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1. Introduction

For interfacial applications such as chemical sensing and
catalysis, maximizing the surface area-to-volume ratio of the
active species can ensure high chemical activity. Suppressing
deleterious losses in surface area through coalescence and
sintering mechanisms remains a key challenge. Furthermore,
creating well-dispersed nanoparticles with a high-surface area is
vital to the economic viability of many catalyst architectures that
employ noble metals such as platinum. Platinum nanoparticles (1–
3 nm in size) have recently shown an intriguing behavior to
aggregate without coalescence or sintering into clusters ranging
from 10 to 50 nm across [1,2]. Similar structures were observed
with FePt cluster deposition [3] whereas gold and indium cluster
deposition resulted in coalescence [1,2]. Such hierarchical
nanostructures appear to defy thermodynamic driving forces
and maintain long-term stability [2]. Using complementary high-
resolution microscopy and X-ray techniques, we report on the
formation of nanoparticle morphology for platinum on SrTiO3

(0 0 1) that possesses a similar structure where small Pt

nanoparticles have aggregated into clusters without complete
coalescence. Although platinum is the common ingredient to these
aggregate-based structures, the morphology observed herein
resulted from annealing ultra-thin platinum films evaporated
onto SrTiO3 (0 0 1) substrates. The Pt/SrTiO3 system serves as a
model photocatalyst system that can be employed to induce
hydrolysis for hydrogen production [4,5]. Photocatalytic perfor-
mance was directly correlated to ultra-thin Pt films on SrTiO3,
which presumably consisted of Pt nanoparticles but at that time
were not detectable with nondestructive methods [6]. This
material performance offers additional motivation for developing
hierarchical Pt nanostructures, which have a high-surface area and
are resistant to coalescence.

In addition to identifying another class of aggregate-based
platinum nanoparticle morphology, this report employs a multi-
length scale characterization methodology that offers flexibility
for quantifying the size and spacing of the nanoclusters and their
constituents. In the previous reports for cluster deposition, the
key dimensions were successfully obtained with transmission
electron microscopy (TEM) [1–3]. Our method employs a
combination of atomic force microscopy [7] (AFM) and grazing
incidence small-angle X-ray scattering [8] (GISAXS) to enable
direct observation and characterization of supported nanoparti-
cles. Surprisingly, AFM and GISAXS are not often paired together
despite the fact that the two techniques provide a very useful
means for quantifying the structural properties of supported
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The morphology of metal nanoparticles supported on oxide substrates plays an important role in

heterogeneous catalysis and in the nucleation of thin films. For platinum evaporated onto SrTiO3 (0 0 1)

and vacuum annealed we find an unexpected growth formation of Pt nanoparticles that aggregate into

clusters without coalescence. This hierarchical nanoparticle morphology with an enhanced surface-to-

volume ratio for Pt is analyzed by grazing incidence small-angle X-ray scattering (GISAXS), X-ray

fluorescence (XRF), atomic force microscopy (AFM) and high-resolution scanning electron microscopy

(SEM). The nanoparticle constituents of the clusters measure 2–4 nm in size and are nearly contiguously

spaced where the average edge-to-edge spacing is less than 1 nm. These particles make up the clusters,

which are 10–50 nm in diameter and are spaced on the order of 100 nm apart.
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nanoparticles [9,10]. GISAXS analysis accesses length scales
below the resolution-limit of AFM, while AFM evaluates length
scales above the GISAXS upper limit. Our initial GISAXS and AFM
analysis indicated the Pt nanoparticles were clustering without
total coalescence. These results were independently confirmed
using high-resolution scanning electron microscopy (SEM). The
characterization of these hierarchical nanostructures is an
important first step in their development as it shows that
structures of this nature are not necessarily confined to specific
support materials and geometries.

