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The thermal stability of gold deposited on Nb2O5/W, Nb2O5/Nb and NbO/Nb substrates was
investigated by angle-resolved X-ray photoelectron spectroscopy. Gold in amounts 0.1–1.2
monolayer was vapour-deposited on an oxide substrate under ultrahigh vacuum. A shift of
the Au (4f) core level towards higher binding energies and an increase in the line width
with decreasing surface coverage by Au were observed for all supports and explained by final
state effects in the photoemission process. The lower magnitude of the shift observed in the
case of Au/NbO/Nb was attributed to better screening of the core hole by electrons of the
metallic NbO phase. The results present evidence that on heating of the Au/Nb2O5/W sys-
tem up to 550 °C only agglomeration occurred without significant diffusion of Au into the
oxide substrate. Annealing of the Au/Nb2O5/Nb model catalyst above 350 °C resulted in re-
duction of Nb2O5 to suboxides and inward diffusion of Au. Diffusion into the substrate
above 350 °C has also been observed for the Au/NbO/Nb sample. The distribution of Au
within the surface layers of substrate has been estimated by analysis of Au (4f) and Nb (3d)
angle-resolved spectra. The inward diffusion of Au on annealing observed for the Nb2O5/Nb
and NbO/Nb substrates is facilitated by a high density of defects in NbO. Besides informa-
tion on the particular Au/Nb2O5/W, Au/Nb2O5/Nb and Au/NbO/Nb systems, our results
demonstrated potentials of angle-resolved photoelectron spectroscopy for determination of
the distribution of a metal in annealed model catalysts and for study of extended interfaces.
Keywords: Model metal catalysts; Angle resolved photoemission; Depth profiles; Supported
gold; Au/NbOx interface; Niobium; XPS spectroscopy; Heterogeneous catalysis.

Metals deposited on oxide surfaces are used in many important technologi-
cal applications including heterogeneous catalysis, fuel cells and microelec-
tronics. In the recent years the catalytic properties of oxide-supported gold
have attracted considerable attention. Gold was usually considered as cata-
lytically almost inactive metal. Its low reactivity was attributed to the com-
pletely filled 5d atomic orbitals and to its high first ionization potential.
However, it follows from calculations1 that the electronic configuration in
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elemental Au is 5d9.66s0.96p0.5. This means that Au should be considered as
a metal with unfilled d band, similar to Pd. It was found that in contrast to
bulk Au, nanosized gold particles dispersed on various metal oxides can be-
come active in many reactions2–8. In particular gold supported on reducible
transition metal oxides was found to exhibit a very high catalytic activ-
ity9–11. The catalytic properties of the dispersed gold depend on the size of
gold particles, the preparation method and particularly on the chemical
composition of the supporting material which can, among other things,
significantly influence the morphology of the particles. It has been sug-
gested12 that the most important catalytically active sites are located at the
perimeters of gold/metal oxide interfaces.

For heterogeneous catalysts based on oxide-supported dispersed metals
the thermal stability is a prerequisite. The coagulation and sintering of gold
particles is expected to occur when temperature of the catalyst is increased.
Furthermore, some of the metal particles may become partially buried or
entrapped in the supporting oxide. The above processes lead to a significant
decrease in the catalytic activity due to the decrease in the number of avail-
able active sites.

Thin oxide films grown under well defined conditions on metallic sur-
faces are frequently used in basic research as supports for dispersed met-
als12,13. The advantage of such model heterogeneous catalysts is that the
problems arising from insulating properties of many oxides can be sup-
pressed or even eliminated allowing thus to use for their study the surface
selective experimental techniques like electron and ion spectroscopy meth-
ods or scanning tunneling microscopy. However, the detailed investigation
of the influence of the oxide layer thickness and of preparation conditions
on behavior of such model catalysts have revealed the possibility of incor-
poration of a fraction of the metal deposited into the oxide substrate even
at room temperature13–16. Recently17, using angle-resolved X-ray photoelec-
tron spectroscopy (ARXPS), we observed the inward diffusion of palladium
caused by heating of the Pd/Nb2O5/Nb model catalyst at temperatures
above 320 °C. This finding allowed to explain a significant decrease of CO
adsorption observed on annealed samples.

