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Abstract

The growth mode and electronic structure of Au nano-clusters grown on NiO and TiO, were
analyzed by reflection high-energy electron diffraction, a field-emission type scanning electron
microscope, medium energy ion scattering and photoelectron spectroscopy. Au was deposited on
clean NiO(001)-1x1 and TiO»(110)-1x1 surfaces at room temperature with a Knudsen cell at a rate
of 0.25 — 0.35 ML/min (1 ML = 1.39x10" atoms/cm” : Au(111)). Initially two-dimensional (2D)
islands with thickness of one Au-atom layer grow epitaxially on NiO(001) and then neighboring
2D-islands link each other to form three-dimensional (3D) islands with the c-axis oriented to the
[111] direction. The critical size to form 3D-islands is estimated to be about 5 nm®. The shape of
the 3D-islands is well approximated by a partial sphere with a diameter d and height / ranging from
2.0 to 11.8 nm and from 0.95 to 4.2 nm, respectively for Au coverage from 0.13 to 4.6 ML. The
valence band spectra show that the Au/NiO and Au/TiO, surfaces have metallic characters for Au
coverage above 0.9 ML. We observed Au 4f spectra and found no binding energy shift for Au/NiO
but significant higher binding energy shifts for Au/TiO, due to an electron charge transfer from Au to
TiO,. The work function of Au/NiO(001) gradually increases with increase in Au coverage from
4.4 eV (NiO(001)) to 5.36 eV (Au(111)). In contrast, a small Au deposition(0.15 and 1.5 ML) on
TiOy(110) leads to reduction of the work function, which is correlated with an electron charge

transfer from Au to TiO, substrate.
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1. Introduction

Since Haruta et al.[1] found that nano-size clusters of Au deposited on oxide supports (for
example, TiO,, Fe;0s3, Co304 and NiO for CO oxidation) exhibit high catalytic activities, a lot of
works[2-6] have been reported in particular, on Au nano-particles supported on TiO,. Valden et
al.[7] showed that a quantum size effect of catalytic oxidation of carbon-mono-oxide (CO) molecules
on TiO,. Islands consisting of two layers of Au exhibit a band gap of 0.2 to 0.6 eV and are most
effective for catalyzing the oxidation. Up to now, it is generally believed that the catalytic activities
of Au nano-clusters depend on their size and independent of the support materials. Recently,
however, Liu et al.[8] performed the first principles calculations for oxidation of CO adsorbed on
Au/TiO,(110) and showed that positively charged Ti at the interface enhances electron transfer from
the supported Au to adsorbed O, and thus O, is highly activated. = Similar charge transfer from Au
to adsorbed O, was also predicted by Molina et al.[9]. More recently, Okazaki et al.[10] also
claimed that the catalytic activity of Au nano-particles on TiO, cannot be explained only by the size
effect and the charge transfer takes place from Au to O atoms at the Au/TiO»(110) interface due to
the orbital hybridization. Such a charge transfer probably changes the electronic states of the Au
nano-particles and it may be correlated with the catalytic activities. So, it is of great interest to
prepare well defined nano-clusters on a different oxide support and to clarify the correlation of the
electronic states with the catalytic activity.

In this study, we prepared a clean NiO(001)-1x1 surface onto which Au was deposited by
molecular beam epitaxy with Au coverage from 0.1 up to 9 ML (1 ML = 1.39x10" atoms/cm’,
corresponding to the areal density of Au(111)). Small lattice mismatch of 2.4 % may lead to
formation of epitaxial two-dimensional (2D) islands with a nm size. For comparison, Au
nano-clusters were also grown on a clean TiO,(110)-1x1 surface. The growth mode and electronic
structure of Aw/NiO and Au/TiO, were analyzed in situ by high-resolution medium energy ion
scattering (MEIS) and photoelectron spectroscopy using synchrotron-radiation light. Reflection
high energy electron diffraction (RHEED) provided the information about the crystallinity and
morphology of the deposited Au. The shape and the areal occupation ratio of Au nano-clusters
were observed ex sifu by a field-emission type scanning electron microscope (FE-SEM) with an

excellent spatial resolution better than 1 nm.

