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T
ransition metal and metal oxide nano-
clusters (NCs) have attracted a lot of
recent attention due to their numer-

ous applications in catalysis, sensors, and
optoelectronic and magnetic devices.1�8 In
the early 1980s, the development of precise
mass (or size)-selected nanocluster molecular
beam systems has enabled cluster formation
with a well-defined size distribution, which
has opened up new opportunities for under-
standing gas-phase reaction dynamics and
catalysts.9�11 More recently, there has been
renewed interest in the deposition of transi-
tion metal NCs and the assembly of three-
dimensional arrays of discrete size-selected
NCs or nanoparticles onto surfaces.12�18

TheseNC assemblies (i.e., nanosystems) allow
the chemical properties of these materials to
be tuned by controlling their nanoscale clus-
ter/particle size and structure, with further
optimizationmadepossible bymodifying the

nature of nanoconstituents often combina-
torially. Since molecular beam technique has
enabled the study of free, unsupported NCs
in the gas phase,19,20 various procedures
have been developed to deposit transition
metal NCs onto substrates (or supports) by
gas-phase aggregation technique.14,16�18

The objective of this deposition approach is
to preserve the size of the as-formed NCs
on the surfaces. However, acquiring nearly
monosized NCs at a few nanometer scale
remains a difficult task. Size-tuning of sup-
ported transition metal NCs can be used to
enhance the catalytic activity at the NC sur-
face and interfacial regions.21 A major chal-
lenge in the synthesis of stable and well-
controlled arrays of size-specific NCs is the
inhibition of aggregation on the surface. Early
studies have largely focused on metal NCs,
including Ag,12,14 Au,13 Cu,17 Pd,18 and Zn22

NCs. In contrast, there are considerably fewer
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ABSTRACT Nanoclusters (NCs) are of great interest because they

provide the link between the distinct behavior of atoms and

nanoparticles and that of bulk materials. Here, we report precisely

controlled deposition of size-selected TiO2 NCs produced by gas-

phase aggregation in a special magnetron sputtering system.

Carefully optimized aggregation length and Ar gas flow are used

to control the size distribution, while a quadrupole mass filter

provides precise in situ size selection (from 2 to 15 nm). Transmission

electron microscopy studies reveal that NCs larger than a critical size (∼8 nm) have a crystalline core with an amorphous shell, while those smaller than the

critical size are all amorphous. The TiO2 NCs so produced exhibit remarkable photoelectrochemical water splitting performance in spite of a small amount of

material loading. NCs of three different sizes (4, 6, and 8 nm) deposited on H-terminated Si(100) substrates are tested for the photoelectrochemical

catalytic performance, and significant enhancement in photocurrent density (0.8 mA/cm2) with decreasing NC size is observed with a low saturation voltage

of�0.22 V vs Ag/AgCl (0.78 V vs RHE). The enhanced photoconductivity could be attributed to the increase in the specific surface area and increase in the

number of active (defect) sites in the amorphous NCs. The unique advantages of the present technique will be further exploited to develop applications

based on tunable, size-selected NCs.
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studies on metal oxide NCs, particularly titanium diox-
ide (TiO2) NCs, and on their size tuning with a narrow
size distribution produced by using the general tech-
nique of gas-phase aggregation.23�26 Lambert's group
deposited doped TiO2 NCs using a gas-condensation
technique in an oxygen and methane ambient con-
ditions.16 Using a gas-aggregation source, Drabik et al.
produced Ti NCs in lower vacuum conditions, which
then became oxidized in ambient conditions.24

High chemical stability and low-cost production
have made TiO2 one of the most widely used photo-
catalytic materials since the first report of water split-
ting using TiO2 by Fujishima and Honda over 30 years
ago.27 TiO2 is also one of the most studied transparent
conductive oxides, with band gaps of 3.02 eV for rutile
and 3.2 eV for anatase structures.28 With the bottom of
the conduction band more negative than the redox
potential of H2/H2O (0 V) and the top of the valence
bandmore positive than the redox potential of H2O/O2

