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ABSTRACT
The morphology and reactivity of mass-selected titania clusters, Ti3O6 and Ti3O5, deposited onto Au(111) were studied by scanning tun-
neling microscopy and temperature programmed desorption. Despite differing by only one oxygen atom, the stoichiometric Ti3O6 and the
sub-stoichiometric (“reduced”) Ti3O5 clusters exhibit very different structures and preferred binding sites. The Ti3O6 clusters bind at step
edges and form small assemblies (2–4 clusters) on Au terraces, while the “reduced” Ti3O5 clusters form much larger fractal-like assemblies that
can extend across step boundaries. Annealing the Ti3O5,6/Au(111) systems to higher temperatures causes changes in the size-distributions of
cluster assemblies, but does not lead to the formation of TiOx nanoislands for temperatures ≤700 K. Reactivity studies show that the reduced
Ti3O5 cluster has higher activity than Ti3O6 for 2-propanol dehydration, although both clusters exhibit substantial activity for dehydrogena-
tion to acetone. Calculations using DFT+U suggest that the differences in aggregate morphology and reactivity are associated with the number
of undercoordinated Ti3c sites in the supported clusters.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134453., s

I. INTRODUCTION

Interfaces between metals and metal oxides play important
roles in heterogeneous catalysis where the oxide can act as an unre-
active support for dispersed metals (spectator), as an active par-
ticipant in the catalytic reaction (multifunctional catalyst), or as a
chemical modifier to oxide supported metals (promoter). Reducible
oxides (e.g., titania and ceria) typically exhibit strong electronic
interactions with metals that can stabilize oxygen anion vacan-
cies in the oxide, alter the charge state or morphology of the
metal nanoparticles (NPs), or create unique metal–oxide interface
sites.1–4 For Cu–ceria catalysts, both conventional (Cu nanopar-
ticles deposited on CeO2) and “inverse” (CeOx nanoparticles on
Cu) catalysts exhibit very high activity for the water–gas-shift reac-
tion (WGSR).5–7 The high activity is associated with the forma-
tion of oxygen vacancies in the oxide, which are stabilized by Cu
→ oxide electron transfer.8,9 Similarly, both conventional Au/TiO2

and “inverse” TiOx/Au(111)10 catalysts are highly active for low
temperature CO oxidation, but, here, the activity is associated with
unique Au–Ti4+ perimeter sites that bind and activate O2.11–17

Recent studies have also shown that titania supported Au nanopar-
ticles can be encapsulated by TiOx overlayers during high temper-
ature reduction,18 which is a manifestation of the so-called strong
metal support interaction (SMSI).19,20 Oxide encapsulation follow-
ing reduction is common for many systems, e.g., Pt/CeOx, Pt/TiO2,
Rh/TiO2, and Cu/ZnO, and in some cases, this inverse oxide–metal
configuration may be present under industrially relevant reaction
conditions.10,21–24

As noted above, “inverse” model catalysts composed of metal
oxide nanoparticles (or larger islands) deposited onto metal surfaces
are often used to investigate the properties of metal–metal oxide
interfaces.25–28 Nanoparticles or islands of oxides supported on a
metal surface can have unique structures, composition, and chem-
ical properties that are not present in the bulk oxide due to strong
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electronic interactions with the metal support and 2D confine-
ment on the surface.25,26 These can influence adsorbate interac-
tions and reactivity by presenting unique cation coordination cen-
ters in the oxide and oxide–metal interface sites.28 For the CeOx/Cu
and TiOx/Au systems cited above, the reported catalytic activity is
actually better than the conventional oxide supported metal cat-
alyst.6,10 Inverse catalysts also have the practical advantage of a
conducting metal substrate, which allows the use of electron spec-
troscopic and structural probes [XPS/UPS, ISS, LEED, and scan-
ning tunneling microscopy (STM)] for surface characterization
without charging. We have recently examined the correlations of
electron transfer measured by laser photoemission with reactiv-
ity for water dissociation for a number of metal oxide nanoclus-
ters MxOy (M = Ti, Nb, Mo, and W) deposited on Cu(111) as
model inverse catalysts for the WGSR.29–31 In those studies, mass-
selected cluster deposition was used to prepare MxOy/Cu(111) sur-
faces, which allows independent control of cluster size, coverage,
and stoichiometry, i.e., metal-to-oxygen ratio. The latter made it
possible to investigate the role of cation coordination and the role
of O-atom vacancies on the electron transfer with the Cu sup-
port and water dissociation reactivity. For Nb3O5,7 clusters on
Cu(111), temperature cycling of the surface during repeated water
temperature programmed desorption (TPD) runs did not result in
the loss of reactivity, indicating that the clusters were not deac-
tivated.30 By comparison, oxide-supported nanoparticles of Cu or
Au often sinter into larger 3D metal nanoparticles under reac-
tion conditions, which reduces their activity by the loss of active
sites.32–37

In this work, we present the results of an STM study to investi-
gate the binding sites and thermal stability of mass-selected TixOy
(x/y = 3/5, 3/6) deposited on Au(111). This inverse system was
chosen as previous studies of the TiOx/Au(111) surface prepared
by vapor deposition exhibited activity for both low temperature
CO oxidation and partial oxidation of alcohols.10,38,39 Moreover,
the Au–TiOx interface was thought to play an important role in
the reactivity.39 The titania structures in these previous reactiv-
ity studies were mostly crystalline, nanoislands of TiO2 in the 5–
10 nm size range. Only Ti deposited onto multilayers of H2O or
NO2 [reactive layer assisted deposition (RLAD)] resulted in small
nanoparticles of TiO2 (∼1 nm) similar in size to those deposited
here; annealing these small nanoparticles to high temperature (700–
900 K) resulted in the growth of larger crystallites (∼5 nm).40,41

Independent control of stoichiometry and particle growth is not
possible using such vapor deposition methods, but here we are
able to show that clusters that differ by only one oxygen atom,
i.e., Ti3O5 and Ti3O6, exhibit very different surface morphologies
and preferred binding sites. Specifically, the Ti3O6 clusters prefer-
entially bind at step edges and form small assemblies of 2–4 clus-
ters on Au terraces, while the “reduced” Ti3O5 clusters form much
larger fractal-like assemblies that can extend across step bound-
aries. Annealing the Ti3O5,6/Au(111) surfaces to higher tempera-
tures (≤700 K) causes changes in the size-distributions of cluster
assemblies, but does not lead to the formation of larger 2D nanois-
lands. The two Ti3O5,6/Au(111) surfaces also exhibit distinct reactiv-
ity, with the sub-stoichiometric Ti3O5 cluster showing significantly
higher activity for the decomposition (dehydration and dehydro-
genation) reactions of 2-propanol than the stoichiometric Ti3O6
cluster.

