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In recent years there has been a strong interest in obtaining a
fundamental understanding of the chemical behavior of
mixed-metal oxides at the nanometer range.'”! Studies
involving the deposition of nanoparticles and clusters of
VO,, CeO,, and WO, on TiO,(110) and other well-defined
oxide surfaces have shown novel structures that have special
chemical properties.'®) Dimers of vanadia and ceria have
been found on TiO,(110), monomers, trimers, and oligomers
of vanadia on CeO,(111), and (WOs;); clusters on TiO,-
(110).13° In principle, the combination of two metals in an
oxide matrix could produce materials with distinct catalytic
activity or selectivity.l"*” Herein, we use scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS),
and density functional (DF) calculations to study the inter-
action of RuO, nanostructures with TiO,(110). Our results
show unique wire-like structures for RuO, that can be easily
reduced and reoxidized. The special structural properties of
RuO,/Ti0,(110) favor the dissociative adsorption of O, and
the easy release of the adsorbed oxygen, making this mixed-
metal oxide an excellent system for oxidation processes.
Figure 1a shows a STM image recorded after depositing
[Rus(CO),,] on TiO,(110) at room temperature, with subse-
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quent heating to 600 K to induce the cleavage of the Ru—CO
bonds and evolution of CO into gas phase, and then exposure
to O, at 550 K to form RuO, and remove any carbon that may
have been deposited by the decomposition of CO. The
complete transformation of [Rus(CO);,] into RuO, was
verified in experiments of XPS (Supporting Information,
Figure S1). Our results for the decomposition of the
[Ru3(CO),,] precursor are consistent with those reported in
a previous study for the [Rus(CO),,])/TiO,(110) system.!'! In
Figure 1a, one-dimensional (1D) wire-like nanostructures
can be seen elongated along the <001 > direction of the
TiO,(110) substrate. These bright rows remained stable upon
further annealing in 5x 1077 to 1 x 10~ mbar O, at 600 K for
30 min. However, the 1D rows were not stable in ultrahigh
vacuum (UHYV). Upon further annealing above 650K in
UHYV, we observed the appearance of bright clusters along
these 1D rows. Further annealing at 750K led to the
disappearance of bright 1D rows and to the appearance of
bright clusters (Supporting Information, Figure S2). At 850 K,
most 1D rows disappeared from the surface except for those
lying underneath the bright clusters. The Ru cluster size
ranged from 2 to 5 nm. The cycle of oxidation-reduction
shown in Figure 1 was repeated three times at temperatures
between 550 K and 900 K. There was no detectable change in
the density or height of surface Ru clusters, suggesting that
diffusion of Ru into the bulk TiO,(110) was negligible.

The structure of the 1D RuO, rows was then considered
(Figure 2). Since the oxidation of Ru cluster also exposes the
TiO, substrate to O, at elevated temperatures, the recon-
struction of TiO,(110) in O, should also be considered. It is
known that interstitial Ti, which is mobile in the bulk, could
diffuse to the surface of rutile TiO, at elevated temperatures
and aggregate to form added rows of TiO,."""* Upon further
oxidation, these rows arrange themselves into a cross-linked
(1x2) structure.!"" The presence of RuO, inhibited the
formation of the cross-linked (1 x 2) reconstruction, as shown
in Figure 1b. Instead, we only observed wire-like rows
extending along the (001) direction of TiO,(110). The
structure of the RuO, rows is illustrated in detail in
Figure 2. Figure 2a shows that there are two types of strands
on the RuO,/Ti0,(110) surface. Here, we term the two types
of strands as bright strands (BS) and dark strands (DS),
depending on their apparent height. The DS are rare on the
surface and appear uniform in height, with an apparent height
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RuO, /TiO,

Ru/TiO,

Figure 1. STM images of a) RuO,/TiO, and b) Ru/TiO,. The bright
features in (b) correspond to 3D Ru nanoparticles. Reaction with O, at
550 K induces the formation of RuO,, which transforms back into Ru
upon heating above 800 K. Both images cover an area of

