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New methods of controlled monolayer-to-multilayer depogition
of Pt for designing electrocatalysts at an atomic level
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Two new methods for monolayer-to-multileyer Pt deposition are presented. One
involves Pt deposition by the replacement of an UPD metal monolayer on an electrode
surface and the other the spontaneous deposition of Pt on Ru. The first method, exempli-
fied by the replacement of a Cu monolayer on a Au(111) surface, occurs as a spontane-
ous irreversible redox reaction in which the Cu monolayer is oxidized by Pt cations,
which are reduced and simultaneously deposited. The second method is illustrated by
the deposition of Pt on a Ru(0001) surface and on carbon-supported Ru nanoparticles.
This deposition takes place upon immersion of a UHV-prepared Ru(0001) crystal or Ru
nanoparticles, reduced in H,, in a solution containing PtCls%" ions. The oxidation of Ru
to RuOH by a local cell mechanism appears to be coupled with Pt deposition. This
method facilitates the design of active Pt-Ru catalysts with ultimately low Pt loadings.
Only a quarter of a monolayer of Pt on Ru nanoparticles yields an electrocatalyst with
higher activity and CO tolerance for H,/CO oxidation than commercial Pt-Ru alloy
electrocatalysts with considerably higher Pt loadings.
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INTRODUCTION

A great deal of effort has been devoted over the years to the development of fuel cell
electrocatalysts with the aim of increasing their activity and reducing the noble metal cata-
lyst loading. Currently, this research is experiencing a considerable momentum. In the late
sixties, D. Drazi¢ made a significant contribution to the pioneering efforts in the develop-
ment of fuel cell catalysts! and fuel cell designs.2 The most recent efforts have been focused
on improving the so-called CO tolerance of Pt-Ru catalysts, 7.e., their activity for the oxida-
tion of H that is obtained by reforming methanol, which inevitably contains a certain con-
centration of CO.3#* Despite considerable advances in the development of these electro-
catalysts, their activity and CO tolerance are still unsatisfactory and the Pt loadings are too
high. In this article two new Pt deposition methods, which involve Pt deposition by replace-

* Dedicated to Professor Dragutin M. Drazi¢ on the occasion of his 70th birthday.

# Serbian Chemical Society active member.
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ment of a UPD metal monolayer’ and the spontaneous deposition of Pt on Ru,° are de-
scribed. The latter has been used to obtain electrocatalysts with improved properties that can
alleviate both the above impediments for polymer electrolyte (PEM) fuel cells that use a
H,/CO mixture from methanol reforming.3.7

Modification of electrocatalyts by metal monolayer deposition has been the sub-
ject of intensive research. The modification involve underpotential metal deposition
(UPD),8 spontaneous non-noble metal deposition? and noble metal deposition.!0-11
More recently, highly complex methods, like electron beam lithography!2 or STM tip
induced metal deposition,!3:14 have been suggested. For Pt, which is the most impor-
tant electrocatalyst, the initial deposition stage at room temperature commences with
the immediate formation of a 3D nuclei which later evolve into 3D islands having a
non-uniform size, shape and distribuion over the surface. This is the case even if the de-
position process is limited to the submonolayer regime.!> An exception is the result of
Uosaki et al.1© who found epitaxial growth of a Pt monolayer on Au(111) from an or-
dered PtClg2~ anion adsorbate at a very small overpotential, which required long depo-
sition times. Thus, the conventional electrodeposition processes are not promising for
the preparation of bimetallic surfaces with controlled amounts of Pt and tailored Pt
adlayer morphology. In the following, the replacement of an ordered UPD Cu adlayer
on Au(111) with a more noble Pt submonolayer, as well as the spontaneous deposition
of Ptona Ru(0001) single crystal surface and on Ru nanoparticles, as methods to allevi-
ate these problems and design electrocatalysts at the atomic level, are reported.

