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Using high-resolution dynamic scanning force microscopy (SFM) operated in the noncontact mode, we
investigate here the detailed morphology, dispersion, and thermal stability of nanometer-sized three-dimensional
Cu clusters on an R-Al2O3(0001) substrate. We systematically study the effect of surface hydroxylation by
depositing metallic Cu either on an ultrahigh vacuum prepared Al-terminated alumina surface or on surfaces
prehydroxylated/hydrated by exposure to varying doses of H2O. Three-dimensional growth of Cu nanoclusters
dispersed evenly on the surface is observed independent of surface preparation. As the top facet of the
nanoclusters appears hexagonal in SFM images, we conclude that they are regular Cu crystallites in the
equilibrium form. For strongly hydroxylated surfaces, however, a reduced aspect ratio (height-to-width) of
the nanoclusters indicates an increased wetting of the Cu. We propose that Cu bonding to the hydroxylated
surface is enhanced by the formation of Cu-O-Al bonds. Surprisingly when heating the surface, Cu remains
dispersed on the surface, but it is observed that the total coverage of Cu on the surface is rapidly reduced
when the sample is heated to temperatures above 450 °C for clean and 550 °C for hydroxylated surfaces. Our
results unexpectedly show that Cu is desorbed from the ∼3 nm wide Cu nanoclusters at temperatures well-
below the melting temperature of bulk Cu, and the sublimation is completed before the onset of sintering or
ripening of the Cu nanoclusters under the conditions of our experiment. Our observations thus reveal significant
changes in the cohesive energies of nanometer-sized Cu clusters, which is an effect that should be taken into
account when modeling the stability of Cu crystallites, for example, with regard to sintering of Cu-based
catalysts.

I. Introduction

The majority of industrial heterogeneous catalysts employ
porous metal oxides as a material serving in different functions.1,2

Mostly, the role of the porous metal oxide is that of a passive
support dispersing the active metallic component into nanoc-
rystals to facilitate contact with the gaseous reactants. The ability
to control and stabilize the dispersion of metal nanoclusters on
metal oxides is crucial for the activity and selectivity of most
heterogeneous catalysts, in particular, since the highly dispersed
state of nanoclusters is energetically unfavorable compared with
the agglomerated state, and sintering is therefore a common
cause of activity decline in catalysts. In this context, a clear
understanding of the nature of the interface between metal
nanoclusters and metal oxides is crucial in order to model
sintering and eventually prevent catalyst deactivation. Further-
more, there are prominent examples where the oxide support
plays an active role in the catalytic process either in synergy
with a dispersed phase in a bifunctional catalytic mechanism
(e.g., in hydrocracking3), by spill-over reactions, by supporting
special or dynamic nanocluster morphologies,4,5 or by generating
favorable catalytically active sites at the cluster/oxide interface.6,7

In many cases, however, detailed experimental insight into metal
nanoclusters supported on metal oxides has been quite difficult
to obtain since most relevant metal oxides are insulating and

hence difficult to study due to charging problems in traditional
surface science techniques. A further complication is related to
the fact that the atomic surface structure of metal oxide
supported nanoclusters is not readily accessible. Scanning
tunneling microscopy (STM) has recently demonstrated its great
value in the characterization of nanoclusters on conducting
substrates as models of catalysts. For the range of insulating
metal oxides (e.g., Al2O3 or MgO), a useful trick is to synthesize
thin films on metallic substrates, which enables tunneling
through the substrate.8-10 However, recent theoretical studies
have pointed out that electronic coupling to the metallic substrate
may stabilize metal-oxide structures different from any known
bulk structure,11-13 and therefore, the surface of the thin film
may not be a generally valid model for the surface of a bulk
oxide. Detailed surface science studies of nanoclusters on real
bulk insulating metal-oxide surfaces, such as alumina (Al2O3),
are very scarce because of technical difficulties in preparing
and characterizing insulator surfaces. However, owing to recent
developments in dynamic mode scanning force microscopy
(SFM), which may provide direct-space atom-resolved images
of surfaces and nanostructures independent of the surface
conductivity,14 such insight is now within reach for clusters and
nanostructures supported on insulator substrates.15-18

In the present paper, we use SFM to study the Cu/Al2O3

system, which is of considerable fundamental interest, for
example, because of its use in catalysts for large-scale com-
mercial processes such as the methanol synthesis and low-
temperature water-gas shift reaction. Moreover, the system has
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also recently demonstrated promising results for low-temperature
water-gas shift application in mobile fuel cells.19 In methanol
synthesis, the ternary Cu/ZnO/Al2O3 catalyst exhibits a higher
catalytic activity than each of the separate Cu/ZnO or Cu/Al2O3

systems, but the exact synergetic effects between these materials
are still under intense debate.20-22 Traditionally, the role of the
Al2O3 is considered to act as a stabilizer for the Cu nanoclusters
and prevent rapid sintering of Cu particles, but the fundamental
interaction between Cu and Al2O3 still remains to be clarified.
A key question in this regard seems to be the stability of Cu
nanoclusters when the system is exposed to water, since the
catalytic activity and sintering resistance have been observed
to depend on the accumulated effect of exposure to water.20

