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Abstract We investigated the 3ds, core-level binding
energy of Ru in Ru nanoislands spontaneously depos-
ited on a Pt(111) electrode [Pt(111)/Ru], and the binding
energies of 3ds), iodine and 1s CO adsorbed on Pt(111)/
Ru by the use of X-ray photoelectron spectroscopy.
Both iodine and CO were used as surface probes of the
electronic properties of Pt(111)/Ru. Little difference was
found in the binding energy of Ru in Pt(111)/Ru and in
Ru(0001). However, the addition of Ru to Pt(111)
induces major changes in the core-level binding energies
of chemisorbed iodine and CO as referenced to those
adsorbed on Ru(0001). We conclude that the iodine 3ds,
> and CO 1s C core levels experience higher electronic
charge on Pt(111)/Ru than on Ru(0001), suggesting a
charge transfer from Pt to Ru, or to a Ru-I “‘surface
molecule” within the deposit. The charge transfer from
Pt to Ru is in agreement with the result of previous in
situ electrochemical NMR investigations [P.K. Babu,
H.S. Kim, A. Wieckowski, E. Oldfield (2003) J. Phys.
Chem. B 107:7595] and confirms the general trend of
reduction in the density of states of Pt due to alloying
with Ru [J. McBreen, S. Mukerjee (1995) J. Electrochem.
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Introduction

There is a need to better understand the promoting cata-
lytic effect due to intermixing of metals in small molecule
oxidation for fuel cells[1, 2, 3,4, 5,6,7,8,9,10, 11, 12]. In
this regard, a frequently asked question is what is the best
electronic-level observable that correlates with the fuel
cell (and related) catalytic activity? On one hand, density
functional theory indicates that the theoretical factor to
correlate to the activity is the projected center of the
d-band [13]. On the other hand, the frontier orbital theory
of heterogeneous catalysis requires that Fermi level local
densities of states (E-LDOS) account for electronic sur-
face structure effects in the activity [14, 15].

The center of the d-band offers a direct indication of
the reactivity (bond energies and hence activation ener-
gies) at sites of different geometry, and is indicative of
modifications in catalytic properties due to intermixing of
metals, for example, in a bimetallic catalyst. In such a case,
the experimental observable to correlate with the d-band
shift is the degree of the surface core level shift, or binding
energy (BE) shift, offered in X-ray photoelectron spec-
troscopy (XPS) experiments [16]. Conversely, electro-
chemical (EC) NMR provides quantitative estimates of
the E-LDOS[17]. The E~LDOS represent the availability
of metal surfaces to donate/accept electrons to/from a
metallic promoter to the host metal, and is a measure of
the capacity of surface electrons excited with zero energy
in responding to perturbations such as those by the
addition of a second metal, and/or the addition of an
adsorbate. While these two experimental approaches (BE



and E~LDOS) may not be contradictory, experimental
results can add credence to one of these, or to the two
theoretical approaches. Ultimately, when a sufficient
database of the BE observables is obtained, it will be
available to theorists and will increase the predictive
power of their computational methods in the future.

In this perspective, evidence was presented by this
group [18] and by the Smotkin group [19] that Ru must
be metallic to function as an effective catalyst promoter
of Pt in the CO surface poison oxidation; a process of a
vital importance in fuel cell catalysis. We therefore
believe that it is imperative to understand Pt metal-Ru
metal interactions on the electronic level [20]. As we are
particularly interested in Ru nanoislands deposited on
Pt single-crystal electrodes, we study in this report such
nanostructured Pt(111)/Ru electrodes by the use of XPS.
We generate the Pt/Ru surfaces by using the method of