2. Experiment

The experiment was performed mainly at Beam-Line 8 named SORIS constructed at
Ritsumeikan SR Center, which consists of photoelectron spectroscopy (PES), high-resolution MEIS
and sample preparation systems. Clean NiO(001)-1x1 surfaces were prepared by annealing at
500°C for 40 min in O,-pressure of 1x10™* Torr ( base pressure: 3x10"° Torr ). RHEED

observation showed a clear (1x1) pattern and Auger electron spectroscopy confirmed no carbon



contamination on the surface. No significant peak in the band gap originating from O-vacancies
was observed in the valence band spectra taken at a photon energy of 40 eV. The image observed
ex situ by an atomic force microscope (AFM) showed a smooth surface with flat terraces, although
step bunching was seen in some places. We also prepared clean TiOx(110) surfaces by sputtering
with 0.75 keV Ar" followed by annealing at 550°C for 5 min in O,-pressure of 1x10° Torr. The
RHEED observation showed a 1x1 pattern and the valence band spectra indicated no clear peak due
to O-vacancies in the band gap indicating almost stoichiometric surface. ~After surface cleaning Au
was deposited at room temperature on the clean surface using Knudsen cell at a rate of 0.25-0.35
ML/min.

The absolute amount of Au deposited was determined by MEIS using 120 keV He" ions with an
accuracy better than 0.01 ML. Its excellent energy resolution allows a layer-by-layer analysis. As
shown later, MEIS analysis also gives the quantitative information on the shape and the areal
occupation ratio of Au islands. The 2D-images of the surfaces observed by FE-SEM check the
validity of the above MEIS analysis. In order to avoid any effects changing the surface structure,
we shifted an ion-irradiation area after an integrated beam current of 1 uC. In fact, the MEIS
spectra did not change significantly after He'-irradiation of ~5 pC. The growth mode and
crystallinity of the deposited Au were monitored by RHEED. In addition, quite complementally
photoelectron spectroscopy provides the information about the electronic structure of the Au/NiO
and Auw/TiO; surfaces. In the present analysis, we observed the valence band and Au 4f core level
spectra using synchrotron-radiation light. The work functions of Au/NiO(001) and Aw/TiOx(110)
were also determined by the photoemission spectra from the sample negatively biased. The
incident photon energies were calibrated precisely using the 2nd and 3rd harmonic waves. All the
above analyses were performed in sifu under ultra-high vacuum condition (< 2x10™'° Torr), except
for the FE-SEM observation.

3. Results and discussions
3-1. Growth mode

Figures 1 shows the MEIS spectrum observed for 120 keV He" ions incident along the [011] axis
and backscattered to the [01 1 ] direction of NiO(001) for Au coverage of 1.4 ML.
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FIG 1. MEIS spectrum observed for 120 keV He' ions scattered from Au and Ni of Au(1.4
ML)/NiO(001). He" ions were incident along the [011]-axis and backscattered to the [OIT]
direction of NiO(001). Thick curve denotes the total MEIS spectrum best-fitted to the observed one
assuming d = 3.5 nm, 2 = 2.0 nm, o,p= 16 % and a3p = 26 %. The spectrum from Au clusters is
decomposed into two components from 2D-islands(shaded) and 3D-islands(grey) and that from Ni
has three components from the NiO substrate uncovered, beneath the 2D-islands (shaded) and
3D-islands(grey).
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FIG 2. FE-SEM images taken for Au coverage of 0.5, 1.0, 1.5 and 3.0 ML. The size of the
images is 120 nm by 120 nm.

The observed scattering components from Ni and Au are best-fitted assuming that the surface is
covered with 2D-islands with a height of one atomic layer and 3D-islands of a partial sphere with a
mean diameter of d and height of 4.  Other fitting parameters are the areal occupation ratios of the
2D- and 3D-islands, o2p and a3p, respectively. The observed MEIS spectra are well reproduced
assuming d = 3.5+0.3 nm, 2 = 2.0+0.2 nm, o,p = 16+2 % and o3p = 26+3 %. It must be noted that
any disk-like shapes of 3D-islands cannot reproduce the observed MEIS spectra. In order to
confirm the validity of the above MEIS analysis, we observed the surfaces by FE-SEM using 30 keV
electron beams. The images taken for Au coverage of 0.5, 1.0, 1.5 and 3.0 ML are indicated in Fig.
2. The island size becomes gradually larger with increasing the Au coverage, although the image
for Au coverage of 0.5 and 1.0 ML are not very clear. The island sizes for Au coverage of 1.5 and
3.0 ML range mainly from 3 to 4 nm and from 4 to 6 nm, respectively. This is consistent with the
MEIS analysis.
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FIG 3. Areal occupation ratios of a,p (open triangles) and o3p (open circles) together with the sum
(open squares) as a function of Au coverage. The occupation ratios estimated from FE-SEM

images are depicted by full circles.
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FIG 4. The diameter d and height 4 of Au 3D-islands on NiO(001) determined by MEIS as a

function of Au coverage.

