ways to deposit ruthenium or osmium on plat- free sites:
inum [17-22] spontaneous deposition is attractive because Pt -+ CH30H <> P{(CHOH)aq. (1)

of its simplicity and the fast surface concentration plateau

reached after several seconds. However, some confusion be- After increasing the electrode potential methanol adsor-

tween this chemisorption process and underpotential depo-oates oxidize t¢33,34]

sition has occurred in the literatufg3—25] Despite the Pt(CHsOH)ag <> Pt(HCO)g + 3HT + 3¢, (2)

reversible behavior of underpotential deposited non-noble

metals on noble metal substrztes, the filmps formed by spon—PtO—'CO)id < P{COMg+H" +e”. C)

taneous deposition normally do not dissolve easily from the  The bifunctional mechanism proposes that a foreign

metal surface. They are very stable and normally change tometal, M, promotes water decomposition at lower potentials,

_stgble hydroxides and oxides whe.n the eleptrode potgntiaIM + Hy0 <> M(OH)ag + HT + ¢~ (4)

is increased. In the case of ruthenium, osmium, palladium,

rhodium, etc. the work function of the foreign metal is not ©f

required to be higher than that of the substrate. M + H0 < M(H20)ag. (5)
The focus of this paper is on ruthenium, osmium, and

their combined depositions on platinum because of their

well-known catalytic activity in a variety of surface reactions

and complex formationg5-28] Even so, all of them were

focused on their effect on methanol oxidation in solution,

without considering the role of adsorption prior to oxidation. Pt(COhd+ M(OH)ag <> COz + HT + ¢~ + Pt+ M. (6)

Therefore, the study of sub- or monolayers of ruthenium or According to the ligand effect, the energy level of the

osmium on platinum allows us to understand the role of the nqgdified substrate is changed to weaken the bond energy

surface composition of the electrocatalysts on the methanolof the carbon monoxide adsorbate to facilitate its oxidation.

oxidation. In this sense, interesting and fundamental papers  The best choice of the alloying or co-deposited elements

have been performed about ruthenium and osmium deposi-depends on which step of the latter mechanism is the rate-

tion on platinum single and polycrystalline (pc) surfaf®s  determining step (normally reactidf)). Since different re-

6.8,29] The ex situ examination of the electrode surfaces sults have been obtained with ternary and quaternary com-

by STM images, specially in the case of Pt(111) surfaces, atbinations of these metals with rhodium, molybdenum, and

the submonolayer levels shows the formation of isldB0% iridium [3,35,36] we have explored the methanol adsorbate

with maximum 0.20 ML coverage for ruthenium (at 120 s formation and oxidation on some metal combinations.

of exposure) and 0.15 ML coverage for osmium (at 60 s of

exposure). Depending on the osmium coverage the island di-

ameter varies from 2 to 5 nff], but in the case of ruthenium 2. Experimental

[30] the islands appear to be uniformly distributed along the

surface, with an average value of 3 nm. The island density ~ Electrochemical experiments were carried out at room

increases with ruthenium coverage values, but in the case off€Mperature in a microflux three-electrode cell using differ-

osmium there is no optimum island sif&7]. On the other ent pc platinum wires as working electrodes. The electro-

hand, the knowledge on the foreign metal adatom concentra—Chemical setup was completed using a large-area platinum

tion and the nature of the deposited species at potentials offr %ﬂ?gﬁ;ro?ﬁea;dhﬂaég\glrss'sle 2%?;095202%??(9”35&?60'
interest is important for the understanding of the mechanism ' bp 9 y

of methanol oxidation. Thus, interfacial and surface analysis f)errep()fgeg I\;?ngri'-[égiizs;tr?agﬁzt ;/:zlgl] x‘:lfg:ée;:ssti? ,:?:2_
techniques were used for this purp$8,31]but normally : Y)-

for el d ted and melted ph fh s wi ¢ platinum electrodes ranges from 0.22 to 0.28 chiney
;ﬁ;t?ne?:o eposited and melted phases of these metals With ¢ ¢ caiculated from the integration of the hydrogen adatom
inum.