Fig. 1 Scheme showing the lateral view of the ultrahigh vacuum
(UHYV) electrochemical (EC) system. Depicted are from left to
right: UHV manipulator, UHV chamber, EC chamber, EC cell and
motor-driven (horizontal) manipulator with the shuttle and sample
(now inside the UHV chamber). Inset (notice 180° rotation versus
the demonstrated shuttle position in the UHV chamber): locking of
the shuttle on the UHV manipulator after 90° rotation of the
crystal. After transferring the shuttle from the horizontal to
the UHV manipulator, the sample surface is at 30° with respect
to the analyzer entrance slit (not shown). The angle between the
sample surface and the incident X-ray beam is also 30°, and that
between the analyzer and the incident X-ray beam is 90°
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spontancous deposition [21]. Namely, by immersion of
Pt(111) in Ru admetal-containing solutions, the Pt sur-
face becomes ‘“‘decorated” by Ru nanoislands and/or
clusters of adjustable packing density and height. The
XPS measurements of such surfaces may allow us to
investigate the BE difference (ABE) between Ru atoms in
the Ru islands on Pt(111) and Ru surface atoms in the
Ru(0001) substrate. We also studied iodine and CO
adsorbed on Ru-island-covered Pt(111)/Ru surfaces. In
the future, this work will be extended to other metal—
metal systems of importance to fuel cell catalysis.

Materials and methods
Experimental

All experiments were carried out at ambient temperature
(25%2 °C). The chemicals used were sulfuric acid (GFS,
double distilled from Vycor), RuCl;xH,O (Alfa Aesar),
CO (Matheson, research purity), KI (Alfa Aesar), and
Millipore water. Cyclic voltammetric measurements
were carried out using a PAR 362 potentiostat and
associated auxiliaries. The potentials were measured
against a homemade Ag/AgCl electrode in Millipore
water, but are reported versus a reference hydrogen
electrode. Argon (S.J. Smith Welding Supply, ultrahigh
purity) was used to maintain an inert atmosphere in the
EC cell compartment (Fig. 1).
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Pt(111)/Ru surfaces were obtained by the method of
spontaneous deposition, as mentioned previously. The
deposition was performed in 1 mM RuCl; and 0.1 M
H,SO, solutions for 5 min at an open circuit potential.
After the spontaneous deposition, the electrode surface
was rinsed with pure water to remove Ru-containing
solution adhering to the Pt(111) surface, and the elec-
trode was next subjected to a few voltammetric cleaning
cycles at a scan rate of 50 mV/s between the onset of
hydrogen evolution (at 0.08 V versus a reference
hydrogen electrode) and the open circuit potential
(0.90 V) in 0.1 M H,SO,, before final reduction of the
Pt/Ru deposit at 0.08 V for 30 min. This yielded metallic
Ru coverage of around 0.2 monolayers. Higher Ru
coverage (between 0.30 and 0.50 monolayers) was ob-
tained by repeating the deposition/stabilization proce-
dure, ie., by performing a multiple spontaneous
deposition, as reported before [21].

The single-crystal surfaces studied here, which ter-
minated disk-shaped crystals of Pt and Ru, were 10
[Pt(111)] and 6 mm [Ru(0001)] in diameter. The Pt(111)
and Ru(0001) single crystals were obtained from Accu-
met Materials and MaTeck, respectively. Pt wires spot-
welded to the back of the crystals connected the crystals
to the sample holder (the shuttle in Fig. 1). Remnants of
copper present on the back of the crystal were removed
with nitric acid before a crystal was connected to the
shuttle. The crystal surface in ultrahigh vacuum (UHYV)
was cleaned by argon ion bombardment and subse-
quently by hot argon ion bombardment, and finally it
was annealed at high temperature in UHV (including,
when needed, annealing in an oxygen atmosphere at
10~® Torr). The surface cleanliness was controlled by
XPS.