The present paper is aimed at gaining a better understanding of the ef-
fects taking place during annealing of the Au/NbOx/Nb and Au/Nb2O5/W
model catalysts. Niobium oxide support was chosen because it is a typical
example of SMSI (strong metal–support interaction) support, which can be
relatively easily reduced and reoxidized.
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EXPERIMENTAL

The angle-resolved XPS measurements were carried out using ESCA 310 (Gammadata
Scienta) electron spectrometer equipped with a high-power rotating anode and with a
wide-angle X-ray quartz monochromator. Some experiments with Nb2O5/W substrates were
performed in an ESCA 3 MkII (VG Scientific) electron spectrometer. The pressure of residual
gases in the analyzer chamber during spectra acquisition was below 10–8 Pa. Nb2O5 layers,
2–12 nm thick, were either deposited by sublimation from tungsten filament onto W sub-
strate cleaned by argon ion sputtering or was grown in the preparation chamber of the spec-
trometer as a thin layer by oxidizing pure Nb (99.9%, Leybold–Heraeus) polycrystalline foil
0.2 mm thick. Prior to oxidation the foil surface was cleaned by argon ion sputtering.
NbO/Nb substrate was prepared by heating the Nb2O5/Nb sample to 550 °C for 1 h in the
preparation chamber of the spectrometer at pressure 10–7 Pa. Controlled amounts of gold
(99.99%; Aldrich Chem. Co.) were deposited onto niobium oxide surface in the preparation
chamber of the spectrometer at a pressure lower than 2 × 10–8 Pa from a resistively heated
and thoroughly outgassed tungsten filament wrapped with 0.1 mm diameter Au wire. Dur-
ing deposition the substrate was kept at room temperature. High resolution spectra of Nb
(3d), Au (4f) and O (1s) core electrons and valence band electrons were measured at several
take-off angles. The estimated error in the determination of the core-level binding energies
did not exceed ±0.1 eV. The samples were gradually heated in ultrahigh vacuum up to
550 °C and kept at each selected temperature for 1 h. For spectra acquisition the samples
were cooled down to room temperature.

The thickness of the oxide layer was calculated from intensities of Nb (3d) photoemission
lines using a simple layer model18. In these calculation we used theoretical values of photo-
ionisation cross-sections published by Scofield19 and electron inelastic mean free paths
values calculated from the TPP-2M equation20. For atomic (molecular) concentrations the values
calculated from the density and atomic (molecular) mass were adopted (N(Au) = 5.9 × 1022,
N(Nb) = 5.55 × 1022, N(Nb2O5) = 1.04 × 1022 and N(NbO) = 4.04 × 1022 cm–3). The Au coverage
was expressed in monolayer equivalent units (ML) even if Au does not necessarily grow on
the used substrates in a layer-by-layer mode. The concentration depth profiles of Au were
analyzed using the procedures described in the literature21 and the Cumpson-type22 profile.

The contribution of the Au deposit to the valence band photoemission was determined
by subtracting a suitably attenuated spectrum of a clean substrate surface. The attenuation
was determined from intensities of the Nb (3d) spectra assuming that the spectra of valence
electrons and Nb (3d) electrons are affected by the Au deposit to the same extent. Implicit
in this procedure is also the assumption that the shape of the substrate spectrum is not sig-
nificantly modified by the deposited Au.

RESULTS AND DISCUSSION

In order to study the growth of Au on niobia, the Nb2O5/Nb and Nb2O5/W
substrates were first prepared and examined in situ by means of ARXPS.
High-resolution spectra of the Nb (3d) electrons taken from Nb2O5/Nb and
Nb2O5/W samples are shown in Fig. 1. The main difference between the
two metal substrates consists in different thermal stability of Nb2O5 layer.
As reported in our previous paper17, heating of the Nb2O5/Nb system to
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550 °C leads to transformation of Nb2O5 to NbO. However, Nb2O5/W is
quite stable and only narrowing of the Nb (3d) spectrum components and
the downward shift by 0.15 eV occurs on heating to 550 °C. The observed
spectral changes are most likely due to the transformation of partially disor-
dered oxide into a more ordered modification with more homogeneous en-
vironment of Nb ions. The deconvolution of the Nb (3d) spectra revealed
the presence of several components. In agreement with our previous re-
sults17, besides the main peaks centered at 207.6 and 202.2 eV belonging to
Nb2O5 and to metallic Nb, respectively, we observed the components lo-
cated at 206.2, 203.0 and 204.0 eV which could be assigned, respectively, to
NbO2, NbO and NbOx. In contrast to the Nb2O5/Nb sample, the spectrum
of Nb (3d) electrons measured for Nb2O5/W substrate shows only a minor
contribution of Nb suboxides. Intensity variations of the suboxide compo-
nents in the angle-resolved spectra of the Nb (3d) electrons indicate that
suboxides are located at the W-metal/oxide interface where they are pro-
duced by reaction of Nb2O5 with surface atoms of W support.