EXPERIMENTAL

The Ru(0001) and Au(111) single crystal 8x3 mm disks, obtained from Metal Crystals and Ox-
ides, Cambridge, England, were polished with diamond pastes down to the 0.3 pm grade and addition-
ally oriented to better than 0.1°. The Au(111) crystal was electropolished!” and annealed in a hydrogen
flame prior to each experiment. The Ru(0001) single crystal was prepared in ultra-high vacuum (UHV),
following the standard procedure for Ru.!® The chamber was then filled with ultra-pure Ar and the crys-
tal was transferred from the UHV chamber into an Ar-filled glove box and immersed in the PtCl2" solu-
tion for a certain time. After removal from the solution, the crystal was throughly rinsed with 0.1 M
H,SO4 and ultra pure water and, protected by a water drop, transferred to an electrochemical or STM
cell. An annealed Pt wire was used as a pseudo-reference electrode in all the STM experiments while a
standard Ag/AgCl/Cl™ and areversible hydrogen electrode (RHE) were used for all the electrochemical
experiments. STM studies were performed using a Molecular Imaging Pico STM with a 300S scanner
and 300S Pico Bipotentiostat. The cell was made of Teflon and the STM tips were prepared from 80:20
Pt/Ir wire, insulated with Apiezon wax. The cell for in situ infrared spectro-electrochemical measure-
ments and the optical path have been described previously.!® A Mattson RS-10000 spectrometer and a
PAR 273 potentiostat, both computer controlled, were used.

RESULTS AND DISCUSSION

Replacement of an UPD Cu monolayer by Pt

The obtained cyclic voltammogram for Cu UPD on Au(111) in 0.1 M HSO4 +
0.1 M Cu?* solution (Fig. 1) is in agreement with those in the literature.20 The two
peaks at about +0.24 Vand +0.03 V vs. Cu/0.1 M Cu?* in Fig. 1 represent potential re-
gions where the UPD of Cu forms two ordered phases with distinct structures.2! At a
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potential of 0.005 V, where the Cu adlayer has a 1x1 structure, the Au single crystal was
removed from the solution into an Ar atmosphere with a preserved Cu monolayer .
Then, the crystal was immersed into a solution containing 0.1 mM PtClg?~ and kept in
the solution for 3 min to accomplish the replacement of Cu by Pt. Finally, it was thor-
oughly rinsed in HNOj3 and Millipore water and, protected by a drop of water, trans-
ferred to the STM cell.

B r.plr\\'

Fig. 2. STM images of a Pt submonolayer on Au(111) obtained by the replacement of a UPD Cu
monolayer (see text for details). Image A: 320 x 320 nm, Z range 3 nm, image B: 105x105 nm Z
range 1 nm. Images recorded in 0.1 HCIOy at a potential 0.52 V vs. a standard Ag/AgCl/Cl-
electrode.

Figure 2 (A and B) shows two STM images of the two-dimensional Pt deposit
formed on an Au(111) surface by the above procedure. Both images were obtained in
0.1 M HCIO4 at a potential 0.52 V vs. a standard Ag/AgCl/Cl~electrode, which is posi-
tive of the UPD of Cu on Pt. Therefore, the entire deposit formed on the Au(111) surface
consists of Pt metal and no residual Cu can be present on the surface. The Au(111) sin-
gle crystal surface is covered by a uniform, fine, one monolayer high Pt deposit. The Pt
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deposit is not formed as a continuous layer on the Au(111), surface but as a fine struc-
ture, which is better seen in image B (105 nmx105 nm) where the STM tip can resolve
small 3 to 5 nm monoatomic clusters. These Pt nano-clusters are partially intercon-
nected, but a large part of them are separated by small and narrow regions of bare Au
surface (“nano-voids”). This produces an unusual, textured submonolayer deposit that
uniformly covers the whole surface of the Au electrode. There is no sign of any prefer-
ential Pt deposition along step edges or on other defect sites on the Au surface, which is
usually the case in electrodeposition processes.

The spontaneous deposition of Pt on a Au surface at open circuit potential is not
known, so the only possibility is that the Pt deposition on Au(111) was induced by the
Cu UPD adlayer in contact with the solution containing PtClg2~ ions. The process oc-
curs as a spontaneous irreversible redox reaction in which one Pt** ion from the solu-
tion oxidizes two Cu UPD adatoms, while it is simultaneously reduced to Pt0, viz.,

2Cu%Au(111) + PtClg2~ = Pt0/Au(111) + 2Cu2* + 6Cl- (1)