XPS instrument

The EC UHV-XPS instrument used for this study was
an enhanced version of the Auger/low-energy electron
diffration design reported in Ref. [10]. New and key
features of this design are the following: a “‘shuttle” is
added as a vehicle to transfer the crystal between two
instrument chambers (Figure 1) and two manipulators
are used instead of one. The manipulators deliver the
sample (e.g., a Pt or Ru single crystal) to the UHV
chamber from the EC chamber, or take the sample back
from UHV to the EC cell (Fig. 2). After the crystal is
positioned in front of the electron-energy analyzer
associated with the XPS spectrometer, the manipulator
is withdrawn and a 4-in. gate valve is closed, thus iso-
lating the main UHV chamber from the EC part of the
instrument. (The latter, despite active pumping by the
cryopump of the EC chamber, may still have some
memory of the argon gas and water vapor from the
previous EC phase of the experiment.)

While the horizontal manipulator is motor-driven,
the UHV manipulator is manual and always at UHV
(Fig. 1). A liquid helium cryopump is used as a frontier
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Fig. 2 EC cell incorporated into the UHV system with a single
crystal in a meniscus configuration

pump (after prepumping by liquid nitrogen sorption
pumps). The cryopump is connected to the chamber via
a 4-in. gate valve. The UHV chamber is pumped by ion
pumps and may additionally be pumped by a titanium
sublimation pump [10]. The base pressure of the UHV-
XPS chamber after a prolonged bakeout is
110" Torr. The shuttle design allows high-tempera-
ture annealing of the crystal up to 1,000 °C.

The EC cell (Fig. 2) has its own compartment (Fig. 1)
that is kept under an ultrapure argon atmosphere while
surface characterization of the electrode is carried out in
UHYV, or when the crystal is transferred between
chambers. The compartment is connected to the EC
chamber through a 2-in. gate valve. The important part
of the EC cell design (Fig. 2) is the solution inlet and
outlet that facilitate rinsing of the working electrode
without losing the electrode potential control (wherever
such a potentiostatic rinsing procedure is required), as
reported before [10].

Following surface preparation in UHV, the 4-in. gate
valve is opened, and the shuttle with the attached sample
is transferred to the EC chamber. In the meantime, the
EC cell is filled with argon-deaerated sulfuric acid
solution. With the gate valves closed, the EC chamber is
brought to atmospheric pressure with argon (vented via
an argon leak and a bubbler). The 1.5-in. gate valve is
then opened, and the cell, installed in the Teflon sleeve
(Fig. 1), is pushed upward into the EC chamber interior.
The sample surface is then connected to the solution via



a meniscus configuration (Fig. 2) for the voltammetric
characterization and/or Ru deposition, as described in
the next section of this paper. Argon overpressure keeps
air effectively out at any phase of this experiment before
the system is evacuated. After completion of the EC
treatment, the cell is withdrawn below the 1.5-in. valve
leaving the electrode, with the hanging drop of water,
exposed to ultrapure argon. The electrode-manipulator
arm is then tilted to a near horizontal position and the
water is collected at the edge of the crystal. Water is then
easily removed from the crystal edge via thin Teflon
tubing attached to a syringe. Water removal reduces the
time needed for bringing the EC chamber to the UHV
pressure range (in around 10 min) after which the
sample is transferred to the UHV chamber.

The surfaces were analyzed by XPS, usually at
around 10~ Torr, using an ESCA M-Probe high-reso-
lution, multichannel hemispherical electron analyzer
(Surface Science Instruments) and an ion gun for surface
cleaning. For the XPS characterization, a monochro-
matic Al Ko line (hv=1,486.6 ¢V) operated at 110 W
was used as the excitation source. The photoelectron
energy was measured using the fixed analyzer transmis-
sion (constant pass energy) mode with a constant pass
energy of 25 eV, and the size of the incident X-ray beam
was 800 um. An S-Probe version of the 1.36 ESCA
software (Fisons Instruments) was used, and spectral
peaks were fitted using a mixed Gaussian—Lorentzian
line shape and Shirley baselines. The BEs measured were
corrected with the standard binding energies of Au
recommended by the National Institute of Standards
and Technology.

