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Abstract
Uniform, well-dispersed platinum nanoparticles were grown on SrTiO3 nanocuboids via atomic
layer deposition (ALD) using (methylcyclopentadienyl)trimethylplatinum (MeCpPt(Me)3) and
water. For the first half-cycle of the deposition particles formed through two sequential
processes: initial nucleation and growth. The final particle size after a single complete ALD cycle
was dependent on the reaction temperature which alters the net Pt deposition per cycle.
Additional cycles resulted in further growth of previously formed particles. However, the
increase in size per cycle during additional ALD cycles, beyond the first, was significantly lower
as less Pt was deposited due to carbonaceous material that partially covers the surface and
prevents further MeCpPt(Me)3 adsorption and reaction. The increase in particle size was also
temperature dependent due to changes in the net Pt deposition. Pt nanoparticles increased in size
by 59% and 76% after 15 ALD cycles for reaction temperatures of 200 °C and 300 °C,
respectively. There was minimal change in the number of particles per unit area as a function of
reaction time, indicating that there was minimal Ostwald ripening or secondary nucleation for the
reaction conditions.

Supplementary material for this article is available online
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Introduction

Atomic layer deposition (ALD) is a sequential, self-limiting
thin film growth technique which yields angstrom-scale
control over film thickness and composition. It relies on self-
limiting, sequential binary reactions between gaseous pre-
cursor molecules and a substrate, ideally, in a layer by layer
fashion [1–3]. However, with materials with high cohesive

energies that are less likely to fully wet the substrate, ALD
starts by forming well-dispersed uniform nanoparticles, i.e.
following Volmer–Weber growth [4, 5]. This has been
employed and developed by several research groups for the
synthesis of nanostructured metal and metal oxide catalytic
materials [6–11]. For instance, Smeds et al obtained highly
dispersed Ni nanoparticles on Al2O3 using several cycles of
ALD [10] while Backmen et al found that uniform cobalt
nanoparticles were deposited on SiO2 using ALD [11]. It has
been shown that ALD can achieve control of the particle size
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[7], composition [12], structure [12, 13], and even exposed
surface orientation [13]. However, few studies have focused
on developing a detailed description of the nucleation and
growth processes during deposition. The influence of reaction
temperature and the number of ALD cycles is still not well
understood [7, 13–15]. A fundamental understanding of the
initial nucleation and subsequent growth versus reaction
temperature and the number of ALD cycles will enable con-
trol over particle size, dispersion and loading. These proper-
ties strongly influence catalyst performance, e.g. Croy et al
found a strong size dependence for the decomposition of
methanol using Pt nanoparticles supported on nanocrystalline
anatase TiO2 [16] while higher performance in methanol
reforming was reported by Velu et al as a consequence of
higher dispersion in Cu-based catalysts [17]; Panagiotopoulou
et al indicated that the catalytic activity for the water-gas shift
reaction increases significantly with metal catalyst loading in
a range of 0.1%–5% [18]. Nucleation and growth also influ-
ence the quality of ALD-grown thin films as their roughness
depends on the number of cycles required for particle coar-
sening to cover the entire substrate [19].

The specific focus in this work is the first few ALD
cycles of Pt deposition onto strontium titanate nanocuboids
(STO-NCs), which is in powder form used as substrates [20].
The synthesis of Pt on the STO-NCs (Pt/STO-NCs) is of
particular interest as this system can serve as a model catalyst,
e.g. recently the ALD Pt/STO system was found to have
exceptional activity and stability as a combustion catalyst
[21]. In addition, STO acts as a UV photocatalyst similar to
TiO2 [22], in which photons generate electron–hole pairs that
catalyze reactions to produce fuels such as hydrogen or
methanol. The success of the Pt/STO system in these appli-
cations depends upon the STO support. The STO-NCs used
here were synthesized by a sol precipitation-hydrothermal
treatment procedure with oleic acid as the surfactant. The
resulting cuboid shape is believed to be a consequence of the
elastic constraints in the lamellar liquid structure established
during the hydrothermal process [20]. The as-prepared STO-
NCs are useful as a catalyst support for fundamental studies
as a consequence of being nonporous, single crystalline with
(100) facet mainly exposed, with a pure SrO termination [23].
The narrow, nanoscale size distribution, ∼20 nm, yields a
medium-high BET surface area of 70 m2 g−1 [20], compared
to macroscopic single-crystal substrates with lower surface
area [24] or high-surface-area supports with amorphous shape
or an undetermined exposed surface termination [25].