50 nmx50 nm; V,=2.1V, [,=1.0 nA.

of about 1.2 A (Figure 2b). The BS, on the other hand,
dominate the added rows on TiO,(110) and appear inhomo-
geneous in height, with an apparent height of 22-30 A
(Figure 2b). Note that in previous studies on the (1x2)
structure of TiO,(110), two types of added TiO, rows were
observed that differed depending on their height.'*"' The
higher strands have an apparent height 2.2-2.6 A and the
lower strands have an apparent height 1.2-1.5 A. The STM
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Figure 2. a) Wire-like structures for RuO, on TiO,(110). Image size

30 nmx20 nm. The inset compares in detail the structures found for
1D rows of RuO, and TiO,. b) Height profile along the white line
shown in (a). The two large peaks correspond to the bright rows,
which contain RuO,, whereas the small peak comes from a dark row
of TiO,. c) Close-up of the area inside of the white box in (a). To show
the relative position of added rows with respect to the substrate,
whites lines are imposed to mark the cus-Ti rows of TiO,(110). The
rows of RuO, and TiO, cover three regular rows of the TiO,(110)
substrate. V,=1.5V, [,.=1.2 nA.

image of the DS observed in our study exhibits three rows of
bright dots running along the (001) direction. The structural
features and the apparent height of the DS match exactly
those of the added TiO, rows observed in the study by
Iwasawa et al.l'’! Thus,we assign the DS as added TiO, rows
induced by the oxidation of TiO,(110). On the other hand, the
STM image of the BS cannot be matched with any STM image
of the TiO, rows shown in previous studies. The higher strand
of added TiO, rows typically displays two parallel rows of
bright spots running along the (001) direction. In contrast, the
BS observed in our study display a single row of bright spots
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centered in the strand (Figure 2c). Therefore, we propose that
the BS seen here are formed by RuO, or a mixture of RuO,
and TiO, rows. Figure 2 c also shows that the center of a bright
strand is aligned with the cus-Ti rows of the TiO,(110)
substrate, and this strand has an apparent width of about 9 A.

Using density-functional calculations, we investigated
four possible structures for RuO, on TiO,(110), as shown in
Figure 3. The RuO wire is similar to the TiO suboxide
structure proposed by Park et al.'¥l On the other hand, the
Ru;04-1 wire is similar to the Ti;Og unit proposed in previous
studies*'®!"l where the wire is composed of added RuO,
strings with the troughs formed by RuO, vacancies. The
Ru;04-1 and Ru;O4-11 wires have the same number of Ru and

Figure 3. Models considered for the wire-like structures of RuO, on
TiO,(110). The structures labeled RuO and Ru;O4-| are based on

13,14,16]

previous models proposed for the TiO,/TiO,(110) system.!

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

O atoms bonded to different Ti and O sites of the titania
substrate. The calculated order of stability follows the
sequence: RuO < Ru,0, < Ru;O¢-11 = Ru;O4-1, which is con-
sistent with the fact that no wires with one or two rows of Ru
(that is, the RuO and Ru,0, models) were seen in our STM
images. The calculated difference in the formation energies of
Ru;04-1 and Ru;O4-11 was small (ca. 0.2 eV), with Ru;Og-1
being more stable. This type of structure is in excellent
agreement with images found in STM, which show that each
RuO, wire covers three rows of the TiO,(110) substrate and
exhibits bright protrusions at the wire center, probably as a
consequence of a row of oxygen atoms located above Ru
atoms.

We used statistical thermodynamics!'®"”! to take into
account the effect of temperature, oxygen pressure, and
ruthenium concentration on the stability of the ruthenium
oxide wires on the TiO,(110) surface. We calculated the
change in the surface free energy Ay accompanying the Ru,O,
formation:

xRu+05y0, + [TiO,(110)] < Ru,0,/[TiO,(110)].

The calculated phase diagram in Figure 4 indicates that at
300K and between UHV and atmospheric pressure, the

1020 -11 2 11
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Figure 4. Calculated relative stability of the RuO/TiO,(110), Ru,0,/
TiO,(110), and Ru;O¢-1/TiO,(110) phases as a function of the chemical
potentials of Ru and O, the pressure of O,, and the temperature of the
system.

