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INTRODUCTION

Thermal stability is one of the fundamental proper-
ties of supported metal catalysts [1–3]. The monitoring
of morphological changes, that is, the detection of
changes in parameters such as the particle size distribu-
tion of the supported metal over the surface and
changes in the shape of particles before and after treat-
ment, is a method for studying thermal stability.

The combined application of scanning tunneling
microscopy (STM) and X-ray photoelectron spectros-
copy (XPS) in the study of supported systems provides
complementary data on both the morphology (STM)
[4] and the chemical composition (XPS) [5] of metal
particles and supports. However, physical techniques
not always can be directly used for studying real sys-
tems, because of both methodological limitations and
the complex and ambiguous nature of the data obtained
experimentally. Therefore, special model systems
which, on the one hand, meet the requirements imposed
by the experimental techniques and, on the other hand,
retain the main properties of real catalytic systems and
obey the same laws, should be designed [6, 7].

One of the methodological requirements imposed
by STM is the conductivity of a sample; therefore,
oxide systems, which are of great interest in heteroge-
neous catalysis, cannot be studied directly (except for
single crystals of titanium oxide and MgO [8]). How-
ever, it was found that a tunneling effect occurs in the
case of a thin nonconducting film on a conducting sub-
strate, and the morphology of these systems can be
studied using STM. This fact was used for preparing
model supports and supported systems based on alumi-
num oxide, which are suitable for STM studies [6, 9–
12]. The results of an STM study of an ultrathin alu-
mina film on the surface of an NiAl single crystal were
published [9, 10]. Moreover, the 
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 model systems were studied
by STM [11, 12].

Here, we report the results of a combined STM–
XPS study of a model system, which is an analog of a
commercial 
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 catalyst, as well as the first
results of an STM and XPS study of the effect of ther-
mal treatment on the morphology of this system.

EXPERIMENTAL

The STM study was performed in air with the use of
a CMM2000T microscope (ZAO KPD, Zelenograd,
Russia) a maximum scanning range of 
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×

 

 6

 

 

 

µ

 

m. The
resolution of the instrument was 0.5 nm in which has
vertical and 1 nm in the sample plane. Scissors-cut plat-
inum/iridium tips were used in the experiments. The
scanning parameters were varied over wide ranges: the
tunneling voltage, from –4.5 to +4.5 V, and the tunnel-
ing current, from 3 to 10 nA. Because STM allows only
local measurements, an array of points (from 20 to 30)
over the surface were studied at each magnification for
each sample in order to confirm the reliability and rep-
resentativeness of the resulting STM images. The histo-
grams of particle size distribution were constructed in
each particular case based on an analysis of more than
one hundred observed particles.

The XPS measurements were performed using an
ESCALAB HP electron spectrometer with the use of
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 radiation. The XPS spectra were calibrated with
reference to 
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= 84.0 eV) and 
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 (

 

E

 

b

 

 =
932.7 eV) lines [13]. Samples were prepared in the
preparation chamber of the spectrometer. The source of
silver for deposition onto the surface of samples with
alumina films was a coiled tungsten wire with a silver
slab (of 99.99 purity) inside. The tungsten wire and the
sample were heated resistively. K-type thermocouples,
which were used for measuring the temperatures of the
silver source and the substrate, were tightly fixed to the
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 model system by scanning tunneling
microscopy (STM) and X-ray photoelectron spectroscopy (XPS) are presented. The surface morphology of a
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) was
characterized using STM. The first experimental results obtained in the STM and XPS study of the sintering of
supported catalysts are reported, which demonstrate the capabilities of these techniques for studies of this kind.
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silver plate and the backside of the sample, respec-
tively. To prepare the alumina samples, the foil of an
ALFA-IV alloy (Allegheny Ludlum Corp.) was used;
the main components of this alloy are Fe (74%), Cr
(20%), and Al (5%). The 
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s

 

 (
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 = 118 eV) XPS line
was used for analyzing the chemical state of aluminum,
because the Cr 3

 

s

 

 line (

 

E

 

b

 

 = 75 eV) is close to the main
Al 2

 

p

 

 line (

 

E

 

b

 

 = 73 eV); this results in overlapping of
the lines and makes identification difficult [13]. The
film thickness of Al

 

2

 

O

 

3

 

 was evaluated from attenuation
in the intensity of the Fe 2

 

p

 

 signal in the XPS spectra,
which was due to screening by the film formed [14].