(�1.23 V),27�30 TiO2 is possibly the “ideal” photocata-
lyst for the photoelectrochemical water splitting reac-
tion. Different types of TiO2 nanostructures, including
nanoparticles and nanowires, and thin films have been
tested for the water splitting reaction but were found
to produce a photocurrent density no greater than
0.1 mA/cm2.30�32 An assembly of discrete NCs would
be of great interest because of its high specific surface
area that provides a large number of reaction sites (per
volume) for electron�hole pair generation for water
splitting reaction upon light illumination.
As Ti and its oxides are of great importance to

catalysis and nanoelectronics, the synthesis of stable,
size-selected Ti and TiO2 NCs in a controlled way could
offer new prospects for creating novel cluster-
assembledmaterials with desirable properties for elec-
tronic and optoelectronic applications, including
memory devices, fuel cells, and solar cells. Here, we
present a new fabrication process to produce well-
ordered, precisely size-selected, monosized NCs with
excellent uniformity over a large area using a novel NC
magnetron sputter source with a quadrupole mass
filter built in. We further demonstrate the exceptional
photoelectrochemical catalytic performance of these
high-quality TiO2 NCs as photoanodes in a water
splitting reaction.

RESULTS AND DISCUSSION

In our experiment, size-selected NCs with specified
mass-to-charge ratios are successfully synthesized
by using the Nanogen source, shown schematically
in Figure 1. Figure 2a shows the average NC size
(diameter) as a function of the Ar gas flow for different
aggregation lengths (ALs). In spite of the small exit
aperture (3 mm diameter) of the Nanogen source, the
pressure at which the NCs are deposited on the sub-
strate (in the deposition chamber) depends linearly on
the Ar gas flow during growth (Figure 2a). The Ar gas

pressure is found to have the largest effect on the
growth kinetics of the NCs. The system can therefore
be optimized to provide the desired cluster size by
controlling the Ar flow rate in the aggregation cham-
ber. Not only does the Ar gas flow help to initiate the

Figure 1. Schematic diagram of the production of a size-
selected cluster beam in the Nanogen cluster source (not
drawn to scale), which involves the following steps: (a)
generation of Tin moieties and their ions by magnetron
sputtering, (b) collisional condensation that leads to nuclea-
tion and gas aggregation, and eventually to Tin and Tin

þ

cluster formation, and (c) size selection of Tin
þ cluster ions

by a quadrupolemass filter. The Tin
þ cluster ions exiting the

aggregation (or Nanogen source) chamber from a 3 mm
diameter aperture become oxidized by ambient conditions
in the deposition chamber, and the resulting TiO2 cluster
ions are then deposited and neutralized on the substrate
under soft-landing conditions (i.e., without any bias applied
to the sample) to produce the size-selected TiO2 nanoclus-
ters. The aggregation length, defined as the separation
between the front face of the target and the entrance plane
of the quadrupole, and the Ar gas flow are the main param-
eters used to control the overall cluster size distribution
before size selection. No bias is applied to the substrate to
ensure soft landing of the nanoclusters.

