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gregation of ligand protected Au9

clusters on TiO2 nanosheets†

Hassan S. Al Qahtani,a Rintaro Higuchi,b Takayoshi Sasaki,b Jason F. Alvino,c

Gregory F. Metha,c Vladimir B. Golovko,d Rohul Adnan,d Gunther G. Andersson*a

and Tomonobu Nakayama*b

Atomically precise chemically synthesised Au clusters, in the form of [Au9(PPh3)8](NO3)3, were deposited

onto titania nanosheets after UV pre-treatment of the substrate and examined with scanning tunneling

microscopy (STM), atomic force microscopy (AFM) and synchrotron X-ray photoelectron spectroscopy

(XPS) before and after heat treatment. The STM, AFM and XPS results complement each other. AFM was

performed to determine the height of the deposited species and their dispersion on titania nanosheets.

STM shows groups of clusters that at least partially consist of individual clusters both before and after

annealing. STM cannot exclude the existence of individual clusters on the titania nanosheets outside the

groups. XPS shows that before annealing the Au clusters are attached to the titania surface as individual

clusters thus as clusters with non-agglomerated cluster cores. After annealing, both individual and

agglomerated clusters are found on the surface. The combination of AFM, STM and XPS shows that the

groups formed by the clusters consist of individual and agglomerated clusters.
Introduction

Nanoclusters (NCs) are of particular interest because of their
unique physical and chemical properties, which are different to
the properties of the respective bulk materials.1–11 Small clusters
containing only a few metal atoms show uxionality leading to
a change in conformation of the clusters at room temperature.12

The uxionality decreases with the increasing size of the
cluster.13–15 Small clusters show discrete energy levels for the
valence electrons.With the increasing size of the cluster the energy
levels move closer together. At a size in the order of a few hundred
atoms, the metal NCs start to exhibit metallic character.16–19

Metal NCs can be generated either in the gas-phase and
subsequently deposited onto surfaces under UHV15,20 Alterna-
tively, they can be synthesised chemically as size-specic ligand-
protected clusters, which can be deposited onto surfaces from
solutions.21,22 Such supported clusters can be used in a wide
range of applications, such as sensors and catalysis. Metal NCs
deposited onto surfaces modify the electronic structure of the
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surfaces. For understanding themetal NCs properties deposited
onto surfaces it is important to study their size and their
dispersion on the surfaces as well as their electronic proper-
ties.23,24 Subsequent to deposition on a surface, the clusters can
agglomerate and lose the properties of the small clusters. It is
thus of interest to investigate the size of the clusters aer
application of various post-treatments such as heating or
chemical washing in an attempt to remove ligands for activating
the deposited clusters as catalytic sites. Among all the metal
NCs available today, specically Au NCs have attracted interest
in catalysis for CO oxidation because Au NCs have unique
electronic properties.25,26 The catalytic activity of Au clusters
deposited onto surfaces has been shown to depend strongly on
the number of atoms forming the cluster core.21,22,27–33

The geometrical and electronic structure of the clusters
depends on the size of the Au NCs. and are thus affected by the
distribution of the clusters over the surface, e.g. whether or not
clusters have agglomerated to form larger clusters or even
nanoparticles (NPs) (>100 atoms). Microscopy techniques such
as atomic force microscopy (AFM)34 and scanning tunneling
microscopy (STM)19,35–39 are important tools for determining
the geometrical and electronic properties of clusters on
surfaces, especially their size and distribution on the surfaces.
Scanning probe microscopy techniques (SPM) such as AFM
and STM are less damaging, milder techniques than electron
microscopy such as transmission electron microscopy (TEM).
Recently, we have determined the geometrical structure of
[Au9(PPh3)8](NO3)3 clusters (hereaer abbreviated as Au9)
clusters deposited on titania nanosheets with atomic
RSC Adv., 2016, 6, 110765–110774 | 110765
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resolution using high-angle annular dark eld scanning
transmission electron microscopy (HAADF STEM).12 In elec-
tron microscopy, electron irradiation can easily affect the
samples due to the energy transferred from the electron beam
to the sample which can cause serious damage to the
samples40,41 by breaking up clusters or inducing agglomera-
tion. In contrast, SPMs are in principle capable of acquiring
high-resolution images without affecting the size and distri-
butions of clusters across surfaces. The chemical composi-
tions of the samples can be identied by high intensity
electron spectroscopy such as synchrotron X-Ray Photoelec-
tron Spectroscopy (XPS).21,22,42 In previous work we have char-
acterized Au9 clusters (hereaer abbreviated as Au9) with XPS
subsequently to the deposition of the clusters on titania.21,22

The nal state effect of protected Au NCs in XPS offers the
possibility to estimate the size of clusters. The XPS data can
also be used to determine whether or not ligands are removed
from the metallic cluster core and whether or not the Au NCs
agglomerate.21,22 However, XPS does not have the lateral reso-
lution required to determine the distribution of clusters on
a surface – a challenge which motivated this study.