II. METHODS

A. Experiments

Experiments were carried out in two different instruments
each equipped with cluster deposition sources connected to UHV
sample chambers housing surface science instrumentation for sub-
strate cleaning and surface characterization. In both instruments,
the TixOy clusters were generated by a reactive sputtering source
using a DC magnetron source (Oxford Applied Research, NC200U-
B), in which a metal (Ti) target was sputtered with a gas mixture of
roughly 2% O2 in Ar and helium was used as an aggregation gas to
promote cluster condensation. Typical running powers of the mag-
netron sources were ∼175 W. After exiting the source, cluster ions
were mass selected by a downstream quadrupole mass filter and sep-
arated from neutrals via a quadrupole bender prior to deposition
onto the Au(111) surface at low kinetic energies (<0.3 eV/atom).
Typical deposition ion currents for mass-selected TixOy

+ clusters
were ∼0.5 nA and a representative mass distribution is shown in
Fig. 1. The surfaces for STM studies were prepared by depositing
2 × 1013 clusters in a ∼5 mm diameter spot on the Au(111) sur-
face.29 To allow comparison between the surfaces with different
clusters, STM images were recorded in regions of the surface where
the cluster coverage was determined to be approximately the same,
∼0.25 ML.

The Au(111) crystals were cleaned by alternating cycles of Ar
ion sputtering (1 keV beam energy for 30 min) and annealing in
UHV (∼800 K for 30 min). Sample cleanliness prior to deposition
was confirmed with AES and XPS.

For the STM measurements, the Au(111) substrate was
mounted on a flag-style sample plate (stainless steel) that could be
heated from the back by electron impact from a filament located
on the sample receiver, which, in turn, was mounted to a 4-axis
UHV manipulator. In this instrument, the sample could be moved
between the cluster deposition chamber, the UHV characterization
chamber, and the sample transfer chamber via a combination of lin-
ear manipulators and wobble sticks. Transport of the sample to the
STM instrument was accomplished using a portable vacuum suit-
case, which was actively pumped by a getter pump (SAES Getters,
Capacitor Z-100) to maintain UHV conditions.

FIG. 1. Typical mass distribution of TixOy
+ clusters produced by reactive sputtering

with a DC magnetron source.
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Scanning tunneling microscopy (STM) images on Ti3Ox/
Au(111) surfaces were obtained in constant current mode using
an Omicron VT-STM-XA650 located at the Center for Functional
Nanomaterials at Brookhaven National Laboratory. All the images
presented in this work were scanned at room temperature using a
Pt/Ir tip with a positive sample bias (typically ∼2.0 V and ∼400 pA).
To examine the effects of surface annealing, the samples were heated
to temperatures between 400 K and 700 K for 3 min and then
cooled back to room temperature before imaging. STM images were
analyzed using WSxM software (version 5.0).42

Reactivity studies of the Ti3O5,6/Au(111) surfaces were carried
out in a second instrument using temperature programmed des-
orption (TPD) measurements. A 2-propanol sample was degassed
by several freeze–pump–thaw cycles prior to the experiments. Dos-
ing of the samples was performed by leaking a small volume of
2-propanol vapor through a 50 μm (diam) aperture connected to a
stainless-steel tube (6 mm diam) placed a few millimeters away from
the sample surface held at 120 K. For the TPD measurements, the
sample was placed in front of the entrance aperture of a quadrupole
mass spectrometer (Hiden Analytical), which monitored multiple
masses simultaneously. The heating rate for TPD measurements was
2 K/s. For these experiments, about 3 × 1013 clusters were deposited
in a ∼5 mm diameter spot; assuming a cluster diameter of 5 Å [based
on density functional theory (DFT) calculated adsorption struc-
tures], this number of deposited ions corresponds to a coverage of
∼0.3 ML.

The oxidation states of the Ti atoms in the deposited clusters
were probed by the Ti 2p core level using XPS instruments located
in the cluster deposition and STM instruments. In all cases, XPS
spectra were obtained using unmonochromatized Al Kα radiation
(1486.6 eV) and hemispherical electron energy analyzers. The Au
4f7/2 binding energy (83.8 eV) from the Au(111) substrate was used
as the reference energy for all spectra. The XPS peak fitting was
carried out using the XPSPeak software (version 4.1) with Shirley
background contributions. The FWHMs were set to be equal for the
spin–orbit doublet peaks.

B. Theoretical (DFT) calculations
Spin-polarized, density functional theory (DFT) calculations

were performed using the Vienna Ab Initio Simulation Package
(VASP)43–45 to study the geometry and adsorption energy of tita-
nium oxide clusters on the Au (111) surface. Generalized gradi-
ent approximations (GGAs) by Perdew et al.46 were applied for
the exchange-correlation functional. The projector-augmented wave
(PAW) method47 was used to describe the electron-ion interactions,
where the cutoff energy of the plane-wave basis set was set to 400 eV.
The O (2s, 2p), Ti(4s, 3d), and Au(5d, 6s) were treated as valence
electrons. A Gaussian smearing of 0.05 eV was applied for faster
convergence.

