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In order to investigate the structural features of Au/TiO2 cata-
lysts, which are active for the low-temperature oxidation of CO and
reverse water shift reaction, a model structure was prepared by de-
position precipitation (DP) and gas-phase grafting (GG) methods
using rutile TiO2 single-crystal fragments with cleaved (110) faces.
SEM (scanning electron microscope) and RHEED–REM (reflection
high-energy electron diffraction–reflection electron microscope) ob-
servations proved that Au particles deposited by DP are nonhomo-
geneously dispersed while those by GG are homogeneously dis-
persed on the (110) surface of the rutile TiO2. The RHEED pattern
indicated that a preferred orientation between the Au particles and
the TiO2(110) was [1̄10](111)Au//[001](110)TiO2 for both preparation
cases. c© 2002 Elsevier Science (USA)

Key Words: Au; TiO2; deposition precipitation; gas-phase graft-
ing; SEM; RHEED–REM; orientation relationship.

Gold on TiO is representative of gold catalysts be-
1. INTRODUCTION

Since it was found that Au exhibited high catalytic activity
when supported on metal oxides as nanoparticles with di-
ameters of less than 10 nm (1), the heterogeneous catalysis
of Au clusters and Au catalysts has attracted growing inter-
est (2, 3). To prepare highly dispersed Au particles on the
surfaces of metal oxide powders, deposition precipitation
(DP) (4) and gas-phase grafting (GG) methods (5) are the
among most convenient and efficient. Deposition precipi-
tation is applicable only to neutral and basic metal oxides,
such as TiO2, Fe2O3, and MgO, while gas-phase grafting can
be applied to almost all types of support materials, includ-
ing activated carbon and acidic metal oxides such as Al2O3-
SiO2. These methods prefer powder metal oxide supports
with high specific surface area. We carried out the structure
analyses using various techniques in order to elucidate the
correlation between the structure of the Au catalysts and
their catalytic activity (6–11).
1 To whom correspondence should be addressed. Fax : +81-727-51-9714.
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cause Au and TiO2 alone does not exhibit high cata-
lytic activity and the combination of the two components
leads to unique catalytic properties for the CO oxidation
(12), water gas shift reaction (13), and epoxidation of pro-
pylene (14).

In our previous study, the epitaxial orientation be-
tween Au particles and the TiO2 support was studied
by HRTEM (high-resolution transmission electron mi-
croscopy) for Au/anatase TiO2 and Au/rutile TiO2 pow-
der catalysts (9). However, it is still difficult to clarify the
general features of the Au particle structure and the con-
tact structure between the Au particles and the TiO2 sub-
strate. Therefore, we have attempted to prepare better-
defined model structures by depositing Au nanoparticles
on a rutile TiO2 single crystal using the DP and GG meth-
ods. Recently, a new method preparing size-controlled Au
particles on a TiO2 surface was developed by using Au–
phosphine (15). These model structures made on TiO2(110)
allow detailed structural studies since the orientation of
the TiO2 support is known and its surface has atomically
flat terraces and atomic steps. And they allow correla-
tion of the results with those of STM (scanning tunnel-
ing microscopy) observations for well-defined TiO2 sur-
faces (16, 17) and Au/TiO2 system (18) studied under UHV
condition.

It is also beneficial to correlate the structure and catalytic
activity. Therefore the model structures in this study were
prepared by the same method used for the preparation of
powder catalysts for activity measurements.

In the present study, we observed the distribution of Au
particles on the (110) surface of rutile TiO2 by SEM and in-
vestigated the orientation relationship between the Au par-
ticles, TiO2 support, and surface structure of Au/TiO2(110)
with RHEED (reflection high-energy electron diffraction)–
REM (reflection electron microscope) (19). These tech-
niques have advantages in obtaining an overview of the
surface, although the resolution is not high enough for a
structure analysis at the atomic level.
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2. EXPERIMENTAL

Gold particles were deposited using the DP (4) and
GG (5) methods. A single crystal of rutile TiO2 com-
mercially produced by Earth Chemical Co. was crushed
in air and the cleaved (110) face was used as a sub-
strate. In the DP method, a fragment of the TiO2 sin-
gle crystal was dipped in a 200-ml solution of aqueous
HAuCl4 (0.01 g/L), the pH of which was adjusted to 7
by adding NaOH solution. The dispersion was aged at
343 K for 1 h. In the GG method, an acetylacetonate com-
plex of Au, (CH3)Au(CH3COCH2COCH3), abbreviated
Me2Au(acac), was placed in the gas phase at 301–302 K
in a vessel containing fragments of the rutile single crystal.
Both the Au(OH)3 and Me2Au(acac) samples deposited on
TiO2(110) were calcined in air at 573 K for 4 h.