Titania is a particularly interesting support for Au NP-based
heterogeneous catalysis.43 On reducible transition metal oxides
such as TiO2, the presence of O vacancies associated with extra
electrons result in a stronger bond with a metal cluster.44–46

Titania nanosheets are used in the present work as support for
Au9 clusters. Ultrathin oxide lms with a thickness of 20 Å or
less are considered as an interesting support material because
their properties differ from the respective thicker bulk mate-
rial.47 Examples are the dielectric constant, which is higher for
TiO2 nanosheets compared to rutile or anatase the density of
defect on the surfaces of these two titania materials and the
band gaps of the materials.48 Thus, it can be expected that the
interaction of the Au NCs with titania nanosheets is expected to
be different to other titania substrates. Other materials used for
Au-metaloxide nanohybrides are CuO49 and ZnO.50

In the present work, we have applied STM and AFM to
determine the size and the distribution of chemically-
synthesised, atomically precise Au9 clusters deposited onto
titania nanosheets. XPS is used to monitor the change in the
size of Au9 clusters before and aer annealing. The aim of the
work is to determine the degree of aggregation of the Au9
clusters aer deposition and aer annealing of the clusters.

Experimental

The Au9 clusters used in the present work were synthesized
according to a well-established, previously reported method.51

The structure of Au9 clusters was conrmed by nuclear
magnetic resonance spectroscopy (NMR), mass spectrometry
(MS) and X-ray crystallography. Further, electron diffraction
using TEM has been applied previously.52 The Au9 clusters were
deposited onto titania (Ti0.87O2) nanosheets that have a thick-
ness of 1.1 nm (ref. 53 and 54) and were prepared by delami-
nation from a parent layered K0.8Ti1.73Li0.27O4 crystal using
a so chemical procedure.55,56 The thickness of the nanosheets
is determined by the crystal structure of the parent crystal and
110766 | RSC Adv., 2016, 6, 110765–110774
thus intrinsic to the compound.52 Further information about
the thickness of the nanosheets is provided in the ESI.†

For sample preparation, the titania-nanosheets were depos-
ited on a cleaned 10 � 10 mm2 silicon wafer and exposed to
ultraviolet (UV) light irradiation in air to photocatalytically
decompose the tetrabutylammonium ions surrounding the
nanosheets in a process as described in.57 Finally, the silicon/
titania nanosheet samples were immersed into a 0.02 mM Au9
methanoic (ultrapure grade) solution for 30 minutes, followed
by brief rinsing in ultrapure methanol (Methanol Innity Pure,
Wako company-Japan) with subsequent drying in a room-
temperature stream of pure N2 (generated from liquid N2).
Annealing of the samples studied in this paper was carried out
at 200 �C for 20 minutes under high vacuum. Annealing was
applied in order to remove the PPh3 ligands and was performed
in a very similar way to that used in our previous work.21,22 The
concentration of 0.02 mM has been chosen based on earlier
published results.10,12 The thickness of the nanosheets has been
checked with AFM and STEM and is described in the ESI.†

The AFM images were acquired in AC tapping mode on an
Asylum MFP3D SPM (Asylum Research, USA) at room temper-
ature in air. Tapping mode can reduce the lateral forces applied
to the sample and thus results in a lower degree of damage to
samples than contact mode. Au9 clusters adsorbed from solu-
tions were found to be stable against the tapping AFM mode.
AFM cantilevers with a suitable spring constant were chosen to
provide stable images under tapping mode but also so that the
tip did not move the Au9 clusters during the imaging process.
Olympus OMCL-AC160TS-C3 probes with resonant frequency of
300 kHz (spring constant 26.2 N m�1) were used for this work.