Results and discussion
Cyclic voltammetry

Cyclic voltammograms (CVs) of a clean Pt(111) elec-
trode obtained in 0.1 M H,SO4 at 50 mV/s after the
UHYV surface preparation (as described previously) are
shown in Fig. 3a. The CVs demonstrate the high quality
of the electrode surface, and confirm the cleanliness of
our EC system and a contamination-free UHV-electro-
chemistry transfer procedure. By introducing approxi-
mately 0.5 monolayers of spontaneously deposited Ru
to the Pt(111) surface [21, 22, 23, 24] (see earlier) two
characteristic changes in the original voltammetric
profile are observed (Fig. 3b). First, the negative- and
positive-going spikes at 0.49 V (belonging to the
anomalous region [25]) are significantly suppressed [26]
and, second, the pseudocapacitive current in the 0.50—
0.85-V region is enlarged, characteristic of a Ru-type
electrode [26, 27].

The CV of a Ru(0001) surface in 0.1 M H,SO,
(Fig. 3c) shows features not typical of the Pt(111)/Ru
surface studied. For example, Ru surface oxidation
occurs as early as (approximately) 0.6 V, and oxide
reduction occurs at two negative-going cyclic
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Fig. 3 Cyclic voltammograms taken in the EC cell of Fig. 2 for
a clean Pt(111), b Pt(111)/Ru with 0.5 monolayers of Ru added
following the treatment described in the text, and ¢ clean Ru(0001),
all in 0.1 M H,SOy, solution. Scan rates were 50 mV/s for a and
b and 10 mV/s for ¢

voltammetry peaks, at 0.5 and 0.25 V, with an in-be-
tween peak at 0.45 V, all at 10 mV/s. The data in Fig. 3c
also confirm previous data obtained by Wang et al. [28,
29, 30]. A successive cyclic at 10 mV/s did not induce
any noticeable change in the voltammetric morphology
(Figure 3c), confirming previous observation that
repetitive cyclic voltammetric cycling does not bring
surface disorder to the Ru(0001) electrode surface [28].

For the CO stripping cyclic voltammetry measure-
ments, CO adsorption was carried out from CO-saturated
0.1 M H,SOy solutions at 0.1, 0.28, and 0.25 V, respec-
tively. This was followed by the solution replacement
using an argon-pressurized flask containing 0.1 M H,SO,4
solution to completely remove the dissolved CO while
holding the electrode at the potential of choice. The
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CO-stripping profiles from Pt(111)[31], Pt(111)/Ru[32]in
Fig. 4 and Ru(0001) [29] in Figure 5 (to clean 0.1 M
H,S0, solution) indicate that the coverage of CO in all
cases 1s close to 0.75 monolayers, confirming previous
data[11, 33, 34, 35, 36, 37, 38]. Owing to the high Ru and
CO coverage in this experiment, the CV of the CO oxi-
dation on the Pt(111)/Ru in Fig. 4 is very similar to that
reported previously [32]. Otherwise, at a Ru coverage of
0.2 monolayers, two voltammetric stripping maxima are
found [32, 39], indicating that part of the CO adlattice is
chemisorbed onto the Ru islands deposited on Pt(111),
while the more positive peak originates from CO chemi-
sorbed on the Ru-free Pt(111) sites [of the Pt(111)/Ru
electrode]. Owing to Ru added to Pt(111), the peak
located at a more positive potential, 0.67 V, is shifted in
the negative direction with respect to the CO stripping
from pure Pt(111), as already well known [11].

