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Introduction

The most disputable issue regarding the oxidation of the Ru(0001) surface is the morphology

and the active phase on the Ru surface under realistic catalytic oxidation conditions. According to the

model, based on the investigations of oxidation reactions on Ru(0001) at T > 600 K, the surface under

reaction conditions consists of islands of inactive (1x1) chemisorbed phase with 1 ML oxygen, and a

catalytically active rutile RuO2 surface, the latter exposing coordinatively unsaturated sites (cus-Ru),

where CO can adsorb and react.1,2  This model does not exclude coexisting phases, as buried oxide and

subsurface oxygen but they are considered of minor importance. Extensive experimental spectroscopic

and structural studies showed no evidence of bulk oxide formation below 550 K, although up to ~ 4

ML of oxygen can be accumulated if the Ru(0001) surface is disordered.3,4,5 Despite that, this ‘non-

oxide’ phase, which is supposed to be a disordered precursor, also appears active in CO titration

experiments under UHV conditions.3 The tentative explanation is that the distortion of the lattice by the

incorporated oxygen between the first and second Ru layers weakens the O adsorption bond,

converting the adsorbed O into active species. The ex-situ studies also showed that the Ru 3d and O 1s

core level spectra are excellent fingerprints for identification of the adsorption, adsorption, subsurface

and RuO2 phases (see table 1), which provide a solid base for verifying their actual role in catalytic

oxidation reactions. 5, 6, 7

Results and discussion
The Ru 3d5/2 spectra, measured during the high pressure XPS experiments at PO2 = 2 mbar and

temperatures 330-850 K confirmed the existence of the two different phases, the low temperature (LT),

containing up to 4 ML adsorbed and incorporated oxygen, and the high temperature (HT) one,

containing the rutile RuO2 phase. The Ru 3d spectra are almost identical to those measured in the ex-
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situ experiments. They are deconvoluted, using the already established cus-Ru and lattice-Ru

components of the RuO2 rutile phase, Rucus and Ruox, and the components of the precursor phase,

corresponding to differently O-coordinated Ru atoms from the first and second layer. 5-7 Further on the

activity of the RuO2 formed at 575 K and the LT-phase formed at 525 K in the CO oxidation reaction is

monitored following the evolution of the Ru 3d5/2 spectra in the ambient of CO and O2 in the pressure

range 2 – 9x10-3 mbars. The results are summarised in Figs. 1 and 2. Fig. 1 illustrates the evolution of

the Ru 3d5/2 spectra starting from a surface, with coexisting RuO2 and non-oxide phases, representing

the morphology of the catalyst surface under CO oxidation conditions. The deconvolution of the initial

spectrum requires the bulk Ru component, Rub, Ruox and Rucus for the RuO2, and two more

components. Note that the intensity of the Rucus is rather small: the cus-Ru atoms are a fraction of the

RuO2 surface and also depends on the degree of the structural order of the oxide. The extra two

components account for the coexisting ‘precursor’ phase with subsurface oxygen, resembling the LT

phase with ~ 3 ML oxygen.8 The experiments were carried out at constant PO2 and by varying the CO

pressure we are switching from oxidation to reduction conditions. The initial reaction conditions were

slightly oxidising leading to a small gain in the intensity of the Ruox, and Rucus at the expense of those

of the coexisting precursor phase. Increasing the PCO leads to fast reduction of the Ruox component,

accompanied by reduction of the components of the ‘precursor’ phase and an increase of the Rub until a

steady state is achieved. The Ru 3d5/2 spectrum of the steady state still has a Ruox component, but its

intensity is substantially reduced. The other two components are characteristic for the coexisting

adsorption phase with triple, Ru(I)-3O and double-coordinated Ru atomsm Ru(I)-2O. The Ru(I)-2O

almost overlaps with the Rucus, the latter should have become negligibly weak after such substantial

reduction of the RuO2 phase. Complete consumption of the oxide is possible by further increase of the

CO pressure, which leaves a diluted adsorption state with only singly coordinated Ru atoms, Ru(I)-1O.

The evolution of the Ru 3d spectra of the LT phase with subsurface oxygen is illustrated in Fig. 2. The

first spectrum represents a steady-state condition obtained at 525 K in CO+O2 ambient (PCO=10-3 mbar,

PO2=7x10-3 mbar). According to our previous studies the components that are required reflect the

presence of adsorbed and subsurface oxygen with total oxygen load of ~ 2 ML.5 By changing the PO2

we switched from oxidation to reduction conditions. The titration of the oxygen is well represented by

the changes of the Ru 3d5/2 spectra under reduction conditions: they loose the subsurface components

and convert to a spectrum characteristic for the adsorption phase with 0.5 – 0.6 ML of oxygen. The

initial state can be reversibly restored by increasing the oxygen pressure.

In conclusion the in-situ XPS experiments provide direct evidence that oxygen from both the

LT precursor phase and the HT RuO2 phase can be easily titrated under reducing conditions during the

CO oxidation. The RuO2 should play decisive role at reaction temperatures higher than 600 K, which

favour its formation. Under these reaction conditions also a disordered precursor can be present, and

undergoes reduction with a comparable rate. The surface of the precursor formed at T < 550 K, when

the oxygen load is limited to the top few layers, also appears active under reduction conditions.

                                                                                                                                                                     

8 Böttcher, A.; Starke, U.; Conrad, H.; Blume, R.; Gregoriatti, L.; Kaulich, B.; Barinov, A.; Kiskinova,
M. J. Chem. Phys. 2002, 117  8104.
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However, further studies, monitoring in-situ the CO2 production under steady state conditions at the

same reaction temperature are necessary in order to prove the catalytic activity of the LT phase.
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Fig. 1:
Ru3d5/2 spectra during reaction of an oxide
surface with CO and O2  at T=575K; the O2-
pressure was kept constant at 2x10-3 mbar;
CO-pressure was held at 10-3, 2.4x10-3,
4.4x10-4 and 5*10-2 mbar.

Fig. 2:
Ru3d5/2 spectra taken during reaction of a
subsurface surface with CO and O2 at T=525K;
CO-pressure was kept constant; O2-pressure was
changed from 7x10-3, 2x10-3 and 4x10-3 mbar.
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Table 1:
Ru3d5/2 Binding Energy
positions with respect to
bulk peak (280.1 eV);
Ru(I): first Ruthenium layer,
Ru(II): second Ruthenium
layer.
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