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Abstract

The interaction of oxygen with evaporated Ni films on an Fe-doped SrTiO; (100)
substrate was investigated by means of LEED, AES and work function
measurements (WF) at room temperature. The adsorption of oxygen takes
place on the nickel overlayer firstly by chemisorption on nickel step sites,
accompanied by a reduction of the WF, and secondly on terrace sites, followed
by a WF increase. After the chemisorption phase, the oxidation of the nickel
overlayer starts with NiO island formation followed by bulk NiO development,
which is marked by a second WF reduction. The adsorption phases of oxygen
correspond closely to those of oxygen on single crystals of nickel. This indicates
that the character of the Ni predeposited layers on strontium titanate seems to
be metallic.

1. Introduction

The growth of metallic films on ceramics such as the perovskite-type oxide SrTiO3; (STO)
and BaTiO; are very important in catalysis [1, 2]. The main reason for this is that the
metallic character of the adsorbate modifies the electronic properties and the chemical
behaviour of the substrate. In recent years metal oxide interfaces have been intensively studied
experimentally [3-9] as well as theoretically [10]. Among the metal adsorbates applied on an
oxide surface, nickel is often used, mainly because of its importance as a catalyst [11, 12].

In particular, the STO(100) surface has attracted much interest, mainly in view of its
technological applications as a photocatalytic electrode in photoelectrolysis [ 13],a substrate for
the epitaxial growth of high temperature superconducting films [13, 14] and a high temperature
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oxygen sensor [15—-17] etc. As regards the latter, although STO is rather inert to oxygen
adsorption, especially in the absence of defects, it has been shown that this oxide functions
very effectively as a gas sensor, thanks to the macroscopic changes of its electrical conductivity
with the ambient oxygen pressure [15, 18].

In the last decade the adsorption of different metals on the STO(100) surface has been
studied to a great extent [3, 5-7, 19-24]. While most of the metals develop epitaxially
on the surface [5-7], in some cases adsorbates such as Y and Ba cause reduction of the
substrate, resulting in the formation of metal oxides [22, 23]. Moreover, it is believed that
metal adsorbates on the STO enhance the reactivity of the surface to oxygen. Therefore, it
is important to learn more about the interaction of adsorbed metals with oxygen on the STO
surface, aiming at the design of novel catalysts, for industrially important reactions. One of
these reactions is the production of syngas by the direct catalytic oxidation of methane [25].

In the present contribution we investigate experimentally the adsorption of oxygen on a
nickel covered STO(100) surface. To this end, a STO(100) substrate, each time precovered
with a different nickel quantity, was exposed to oxygen. The measurements were performed by
using common surface analytical techniques, such as low energy electron diffraction (LEED),
Auger electron spectroscopy (AES) and relative work function (WF) measurements.

2. Experimental details

The experiments were performed in a UHV system with the base pressure 107! mbar. The
system was equipped with a four-grid LEED optics, a VG hemicylindrical electron energy
analyser with energy resolution 0.3% for AES measurements, a quadrupole mass spectrometer
(QMS) and an electron gun for relative WF measurements in the diode mode. The STO(100)
sample was polished on one side and was doped with Fe acceptors (0.14 wt%). The sample
was fixed in a tantalum case and mounted in UHV as shipped. The surface was cleaned by
Ar* bombardment (2 keV, 1 nA) followed by heating at about 1000 K. The temperature of the
specimen was measured using a Cr—Al thermocouple spot welded onto the back of the case
and calibrated using an infrared pyrometer. The sample was considered clean when the carbon
signal was no longer detected by AES.

Nickel was evaporated from a home-made evaporation source by passing current through a
tungsten filament surrounded by Ni ribbons (99.99% purity). The nickel dosage was calibrated
by means of AES measurements [26] and the coverage was measured in monolayers (ML),
where 1 ML was defined to be equal to the surface atomic density of the STO substrate,
~2x 10" atoms cm~2. Spectroscopically pure oxygen was admitted into the chamber through
aleak valve. The oxygen exposure was measured in langmuirs (1 L = 107 Torrs). The oxygen
pressure was measured using an ion gauge.