The changes in the Au (4f) and Nb (3d) core level emission were moni-
tored during the stepwise deposition of Au. The dependence of the Au
(4f7/2) core-level binding energy (BE) and the full width of the peak at half
maximum (FWHM) on Au coverage are presented in Figs 2 and 3, respec-
tively. The general trends of BE and FWHM variations in dependence on
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FIG. 1
Spectra of the Nb (3d) photoelectrons taken from: 1 Nb2O5/Nb (oxide thickness dox = 7 nm,
25 °C); 2 Nb2O5/Nb (dox = 12 nm, 25 °C); 3 Nb2O5/Nb (after heating sample 2 to 550 °C for
1 h, thickness of resulting NbO dox = 5.7 nm); 4 Nb2O5/W (dox = 3 nm, 25 °C); 5 sample 4 after
heating to 550 °C for 1 h
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the surface coverage are qualitatively similar to those reported for the dis-
persed gold and some other metals on oxide surfaces23–30, i.e. an increase of
the BE and FWHM with decreasing surface coverage by Au. The shifts of BE
as well as FWHM obtained for Nb2O5/Nb and Nb2O5/W substrates are the
same within the experimental error. The smaller BE shifts and higher
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FIG. 3
The dependence of the difference of the Au (4f7/2) line width ∆FWHM between the deposited
and bulk Au on surface gold coverage θ for: Au/Nb2O5/Nb, dox = 7 nm (�); Au/Nb2O5/W, dox =
3 nm (�); Au/NbO/Nb, dox = 5.7 nm (�)

FIG. 2
The dependence of the Au (4f7/2) core-level BE on surface gold coverage θ for: Au/Nb2O5/Nb,
dox = 7 nm (�); Au/Nb2O5/W, dox = 3 nm (�); Au/NbO/Nb, dox = 5.7 nm (�)
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FWHM were observed during Au deposition on the NbO/Nb substrate
(Figs 2 and 3) For gold surface coverage θ > 0.5 ML, even negative BE shifts
with respect to the bulk value were measured amounting to –0.05 eV for θ =
1 ML.

The measured shifts of the Au (4f) core-level BE contain two contribu-
tions, the initial state contribution related to the orbital energy of the
photoemitted electron and the contribution due to final state effects corre-
sponding to the energy difference between the excited electron system after
photoemission and the relaxed system. In addition, for insulating supports,
charging of the Au particles is caused by photoemission leading to the in-
crease of the core-level BE due to Coulombic attraction between the
charged particle and the outgoing electron. The measured BE shifts then de-
pend on the ability of the support to neutralize the particle charge within
the core hole lifetime, which in turn depends on the electronic structure of
the supporting material, metal particle size and particle morphology.

There is a redistribution of electrons between 6s and 5d states of Au for
surface atoms, which leads to a shift of the core-level BEs towards lower val-
ues compared with the bulk value26. Since the fraction of the surface atoms
with lower coordination increases with decreasing size of Au particles, we
would expect the core-level BE to decrease with decreasing amount of Au
deposited. Consequently, the observed increase of Au (4f) core-level BE in
the region of low surface coverage is likely due to the final state effects
which exceed the decrease caused by reduced coordination of Au atoms. The
smaller and for θ > 0.5 ML even negative BE shift observed for Au/NbO/Nb
then can tentatively be attributed to better screening of the core hole due
to metallic properties30 of NbO.