However, a clear understanding of the role of water in this
system and a general atomic-scale understanding of the nature
of Cu bonding to clean and hydrated alumina surfaces is far
from established. Our strategy in this paper utilizes high-
resolution SFM to systematically study the thermal stability and
morphology of Cu nanoclusters deposited on ultrahigh vacuum
(UHV)-prepared clean R-Al2O3(0001) as well as hydroxylated
Al2O3 substrates prepared by pre-exposure to varying fluxes of
water. The detailed insight into the cluster morphology obtained
from SFM experiments is important, since it makes it possible
to extract information on the cluster-interface adhesion ener-
gies, the so-called work of adhesion (Wadh).23,24 The adhesion
energy of a Cu nanocluster is dependent on the exact composi-
tion and structure of the interface between the cluster and the
substrate, and previous studies have specifically shown that the
adhesion of metals on Al2O3 may change with the density of
surface hydroxyls.25-27 In the case of Cu deposited on the
hydroxylated Al2O3, an exchange reaction between H from an
terminal hydroxyl (H-O-Al) and deposited Cu has been
proposed from theory leading to rather strong Cu-O-Al bonds
and hence a large Wadh.28 However, Al2O3(0001) surfaces are
known to adopt many different terminations depending on the
preparation route and environment conditions.29 In order to
systematically investigate the influence of water on the Cu
adhesion, we have therefore prepared surfaces with varying
degrees of surface hydroxyl groups and studied the morphology
of Cu nanoclusters. Using values extracted from a detailed
characterization of the width, height, and morphology in SFM
images of hexagonally shaped Cu nanoclusters, we performed
a quantitative calculation of the Cu-substrate adhesion energies
based on the Wulff construction for supported nanoparticles30,31

and show that the adhesion of Cu below 300 °C is significantly
influenced by hydroxylation of Al2O3. At subsequent higher
temperatures up to 600 °C, SFM images reveal that the
hydroxylation level of the Al2O3 surface gradually decreases
because of desorption, and accordingly, hydroxylation has less
impact on the cluster morphology. Instead, we observe a large
loss of Cu present on the surface at temperatures exceeding 500
°C, which is attributed to desorption of Cu.

II. Experimental Section

The experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure of 1 × 10-10 mbar. The
chamber was equipped with an SFM (Omicron VT-SFM)
enhanced with an EasyPLL-plus electronics (Nanosurf AG).
SFM measurements were performed in the noncontact mode
of operation (nc-SFM)14 using commercial cantilevers with a
nominal tip radius smaller than 2 nm (SuperSharpSilicon-NCH
from Nanosensors). In the noncontact mode, exclusively attrac-
tive forces active at the onset of bonding between atoms of the
tip apex and surface atoms are probed. Topographic images were

recorded by oscillating the SFM cantilever at its resonance
frequency (∼300 kHz) with a stabilized amplitude of 20 nm
(peak-to-peak) and recording the frequency shift (df) induced
by the interaction force as a feedback to control the tip-surface
distance during scanning.

The sample was a polished R-Al2O3(0001) crystal (MTI
Corporation, USA) cleaned ex-situ in 35% HNO3 for 30 min,
rinsed in water, and annealed for 8 h at 1200 °C under
atmospheric conditions. Subsequently and for each new Cu
deposition, the sample underwent multiple ion-sputtering (15
min, 1.5 keV, Ar+) and annealing cycles (1200 °C) in oxygen
(10-7 mbar). The sample temperature was monitored directly
on the front of the crystal using an optical pyrometer (Metis
MY81, Sensortherm GmbH), which was precalibrated against
a K-type thermocouple reading in direct contact with the crystal.
With atom-resolved SFM,32 we determined the surface structure
of the R-Al2O3(0001) to be the well-known �31 × �31R (
9° reconstruction33-35 (see e.g. Figure 1a). In accordance with
previous results,33,36 the �31 × �31R ( 9° reconstruction was
not lifted by exposing it to oxygen at moderate pressures (<1
× 10-7 mbar) even at high temperatures (>1000 °C), but we
used oxygen treatments for our sample preparation anyway since
it had a very beneficial effect on the surface flatness.35 The
surface structure and cleanliness were monitored by atom-
resolved SFM and X-ray photoelectron spectroscopy (XPS)
using unmonochromatized Mg KR radiation (Phoibos 100
analyzer SPECS GmbH, Germany). Figure 2a shows an XPS
survey spectrum of the Cu deposited surface. In the XPS spectra
acquired throughout the studies, only peaks belonging to Al and
O and the deposited Cu were observed. Partially hydroxylated
surfaces such as those introduced in ref 37 were prepared by
exposing the freshly prepared sample to triply distilled water
in the UHV chamber dosed through a UHV leak valve. The
water was purified by several freeze-pump-thaw cycles.
Higher degrees of hydroxylation require exposure to much
higher partial pressures of water,26,36 and to accomplish this,
the sample was transferred to a small evacuated cell and exposed
to pure water vapor (∼5 min) from a reservoir at its ambient
partial pressure at room temperature (∼ 25 mbar at 21 °C). After
water exposure, the cell was evacuated, and the hydroxylated
sample was transferred back to the UHV chamber for Cu
deposition and SFM analysis. Cu was deposited under vacuum
conditions (∼2 × 10-10 mbar) onto the substrate from an e-beam
evaporator (flux ∼ 0.04 ML/min). The flux setting of the e-beam
evaporator was set to this value prior to dosage, and the dose
rate was kept constant for all experiments. The total Cu coverage
was subsequently estimated from a measurement of the total
Cu volume seen in the SFM images taken after room temper-
ature deposition and was found to be 0.25 ( 0.05 monolayer
(ML), where 1 ML is defined as the two-dimensional (2D)
packing density of copper ∼1.77 × 1015 atoms/cm2. We
observed a slight charging of the substrate after Cu deposition
detected by a rise in surface potential to ∼3-5 V, which was
detected by the SFM. The surface charging, which is in general
unwanted for high-resolution SFM, could be eliminated by
exposing the sample front to a short pulse (3-7 s, 0.2 mA
emission) from an electron flood gun providing electrons with
energy of about 2 eV. Remaining potential differences between
tip and sample could be fully compensated by adjusting the bias
voltage applied between the tip and the metallic sample support
as described in previous work.59