Figure 2. (a) Cluster size (left axis) and deposition chamber
pressure (right axis) as a function of Arflow rate for different
aggregation length from 10 to 90 mm, in steps of 10 mm,
and (b) typical nanocluster size distributions, as repre-
sented by quadrupole collector current (left axis), obtained
with three typical combinations of (AL, Ar flow rate) as
marked by large open circles in (a): A = (80 mm, 30 sccm),
B = (60mm, 35 sccm), and C = (20mm, 55 sccm). The vertical
dashed line marks the respective mode cluster size of each
nanocluster distribution, while the corresponding shar-
pened peak marked by the darkened area corresponds to
the distribution of nanoclusters, mass-selected (within 2%
of the mode cluster size) by applying an appropriate set of
dc and ac voltages to the quadrupole mass filter. The total
mass (right axis) as a function of nanocluster size produced
by the Nanogen cluster source is also shown.
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plasma for sputtering to occur, but Ar also works as a
carrier gas to support the growth of the NCs by
providing them nucleation centers in the gas phase
and to carry them toward the substrate. The aggrega-
tion chamber provides the important space needed
for the target source atoms to undergo collisional
condensation.33 This space can be physically adjusted
by changing the AL, which corresponds to the target-
to-quadrupole separation (Figure 1). As a general rule,
an increase in the Ar flow causes a decrease in the NC
size because the clusters are swept out of the aggrega-
tion chamber faster before the clusters have sufficient
time to self-condense to a larger size. Figure 2a shows
an almost linear decrease in cluster size with increasing
Ar flow rate for all ALs from 10 to 90 mm. We observe
that AL also affects the size distribution of resulting
NCs. For a fixed Ar flow rate, the cluster size increases
with increasing AL (Figure 2a). This is consistent with
our expectation that a bigger aggregation volume
provided by a larger AL allows the Ti atoms in transit
to reside in the aggregation chamber longer, thereby
facilitating more collisional encounters to form larger
clusters. Our present study, therefore, shows that the
smallest cluster size can be achieved by maintaining
a high Ar flow for a short AL. Conversely, the larger
cluster size can be obtained by employing a lower
carrier gas flow for a longer AL. As illustrated in
Figure 2a, the cluster size can be tuned in the range
below 10 nm and a cluster size as small as 3 nm can be
easily obtained. This size regime is smaller than the
TiO2 NCs reported earlier.14,16�18,25,34

Figure 2b shows the relative populations of NCs as-
formed in the gas phase as a function of NC size for
three typical (AL, Ar flow) combinations: A = (80 mm,
30 sccm), B = (60 mm, 35 sccm), and C = (20 mm,
55 sccm). The relative population of the NCs is indi-
cated by the quadrupole collector current. A near-
Gaussian size distribution is clearly observed for all
(AL, Ar flow) sets. As the mode cluster size (marked
by the peak maximum) increases, the peak collector
current decreases with concomitant increase in the
width of its distribution, from set C to set B to set A.
Upon applying an appropriate set of voltages to the
quadrupole mass filter, the cluster size distribution can
be dramatically narrowed to a sharp profile as defined
by the mass resolution of the quadrupole, which
demonstrates the effectiveness of mass selection by
the quadrupole mass filter. Figure 2b also shows that
the cluster mass increases quadratically with increas-
ing cluster size.
Figure 3a�c shows tapping-mode AFM images of

TiO2 NCs deposited on H�Si substrates along with
their size distributions at mode cluster sizes of 3.5, 5.0,
and 6.2 nm, respectively, obtained with appropriate
(AL, Ar flow rate) settings. With the spatial resolution
of AFM generally larger than 10 nm, we estimate the
size (diameter) of the as-deposited NCs from their

respective height profiles, assuming a spherical
shape for these NCs. A near-Gaussian size distribution
(obtained without the use of the quadrupole mass
filter) is clearly observed for all three mode sizes. The
size distributions obtained from our AFM measure-
ments for the as-deposited NCs are also found to be
in good accord with and therefore validate those as
reflected by the collector current profiles of the quad-
rupole mass filter (Figure 2b).
The impact energy of the NCs is one of the key