Experimental section

ALD was carried out in a continuously pumped, viscous flow
reaction chamber with a base pressure of 0.3 Torr and an
operating pressure of 1.0 Torr. The chamber is equipped for
gas phase dosing with several precursors including
MeCpPtMe3 (Sigma-Aldrich 99%), which delivers Pt to the
surface, and water that regenerates surface hydroxyl groups
after the Pt precursor exposure. The precursors were stored in
bubblers held at temperatures to achieve sufficient vapor

pressure and reasonable dosing times (MeCpPtMe3 50 °C
∼0.8 Torr and H2O at room temperature ∼25 Torr). Nitrogen
(N2), with a flow rate of 5 and 40 standard cubic centimeters
per min (sccm), was used to transport the MeCpPtMe3 and
water to the reaction chamber. Before deposition, all STO
substrates were pretreated with ozone for 15 min at 200 °C in
order to completely remove oleic acid ligands remaining from
the STO synthesis, as confirmed by ex situ x-ray photoelec-
tron spectroscopy (XPS) and transmission electron micro-
scopy (TEM). The timing sequence for Pt ALD is expressed
as t1–t2–t3–t4, where t1 was the Pt precursor dosing time, t2 the
time used for purging the reactor with N2, t3 the water dosing
time and t4 the second N2 purge time. The timing sequence
used for these studies was 300 s–600 s–120 s–600 s. For one
cycle, a total exposure of approximately 9×104 L
(1 L=10−6 Torr sec) of the Pt precursor was dosed into the
reaction chamber.

The size and morphology of the as-synthesized Pt
nanoparticles were determined by conventional high-resolu-
tion and high-angle annular dark field electron microscopy
(HREM, HAADF) using a JOEL2100 at 200 kV. The TEM
samples were prepared using several drops of ethanol-dis-
persed Pt/STO applied to the surface of a carbon film sup-
ported on a copper grid [26, 27]. The Pt weight loading,
overall Pt/STO composition and chemical state were ana-
lyzed using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and XPS.

Results and discussion

Structural characterization revealed that ALD was an efficient
method to deposit highly dispersed Pt nanoparticles on the
STO surfaces. Figure 1 is a typical HAADF image with an
inner collection angle (124 mRad) of Pt/STO-NCs after a
single cycle ALD at 300 °C and shows discrete Pt nano-
particles on the STO surface. We note that with this inner
collection angle the contrast will scale as the projected atomic
number to some power, sometimes called ‘Z-contrast’. The Pt
particle size through ALD deposition was typically around
1–3 nm, so the role of the electron probe size (∼0.2–1.5 nm)
in altering the apparent size needs to be taken into account, it
is inadvisable to simply assume that the apparent size is
correct.

A complete description of the probe in a STEM is
complex, and involves both electron optical contributions
such as the mutual coherence of the source, the diameter and
demagnification of the field-emission tip as well as the
alignment, defocus, objective aperture size, vibration and
drift. As a rough guide one can consider the effect of various
resolution limiting terms via a conventional statistically ran-
dom sum of terms, i.e. the square root of the sum of the
squares, but this is not rigorously correct. While the true
probe may have been calibrated when the instrument was first
installed, for instance by using a sharp edge, it varies with
time and is only approximately known. For a larger probe
size, primarily determined by the objective aperture size and
demagnification, terms such as vibration are small, and many
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instruments provide a user-variable multi-position switch,
which varies the size linearly following a parameter p. This
parameter is proportional to the true probe size but not a
rigorously accurate measurement of it. For fully incoherent
imaging, which requires a large inner and outer collection
angle as used here, the image of a nanoparticle will be the
convolution of the probe and the intensity across the particle.

A series of HAADF images (supplemental materials is
available online at stacks.iop.org/NANO/28/185704/
mmedia) of Pt/STO (1 cycle, 300 °C) were taken with dif-
ferent instrument reported probe sizes, and the results are
summarized in figure 2(a). The measured sizes based on the
full width of the line intensity profile across ∼80 Pt NPs from
two different sample areas. For each measurement, the
HAADF image only selected areas with individually dis-
persed Pt particles; for non-spherical NPs, the reported size is
the average of the largest and smallest measured diameters.
From figure 2(a), it can be seen that the measured particle size
depends linearly on the parameter p. Figure 2(b) suggests that
measured particle size/probe size relationship is solely
microscope dependent, as would be expected. A linear fit to
all of the plotted data in figure 2(b) produced the following
relationship between p and the measured particle size:

= +( ) ( )M p p R0.46 , 1

where M(p) is the measured particle size, p is the probe size
and R is the real size. From the equation above, the real
particle size can be determined from a knowledge of the
instrument settings by extrapolating to a nominal zero probe
size. We note that unless this extrapolation is done HAADF
images may yield inaccurate measurements of the size.