We also performed STM measurements on the same samples
previously investigated with AFM. STM observations were carried
out with a constant current mode at room temperature under
UHV conditions (�10�9 Pa) with electrochemically etched tung-
sten tips. STM could stably image the sample surface with
conditions of a tunneling current of 25 pA and sample bias
voltages (Vs) of 1.5–6 V. Samples were also investigated with STM
aer heating the sample to 200 �C for 20 minutes aer at least 3
to 4 hours under UHV. It should be noted that individual clusters
could be moved when applying the STM scanning procedure,
which could result in either removal of clusters from the scanned
area or lead to dri of clusters in an image.

In order to estimate the probability of tunneling of electrons
between the STM tip and the substrate, DFT calculations were
employed to calculate the energy levels of the molecular orbitals
in the Au9 cluster. Detailed information about the method
employed for the DFT calculations can be found elsewhere.12

The photoelectron spectra of Au9 clusters as deposited on
titania nanosheets and aer annealing at 200 �C were recorded
at the So X-ray Beamline at the Australian Synchrotron (AS) by
using a SPECS Phoibos 150 hemispherical electron analyser.
The photon energy used was 690 eV. The spot size of the irra-
diation beam was adjusted to �600 � 600 mm2 with an X-ray
photon ux of approximately 1012 photons mm�2 s�1. These
conditions have been previously shown not to induce damage to
samples as those investigated here.58 High resolution XP spectra
of C, O, Si, P, Ti and Au were recorded at a pass energy of 10 eV
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra21419c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 1
:0

6:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with an instrumental resolution of 295 meV.59 The stability of
the X-ray energy was monitored using a bulk Au reference and
the scans were repeated several times to ensure that the X-ray
irradiation did not affect the samples. For all XP spectra,
a Shirley background was applied to remove the electron-
scattering background. A sum of Gaussian (30%) and Lor-
entzian (70%) functions was used to t all peaks including the
peak positions as described previously.22
Results and discussion

AFM study of the height distribution of Au9 clusters on titania
nanosheet.

Fig. 1a–c show the AFM 3D images of the titania nanosheet
before and aer adsorption of Au9 clusters and also aer
annealing, respectively. These 3D images correspond to the
magnied area from topographical images shown in Fig. S3.†
Fig. 1d–f show AFM 3D images of the titania nanosheets before
and aer exposure to methanol only, and aer annealing,
respectively. Methanol was used as solvent in the deposition of
the Au9 clusters and so these images provide a “solvent only”
reference of the effect of processing conditions in the absence of
the Au9 clusters. The “solvent only” reference images show that
the roughness of the surface increases only marginally due to
the exposure to the pure solvent. It can be noted that the
random distribution of spikes observed in Fig. 1b and c are not
seen in the image of the samples that were exposed to solvent
only (Fig. 1e and f). Therefore, the spikes in Fig. 1b and c must
be attributed to Au9 clusters.

AFM imaging allows for height analysis of the Au NCs. Due to
the size of the curvature of the AFM tip and the range of the
interaction force between the surface and the tip it is not
possible to resolve individual Au9 clusters i.e. individual
features with a lateral size smaller than the resolution of AFM
Fig. 1 AFM 3D images of (a and d) pure titania nanosheets, (b) after dep
exposed to MeOH, and (f) after annealing of (e). Image sizes are 200 �

This journal is © The Royal Society of Chemistry 2016
will appear almost the same in the image. The measurement of
the height of the Au9 clusters, however, is not affected by the
curvature of the tip and can be evaluated. The resulting course
of the AFM tip is illustrated in Fig. 2. In Fig. 2a, various possible
model congurations of the Au9 clusters on the titania surface
are sketched. On the le a group of Au9 clusters in close prox-
imity are shown to form a monolayer of clusters. In the centre
image a group of Au9 clusters in close proximity are shown
forming a double layer of clusters; such layering is certainly not
limited to only double layers. However, it needs to be emphas-
ised that the results shown in the present work do not provide
experimental evidence for the formation of double or multi-
layers. The possibility of the formation of a double layer is
shown in Fig. 2 only because such layer formation cannot be
excluded and any layer below the top layer would have a struc-
ture that could not be determined with the methods used in the
present work. On the right, a single cluster on the titania surface
is illustrated. The AFM tip scanning over each of the three
groups is indicated by the green line and only the height of the
groups or the single cluster can be identied. Thus the le and
the right case will appear to be similar in the AFM image. The
possible scenarios aer annealing are sketched in Fig. 2b. The
Au9 clusters have lost ligands and form groups or individual
clusters containing only the cluster core. Similar to the case of
as deposited clusters (i.e. no heating), the AFM tip can only
identify the height of Au species (medium and larger aggregates
from NCs), but could not distinguish groups of several closely
located clusters from the individual clusters.