For transition metal oxides such as titania, the GGA method
suffers from a significant underestimation of the bandgap, where
the d-electrons of the transition oxide tend to over-delocalize.
To improve the calculations, the GGA+U approach proposed
by Dudarev et al. has been employed.48 Calculations for sin-
gle clusters on the Au(111) surface were performed with U val-
ues of 2.5 eV and 4.5 eV, which span the range typically used
to describe Ti 3d levels.29,31,49,50 The resulting optimized cluster

structures on the Au(111) surface were essentially identical for
both U values, and only the results for U = 2.5 eV are reported
here.

A three-layer slab of Au (111) separated by more than 20 Å
of vacuum was used for all systems to prevent interactions from
neighboring cells. A (2 × 2) supercell was used for modeling
a single cluster on the surface with the bottom layer of atoms
fixed and top two layers relaxed. The Brillouin-zone integrations
were performed by a gamma centered K-point grid of (3 × 3
× 1) in the Monkhorst–Pack scheme.51 After geometry optimiza-
tion of the Au(111) supercell, clusters with gas-phase structures
obtained from previous studies29,52–54 were placed on the Au sur-
face with different initial orientations. This geometry optimiza-
tion is reasonable given that we are depositing clusters from the
gas-phase, but may not represent global minimum energy struc-
tures, especially if the latter involve atom re-arrangements via bond
breaking.

Cluster adsorption energies, Eads, were calculated using the
expression

Eads = Ecluster/Au − (Ecluster + EAu), (1)

where Ecluster /Au is the energy of supported clusters on the Au(111)
substrate, Ecluster is the energy of the optimized gas-phase cluster, and
EAu is the energy of the bare Au(111) substrate.

III. RESULTS AND DISCUSSION
A. Oxidation state of Ti atoms

The Ti 2p core level spectra for the Ti3O5 and Ti3O6 clusters
deposited on Au(111) are shown in Fig. 2. The spectrum for the
sub-stoichiometric (“reduced”) Ti3O5 cluster clearly shows a larger

FIG. 2. Ti 2p core level spectra for Ti3O6 (top) and Ti3O5 (bottom) clusters sup-
ported on Au(111). Least-squares fits show contributions from Ti4+ (red) and Ti3+

(blue) oxidation states.
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contribution from reduced Ti3+ cations (∼30% of the total Ti sig-
nal), which are attributed to the presence of undercoordinated Ti
cations associated with the oxygen “vacancy.” Although the Ti4+ sig-
nal is larger for the stoichiometric Ti3O6 cluster, it still contains
a significant fraction of Ti3+ (∼19%). The differences in Ti3+/Ti4+

ratios are discussed in more detail in Sec. III C in relation to the
DFT calculated cluster structures on Au(111). The ratio of the oxy-
gen 1s core level intensities for the Ti3O6 and Ti3O5 surfaces is
1.23 ± 0.08, which brackets the expected 6:5 oxygen atom ratio.
The calibrated binding energies of the Ti4+ 2p3/2 peaks are within
±0.5 eV of those measured for other TiOx islands on Au(111)40,55

as well as the TiO2(110) crystal surface itself.56 The XPS data
confirm that the as-deposited Ti3O5 and Ti3O6 clusters have dis-
tinct electronic properties, which, as described below, are ultimately
responsible for the observed differences in cluster morphology and
reactivity toward partial oxidation of 2-propanol on the Au(111)
surface.

B. Surface morphology
1. Surface morphology at room temperature

The STM images presented in Fig. 3 for the as-deposited Ti3O6
and Ti3O5 clusters on Au(111) surfaces (∼0.25 ML) show clear
differences in surface morphology despite only differing by one
O-atom. For both surfaces, the small particles appear to form assem-
blies that are randomly oriented on the terraces with no appar-
ent registration to the underlying Au(111) structure. We identify
the discrete particles with individual clusters. Tip effects were evi-
dent, especially at low and negative bias, where it was difficult to
image the clusters as they appeared to be dragged across the sur-
face by the tip. For the Ti3O6/Au(111) surface, the cluster assem-
blies have a mean size of ∼4 clusters, but the clusters remain

FIG. 3. STM images of as-deposited clusters on Au(111) taken at room tempera-
ture: (a) Ti3O6 clusters (0.26 ML, U = 2.0 V, I = 300 pA, image size 90 nm× 90 nm);
(b) Ti3O5 clusters (0.24 ML, U = 2.0 V, I = 200 pA, image size 90 nm × 90 nm);
(c) Ti3O6 clusters (U = 2.0 V, I = 300 pA, image size 30 nm × 30 nm); (d) Ti3O5
clusters (U = 1.7 V, I = 500 pA, image size 30 nm × 30 nm).

distinguishable as individual oval-shaped structures that touch along
the long direction [see Fig. 3(c)]. The cluster assemblies are much
larger on the Ti3O5/Au(111) surface with a mean size of ∼30
clusters. More interestingly, the Ti3O5 clusters form fractal-like
structures with extended dendrites composed of clusters in close
contact [see Fig. 3(d)]. The calculated fractal dimension for mul-
tiple cluster assemblies, 1.70 ± 0.02, is very close to the theoret-
ical value of 1.7 for 2D simulations of diffusion limited aggrega-
tion.57–59 The measured area distributions for both cluster surfaces
and the fractal dimension calculations for Ti3O5 cluster assemblies
are given in the supplementary material (Figs. S1–S3). The for-
mation of cluster assemblies on both surfaces suggests that cluster
diffusion barriers on the terraces can be overcome at room tem-
perature and that inter-cluster interactions are strong enough to
cause cluster aggregation, but are apparently too weak to result
in the loss of chemical identity through the formation of TiOx
islands.