III. Results and Discussion

A. Cu Nanoclusters on r-Al2O3(0001). Figure 1a,b il-
lustrates high-resolution SFM images of the R-Al2O3(0001)
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before and after Cu deposition. In Figure 1b, the deposited Cu
is observed to be dispersed on the surface in the form of three-
dimensional nanometer-sized clusters, indicating a Volmer-Weber
growth mechanism of Cu on Al2O3(0001) in agreement with
earlier studies.8,15 The nucleation of Cu nanoclusters is observed
on both the (0001) terrace planes and the upper rim of step
edges. In order to ensure that the nanoclusters imaged by SFM
reflect an equilibrium morphology and not a kinetically limited
structure, we performed sequential postdeposition heating of the
Cu deposited surface and characterized the cluster morphology
and shape. After postannealing at temperatures in the 100-300
°C regime, we find that the cluster density, size, and shape
remained unaltered, indicating that nanoclusters formed under
these conditions reflect an equilibrium structure. It should be
noted that tip-convolution (broadening) effects may be pro-
nounced in SFM studies, and the cluster dimensions estimated
from SFM in general represent an upper limit to the real value.
For the same reasons, it has proven to be very difficult to resolve
the exact shape of nanoclusters in regular topographic SFM
images in previous studies. However, as shown in Figure 1c, it
was possible to directly resolve the shape of the top facet of
the Cu nanoclusters with the SFM. As recently demonstrated
in ref 18 and explained in ref 38, tip convolution effects may

be significantly reduced in images representing the SFM
detuning signal (df) recorded by scanning in the constant height
mode in contrast to the topographic images produced from
scanning in the constant detuning mode. It is apparent from
our constant height SFM image in Figure 1c that the top facet
of the Cu nanoclusters is preferentially shaped as a regular
hexagon, suggesting that this shape reflects the equilibrated form
of Cu nanocrystallites oriented with the (111) facet toward the
Al2O3(0001) surface. Our observations are supported by the fact
that the same regular hexagonal shape of the top facet was
resolved for Cu nanoclusters grown on a Al2O3-like thin film
in a previous STM study by Worren et al., where atom-resolved
STM furthermore showed that such nanoclusters expose an
unreconstructed (111) facet of Cu on the hexagonal top facet.8

The exact equilibrium morphology of the Cu nanoclusters in
Figure 1b,c is in principle determined by the relative free
energies of the cluster facets and the interfacial energy. In terms
of the Wulff construction30 for supported clusters, it is possible
to use the observed parameters for the morphology to directly
extract approximate values for Wadh. The formal procedure is
described in detail in refs 8 and 9. Since the observed shape of
the Cu nanoclusters in this paper is very similar to those in ref
8, we will assume that the hexagonal top facet is a (111) plane

Figure 1. (a) Topographic SFM image of the clean R-Al2O3(0001) in the reconstructed state. (b) Topographic SFM image after deposition of 0.25
ML Cu and postannealing to 300 °C. (c) A zoom-in constant height SFM image (35 nm × 35 nm) (dfset ) -23 Hz). (d) The graph illustrates a cross
section profile of a nanocluster in the topographic image. (e) Height histogram of Cu nanoclusters. (f) Corresponding width histogram. A Gaussian
fit to the distributions is shown as a solid line.