The driving force for this reaction is the positive difference between the equilib-
rium potential of Pt in contact with its solvated ions and the equilibrium potential of the
Cu UPD adlayer.22:23 The amount of Pt deposited by the displacement of a full UPD
monolayer of Cu is limited to a coverage of 1/2 ML because Cu oxidation can supply
two electrons per adatom, while four electrons are necessary for the reduction of a Pt4*
ion (cf., Eq. (1)). Ideally, only if all of the Pt clusters were one atom high, would their
coverage be an average 50 %. This is almost achieved in this case since the STM images
in Fig. 2 show that, except for a few, all the Pt clusters are of monoatomic height. The
uniform coverage by Pt clusters suggests that the initial nucleation of Pt is also uniform.
The possible explanation for this could be that in initial stage of the redox process elec-
trons are transferred directly from the Cu UPD adatoms to the Ptions in the double layer
through direct adatom-ion interaction. Upon reduction of the Ptions, the Pt adatoms can
diffuse over the surface to form Pt clusters or to meet other Pt adatoms and form stable
nuclei. Simultaneously, the oxidized Cu adatoms dissolve and Cu?* ions diffuse into
the solution. The fact that the Cu UPD layer covers the Au surface uniformly means that
the probability for the initial Pt4" — Cu® interaction is similar over the entire surface and,
consequently, a uniform formation of Pt nuclei can be expected. The large-scale image
in Fig. 2 shows that this is actually achieved. An alternative procedure which facilitates
a multilayer Pt deposition in this system has been described elsewhere.>

Spontaneous deposition of Pt on Ru(0001)

Spontaneous deposition of Pt on Ru is an unusual phenomenon, which involves a
monolayer-to-multilayer deposition of one noble metal (Pt) on another noble metal
(Ru). The spontaneous deposition of Pt on Ru(0001) was carried out from 102 and 104
M [PtClg]?~+ 0.1 M H,SOy4 solution. The Ru crystal was immersed in the platinum con-
taining solution immediately after transfer from the UHV chamber to an Ar-filled glove
box. The images were recorded in 0.1 M H>SOy4 solution at a potential of 0.150 V vs.
AgCl/CI-. The morphology of the Pt deposit on a Ru single crystal immersed ina 104 M
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Fig. 3. STM images in H,SOy solution of (A) Pt clusters spontaneously deposited on Ru(0001) in
0.1 mM H,PtClg + 0.1 M H,SO, solution (see text for details), (B) Pt adlayer spontaneously depos-
ited on Ru(0001) in 10 mM H,PtClg + 0.1 M H,SOy4 solution (see text for details). Image A: 200x
200 nm, Z range 5 nm, image B: 100x100 nm, Z range 2 nm. Images recorded at the open circuit
potential in 0.1 M H,SOy4.

PtClgZ + 0.1 M H,SOy4 solution for 2 min is presented in Fig. 3 A. It can be seen that the
Ru surface is decorated with a great number of Pt clusters, some of which were nucleated
predominantly on the step edges. The Pt clusters have a column shape and relatively uni-
form size. Their height is in the range of 3 to 5 nm (10—15 ML) and their diameter is be-
tween 610 nm (Fig. 3 A). The clusters cover about 35 % of the Ru surface, as determined
from the STM images. By assuming the average height of the clusters to be 4 nm (=13
ML), it can be estimated that the total amount of Pt deposited is between 4 and 5 ML.

Arepresentative STM image of a Pt deposit obtained by immersing a freshly pre-
pared Ru single crystal in a 102 M PtClgZ + 0.1 M H»SOy4 solution for one minute
(half the time for the deposit in Fig. 3A) is shown in Fig. 3B. The entire Ru surface is
covered with 2—6 nm-sized Pt clusters. There is an indication of a slight preferential de-
position of Pt on the step edges. The average height of the Pt clusters deposited on the
Ruterraces is 2 ML, while the clusters that are deposited along the step edges are in gen-
eral one monolayer higher (3 ML). Since most of the Pt clusters have a very similar
height and size, the morphology of underlaying Ru(0001) surface (steps and terraces)
can be easily recognized (Fig. 3B). The STM images show that about 92 % of the Ru
surface is covered and the total amount of deposited Pt is approximately 2 ML. Figs. 3A
and 3B show that, depending on the experimental condition, Pt deposits of vastly differ-
ent morphologies can be obtained on Ru(0001) surfaces.