The clusters also show markedly different behavior for bind-
ing at Au(111) step edges (see Fig. 3). Specifically, Ti3O6 clusters
are seen to cover the entire length of the step edges [Fig. 3(a)], with
most bound as individual clusters that are roughly equally spaced.
Moreover, the STM images show that the Ti3O6 cluster preferen-
tially binds at the top of the steps. By contrast, the step edges on the
Ti3O5/Au(111) surface are not uniformly occupied, but show small
groupings of clusters that span across several steps [see Fig. 3(b)].
The lower step and, to a lesser extent, the upper step show a larger
fraction of cluster assemblies that extend outward from the step
edge onto the terrace. The latter suggests that the steps can act as
nucleation sites for forming larger fractal assemblies of the Ti3O5
clusters. The differences in step site occupation for the two clus-
ters are attributed to differences in intercluster interactions, which
affect the mobility of the clusters to sample different binding sites
on the Au(111) surface. The fact that the Ti3O6 clusters are only
found in small groupings of 2–4 clusters on the terraces, while all
the nearby step sites are fully occupied, suggests that the Ti3O6 clus-
ters can encounter another cluster without sticking and continue to
diffuse across the surface to find step sites where the binding energy
is apparently larger. By contrast, the formation of larger fractal-like
assemblies of the Ti3O5 clusters requires intercluster interactions to
be strong enough to promote sticking and growth, while inhibiting
diffusion, even along the dendrimer perimeter.58,60 At the cover-
ages used here, the mobility of the Ti3O5 clusters is thus limited
by encounters with other clusters and the more weakly binding
step sites are largely unoccupied. Hence, the striking differences
in cluster morphology and binding sites seen in Fig. 3 are most
likely due to differences in cluster–cluster interactions that reflect
the stoichiometry and Ti–O coordination in the Ti3O5 and Ti3O6
clusters.

Figure 4(a) shows an expanded region of the Ti3O6/Au(111)
surface where the individual clusters making up the assemblies can
be more easily seen. Line scans though the cluster “dimer” shown in
Figure 4(b) are given in the right panels of Fig. 4. The clusters in the
dimer-like structures have nearly identical heights of 6.5–6.8 Å with
a measured separation of ∼1.3 nm. The lateral sizes are likely to be
overestimated by tip convolution. Other discernable clusters exhibit
some variability in shape, size, and inter-cluster separation. These
variations may be a result of different cluster bonding geometries or
electronic perturbations induced by the proximity of other clusters.
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FIG. 4. (a) STM image showing small
Ti3O6 cluster assemblies on Au(111) ter-
races at room temperature; image size
24 nm × 24 nm; (b) region of (a)
expanded 2.5×; the numbered solid lines
define the directions of the line profiles
shown in (c); scan conditions: U = 2.1 V,
I = 300 pA.

STM images of single clusters on terraces and steps (Fig. 5) show
that there is a systematic height difference between the Ti3O6
and Ti3O5 clusters on both sites, with the Ti3O6 clusters about
∼1 Å taller. This height difference is found for a large number of
cluster height measurements shown in the histograms in Fig. S4

of the supplementary material. The single cluster images at steps
[Figs. 5(c), 5(d), 5(f), and 5(g)] also suggest a height difference
compared to the clusters on the terraces, and this may reflect
differences in electron density or bonding configuration for clusters
bound to at the steps.

FIG. 5. STM images and corresponding line scans for single [(a) and (b)] Ti3O6 and [(e) and (f)] Ti3O5 clusters on Au(111) terraces and for single [(c) and (d)] Ti3O6 and [(g)
and (h)] Ti3O5 clusters on Au(111) step edges. All image sizes: 6 nm × 6 nm. Scan conditions: (a) U = 2.0 V, I = 500 pA; (c) U = 1.7 V, I = 200 pA; (e) U = 1.9 V, I = 500 pA;
(g) U = 2.0 V, I = 300 pA.
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2. Surface morphology after annealing
To investigate the effects of surface heating on the assembly

structure, STM images were obtained after annealing the surface at
elevated temperatures in the range of 450 K–700 K. Specifically, the
Ti3O5,6/Au(111) surfaces were heated (∼1 K/s) and held at a target
temperature for 3 min and then cooled and re-imaged at room tem-
perature. Representative STM images following annealing at 450 K,
550 K, and 700 K are shown for both clusters in Fig. 6. The aver-
age numbers of clusters per assembly that are located on terraces as
a function of annealing temperature are listed in Table I. The aver-
age number of clusters was determined from the weighted average of
the measured assembly areas (Figs. S1 and S2) divided by the mea-
sured area of individual clusters such as those shown in Fig. 5 (Ti3O5,
1.7 nm2; Ti3O6, 2.2 nm2). This cluster counting is clearly approxi-
mate, but useful for contrasting the behavior of the two clusters and
for temperature comparisons such as those in Table I.

For the Ti3O6/Au(111) surface, it can be seen from Figs. 6(a)–
6(d) that the clusters are randomly distributed on the terraces. The
average number of clusters in the assemblies shows a small increase
at 450 K and decreases again at higher temperature, suggesting that
the cluster groupings are constrained by a balance of cluster dif-
fusion and inter-cluster interactions. Similarly, the cluster density
along step sites does not show significant changes for temperatures
up to 550 K [Figs. 6(b) and 6(c)]. After annealing to 700 K, the
Au(111) surface shows considerable roughening with irregular step
formation [Fig. 6(d)]. Clusters are still bound to the step edges,
but as small groupings that extend out onto the terraces and with
much larger lateral separation than at lower temperatures. Indeed,
the strong binding of clusters to step sites could be responsible for
the growth of irregular step edges due to the reduced mobility of Au
atoms at these sites. Although the average numbers of Ti3O6 clusters
per assembly on the terraces are similar at 550 K and 700 K (Table I),

TABLE I. The average number of clusters per assembly that are located on terraces
as a function of annealing temperature.

Annealing temperature

Cluster RT 450 K 550 K 700 K

Ti3O6 4 (3)a 5 (3) 3 (3) 4 (3)
Ti3O5 29 (30) 36 (54) 26 (26) 25 (24)

aThe quantities in parentheses represent estimates of the widths of the size distributions
at each temperature.

there are also a number of smaller particles (<10 Å), which may be
due to fragmented TiOx clusters.