] ] .~ voltammetric profile after double-layer correction. All po-
An understanding of methanol adsorption and oxidation iantials in the text are referred to the RHE scale.

processes on modified platinum electrodes can lead to @ The 0.5 mM ruthenium-containing solution was pre-
deeper insight into the relation between surface structure andyared from RuQ-3H,0 (Aldrich—-Sigma) in 0.2 M sulfuric
reaCtiVity in eleCtrocatalySiS. It is well known that the main acid’ whereas the 0.5 mM osmium_containing solution from
impediment in the operation of a methanol fuel cell is the OsCk-xH,0O (Aldrich-Sigma) in 0.2 M sulfuric acid solu-
fast depolarization of the anode in the presence of traces oftions. They were used as a source of ruthenium and osmium
adsorbed carbon monoxide. The promotion effect has beenaquo-complex ions, respectively. They were prepared with-
mainly discussed based on either the “ligand eff¢8®] or out local large salt concentrations in order to avoid precipi-
the “bifunctional effect133]. tations and polymerization. The immersion time (considered

These species also promotes the complete oxidation of
the organic adsorbate by a recombination of these species
(from reactiong2) and (3)and reaction§4) and (5) through
a Langmuir-Hinshelwood mechanigBb]. For example,
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as the time in contact with the metal-containing solution)
for ruthenium was 120 s and for osmium was 60 s. The
calculation of the degree of surface coverageby the for-
eign metal on pc platinum reaches 0.25 ML. Also a solution
composed by 0.5 mM ruthenium-catien0.5 mM osmium-
cation in 0.2 M sulfuric acid was used to prepare the ternary

Pt/Ru/Os surfaces. Ternary Pt/Ru/Os systems were prepared

as follows:

Method 1 (Pt/Ru/Os): a first ruthenium spontaneous de-
position was performed after a 120 s immersion in an acidic
0.5 mM Rt solution, followed by osmium deposition dur-
ing a 60 s immersion in an acidic 0.5 mM Bssolution.

Method 2 (Pt/Os/Ru): a first osmium spontaneous deposi-
tion was performed by 60 s immersion in an acidic 0.5 mM
0Os*+ solution, followed by ruthenium deposition during a
120 s immersion in an acidic 0.5 mM Rusolution.

Method 3 (Pt/Ru-0s): simultaneous osmiunruthenium
spontaneous deposition by immersion in an acid solution of
0.5 mM OS$* + 0.5 mM R&*. The immersion times were
specified in the text in each case.

Methanol solution oxidation was studied by chronoam-
perometric plots at 0.70 V on each modified platinum sur-
face and by linear sweep voltammetry scanning the potential
from 0t0 0.80 V at 0.01 Vst both in 0.5 M methancl 1 M
sulfuric acid.

The electrocatalytic activity of the new composed plat-
inum surfaces was also checked in the case of methanol
surface oxidation by stripping experiments. The stripping
voltammetric oxidation of methanol residues was performed
on the different surfaces. In each case, a potential holding a
0.10< Eag < 0.35 V during 10 min was applied to adsorb
methanol. Afterward, and holding the potential at the same
value, the methanol containing solution was replaced with
the supporting electrolyte to eliminate any diffusion contri-
bution from methanol. Immediately after, the potential was
scanned fromEag to 0.05 V and subsequently toward pos-
itive values up to 1.50 V at 0.10 V4 to obtain the whole
stripping voltammogram of methanol residues in the sup-
porting electrolyte. The pictures in the paper are only shown
for Eag= 0.25 V because they exhibit the highest oxidation
extent of methanol residues on free pc platinum surfaces dur-
ing preliminary tests.