The data in Fig. 5 indicate that it is possible to
remove CO from the Ru(0001) electrode but with con-
siderable difficulty. It takes at least six cyclic voltam-
metry scans to completely remove the CO in the
potential range studied. This obvious difficulty in per-
forming the CO removal reaction [29] is in contrast to
the apparent ease of the CO stripping on the Ru islands
on Pt(111) [9, 11, 32, 39, 40] (Fig. 4). Apparently, the
prerequisite for the CO oxidative removal from Ru of
hexagonal geometry is the presence of the underlying Pt
support that modifies the electronic (or geometric)
properties of Ru surface atoms [ 7, 9, 41] and allows for
a facile nucleation of CO in its drive to become oxidized
to CO,. From the data in Fig. 5 we also conclude that
CO chemisorption on Ru(0001) passivates the Ru elec-
trode and the CO passive monolayer film can be stripped
off in a partial oxidation reaction under successive cyclic
voltammetric treatment.

XPS measurements of Ru
XPS measurements were first carried out with the
Ru(0001) surface to establish the BE reference for

metallic Ru deposited on the Pt(111) electrode. A typical
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Fig. 4 Stripping of a CO adlayer from Pt(111) (dotted line) and
from Pt(111)/Ru with 0.5 monolayers of Ru (solid line) in a clean
0.1 M H,SOy solution. The scan rate was 50 mV/s
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Fig. 5 Stripping of a CO adlayer from Ru(0001) in a clean 0.1 M
H,SO, solution: a first cycle; b subsequent cycles. The scan rate was
10 mV/s

Ru 3d spectrum, with 3d3, and 3ds,, split by approxi-
mately 4.1 eV, of such a Ru(0001) surface is shown in
Fig. 6a. The average Ru 3ds,; BE was 280.1+£0.1 eV at
0.9 eV full width at half maximum, in a perfect agree-
ment with the literature value [42].

XPS measurements were next conducted with sub-
monolayers of Ru added to the UHV-prepared Pt(111)
surface by spontaneous deposition, as described previ-
ously. A typical XPS spectrum of the Pt(111)/Ru surface
is shown in Fig. 6b. The data in this figure were obtained
after a considerable reduction of the original spontane-
ously obtained deposit, see Experimental. The Ru region
is well fitted with a single doublet, showing that Ru
forms other than metallic Ru, such as RuO, and RuOj;
[43], or C contaminants are not present on the Pt(111)
surface. We found that the BE of metallic Ru is inde-
pendent of coverage in the range 0.2-0.5 monolayers.
Notably, the Ru 3ds; BE value is 280.1+0.1 eV; the
same, within experimental error, as obtained for the
clean Ru(0001) surface, which shows the experimental
ABE between Ru atoms in the Ru islands on Pt(111)/Ru
and Ru atoms on/in Ru(0001) is very small. The ABE
may be small per se, or there may exist some effects
specific to small Ru nanoislands that offset the BE
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Fig. 6 Typical Ru 3ds), spectra for a clean Ru(0001) and b the Ru
species on Pt(111) obtained after the treatment described in the text
(0.5 monolayers of Ru). The binding energy (BE) is 280.1 eV in
both spectra

change [44]. For instance, the Ru BE shifts on these two
surfaces are small because of the compensation between
the strain factor within the nanoislands and the charge
transfer between Ru and Pt [45, 46, 47]. Theoretical
methods have been developed [45] to enable us to
identify the initial and final state effects that contribute
to the ABE shifts in foreign metal nanoislands on host
metal surfaces [47]. This will be pursued. Notice that no
consideration was given in this paper to the core level
shifts between the Ru surface and bulk Ru atoms either
[48, 49]. We will address this issue in the next study from
this laboratory.

Notably, XPS of a broad range of foreign metal ad-
lattices on a host metal surface was explored by Liu et al.
[48, 49]. In contrast to this quoted work, we investigated
essentially monoatomic islands, approximately 2-3-nm
wide [21], which do not belong to the 2D adlattice cat-
egory studied before. As we indicated in the Introduc-
tion, these small adislands are formed spontaneously,
and have their own unit cell structures without a fixed
relation to each other. Moreover, they display different
strain behavior versus metal/metal adlattices studied by
XPS to date. We believe we have initiated new core level
research on an attractive class of surfaces, also of strong
relevance to modern topics in fuel cell catalysis.