3. Results and discussion

According to our recent results [26], nickel grows on the Fe-doped STO(100) surface in the
simultaneous multilayer mode, where the layers build up at random with the nth layer starting
on a fraction of the (n — 1)th layer [27]. After we deposited Ni on the surface, we exposed
the system to oxygen gas. Figure 1 shows the O(510 eV) Auger peak-to-peak height (Ap—pH)
as a function of oxygen exposure on the Ni(® ML)/STO surface system, where ® = 0.6, 2
and 5 ML. On the Ni(0.6 ML)/STO surface, the O(510 eV) Ap—pH increases continuously
up to a maximum value at an exposure of about 100 L. For higher nickel coverages, ® = 2
and 5 ML, the O(510 eV) signal increases rapidly at low exposures (<10 L), levels off in
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Figure 1. The O(510 eV) Ap—pH as a function of oxygen exposure on the Ni(® ML)/STO surface,
for ® = 0.6, 2 and 5 ML.

the range of 10-50 L and then increases again up to a maximum value for exposure >200 L.
We observe that the higher the nickel coverage the more distinct the plateau appearing in
the O(510 eV) Auger curve. On the other hand, the Ni(61 eV) Ap—pH showed an inverse
variation to that of O(510 eV), while the AES signals of Sr and Ti did not show any substantial
change either of the energy and lineshape or of the intensity (not all of these signals are shown
here). Apart from the 0.6 ML nickel case, the behaviours of the O and Ni AES signals are
the same as those observed for oxygen exposure on Ni(110) [28-32], Ni(100) [33, 34] and
Ni(111) [35] single-crystal surfaces. In all these experiments, it is generally agreed that the
oxygen initially chemisorbs dissociatively on the nickel surface, while next a rapid oxidation
leads to NiO island formation resulting in a final slow thickening of bulk NiO. This widely
accepted model has been supported by a more recent study of the oxygen adsorption on the three
low index planes of nickel, (100), (110) and (111), carried out by Stuckless ef al [36]. More
specifically, the authors, using calorimetry and sticking probability measurements, showed
that the heat of oxygen adsorption drops with coverage in the chemisorption regime, indicating
strong interadsorbate interactions. For the oxide formation regime, the same authors measured
significantly lower heats of adsorption, while as regards the sticking probability, they observed
a small increase up to a maximum and a subsequent decrease to zero when a passivating nickel
oxide film, four layers thick, forms [36]. As regards our AES measurements, in the curves for
2 and 5 ML in figure 1, the initial increase of the O(510 eV) Ap—pH can be attributed to the
chemisorption state of oxygen on nickel, whereas the trend of the signal to level off can be
assigned to the decrease of the sticking probability at the end of the chemisorption stage [36] and
the start of the oxidation stage. According to the very early model proposed by Holloway and
Hudson [33, 35], the oxidation of nickel starts at nucleation points on the surface and proceeds
by the lateral growth of oxide islands and final bulk oxide growth. The development of the
nickel oxide islands can be related to the O(510 eV) Ap—pH increase recorded for exposures
>100 L in figure 1 [30, 31, 37]. The oxide formation is verified by the Auger lineshape of
the Ni(61 eV) peak (not shown), which at this stage of the oxygen adsorption looks the same
as the one corresponding to the oxidation of nickel single crystals [30, 37]. This increase
of oxygen uptake might be connected with an increase of the sticking probability, which has
been measured for the oxidation state by Stuckless ef al [36]. In general, the resemblance of
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Figure 2. The WF change, A ®, of the Ni(® ML)/STO surface versus oxygen exposure for ® = 0.6,
2 and 5 ML.

the oxygen Ap—pH variation with those previously reported leads us to the conclusion that
the adsorbed nickel overlayer on STO should have an effectively metallic character. This is
further supported by our recent TDS measurements, showing Ni to approach the metallic state
as the coverage increases [26], and also by late photoemission measurements at the valence
band of the nickel covered STO surface, where metallic Ni 3d states develop in the band gap
for coverage even less than 1 ML [38]. In addition, Kido et al [24] have also demonstrated
the metallic nature of one monolayer of nickel on STO. Going back to figure 1, it is worth
pointing out the different behaviours of the 0.6 ML curve and those for 2 and 5 ML. As will
be discussed below, we believe that the morphology of the nickel overlayer and possibly the
interaction of the first nickel layer with the substrate account for this difference.

LEED observations showed a sharp (1 x 1) pattern of the clean STO(100) surface,
which gradually became diffuse as the nickel coverage increased, until it disappeared at high
coverages. Oxygen adsorption on the nickel covered STO surface showed no structure at room
temperature.