3. Resultsand discussion

3.1. On the spontaneous deposition of ruthenium and
osmiumon pc platinum

Platinum surfaces were modified by osmium and ruthe-
nium spontaneous deposition in order to reach énhalues
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(b)
20 +
< o —_— ]
20 F
-40 L 1 1 1 1 1 1 1 1 1
(a)
20 +
g— or o
-20F
_40 L 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8
E/V vs. RHE

Fig. 1. Cyclic voltammetric profiles of (a) ruthenium and (b) osmium adlay-
ers (dashed lines) on pc platinum (solid lines) in 1 M sulfuric acid between
0.05 and 0.80 V at 0.10 V€. The foreign metal adlayers were prepared
according to the experimental section.

The changes in the voltammetric profile of pc platinum
performed at 0.1 V! caused by ruthenium adatoms are
depicted inFig. 1a. In this case potential values higher than
0.80 V were avoided to impede ruthenium oxidative desorp-

ttion from the surface. The comparison of this new profile

with that of pc platinum evidences partial inhibition of the

hydrogen adsorption peaks by ruthenium species. Further-
more, it is likely that ruthenium species adsorb on the same
surface sites as hydrogen adatoms, since the voltammetric
features of the latter are not potential shifted.

In the case of a freshly prepared solution, the adsorption
of ruthenium on platinum from Ru(;_HD)gJr occurs through
the specific adsorption of chlorid@5]. Thus, by simply
taking the depletion of the hydrogen adatom voltammetric
profile and assuming that one ®uspecies adsorbs onto
three platinum atoms, the formation of metal ruthenium ad-
sorbates involves three electrons. Valuesfotalculated
in this way show results comparable with the ones esti-
mated by Auger spectroscopy for a single cryf2all under
similar conditions of immersion time and concentration of
the metal solutions. After 120 s of immersion in 0.5 mM
RuCk + 0.2 M sulfuric acid for an open circuit the val-
ues ofé ranges from 0.22 to 0.25 after cycling only up to
0.80 V. In the case of a ruthenium-containing solution aged
2-3 days, it has been demonstraf@d] by spectrophoto-
metric and ion-exchange resin experiments that the hydrol-
ysis of ruthenium-containing species in acid media leads to

lower than 0.25. After the surface was modified by immer- RuO(HQO)flJr (ruthenyl species). The kinetics of adsorption

sion in a fixed salt solution, the new electrodes were sub- on pc platinum is similar, but not the mechanism. However,
jected to three voltammetric cycles between 0.05 and 0.80 V after the three voltammetric incursions up to 0.80 V the de-
in the supporting solution to stabilize the surface. gree of surface coverage by ruthenium on platinum yields
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the same results. It has been observed that traces of chloride 4 |

inthe RuO(I—iO)ﬁJr diluted acidic solution increases solubil-

ity. However, as in the case of osmium-containing solutions, 40

polymerization can be also observed only when large local

concentrations of 3% during the solution preparation oc- 20

cur.
The chemical state of ruthenium on platinum, especially §~ or

during methanol oxidation, was also investigated by a num- = .|

ber of surface techniqug88-40] providing evidence of

the formation of metal ruthenium and oxides such as RuO 40 |

RuQs, RuQy, and RyO3, depending on the cycling poten-

tial. -60 |- .
On the other hand, ruthenium-containing solutions aged 06 _o08 10

for more than 1 month were also studied. According to the -80 ofo 072 of4 Ofe ofg 1f0 172 1f4 1f6

literature[37,41], the oxidation of ruthenyl species can eas- E/V vs. RHE

ily produce perruthenate ions, RgOwhich are stable in

aCIg and alka“r:e .SOIu“(f)ns' The sphontanepus o_Iep(?smon Of(dashed line) performed from 0.05 to 1.50 V at 0.1\}gfirst and sixth
rL_Jt enium on platinum from perruthenate ions Is also pos- cycles) compared to pc platinum (continuous line) in 1 M sulfuric acid. In
sible. In fact, after three cycles from 0.05 to 0.80 V at the inset the details of the region 0.55-1.1 V are depicted.