The areal occupation ratios of 2D-, 3D-islands and the sum determined by MEIS are shown as a
function of Au coverage in Fig. 3. The occupation ratios of the clusters observed by FE-SEM are
compared with the result of MEIS. The o3pvalues as a function of Au coverage coincide with the
occupation ratios of clusters in the FE-SEM images. This indicates that only 3D-islands are visible

in the FE-SEM images. It is also seen that the formation of 2D-islands dominates in the initial



stage up to Au coverage of 1.0 ML and then 3D-islands start to grow later. The 3D-islands coalesce
and the 2D-islands disappear for Au coverage above 5 ML. Figure 4 shows the d and /4 values
determined by MEIS as a function of Au coverage. The diameter of 3D islands is almost constant
(2.4 ~ 2.8 nm) for Au coverage from 0.13 up to 0.75 ML within experimental errors. In contrast,
the height /# and the occupation ratio g3p gradually increase with increasing Au coverage up to 3.0
ML. The above facts suggest a lateral critical size of about 5 nm” to change the growth mode from
2D- to 3D-islands.  The significant reduction of o,p at Au coverage of 1.4 ML is probably due to
the presence of such a critical size. The present analysis clarifies the fact that the critical size
governs the growth mode of Au clusters on NiO(001) rather than critical Au coverage. If the size of
2D-islands exceeds the critical one, growth of 3D-islands becomes more stable energetically because
the spherical shape reduces the surface energy.

The crystallinity and orientation of Au clusters were analyzed by RHEED. Figure 5 shows the
RHEED patterns observed at the [110]- and [130]-azimuth for the NiO(001) surface deposited with
1.0 ML Au. Itis seen that the surface is covered partly with two types of 2D-islands of Au(111), (i)
Au[110]/NiO[110] and (i) Au[112]/NiO[110]. The lateral crystal axes of the two types of
domains make an angle of 30°. Crystalline 3D-islands were observed for Au coverage above 1.4
ML (o2p = 16 %, a3p =26 %). The [110] and [112] diffractions appear as streaks at all the azimuth,
indicating formation of 3D-islands with a c-axis oriented to the [111]-direction, probably due to the
close packed plane. Thus the MEIS spectra observed for He" ions scattered from Au clusters are

random, as shown previously.
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FIG 5. RHEED images observed at the [110]- and [130]-azimuth for Au(1.0 ML)/NiO(001).



It is interesting to compare the growth mode of Au/NiO(001) with that of Au/TiOx(110).

Figure 6 shows the MEIS spectra observed for 120 keV He" ions incident along the [100] axis and
backscattered to the [010]-direction of TiO,(110) with Au coverage of 0.1, 0.2, 0.46 and 0.7 ML. In
contrast to the Au clusters on NiO(001), all the Au clusters on TiO,(110) for Au coverage above 0.7
ML are 3D-islands whose c-axis is not well oriented. This is probably due to a large lattice
mismatch between Au and TiO,(110). Parker et al.[4] reported that the onset of 3D island growth
corresponds to Au coverage of 0.086 ML and the occupation ratios of Au islands are ~13 and ~22 %,
respectively for Au coverage of 0.25 and 0.7 ML on the stoichiometric TiO,(110) surface at 293 K.
The present MEIS result is consistent with the above observation. The shape and size of the
3D-islands are compatible with those of the 3D-islands on NiO(001), for example, d = 2.8(2.4) nm
and 2 = 1.4(1.1) nm and d = 4.7(5.0) nm and / = 3.4(2.9) nm for Au coverage of 0.25 and 2.5 ML,
respectively (parentheses : Au/NiO).
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FIG 6. MEIS spectra observed for 120 keV He' ions incident along the [100]-axis and
backscattered to the [010] direction of TiO,(110). The scattering components from 2D-islands are
depicted by shaded areas and those from 3D-islands are indicated by grey areas. The thickness of
2D-islands is assumed to be one Au-atom layer for Au coverage of 0.1 ML and two Au-atom layers
for Au coverage of 0.2 and 0.46 ML. Fitting parameters (d, 4, o2p, o3p) assumed are (2.8 nm, 1.4
nm, 6.2 %, 1.3 %), (2.8 nm, 1.4 nm, 7.2 % ,1.3 % ), (2.8 nm, 1.4 nm, 6.0 % , 16 % ) and (3.0 nm,
1.5 nm, 0 %, 19 %) for Au coverage of 0.1, 0.2, 0.46 and 0.7 ML, respectively.