The origin of positive core level shifts in Au dispersed on TiO2 and MgO
oxides has been recently calculated using the density functional method31.
The authors came to the conclusion that at a low surface coverage, the pres-
ence of surface oxygen vacancies rather than core hole relaxation is respon-
sible for positive BE shifts observed in experiments. The role of oxygen
vacancies has also been discussed by other authors32,33 but unequivocal ex-
planation has not yet been obtained.

Thermal Stability of Au/NbOx/Nb and Au/Nb2O5/W Systems

The study of the thermal stability of Au deposited on Nb2O5/Nb, Nb2O5/W
and NbO/Nb substrates has been performed using ARXPS. For these experi-
ments we used the samples Au/Nb2O5/Nb with approximately 1 ML cover-
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age of Au prepared by the stepwise deposition of Au as described above. The
effect of annealing was examined at four different temperatures.

Figure 4 shows variations of BE and FWHM of the Au (4f7/2) photoelec-
tron line with temperature for Au/Nb2O5/Nb. Heating to 250 °C resulted in
broadening of the Au (4f7/2) line without changes of the Au (4f7/2) core-level
BE. The broadening of the Au (4f7/2) line continues at 350 °C and the BE of
(4f7/2) electrons at this temperature increases to 84.5 eV. The temperature of
approximately 350 °C represents the break-point in the behavior of Au (4f)
spectral parameters. Further increase of temperature is accompanied by in-
crease of the Au (4f7/2) BE and decrease of FWHM.

The influence of annealing on Au (4f) to Nb0 (3d) peak intensity ratio is
shown in Fig. 5 for the two detection angles corresponding to perpendicu-
lar photoemission and photoemission at 60° (defined from the normal to
the sample surface). The data in Fig. 5 show that the Au (4f)/Nb0 (3d) inten-
sity ratio decreases on annealing of the sample and ratios obtained at the
two different detection angles become rather close for annealing tempera-
tures above 350 °C. Note that independence of composition on the take-off
angle is characteristic of the samples homogeneous within the depth ana-
lyzed by the XPS method.

Based on the measured changes of the spectral parameters we can qualita-
tively divide the development of the Au deposit morphology with tempera-
ture into two regions. In the first region, up to 350 °C, the changes in Au
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FIG. 4
The dependence of the Au (4f7/2) core-level BE (open symbols) and the difference in the line
width ∆FWHM (solid symbols) on the substrate temperature T for: Au/Nb2O5/Nb (�);
Au/Nb2O5/W (�); Au/NbO/Nb (�)
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(4f7/2) BE and FWHM can be tentatively explained by redispersion of the Au
deposit resulting in broadening of the particle size distribution. In the
second region, at temperatures above ≈350 °C Au prefers to be driven into
the oxide substrate instead staying on the surface. The inward diffusion
of Au can eventually result in formation of the Au-Nb alloy at the
Nb-oxide/Nb-metal interface. This behavior is similar to that found for the
Pd/Nb2O5/Nb system17. The described redispersion of Au and its subsequent
incorporation into the support is accompanied by reduction of Nb2O5 ox-
ide layer due to oxygen dissolution in the underlying Nb metal taking place
at temperatures above 280 °C as shown in Fig. 6. This process is demon-
strated by the presence of several Nb-oxide components in the spectra of
the Nb (3d) electrons. The Nb2O5 oxide is transformed to NbO above 350 °C.
At the same temperature the inward Au diffusion begins (see Fig. 5). It is
known30 that NbO contains a high number of vacancies, the highest num-
ber found among transition metal monoxides. We suppose that these va-
cancies considerably enhance inward diffusion of Au.