Although the concentration of the solution in each experiment was different, a
comparison of the amount of deposited Pt shows that it is proportional to the time of the
crystal immersion. This was confirmed when the time was extended to 30 min in 10-3
M Pt solution when the amount of deposited Pt was > 10 ML.© It is also interesting that
even though the concentration of the solution in the case of Fig. 3B was 100 times
higher than in the case of Fig. 3A, the amount of Pt deposited was less since the time of
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immersion was half as long. It seems that concentration, as a parameter, does not play a
decisive role in determining the amount of deposited Pt. On the other hand, the mor-
phology of the Pt deposits obtained in experiments with a shorter immersion time (Fig.
3A,2min. and Fig. 3B, 1 min) suggests that the density of the Pt clusters on a Ru surface
is dependent on the concentration of the PtClg2~ ions. The concnetration of the PtClg2-
ions in Fig. 3B is two orders of magnitude higher than in Fig. 3A. This is the most prob-
able explanation why the density of the clusters in Fig. 3B is approximately 25 times
higher than in Fig. 3A.

These results indicates that the spontaneous deposition of Pt on a Ru(0001) sur-
face when monolayer-to-multilayer deposits are formed is a different phenomenon
from the spontaneous deposition of Ru or Pd on Pt as illustrated by Ru/Pt(hkZ)10:11 and
Pd/Pt(hkl)?S systems where submonolayer amounts of metal were deposited apparently
through an irreversible anion adsorption, since an additional voltammetric treatment
was necessary to obtain metallic deposits.

It is interesting that no spontaneous deposition of Pt occurred on a Ru(0001) sur-
face that had been immersed in 0.1 M H,SOy4, 0.1 M HCIO4 or pure H>O for some time
(1-30 min) prior to the addition of PtClg?~ ions, i.e., the formation of an observable Pt
deposit was not detected by in situ STM experiments. This suggests that only a freshly
UHYV prepared Ru(0001) surface in contact with a PtClg2~ containing electrolyte is sus-
ceptible to spontaneous Pt deposition. In addition, it also suggests that RuOH, which
can form in contact with HoO under such conditions, reduces or prevents spontaneous
deposition of Pt. Our in situ surface X-ray scattering (SXS) and STM studies of
Ru(0001) surface in acidified solution?® showed that Ru strongly interacts with HyO
molecules even at the open circuit potential and forms an adlayer similar to RuOH. The
difference between a Ru-H,O adlayer formed in contact with H>O at the open circuit
potential and a RuOH adlayer formed by applying an oxidation potential lies only in the
Ru-O interlayer separation.26 The Ru interaction with HyO molecules could be pro-
moted to some form of oxidation of Ru if the immersing electrolyte contains some oxi-
dizing species such as noble metal ions. This can account for the initial stage of the ob-
served spontaneous deposition of Pt on Ru(0001) from PtClg?~ solution. The driving
force for this process, AU, could be the difference between the potential of PtClg2~ re-
duction (onset of Pt deposition!¢), and the potential of Ru® oxidation, viz.,

AU = AEp+/pt — AERy(oxidized)/Ru > 0 2)

Here AER0/ Ru(oxidized) Stands for the potential of the general oxidation reaction
defined by Eq. (3);

Ru® + x(H,0) = RuO,H,, + (2x-»)H" + (2x-y)e 3)

Itis, however, not clear to what extent the Ru oxidation reaction occurs in a spon-
taneous multilayer deposition of Pt. The fact that Pt can form a multilayer deposit on a
Ru surface indicates that, either the oxidation of Ru to Ru(OH) is not limited to strictly
one (surface) monolayer, or a higher oxidation state of Ru is formed, or some third reac-
tion occurs. The oxidative dissolution of Ru can be excluded because it occurs at poten-
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tials more positive than the equilibrium potential of Pt/PtClg2~.27 It is well known that
ruthenium can easily form the oxygen containing species RuOH by reaction (3) with x,
y = 1. The onset of this reaction on Ru(0001) in non-adsorbing acid solutions is at £ =
0.05 V vs. Ag/AgCl/CI-.26 This is more negative than the equilibrium potential of
Pt/PtClg2, and the condition for the spontaneous deposition of Pt defined by Eq. (2) is
satisfied. /n situ SXS and voltammetry of the oxidation of Ru(0001), however, show
that oxidation beyond a monolayer of RuOH requires very high potentials above 1.2
V.26 Therefore, further work is needed to clarify this question.