parameters in cluster�surface collisions. Given the
kinematics of the system, the TiO2 NCs should undergo
soft landing onto the substrate because the NCs
impinging onto the substrate are very small in size
and their kinetic energy at room temperature is less
than 0.1 eV.20,35 The deposited NCs should therefore
have their stoichiometry preserved, without any
change to their chemical or physical properties, and
they are not expected to undergo further diffusion
into the bulk upon physisorption. In the present work,
no bias is applied on the substrate to maintain low
impinging energy of the NCs to the substrate, thereby
ensuring a soft landing condition. Furthermore, it
should be possible to produce TiO2 NCs of the same
cluster size but with different aerial density by simply
manipulating different (AL, Ar flow) combinations for
the same deposition time. To demonstrate this unique
control provided by the present technique of NC
generation, we show, in Figure 3d�f, three different
densities obtained for NCs with essentially the same
mode cluster size of 5 nm. The variation in the densities
of these NCs with the same mode size can be under-
stood in terms of the kinematics of the NCs produced
under different conditions. In particular, the kinetic
energy of the impinging NCs could significantly affect
the nature/type of the event that follows. For a high Ar
flow rate and a larger AL, less energetic NCs will be
produced. This is because of the resulting larger num-
ber of collisions among clusters themselves and/or
with thewall of the aggregation chamber over a longer
period of time. This low kinetic energy regime ensures
soft landing without any subsequent diffusion on the
surface and/or into the bulk. On the other hand, in the
other limit of a low Ar flow rate and a smaller AL, more
energetic NCs will be generated because of less result-
ing collisional encounters. Some of the NCs could
also bounce backward due to head-on collisions with
the surface, thereby reducing the cluster density on the
surface. The areal density can also be controlled by
the amount of deposition time, while keeping other
preparation conditions the same to ensure that the
clusters physisorb under soft-landing conditions and
without any cluster aggregation (Supporting Informa-
tion, Figure S1) and also without any deformation from
spherical shape (as observed by TEM, Figure 5d) on the
surface. The present technique of NC generation there-
fore provides a sensitive control of the relative kinetic
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energy of NCs in the gas phase in the soft-landing
regime.
The adhesion properties of TiO2 toward different

types of substrate surfaces are further investigated by
depositing TiO2 NCs on three different substrates
simultaneously under the same deposition conditions.
Figure 3g�i compares the areal densities of TiO2 NCs
deposited on H�Si, glass, and quartz substrates. The
sizes of NCs on all three substrates are found to be
similar (6 nm), consistent with the mode size as se-
lected by the appropriate (AL, Ar flow) combination
of (80 mm, 30 sccm). Interestingly, the areal density of
the NCs on H�Si (∼750/μm2) is considerably higher
than those on glass (∼180/μm2) and quartz substrates
(∼170/μm2). This is consistent with the higher sticking
coefficient of TiO2 thin film onH�Si when compared to
those on the other two oxide surfaces. The NCdensities
for glass and quartz are similar because of the similar
chemical nature of these oxide surfaces. Despite the
expected high propensity of TiO2 on the oxide surface
to aggregate due to its higher enthalpy compared to
that of the oxide surfaces,19 we see no evidence of
cluster aggregation on the surface even after deposi-
tion for a longer time (Figure S1), with individual
NCs remaining uniformly distributed over the entire
surface. This further confirms the soft-landing condi-
tion provided by the Nanogen cluster source. The

deposition time can therefore be used to control the
surface coverage, that is, the aerial density of the NCs
(which is important to their application as catalysts),
and therefore the resulting surface roughness. The root
mean square (rms) surface roughness is estimated
from AFM measurement for samples obtained with
different deposition times (Supporting Information,
Table S1) and found to increase with increasing de-
position time from 15 to 20 to 30 min, followed by a
decrease after 60 min of deposition. The latter reduc-
tion in rms roughness could be due to increase in the
packing efficiency.
To characterize the chemical nature of the nanoclus-

ters, we show, in Figure 4a, the XPS spectra of the Ti 2p
region collected as a function of sputtering time for a
typical TiO2 NC film depositedwith amode size of 6 nm
on H�Si for 60 min. The prominent Ti 2p3/2 peak at
459.2 eV corresponds to the Ti4þ state attributable to
TiO2, in good accord with an earlier report.