0.10 Vs, ruthenium adlayers wité = 0.22 can be ob-

tained. quantitative after several cycles between 0.6 and 1.5 V. Thus,
Fig. 1b evidences the voltammetric changes of the pc i our experience, the hydrogen region must be avoided,
platinum/sulfuric interface at 0.10 V'$ produced by oS- gince either hydrogen adsorbates or molecular hydrogen can
mium adlayers. As a difference from deposited ruthenium, yreduce metal ions on platinuf@s,42]
it seems that there are no preferred platinum surface sites for Tqg check for the voltammetric features of foreign metal
osmium deposition, since the hydrogen adatom contour ex-oxjdation on platinum, voltammetric runs were performed
hibits a smooth current distribution with larger currents near \yith upper potentials larger than 0.80 Fig. 2 shows the
the hydrogen evolution reaction and no preferred adsorption cyclic voltammetric profile of spontaneous ruthenium depo-
potentials. There are, however, some discrepancies becausgition on pc platinum when the upper potential limit is ex-
of the extreme sensitivity to solution composition and sur- tended up to 1.50 V. As found before, when immersion times
face platinum topography, as explained in the Introduction. of 120 s are used, ruthenium species inhibit the hydrogen-
In the case of using a freshly prepared Osthg* solution,  adatom region. Otherwise, it has to be noticed that the use of
values oft) = 0.20 were obtained after 60 s of immersion aged instead of freshly prepared ruthenium-containing solu-
time. This solution is rapidly oxidized to an electrolyte com-  tions did not show differences in the voltammetric curves or

posed of HOsCk species, which is able to adsorb on plat- in the catalytic activity toward methanol oxidation (see be-
inum, yielding, after three cycles in the range 0.05t0 0.80 V, |ow).

Fig. 2. Cyclic voltammetric profile of spontaneous deposition of ruthenium

the same value @. In contrast to the case of ruthenium, fur- Fig. 2 shows the slow increase of the oxidation current
ther solution oxidations of osmium salts are not observed in near 0.6 V (in the inset of the figure), probably due to the
acid media. formation of RuQ and RuQ surface species detected by

Moreover, and as a difference from the case of spon- XPS measuremen{®,39,43,44] According to these mea-
taneous ruthenium deposition on platinum, anodic and ca-surements metallic ruthenium is no longer seen for poten-
thodic contributions can be observed ca. 0.7 V. According tials larger than 0.80 V, but the increase in the amount of
to the literature, they may be the components of a redox surface oxides is evident. After the potential is extended to-
couple related to the surface oxidation of osmium to @sO  ward more positive values, the partial inhibition of platinum
confirmed through spectroscopic dd&]. Therefore, the  oxides is clear, as a lower reduction charge density is ob-
voltammetric contour up to 1.50 V is obviously needed in served in the reverse scan. Moreover, a sudden increase in
the case of pc platinum, as shown below. the current previous to the oxygen evolution reaction is also

The total recovery of the pc platinum surface is an im- depicted in the same figure. In the case of a freshly pre-
portant factor to consider in electrocatalysis. According to pared solution, lwasita et gi25] (see alsd42]) proposed
Janssen and Moolhuys¢hl], cyclic voltammetric profiles  that chloride can be specifically adsorbed on Pt(111), and
of foreign rare metals on platinum can be used to distinguish Ru*+ acts only as the counterioRig. 2shows the oxidative
between relatively stable or unstable modified electrode sys-desorption of chloride as a breakpoint from 1.4 V. However,
tems for catalysis. An electrochemical interface was consid- in that paper it is also stated that at low potentials (below the
ered to be unstable when metal adatoms were completelypotential of zero charge of Pt(111) in diluted sulfuric acid)
removed after one cycle up to 1.6 V. The complete removal and after metallic ruthenium is deposited, the desorption of
of ruthenium and osmium from the platinum surface is only chloride occurs. This is not totally true, since during sub-
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sequent anodic scans the breakpoint at 1.4 V can be alscrig. 4. Cyclic voltammetric profiles of metal adlayers (short dotted lines)
observed. obtained by (a) Method 1, (b) Method 2, and (c) Method 3 (60 s immer-

Fig. 3shows the adsorption of osmium-containing species sion time) oln pc platinum compared with bare platinum (continuous line)