Ru;04-1 wire is the most stable for a wide range of Ru
coverages. For very high Ru concentrations and high oxidiz-
ing conditions, a monolayer of bulklike RuO, is stable on top
of TiO,(110). Our calculations suggest that as the temperature
increases under UHYV pressure, Ru;O¢ becomes unstable and
starts to lose oxygen at temperatures above 500 K. This is in
agreement with results of XPS and STM (Figure 1), which
show the disappearance of the RuO, wires at elevated
temperatures and the formation of Ru nanoparticles.
Temperature and oxygen pressure had a dramatic effect
on the elemental composition and morphology of the RuO,/
TiO,(110) systems. Interestingly, the RuO, nanostructures in
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contact with titania lose oxygen at much lower temperatures
(700-850 K) than bulk RuO, (>1000K).”*” This property
must be taken into consideration when preparing RuO,/TiO,
catalysts, as it can lead to large changes in catalytic activity or
selectivity. In fact, this characteristic of RuO,/TiO, may be the
cause for the controversy that exists in the literature about the
intrinsic activity of this material in photocatalytic process-
es.[8]

The RuO,/TiO,(110) surfaces were more reactive towards
CO than pure TiO,(110)?" or Ru0,(110).*! Figure 5 shows
Ru3d XPS spectra collected after dosing 300 L of CO to a

XP Ru 3d

Ru*
Ru 3d,,

Intensity

S -

300K

T T T T T 1
290 288 286 284 282 280 278 276
Binding energy / eV

Figure 5. Ru3d XPS spectra acquired after doses of 300 L of CO to a
RuO,/TiO,(110) surface at the indicated temperatures.

RuO,/TiO,(110) surface at 300, 400, 500, and 600 K. Initially,
the Ru 3dfeatures exhibit the peak positions expected for
RuO,. Upon exposure to CO at 400 K, there is a significant
reduction of the RuO,, and by 600 K only metallic Ru is
present on the titania surface. The CO exposures used in these
experiments would not reduce TiO,(110)?" or RuO,(110)
significantly.*!

The substantial reactivity of RuO,/TiO,(110) towards CO
and O, makes this system an excellent catalyst for the
oxidation of CO. Figure 6 compares the CO oxidation activity
of TiO,(110), RuO,/TiO,(110), and Au/TiO,(110) surfaces at
350 K. Under these reaction conditions, namely a relatively
low temperature and a stoichiometric ratio of CO and O,,
neither TiO,(110) nor RuO,(110) are active catalysts.***! In
contrast, titania surfaces with a 15-25% coverage of RuO,
exhibit activities comparable to the maximum activity of Au/
TiO,(110), which is an excellent catalysts for CO oxida-
tion.>?% This result is remarkable, as ruthenium is much less
expensive than gold. Table 1 shows calculated (DF-GGA)
reaction energy changes (AE) for the CO oxidation on
TiO,(110) and on a model Ru;041/TiO,(110) surface. On
TiO,(110), we found a CO adsorption energy of only
—0.19 eV, and the reaction energy for the formation of CO,
was endothermic by 1eV. In contrast, on the Ru;O4-1/
TiO,(110) surface, the adorption energy of CO on a five-
coordinate Ru site was —1.1 eV and the reaction energy for
the formation of CO, was exothermic by 0.8 eV. From the
experimental data (Figure 1 and Figure 5), low activation
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Figure 6. a) CO oxidation activity of RuO,/TiO,(110) as a function of
RuO, coverage. The area of the titania substrate covered by RuO, was
measured by ion scattering spectroscopy before carrying out the
oxidation of CO. The reported values for the production of CO, were
obtained after exposing the catalysts to 4 Torr of CO and 2 Torr of O,
at 350 K for 5 min. The number of CO, molecules produced is
normalized by the sample surface area. b) Comparison of the activity
for CO oxidation of clean TiO,(110), a TiO,(110) surface covered
about 18% by RuO,, and a TiO,(110) surface with about 0.3
monolayers of Au. XPS showed only Ru** before and after CO
oxidation.