36 Theminor
shift in the spectrum to a higher binding energy after a
brief 5 s of sputtering is due to the removal of surface
hydrocarbons commonly present as a result of ambi-
ent handling. Upon sputtering for a total of 20 s, a weak
Ti 2p3/2 feature emerges at 457.5 eV and becomes
more intense, while the Ti4þ feature is weakened
upon sputtering for 90 s. This intermediate feature at
457.5 eV, tentatively assigned to Ti3þ, becomes reduced

Figure 3. AFM images of size-selected TiO2 nanoclusters obtained with mode sizes of (a) 3.5 nm, (b) 5 nm, and (c) 6.2 nm
(deposited with appropriate growth conditions) and with a mode size of 5 nm deposited with three different growth
conditions (AL, Ar flow): (d) (80 mm, 40 sccm), (e) (60 mm, 35 sccm), and (f) (20 mm, 30 sccm), all on H�Si substrates. AFM
images of size-selected TiO2 nanoclusters with amode size of 6 nmdeposited on three different substrates: (g) H�Si, (h) glass,
and (i) quartz. All AFM images are obtained for a scanned area of 1� 1 μm2. Insets show the corresponding histograms for the
cluster size distributions of the nanoclusters from 2 to 8 nm obtained under appropriate (AL, Ar flow) combinations, with the
peak marked by the numbers of the clusters with the respective mode sizes.
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in intensity and appears to shift toward a lower binding
energy (454.3 eV) upon further sputtering for 270 s.
Continued sputtering for 450 and 650 s causes emer-
gence of a well-defined Ti 2p3/2 feature at 454.3 eV,
which could be assigned to TiO. The Ti 2p3/2 features
located at the intermediate peak position (between
Ti4þ and Ti2þ states) could therefore be attributed to
TiOx (2 > x < 1), which corresponds to nonstoichio-
metric Ti oxide phases due to the reduction of Ti4þ

to Ti3þ and Ti2þ by Ar-ion bombardment.36 This ion-
induced reduction is also confirmed, in our separate
experiment, bydepth-profilingXPS analysis of commercial

TiO2 powders (Aldrich, 99.99% purity) (Supporting
Information, Figure S2a). Figure 4b shows the corre-
sponding XPS spectra of the O 1s region as a function
of sputtering time for the NC sample. Before sputter-
ing, the O 1s spectrum exhibits two peaks at 530.6 and
532.8 eV, which are consistent with the assignment to
TiO2 and SiO2 (the latter corresponding to native oxide
on the Si substrate), respectively. After 40 s of sputter-
ing, the O 1s feature for native SiO2 (at 532.8 eV) is
evidently removed. TheO 1s feature for TiO2 appears to
shift to a higher binding energy with increasing sput-
tering time, in a similarmanner as the Ti 2p3/2 feature in
Figure 4a, which confirms the emergence of suboxide
(TiOx) phases due to reduction of TiO2. The correspond-
ing Si 2p spectrum is found to be dominated by amajor
Si peak at 99.3 eV and aminor SiOxpeak at 103.2 eV due
to native oxide (Supporting Information, Figure S2b).
To demonstrate the photoelectrochemical catalytic

properties, we employ the TiO2 NCs deposited with
different mode sizes on H�Si as the photoanode in a
water splitting reaction. All the photocurrent measure-
ments are conducted for an illumination area of
5 � 5 mm2 with a power density of 50 mW/cm2. The
photoelectrochemical water splitting mechanism is
described schematically in Figure 5a. In a water split-
ting reaction, photoexcitation occurs at the TiO2 NC
photoanode, which is immersed in an aqueous elec-
trolyte along with the Pt counter electrode (and a