. e at0.10 Vs +in 1 M sulfuric acid.

on pc platinum when the potential limit is extended up to
1.5V at 0.10 V1. In the first anodic scan, the inhibition of
platinum oxide formation is also evidenced, due to the pres-
ence of metallic osmium and oxygen-containing species at
a submonolayer level. According to results found by XPS 14 gjectrochemical response of ternary PYRU/Os sys-
core-level spectrgd] and in contrast to the case of ruthe- tomg in the hydrogen adatom potential region was studied
nium, metallic osmium can be found in the whole potential 1 e\jous to methanol oxidation. The comparison of voltam-
range, i.e., also up to 1.4 V. The nature of the oxidized metric profiles run from 0.05 to 0.80 V at 0.10 Visfor
species of osmium is OsCn the entire potential region e gifferent surfaces (obtained as explained in Se@jds
from 0.05 to 1.50 V, but with only 25% of a metallic 0s-  gnown inFig. 4
mium monolayef9]. From the observations &fg. 4, some conclusions can be

As in the case of Pt(111) surfac, our results on pc  extracted. First of all, the similarities between voltammetric
platinum confirm the voltammetric features found for 0s- profiles of surfaces covered by osmium-containing species
mium surface species. An anodic/cathodic current contri- and those of ternary systems are clear. The broad pattern of
bution (see inset irfrig. 3) can be seen from 0.7 t0 0.9V,  the hydrogen potential region and the lack of well-defined
assigned to the Os/Og@edox couple, which seems to be a peaks for the three curves resemble those of a solely os-
quasi-reversible system. This can be better observed whenmiym deposition. It seems that osmium species governed
the potential is scanned only up to 0.9 V (not shown in the deposition process when it was deposited before or af-
this paper). When the potential is extended up to 1.5V, the ter ruthenium. On the other hand, a detailed analysis of the
osmium submonolayer is oxidatively transformed as a new yoltammetric profile showed a slight enhancement of the so-
species at 1.1 V. This peak was observed before by Wieck-called third anodic peak of the hydrogen region in the case
owski and co-worker$6] on Pt(111) and was assigned to of osmium first adsorbed and ruthenium and osmium co-
an intermediate state between“®sand O8* species ac-  adsorbed on platinunF(gs. 4b and 4c This observation
cording to the binding energies from XPS measurements. makes us think that the osmium species adsorbs in a nonuni-
Moreover, it is also seen iRig. 3that the oxidation peak of  form layer, making possible the adsorption of hydrogen as
osmium species is only seen in the first positive incursion, the third anodic peak. This has been also verified by STM
probably due to the dissolution of &sadatoms at 1.50 V. images and XPS measurements on Pt(111) by Crown and
During the second cycle (see insethRig. 3), the shoulder  Wieckowski[7]. The authors found that osmium deposition
just prior to platinum oxide formation, located between 0.70 on a platinum single crystal occurs in a nonuniform mode
and 0.85, is better observed. This fact makes us think that thewith preferential deposition on edges of terraces and defects.
total dissolution of osmium oxygen-containing species is not These data were also found on Pt(110) and Pt(100) based on
possible in a single cycle. other STM images.

3.2. On the spontaneous deposition of binary combinations
on pc platinum
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Fig. 5. Cyclic voltammetric profiles of pc platinum after simultaneous
Os + Ru deposition (Method 3 in the text) by immersion in 0.5 mM  Fig. 6. Positive-potential-going scans of methanol oxidation on different

0Os*t + 0.5 mM Rt + 0.2 M sulfuric acid at 0.10 V3! in 1 M sul- prepared surfaces in 0.5 M metharetl M sulfuric acid at 0.01 Vs:
furic acid. Immersion times: O s (solid line), 60 s (dashed line), and 600 s (continuous line) bare pc platinum; (dotted line) Pt/Ru; (dash-dotted line)
(dotted line). Pt/Os; (dashed line) Pt/Ru—Os (obtained after 60 s of immersion).