In order to elucidate the influence of the supporting oxide composition
on the Au diffusion, we also studied the thermal behavior of Au deposited
on Nb2O5/W and NbO/Nb substrates with oxide thickness 3 and 5.7 nm,
respectively. The thermal stability studies were performed with depositions
of 1.5 ML of Au on Nb2O5/W and 0.94 ML of Au on NbO/Nb. As already
mentioned, the changes of the Au (4f) BE in dependence on surface cover-
age are the same for Au/Nb2O5/Nb and Au/Nb2O5/W systems (see Figs 2
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FIG. 5
The dependence of the Au (4f)/Nb (3d) intensity ratio for Au/Nb2O5/Nb, dox = 5.7 nm, on tem-
perature measured at two different take-off angles: 60° (�), 0° (�)
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and 3). However, the changes of BE and FWHM occurring during annealing
of the samples (Fig. 4) are different. Heating up to 550 °C results in a rather
small increase (0.1 eV) of the BE of Au (4f7/2) electrons for the Au/Nb2O5/W
sample and narrowing of the Au (4f7/2) line. This behavior can be explained
by agglomeration of Au in the course of which larger Au particles grow at
the expense of the small ones (Ostwald ripening) and is in accord with
measured decrease of Au (4f) spectra intensity. Consequently, the total
number of surface gold atoms with reduced coordination decreases leading
thus to the observed small increase of Au (4f7/2) BE.

A different result was found for the Au/NbO/Nb sample for which the to-
tal BE shift of Au (4f) spectra caused by a temperature increase from 25 to
550 °C is 0.52 eV and the Au (4f7/2) line slightly broadens. The value of the
BE shift is close to that measured for the Au/Nb2O5/Nb system for which an
increase of 0.6 eV was obtained (Fig. 4).

The intensity of the Au (4f) spectra decreases with increasing temperature
for Au/NbO/Nb samples. This decrease can be caused by Au agglomeration
on the support surface as well as by the inward diffusion of Au. To distin-
guish between the two possibilities, we explored the angle-resolved XP
spectra. In Fig. 7, the dependence of the Au (4f) line intensities divided by
the sum of Au (4f) and Nb (3d) spectra intensities (all normalized to the
pertinent photoionization cross-sections) on the take-off angle is demon-
strated for the used annealing temperatures. For analysis of the angle-
resolved data, the equation describing intensity of the deposit photo-
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FIG. 6
The dependence of population of the individual oxidation states of Nb on temperature.
Nb0 (�), Nb2+ (�), Nbx+ (�), Nb4+ (�) and Nb5+ (�) for Au/Nb2O5/Nb
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emission line for a substrate partially covered by the deposited material and
published by Paynter21 can be used:

I
TA

f c c
t t

( )
cos

cos cosα
φ σ α

λ λλ α λ α= −












+


L L S Se eL L1









+ −( ) ,1 f cS Sλ (1)

where φ is the X-ray flux, α is the detection angle defined from the normal
to the sample surface, T is the transmission efficiency, A is the analysis
area, σ is the cross-section for photoelectron emission, f is the fraction of
the substrate surface covered by the deposited metal, λL and λS are the in-
elastic mean free paths of Au (4f) photoelectrons in the deposited Au and in
NbO substrate, respectively, cL and cS are the concentrations of Au present
on the oxide surface and incorporated in the oxide, respectively and t is de-
posit thickness.

Equation (1) can be rewritten to:

I
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FIG. 7
The dependence of the normalized intensity of the Au (4f) spectra I In

Au Au Au= [( / ) /σ
( / / )]I IAu Au Nb Nbσ σ+ ×100 on detection angle and substrate temperature. The upper part
shows the results for Au/NbO/Nb (� 250 °C, � 350 °C, � 450 °C, � 550 °C) and Au/Nb2O5/Nb
(� 550 °C). The concentration depth profile of Au calculated using the Cumpson-type profile
for Au/NbO/Nb is depicted in the inserted graph for the two substrate temperatures (� 450 °C,
� 550 °C). In the lower part the results for Au/Nb2O5/W are displayed (� 550 °C, � 25 °C)
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It follows from Eq. (2) that changes of the Au (4f) photoemission intensity
during annealing can be caused by variations of f, cL and cS. To get rid of
the first two terms in Eq. (2) the data for each temperature were vertically
shifted in such a way that the normalized intensity of the Au (4f) photo-
emission in normal direction was set to zero (Fig. 7).

It can be seen from Fig. 7 that the results obtained for different substrates
are different. In contrast to almost identical exponential dependences ob-
tained for Au/Nb2O5/W at temperatures 25 and 550 °C, the slopes of the
curves decrease with increasing temperature of annealing for Au/NbO/Nb.