Figure 5. (a) Schematic diagramof themechanismof a photoelectrochemical water splitting reaction. An expanded view of a
TiO2 nanocluster (NC, red sphere), consisting of Ti (green spheres), O (pink spheres), andH atoms (brown spheres), is shownas
the bottom inset. The top inset shows the electron�hole pair generation in TiO2 upon UV�vis light illumination, which
supplies holes (hþ) for the oxidation of OH� leading to O2 evolution at the photoanode and electrons (e�), upon traveling to
the counter electrode through an external circuit, for reduction leading to H2 generation. (b) Photocurrent densities as a
function of applied potential obtained in a photoelectrochemical water splitting reaction in a 5M KOH electrolyte, using TiO2

nanoclusters of different sizes (4, 6, and 8 nm) and the post-annealed TiO2 nanoclusters (6 nm), all on H�Si, as the
photoanodes, all with an illumination area of 5 � 5 mm2 under a 300 W Xe lamp at a power density of 50 mW/cm2. (c) TEM
images of 4 nm (left), 6 nm (center), and 8 nm nanoclusters (right) deposited directly on holey carbon TEM grids, along with
high-resolution images shown as insets illustrating their respective degrees of crystallinity.

Figure 4. XPS spectra of (a) Ti 2p and (b) O 1s regions for
TiO2 nanoclusters as-deposited on a H�Si substrate and
as a function of Ar sputtering time. Only the Ti 2p3/2 region
is used in (a) to identify various chemical states of the
nanoclusters.
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Ag/AgCl reference electrode). Electrons and holes
are generated when the TiO2 NC is illuminated
with UV�vis light, which facilitates redox reactions
(oxidation at the photoanode and reduction at the
counter electrode) at the NC�water interface in the
electrolyte and leads to hydrogen (H2) evolution.
Figure 5b shows the photocurrent density as a function
of applied potential for the TiO2 NC/H�Si working
electrode in 5 M KOH in the dark and under illumina-
tion of a xenon lamp. Nanoclusters with three different
NC sizes (4, 6, and 8 nm), preselected by using the
quadrupole mass filter, are chosen to illustrate the
cluster size effect on the photoelectrochemical perfor-
mance. Evidently, a significant enhancement in the
photocurrent density with decreasing NC size is ob-
served. We attribute this to the interplay between the
effect of the increase in the specific surface area and
that of the increase in the amount of active sites due to
the increased amorphicity of the NCs with decreasing
size. The TEM images shown in Figure 5c illustrate the
remarkable homogeneity of the NCs, all with nearly
identical size, which further verifies the precise size
selection achieved by using the quadrupolemass filter.
Furthermore, the larger NC (8 nm) is found to consist of
a crystalline core surrounded by an amorphous shell,
while the smaller NCs (6 and 4 nm) below a critical size
appear to be completely amorphous. The amorphous
nature of the smaller NCs gives rise to a higher density
of defects, which work as trapping and recombination
centers for the photogenerated electron�hole pairs.
To confirm that amorphous TiO2 NCs are better suited
for water splitting reaction, we prepare, in a separate
experiment, a “post-annealed” TiO2 NC sample by
annealing the as-deposited 6 nm NCs at 800 �C for
90 min in air. A substantial drop in the photocurrent
density is observed for the post-annealed sample
(Figure 5b). This is due to the reduction in the defect
density as a result of improved crystallinity caused by
annealing at a high temperature. The increase in the
photocurrent density of the totally amorphous 6 nm
NCs with respect to that of the crystalline core/amor-
phous shell 8 nm NCs is attributed to both of the
aforementioned effects, while the further enhance-
ment found for the 4 nm NCs with respect to the
6 nm NCs, both of which are totally amorphous, is due
to the effect arising from an increase in the specific
surface area. Since the surface area plays an important
role in photoelectrochemical catalysis, substrate cov-
erages (i.e., the amount of NC loading on the substrate)
by TiO2 nanoclusters for all three samples deposited for
15 min on H�Si substrates are calculated by using
the ImageJ software. Approximately 20% coverage is
observed for all three samples, which suggests that
there is a lot of room for potential improvement in the
photoelectrochemical performance.
The saturation voltage for the 4 nm NCs is observed