Cluster heights were evaluated from the AFM images using
the particle analysis tool of the Asylum soware. For evaluating
the AFM images, a large number (several hundreds) of features
in the AFM images were analysed and the height of the features
is shown as a statistical distribution. The roughness of the
substrate is taken into account for this procedure in order to
osition of Au9 clusters, (c) after annealing of (b), (e) titania nanosheet
200 nm2.

RSC Adv., 2016, 6, 110765–110774 | 110767

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra21419c


Fig. 3 Height distribution of features in the AFM images: (a) as
deposited Au clusters, and (b) after annealing to 200 �C. The cluster
mean height before annealing is 0.75 � 0.2 nm while after annealing it
is 1.0 � 0.4 nm.

Fig. 2 Schematic illustration of gold clusters deposited on titania
nanosheet: (a) before annealing and (b) after annealing. The green and
orange lines represent the results that can be obtained from AFM and
STM, respectively. The lines indicating the emission of electrons
represent the XPS results.
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differentiate features related to Au9 clusters. It was found that
the vast majority of features in the AFM images of bare titania
nanosheets with and without exposure to the solvent are less
than 0.5 nm in height. Thus, all features in the AFM images of
titania nanosheets with adsorbed Au9 clusters that were less
than 0.5 nm in height were not considered in the statistical
analysis. Au9 clusters are larger than 0.5 nm in diameter51 and
thus the discrimination of 0.5 nm in the height analysis does
not exclude Au9 clusters in the evaluation procedure. In Fig. 3a
and b, the height distributions of the features identied as Au9
clusters on titania nanosheets before and aer annealing are
shown. The fraction of the features found for a given height
interval are calculated by

Fractioni ¼ NiX

i

Ni

where fractioni is the fraction of features found in a given height
interval and Ni the number of features found in a given height
interval. Both graphs show one clear peak each in the height
distribution. Both distributions are tted with log-normal distri-
butions using the Levenberg–Marquardt algorithm. Previous
studies have shown that the particle size distributions can be well
approximated by a log-normal distribution.60–62 The tted distri-
butions show a mean height of 0.75 � 0.2 nm for the non-
annealed samples and 1.0 � 0.4 nm for samples that have been
subjected to annealing. The distribution of the features on the
annealed samples becomes broader and the maximum has
shied to a larger value. For interpretation of these results, a few
aspects must rst be considered. Based on the DFT calculation of
isolated Au9 clusters, the overall shape of the Au9 cluster is best
described as oblate spheroid and the mean axes of the cluster,
including the PPh3 ligands, have lengths of 1.75, 1.66 and
1.47 nm.11 It is likely that the clusters deposit on the surface such
that the longest mean axis (1.75 nm) orients parallel to the
surface because this would lead to the closest contact and thus
strongest interaction between the cluster and the substrate.
Experimentally, the average height of the Au9 clusters of the non-
110768 | RSC Adv., 2016, 6, 110765–110774
annealed samples is smaller than the calculated height. The
reason for this discrepancy could be due to the deformation of
the Au9 clusters when adsorbing onto the surface due to the
interaction between the clusters and the surface. Such interaction
would lead to a closer contact, which could reduce the height of
the adsorbed cluster. A second reason could be that the Au9
clusters lose some ligands during the deposition process and
therefore decrease their average size. Au9 clusters aer ligand
removal show a calculated size of about 0.5 nm which is twice the
average distance between two Au atoms forming the cluster.63 The
DFT calculations also do not take into account that the Au9
clusters could change their shape aer deposition. Aer anneal-
ing, AFM images show that the small clusters are still present on
the surface but their number has decreased. The percentage of
small clusters has dropped to about half of the fraction of the
non-annealed sample and the fraction of features with larger
heights has increased. The change in distribution is interpreted
as agglomeration of the smaller clusters to form larger clusters or
particles. The reason for this observation is likely that the cluster
cores have aggregated or that Ostwald ripening has occurred.64
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Histograms of the features in the STM images attributed to the
Au clusters. The width is shown in (a) for as-deposited samples and (b)
after annealing. The height is shown in (c) for as-deposited samples
and (d) after annealing.
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STM observation and width distribution of Au9 clusters on
titania nanosheet