In accordance with the previously described proce-
dure [15, 16], a series of samples of a model catalyst
support as an alumina film on a conducting substrate
was prepared. This model support was suitable for
STM studies of supported catalytic systems. The
method consisted of the vacuum heating of ALFA-IV
foil. An analysis of XPS spectra demonstrated that the
heating resulted in the formation of a continuous
ultrathin film of Al
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3

 

 on the foil surface. The esti-
mated film thickness varied from 0.5 to 4.5 nm in vari-
ous samples. The procedure used for the preparation of
the support allowed us to change the thickness and
ordering of Al

 

2

 

O

 

3

 

 films by varying sample heating tem-
perature and time.

RESULTS AND DISCUSSION

An STM study of the surface morphology of this
model support demonstrated that the surface was com-
posed of disordered but sufficiently flat formations; it
was free from particle-like objects, and its height

changed smoothly [15]. At high magnifications, the
surface appeared rather smooth (at scanning ranges of
about 
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 nm, the total height dif-
ferences were generally no higher than 10–15 nm).
Figure 1 shows the STM image of the surface of an
alumina film.

After the STM and XPS characterization of the sur-
faces of the support samples, a series of samples of the
Ag/Al

 

2

 

O

 

3

 

 model system was prepared [15, 16]. Silver
was supported by vapor deposition in a vacuum. The
use of deposition under various conditions (various sil-
ver source temperatures and deposition times) allowed
us to prepare samples with different silver contents and
particle size distributions. According to the XPS data,
silver is in a metal state. An analysis of the survey STM
scans demonstrated that particles were rather uniformly
distributed over the surface. Figure 2 shows the STM
image of small silver particles (to 5 nm in diameter)
distributed over the surface of sample 1. Based on an
analysis of the STM data, we plotted the histograms of
particle size distribution (Figs. 3a, 3b) (samples 1 and 2
differed in silver source deposition temperatures, which
were 750 or 800 K, respectively). The histograms indi-
cate that the particle-size distribution was sufficiently
narrow, and the maximum particle diameter was no
greater than 15 nm. All of the observed particles were
quasi-spherical in shape [15].

Sample 1 was heated in a vacuum at 570 K for
10 min. An analysis of the XPS spectra demonstrated
that the chemical state of silver remained unchanged
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 STM image of the surface of sample 1 (Ag/Al
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after heating the sample (Fig. 4a). A decrease in the Ag
3

 

d

 

 line intensity after heating can be explained by the
self-screening of silver as the particle size increased.
An analysis of the decomposition of the XPS spectrum
of the Al 2

 

s

 

 line before and after heating demonstrated
that no changes in the ratio between oxidized and metal
aluminum species resulted from heating (Fig. 4b). An
increase in the intensity of the Al 2

 

s

 

 line after heating
can be explained by the partial removal of substrate
screening by supported silver as a result of particle
agglomeration.

Based on an analysis of the STM images, we plotted
a histogram of particle size distribution (Fig. 3c). A
comparison between the histograms representing
before and after heating demonstrated that temperature
treatment resulted in an increase in the number of par-

ticles of sizes smaller than 2 nm. It is likely that the
fraction of these particles increased because of the
intense agglomeration of silver clusters of sizes smaller
than 1 nm, which cannot be resolved with this instru-
ment. Small particles readily agglomerated even at
570 K; the particle size increased, and the particles
become apparent in STM images. In other respects, the
character of the distribution remained unchanged in
principle as a result of heating; the distribution was
only expanded to the region of coarser particles. As
before, the distribution maximum occurred at 5 nm.
Figure 5 demonstrates the STM image of “coarse” sil-
ver particles (greater than 10 nm in diameter) on the
surface of sample 1 after heating. The agglomerates of
coarser particles were not detected on the surface. Thus,
even at 570 K morphological changes occurred, which
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Fig. 3.

 

 Histograms of particle size distribution (the number of particles was normalized to the number of test points): (a) sample 2,
(b) sample 1 (before heating), and (c) sample 1 (after heating).
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can be interpreted as an early stage of the agglomera-
tion of supported silver particles. In this case, it is most
likely that smaller particles (up to 4–5 nm), which are
most mobile, made the greatest contribution.

Thus, in this work, the Ag/Al

 

2

 

O

 

3

 

 model system was
prepared and characterized by STM and XPS tech-
niques. A comparison between STM and XPS data
obtained in a sample before and after heating in a vac-
uum suggests that morphological changes occurred
even at 570 K. These changes are indicative of the
occurrence of an early stage of the agglomeration of sil-
ver particles. In this case, smaller particles (upto 4–5 nm),
which are most mobile, made the greatest contribution.
The experimental studies of the Ag/Al

 

2

 

O

 

3

 

 model sys-
tem demonstrate the potential of the combined use of
STM and XPS techniques for investigations into the
thermal stability of supported catalytic systems.
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