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Abstract

Pt nanoparticles fabricated by metal vapour deposition were studied on TiO2(1 1 0) support as a function of their sizes

by scanning tunnelling microscopy and spectroscopy (STM, STS). Two different procedures were applied for the

fabrication of Pt nanoparticles: (i) deposition of the metal at room temperature followed by step by step annealing at

higher temperatures; (ii) the growing of Pt seeds by deposition of Pt at 1100 K (‘‘seeding+growing’’ method (J. Catal

182 (1999) 511). The I–V spectra recorded above the middle point of the Pt particles indicated that an increase in the

average diameter of the nanoparticles does not result in a more metallic character. Moreover, the characteristic

lineshape of the tunnelling spectra refers to an insulator character even for larger particles (>5 nm). This behaviour was

attributed to the formation of a decoration TiOx layer on the top facets of the Pt particles. It was also found that

periodic current oscillation appears in the I–V curves recorded above Pt nanoparticles decorated partially. This

phenomenon may be explained by the formation of electron traps at the metal/oxide interface capturing and emitting

electrons from/to the tunnelling current.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Scanning tunnelling microscopy (STM) and
spectroscopy (STS) deliver information on the
local electronic structure of the surfaces and are
increasingly applied for atomic scale characteriza-
tion of two-dimensional model catalysts [1,2].
Unfortunately, there are some limiting factors of
the employment of the tunnelling spectroscopy in
this field: (i) it can be used only in the energy range

close to the Fermi level; (ii) the fine details of the
I–V curves depend strongly on the local electronic
state of the tip itself; (iii) the tunnelling spectra
recorded above the supported nanoparticles ex-
hibit chemical states of both the particle and the
particle–support interface [1–3].

I2V spectra taken on clean TiO2(1 1 0)�(1� 1),
(1� 2) and disordered surfaces at 300 K have
shown that the zero-current range around the
zero-bias became more restricted as the surface
was more reduced [4]. This observation is in
harmony with the assumption that the zero-
current regime measures the width of the surface
band gap. In the case of the supported clusters,
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there are two barriers in series connection: between
(i) the tip and the particle; (ii) the particle and the
support. Assuming that the ad-particle is a clean
metal cluster, the features on the I–V curves refer
to the electron states of the particle/support
interface. In the case of reducible oxides (as
TiO2), however, the high-temperature treatments
in UHV induce the formation of a decoration
(encapsulation) layer on the supported noble metal
nanoparticles [11–15]. This behaviour may cause
further complications in the understanding of the
tunnelling current spectra.

In this work, Pt nanoparticles grown on
TiO2(1 1 0) surface (one of the best known SMSI
system) were investigated as a function of the
particle size by STM–STS.

2. Experimental

The experiments were performed in a UHV
system equipped with an STM head, a quadrupole
mass spectrometer and a CMA electron energy
analyzer. A commercial Ar+ gun was applied for
cleaning the samples. The polished TiO2(1 1 0)
probe was clipped by Ta plates and mounted on a
transferable sample cartridge. An Ohmically
heated W filament served for annealing the probe.
The temperature was checked by a chromel–
alumel thermocouple sticked to the side of the
sample by ceramobond. The cleaning procedure of
the TiO2(1 1 0) surface consisted of a few hours
annealing at 900 K in UHV, some cycles of Ar+

ion bombardment (10 m, 1.5 kV, 10�6 A cm�2) at
room temperature and annealing at 1200 K for
10 m. The purity of the surface was checked by
Auger electron spectroscopy.

The STM imaging was performed by an
electrochemically edged W tip. Bias of +1.5 V
and current of 0.2 nA were typically used for
imaging. Characteristic pictures and I–V spectra
shown in this work were chosen from numerous
records obtained on different regions of the
sample. For detection of the I–V curves, the
following parameters were applied: bias range of
[�3, +3 V] tip-surface distance stabilized at
0.02 nA and +1.5 V, the recorded spectra were
the sum of 8 scans above the same site.