Figure 2. (a) XPS survey scan of the R-Al2O3(0001) surface taken at room temperature immediately after Cu deposition. (b) O(KLL) and Cu(2p3/2)
signal recorded at room temperature (21 °C) and after heating the sample to 400 and 600 °C, respectively.
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of Cu, and we use the formal framework of the latter paper for
the interpretation of our data. The work of adhesion is given
by the following expression:

Wadh ) 2γ111 -
h

l111
(- 3

√2
γ111 + √3γ110 +�3

2
γ100) (1)

where the γ are the surface free energies of Cu low index facets,
h is the height, and l111 is the exact width of the hexagonal top
facet. In the limit of small clusters where the (110) facet is not
developed, the expression changes to39

Wadh ) 2γ111 -�3
2

h
l111

γ100 (2)

In order to estimate the input parameters, we have character-
ized the width and height of the Cu nanoclusters in a large
number of high-resolution topographic SFM images. The cluster
width was estimated from line scans performed across the
nanoclusters by measuring the full width at half-maximum, as
illustrated in Figure 1d. The height was correspondingly
measured as the height difference between the cluster top facet
and the flat substrate. Figure 1e,f shows the distribution of the
cluster height and width obtained for the whole ensemble of
nanoclusters. The most frequently observed values for the cluster
height and width and the respective standard deviations were
then obtained as the average value and variation from the
respective Gaussian fits. The most frequent Cu nanocluster width
and height were found to be 3.2 ( 0.3 nm and 0.7 ( 0.1 nm,
respectively, revealing the formation of rather wide nanoclusters
with 3-4 atomic layers of Cu on the Al2O3 surface on average.
The cluster width of 3.2 nm is according to Worren et al.8 below
the threshold at which (110) start to develop on the clusters,
and accordingly, we will use eq 2 to calculate Wadh. Ap-
proximating the respective h and l111 values to the most frequent
height and width measured with SFM and using the most recent
theoretical literature γ values of Cu,40 we calculate Wadh to be
3.32 ( 0.13 J/m2 on the clean Al2O3 surface. The type of
bonding reflected by this work of adhesion value at the interface
between the Cu nanoclusters and the Al2O3(0001) is considered
to be metallic and not oxidic, since the Al2O3(0001) surface
prepared by annealing to high temperatures (<1000 °C) under
UHV exposes the so-called �31 × �31R° ( 9 reconstruction.
This is illustrated in Figure 1a, where the hexagonal pattern of
protrusions resolved in the SFM images with a periodicity of
2.65 nm is a reflection of the �31 × �31R ( 9° reconstruction
of R-Al2O3(0001), which was also previously observed by
SFM.35,41 This complex and extraordinarily stable surface
reconstruction of Al2O3 forms as a consequence of high
annealing temperatures, which are necessary to prepare a well-
ordered, flat, and clean substrate, and it has been examined in
some detail previously.33,34,42 A detailed atomistic structural
model of the �31 × �31R° ( 9 reconstruction is not available.
However, it is generally believed that the surface layer is
completely oxygen depleted relative to the most stable regular
(1 × 1) Al2O3(0001) termination which exposes both Al and O
in the relaxed top layer.43,44 We adopt this model and anticipate
that, on such an Al rich surface, the interaction of Cu with the
clean surface is dominated by direct Cu-Al interactions. In
support of this, we note that the experimentally estimated value
for the Wadh is in close agreement with the theoretical estimate
by Lodziana et al.45 who calculated the work of adhesion for
Cu on Al2O3(0001) surfaces of different stoichiometries with
respect to Al and O. When we compare our results with the
most Al rich surface, the so-called Al-Al terminated surface,

which is obtained by cleaving the R-O-Al-Al-R repetition
unit of Al2O3 between the oxygen and the double Al layers, a
Wadh ) 3.26 J/m2 was calculated for Cu which is in agreement
with the estimate in our experiment. A systematic overestimation
of the cluster top facet (l111) of 20% (which is probably realistic
for topographic SFM images of clusters due to tip broadening)
will not reduce Wadh by more than 4.9%, which is still in good
agreement with the theory.

B. Cu Nanoclusters on Partially Hydroxylated
r-Al2O3(0001). A stronger binding to a hydroxylated substrate
compared with that to the clean Al2O3, that is, a higher work
of adhesion (Wadh), would be manifested by a change in the
equilibrium cluster morphology, and in order to investigate
whether such an effect is present for the Cu/Al2O3 system, we
performed SFM characterization of Cu nanoclusters on prehy-
droxylated surfaces. It has previously been demonstrated by
high-resolution SFM studies by Barth et al.41,46 that the
reorganization of Al atoms within the large �31 × �31R° (
9 unit cell on Al2O3(0001) (Figure 1a) lead to a template grid
with a spatially modulated affinity toward water adsorption, and
more specifically isolated patches of brighter contrast were
observed by SFM and tentatively attributed to groups of
hydroxyls or very small aluminum hydroxide (Al(OH)3) or
oxyhydroxide (AlOOH) nanocrystals formed at certain slightly
disordered sites within the unit cell. As shown in Figure 3, we
also see by SFM the formation of such groups with brighter
contrast in a regular grid determined by the �31 × �31R° (
9 unit cell. Figure 3a,b respectively shows the topography image
(Z) and a so-called dissipation signal image (D) recorded
simultaneously as a passive signal14 of a mildly hydroxylated
surface resulting from the adsorption of water from the
background pressure in the UHV chamber (P ∼ 2 × 10-10