Although the composition analyses of the Au/TiO2 sur-
face has not been done, the amount of residual Na or Cl is
always under the detection limit of XPS measurement for

the powder catalyst prepared by the DP method. For the
Au/TiO2 sample prepared by the GG method, the residual neous dispersion while those by GG are homogeneously
FIG. 1. SEM images of the Au/TiO2(110) surf
T AL.

hydrocarbons are removed by decomposition during calci-
nation in air (5).

These Au/TiO2 samples were observed by SEM
(Hitachi S-5000) at 20 kV and RHEED–REM (Hitachi H-
9000NAR) at an accelerating voltage of 200 kV. TEM ob-
servations were also done in order to estimate the particle
size and the amount of Au.

3. RESULTS AND DISCUSSION

Figure 1 shows SEM images of Au/TiO2 prepared by the
DP and GG methods. Gold particles are seen as bright
contrasts. The spatial resolution of SEM was about 2 nm;
thus the Au particles under 2 nm were not observed by
SEM. TEM observation was also done for the Au particles
on a TiO2 single crystal prepared by DP and GG. It revealed
that Au particles under 2 nm were seldom observed in this
preparation condition. The different features in the disper-
sion of Au particles are clearly seen between the DP and GG
methods. Gold particles deposited by DP shows inhomoge-
ace prepared by DP (a) and GG (b) methods.
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dispersed. This means that the Au particles deposited by
DP are strongly affected by the surface structure and states
of the TiO2 substrate. It is hard to observe the monoatomic
steps by SEM and the lines shown in the SEM images are
multiple atomic steps. Sometimes Au particles are ordered
along the straight line, as shown in Fig. 1a. It has not been
proved what is effective for the ordering of Au particles,
since the morphology of the TiO2 surface, such as atomic
steps, was not observed in this image. The size of the Au
particles was also inhomogeneous depending on the pop-
ulation and it is much larger in the area indicated by the
arrow in Fig. 1a than in the other areas. This indicates that
the Au clusters readily moved on the TiO2 surface during
the calcination process in the former area.

The nonuniform distribution is caused not only by the
difference in the mobility of the Au atoms, but also by the
deposition amount of Au. It was estimated by measuring
the size distribution from the SEM images and by calculat-
ing the total amount of Au that the amount of Au initially
deposited on the TiO2 surface from an aqueous solution of
HAuCl4 is different depending on the location. It is spec-
ulated from the inhomogeneous distribution of Au parti-
cles that the DP method is sensitive to the surface states,
since the principle of the DP method is based on ions and

the surface charge (4), while Au precursors are directly de-
posited from gas phase without apparent coulomb interac- with diameters of 5–20 nm as dark contrasts with mirror
FIG. 2. REM images of the Au/TiO2(110) surface prepared by DP (a)
and atomic step prepared by the DP (c) method.
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tion in the GG method. The precursor of Au, existing as
mainly Au(OH)−

4 in the solution for the DP method, can
be preferentially deposited on the sites of the TiO2 surface
which are positively charged. For the DP and GG methods,
the catalyst precursors before calcination exist as Au(OH)3

and Me2Au(acac), respectively, and the growth process dur-
ing calcination in air must be different from the process
studied in the UHV system (20, 21). The decomposition of
Au(OH)3 and Me2Au(acac) into metallic Au particles takes
place during calcination in the DP and GG methods, and be-
cause clacination was carried out in air, the growth kinetics
of the Au particles may be more complicated. Details about
the calcination process of Au on the TiO2 system prepared
by DP and GG will be proved by in situ experiments.