to be �0.22 V vs Ag/AgCl (or 0.78 V vs RHE), which is

wellwithin the rangeof the typical values of 0.5�0.8 V vs
RHE found for other TiO2 nanomaterials.30,37�39 We
obtain a photoconversion efficiency (PCE) of ∼0.43%
(Supporting Information, Figure S3a) and a total
PCE, as-estimated according to earlier reports,29,40

of ∼1.0%, at an applied potential of 0.78 V vs RHE.
For TiO2 nanotubes and other nanostructures, their
corresponding total PCEs are in the range of 0.2�3.0%.
For TiO2 NCs, the present PCE of 1.0% is the highest
ever observed for this type of nanoclusters, and it is
comparable to most of these nanomaterials reported
in the literature.38,41�48 This performance is especially
remarkable when considering the very tiny amount of
TiO2 NCs on the substrate, all of which are prepared
without any post-synthesis modification or treatment
(as often required in earlier work). It should be noted
thatmost of the samples reported in the literature38,44�48

are based on TiO2 or other metal oxide nanowires or
nanotubes with post-modification and these samples
contain a significant (large) amount of materials, which
provide a large number of active sites for the photo-
electrochemical reaction. In our case, the PCE could
potentially be enhanced at least 5 times by increasing
the amount of cluster loading from 20% coverage to a
monolayer coverage (e.g., by increasing the amount
of deposition time). Indeed, a theoretical PCE of 5%
would put our NC samples (with just one monolayer of
coverage) to be among the top photoelectrochemical
catalysis performers based on TiO2 nanomaterials for
the water splitting reaction. Even higher PCE can be
obtained with multiple layers of TiO2 NCs (as was
commonly employed for other TiO2 nanomaterials in
earlier reports). Furthermore, we can also potentially
increase the PCE further by employing nanoclusters
with even smaller size and by modifying the clusters
with chemical functionalization. Fabricating hybrid
and/or core�shell NCs and synthesizing binary or
tertiary NC systems could also enhance the PCE and
can be easily realized using the present Nanogen cluster
source (equipped with the triple target capability).

CONCLUSIONS

We have successfully fabricated and deposited size-
selected TiO2 NCs on three different substrates (H�Si,
glass, and quartz) at room temperature under soft-
landing conditions using a magnetron-based nano-
cluster source equipped with a quadrupole mass filter.
The growth process of the NCs is studied by depositing
the nanoclusters under different growth conditions
and by studying their growth environment. On all the
substrates employed in the present work, the TiO2

NCs are found to be essentially monosized and uni-
formly distributed over the entire surface (without
agglomeration), and no surface diffusion of the NCs is
observed. The use of a high vacuum system and the
precise control over aggregation length and Ar flow
have enabled us to produce TiO2 NCs with an
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unprecedented high degree of purity (as verified by
XPS) and excellent uniformity in size and distribu-
tion (as demonstrated by AFM and TEM). Size-tuning
experiments on H�Si substrates indicate that we
also have excellent control and reproducibility for
the desired NC size. A higher photoelectrochemical
catalytic activity for the water splitting reaction is
obtained when the NC size is below 6 nm and its
activity is higher than the large size TiO2 NCs. As the

NC size is reduced, the increase in specific surface
area and the greater amorphicity of the NCs both
contribute to the enhanced photoelectrochemical
performance. The Nanogen magnetron cluster source
coupled with a quadrupole mass filter is therefore
a promising versatile tool for producing high-purity,
size-selected, ultrasmall TiO2 NCs (below 10 nm)
for application in catalysis, nanoelectronics, and
nanobiosensors.