Table 1: Energy changes calculated (DF-GGA) for the reaction
CO+0.50,—CO, on TiO,(110) and Ru;O4/TiO,(110) surfaces.

Reaction AE [eV]
TiO,(110) + CO—Ti0,(110)-0,,. + CO, 1.01
TiO,(110)-0,,. +0.50,—TiO,(110) —4.81
Ru;0¢/TiO,(110) + CO—Ru,05/TiO,(110) + CO, —0.81
Ru;O;5/TiO,(110) + 0.5 O, —Ru;04/TiO,(110) -2.99

barriers can be expected for these chemical processes. The
special structural properties of RuO,/TiO,(110) favor the
dissociative adsorption of O, (AE=-2.99 eV) and the easy
release of oxygen present in the RuO, lattice, making this
surface an excellent catalyst for oxidation processes.

When compared to other systems that contain oxide
nanoparticles dispersed on well-defined oxide substrates
(VO, on TiO,(110) or CeO,(111),1*¢1 (WO,), on TiO,(110),”
CeO, on TiO,(110)PV, it is found that, despite the high
stability of bulk RuO,, RuO,/TiO,(110) is the only mixed-
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metal oxide system in which the oxide overlayer is easily
reduced to a metallic state. Thus, by taking advantage of the
complex interactions that occur in a mixed-metal oxide at the
nanometer level, materials can be engineered that have
unique chemical properties.

Experimental Section

Microscopy studies were carried out in an Omicron variable temper-
ature STM system.® Tungsten tips were used for imaging. Additional
characterization studies were carried out at the photoemission end-
stations of beamlines U7A and U12 of the National Synchrotron
Light Source (NSLS), and in a system which combines a batch reactor
and a UHV chamber.” This UHV chamber (base pressure ca. 1 x
107" Torr) was equipped with instrumentation for X-ray photo-
electron spectroscopy (XPS), low-energy electron diffraction, ion-
scattering spectroscopy (ISS), and thermal-desorption mass spec-
trometry. For the photoemission experiments in U7A and Ul2,
photon energies in the range of 400-650eV were used. Clean
TiO,(110) surfaces were prepared by repeated cycles of argon-ion
sputtering and annealing.">?! [Ru;(CO),,] vapor was introduced to
the chamber by a doser, raising the chamber pressure to 1 x 1078 Torr.
While dosing, the TiO, crystal was at 300 K. The area of the titania
surface covered by RuO, was estimated using STM images or a
combination of ISS and XPS. In the {UHV chamber + reactor}
system, the RuO,/TiO(110) sample could be transferred between the
UHYV chamber and reactor without exposure to air. Typically, it was
transferred to the batch reactor at about 300 K, the reactant gases
were introduced (4 Torr of CO and 2 Torr of O,), and then the sample
was rapidly heated to the reaction temperature of 350 K. The amount
of molecules produced was normalized by the active area exposed by
the sample. In our reactor, a steady-state regime for the production of
CO, was reached after about 2 min of reaction time.

Periodic DFT calculations were performed with the VASP
code® using a (1x2) six-layer thick supercell to model the TiO,
(110) surface. In this model the two lowest layers were fixed at the
optimized atomic bulk positions while atoms in the upper four layers
were allowed to relax. We used the Perdew—Wang 91 GGA functional
for exchange correlation, the projector-augmented wave approach,
and plane waves with a cutoff energy set at 400 eV. We treated the
Ti(3s,3p,3d,4), Ru(4d,5s), C(2s,2p), and O(2s,2p) electrons as valence
states, while the remaining electrons were kept frozen as core states.
Following the approach originally developed by Reuter and Schef-
fler,"” we used statistical thermodynamics to take into account the
effect of temperature, oxygen pressure, and ruthenium concentration
on the stability of different ruthenium oxide species on the TiO, (110)
surface. Additional details of the experimental and theoretical
methods are provided in Supporting Information.
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