Figure 2 shows REM images of the Au/TiO2(110) sur-
face prepared by the DP and GG methods. The incident
electron beam is nearly parallel to the TiO2[001] direction,
which is perpendicular to the REM image. The REM im-
age is formed by using an enhanced (880) Bragg reflection.
The intensity of the reflected electrons is strong enough
for the surface, which was set in the specimen chamber of
the electron microscope immediately after calcination. For
the Au/TiO2 prepared by GG, decomposition of the pre-
cursor and combustion of the residual hydrocarbon occurs
at around 400 and 550 K(5). Figure 2c shows Au particles
and GG (b) methods and the Au/TiO2(110) surface with screw dislocation
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FIG. 3. RHEED patterns obtained from the Au/TiO2(110) surface prepared by DP (a) and GG (b) methods and a schematic drawing of the

RHEED pattern (c).

images in the Au/TiO2(110) surface prepared by DP. The
screw dislocation with monoatomic step was observed (22).
The surface was gradually covered by contaminants during
observation and the image became unclear. When the sam-
ple was again calcined at 573 K in air, the intensity of the
reflected electron from the surface and image contrast was
improved. This means that calcination in air is effective for
cleaning the TiO2 surface by removing the contaminants.
It also seems that the arrangement of the surface atoms is
relatively ordered based on the image contrast of the REM
and RHEED pattern. Of course, details about the surface
structure should be discussed along with the experiment

under UHV conditions. No effect of the monoatomic step
and screw dislocation on the population of Au particles
was seen. Since the feasible morphological inhomogeneity
of the TiO2 surface except for steps and dislocation is point
defects such as an oxygen defect (23) or impurities, it seems
that the population of Au particles depends on the number
of point defects causing the change of charge distribution
locally, which were not detected by SEM and RHEED–
REM, for the Au/TiO2(110) prepared by the DP method.

Figures 3a and 3b show RHEED patterns obtained from
the Au/TiO2(110) surfaces prepared by DP and GG. The
incident electron was nearly parallel to the TiO2〈001〉 zone
axis. The extra spot by surface reconstruction, such as the

(2 × 1) structure observed under UHV conditions (16, 17),
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was not seen in these RHEED patterns. Transmission
diffraction rings from the fcc crystalline Au particles were
observed and comparably strong diffraction spots were also
observed on the diffraction ring. The intensity of the diffrac-
tion pattern is different between the Au deposited by DP
and that deposited by GG. This is because the amount and
sizes of the Au particles in DP are larger than those of the
Au particles made by GG. The amount of Au was estimated
by TEM observations and the amount of Au deposited by
DP is 1.5–3.0 times greater than that by GG. The mean di-
ameter of the Au particles was 11 and 4.2 nm for DP and
GG, respectively.

Figure 3c shows a schematic drawing of a RHEED pat-
tern along with the diffraction index. Diffraction spots
are formed from the Au particles and the incident elec-
tron is parallel to the Au[011̄] and Au[01̄1] directions. The
Au(111) spots are perpendicular to the TiO2(110) surface;
thus the Au particles have a tendency to be deposited with
the orientation relationship (111)Au//(110)TiO2 . Cosandey
et al. reported that Au particles deposited on a clean
TiO2(110) surface under UHV conditions were grown on
TiO2(110) with epitaxial orientations of (111)Au//(110)TiO2

or (112)Au//(110)TiO2 depending on the annealing temper-
ature and its process (24). In our samples prepared by DP
and GG, the preferred orientation relationship between the
Au particles and TiO2(110) was the same as their result.

The lattice constants of 0.144 nm for Au(220) and
0.148 nm for TiO2(002) are very close and the lattice mis-
fit is 2.7% in the direction of TiO2 [001]. In the direction
of TiO2[11̄0], the Au(211), 0.167 nm, is also close to the
TiO2(220), 0.162 nm, and the misfit is 3%. Thus it seems that
this orientation relationship forms one of the stable contact
structures. These model structures are useful for investigat-
ing the surface structure of Au/TiO2(110), especially for in-
vestigating various phenomena, such as structural changes
caused by a catalytic reaction and by deactivation of the
catalyst, by direct comparison with the Au/TiO2 catalyst
using a powder support.

4. SUMMARY

The model structure of Au/TiO2(110) was prepared by
deposition precipitation and gas-phase grafting, which was
used for the Au catalyst supported on a powder metal ox-

ide support. SEM and RHEED–REM observations deter-
mined the following structural features.
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1. Gold particles deposited by DP showed nonhomoge-
neous dispersion depending on the surface structure and
states, while Au particles deposited by GG showed a ho-
mogeneous dispersion.

2. The preferred orientation relationship between
the Au particles and the TiO2(110) was [1̄10](111)Au//
[001](110)TiO2 .
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