mbar). The dissipation signal reflects the energy losses due to
hysteresis during the SFM cantilever oscillation cycle and is
considered to give a very strong contrast at an adsorbate site,
such as a surface OH group, with a high degree of vibrational
freedom.47 On the contrary, rigid structures such as Cu nanoc-
rystals are not expected to give a strong dissipation signal, which
is in qualitative accordance with the dissipation image in Figure
3b. The dissipation image thus shows two chemically different
species imaged as larger dark ones belonging to Cu nanoclusters
and imaged as smaller bright ones belonging to hydroxyls
adsorbed on the surface. By a correlation of the position of the
center of mass of the Cu nanocluster and the grid defined by
the hydroxyls (see Figure 3a,b), we conclude that Cu seems to
nucleate at sites (marked by a black cross in Figure 3a) different
from the sites preferred by the hydroxyls (marked by the
crossing points of the white grid). Since the UHV-prepared
Al2O3 surface is presumably Al-terminated, it could be expected

Figure 3. High-resolution SFM images of Cu nanoclusters on the
partially hydroxylated surface representing (a) the topography (Z) and
(b) dissipation (D) signal. Crosses indicate the center-of-mass for the
Cu nanoclusters. Smaller patches defining the rhombic grid are
attributed to groups of surface hydroxyls.
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that hydroxylation would change the bonding to Cu by adding
oxygen to the surface layer, since Cu-O-Al bonds are
generally predicted to be stronger than Cu-Al bonds,45 thus
leading to increased wetting of the Cu overlayer. However,
further SFM experiments performed by prehydroxylating the
surface under vacuum conditions (5-50 L of H2O at 5 × 10-9

mbar) and then depositing Cu again showed that such low
degrees of hydroxylation have no effect on the nucleation of
Cu nanoclusters. Furthermore, the cluster width and height were
found to be the same within the statistical uncertainty as that
on a clean surface. We therefore conclude that the presence of
hydroxyls at low coverage achieved under vacuum conditions
have no significant impact on the Cu nanocluster morphology
and dispersion. We note that the apparent saturation coverage
of hydroxyls on the surface was always rather low (estimated
to less than 0.2 ML), and we could not obtain a strongly
hydroxylated surface under vacuum conditions, which is in
agreement with previous studies.36

C. Cu Nanoclusters on Strongly Hydroxylated
r-Al2O3(0001). Alumina supports contained under wet impreg-
nation conditions used in catalyst synthesis are considered to
expose a hydroxylated surface, and in order to model such a
condition, we prepared strongly hydroxylated surfaces by
exposing the clean R-Al2O3(0001) to pure H2O at its room
temperature vapor pressure (∼25 mbar at 21 °C, 5 min) in a
vessel attached to the vacuum system. A similar preparation
has previously been reported in an XPS study to result in a
significant hydroxylation of the Al2O3(0001) surface.26,36 It was
extremely challenging to image the strongly hydroxylated
surface in very high resolution with SFM at room temperature,
possibly due to a high mobility of molecularly adsorbed water
species.26,36 However, after a short flash of the sample to
∼200-300 °C, it was possible to image the surface and observe
the effect of surface hydroxylation by the water vapor in some
detail. Figure 4a illustrates an SFM image of the Al2O3 surface
in the strongly hydroxylated state that we recorded in UHV at
room temperature. The SFM image reveals a dramatic change
in the surface structure as compared with the clean (Figure 1a)
and vacuum hydroxylated surface (Figure 3a) Al2O3(0001)
substrates, and a significant population of very small clusters

