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ABSTRACT

Infrared reflection absorption and X-ray photoelectron 
spectroscopies are used to show that the process of carbon 
monoxide  (CO) oxidation  can  occur  on  the  surface  of  a 
system formed during the appearance of gold clusters  on 
the surface  of  a  titanium oxide layer  cooled below room 
temperature. The efficiency of this process is significantly 
affected by stoichiometry of the titanium oxide layer. The 
use  of  a  TiOx substrate  with  the  stoichiometry  different 
from  TiO2 results  in  more  effective  CO  oxidation  in 
comparison  with  the  process  observed  in  the  Au/TiO2 

system. An important role in the oxidation process is played 
by the gold-oxide interface.
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In recent years, the materials with metal clusters formed 
on the surface of oxide substrates have been widely used in 
heterogeneous catalysis [1, 2]. In particular, one of the most 
efficient catalysts used in carbon monoxide oxidation is the 
Au/TiO2 system  [3].  Despite  a  large  number  of  studies 
devoted  to  this  process,  there  is  no  commonly  accepted 
opinion about the nature of the high catalytic activity of this 
material.  On  the  one  hand,  it  is  believed  that  the  high 
catalytic  activity  is  pro-vided  by  the  properties  of  gold 
clusters  [4];  on  the  other  hand,  it  was  suggested  that  a 
considerable  role  belongs  to  properties  of  the  Au/TiO2 

interface [5].  Elucidation of this problem requires  further 
detailed study of the system properties.

Below, we present experimental data indicating that the 
titanium oxide stoichiometry plays an essential part in the 
oxidation of CO molecules on the surface of the Au/TiOx 

system. The studies were performed in ultra-high vacuum 
(2 x 10-10 Torr) by methods of infrared reflection absorption 
(IRRAS),  X-ray  photoelectron  (XPS),  low-energy  ion 
scattering  (LEISS),  and  Auger  electron  (AES) 
spectroscopies.  These  techniques  are  described  in  detail 
elsewhere [6-9] and are only briefly outlined here.

The  IRRAS  method  reduces  to  the  following:  an  IR 
radiation  beam  polarized  in  the  plane  of  incidence  is 
incident  on  the  surface  at  an  angle  of  80°.  This 
configuration  provides  the  maximum  sensitivity  of  the 
method  to  the  intramolecular  vibrations  normal  to  the 
surface. This is the situation observed for CO on the surface 
of  most  metals.  The  spectral  resolution  of  this  method 
equals 4 cm-1. The Au/TiOx structures formed were cooled 
to a temperature of 90 K, after which CO was adsorbed and 
the  IR  spectra  were  recorded.  All  the  IR  spectra  of  CO 
molecules  were  normalized  to  the  background  spectrum 
recorded prior to CO adsorption.

The  AES  measurements  were  performed  using  a 
cylindrical  mirror  analyzer  and  a  coaxial  electron  gun 
producing a normally incident primary electron beam. The 
photoelectron spectra were excited by the X-ray AlKα line 
with an energy of 1453 eV and recorded with the aid of a 
spherical deflector analyzer. The LEIS spectra were excited 
by a 1-keV beam of He ions and measured at a scattering 
angle  of  135°.  This  method is  extremely sensitive to  the 
state  of  the  surface  layer  and  the  adsorbed  film  growth 
mechanism [10]. The density of the primary He ion beam 
did not exceed 3 x 10-7A/cm2. We believe that the state of 
the ion-bombarded system only slightly changes during a 3-
min-long  period  of  time  required  to  record  a  LEISS 
spectrum.

To calibrate  the  flows of  Ti  and  Au atoms thermally 
evaporated  and  deposited  onto  a  substrate  surface,  we 
invoked the experimental data on the growth mechanisms 
of  Ti and Au films on the Re(1000)  surface.  During the 
room-temperature adsorption of atoms of these metals on 
the substrate at a deposition rate of 0.15 ML/min, a layer 
mechanism of the film growth is operative in both cases. 
Upon  growing  the  first  continuous  monolayer  (ML)  of 
adatoms,  the  coverage  θ  was  assumed  to  be  unity.  The 
thickness  of  the  monatomic  film was  taken  equal  to  the 
atomic  diameter  of  the  corresponding  metal.  An  oxide 
substrate for gold adsorption was represented by a 130-A-
thick  TiOx layer  formed  on  a  Re(1000)  crystal  surface. 
Unlike the case of bulky titanium oxide crystals, the use of 
TiOx layers  allowed  us,  first,  to  obtain  the  desired  layer 
stoichiometry (dependent on the layer formation mode) and, 
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second,  to  study  the  CO/Au/ТOx,  system  by  the  IRRAS 
method.

We  used  two  modes  of  the  titanium  oxide  layer 
deposition. In the first mode, titanium atoms were deposited 
at a rate of 0.5 ML/min onto the Re(1000) substrate in an 
oxygen  atmosphere  at  a  pressure  of  10-6 Torr  and  a 
temperature  of  700  K.  Upon  the  formation  of  each  five 
monolayers  (until  attaining  a  total  layer  thickness  of  30 
ML), the deposition of Ti atoms was halted and the system 
was  kept  for  10  min  in  the  oxygen  atmosphere  at  the 
temperature  indicated  above.  An  X-ray  photoelectron 
spectrum from the titanium layer thus obtained is shown in 
Fig.  1  (the lower  curve).  A comparison of  this  spectrum 
with  that  of  a  bulky  TiO2 crystal  [11]  shows  that  the 
stoichiometry of the titanium oxide layer is close to TiO2.

