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A simple method is described by which supported Ir nanopar-
ticles can be fabricated in desired uniform sizes in the range of
1.5–20.0 nm with constant interparticle distances. The nanoparti-
cles are characterized by STM. The method exploits the significant
differences in the diffusion rates of metal adatoms and nanocrys-
tallites, and consists of two steps: (i) vapor deposition of Ir metal
in predetermined concentrations on titania at 300 K with a postan-
nealing at 1200 K, and (ii) subsequent evaporation of Ir on this
surface at 1200 K. c© 1999 Academic Press
INTRODUCTION

There is increasing evidence that the rate and the di-
rection of several catalytic reactions depend on the size of
catalyst particles (1). The classic impregnating technique
generally produces metal crystallites in a broad particle
size distribution, and the distance between metal particles
is not controlled. This makes it very difficult to study the
size dependence of crystallites on its catalytic performance.
Several new techniques have been developed to produce
particles with very narrow size distribution (2–12). Most of
these methods, however, cannot fulfill all the requirements,
i.e., uniform size, regular spatial distribution, and sufficient
number of metal clusters.

One of the new methods, called pulsed laser deposition
(PLD), produced small particles, but sizes varied in the
range of 2–50 nm, and the particle distances also were
not controlled (3–5). Another promising technique also
applied in this area is electron beam lithography (EBL),
which provides the fabrication of a square array of metal
particles on oxidic support (6–12). The method consists
of several steps, including spin coating of an electron-
sensitive polymer, bombardment of the polymers with a
highly collimated electron beam, selective dissolution of
the polymer damaged by electron exposure, evaporation
of metals on the sample, and removal of the remaining
resistant polymer by dissolution. The Pt array thus pre-
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pared contains an overlayer of carbonaceous material,
which can be removed by cycles of bombardment with
neon ions followed by annealing at 550–600 K. In this
way it was possible to produce platinum particles of 25–
50 nm diameter and 15 nm height at 200 nm spacing on an
oxidized silicon wafer (9–12). The size of the crystallites is
primarily controlled by the size of the holes created by the
electron beam. This crystallite is quite large: high reactivity
of metal clusters is exhibited at much smaller nanoparticles,
and crystallites larger than 20–25 nm generally show no
size dependence at all. This was well demonstrated in the
case of the interaction of CO with Rh nanocrystallites
(13–16). Whereas Rh particles of 2–4 nm size disrupted
almost instantaneously into smaller units, and finally
atomically dispersed Rh, this process was not observed by
STM for particles larger than 10–15 nm. The same feature
was observed for the supported Ir nanocluster (17).

Nanoparticles with a predetermined distribution can also
be produced by ordered nucleation of the particles where
the thermodynamic properties of the surface diffusion pro-
cesses are exploited. For this propose facetted or recon-
structed substrates are the favorites because the demand for
inhomogeneous and/or anisotropic surface diffusion prop-
erties is usually fulfilled (18).

In this work we describe a preparation of Ir nanopar-
ticles from 2–3 nm up to giant (20–30 nm) Ir crystallites
with rather uniform sizes and controlled spatial distribu-
tion. This method is based on our recent finding that there
is a large difference in the diffusion of Rh adatoms and Rh
nanocrystallites on oxidic supports (19).

EXPERIMENTAL

The experiments were carried out in a UHV chamber
equipped with a three-grid AES-LEED analyzer and a
commercial STM head purchased from WA Technology.
The homemade evaporator was a liquid nitrogen-cooled
and thermally heated construction. During the Ir dosing
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the distance between the evaporator surface and the sam-
ple was approximately 20 mm. The rate of the deposition
was controlled by adjusting the current flowing through the
Ir filament spot welded to a thicker W rod. The amount
and the purity of the epitaxial Ir layer on the titania were
checked by AES spectroscopy. The surface concentration of
the deposited metal is given in monolayer equivalent (ML),
which corresponds to 1.5× 1015 Ir atoms/cm2. The calcula-
tion of this value is based on the apparent volume of 3D
metal crystallites observed on STM images at metal cover-
age around 1 ML (17, 19–21). The deposition rate of Ir was
always less than 1 ML/10 min. It is important to note that
the formation of crystallite seeds increases substantially at
higher deposition rates.

The polished TiO2(110) single crystal sample was pur-
chased from Crystal-Tec. Without any further treatment
in air it was clipped with a Ta plate on a transferable
sample holder and moved into the chamber. The sample
was heated by a W filament positioned just below the Ta
plate carrying the probe. The cleaning procedure of the
TiO2 has been described in our previous paper (22). In
this work we also observed that annealing of the cleaned
sample at 800–900 K resulted in a mainly bulk-terminated
1×1 surface. Highly ordered 1×2 reconstructed terraces
covering 80–90% of the total area could be obtained only
after annealing at 1200 K in UHV. The characteristic mor-
phology of TiO2(110)-(1×2) is described and discussed in
detail in several recent papers (22–25). The STM pictures
show characteristic step lines in the direction of [001],
[1̄13], and [11̄1] and well-ordered (1×2) reconstructed
terraces with an average size of (20 nm)2.