Fig. 4a and c show STM images of titania nanosheets with
deposited Au9 clusters before heating. The STM images of blank
samples before and aer annealing (UV-irradiated nanosheets
and also MeOH-treated nanosheets on the Si wafers) are shown
in the ESI (Fig. S5†). A black arrow in Fig. 4c indicates an
example of hemispherically shaped feature, which were not
observed in the blank sample before heating (Fig. S5c†). The
statistical distribution of the height and width of the features in
the STM images are shown in Fig. 5. In the statistical analysis we
only considered features which are approximately symmetric
spots (typical examples are shown as open blue circles in Fig. 4)
to measure the width and height, and excluded asymmetric
spots because these could be driing clusters. The width
distribution of the Au NCs before heating varies from 2 nm to
3 nm, with the average found at 2.4 � 0.4 nm (Fig. 5a). The
height distribution varies from 0.2 nm to 0.7 nm with the
average found at 0.5 � 0.2 nm (Fig. 5c). Based on the width of
the bright hemispherical features shown in Fig. 4c, we can
attribute these to individual Au9 clusters. The average height of
the features, however, is smaller than the theoretical height of
the Au9 clusters. We assume that the reason for this nding is
that the STM tip during the scanning process does not get into
Fig. 4 STM images of Au9 clusters deposited on titania nanosheets: (a
magnifications of (a) and (b). The image size is 50� 50 nm2 for (a) and (b)
+1.5 V, 20 pA; (b) +2.0 V, 18 pA; (c) +1.5 V, 20 pA; (d) +2.5 V, 25 pA. Heigh
were used for the histogram analysis (Fig. 5).

This journal is © The Royal Society of Chemistry 2016
contact with the nanosheet layer underlying the Au9 clusters
and thus the height variation found in the STM images is less
than the height of individual clusters. The interpretation of the
) as-deposited, (b) after annealing to 200 �C. Images (c) and (d) are
and 20� 20 nm2 for (c) and (d). The STM operation conditions were (a)
ts and widths of the clusters which are surrounded by open blue circles

RSC Adv., 2016, 6, 110765–110774 | 110769
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STM images is given in Fig. 2a where the orange line illustrates
that the STM tip does not reach the titania nanosheet substrate.
However, the lateral resolution is better than in AFM and
individual Au9 clusters can be identied.

Aer annealing at 200 �C for 20 minutes under UHV, STM
measurements were repeated for the same sample. Fig. 4b and
d show STM images of annealed Au clusters. The brighter spots
can be identied in the same way as in the case of non-annealed
samples (Fig. 4a and c); note that the bright spots are not
observed in the heated blank sample (Fig. S5d†). A black arrow
in Fig. 4d indicates one of the individual Au NCs. In Fig. 5b and
d the width and height distributions of the features aer
annealing are shown. In comparison with the non-annealed
samples, the width distribution has decreased to 1.3–2.3 nm
with an average of 1.7 � 0.3 nm, and the height distribution
to 0.1–0.2 nm with the average 0.17 � 0.05 nm. The signicant
decrease in cluster width is compatible with the evidence from
the XPS data shown below that the ligands have been removed
through the annealing process. The height, however, is less
than what is expected from the cluster core. However, it is
important to mention that the 2D cluster reported in our
previous paper should have a height around 0.2 nm,12 which is
in good agreement with the measured height in this work. The
scanning process of the STM tip is illustrated in Fig. 2b. As
explained for the non-heated samples, the STM tip does
not interact with the layer underlying the top of the Au9 NCs
and thus the height variation is less than the height of an
individual cluster core.