The sizes of the Ti3O5 cluster assemblies on the Au(111)
terraces exhibit a similar trend with annealing temperature, i.e., a
maximum at 450 K, but the decrease in size above 500 K is more pro-
nounced [Figs. 6(e)–6(h) and Table I]. At 550 K, the steps also show
a more uniform coverage of cluster assemblies, indicating diffusion
of clusters from terrace to step sites above 450 K. The tempera-
ture behavior of the Ti3O5 fractal-like assemblies in Figs. 6(f) and
6(g) can be contrasted to that of similar dendritic islands formed by
metal overlayers on metal supports, e.g., Au/Ru(0001), which trans-
form to more regularly shaped, compact structures when heated to
∼500 K.60 At these temperatures, the metal atoms or clusters gain
edge mobility, but unlike the metal atoms, the increased mobility
of the oxide clusters is not sufficient to fuse the clusters into more
regularly shaped, homogeneous TiOx 2D islands. After annealing to
700 K, the Ti3O5/Au(111) surface also shows the formation of irreg-
ular step boundaries, but with much lower densities of cluster assem-
blies on the terraces and at the step edges. Small particles (<10 Å),
which are likely to be TiOx cluster fragments, are also observed after

FIG. 6. STM images of [(a)–(d)] Ti3O6 clusters (0.26 ML) and [(e)–(h)] Ti3O5 clusters (0.24 ML) on Au(111); (a) and (e)] as-deposited surface at room temperature; [(b) and
(f)] after annealing to 450 K; [(c) and (g)] after annealing to 550 K; [(d) and (h)] after annealing to 700 K. All images taken after sample were heated to annealing temperature
for 3 min. and then cooled back to room temperature. Scan conditions: (a) U = 2.0 V, I = 300 pA, 50 nm × 50 nm; (b) U = 1.9 V, I = 400 pA, 50 nm × 50 nm; (c) U = 2.0 V, I =
700 pA, 50 nm × 50 nm; (d) U = 2.0 V, I = 400 pA, 50 nm × 50 nm; (e) U = 2.0 V, I = 200 pA, 100 nm × 100 nm; (f) U = 2.0 V, I = 300 pA, 100 nm × 100 nm; (g) U = 2.0 V, I
= 700 pA, 100 nm × 100 nm; (h) U = 2.0 V, I = 400 pA, 100 nm × 100 nm.
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the 700 K anneal and appear to form aligned linear arrays, some of
which interconnect to form closed loops. The alignment of the frag-
ments is similar to what might be expected for the dislocation lines
of the Au(111) herringbone reconstruction, but the images are not
sufficiently clear as to verify this possibility.

XPS spectra of the Ti 2p region taken after annealing to 450 K,
550 K, and 700 K are compared to the as-deposited spectra for the
Ti3O5,6/Au(111) surfaces in Fig. S5. These spectra show that the Ti
2p peak intensities and binding energies are essentially the same
for both cluster surfaces after annealing to temperatures ≤550 K.
These observations suggest that the electronic environments of the
Ti atoms in the clusters do not measurably change for moderate
heating, which is consistent with STM images that show mostly
changes in assembly size distributions over this temperature range
(Fig. 6 and Table I). After heating to 700 K, the Ti 2p spectra for
both cluster surfaces show an overall intensity loss of ∼12% and small
increases of ∼5% in the Ti3+ contributions. In addition, the 700 K
spectrum for the Ti3O6/Au(111) surface exhibits a shift of about
+0.2 eV to higher binding energy. The decrease in the Ti signal and
increased Ti3+ contributions after 700 K annealing may be the result
of some cluster decomposition [Figs. 6(e) and 6(h)], with the result-
ing fragments experiencing greater Ti–Au interaction and perhaps
some Ti atoms going subsurface.

C. Comparisons with DFT calculations
Figure 7 shows the calculated (DFT+U) lowest energy struc-

tures for the Ti3O6 and Ti3O5 clusters on the Au(111) surface. These
structures were obtained by optimizing the gas-phase cluster29,52–54

on the Au(111) surface starting from different initial orientations of
the cluster relative to the surface. From the top down views in Fig. 7,
it can be seen that two of the Ti atoms in the Ti3O6 cluster are coor-
dinated to four oxygen atoms with no direct bonds to the Au, while
the third Ti atom is bound to three oxygen atoms and the Au surface.
The situation is reversed in the Ti3O5 cluster, which has only one

FIG. 7. DFT+U calculated minimum energy structures for the Ti3O6 and Ti3O5
clusters on Au(111). The dotted circles denote the positions of three-coordinate
Ti3c sites. Atom colors: red = O; gray = Ti; gold = Au.

Ti atom that is coordinated to four oxygen atoms, while the other
two are bonded to three oxygen atoms and the Au surface. These
two types of Ti atoms will be denoted by their oxygen coordination
as Ti3c and Ti4c.

The presence of two Ti3c sites in the Ti3O5 cluster vs one in
Ti3O6 can explain the larger Ti3+ contributions to the Ti 2p spectrum
for the former (Fig. 2); however, the experimental Ti3+/Ti4+ ratios
for Ti3O5 (30%) and Ti3O6 (19%) are roughly half that expected
from the DFT calculations, i.e., 2/3 and 1/3, respectively. The DFT
calculations also predict that the binding energy [Eq. (1)] for the
Ti3O5 cluster (−2.44 eV) is higher than that for the Ti3O6 cluster
(−1.87 eV). This result is consistent with the Bader charge analy-
ses (see the supplementary material, Fig. S6), which predict that the
two Ti3c–Au bonds at the Ti3O5-interface involve about −1e trans-
fer from the cluster to the Au surface, whereas electron transfer is
negligible for the Ti3O6/Au(111) surface. The larger charge trans-
fer at the Ti3O5–Au(111) interface is indicative of stronger cluster-
support electronic interactions and is consistent with a higher bind-
ing energy.