BE shifts of adsorbed iodine

As indicated in the Introduction, we measured the BEs
of the surface iodine and CO deposited on the
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Ru-island-covered Pt(111) surfaces, and on Ru(0001)
(of the same hexagonal geometry). The strategy was to
study the core-level behavior of iodine and CO ad-
sorbed on these two purely metallic surfaces (Fig. 7).
XPS data for chemisorbed iodine will be discussed
next, and those for chemisorbed CO in the next sub-
section of this paper.

Iodine adsorption on the Pt(111), Pt(111)/Ru, and
Ru(0001) surfaces was performed at 0.2V in 0.1 M
H,S0O, solutions containing KI at different KI concen-
trations. In order to obtain saturation iodine coverage
(0.43 monolayers), a 1 mM KI solution was used and the
iodine adsorption was carried out for 2 min. For lower
iodine coverage, the adsorption was carried outin 10 uM
KI solution for 30 min at potentials lower than 0.2 V.

A representative 3ds, XPS spectrum for Pt(111)-I
surfaces at the iodine coverage of 0.43 monolayers [50] is
shown in Fig. 8a, small circles. The peak-fitting (dashed
lines) yields two components, at 619.4 and at 618.4 eV,
in agreement with the literature values [51, 52, 53]. lo-
dine on Pt(111) is known to form a (N7x¥7)R19.1° lattice
with two iodine atoms in threefold hollow sites and with
one iodine atom in an on-top site per unit cell [50, 52].
The high BE component is assigned to a threefold hol-
low of iodine on Pt(111), while the one at the lower BE
originates from the on-top iodine [52]. Our results shown
in Fig. 8a are consistent with the 2:1 threefold-to-on-top
ratio, as in Refs. [51, 52, 53]. At a lower coverage of
iodine, surface iodine forms a (V3xV3)R30° adlattice
only, and all iodine atoms are in threefold hollow sites,
and this yields a single BE value easily fitted to a single
component at 619.5 eV (Fig. 9).

For Pt with Ru, and for Ru(0001), the iodine-covered
surfaces were obtained by electrode immersion in a
0.1 M H,SO, solution containing KI at different KI
concentrations. As previously, the electrode was rinsed

Probing the electronic structure of Ru nano- islands
With atoms or molecular adlayers

, Probing atom or molecule

/ Ru nano-island
/ /

%ﬁ%@ m, gxﬂ \5%%

"

Reference

Pt(111) substrate —
’Y&Y*Y p ,"1

OO Y
OO 5 X0 Ru(0001)

() Probing atom or molecule: CO

iodine

Fig. 7 Scheme of the strategy used in this paper to study the
electronic properties of the bimetallic Pt/Ru surfaces
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Fig. 8 Todine X-ray photoelectron spectroscopy (XPS) 3dsp
spectra for high coverage of iodine on a Pt(111), b Pt(111)/Ru
with 0.5 monolayers of Ru, and ¢ Ru(0001). The spectrum in a can
be fitted with two components: the one at higher BE corresponds to
iodine in threefold hollow sites and the other one corresponds to
iodine on top sites. The spectrum in b can be fitted with three
components: two at the same BE corresponding to iodine in hollow
sites of Pt(111) and Ru(0001) and one at higher BE for iodine
on-top sites of Pt(111). The spectrum in ¢ can be fitted with only
one component. A shift of 0.3 eV between the higher BE
components of b and ¢ can be clearly observed

to remove any remnants of the solution iodine species
adhering to the electrode surface. At a saturation con-
centration of iodine on both Pt(111)/Ru and Ru(0001),
the typical data are those shown in Fig. 8b and c,
respectively [for the Ru coverage on Pt(111) of
0.5 monolayers]. The three expected components that
are fitted are as follows. The one at 618.4 eV is attrib-
uted to the on-top iodine on Pt(111). There are also two
threefold components at the same BE (619.4 eV): one is
attributed to the threefold hollow iodine on Pt(111) and
the other to iodine on Ru [deposited on Pt(111)]. We
also found that as the Ru coverage on Pt(111) increased

the component at 618.4 ¢V [the on-top iodine on
Pt(111)] decreased.