Fig. 6a shows the energy levels of ligated Au9 before heating
while Fig. 6b shows the Au9 cluster core without ligands (cor-
responding to Au9 clusters aer removing the ligands through
heating). These isomers have been observed as preferable
congurations for deposited Au9 clusters on titania nano-
sheet.12 Themolecular orbital visualisations in Fig. 6a show that
Fig. 6 The energies levels of (a) ligands Au9 before heating and (b) the n
combined molecular orbitals such as (LUMO, LUMO+1) and (LUMO, LUM

110770 | RSC Adv., 2016, 6, 110765–110774
the ligands are not electronically transparent to STM at the
chosen bias voltages, thus electrons could tunnel into the
respective energy levels. For estimating whether electrons could
tunnel into specic orbitals of the clusters, two considerations
have to be taken into account; (i) that the Fermi level is the
reference potential when applying the bias voltage in STM and
that it lies approximately half-way between the occupied and
unoccupied orbital and (ii) that the energy of the molecular
orbitals of a cluster are broadened owing to the interaction
with the adjacent cluster or with the substrate. At room
temperature, the molecular orbitals within an energy range of
0.5 to 1 eV overlap due to the energetic broadening of each
orbital. Therefore, we consider in Fig. 6 that not only is a single
molecular orbital is involved (i.e. the LUMO) but that combi-
nations of orbitals can be accessed (i.e. LUMO, LUMO+1 and
LUMO+2). It will be shown below that in all STM images
the Au clusters appear approximately hemispherically shaped
both before and aer heating. This implies that electrons
are tunneling into a range of orbitals and not into one
specic orbital.
XPS results of Au9 clusters on titania nanosheet

High resolution XP spectra of the Au clusters deposited onto
titania nanosheet have been measured for the Au 4f, P 2p, Si 2p,
Ti 2p, C 1s and O 1s regions. The main C 1s peak is assigned to
285 eV and used to calibrate peak position for all other
elements. The Au shows the Au 4f doublet with the Au 4f7/2 peak
found at 84.8 eV (Fig. 7a) for the non-heated sample, which is
close to the binding energy previously found for as-deposited,
non-agglomerated Au9 clusters.9,21,22 No signal is observed at
84 � 0.2 eV, the binding energy of bulk Au. The shi from bulk
gold for the Au 4f7/2 peak position of isolated Au9 clusters is
attributed to the nal state effect as has been described in detail
aked gold clusters after heating. The molecular orbital visualisations of
O+1, LUMO+2) are also shown in this figure.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 XPS of [Au9(PPh3)8](NO3)3 clusters on titania nanosheet (a) 4f Au spectrum of as-deposited samples, (b) after annealing and (c) the 2p P
peak of as-deposited samples.
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in our previous work.21,22 The Au XP spectrum of the annealed
titania nanosheet/Au9 sample is shown in Fig. 7b and shows two
Au 4f doublets. A narrow peak is found at 83.8 � 0.2 eV and is
consistent with the value for the binding energy for bulk Au.
This is attributed to aggregated nanoparticles much larger than
Au9 clusters that arise from the heating procedure.22 The
second, broader Au 4f7/2 peak is found at higher binding energy,
85.3 � 0.2 eV. This peak is attributed to non-agglomerated Au9
clusters that have lost ligands and are in close, electronic
contact with the titania substrate.22,65 The P 2p3/2 peak is found
at 131.6 � 0.2 eV and is attributed to ligands attached to the
Au NCs (Fig. 7c).21,22 Aer annealing, no P signal was found
which means that the ligands have been detached from the Au9
cluster core through the heating procedure and removed from
the sample under UHV. Titanium signal 2p3/2 is found at 459 eV
for all samples (Fig. S6†). There is a small shoulder at 457.5 eV
that can be seen in the Ti spectra, owing to the presence of
reduced titania surfaces (Ti3+) as an effect of the UV or X-ray
irradiation, inducing O vacancy in the titania nanosheet.8,43,66

Aer vacuum annealing the Ti3+ peak increases and is due to
the increase in the number of the defects.8

The interpretation of the XPS results for the non-annealed
samples is illustrated in Fig. 2. It is important to note that the
electron mean free path for the samples investigated here is
This journal is © The Royal Society of Chemistry 2016
about 1.5 nm and thus XPS is sensitive for a depth around 4 to
5 nm. Irrespective of whether the clusters form larger groups of
Au9 clusters or are isolated on the surface, each individual
cluster has its own cluster core and the emission of electrons
from a given cluster is inuenced by the nal state effect as
illustrated in Fig. 2a. Thus all Au9 clusters appear as individual
and isolated clusters irrespective whether another Au9 cluster is
located in close proximity or not. Aer removing the ligands
through annealing, the clusters form groups in which the
cluster cores have either merged into a larger particle, similar to
the larger block in the middle of Fig. 2b, or they form groups in
which the individual clusters are in close proximity but the
cluster cores are retained as individual clusters. The latter
option is illustrated on the right and le in Fig. 2b, and the top
layer in the middle of the gure.