The values of9 resulting from the calculations of the comparison between four linear positive-going voltammetric
voltammetric hydrogen adatom region in curves (a), (b), and runs within the range 0.05-0.80 V performed at 0.0t Vs
(c) of Fig. 4were 0.25, 0.22, and 0.23, respectively. on pc Pt, Pt/Ru, Pt/Os, and Pt/Ru—-Os (obtained according to
In the case of Method 3 deposition, the increase of the Method 3).
immersion time produces depletion of platinum oxide for- Some interesting features can be detailed here. In the case
mation §ig. 5. The characteristic osmium oxidative peak of Pt/Ru and bare platinum we can state that the onset of
located at 1.1 V is now shifted toward more positive po- methanol solution oxidation on Pt/Ru at potentials applica-
tentials; i.e., when ruthenium adatoms are present, osmiumble in the case of fuel cells (ca. 0.6 V) is slightly lower than
species are more stable on pc platinum. The anodic shoul-that obtained in the case of bare platinum, i.e., 30 mV. On
der just before platinum oxide formation, typical of Pt/Ru the other hand, the currents observed at higher potentials
or Pt/Os binary systems, only appears for immersion times (ca. 0.7 V) are almost similar on both electrodes but with
longer than 600 s. The degree of inhibition of platinum different slopes. A cross point at 0.72 V is observed, from
oxide formation is proportional to the immersion time as which methanol oxidation on bare platinum exhibits larger
well as to the extent of chloride oxidative desorption. In currents.
this case, increasing times of spontaneous deposition re- On the other hand, the onset potential for methanol oxida-
quire several potential cycles to desorb the metal from plat- tion of the Pt/Os presents the lowest value of all the explored

inum. surfaces, i.e., 0.40 V. Also, at 0.60 V, the current value is
comparable to that of bare platinum. The surface prepared by

3.3. Methanol oxidation on bare Pt, Pt/Ru, Pt/Os, and Method 3 curves shows the lowest current values of all the

ternary combinations studied surfaces. This means that the surface is not able to

exhibit active platinum sites for methanol oxidation because

One of the factors limiting the practical development of they are compromised for ruthenium and osmium interac-
methanol fuel cells is the poisoning of platinum anodes dur- tions with platinum.
ing their operation. Although this reaction is fast on bare  The reverse scan (not shown in the figure) presents higher
platinum, carbon monoxide appears as an intermediate in thecurrent values at 0.01 V4 for all of the studied surfaces.
reaction and poisons the surface. The better performance ofThe literature about methanol solution oxidation reports
binary catalysts compared to bare platinum due to the bi- lower currents in the reverse scans when higher potential
functional model for the fuel oxidation mechanism is well sweep rates are used (0.05-0.10V)g25,29]
known[45—48] Thus, cyclic voltammetry and chronoamper- These results were also attractive for ethanol oxidation
ometric plots of methanol in solution and residues adsorbatestudies on Pt(100)/Ru surfacg¥/]. It has been found that
oxidation on the different platinum-modified surfaces were in 0.1 M ethanol the currents for the oxidation occur on
studied in this work. Pt(100)/Ru at ca. 0.2 V before than that on bare Pt(100).

On one hand, methanol oxidation in solution was stud- Also the reverse cathodic sweep occurs with larger currents
ied in 0.5 M methanol 1 M sulfuric acid by linear sweep  because the potentiodynamic scan was performed at low
voltammetry on different platinum substratégy. 6 shows a scan rates (0.02 V$).
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Fig. 7. First cathodic and subsequent anodic voltammetric profiles of (yashed line) PYRu; (continuous line) PYRu with methanol adsorbed at
methanol oxidation residues producedtgly = 0.25 V in 1 M sulfuric acid Eaq=0.25 V; (dash-dotted line) pc platinum at 0.10 Visin 1 M sulfuric

1 ) ) . : .
at0.10 Vs~ on (dashed line) bare pc platinum; (dotted line) PURuU; (short  5¢ig. The vertical arrows show the double current contribution for methanol
dashed line) P/Os superimposed on the repetitive voltammogram of pc plat- .o.<iques oxidation.

inum in 1 M sulfuric acid (continuous line).