3. Results and discussion

3.1. Fabrication of PT nanoparticles on a

TiO2(1 1 0)-(1� n) support

The preparation of clean TiO2(1 1 0)-(1� n)
surface was described in detail earlier [4,5]. The
surface of the support is depicted by STM images
of 100 nm� 100 nm in Fig. 1A. The 1D rows
running in the orientation of [0 0 1] are separated
by multiples (n) of 0.65 nm, where n ¼ 2; 3; 4 they
were attributed to a Ti2O3 phase formed on the top
of (1� 1) ordered TiO2(1 1 0) surface [6–10]. For
the fabrication of supported nanocrystallites, two
different procedures were applied in this work: (i)
deposition of the metal at 300 K followed by
annealing at higher temperatures for 10 m; (ii)
formation of Pt seeds by deposition of 1–2% ML
(monolayer) of the metal at 300 K followed by
annealing at 1100 K for 10 m and post-growing of
the metal seeds by evaporation of additional metal
at high temperature (1100 K). Figs. 1B–D depict
the characteristic morphology of the TiO2(1 1 0)
surface exposed to 1.5 ML of Pt at room tempera-
ture and annealed at different temperatures (B)
500 K; (C) 1000 K; (D) 1200 K. As it can be seen,
Pt particles increase gradually: for the images B, C
and D, the average diameter is 3, 5 and 7 nm,
respectively. The ratio of height/diameter is
approximately 0.25 for each case. The other series
of the STM pictures refers to the ‘‘seeding+grow-
ing’’ procedure (Figs. 1E–H). In this case, the
surface was exposed to 0.01 ML of Pt at 300 K
with a subsequent annealing at 1100 K for 10 m
(‘‘seeding’’) (Fig. 1E). This step was followed by
‘‘growing’’ of the existing nanoparticles by deposi-
tion of additional metal at 1100 K (Figs. 1F–H)
[16–18]. As can be seen, the average size of the Pt
particles changed radically from 4–5 (E) upto 25–
30 nm (H). The hexagonal outline and the flat top
facet of the Pt particles suggest clearly that they
possess a regular inner structure and an (1 1 1)
oriented top facet. A recent paper by Dulub et al.
revealed that the hexagonal coin-shaped Pt parti-
cles grown by deposition at 300 K followed by
annealing at 1000 K for 30 m are covered by an
ordered TiO1.1 overlayer [14,15]. We have also
demonstrated recently that the post-grown Pt
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Fig. 1. STM images on the differently prepared Pt/TiO2(1 1 0)�(1� n) surfaces. (A) The clean support before the deposition of Pt. The

characteristic morphology after deposition of 1.5 ML of Pt at 300 K followed by annealing at (B) 500 K; (C) 1000 K; (D) 1200 K. Pt

nanocrystallites of increasing sizes formed by the seeding and growing method. (E) Pt seeds formed by deposition of 0.01 ML Pt at

300 K followed by annealing at 1100 K post-growing of the Pt seeds by deposition of additional metal. (F) 0.25 ML, (G) 1.25 ML and

(H) 2.8 ML at 1100 K. The size of the images (A–D) 100� 100 nm, (E–H) 200 nm� 200 nm.
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Fig. 2. Characteristic tunnelling spectra recorded above individual Pt crystallites (indicated by arrows) formed by deposition of 1.5 ML

Pt at 300 K (A) and step by step annealing at higher temperatures (B) 700 K; (C) 900 K; (D) 1000 K; (E) 1100 K and (F) 1200 K. The

average diameter of the particles for the different stages were: (A) 2.5 nm; (B) 2.9 nm; (C) 3.1 nm; (D) 3.8 nm; (E) 4.4 nm and (F) 6.3 nm.

The size of the STM images is 20 nm� 20 nm.
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nanoparticles (as in Figs. 1E–H) possess a decora-
tion thin film [19].