2. Materials and methods

Substrate preparation. SrTiO3 (0 0 1) substrates (10 mm �
10 mm � 1 mm, MTI Corp.) were ultrasonically cleaned for
5 min in acetone, isopropanol, and deionized water (18 MV/cm)
for 15 min. The substrates were then etched in a hydrofluoric acid/
ammonium fluoride solution (Riddel-de Haen part no. 40207; pH�
5) for approximately 45 s, and then the substrates were rinsed in
deionized water and dried with N2. After etching, the substrates
were loaded into a tube furnace with flowing O2 (�100 sccm) and
annealed at 1050 8C for 5 h. This treatment produces atomically
flat terraces terminated with titanium oxide [11,12]. After
annealing in oxygen, the substrates were immediately mounted
on a tantalum sample plate using spot-welded tantalum wire and
loaded into a high-vacuum chamber. The vacuum chamber was
maintained at a pressure between 10�9 and 10�10 Torr and
equipped with low-energy electron diffraction (LEED; Omicron),
Auger electron spectroscopy (Physical Electronics), and an electron
beam effusion source (Omicron). Prior to platinum deposition, the
substrates were annealed at 925 8C for 30 min in the vacuum
chamber using an indirect tungsten wire heater placed behind the
sample. LEED measurements before and after annealing indicated
the presence of the
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R33:7� surface reconstruction [13],
and Auger electron spectroscopy revealed a reduction of the
carbon peak to an undetectable level after annealing. Platinum
electron beam deposition of a 1.5 mm diameter Pt rod occurred in a
side chamber pumped by a turbomolecular pump where the
pressure did not exceed 10�9 Torr. The platinum source to sample
distance was 80 mm and the platinum temperature at deposition
was measured to be approximately 1750 8C. Platinum was
deposited for 10 min, which was followed by a 10 min post-
deposition anneal at 900 8C.

Imaging. AFM measurements were performed in air using a
Thermomicroscopes CP Research AFM operated in intermittent
contact mode. Silicon AFM tips (mMasch) with a nominal 10 nm
radius of curvature and cantilever resonant frequency of �70 kHz
were used. Image analysis included polynomial subtraction to
correct for curvature in the image resulting from piezo tube
motion. AFM heights were calibrated using the 0.39 nm atomic
steps of SrTiO3 (0 0 1) and the 0.32 nm steps of TiO2 (1 1 0). SEM
images were collected on the imaging column of a FEI Helios
system, which employs a field emission gun. The samples were
imaged without any additional treatment to improve conductivity
(e.g. gold coating).

X-ray measurements. GISAXS measurements were performed at
the Advanced Photon Source (APS) 12ID-C beam line. Scattered X-
rays were collected on a 2048 � 2048 CCD detector (MAR) after
passing through an evacuated flight path with a detector-to-
sample distance of 1 m for Eg = 11.50 keV and 2.1 m for
Eg = 8.00 keV. The scattering is given in terms of the scattering
vector or momentum transfer vector q = kf � ki, where ki and kf

are the incident and scattered wave vectors, respectively. It is
convenient to use the Cartesian components (qx, qy, qz) of
the momentum transfer where the vertical dimension (height)
of supported nanostructures is related to out-of-plane component

(qz) and the lateral dimension and spacing is related to the in-plane
component: qxy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

x þ q2
y

q
[14]. GISAXS data were calibrated

using a silver behenate standard, and images were corrected
for detector dark counts. X-ray fluorescence data (XRF)
were collected at the APS 5ID-C station using an energy-dispersive
silicon drift diode detector (Vortex, SII NanoTechnology) at
an incident photon energy of 15.00 keV. The platinum coverage
was determined through a comparison of the Pt La (9.40 keV)
X-ray fluorescence yield to a standard with a calibrated Pt
coverage.

3. Results

The XRF measured platinum total coverage is QT = 0.93 � 0.05
ML (monolayers), where 1 ML = 6.558 nm�2, which corresponds to
the 2D atomic density of Sr or Ti in a (0 0 1) plane of cubic-P SrTiO3

with lattice constant aSTO = 0.3905 nm. Fig. 1(a) shows a typical
AFM image of the Pt nanoclusters after preparation where they
decorate the surface with no particular order. The AFM was
performed in tapping mode and confirmed to have no significant
manipulation of the nanoclusters. The images also show features
related to the atomic steps of the SrTiO3, which can be used to
calibrate height measurements on an image-by-image basis.
Analysis of several AFM images yields an average nanoparticle
height of 4.6 nm with a distribution width of 1.2 nm, which is
represented by the histogram in Fig. 1(b). The average interparticle
spacing from AFM was 85 nm.