MATERIALS AND METHODS
Size-selected TiO2 NCs are produced using a gas-condensation

technique with a gas-aggregation cluster source based on dc
magnetron sputtering (Nanogen 50, Mantis Deposition Ltd.),33

which employs the Haberland concept of cluster formation.19,20

A schematic diagram of the Nanogen source is shown in
Figure 1. A titanium target (99.95% purity, ACI Alloys) is
mounted in the cluster source chamber with a base pressure
of 1� 10�8 mbar. A broad beam of Ti atoms is generated by dc
magnetron sputtering (at 55 mA) in Ar, and these sputtered
atoms condense into clusters under high collision-prone ambi-
ent conditions. The cluster growth involves two basic steps: (a)
generation of Ti atoms, particle fragments, and ions by magne-
tron sputtering, which then undergo (b) collisional condensa-
tion, involving nucleation and gas-phase aggregation leading
to cluster formation.20 Cluster growth can be controlled by
varying the Ar gas pressure and the aggregation length in the
condensation zone of the aggregation chamber (where cluster
formation occurs as a result of collisions of atoms with one
another). Since a large fraction of the NCs generated by the
Nanogen source is negatively charged, it is possible to provide
precise mass selection of NCs of a particular size based on
their mass-to-charge ratios by using a quadrupole mass filter
in the NC source. A set of ac and dc voltages is applied to the
quadrupole filter, with 2% mass resolution and throughput up
to 106 amu, to facilitate an oscillating path that allows passage
of cluster ions of the selected size. After exiting the aggregation
chamber through an orifice (3 mm diameter), the cluster ions
are neutralized and collected on the substrate positioned
70 mm in front of the orifice in the deposition chamber. The
input flow rate of the Ar gas in the Nanogen source is used to
control the (deposition) chamber pressure (10�4 to 10�3 mbar)
at which the deposition process occurs. In particular, the input
Ar flow rate directly affects the processes in the condensation
zone and the efficiency of the clusters emerging from the
aggregation chamber.18 Cluster sizes of 2�15 nm (diameter)
can be produced using the Nanogen source. Here, we focus on
monosized clusters smaller than 8 nm and investigate the size
dependency of these ultrasmall NCs in the present work. The
substrates used for the present work are H-terminated Si(100)
(denoted as H�Si), quartz, and float glass. All the substrates are
cleaned ultrasonically in acetone and isopropyl alcohol before
use, while the Si substrate is also rinsed in 2% HF for 10 min to
remove the native oxide layer and to produce H-termination on
the Si substrate (H�Si).
The surface morphology and the size of the NCs are char-

acterized ex situ by atomic force microscopy (AFM) operated in
tapping mode in a Digital Instruments Dimension 3100 Nano-
manNanoscope IVmicroscope, while the crystallinity of the NCs
is determined by transmission electron microscopy (TEM) in a
JEOL 2010F microscope operated at 200 kV. TEM samples are
prepared by directly depositing the NCs onto a holey carbon
TEM grid. Chemical-state composition is analyzed by X-ray
photoelectron spectroscopy (XPS) as a function of Ar-ion sput-
tering time in a Thermo-VG Scientific ESCALab 250 microprobe,
equippedwith amonochromatic Al KR X-ray source (1486.6 eV).
Ar-ion sputtering is performed over a raster area of 3� 3mm2 at
an ion beam energy of 3 keV and a typical sample current
density of 110 nA/mm2. The XPS data are fitted by using Casa

XPS software with a Shirley background. The photoelectro-
chemical water splitting experiments are performed by using
a CH Instruments 660A electrochemical station in a three-
electrode quartz cell with an electrolyte solution of 5 M KOH
(prepared from analytical grade KOH and Millipore water
at room temperature). Photocurrents are measured with the
size-selected NCs deposited on a substrate as the working
electrode (i.e., the photoanode), both in the dark and under
the illumination of a 300 W xenon lamp (300�1000 nm, Oriel
Instruments 6258) with an AM 1.5 filter. A minimum power
density of 50 mA/cm2 is delivered to the sample. Ag/AgCl
(3 M KCl) and Pt are used as the reference and counter elec-
trodes, respectively.
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