3.2. Tunnelling spectroscopy of the supported Pt

nanoparticles of different sizes

The I–V curves shown in Fig. 2 were detected
above the Pt particles (indicated on the STM
images) fabricated by the deposition of 1.5 ML Pt

at room temperature and by annealing at different
temperatures for 10 m. The particles of 2.5 nm size
formed by deposition at 300 K exhibit a rather
metallic character exhibiting a nearly zero band
gap region (Fig. 2A). This behaviour changes only
slightly on the effect of annealing at (B) 700 K and
(C) 900 K and the average particle size increases by
50% (up to 3 nm). The annealing at 1000 K leads
to the appearance of spectral features both in the

Fig. 3. Characteristic tunnelling spectra recorded above post-grown Pt crystallites of increasing diameter: (A) above a Pt seed of

6.1 nm (indicated by arrow) obtained by deposition of 0.01 ML Pt at 300 K followed by annealing at 1100 K for 10 m above post-grown

hexagonal Pt crystallites of (B) 9.5 nm, (C) 28 nm and above a rectangular Pt crystallite of 17.5 nm. The size of the images is

50 nm� 50 nm.
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positive and the negative bias range (Fig. 2D).
This periodic oscillation of the tunnelling current
is centered at around –1.9 and +1.8 V. It is
important to note that this is the same temperature
range where the decoration of the Pt clusters
proceeds [5]. In this way, the current oscillation
may be connected to the formation of TiOx

nanoclusters on the top facet of the Pt particles.
An average size of 3.8 nm was determined for this
stage. From the duration of a period, an average
quenching time in the range of 10 ms was
estimated. Further annealing (1100 K) causes some
decrease in the amplitude of the current oscillation
(Fig. 2E) and results in its total disappearance
after the treatment at 1200 K. In this latter case,
the average particle size grew up to 6.3 nm
(Fig. 2F) and the I–V curve exhibits a rather wide
gap region (B2.2 eV) suggesting an insulating
character of the detected area. It is worth
remarking that nearly the same shape of spectra
were detected on the terraces of the clean
TiO2(1 1 0)�(1� 2) surface, as it was presented in
an earlier paper from our laboratory [4]. This
observation is in harmony with the above conclu-
sion that the Pt nanoparticles became entirely
encapsulated when annealing above 1000 K
[14,15].

Oscillations in the tunnelling current were also
reported by Xi et al. on partially oxidized Si(1 0 0)
and Si(1 1 1) surfaces [20]. The authors explained
their observation by the capture and emission of
individual electrons in/from the traps formed on
Si/SiOx interface. In our case, the parallel appear-
ance of the decoration state and the current
oscillation suggest nearly the same explanation.

Fig. 3 shows characteristic I–V curves detected
above the central point of the post-grown Pt
particles of different sizes (A: 6.1 nm; B: 9.5 nm; C:
28 nm; D: 17.5 nm). By comparing the zero-current
regimes detected above the hexagonal particles
(A–C), it can be deduced that an increase of the Pt
crystallites results in an enhanced gap, although
one would expect an opposite behaviour, i.e. a
more metallic character for the larger crystallites.
This contradiction may be explained by the
formation of a TiOx decoration thin film on the
top facet of the crystallites, as found earlier
[14,15,19]. It is also interesting that the smaller

rectangular shape crystallite exhibits a more
restricted gap than the larger hexagonal one
(Figs. 3C and D). To interpret this latter feature,
we may assume that the interface between the
rectangular particle and the substrate contains
more oxygen-deficient sites than in the case of the
hexagonal ones and/or the covering layer is less
perfect [14,15,19].

4. Conclusions

The I–V spectra recorded above the Pt nano-
particles grown in different sizes have shown that
an increase in the average diameter of the Pt
particles does not result in a more metallic
character. This surprising behaviour may be
explained by the formation of a TiOx decoration
layer on top of the crystallites above 900 K. It was
also observed that the STS spectra recorded above
partially decorated Pt particles exhibit periodic
current oscillations. This feature may be explained
by the formation of electron trap states at the
metal/oxide interface which emit and capture
electrons to/from the tunnelling current.
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