RESULTS AND DISCUSSION

The fabrication of Ir clusters in a predetermined size and
spatial distribution consists basically of two steps. (i) A pre-
determined concentration of Ir is deposited on TiO2 at room
temperature and annealed at 1200 K. This first step is called
“seeding.” The number of Ir clusters thus produced primar-
ily depends on the amount of Ir deposited on the titania
at 300 K. (ii) The subsequent evaporation of Ir onto this
surface at 1200 K, which leaves the particle density of the
Ir nanoparticles practically unchanged, causes the growing
of Ir crystallites. This second step of the treatment is called
“growing.”

In order to demonstrate the efficiency of this method, we
performed three series of measurements. In the first case
a very small amount of Ir (0.003 monolayer, ML) was de-
posited on TiO2(110)-(1× 2) at 300 K, and then the sample
was heated for 10 min at 1200 K (Fig. 1A). The resulting
Ir adparticles were of 1.5 nm size, which contains about
10–20 Ir atoms. The average distance between the parti-

cles is 40 nm (Fig. 1A). The growing of these particles by
the increased deposition of Ir at 1200 K is presented in
, AND SOLYMOSI

FIG. 1. STM images of the Ir particles grown on TiO2(110)-(1× 2) by
the predeposition of different amounts of iridium at 300 K followed by
annealing at 1200 K in UHV: (A) 0.003, 0.01, and 0.02 ML of Ir. (B–E)
Growing of the Ir crystallites by postdeposition of increasing amount of
iridium at 1200 K. The image size is 100 nm× 100 nm in all cases.

Figs. 1B–1E. An important feature of the pictures is that the
size of the Ir particles is uniform and the spatial distribution
remains the same. The shape of the clusters is strongly elon-
gated in the crystallographic orientation of [001], when the
particle size reaches a critical value of approximately 4 nm.
This behaviour clearly refers to crystallization coordinated
by the row structure of the support and also suggests that
the diffusion coefficient is strongly anisotropic due to the
anisotropic structure of the TiO2(110)-(1× 2) surface. This
observation is in agreement with the strong site preference

of the small particles mentioned above. The height of the
largest crystallites falls in the range of 1.0–1.5 nm, which



513

This fact stro
of the surfa
Ir/TiO2(110) PLANAR CATALYSTS

TABLE 1

Characteristic Data for the Ir Particles

Image Admetal Number of the Average Standard Average Standard Average
on coverage particles diameter deviation height deviation interparticle

Fig. 1 (ML) per (100 nm)2 (nm)a (nm) (nm) (nm) distance (nm)

Seeded by 0.003 ML
A 0.003 5 1.5 ±0.1 0.30 ±0.1
B 0.015 6 3.5 ±0.3 0.65 ±0.1
C 0.04 5 4.5 ±0.6 0.95 ±0.1 40
D 0.10 5 8.0 ±1.0 1.15 ±0.2
E 0.40 6 11.0 ±1.4 1.30 ±0.2

Seeded by 0.01 ML
A 0.01 17 1.5 ±0.1 0.35 ±0.1
B 0.03 19 3.0 ±0.3 0.60 ±0.1
C 0.10 18 4.5 ±0.7 0.75 ±0.2 27
D 0.52 20 6.5 ±1.1 1.25 ±0.2
E 1.70 17 13.0 ±1.6 1.60 ±0.3

Seeded by 0.02 ML
A 0.02 48 1.5 ±0.1 0.30 ±0.1
B 0.05 46 3.0 ±0.2 0.50 ±0.1
C 0.20 42 5.0 ±0.6 0.70 ±0.2 13
D 1.30 51 7.0 ±1.1 1.05 ±0.3
E 2.50 44 12.0 ±2.2 1.35 ±0.3
√

a In the case of elongated particles the approximation

means that they consisted of approximately 4–6 atomic lay-
ers. Unfortunately, it is difficult to determine the inner struc-
ture of the crystallites from our experiments. The fact that
clusters smaller than 3–4 nm never show elongated geom-
etry may indicate that the smaller particles are strongly in-
fluenced by the microscopic corrugation of the substrate,
preventing the ordering of their crystal lattice. Neverthe-
less, the hexagonal outline of larger particles clearly sug-
gests that their top facet is the (111)-oriented plane. The
strongly elongated crystallites may possess another inner
structure, probably (100) top face.

Similar features were observed when the initial density of
Ir clusters was increased by seeding of 0.01 and 0.02 ML of Ir
(Fig. 1). The characteristic data for the Ir particles prepared
in this way (average size, density) are collected in Table 1.
It appears that by the variation of the predeposited Ir in
the range of 0.003–0.05 ML the average particle density (or
in other words the separation) can be finely adjusted in the
range of 1–100 particles per (100 nm)2 surface area (1010–
1012 particles/cm2) without a strong effect on the average
size of the particles (typically 1–2 nm). By the second step,
the average size of the particles can be increased at will up
to 15–20 nm, without the alteration of the average distance
between the clusters. The local morphology of the substrate
(step, terrace distribution) has only a slight modification
effect on the particle distribution; namely, the local particle
density is larger on a region where the step density is higher.
ngly suggests that the systematic modification
ce (i.e., faceting by misalignment) means a
of diameter= 4× length×width/π was used.

further new chance for tailoring of the particle distribu-
tion.

CONCLUSIONS

A new method consisting of “seeding+ growing” proce-
dures is suitable for fabricating supported metal clusters
in desired sizes between 1.5 and 20 nm and density in the
range of 1–100 particles over (100 nm)2. The advantage of
this method in comparison to lithography is the former’s
relative simplicity and the possibility of preparing nanopar-
ticles in a much smaller size.
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