Considering the influence of the pre-exponential factor consisting of f
and the difference of atomic concentrations of Au multiplied by corre-
sponding electron inelastic mean free paths in the deposit and the substrate
(cLλL – cSλS), it can be shown that the influence of the latter is more pro-
nounced. The trends in exponential dependences for Au/NbO/Nb and
Au/Nb2O5/W systems can thus be explained by a decrease in the difference
(cLλL – cSλS). This decrease is in the case of Au/NbO/Nb due to the inward
diffusion of Au leading to the increase in cS at the expense of cL, the process
which does not take place in the case of the Au/Nb2O5/W sample. It should
be mentioned that if cLλL < cSλS, the sign of pre-exponential changes to
negative, which is likely the case of the Au/Nb2O5/Nb sample. Using the
Cumpson-type profile22, we have calculated the depth distribution of Au
for Au/NbO/Nb sample. The resulting profiles obtained for temperatures
450 and 550 °C included in Fig. 7 clearly demonstrate inward diffusion of
Au on annealing.

The separation of the components of the Nb (3d) spectra belonging to
Nb2+ and Nb0 oxidation states increases with increasing annealing tempera-
ture starting at 350 °C (see Table I). Change in the separation between
metal and oxide photoemission peaks has already been reported in the lit-
erature14 for the Au/Al2O3/Al system and explained by the authors in terms
of a change in electron extraatomic relaxation.

The spectra of the valence electrons measured for the Au/NbO/Nb system
after annealing and corrected for the contribution of the NbO/Nb substrate
are displayed in Fig. 8 in which the spectra obtained for the two different
Au depositions and for the polycrystalline Au foil with a clean surface are
also shown. The splittings of the Au (5d) components, ∆5d, and the Au (5d)
bandwidths, W, are given in Table I. With increasing surface coverage by
Au, the 5d band splitting as well as the bandwidth increases, due to the in-
crease in the average coordination number of Au atoms. The other interest-
ing observation in Fig. 8. is that heating of the sample first leads to an
increase of the ∆5d and W values whereas a decrease is observed at tempera-
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tures above 350 °C. At the same time, the high-energy component of the
Au (5d) band shifts by 0.5 eV towards higher binding energies. This shift is
the same as that of the Au (4f7/2) core level. The observed behavior is thus
in good agreement with the above given picture of gradual incorporation of
the deposited Au atoms in the supporting oxide resulting ultimately in the
formation of Au-Nb alloy-like phase. This interpretation is corroborated by
the results of electric-resistance study34 of Au/Nb films in dependence on
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TABLE I
Splittings of the Au (5d) band ∆5d, valence bandwidths W and separation of the Nb2+ and
Nb0 components in the Nb (3d) spectra δ for Au/NbO/Nb system

θ, ML T, °C ∆5d, eV W, eV δ, eV

0.4 25 2.44 4.50 0.96

0.94 25 2.70 4.82 0.96

0.94 250 2.86 4.97 0.97

0.94 350 2.70 5.01 1.00

0.94 450 2.49 4.65 1.04

0.94 550 2.18 4.14 1.08

Bulk Au 25 3.04 5.23 –

FIG. 8
Valence band X-ray photoemission spectra of Au/NbO/Nb. 1 0.4 ML; 2 0.94 ML; 3 0.94 ML,
250 °C; 4 0.94 ML, 350 °C; 5 0.94 ML, 450 °C; 6 0.94 ML, 550 °C; 7 polycrystalline bulk gold
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the annealing temperature. Interdiffusion between the Au and Nb metal
films was detected at temperatures above 325 °C and formation of the inter-
metallic Au2Nb3 compound and some other unknown phases was observed
above 400 °C.

CONCLUSIONS

The thermal stability of Au/Nb2O5/Nb, Au/Nb2O5/W and Au/NbO/Nb model
supported catalysts containing approximately 1 ML of Au was studied in
the temperature range 25–550 °C by the angle-resolved XPS method. The in-
ward diffusion at temperatures above 350 °C was observed for Au/Nb2O5/Nb
and Au/NbO/Nb but not for Au/Nb2O5/W. The depth distribution of Au in
the annealed Au/NbO/Nb model catalyst has been determined. It is con-
cluded that the reduction of Nb2O5 to NbO oxide gives rise to the inward
diffusion of Au in the Au/Nb2O5/Nb sample due to high density of defects
in NbO.
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