As mentioned already, the 3ds), peak of iodine on the
Ru(0001) electrode is depicted in Fig. 8c. There is a
single component at 619.7 eV from the threefold hollow
iodine on the Ru(0001) surface, consistent with the lit-
erature value [54]. Comparing the data obtained with
chemisorbed iodine on Ru from Pt(111)/Ru with the
data on Ru(0001)-I, we find a BE difference of 0.34 V.
Spectra for the iodine 3ds/, peak that correspond to low
iodine coverage (around 0.2 monolayers) on Pt(111),
Pt(111)/Ru, and Ru(0001) are shown in Fig. 9. The left
spectrum is for Ru(0001)-I and the right spectra are for
the Pt-based surfaces. The spectrum of iodine on
Ru(0001) at low iodine coverage shows only one com-
ponent, at 619.8 eV. For Pt(111)-1 at low iodine cov-
erage, iodine adsorbs as a (V3xV3)R30° lattice, and the
spectrum overlaps with those for iodine on Pt(111)/Ru—
I. The peak can be fitted with one component, at
619.5 eV, assigned to iodine atoms in the threefold
hollow sites. The XPS spectra from iodine on Pt(111)/
Ru are Ru-coverage-independent (from 0.09 and
0.36 monolayers). A slight (less than 0.1 eV) difference
in the BE of iodine on Pt or Ru with iodine coverage was
previously observed and attributed to the final-state
adsorbate—adsorbate interactions [52].

The data in Fig. 9 show that chemisorbed iodine on
the Ru part of Pt(111)/Ru has a lower BE by 0.3 eV
compared with the BE of iodine chemisorbed on
Ru(0001), in good agreement with the difference found
in Fig. 8 for higher iodine coverage. A possible inter-
pretation of this effect is that the iodine core level
experiences higher electronic charge when it is chemi-
sorbed on Pt(111)/Ru than it does on Ru(0001), sug-
gesting an electron charge transfer from Pt to Ru upon

Ru(0001)-1 P(111)-I

Pt(111)/Ru-I !

Intensity / a. u.

624 622 620

BE / eV

Fig. 9 XPS spectra of the iodine 3ds;, peak corresponding to low
coverage iodine adlayers on different substrates. lodine on Pt(111)
(solid line), iodine on Ru(0001) (dotted line), Ru on Pt(111),
0.5 monolayers of Ru (dashed dotted line). A shift of 0.3 eV
between the spectra for Ru on Pt(111) and Ru(0001) can be
observed



deposition of Ru on Pt. However, it must be a collective
electron density shift from the Pt surface to the Ru-I
surface molecule, as the BE of Ru also decreases by
around 0.2 eV at high iodine coverage (and by around
0.1 eV at low iodine coverage). Thus, the full Ru-I
“surface molecule” seems to behave as an electron
density sink, or at least there is an electron-attracting
Ru-I bond acting on the support Pt surface atoms. The
charge transfer from Pt to Ru is in agreement with the
result of previous in situ investigations: X-ray absorp-
tion near-edge spectroscopy and EC NMR [55] studies.
Cluster model theoretical studies of the BE shifts are in
progress to interpret and to clarify further the origin of
the observed shifts; for discussions of the application of
this theoretical approach for the analysis of BE shifts,
see Ref. [45] and references therein. The principle
objective of the calculations is to relate BE shifts to the
electronic state of the Ru nanoislands on Pt and to
identify the changes in the electronic structure of the
islands from that of Ru(0001) surfaces. A vital feature of
the calculations is that they provide a means to distin-
guish the chemically interesting initial state contribu-
tions to the BE shifts from the final state relaxation, or
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screening, contributions to the shifts that are less
important for chemical properties. The consequences for
the shifts of the BEs arising from lattice strain in the Ru
islands [47] as well as from variations of the adsorbate—
substrate bond distance [56] will be investigated, from a
quantitative perspective.