60 mogram of modified platinum in the supporting electrolyte
(1 M sulfuric acid) to consider the foreign metal dissolu-

40 tion during potential cycling (not shown in this case). It is
important to note that the residual charge density attained
20 - within the hydrogen region is the same for all the curves.

This means that even in the presence of ruthenium and os-

< of mium adatoms, the final coverage by hydrogen adatoms is
= the same independently of the explored surface. The same
-20 behavior is observed for the ternary systems.
Both figures show that the charge density involved in
-40 - the oxidation of methanol residues is lower in the case of
the modified surfaces than on bare pc platinum within the
-60 0.7-0.9 region. It seems that the oxidation potential range
. . . . . . . . . for methanol on the modified platinum surfaces extends up
-80 00 02 04 06 08 1.0 12 14 1.6 to 1.5 V. As was found beforgt9-51]for carbon monox-

E/V vs. RHE ide adsorption and electrooxidation on Pt(110) and nanodis-
persed platinum modified by ruthenium adsorption, a new
Fig-h8- lzlirsydcatl_thodic _;ind Subzequem angiig \)/(_Jltalln'\]/lmetlrfic.pfoﬁfs of form of adsorbate was detected, assigned to carbon monox-
o totad ey Bmsoe .14 chemisorbed on ruthenium islands. Therefore, a double
duced by Method 1; (dash-dotted line) Pt/Os/Ru produced by Method 2; Curren_t co_ntrlbutlon fO_I’ methanql reSqueS oxidation was
(short dashed line) PtRu-Os produced by Method 3 with an immersion found in this paper, as is shownkig. 9. This has also been
time of 60 s superimposed on the repetitive voltammogram of pc platinum observed by lwasita and co-workgi$] using RHEED pat-
in 1 M sulfuric acid (continuous line). terns to study carbon monoxide electrooxidation. The island
structure of ruthenium changed after surface oxidation of the
Since the electrooxidation of methanol on platinum is an molecule, reflecting the mobility of this metal on platinum.
electrocatalytic process, the formation of methanol residues The oxidation charge density of methanol residues found
on the different surfaces has to be analyzed. The selectedypically for the case of pc platinum is decreased because of
adsorption potentials for the organic molecule werHG the presence of oxidation of the foreign admetal. However, to
Ea3< 0.35V in 0.5 M methanok 1 M sulfuric acid solu- really conclude about the efficiency of the modified platinum
tion. Figs. 7 and &xhibit the first cathodic and subsequent surface toward methanol oxidation, a comparison between
anodic voltammetric stripping profiles of methanol oxida- methanol adsorption (in the hydrogen adatom region) and
tion residues produced on pc Pt, Pt/Ru, Pt/Os, and Pt/Ru/Osoxidation (in the region from 0.40-0.65 up to 1.50 V ac-
(prepared by Method 1), Pt/Os/Ru (prepared by Method 2), cording to the case) must be considered. In this way, the
and Pt/Ru—-Os (prepared by Method 3 using an immersion rationalized quotient between the charge of methanol adsor-
time of 60 s). The curves were compared with each voltam- bate oxidation Qo m) and the real amount of hydrogen dis-
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250
Table 1
Electrode surface Qu.m (LC/emP)  Qom (MC/enP)  Qo.m/2QH.Mm
Pt 1574 2959 0.94 200 -
Pt/Ru 944 1982 105
Pt/Os 812 2429 150
Pt/Ru/Os 60 1051 0.86 150 |
Pt/Os/Ru 60 1030 0.85 <
Pt/Ru—Os 8B 3352 195 2
T 100}
placed only by methan@lQy,m) was considered to evaluate
the “oxidation efficiency” of each modified surface. For this sor
purpose, the involved charges were calculated from graph-
ics; On.m (with area shown with vertical grids) ando m ol ! ! ! . L
(denoted as transversal grids). In order to improve the visu- 05 1.0 15 20 25 30 35
alization, hydrogen atoms displaced by ruthenium are also t21s"