Electrocatalytic properties of Pt submonolayers on carbon supported
Ru nanoparticles

The approach developed in the study of the spontaneous deposition of Pt on
Ru(0001) was extended to the system where the Ru substrate was present in the shape
of carbon supported nanoparticles. It was found that spontaneous deposition of Pt also
occurs on Ru nanoparticles reduced in Hj at elevated temperatures. This opens the pos-
sibility of decorating the surface of Ru nanoparticles with two-dimensional Pt clusters
and thus to “tailor” the properties of the Pt/Ru bimetallic electrocatalysts on an atomic
level. In addition, this approach facilitates a considerable reduction of the Pt loading by
depositing Pt only at the surface of the Ru nanoparticles rather than having Pt distrib-
uted throughout the Pt-Ru nanoparticles. In contrast to Pt-Ru alloy catalysts, this struc-
ture has all the Pt atoms available for the catalytic reaction. The properties of the new
Pt/Ru catalyst prepared in this way were tested and its activity compared with that of
commercial Pt-Ru alloy catalysts with the same nanoparticle size.

A preparation of this Pt-Ru electrocatalyst involved the treatment of Ru (10 %)
nanoparticles on Vulcan XC-72 carbon in a Hy atmosphere at ~300 °C for 2 h. After
cooling to room temperature, they were immersed in a solution of PtClg2~ ions. The en-
tire procedure was performed in either a Hy or an Ar atmosphere and the amount of Pt
available for spontaneous deposition was controlled by the concentration and volume
of the immersing solution. The modified nanoparticles were dispersed in 100 ml of
ultrapure water and sonified for 30 min. Aliquots (several pl) of a sonificated dispersion
of Pt modified Ru nanoparticles were applied to a glassy carbon rotating disk electrode
and covered with very thin Nafion® films.28

A considerable amount of work has been done on the characterization of carbon
supported metal nanoparticles. The prevailing view is that they are in the form of
cubo-octahedral?® and icosohedral3? structures. Our high-resolution transmission elec-
tron microscopy (HRTEM) data show that the Ru nanoparticles were on average 2 nm
in diameter and that they grew to 2.5 nm upon deposition of Pt. A model of a
cubo-octahedral Ru nanoparticle with a quarter ML of Pt and a possible distribution of
the Pt clusters is given in Fig. 4.

To establich the optimal testing methodology, the mass-specific current for Hp
oxidation was measured as a function of both the Pt loading and the Nafion® film thick-
ness by decreasing them gradually from the commonly used values.?8-3! For each sam-
ple, the current density at 50 mV was measured at 2500 rpm and normalized to the Pt
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Fig. 4. Model of a cubo-octahedral Ru nanopaticle covered by a quarter of a Pt monolayer.

loading. Although there are certain statistical errors resulting mainly from the measure-
ments of the loading and variations in the smoothness of the catalyst layer, the trend can
be clearly seen in the results listed in Table I. For E-TEK Pt/Ru catalysts, the
mass-specific current increases several times with decreasing Pt loading and Nafion®
film thickness. The effect of the Nafion® film becomes negligible below a thickness of
10 nm. Significant irreproducibility was encountered with the electrodes with 1.95
pg/cm? loading. More reliable data were obtained, however, for slightly larger Pt load-
ings of 3 png/cm? and they represent the activity of the E-TEK Pt/Ru catalyst. The results
for the catalysts prepared by the spontaneous deposition of Pt with three different Pt:Ru
ratios are also given in Table I. The activities are about three times those of the E-TEK
Pt/Ru alloy. These data indicate that even with a low Pt coverage on Ru its activity for
H; oxidation is preserved, which is a prerequisite for an active CO tolerant catalyst.

Figure 5 displays a comparison of the current as a function of time recorded at 2500
rpm for the oxidation of Hy with 100 ppm of CO for the electrocatalysts PtRuy( obtained by
spontaneous deposition, and for the E-TEK Pt/Ru catalyst. The catalyst loadings are calcu-
lated with respect to the total amount of Pt and they were 0.95 and 2.93 pg/cm?, respec-
tively. The time dependence of the normalized current density at 50 mV shows a consider-
ably better CO tolerance of the electrocatalyst obtained by spontaneous deposition despite
the three times lower amount of Pt. The current density used for normalization was the cur-
rent density for the oxidation of pure Hp, which was the same for both electrocatalysts. Dur-
ing the first 20 min, not shown in the graph, Hp/CO mixture was bubbled through the solu-
tion while the electrodes were subjected to the same polarization and rotation regimes as in-
dicated in the Figure. The curves in Fig. 5 represent typical results.