3-2. Electronic structure

If we diminish the number of atoms in an agglomerate, the energy gap between occupied and
unoccupied states increases to a value exceeding the thermal energy kg T (kp: Boltzmann constant, 7:
absolute temperature). It is generally recognized that the number of atoms from 50 to several
hundred is necessary to induce a transition from a metal cluster to an insulator. Valden et al.[7]
reported that metal to nonmetal transition takes place at a cluster size of 3.5 nm in diameter and 1.0
nm in height, corresponding to about 300 atoms/cluster. Recently, Okazaki et al.[10] showed that
the mean inner potential of Au clusters determined by electron holography increases abruptly for the
size below 5 nm. Such a dramatic change of the electronic structure is intimately related to the
catalytic activity. So, it is of great importance to analyze the electronic structure dependent on the

size and shape of Au clusters.
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FIG 7. Valence band spectra taken at photon energy of 39.8 eV for NiO(001) surfaces deposited
with Au (0.26, 0.39, 0.9, 1.4,2.5,3.9 and 8 ML). Detection angle was set to surface normal. The
abscissa indicates the binding energy scaled from the Fermi level. The spectra indicated here are

obtained by subtracting the spectrum measured for clean NiO(001) surface.

Figure 7 shows the valence band spectra taken at photon energy of 39.8 eV under normal
emission condition. As clearly seen, the surface becomes metallic for Au coverage above 0.9
ML, where the sum of the areal occupation ratios of 2D- and 3D-islands are 45 %. We
observed the Shockley surface state (SS) ~0.5 eV below the Fermi level for Au coverage above
2.5 ML which appears for Au(111) surface[11]. In the case of Au/TiO,(110), the surface has a



metallic character for Au coverage above 0.9 ML and the Shockley surface state peak was
observed for Au coverage above 8 ML. The valence band spectra observed for Au/NiO(001)
are basically similar to those for Au/TiO,(110).
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FIG 8. (a) Au 4fs;,5, core level spectra measured at photon energy of 139.5 eV for Au on
NiO(001) as a function of Au coverage. (b) Au 4fs, 7, spectra observed for Au on TiO,(110) as a
function of Au coverage. For comparison, the spectrum observed for a single crystal Au(111) is

also depicted. Emitted photoelectrons were detected at 0°(surface normal).

We observed the Au 45,7, core level spectra at photon energy of 139.5 eV for Au/NiO(001) as a
function of Au coverage, which are shown in Fig. 8(a). It is clearly seen that there is no binding
energy shifts. Figure 8(b) indicates the Au 4fs» 7, spectra observed for Au/TiO,(110). We find
higher binding energy shifts of 0.2 — 0.3 eV with decreasing Au coverage from 8.5 ML down to 0.15
ML. This is consistent with the data for Auw/TiO,(110) surfaces with O-vacancies reported by
Howard et al.[12]. The smaller binding energy shifts observed in the present analysis compared
with the above data are ascribed to considerably smaller density of O-vacancies of the TiO,
substrates prepared here. Such a higher binding energy shift may be caused by an electron charge
transfer from Au to TiO, substrate via hybridization at the interface[10]. The degree of the charge
transfer is probably different for stoichiometric and nonstoichiometric TiO,(110) surfaces[10].
Howard et al.[12] tried to explain the higher binding energy shifts based on the effect of the positive
charge left on the Au cluster immediately after a photoelectron emission but could not reproduce

well the core level shifts and the midpoint energy of the photoemission threshold.  No binding



energy shifts observed for Au/NiO(001) indicates no charge transfer from Au to NiO substrate.
Masi et al.[13] observed the Au 4f and Ni 2p spectra for Au(1.5 nm)/NiO(001) and found no binding
energy shift for Au 4f but a slight reduction (Ni’) of Ni*" at the interface. It is not clear at the
present that the interface structure of Au-nano-cluster/NiO is different from that of Au-film/NiO.

We determined the work functions (@) for Au/NiO(001) and Au/TiOx(110) surfaces. The
sample was negatively biased (—F) and the energy spectrum of the emitted photoelectrons was
observed[14]. Figure 9 shows the yield of photoelectrons including secondary electrons as a
function of E; — V' + ®@sp.  Here, E; and @sp are the kinetic energy of the emitted electrons and the
work function of the spectrometer, respectively. The yield of the photoelectrons was normalized by
integrated photo-current. If the cut-off kinetic energy of photoelectrons (Ej;, ) is observed, the

work function is given by

@=E/a-n0—V+ @SP. (1)
The work function of the spectrometer @sp(3.84 eV) can be determined from the following relation.
Dsp=hv+V—E" )