is detected on the surface. The small clusters were thoroughly
analyzed in the SFM images and were found to adopt heights
in the range 0.1-0.2 nm relative to the substrate and a
corresponding width of approximately 1.8 nm on average. An
XPS survey detected no impurities on the surface which could
have been present in the water dosed in the cell. We observe
that the “hydroxylated” state of the surface was maintained even
after prolonged exposure to the UHV environment and heating
to rather high temperatures. Heating of the sample in the strongly
“hydroxylated” state in Figure 4a to temperatures higher than
350 °C led to decomposition of the surface clusters, and the
surface could then be imaged (not shown) in the same �31 ×
�31R ( °9 reconstructed state as prior to water dosage (Figure
1a). A study of the thermal decomposition sequence48 shows
that bulk Al(OH)3 (bayerite or gibbsite) is stable up to
∼100-130 °C after which a hydrothermal transformation occurs
to an oxyhydroxide phase (AlOOH), which is stable until
approximately 300-400 °C. Given the observed thermal stabil-
ity interval up to ∼350 °C, we thus attribute the small clusters
imaged in Figure 4a to aluminum oxyhydroxide (e.g., AlOOH).
We speculate that this hydroxylated phase is initially formed
by release of excess Al from the clean Al-rich reconstructed
Al2O3 surface prepared in UHV and that the AlOOH clusters
are supported on a nonreconstructed stoichiometric termination
of Al2O3(0001), possibly with a significant population of OH
groups. In any case, the observations imply that the “hydroxy-
lated” surface in Figure 4a represents a surface with a much
higher O-H and O content compared with the clean surface,
and we will therefore refer to the surface in this state as “strongly
hydroxylated”. This change in the surface composition is clearly
reflected in the apparent equilibrium morphology of Cu nano-
clusters deposited on the strongly hydroxylated surface. Figure
4b shows the hydroxylated surface after Cu deposition using
the same parameters as before and a post-heated to 300 °C. A
statistical analysis of the cluster width and height is performed
similar to Figure 1 to address the effect of hydroxylation on
the Cu nanocluster dimensions. To neglect an influence on the
Cu nanocluster dimensions by the AlOOH clusters present on
the surface, we carefully analyzed the height and width
distribution of the oxyhydroxide clusters on a strongly hydroxy-
lated surface before Cu deposition, as a reference. Generally,
the oxyhydroxide clusters were much smaller in both width and
height, and a comparison of the cluster width and height
distribution (Figure 4c,d) obtained for Cu nanoclusters selected
from the SFM images shows that the region of overlap is very
small, indicating that the values obtained by us are reliable with
a high degree of certainty. We can therefore extract the Cu
cluster dimensions from the SFM images. For temperatures
higher than 350 °C, the oxyhydroxide cluster concentration
decreased significantly, thus further reducing the overlap.

As for the analysis on the clean surface, we consider Cu
nanoclusters formed after postdeposition heating in the 100-300
°C regime to reflect the equilibrium state. The most frequently
observed value for the Cu cluster width was found to be 3.2 (
0.1 nm, which is similar to the width of Cu nanoclusters on the
clean surface, but a substantial difference in height is observed
for Cu nanoclusters on the hydroxylated surface. As illustrated
in the graph in Figure 4c, the most frequently occurring value
for Cu cluster height is close to 0.4 ( 0.1 nm, indicating the
formation of nanoclusters with no more than two layers of Cu.
By using these values and the same procedure (eq 2) for the
calculation of Wadh for the strongly hydroxylated surface, a
higher adhesion energy is found for the Cu nanoclusters (Wadh

) 3.55 ( 0.2 J/m2). This value reflects a stronger binding of

Figure 4. (a) Topographic SFM images of a strongly hydroxylated
surface before Cu deposition after a short temperature flash to 200 °C.
(b) Topographic image of after Cu deposition, (c) height distribution,
and (d) width distribution of AlOOH oxyhydroxide and Cu nanoclusters.
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Cu and, thus, an increased wetting as evidenced by the decrease
in cluster height. Although the exact geometry of the Cu bonding
to the substrate is not resolved from our studies, the only option
to increase the work of adhesion seems to be through the
formation of Cu-O-Al bonding to the substrate, and we
propose that this is the case here. The bonding of Cu atoms
directly to a surface hydroxyl on Al2O3 is predicted in density
functional theory (DFT) studies to be much weaker (Wadh )
0.87 J/m2) than to Al or O-Al.45 Starting from the “hydroxy-
lated” surface, a strong Cu-O-Al bond may be formed by
exchange of the H with Al and subsequent desorption of H2(g).28

We note, however, that the Wadh calculated from the experiment
is much lower than the theoretical estimate for Wadh on a
completely oxygen terminated (O-Al2O3(0001)) (Wadh )6.18
J/m2), which would imply complete wetting of Cu. Such a
condition is obviously not obtained under the conditions of our
experiment, and we therefore assume that bonding of the Cu
nanocluster achieved by deposition on the strongly hydroxylated
surface (Figure 4b) may occur on a complex mixture of O, OH,
and Al bonding sites. The existence of oxidized Cu (formally
charged as +1) present in the form of Cu-O-Al links
underneath the clusters can in principle be determined by an
analysis of the X-ray excited (LMM) Auger transition of Cu.27

Using our XPS setup, we performed a similar study of Cu, but
because of rather low intensities from the 0.25 ML Cu, it was
not possible to resolve the peak structure and unambiguously
prove or rule out the existence of Cu+ species in the present
experiment.