shown as hOI’IZOI’lta_l _gr|d§able ].'ShO\.NS by Valu.es of the Fig. 10. Current transients for 0.5 M methanol solution oxidatioh M
stated Charge densities and their ratio for the different plat- sulfuric acid performed at 0.70 V onto (continuous line) bare pc platinum;
inum surfaces. (dashed line) Pt/Os, (dotted line) Pt/Ru-Os, and (dash-dotted line) Pt/Ru
According to the data ifable 1, Pt/Os and Pt/Ru surfaces electrode surfaces.
show a higher efficiency toward methanol oxidation than pc
platinum. Therefore, in spite of methanol having fewer plat-  Methanol oxidation current transients at a constant po-
inum sites to adsorb on than on bare platinum, the influencetential provide more detailed information about the oxida-
of the foreign metal as a new catalyst is evidenced throughtion kinetics on the different substrates. We have performed
the larger values of oxidation charges. Besides, in the case ofthe chronoamperometric curves in 0.5 M methapd M
simultaneous deposition of ruthenium and osmium on plat- sulfuric acid solutions on bare platinum, Pt/Ru, Pt/Os, and
inum, the efficiency of methanol oxidation is higher than on Pt/Ru—Os surfaces. The selected potential was 0.70 V, where
Pt/Os and Pt/Ru surfaces. On the other hand, this effect is notoxygen-containing species are present in all the study sur-
traduced for the subsequent deposition of ruthenium and os-faces. A background experiment was also performed in the
mium (and vice versa). In this case, the ratio betw@eyv absence of methanol (only with supporting electrolyte) to
and QO m is lower than one. Two situations account for this check for the double layer charging component at each po-
behavior: either the occupation of the foreign admetals in- tential. When this current contribution is subtracted, we can
hibits the adsorption of methanol in the hydrogen adsorption calculate the early stages of the methanol oxidation rate at
region or the catalytic activity of the ternary system is lower 0.70 V. Each plot shows a typical diffusion-control mecha-
than expected. This can be evaluated by subtracting the hy-nism for a dissolved molecule oxidation process. This as-
drogen charge density left by the foreign metals and that sumption was based on the linear behavior found for the
left by methanol. Considering the data Tdble 1 we can current transient vs the reciprocal of square root of time
see that the real factor that is affecting the efficiency toward (Fig. 10. Data taken from the linear regression of the cur-
methanol oxidation is the real catalytic effect of the surface, rent transients (within the domain 1.7-3:2'€") were used
since the surface concentrations of hydrogen adatoms ardo calculate the rate of methanol oxidation. These values for
nearly the same. the different surfaces were estimated from the ratio between
It has to be said that for the simultaneous adsorption of the slope of the current transient curve at zero time and the
ruthenium and osmium, the value of the ratio between the observed maxima current. The Pt/Ru—Os surfaces exhibit
oxidation charge for methanol and the hydrogen atoms re-the highest methanol oxidation rates (2:3)s followed by
placed by the alcohol is the largest of all. It seems that there Pt/Ru (1.8 s1). The rate for methanol oxidation on Pt/Os is
is a synergetic effect of both adatoms toward methanol ox- 1.7 s71, similar to that of Pt/Ru, whereas for bare platinum
idation (per the same amount of adsorbed hydrogen). Thisthe lowest value was found (1.1%. Again, a “synergetic
kind of results have been found previously by other authors effect” between ruthenium and osmium is evidenced in these
[3,46]for ternary (Pt—-Ru—0s) and quaternary (Pt-Ru—Os—Ir) experimental conditions.
alloys at different temperatures. The improved performance
of these catalysts can be explained by the bifunctional mech-
anism for methanol oxidation and the primary role of both 4. Summary
metals is the decrease of the onset potential for the wa-
ter decomposition. However, the interaction between foreign ~ The promotion of surface modifications of pc platinum by
metals on platinum as a contribution to explain this kind of the spontaneous deposition of ruthenium, osmium, or their
behavior can not be discarded. combinations results in new active surfaces with specific ac-
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