In  the  second  mode,  an  oxide  layer  was  grown  in  a 
similar way with the only difference being that the titanium 
atoms were continuously deposited until attaining a desired 
thickness of  30 ML (without intermediate  keeping of the 
deposit in the oxygen atmosphere). The corresponding XPS 
spectrum is shown in Fig. 1 (the upper curve). Despite the 
similar location of the main maxima, the two spectra are 
markedly different.  The broader lines and the shoulder A 
observed in the second spectrum indicate that the degree of 
Ti oxidation in the second mode is lower than that in TiO2. 
Therefore,  it  can  be  suggested  that  the  second  spectrum 
corresponds to the composition TiOx (with x < 2).

Gold  atoms  were  deposited  onto  the  surface  of  the 
titanium  oxide  layers  of  these  two  types  at  a  substrate 
temperature  of  500  K.  The  process  was  continued  until 
reaching  a  coverage  corresponding  to  eight  monolayers. 
According to the LEISS and AES data, three-dimensional 
gold clusters  are formed on the substrate  surface  in both 
cases. At θ = 8 ML, the clusters occupied about 70% of the 
titanium oxide surface. Assuming that all the islands are of 
the  same  hemispherical  shape,  one  can  evaluate  their 
heights,  which,  at  this  coverage,  are  about  40  A.  The 
Au/TiO2 and Au/TiOx systems thus obtained were cooled to 
90 К and exposed to carbon monoxide until attaining a total 
exposure of 100 L (1 L = 10-6 Torr s). The corresponding IR 
absorption lines caused by excitation of the intramolecular 
oscillations in CO adsorbed on the gold surface are shown 
in  Fig.  2a  (curve  1)  and  Fig.  2b  (curve  7).  Upon  heat 
treatment of the systems thus obtained at a temperature of 
250 К and their subsequent 30-min exposure to oxygen at a 
pressure of 10-6 Torr, the intensity of the IR absorption lines 
of carbon monoxide decreased in both cases. The decrease 
was more pronounced for the system CO/Au/TiOx (Fig. 2b, 
curve 2) than for the system Co/Au/TiO2 (Fig. 2a, curve 2). 
Annealing of the same systems at a temperature of 250 К 
without  the  subsequent  exposure  to  oxygen  did  not 
noticeably changed the spectra. Thus, we may suggest that 
the observed decrease in the IR line intensities is caused by 
CO oxidation. As seen from Fig.  2,  this process  is  more 
efficient on the surface of the Au/TiOx system than on the 
surface of the Au/TiO2 system. This seems to be indicative 

of  the  important  role  of  the  oxide  layer  in  the  carbon 
monoxidation oxide on the surface of the Au/TiOx system.

Fig. 1. X-ray photoelectron spectra of titanium oxide layers 
of different compositions formed on the Re(1000) surface. 

The layer thickness was estimated at 130 A.

Fig. 2. IR absorption lines of CO molecules on the surface 
of the (a) Au/TiO2 and (b) Au/TiOx (x < 2) systems (1) prior 
to and (2) after their interaction with oxygen. It is seen that 

this process is more efficient in the Au/TiOx. system.
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This assumption is also confirmed by the XPS study of 
the interaction between CO molecules  and the surface of 
the Au/TiO2 system.  Figure  3 (curve 1)  shows the X-ray 
photoelectron spectrum of the Au/TiO2 system obtained by 
the procedure described above.

Fig. 3. X-ray photoelectron spectra of a ~130-A-thick sto-
ichiometric titanium oxide layer ТЮ2 (1) prior to and (2) 

after interaction with CO molecules. The changes observed 
upon exposure to CO indicate the loss of oxygen from the 

titanium dioxide layer.

 The  spectrum obtained  upon a  1-h  exposure  of  this 
system to carbon monoxide at  a substrate  temperature of 
500 К is shown in Fig. 3 (curve 2). The pattern of changes 
in the spectrum, in particular,  the appearance of the low-
energy  shoulder  A  on  the  main  line,  indicates  a  lower 
degree  of  oxidation  for  some  Ti  atoms and,  therefore,  a 
certain loss of oxygen from the TiO2 layer in the process of 
interaction  with  CO  molecules.  This  behavior  may  be 
indicative  of  the  participation  of  oxygen  from  titanium 
dioxide in the process of CO oxidation on the surface of the 
Au/TiO2 system. It should also be emphasized that exposure 
of  trie  TiO2 layer  without  deposited  gold  clusters  to  CO 
molecules  under  the  conditions  analogous  to  those 
described  above did not  change the spectrum in the way 
shown in Fig. 3. Thus, we assume that an important role in 
oxidation  of  CO  molecules  is  played  by  the  Au/TiOx 

interface.
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