Integrating AFM, STM and XPS results

AFM, STM and XPS measurements reveal complementary
information about the properties of the Au9 clusters deposited
onto titania nanosheet and can be integrated into a single
interpretation. The interpretation is schematically illustrated in
Fig. 2. The AFM measurements allow height analysis of the
features attributed to Au9 clusters. Before heating, the majority
of features found in the AFM images show a height
RSC Adv., 2016, 6, 110765–110774 | 110771
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corresponding to the smallest diameter of individual Au9 clus-
ters. Identifying individual Au NCs is not possible with AFM due
to the large tip curvature and the large interaction range
between the AFM tip and the sample. In contrast, STM is used to
investigate small areas with the size of a few nanometers with
high lateral resolution sufficient to resolve individual Au NCs.
It needs to be taken into account that individual clusters
outside groups were not seen in STM most likely because they
were moved out of the image area when scanning the STM tip
across the desired area. The STM images identify individual Au9
clusters even when they form groups of clusters within close
proximity to each other. In contrast to AFM, it is very difficult to
determine the total height of a group of clusters with STM.
Based on the nal state effect found in the XPS results, it can
be concluded that the Au9 clusters are individual and separate
clusters.

Aer annealing of the samples, the Au9 clusters have lost the
PPh3 ligands. The cluster cores could either retain their identity
as Au9 cluster cores or merge into larger particles, as schemat-
ically illustrated in Fig. 2b. AFM measurements show that
partial agglomeration has occurred leading to an increase of the
heights of the features found. However, a signicant number of
features have retained the height of single clusters. The STM
results cannot be used to derive information about the overall
size of the groups formed by the clusters but can shed light on
the ne structure of the top layer of a group. The STM results
allow identifying individual clusters but do not allow us to draw
conclusions about whether these individual clusters in the top
layer have merged electronically or retained their individual
structure. XPS shows that at least a fraction of the Au9 clusters
have not merged to form a bulk electronic structure and have
retained their individual electronic structure. This conclusion is
based on the XPS data, which shows species with Au 4f7/2
electron binding energy of 85.3 � 0.2 eV that can only be due to
small clusters. STM also cannot be used to reveal information
about the layer below the top Au cluster layer. The layer below
could be the substrate, or it could be a layer of agglomerated
Au clusters as sketched in the middle section of Fig. 2b, or it
could be composed of the individual Au clusters. The layer
below the top layer could be formed by agglomerated clusters,
which could explain the XPS Au 4f7/2 peak found at 83.8� 0.2 eV
which is assigned to larger bulk Au particles. In this context, it is
important to note that the depth for which XPS is sensitive is
much larger than in the case of STM. Summarising the STM,
AFM and XPS data it can be concluded, that agglomeration does
not necessarily include all clusters within a group. At least in the
top layer of these groups, individual clusters could be identied
that most likely have retained the electronic structure of indi-
vidual clusters.

In a previous study, we investigated the deposition of Au9
clusters onto plasma treated ALD titania.10 The coverage of ALD
titania with Au in the earlier study was approximately 40 times
lower compared to the present case (the Au/Ti ratio was less than
0.1 in ref. 10 and it is 3.5 here). We assume that the higher
coverage of the titania nanosheet surface with non-agglomerated
Au9 clusters is due to the larger number of defects on the titania
nanosheet surface compared to the surface of ALD titania.
110772 | RSC Adv., 2016, 6, 110765–110774
Conclusions

Au9 clusters deposited on titania nanosheets have been inves-
tigated with AFM, STM and XPS. Each method has allowed the
determination of specic information about the structure of the
Au9 clusters before and aer annealing which have been inte-
grated into an overall interpretation of the Au9/titania surface.
Aer deposition, the Au9 clusters attached to the surface with
a range of congurations from individual clusters to groups of
clusters. All clusters have retained their individual electronic
structure. Heating of the samples to 200 �C leads to partial
agglomeration of the Au NCs that lead to the formation of larger
Au particles. Some clusters, however, are not involved in
agglomeration and are le as individual isolated clusters on the
surface. The electronic structure of the agglomerated Au parti-
cles is different to that of the isolated individual clusters.
Agglomeration does not necessarily include all clusters within
a group. At least in the top layer of these groups, individual
clusters could be identied that most likely have retained
the electronic structure of individual clusters.
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