At first look, the higher binding energy of the Ti3O5 cluster
compared to the Ti3O6 cluster seems at odds with the latter form-
ing larger cluster assemblies, which presumably require higher clus-
ter mobility. An alternative explanation is that both clusters have
high mobility, but there is a larger driving force for the Ti3O5 clus-
ters to couple after a diffusional encounter. Based on the calcu-
lated structures in Fig. 7, it seems reasonable that the formation
of cluster assemblies is mediated by interactions between underco-
ordinated Ti3c sites of one cluster with terminal oxygen atoms of
another nearby cluster. With two of these Ti3c edge sites, the Ti3O5
cluster should have a higher propensity to form assemblies of inter-
acting clusters as compared to the Ti3O6 cluster, which has only
one Ti3c site. In the limit of small energy barriers, these interactions
could even lead to the formation of Ti–O intercluster bonds to make
dimers or even larger n-mers. In the case of the Ti3O6 cluster, the
Ti3c site may also be involved in bonding to undercoordinated Au
atoms at step edges, which, according to the STM images, are the
preferred binding sites on the Au(111) surface (Figs. 3 and 6). Bind-
ing at the step edge could effectively block the Ti3c sites and prevent
these clusters from forming dimers or other weakly bound cluster
assemblies. Indeed, the STM images show that the Ti3O6 clusters
bind almost exclusively as single particles at the step edges and do
not act as nucleation points for the growth of larger assemblies.
Hence, it is not surprising that only the Ti3O6 clusters on the ter-
races are observed to form cluster assemblies that involve only a few
clusters (see Fig. 3 and Table I).

The formation of networks of covalently linked clusters is gen-
erally inconsistent with the STM images presented in Figs. 3–5,
which clearly show distinguishable particles in the cluster assem-
blies. Furthermore, the observation that the assemblies change aver-
age size (Table I) after heating to moderate temperatures (450 K and
550 K; Fig. 6) would also be surprising for clusters held together by
strong Ti–O bonds. More likely, the differences in the assembly sizes
for the Ti3O5 and Ti3O6 clusters result from differences in inter-
cluster electrostatic interactions that reflect the number of Ti3c sites
via the overall charge distributions of the clusters. Weaker electro-
static interactions are consistent with the results of thermal anneal-
ing and also suggest that the clusters can retain their unique chemical
properties despite forming larger aggregates. The latter question is
addressed in the reactivity studies described below.
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D. Partial oxidation of 2-propanol on Ti3O5,6/Au(111)
surfaces

As discussed above, the reduced Ti3O5 and stoichiometric
Ti3O6 clusters supported on Au(111) are predicted to have differ-
ent numbers of undercoordinated Ti3c sites. The latter could act as
active sites for redox reactions, analogous to oxygen vacancies on
bulk TiO2 surfaces. Intercluster interactions, which lead to the for-
mation of cluster assemblies, could also block or reduce the number
of these Ti3c sites and thereby decrease the inherent activity of the
isolated clusters. To test whether the reduced and stoichiometric
clusters exhibit distinct reactivity, we examined the partial oxidation
reactions of 2-propanol on the Ti3O5,6/Au(111) surfaces using tem-
perature programmed desorption (TPD). The primary decomposi-
tion reactions on metal oxide surfaces are dehydration to propene
and dehydrogenation to acetone, i.e.,

(CH3)2CHOH→ CH3CHCH2 + H2O(dehydration), (R1)

(CH3)2CHOH→ (CH3)2CO + H2(dehydrogenation). (R2)

On TiO2 single crystals61–65 and TiOx supported on other oxides,66

the decomposition of 2-propanol leads exclusively to the dehy-
dration product, propene, while on TiO2 powders, a small frac-
tion of acetone is produced via reaction (R2).67,68 At tempera-
tures >450 K, the propene and acetone products result from the
decomposition of propoxide intermediates formed by the depro-
tonation of 2-propanol at undercoordinated Ti3+ cation sites asso-
ciated with oxygen vacancies. To form propene, the propoxide
undergoes β-hydrogen transfer to a nearby surface oxygen atom
to form a hydroxyl group, followed by C–O bond breaking [reac-
tion (R2)].61,63,67 In this way, propene formation heals the vacancy,
which can be regenerated by water desorption via the recombination
(disproportionation) of two hydroxyls. Vacancy sites generated by
water desorption at higher temperature (>500 K) can also be occu-
pied by propoxide species initially adsorbed at 5-coordinate Ti4+

sites and undergo dehydration to propene.64 The acetone product
results from α-hydride elimination from propoxide species followed
by desorption of acetone, which leaves the vacancy site behind and
the hydrogen atom stays on the surface as a hydroxyl or metal

hydride [reaction (R2)]. The latter can also recombine and desorb
as H2 or as water, the latter resulting in further reduction of the
surface.61,62,67,68 The small yield of acetone from secondary alcohols
like 2-propanol on titania single crystal surfaces is likely a result
of steric hindrance of the α-hydride elimination reaction since the
corresponding aldehydes are formed from primary alcohols such
as ethanol and 1-propanol, which do not have bulky methyl side
groups.61,64

The TPD spectra for a number of mass fragments from 2-
propanol reactions on clean Au(111) and Ti3O5,6/Au(111) surfaces
are shown in Fig. 8. The surfaces were prepared by exposure to
2-propanol at 120 K using a directed doser to minimize signal con-
tributions from the background and desorption from the support-
ing sample holder. The 2-propanol coverage corresponds to mul-
tilayer formation as evidenced by the low temperature peaks on
the bare Au(111) and Ti3O5,6/Au(111) surfaces near 190 K.69 This
dose was used to ensure saturation of cluster binding sites and is
expected to have little effect on the high temperature (>350 K)
product peak positions or intensities, which are the main inter-
est of this study. Since the clusters do not cover the entire surface
of the Au(111) support, the bare regions of the Au support con-
tribute to the measured TPD spectra for the Ti3O5,6/Au(111) sur-
faces, although they are unreactive toward 2-isopropanol. Based on
published mass fragmentation patterns at 70 eV electron ioniza-
tion energies,70 the ion fragments at masses 59 and 45 are mostly
from 2-propanol, masses 58 and 43 from acetone, and mass 42 from
propene. The ion signals for 2-propanol include reversible desorp-
tion of the intact molecule and the recombination of propoxy and
H-atoms from surface hydroxyls to form 2-propanol that desorbs.
The fragmentation of 2-propanol in the mass spectrometer ionizer
also produces ion fragments at masses 43 and 42, which causes the
TPD spectra for masses 59, 45, 43, and 42 to look similar at temper-
atures below 300 K. At temperatures above 350 K, the TPD spectra
for masses 42 and 43 are dominated by the propene dehydration and
acetone dehydrogenation products, respectively. Although small, the
mass 58 signal corresponds to the parent ion for acetone and has
essentially no contributions from 2-propanol; it is used as a con-
sistency check for the acetone yield calculations based on the TPD
data for the stronger signal at mass 43. Additional details concerning