The nucleation and growth mechanisms of ALD-depos-
ited Pt/STO-NCs were investigated by recording a series of
HAADF images. In the following, we will first discuss the
nucleation process, starting with the initial surface reaction.
As shown by Setthapun et al to initiate Pt ALD on an oxide
substrate two requirements need to be satisfied: (1) adsorption
of the Pt precursor MeCpPtMe3, and (2) elimination of the
precursor ligands [28]. Initially, MeCpPtMe3 can absorb onto
a carbon-free surface by exchange between surface hydroxyl
groups and the methyl ligands on the precursor [29]. The
limiting step in the deposition is the elimination of the
remaining precursor ligands which is difficult compared to
adsorption, and is usually performed by thermal decomposi-
tion or oxidation following the purge with flowing N2. Once
the ligands are eliminated, the adsorbed precursor is reduced
to zero valent metal atoms [28]. Since single atoms are not
energetically stable on the surface and will diffuse to form
clusters, subsequent surface diffusion leads to the nucleation
of Pt nanoparticles on the oxide surface. To determine how
the Pt particle size depends on the amount deposited in the
initial half-cycle, a series of samples were prepared using
various dosing times at 200 °C. The particle size and density
as a function of Pt precursor dosing time are shown in figure 3
for samples removed immediately from the reaction chamber
after N2 purging. The measured particle density is based on
the number of particles per unit area counted in the HAADF
images with the assumption that Pt particles were uniformly
deposited on the top and bottom STO-NCs surfaces. Particles
with an average diameter of 0.69 nm were formed by a 0.5 s
dose, and the particle density increased by only 30% between
0.5 and 2 s then saturated at doses of ∼10 s. This suggests that
the nucleation process required less than 0.5 s, and the entire
nucleation process was completed after a 10 s Pt precursor
dose. The critical nucleation diameter (Dc) has to be less than
or equal to the smallest observed diameter of 0.69 nm.
According to classical nucleation theory, the critical radius for
Pt nucleation on a metal oxide surface depends on the inter-
facial energy and surface temperature (appendix 2) as,

g
=

D∣ ∣
( )D

G

4
, 2C

pg

V

where g is the interfacial energy and the subscripts ‘pg’ refer
to Pt-gas and DGV is free energy of formation per unit
volume of Pt clusters formed from isolated Pt atoms. An
estimate of the critical nucleation diameter for Pt is
0.4–0.6 nm (2–8 atoms) (supplemental material) which is
consistent with the measured particle size produced by a 0.5 s
dose. As the nucleation process will consume Pt atoms around
the newly formed cluster, the Pt concentration will fall below
the minimum required for nucleation, i.e. a depletion zone
will be formed. With additional Pt deposition nucleation stops
whereas growth continues. As shown in figure 3, the Pt
nanoparticle size increased with MeCpPtMe3 exposure,
reaching 1.39 nm after dosing for 2 s. The migration distance
of a single surface Pt atom over the time of a single ALD
cycle (>300 s) is 5–740 nm for a reaction temperature of
125 °C–300 °C (see supplemental material). This is much
larger than the distance between nuclei (∼5–10 nm). Thus, all

Figure 1. A typical HAADF image of Pt/STO-NCs obtained with 1
cycle at 300 °C. A size distribution histogram is inserted. In the
image, the light gray and cuboid shapes are the STO-NCs, the bright
area on STO-NCs are the Pt nanoparticles. Note that the cuboid
nature of the STO is only apparent when they are tilted to {001}, not
random orientations as in the figure.
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of the Pt atoms can easily diffuse from the initial adsorption
sites to existing Pt nuclei.

The growth of the Pt nanoparticles after the first complete
ALD cycle was mainly dependent on the amount of Pt
deposited and to a lesser extent on the particle density, both of
which depend on the reaction temperature. The size change
depends on the net Pt deposition is supported by the fol-
lowing analyses. First, as shown in figure 3, the particle size
changed with dosing time, hence the amount of deposited Pt,
until the adsorption was saturated (∼5 s). Second, the Pt mass
computed by counting particles was compared with the mass
measured by ICP-AES. ICP-AES measurements showed that
the Pt weight loading after the first cycle increased with
reaction temperature over the range 125 °C–300 °C from
1.94% to 7.53%, figure 4(c). The Pt mass obtained by
counting nanoparticles and scaled to 1 g STO-NCs is also

included in figure 4(a). The mass was calculated as,

p r= ( )R Swt%
2

3
, 3N

3

where R is the particle radius, rN is the particle density per
unit area measured from HAADF images (figures 4(a), (b))
and S is the BET surface area per unit mass of STO-NCs
(∼70 m2 g−1). This result indicates that essentially all the
deposited Pt was present in the observable nanoparticles.
According to equation (3), the particle size was determined by
deposited Pt loading and particle density. As shown in
figure 4(b), increasing the reaction temperature from 125 °C
to 300 °C the particle density only increased slightly (∼13%),
which is much smaller than the variation of Pt loading
(∼288%). Thus the increase of particle size was pre-
dominantly determined by the amount of Pt deposited, which
was dependent on reaction temperature. We hypothesize that

Figure 2. Measured nanoparticle size as a function of the microscope probe size with measurement based on (a) different sample area of Pt/
STO (1 cycle 300 °C) (b) series of Pt/STO syntheses with 1 cycle at different reaction temperatures. The error bar shown here is the standard
deviation of each measurement.