D. Thermal Stability of Cu Nanoclusters on Clean and
Hydroxylated Al2O3(0001). To gain further insight into the
differences between the Al-terminated and strongly hydroxylated
Al2O3 surfaces and shed more light on the bonding nature of
the Cu nanoclusters to the substrate, we further investigated the
thermal stability and morphology of the Cu/Al2O3 system in an
extensive series of SFM images recorded after heating to
temperatures in the interval from room temperature up to 700
°C. The data in Figure 5 illustrates examples of room temper-
ature images recorded of Cu on the clean surface and shows
the accumulated effect of heating the same sample for 3 min at
every designated temperature. Similar data were also recorded
and analyzed for the Cu nanoclusters on the strongly hydroxy-
lated surface. Figure 6a-d represents plots of the density,
coverage, and Cu nanocluster dimensions for the clean (black
squares) and strongly hydroxylated Al2O3 substrates (circles)
estimated from a statistical analysis of the Cu nanoclusters (most

frequent values) as done in the previous sections. The temper-
ature series demonstrate several surprising findings. First of all,
for Cu deposited on the clean Al2O3 surface, the Cu remains
dispersed as nanoclusters until Cu disappears from the surface
at higher temperatures. The plot of the cluster density in Figure
6a illustrates this in quantitative detail. Above 300 °C, we start
to see significant changes in the cluster morphologies compared
with the equilibrium structures analyzed in the previous sections,
and surprisingly, the decrease in cluster density (Figure 6a)
initiated around 450 °C is not attributed to sintering, which
would be expected, since also the total coverage estimated by
the total Cu cluster volume (Figure 6b) clearly decreased. A
typical sintering scenario would favor the growth of larger
clusters at the expense of smaller clusters at a constant coverage,
but instead, we observe that Cu disappears from the surface
region. The gradual depletion of Cu from the surface layer is
also observed in the XPS spectra of the Cu deposited surface
taken after different temperatures of post-deposition heating
(Figure 2b), where the Cu (2p) signal intensity decreases
accordingly at higher temperatures, indicating that the Cu simply
desorbs from the surface region. The same qualitative scenario
is seen for the Cu nanoclusters deposited on the strongly
hydroxylated surface, but interestingly, the process is delayed
bymorethan100°C,indicativeofastrongerinitialcluster-substrate
binding. It is seen from Figure 6a that the cluster density on
the strongly hydroxylated surface in the low-temperature regime
(100-300 °C) increased slightly by 15% compared with that
of Cu on the clean surface, reflecting that the average cluster
volume decreased and the density increased for a constant initial
Cu coverage. Further, the general trend for the evolution of the
Cu nanocluster density is similar, whereas a significant differ-
ence in the coverage is detected around 450 to 600 °C. A
detailed comparison of the cluster dimension as a function of
temperature shows that for both systems there is a gradual
decrease of the cluster height toward one atomic layer of Cu
(Figure 1c), but for the clean surface, the width (Figure 1d)
decreases significantly, whereas for the hydroxylated surface,
the cluster width remains approximately the same, indicating a
disk-like Cu cluster. We attribute this finding to the existence
of stabilizing Cu-O-Al bonding in the interface region for
Cu nanoclusters grown on the strongly hydroxylated surface.

The melting point of bulk Cu is 1084 °C, which, at first hand,
would rule out sublimation of Cu atoms to account for the loss
of Cu seen for both systems above ∼450 °C and ∼550 °C,
respectively. However, it is well-known that metallic nanopar-
ticles may exhibit significant changes in their thermo-physical
behavior compared with that in the bulk phase, and a number
of studies have shown that the melting temperature deviates
from the bulk value and becomes a size-dependent property.49

Typically, the lowering effect of the melting point is attributed
to a lowering of the average cohesive energy of the cluster due
to the increased fraction of atoms placed on the surface,50,51

and given that a typical 3.2 nm wide and 3 layer high Cu
nanocluster (like those in Figure 1b) contains approximately
400 atoms, of which more than 40% are placed on the surface,
we explain our findings in terms of a size variation in the
desorption energy of Cu from a nanocluster. In fact, Wu et al.
previously observed a significant downshift of the desorption
temperature of Cu as a function of coverage in temperature
programmed desorption (TPD) studies of Cu on a Al2O3/
Mo(100) thin film substrate, and for coverages comparable to
those in our study, Cu desorption was seen at temperature well-
below 700 °C.52 A second loss channel could be due to Cu
diffusion into the bulk with the possibility of Cu aluminate

Figure 5. (a-f) High-resolution SFM images of Cu nanoclusters
demonstrating the accumulated effect of stepwise heating (3 min at
each temperature followed by cooling to RT and subsequent imaging)
in the range of 100-700 °C. The initial coverage was ∼0.25 ML.
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(CuAl2O4) formation in an exchange reaction with surface Al.
Diffusion into the bulk would imply a significant change in the
substrate structure. However, it is clearly seen both on the
hydroxylated and on the clean substrates (e.g., Figure 4d-f)
that the large hexagonal lattice associated with the �31 ×
�31R° ( 9 reconstruction is preserved without distortion at
higher temperatures, indicating that the alumina surface layers
are largely unaffected. To further rule out diffusion, we
performed a simple XPS depth profile characterization using
sequential sputtering at energies starting from 2 KeV to 5 KeV
(15 min, Ar+) followed by XPS analysis after each sputtering
cycle. No Cu(2p) was detected in the XPS spectra. In addition,
similar high-resolution SFM experiments on a different metal
oxide MgAl2O4(001)53 showed that Cu nanoclusters with a
similar size disappeared from this surface at a comparable
temperature, and given that migration of Cu in MgAl2O4 is
probably more difficult than that in Al2O3,54 we attribute the
loss of Cu at higher temperatures to sublimation only.