where Ej;; is the Fermi edge (we used Au foils as a target) and /v is an incident photon energy.
The work functions for Auw/NiO(001) and AwTiO,(110) are shown in Figs. 10(a) and (b),
respectively as a function of Au coverage. The work function gradually increases from 4.41 (NiO)
to 5.36 eV (Au(111)) with increasing Au coverage from O up to 8.0 ML. Such a gradual increment
of the work function with increase in Au coverage is correlated with the areal occupation ratio of the
Au islands (see Fig. 3) and this is quite reasonable because the electrostatic potential exerted on an
electron near the surface is averaged over the contributions from the NiO(001) and Au nano-clusters

surfaces.
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FIG 9. Photoelectrons yield measured for Au/NiO(001) as a function of £, — V' + @gp.  Here, the
incident photon energy and the bias voltage applied were 20.0 eV and —7.69 V, respectively and
photoelectrons were detected in the surface normal direction. The yield of photoelectrons was

normalized by an integrated photo-current.

In the case of AwTiO,(110), however, the difference between the work functions of Au and
TiOy(110) is very small (0.13 eV). The work function observed as a function of Au coverage varies
quite differently from that of Au/NiO. Remarkable drop of the work function by Au deposition of
0.15 — 1.5 ML is correlated to an electron charge transfer taking place from Au to TiO, substrate,
which is evidenced from the higher binding energy shifts of Au 4f for Au coverage of 0.15 and 1.5
ML. Here, we must note that an electric filed generated on the vacuum side acts on emitted
electrons and the work done against the field from the top surface to a region far from the surface
corresponds to the work function. The reason is not clear why the work function of Au(0.15 to 1.5
ML)/TiO(110) becomes lower than clean TiO»(110) and bulk Au. As a probable mechanism, the
interface dipole induced by electron charge transfer from Au to TiO, reduces the work function.
The electric field generated by the interface dipole is screened completely by thick Au over-layers for

Au coverage above 8 ML (the areal occupation ratio of Au is more than 80 %).
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FIG 10. Work functions determined by photoemission spectra for Au/NiO(001) (full squares) and
Au/TiOy(110) (open squares) as a function of Au coverage.

The present analysis shows that Au nano-clusters with a nearly same size and shape (partial
sphere) are grown on NiO(001) and TiO,(110) but the electronic structure of the Au/NiO(001) is
significantly different from that of the Au/TiO,(110). According to the report of Haruta[1], the
catalytic activity of the Au/NiO(001) for CO oxidation is similar to that of the Au/TiO,(110).  So, it
is not clear whether the electronic structure of Au/oxide-support is correlated with the catalytic
activity. ~ Systematic data accumulation of electronic and morphological structures of

Au/metal-oxide is strongly required.

4. Summary

We have unveiled the growth mode and electronic structure of Au nano-clusters grown on
NiO(001) and TiO,(110) by RHEED, FE-SEM, MEIS and photoelectron spectroscopy using
synchrotron-radiation light. Au was deposited on clean NiO(001)-1x1 and TiO»(110)-1x1 surfaces
at room temperature with a Knudsen cell at a rate of 0.24 ML/min. Initially 2D- islands with
thickness of one Au-atom layer grow epitaxially on NiO(001) and then neighboring 2D-islands link
each other to form 3D-islands with the c-axis oriented to the [111] direction. The critical size to
form 3D-islands is estimated to be about 5 nm”. The 2D-islands of Au(111) take two types of
domains, Au[110]/NiO[110] and Au[112 ]/ NiO[110]. The 2D-islands disappear for Au coverage
above 7 ML. The shape of the 3D-islands is well approximated by a partial sphere with a diameter
d and height 4. With increasing Au coverage the average d and / values increase gradually. In

contrast to the Au clusters on NiO(001), all the Au clusters on TiO,(110) for Au coverage above 0.7



ML are 3D-islands whose c-axis is not well oriented. The valence band spectra show that the
Au/NiO and Au/TiOx(110) surfaces have metallic characters for Au coverage above 0.9 ML. The
valence band spectra observed for Au/NiO(001) are basically similar to those for Au/TiO,(110).
We found significant higher binding energy shifts of Au 4f for Au/TiO; but not for Au/NiO. Such a
higher binding energy shift suggests an electron charge transfer from Au to TiO, substrate. The
work function of Au/NiO(001) gradually increases with increasing Au coverage from 4.4 eV
(NiO(001)) to 5.36 eV (Au(111)). This is responsible for the fact that the electrostatic potential
exerted on an electron near the surface is averaged over the contributions from the NiO(001) and Au
nano-clusters surfaces. On the other hand, Au deposition from 0.15 to 1.5 ML on TiOx(110) leads
to reduction of the work function. This is correlated to an electron charge transfer from Au to TiO,

substrate, which is evidenced by higher binding energy shifts of Au 4f.
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