The higher CO tolerance of the spontaneously deposited Pt on Ru than that of the
Pt-Ru alloy electrocatalyst is likely to be a consequence of the combination of an electronic
effect and the bifunctional mechanism. The latter has often been cited for the Pt-Ru system
because of RuOH formation at low potentials, which helps in CO oxidation. At low
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Fig. 5. Time dependence of the normalized current for the oxidation of H, with 100 ppm CO in 0.5
M H,SOy4 at 25 °C obtained using a thin-film rotating electrode at 2500 rpm,; j is the H, oxidation
current. During the first 20 min the current fluctuations (not shown) are large due to the condition-
ing of the solution.

overpotentials, viz., 50100 mV, in addition to RuOH, the Ru surface is covered by strongly

adsorbed H,0, as shown in our recent X-ray scattering study of the Ru(0001) surface.20

Both species are probably participating in the oxidation of CO. As a consequence of the

modified electronic properties of the Pt submonolayer and of the Ru substrate, the bonding

of CO with Pt and Ru is expected to be weaker than with the two metals in pure phases.

TABLE I. Mass-specific current () measured at 50 mV at 2500 rpm for H, oxidation in 0.5 M H,SO, at
25°C asa function of Pt loading and Nafion® film thickness for an E-TEK Pt-Ru electrocatalyst and the
electrocatalyst Pt-Ru, obtained by spontaneous deposition.

Sample Pt/(nmol/cm?) Pt/(ug/cm?) Diafion/(nm) J/I(A/mg)
PtRu 100 19.5 100 0.13
PtRu 25 4.88 50 0.52
PtRu 15 2.93 10 0.82
PtRu 15 2.93 5 0.86
PtRu 15 2.93 1 0.90
PtRu 10 1.95 1 1.05
PtRus 5 0.95 1 2.58

PtRujo 5 0.95 1 2.48

PtRuy 5 0.95 1 2.64

PtRuy 3 0.57 1 3.74
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In situ FTIR measurements of CO adsorption on Ru(0001)/Pt

The CO stretching frequency is considered to be a useful probe of the modifica-
tion of surfaces to which CO is adsorbed. Fig. 6 displays SNIFTIR spectra for CO ad-
sorbed on the submonolayer of Pt on a Ru(0001) surface as a function of potential. Two
bipolar bands have potential-dependent frequencies, which change from 2011 to 2021
cm! and 2070-2073 cml. The first band is associated with CO adsorbed on
Ru(0001), but shifted to higher frequencies compared to the band between 2000 to
2013 cm! 24 for bare Ru(0001) obtained under the same conditions. The second band
which lies between 2075 and 2080 cm ! is due to CO adsorption on Pt and is red-shifted
in comparison to the band for Pt(111).32 This indicates a decrease of the bond strength
of CO to Ru and an increase of the bond strength to Pt. The decrease in frequency of the
vibration observed for Pt-Ru alloys in comparison to Pt has been interpreted as a sign of
a stronger bond of CO to the alloy.32

-AR/R=0.1%

800 mV
P

2060
700 mV

2062,°\2018
600 mV
2067, 2020

400 mV

Fig. 6. SNIFTIRS spectra for a Ru(0001) electrode
with a submonolayer of Pt in a CO-saturated 0.1 M
H,SOy4 solution. The reference spectrum was ob-
tained at 0.075 V and the sample spectra were taken
from 0.10 V incremented by 100 mV up to 0.80 V.
150 2100 2050 2000 1950 190 8192 scans were co-added in 16 cycles, 512 scans

wavenumbers (cm'l) each; the rqsolution was 8 cm™!. The spectra are off-
set for clarity.

2014 100 mvV

Theoretical calculations for Ru on Pt clusters also indicate a small increase in bond-
ing energy (decrease in frequency) and a preferential adsorption of CO on Ru.33
The argument is based on the work function difference between Pt and Ru and the
expected charge transfer from Ru to Pt which supports the increased bond strength
to Pt. Therefore, the observed decrease in frequency for the CO on Pt band may not
be surprising. It is, however, important that an increase of the band frequency is ob-
served with respect to Ru (2000-2020 cm~1).24.34.35 In addition, an icrease of the
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band frequency is observed if the Pt band is compared to the single band for a Pt-Ru
(50:50) alloy (2055-2065 cm™!), indicating a weaker bond to Pt in this electro-
catalyst than with the Pt-Ru alloy. On the other hand, the temperature programmed
desorption (TDS) data for CO on Pt on Ru(0001) indicate a decrease in bonding
strength of CO to Pt.36 The reasons for a difference between the IR and theoretical
studies, and the TDS data are not clear at present.