BE shifts of adsorbed CO

It is well known that CO on both Pt(111) [57, 58] and
Ru(0001) [59, 60] is adsorbed in an upright position with
the carbon directly coordinated to the surface. It is
shown in Fig. 10a that the C 1s BE for CO on Pt(111) is
286.9 eV for the linear and 285.9 eV for the bridge-
bonded CO, in agreement with the literature values [57,
61]. The peak ratios of the two forms are around 3:1, as
expected. As with chemisorbed iodine discussed previ-
ously, addition of Ru to Pt(111) induces major changes
in the XPS spectra of chemisorbed CO (Fig. 10b). The
development between Fig. 10a and b, and then with
Fig. 10c when the Ru coverage increases, is the growth
of the XPS C ls intensity from CO on the Ru phase

Fig. 10 XPS spectra for a—«¢ C
1s and d—f O s for CO adlayers a

on different substrates: °
a, d Pt(111); b Pt(111)/Ru with
0.1 monolayers of Ru;

¢, e Pt(111)/Ru with

0.5 monolayers of Ru;

f Ru(0001)
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deposited on Pt(111), which is at 284.7 eV. The point to
notice, however, is that the Ru(0001)—-CO reference is at
285.7 eV [62], i.e., the BE of the C 1ls from CO on
Pt(111)/Ru (adsorbed on the Ru phase) is lower by 1 eV
than that from the C 1s from CO chemisorbed on
Ru(0001) [62, 63, 64], consistent with the iodine data
discussed earlier. There is also a small BE shift toward a
lower Ru 3ds, BE in Pt(111)/Ru—-CO with respect to
that for bare Pt(111)/Ru, echoing the behavior for
iodine and Ru atoms sandwiched between Pt and iodine.
However, the XPS data for O 1s from CO do not
obviously add credence to the trends established with
iodine (Fig. 10d—f), and a more advanced interpretation
using similar theoretical cluster model studies as those
described previously for the iodine BE shifts is awaited.
Such and similar data will be interpreted theoretically as
they relate to some key issues from the IR character-
ization of Pt(hkl)/Ru—CO surfaces [4, 65] and overall to
key topics in fuel cell catalysis.

Conclusions

We have studied the core-level behavior of Ru atoms in
Ru nanoislands on Pt(111) and Ru atoms in Ru(0001).
The difference in the Ru BE shifts on these two surfaces
is very small, possibly because of the compensation
between the strain factor within the nanoislands and the
charge transfer between Ru and Pt. We have also stud-
ied core levels of adsorbed iodine and CO used as
surface probes to explore the electronic state of such Ru-
adisland-covered Pt surfaces. We conclude that the 3ds),
iodine and C 1s CO core levels experience a higher
electronic charge on Pt(111)/Ru than on Ru(0001),
suggesting a charge transfer from Pt to Ru upon depo-
sition of Ru on Pt, as concluded earlier from EC NMR
and X-ray absorption near-edge spectroscopy measure-
ments. However, this must be a collective electron den-
sity shift from the Pt substrate to the Ru-I (or Ru—C)
surface chemical bond, as the BE of Ru is also reduced
owing to Ru interactions with the Pt atoms underneath.
The core level shifts observed in this report reveal dif-
ferences in the electronic structure of the surfaces stud-
ied that may help us to understand the nature of these
Ru nanoislands on Pt and their influence on catalytic
activities, from the perspective of electronic effects in
heterogeneous electrocatalysis. Theoretical calculations
are in progress to interpret further the origin of the
observed BE shifts with regards to possible changes in
the electronic state of Ru nanoislands due to interactions
of Ru with Pt.
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