The finding that Cu desorption is pronounced even at rather
low temperature may have interesting implications for the
sintering behavior of Cu nanocrystallites deposited on metal-
oxide substrates in general. Basically, sintering is explained in
terms of Ostwald ripening, if particle migration is not pro-
nounced. In a ripening process, the metal atom is considered
leaving the initial cluster in a thermally activated process and
migrates to and joins a nearby metal cluster. On average, larger
clusters will grow bigger at the expense of the smaller clusters.
The sintering rate thus depends on the rate at which Cu atoms
detach from the initial cluster and the diffusion rate involved
in the migration of either single atoms or complexes to another
cluster. Campbell et al. recently studied the significant implica-
tions of a cluster size variation in the free energy (i.e., atom
detachment energy) of the sintering kinetics and concluded that
sintering depends strongly on the cluster size and may be

initiated at a much lower temperature than predicted from
macroscopic properties.55,56 Our results show that the rate of
detachment must be significant even at low temperatures for
the small Cu nanoclusters, and the size of the Cu nanoclusters
should thus be taken into account when modeling the long-
term sintering behavior. It is, however, quite surprising that the
process leading to the final desorption of Cu from the surface
seems to dominate over the situation where Cu atoms migrate
over the surface and become imbedded in another cluster. The
balance between both processes depends on the direct bonding
strength of Cu atoms to the Al-terminated Al2O3(0001) surface,
which is obviously quite weak, and the distance between
individual clusters. At higher Cu coverage, it is likely that the
migration distance between nanoclusters may be lowered
sufficiently to activate pronounced sintering instead of desorp-
tion, and our future studies of the Cu/Al2O3 system will be aimed
at studying the effect of coverage beyond the 0.25 ML used in
this study. A second point to note is that the substrate on which
Cu atoms diffuse for the clean and initially “hydroxylated”
substrate is essentially the same at high temperature, since the
�31 × �31R ( °9 reconstructed state is regained after heating
above 350 °C, and the slightly higher thermal stability of Cu
on the latter substrate is therefore primarily considered to be
an effect of the Cu-O-Al bonding and associated change in
cluster morphology rather than a change in the diffusion rate
on the substrate.

IV. Conclusions

We have used high-resolution scanning force microscopy
(SFM) to obtain new detailed insight into the morphology of
Cu nanoclusters supported on both clean and hydroxylated
Al2O3(0001) substrates. For each substrate, we have analyzed
a large number of Cu nanoclusters imaged by the SFM and

Figure 6. Cu nanocluster statistics estimated from SFM images as a function of temperature for the clean Al2O3 surface (9) and strongly hydroxylated
surface (O). (a) Number of nanoclusters per 100 × 100 nm2. (b) The coverage in monolayers of Cu (ML) estimated from the volume of Cu clusters
in SFM images and 2D packing density of Cu. Errors were calculated from the uncertainties of the volume measurement. (c) Nanocluster height.
(d) Nanocluster width. The height and width values in b and c and their variation represent the average value and variation obtained from a
Gaussian fit to the actual measured statistical distribution. Vertical lines reflect the transition temperatures discussed in the text.
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extracted values for the cluster height and width, and a
comparative statistical analysis shows that hydroxylation influ-
ences the equilibrium morphology of the Cu nanoclusters. By
means of the SFM, we could resolve a hexagonal shape of the
Cu cluster top facet most likely reflecting a Cu(111) layer, and
using this insight in combination with the measured cluster
dimension, we could extract values for the work of adhesion
for both the clean and the hydroxylated surfaces to be Wadh )
3.32 and Wadh ) 3.55 J/m2, respectively. The main conclusion
is therefore that pre-exposing R-Al2O3 to water leads to
increased Cu wetting, possibly because of the formation of
Cu-O-Al bonds. This scenario is similar to the situation for
Au nanoclusters on rutile TiO2(110),57 where the presence of
O species was found to stabilize Au nanoparticles, but it is
opposite to Cu on ZnO where it is generally considered that a
large concentration of oxygen vacancies lead to pronounced
wetting of Cu, as directly observed in a reducing atmosphere.4,58

The prehydroxylation of Al2O3 in this case is also seen to have
some impact on the thermal stability of the clusters. Furthermore,
the SFM studies of the Cu cluster density and size at different
post deposition annealing reveal an onset for Cu desorption from
the surface even at 450 °C, whereas for Cu supported on the
prehydroxylated surface, the onset is shifted ∼100 °C higher.
We attribute the stabilizing effect to the formation of Cu-O-Al
bonds at the interface between the Cu and the Al2O3. The
unusually low desorption temperatures observed in general may
be related to the fact that the Cu nanoclusters in this study were
very small, which is known to lead to significant changes in
the atomic bonding strength, and we conclude that this effect
may be more important in sintering studies and modeling of
Cu diffusion for dispersed systems than normally considered.
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