Figure 2 shows the WF changes, A®, of the Ni(® ML)/STO surface with ® = 0.6, 2
and 5 ML versus oxygen exposure at RT. Initially, as the chemisorption stage starts, the WF
decreases rapidly down to a minimum and then increases up to a maximum value. Finally a
slow decrease follows, approaching a constant value. There are two significant observations in
the A d—exposure curves as the nickel coverage becomes higher: (1) the initial WF decrease
becomes more intense and (2) the maximum WEF, &, shifts to higher oxygen exposures.
It is noted that the initial decrease of WF has not been observed for oxygen adsorption on
any single-crystal nickel surface [30, 32, 35, 39-42]. In order to explain qualitatively the two
characteristics of the WF curves we need to mention the morphology of the Ni overlayers.
According to our previous work, nickel seems to form simultaneous multilayers on STO [26],
i.e. successive incomplete layers. This growth mode generates many steps and terraces. We
may reasonably assume that the first chemisorbed oxygen atoms would prefer the more reactive
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step sites, next to laterally less coordinated nickel atoms. If we also take into account that the
radius of an O atom is roughly only half that of an Ni one, we can explain the initial decrease
in WF through the creation of electrical dipoles with a vertical component, outwardly positive.
This atomic configuration suggests that the initial lowering of the WF curves in figure 2 should
increase with the number of step sites, which is proportional to the coverage. In fact, this
seems to be true, because the initial WF decrease becomes larger with the nickel coverage.
Alternatively, the initial WF decrease could be explained by oxygen atom incorporation into the
Ni overlayer. However, we consider this effect unlikely, because the incorporation or surface
diffusion of O atoms into single crystals of nickel at the chemisorption stage has not been
reported in the literature. Furthermore, high resolution STM images obtained by Kopatzki and
Behm [43] showed that the spontaneous oxygen adatom hopping rate at room temperature is
very low, suggesting that diffusion across the chemisorbed layer and into the nickel surface is
not probable.

The WF increase in figure 2 is attributed to O atoms occupying terrace sites. The number
of adsorption sites on terraces is also proportional to the coverage, and consequently as the
nickel coverage increases, more oxygen atoms are required to cover the area of the terraces.
This explains reasonably well the shift of @, to higher oxygen exposures. However, the
relaxation of the nickel atoms at terrace sites should increase the O(510eV) Ap—pH. Instead, the
oxygen signal levels off while the WF increases, at least for nickel coverage ® = 2 and 5 ML.
This might be due first to the very low sticking probability of oxygen on a nickel surface, which
characterizes the end of the chemisorption stage [36], and second to a tendency of the O atoms
to incorporate into the Ni overlayer at the beginning of the oxidation stage. The latter should
cause a reduction of the mean electric dipole moment per oxygen atom, which is probably
reflected by the observed lower rate of WF increase as we approach @, (figure 2). Indeed, in
their classical papers, Holloway and Hudson [33, 35] supported an incorporation effect, as the
oxidation starts at nucleation points on the surface resulting in NiO island formation. As the
oxidation of the nickel overlayer advances, the oxygen uptake increases rapidly again while
the WF starts decreasing, finally approaching a value which characterizes the bulk NiO. The
incorporation of oxygen atoms possibly creates new surface adsorption sites, increasing the
sticking probability for further bulk NiO development [36]. In general, the transition from
the chemisorbed oxygen stage to the oxidation one apparently starts before ®y,,x, while the
0O(510 eV) Auger signal tends to level off. This can be viewed as a surface phase transition
as has been discussed by Roelofs et al [44]. The O(510 eV) AES curve for 0.6 ML of nickel
differs from those at 2 and 5 ML, in exhibiting absence of the plateau. At this relatively
low coverage, we believe that the thickness of the nickel overlayer is small (probably smaller
than two atomic nickel layers). Because of this, the effect of incorporation of the O atoms
into the Ni overlayer at the oxidation stage should be substantially weaker than it is at higher
coverages (2 and 5 ML), with the O atoms remaining on the surface of the nickel overlayer.
So the transition from the chemisorption to the oxidation stage does not show a plateau in the
O(510 eV) Auger curve (figure 1). Also, at such low coverage, the majority of the Ni atoms
are located next to the top surface O atoms of the substrate, promoting the Ni—O interaction.
However, it is clear that this argument remains a purely qualitative interpretation and more
measurements are needed with more sophisticated techniques.