Figure 3. (a) Pt particle size and (b) particle density dependence on Pt precursor dosing time measured from HAADF images. The insert
shows an expanded view of the data near the origin. The error bar depicts the statistical standard deviation of each measurement.
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as reaction temperature increased, more precursor ligand
fragments are eliminated and more unoccupied surface is
available for MeCpPtMe3 molecules to adsorb [28].

After considering the growth during the 1st cycle, we
turn to the case of a series of cycles. The influence of multiple
ALD cycles on particle size is shown in figure 5. The
graph illustrates that the particle size at both 200 °C and
300 °C increased with the number of ALD cycles. However,
the Pt particle growth in the subsequent cycles was sig-
nificantly lower than for the first cycle. This difference is
likely due to a carbonaceous layer that partially covers the
STO surface after the first cycle. The major contribution to
this layer is ligands from previous cycles that have not been
completely removed [15, 28]. While oxygen is the second
reagent commonly used in Pt ALD [13, 15], water was used
here to generate hydroxyl groups on the oxide surface to react
with the Pt precursor [28, 30, 31]. However, the removal of
carbonaceous layers using water as the second reagent in
ALD is not expected to be as efficient as using oxygen or
ozone. Figure 6(a) shows the C1s/Ti2p ratio from XPS

Figure 4. Platinum (a) particle size and (b) particle density as a function of the ALD reaction temperature after single cycle synthesis. (c) Pt
weight loading as a function of ALD reaction temperature. The black curve shows the difference between the values obtained by counting
particles and by ICP-AES. The error bars in (a) and (b) are statistical standard deviations.

Figure 5. Pt particle size as a function of the number of ALD cycles
measured from HAADF images.
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measurements of as-synthesized STO samples before and
after 1, 3, and 5 cycles of Pt ALD at 200 °C. An obvious
increase of carbon was observed after the first Pt ALD cycle.
The C1s/Ti2p ratio after 3 and 5 cycles of Pt ALD was
essentially the same as after the first cycle, which implies that
the residual carbonaceous layer reached a steady-state cov-
erage (∼0.78ML if in a graphene structure) that was depen-
dent on the reaction temperature and purge conditions after
the initial Pt ALD cycle. As a result, the Pt deposited during
subsequent cycles was much lower than that deposited by the
1st cycle as verified by the ICP measurements shown in
figure 6(b). For multiple ALD cycles (1–15), the particle
density did not change significantly (<3%, supplemental
material) which suggests that secondary nucleation or particle
coalescence was minimal. Using equation (3), the total Pt
masses determined by ICP-AES and observed as particles are

plotted together in figure 7. From this plot it is clear that all of
the deposited Pt appears in the particles and particle size
increase in a certain cycle is solely determined by the amount
Pt deposited.

A schematic representation of Pt nanoparticle formation
from the 1st cycle and the Nth (N>1) cycle is shown in
figure 8, based on our results. The particles are formed
through two processes: nucleation and growth, and the
increase in particle size from each cycle is determined solely
by the additional Pt deposited during that cycle. Although this
growth mechanism is based upon our data for the Pt/STO-
NCs system, the analysis can almost certainly be generalized
to other ALD syntheses.

Conclusions

In summary, ALD synthesized platinum nanoparticles sup-
ported on SrTiO3 nanocuboid surfaces are ultrafine and well-
dispersed. From HAADF imaging, it has been shown that the
electron probe size influences the apparent particle size
measurements but this can be taken into account by appro-
priate calibration measurements. During the initial cycle of
ALD the deposition process begins with nucleation followed
by growth, both occurring on a time scale that is fast relative
to the deposition time. The temperature dependence of the
final size is a consequence predominantly of the amount of Pt
deposited. With multiple cycles, the particle size increases
with the number of ALD cycles and the increase in size per
cycle is also determined by the incremental amount of Pt
deposited. The incremental increase in size per cycle is sig-
nificantly lower than that for the first cycle. This is likely due
to carbonaceous material left on the surface from decom-
position of the MeCpPt(Me)3 ligands. This growth model
should not be limited to Pt nanoparticles on STO-NCs sur-
faces but is expected to apply to other systems.

Figure 6. (a) C1s/Ti2p ratios from XPS measurements of Pt/STO-NCs deposited with different numbers of ALD cycles. (b) ICP-AES
measured net Pt loading change during a specific number of cycle.

Figure 7. Comparison of Pt loadings measured by ICP-AES and by
counting particles in HAADF images as a function of the number of
Pt/STO ALD cycles prepared at 200 °C and 300 °C.
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