Fig. 2 shows the GISAXS data from the CCD detector collected at
two different conditions representing a course and a fine length
scale. For Fig. 2(a) (Eg = 8.00 keV) the GISAXS conditions emphasize
larger structures and analysis of horizontal line sections in qxy of
the CCD image enables the determination of the lateral dimension
(Rg) of the nanoclusters by way of the Guinier approximation [15],
which is based on the following expression for the scattered
intensity, I(qxy):

IðqxyÞ/ exp �1

3
R2

g q2
xy

� �
: (1)

Guinier analysis, Fig. 2(c), thus yields an average lateral
nanoparticle dimension of Rg = 18 nm, which is in agreement with
the AFM image of Fig. 1, taking into account the AFM tip
convolution. Fig. 2(a) also shows a scattering feature at higher
qxy that is more pronounced by the GISAXS data shown in Fig. 2(b).
It consists of an intensity lobe with a peak shaped feature that is
related to the pair distribution of nanostructures spaced on a finer

Fig. 1. AFM data. (a) Typical AFM image showing nanoparticles and the SrTiO3

(0 0 1) atomic terraces. (b) Histogram of the height measurements from several

AFM images. The average height of the nanoparticles from AFM is 4.6 nm with a

distribution width of 1.2 nm.
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scale than those observed with AFM. The horizontal and vertical
line cuts, Fig. 2(d and e), from the CCD data of this region were fit
using the IsGISAXS program [14] that incorporated a theory
framework including the distorted-wave Born approximation
[14,16–19] for a cylinder form factor and the local monodisperse
approximation [20] with 1D paracrystal model [14,21]. The fitting
results indicated that on this finer scale the lateral dimension,
height, and the center-to-center interparticle spacing are:
RP = 1.8 nm, hP = 1.9 nm, and D = 4.2 nm, respectively. The GISAXS
height measurement is an ensemble average of the vertical
dimensions whereas the AFM height measurement measures the
tallest particle in a cluster. These dimensions and spacing would
suggest that in the lateral direction the nanoparticles are nearly
touching. If this were a contiguous film of particles it would
constitute several monolayers of Pt, which would contradict the
XRF determined coverage. The uncertainties are�10% for the fitted
values from both the Gunier and GISAXS analysis.

In addition to collecting AFM and GISAXS data, we were able
to obtain high-resolution SEM images of the Pt nanoparticles
without the use of an additional conductive coating or treatment
to enhance the imaging properties. The SEM image in Fig. 3
shows features that support the AFM and GISAXS results.
Namely, nanoparticles are observed with a lateral dimension
between 10 and 50 nm that are spaced �100 nm apart as is the
case with the AFM data. These particles appear to consist of
smaller nanoparticles a few nanometers in size. The constituent
nanoparticles are comparable to the smallest nanoparticle
dimensions detected by GISAXS. In addition to the large
nanoparticles, there are features related to the atomic terraces
observed in AFM. The SEM image also shows a granular texture in
between the nanoparticles. We conclude that the texture does

not contain a significant (measurable) fraction of the total Pt
coverage, since the GISAXS data does not indicate a multi-modal
size distribution of individual Pt nanoparticles and the XRF
measured 1 ML Pt coverage can be accounted for by the volume
of the larger clusters as estimated from AFM and GISAXS. The
texture is most likely related to carbon deposition from the SEM

Fig. 2. GISAXS data, where qxy and qz are the in-plane and out-of-plane components of the scattering vector, respectively. (a) CCD data taken at Eg = 8.00 keV to emphasize

nanoparticle sizes similar to the nanoparticles in the AFM data shown in Fig. 1. The data also show scattered intensity in the region of qxy � 0.1 Å�1 that is related to lateral

features smaller than the resolution of the AFM tip. (b) CCD data taken at Eg = 11.50 keV that emphasizes the finer length scale near the qxy � 0.1 Å�1 region. (c) Guinier plot of

a lateral line cut at qz = 0.04 Å�1 from (a) where the slope of this line gives the average lateral nanoparticle dimension of 18 nm. (d) Vertical line cut at qxy = 0.11 Å�1 and fit that

gives the average nanoparticle height from GISAXS to be 1.8 nm. (e) Horizontal line cut at qz = 0.04 Å�1 and fit which gives a lateral dimension of 1.9 nm and center-to-center

spacing of 4.2 nm. The combined GISAXS analysis suggests that the platinum nanoparticles have a hierarchical structure where smaller nanoparticles have aggregated into

clusters without complete coalescence.