Figure 3 shows the O(510eV), Ni(848 eV), Ni(61 eV), Sr(76 eV) and Ti(380 eV) Ap—pH
and the WF change, A®, of the surface system O(250 L)/Ni(5 ML)/STO(100) as a function
of temperature. The O(510 eV) Ap—pH is constant up to 450 K and starts to decrease for
higher temperatures, passes through a minimum at 750 K and then increases up to a maximum
value. The Ni(848 eV) Ap—pH decreases also at temperatures higher than 450 K it levels off
at 750-850 K and decreases again at higher temperatures. On the other hand, the Ni(61 eV)
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Figure 3. The O(510 eV), Ni(848 eV), Ni(61 eV), Sr(76 eV), Ti(380 eV) Ap—pH and the
work function change, A®, of the O(250 L)/Ni(5 ML)/STO(100) surface system as a function
of temperature.

Ap-pH increases up to 750 K and then decreases to a minimum value for temperatures higher
than 1150 K. As regards the substrate elements, both the Sr(76 eV) and Ti(380 eV) Ap—pHs
show gradual increase in the intensity when the temperature exceeds 450 K. All the above
variations displayed in figure 3 suggest that 450 K is a critical temperature at which drastic
changes occur on the surface. The decrease of the O(510eV) Ap—pH in the range of 450-750K
can be attributed to a partial desorption of O and NiO, which actually has been verified by
thermal desorption measurements (not shown). The same explanation probably accounts for
the decrease of the Ni(848 eV) Ap—pH and the increase of the substrate Ap—pHs. However, the
increase of the Ni(61 eV) Ap—pH is not consistent with the NiO desorption. This behaviour is
probably due to the nature of the Ni M, 3VV Auger transition line which actually relates to a
valence band transition. This line is strongly affected by the oxidation in the shape, intensity
and energy as well [30, 37]. Indeed, the intensity of the Ni M, 3 VV line of the oxidized nickel
is smaller than that of the metallic Ni. So the increase of the Ni(61 eV) Ap—pH measured up
to about 750 K is due to the oxygen and partial NiO desorptions (unpublished results) which
take place simultaneously in this temperature range. Thus the annealing up to 750 K seems to
reduce the NiO in agreement with very recent SXPS measurements [38], while some metallic
Ni remains on the surface. Above 750 K the morphology of the Ni overlayers seems to change
into three-dimensional particles, giving the final decrease of intensity of the Ni(61 eV) line.
Finally, Ni desorption occurs at temperature >1000 K [26]. The increase of the O(510 eV)
Ap—-pH above 750 K can be assigned to the contribution of the substrate O atoms, which
becomes stronger as the STO surface becomes less covered. In the same manner, the increase
of the Ap—pH of the substrate Auger lines, Sr(76 eV) and Ti(380 eV), at temperatures above
750 K, seems to be reasonable.
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Finally, A®, where A® = 0 corresponds to the WF of Ni(5 ML)/STO, is stable up
to 450 K, decreases at higher temperatures, passing through a minimum at 750 K, and then
increases to a value close to the initial WF. The decrease of the WF in the temperature range
450-750 K is the result of the O desorption. At even higher temperatures the WF value
approaches that of the Ni(5 ML)/STO surface. Here we should point out that a significant
amount of Ni, which is however much less than 5 ML, remains on the STO surface even
after strong annealing [26]. This annealing probably causes changes in the stoichiometry,
morphology and symmetry of the STO surface, as has been shown by recent studies [45—47].
Such changes drastically affect the final WF of the surface.

4. Conclusions

In this investigation we studied the interaction of oxygen with evaporated Ni films on the
SrTiO3(100) surface at room temperature. The main techniques used were AES and WF
measurements. The predeposited nickel adatoms act as active centres for the adsorption of
oxygen. It seems that oxygen chemisorbs first dissociatively at the Ni step sites formed,
decreasing the work function, and this process continues with chemisorption at the terrace
sites, increasing the WF of the surface. When the chemisorption stage is completed, a stage
of oxidation starts at nucleation points on the surface, characterized by the incorporation of
the oxygen atoms into the Ni overlayer. The oxidation of the nickel results initially in the
formation of NiO islands; this is followed by bulk NiO formation throughout the overlayer.
The stages of adsorption of oxygen on the nickel covered STO surface are quite similar to those
observed for oxygen adsorption on several single crystals of nickel. This similarity indicates
that the predeposited nickel overlayer seems to be in an effectively metallic state. This work
shows no evidence that the presence of Ni on the surface affects the reactivity of the STO
substrate to oxygen.
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