FIG. 8. TPD spectra for various prod-
uct ions resulting from reactions of 2-
propanol on (a) Ti3O6/Au(111) and (b)
Ti3O5/Au(111) surfaces. Mass 45 is a pri-
mary fragment of 2-propanol, mass 59 is
the parent mass of 2-propanol, mass 43
is a primary fragment of the acetone par-
ent, mass 58 is the parent mass of ace-
tone, and mass 42 is a primary fragment
of propene.
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the analysis of the TPD ion signals are given in the supplementary
material.

Below 300 K, the TPD spectra for the various masses from
the cluster surfaces exhibit a broad intensity shoulder in the range
of 200–250 K with a distinct maximum at ∼240 K. These features
are more clearly seen in Fig. 9, where the Au(111) contribution to
the mass 45 signal has been subtracted. By comparison, the mass
45 spectrum (2-propanol) from clean Au(111) shows a smaller and
featureless shoulder over the same temperature range, which pre-
vious studies have shown to be associated with monolayer adsorp-
tion on the Au surface.69 On slightly reduced TiO2(110)63,64 and
TiO2 nanocrystallites (5–10 nm) grown on the Au(111) surface,39

2-propanol desorption exhibits a peak around 320 K for coverages
near a monolayer with a tail that extends out to 450–500 K (see
Fig. 9). In both cases, the 2-propanol desorbed near 320 K is thought
to originate from propoxide species (or intact 2-propanol) bind-
ing at Ti4+ sites. From the data in Fig. 8, the peak of 2-propanol
desorption occurs at lower temperature (∼240 K) with a tail that
extends to a higher temperature. Based on the work cited above,
we tentatively assign the low temperature (200–250 K) desorp-
tion of 2-propanol to adsorption at Ti4+ sites.63 The 2-propanol
molecules could be a result of reversible desorption of intact 2-
propanol molecules or recombination of propoxide and hydro-
gen from a nearby bridged hydroxyl group. The lower tempera-
ture of the 2-propanol peak on the cluster/Au(111) surfaces may
reflect the relatively high coverage used in this work as the bulky
methyl groups of the 2-propanol (propoxide) molecules may intro-
duce steric repulsions if more than one molecule binds to the small
clusters.

The relative yields of the 2-propanol, propene, and acetone
desorption products are shown in Fig. 9 for both clusters. Here,
the TPD spectra for the fragments at masses 42, 43, and 58 have
been corrected for contributions from the Au(111) surface and
from fragment ions from 2-propanol and then converted to total
acetone and propene yields using published electron impact frag-
mentation ratios for the parent 2-proponal, acetone, and propene
molecules.70 In this way, the corrected TPD spectrum for mass
42 represents the temperature dependent yield of the propene

product. Likewise, the corrected TPD spectra for masses 43 and
58 give the yield of acetone products, and the two spectra overlap
with each other as required. To make comparisons of the product
distributions more quantitative, the areas of propene and acetone
TPD spectra were summed from 350 K to 600 K and used as mea-
sures of the total product yields. This temperature range captures the
high temperature signals for acetone and propene (summing over
the entire temperature range, 200–600 K, only changes the relative
yields by ∼10%). The fractions of propene and acetone formed by
each cluster and the relative propene and acetone yields are given in
Table II.

The two most important observations from Fig. 9 and Table II
are as follows: (1) both clusters promote the dehydration (propene
product) and the dehydrogenation (acetone product) of 2-propanol
and (2) the reduced Ti3O5 cluster is roughly 2× more reactive than
the stoichiometric Ti3O6 cluster. We attribute the higher activity
of the Ti3O5 cluster with the higher number of undercoordinated
Ti3c sites (2) compared to the Ti3O6 cluster (1). This conclusion is
consistent with previous studies on TiO2(110) surfaces that found
that the yield of propene at high temperature (>500 K) increases
with surface vacancy concentrations.62–65 The difference in activity
also demonstrates that the Ti3O5 and Ti3O6 clusters remain chem-
ically distinct despite intercluster interactions that lead to the for-
mation of cluster assemblies (Fig. 3). We also note that the level
of reduction of the clusters as measured by the percentage of Ti3+

signals in the Ti2p spectra did not change appreciably after TPD
reactions of 2-propanol (less than 1%; spectra not shown). This
indicates that the hydroxyl group that is added to the cluster via
the dehydration reaction to propene is subsequently removed by
water desorption. Although we were not able to measure desorp-
tion of H2O (mass 18) from the surface reaction due to interfer-
ence with background water in the vacuum chamber, water des-
orption associated with propene formation has been observed from
∼300 K to 600 K on single crystal TiO2(110) surfaces and titania
powders.62,63,67

The observation of acetone in significant quantities (∼30% of
the total product yield; Table II) appears to be unique to systems that
involve combinations of both TiO2 and Au. Specifically, small Au

FIG. 9. Relative product yields for 2-propanol reactions on (a) Ti3O6 and (b) Ti3O5 clusters supported on Au(111) as determined from the TPD measurements shown in Fig. 1.
The 2-propanol and propene products were obtained from the ion fragments with mass 45 and mass 42, respectively, while the acetone product was independently determined
from the mass 43 and mass 58 fragments. The conversion of ion intensities to product yields was performed by removing contributions from the Au(111) bare surface at each
mass and then correcting for contributions from the parent and other fragment ions at the same mass on the Ti3O5,6/Au(111) surface. See text and supplementary material
for more details.
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TABLE II. Relative product yields for acetone and propene from reactions of 2-
propanol on Ti3O6 and Ti3O5 clusters on Au(111) as determined from the TPD results
in the temperature range of 350–600 K (see Fig. 9).