CONCLUSIONS

Two new Pt deposition techniques are presented that potentially have an impor-
tant application in the prepartion of fuel cell catalysts with very low Pt loadings. In addi-
tion, they facilitate studies of the cluster size effect in electrocatalysis and of the proper-
ties of bimetallic surfaces. In both cases, Pt deposition occurs as a spontaneous process
yielding Pt deposits with a uniform coverage and nanometer scale morphology. An im-
portant feature of the UPD monolayer replacement method is that the deposition is a
surface adlayer controlled reaction, where the amount of deposited Pt is determined by
the UPD metal monolayer coverage.

The spontaneous deposition of Pt on Ru(0001) is a new phenomenon involving a
noble metal deposition on a noble metal substrate. A local cell mechanism appears to be
responsible for Pt deposition on Ru, where Ru oxidation to RuOH is the cathodic reac-
tion occurring on the crystal surface. The coverage and morphology of the Pt deposit
can be conveniently controlled by the time of crystal immersion and concentration of
PtClg2~ ions. The electrocatalysts prepared by the spontaneous deposition of Pt on Ru
nanoparticles have high activity and high CO tolerance exceeding those of the
state-of-the-art commercial catalysts containing several times higher Pt loadings.
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HOBU METOJU 3A KOHTPOJIMCAHY MOHOCJIOJHO U MYJITUCIIOJHO TAJIIOXEBE
Pt 3A IU3AJH KATAJINBATOPA HA ATOMCKOM HUBOY

CTAHKO P. GPAHKOBWMH, J. X. WANG u PATTIOCJIAB P. ALINh

Materials Science and Technology Department, Brookhaven National Laboratory, Upton, New York, USA

Y oBOM pajy cy Impe3eHTOBaHaA IBa HOBAa METOAA 32 KOHTPOJIMCAHO MOHOCIOJHO H
MYJITHUCIOJHO Tajoxkewe Pt. IIpBu MeTop je Ga3mpaH Ha 3aMEHM MOHOCIIOjeBa MeTaja Ta-
JIOKEHUX Ha MOTIOTEHIKjaIuMa | JIaT je Ha mpuMepy 3amene Cu Monocioja Ha Au(111) ca
TapuxjaTHAM MOHOCIIOjeM TaTtuHe. [Ipyru metop je 6a3upaH Ha HOBOM (heHOMEHY CIIOH-
TaHOT TaJoXemwa Pt Ha MeTanny noBpiuHy Ru. [To npBom MmeToay Cu MOHOCIIOj Ce OKCHIMIIIE
joHnmMa Pt KOjU ce NCTOBPEMEHO PEAyKyjy 1 TaloKe Ha MOBPIIUHY 371aTa. CIIOHTaHO TaJo-
kewe Pt Ha Ru ce gemaBa Kajj ce Ru Kpucrasn NpuinpeMibeH y BUCOKOM BaKyymy, win Ru
HaHOYECTHIe peiyKoBaHe y Hy Ha MOBHIIEHO] TEMIIepaType, YHECY Y pacTBOP KOjU Caip>Ku
H,PtClg. Tanoxkeme ce ofjBUja o MEXaHU3My JIOKaJlHe TanBaHcke henuje y3 okcupanujy Ru



898 BRANKOVIC, WANG and ADZIC

1o RuOH koja ce oaBuja Ha NOoBpUIMHY eleKTpoge. OBaj METO[ IIpy2Ka 3HauajHy IOTOJHOCT 3a
nu3aja Pt/Ru kaTtanm3aTtopa ca BeoMa MajaoM KonmanHOM Pt. Ru HaHOYecTHuIe ca cTeneHoM
INOKPHUBEHOCTU Off caMo 1/4 MoHocnoja Pt mokasyjy 3HauyajHO NMOOOJBbIIAHY TOJIEPAHLU]Y
npema CO u Behy akTUBHOCT 3a okcupanyjy Hy y mopebemy ca Haj60bIM KOMEPIHjaTHIM
Pt-Ru karanusaropuma.

(ITpumibeno 15. jyna 2001)
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