Fig. 3. High-resolution SEM image showing Pt nanoclusters. The size and spacing of

the clusters and their constituent nanoparticles agrees with the combined AFM and

GISAXS analysis. The image also shows the features due to atomic terraces.
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probe. The image was collected at an operating voltage of 3 kV
and 21 pA.

4. Discussion

Prior to obtaining the SEM images, the AFM and GISAXS
results were interpreted to suggest that platinum nanoparticles
have aggregated without coalescence or sintering to form
nanoparticle clusters. The addition of the SEM confirms the
presence of nanoparticle clusters; the large nanoparticles appear
to be hierarchal structures with an overall lateral dimension in
agreement with the Guinier analysis and AFM. The dimensions of
the components of the nanoclusters from SEM agree with the
GISAXS fitting of the data collected at the finer scale. The
formation of Pt nanoparticles that do not completely coalesce to
minimize the platinum surface area is a somewhat unexpected
result. The driving forces to minimize surface area normally
would lead to growth and coarsening mechanisms that would
broaden the size distribution as nanoparticles sinter and
coalesce.

Supported platinum nanoparticles have recently been observed
to display a resistance to such processes [1–3]. Using cluster beam
deposition sources, �2 nm platinum nanoparticles have been
deposited on various carbon supports at room temperature. TEM
images show that the nanoparticles aggregate into clusters where
the nanoparticles are spaced closely but not touching and do not
further sinter or coalesce. These studies compared the Pt behavior
to other elements such as gold and indium, both of which
underwent some form of sintering and coalescence. The mechan-
ism attributed to the cluster deposited nanoparticles resisting
complete coalescence involves the buckling of the carbon support
to create a diffusion barrier to the Pt species [2]. Alternative
mechanisms that may kinetically hinder thermodynamic forces
could be manifested through the chemical state of the Pt or a
physical barrier.

One possibility behind the formation of nanoparticle clusters
that do not completely sinter is related to both the Pt chemical
state and a physical barrier. Bulk metallic platinum is well known
to resist oxidation, but platinum nanoparticle properties are likely
to deviate from the bulk. The formation of platinum oxide
nanostructures on SrTiO3 (0 0 1) surfaces through thermal
processing is not surprising. Several related systems containing
platinum or palladium supported on TiO2 and SrTiO3 have been
shown to form encapsulating TiOx layers around the metal
nanoparticles upon annealing in vacuum [22–24]. The annealing
conditions we employ are thus likely to induce some significant
changes in the make-up of the platinum on the surface. However, it
is difficult to gauge if Ti species are also incorporated into the
nanoparticles, as discriminating TiOx species from Ti in bulk SrTiO3

constitutes a significant challenge. Presumably however, the
encapsulation of a TiOx species would lead to changes in the
chemical state of platinum. Thus, it is reasonable that our
annealing conditions brought about changes in the Pt nanopar-
ticles to prevent complete coalescence, which would further
indicate the promise that these Pt nanostructures have for
applications with harsh environments such as heterogeneous
catalysis.

5. Conclusions

We demonstrate the formation of Pt nanoparticles via
evaporation and annealing in vacuum that exhibits a peculiar
morphology that resists complete coalescence and reduction in
surface area. From AFM and SEM, the platinum appears to form
clusters of smaller nanoparticles that are 2–4 nm tall, 10–50 nm
across, and spaced �100 nm apart. GISAXS measurements support

these nanoparticle dimensions quantitatively and also indicate the
presence of nanoparticle clusters. Platinum hierarchical nanos-
tructures such as these and the cluster deposited Pt structures [1–
3] retain a high surface-to-volume ratio that is necessary for
maximizing chemical activity for applications such as catalysis.
These structures stand to significantly reduce the cost of using
noble metal catalysts as a high surface-to-volume ratio combined
with resistance to coalescence could yield longer catalyst service
and efficiency.
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