Acetone/ Propene/ Propene Acetone
totala totala ratio ratio

Ti3O6 0.33 ± 0.03 0.67 ± 0.03 . . . . . .
Ti3O5 0.28 ± 0.03 0.72 ± 0.03 . . . . . .
Ti3O5/Ti3O6 . . . 2.32 ± 0.02 1.93 ± 0.02

aTotal = sum of propene and acetone product yields.

nanoparticles (NPs) deposited on TiO2 powders66–68 or Ti nanocrys-
tallites (5–20 nm)39 and our small Ti3O5,6 clusters deposited onto
Au(111) all produce acetone in significant quantities, with the tita-
nia supported Au NP systems having even higher selectivity for
acetone than propene. Partial oxidation of ethanol to ethylene and
acetaldehyde was also observed in TPD experiments from surfaces of
TiOx nanoparticles (∼10 nm diam; 0.6 ML) supported on Au(111).38

In all these previous experiments, the dehydrogenation activity to
form the aldehyde was attributed to active sites at the Au–TiO2
interface.66–68 The proposed mechanism at the Au–TiO2 interface
involves deprotonation and propoxide binding on TiOx, with β-
hydrogen transfer promoted by Au-hydride formation at the inter-
face, thus leading to the acetone product.66,68,71 Hence, the sizeable
yield of acetone relative to propene on the Ti3O5,6/Au(111) sur-
faces likely reflects the fact that all of the Ti active sites in these
small clusters lie at the periphery and are accessible at the Au inter-
face. By comparison, the comparably small W3O9 cluster, unsup-
ported and supported on TiO2(110), only promotes the dehydration
of 2-propanol to propene.72,73 Since the dehydrogenation reaction
must take place on the W3O9 cluster itself, the β-hydrogen transfer
required for acetone formation is likely to be sterically hindered by
the bulky methyl groups of 2-propanol. This is supported by the fact
that reactions of the primary alcohols on the W3O9 cluster result
in small yields of the corresponding aldehyde.73 For the Au sup-
ported clusters studied here, the Ti3O5,6–Au interface offers more
possible configurations for β-hydrogen transfer to nearby Au atoms,
consistent with the higher yields of the dehydrogenation product
acetone.

In addition to the data presented for the first TPD cycle, we
also performed two more consecutive TPD runs to see if the sur-
face remains active after reaction with 2-propanol and heating to
600 K. As shown in Fig. S7, the yields of propene and acetone
products for both the Ti3O5/Au(111) and Ti3O6/Au(111) surfaces
decrease significantly in the 2nd TPD run, while the 2nd and 3rd
TPD runs have very similar yields. These data suggest that the
surface is irreversibly changed after the first TPD heating cycle.
This loss of activity for TPD runs up to 600 K may be a combi-
nation of both thermal and reaction induced deactivation of the
clusters. Although the decrease in activity after the first TPD run
indicates the loss of active sites for reaction, the Ti3O5/Au(111) sur-
face remains more active (∼1.4×) for propene formation than the
Ti3O5/Au(111) surface for the 2nd and 3rd runs (acetone yields are
comparable).

IV. SUMMARY
The morphology and clustering of mass-selected Ti3O6 and

“reduced” Ti3O5 clusters deposited on Au(111) were found to be
strikingly different despite the fact that the clusters differ by only
one oxygen atom. STM images show that the Ti3O6 cluster dec-
orates step edges and forms small cluster assemblies of 2–4 clus-
ters on terraces. By contrast, the “reduced” Ti3O5 cluster forms
much larger fractal-like assemblies involving tens of clusters. In
both cases, individual clusters are distinguishable within the clus-
ter assemblies, suggesting that they are in contact but not chemi-
cally fused. Calculations of the optimized cluster structures on the
Au(111) surface show that the Ti3O5 cluster has two 3-fold coor-
dinated Ti sites (Ti3c) vs only one for the Ti3O6 cluster, which is
consistent with a larger contribution of Ti3+ in the Ti 2p XPS spec-
tra of the Ti3O5/Au(111) surface. Annealing experiments show that
the sizes of the assemblies increased for both clusters for temper-
atures up to 450 K, while at higher temperatures (500–600 K), the
assemblies decreased in size along with the appearance of some
smaller objects that could be cluster fragments. At 700 K, the Au
surface becomes disrupted with irregular steps, which may be due
to reduced mobility of Au atoms due to strong interactions with
the clusters. Overall, the annealing experiments show that the clus-
ters retain their identity for temperatures up to 600 K without sin-
tering into larger 2D or 3D TiOx islands. Differences in reactivity
for 2-propanol dehydration and dehydrogenation observed in TPD
measurements show that the Ti3O6 and Ti3O5 clusters retain their
chemical identity despite forming cluster assemblies and/or bond-
ing at step edges. Specifically, the reduced Ti3O5 cluster exhibits
roughly twice the activity of the stoichiometric Ti3O6 cluster, which
is attributed to the presence of two Ti3c sites in Ti3O5 vs only
one for Ti3O6. Both clusters also exhibit substantial activity for 2-
propanol dehydrogenation to acetone, which appears to be unique to
TiOx–Au interfaces. Overall, the results of this work demonstrate
how it is possible to modify the secondary morphology and reac-
tivity of small metal oxide clusters through control of stoichiometry
and cation coordination.

SUPPLEMENTARY MATERIAL

See the supplementary material for measured distributions of
the cluster assembly areas, fractal dimension calculation, calculated
cluster structures with Bader charges, XPS spectra following surface
annealing, and a detailed description of how the 2-propanol TPD
spectra were converted to relative product yields.
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