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One of the technologically most important requirements for the application of oxide-supported metal nanopar-
ticles (NPs) in thefields ofmolecular electronics, plasmonics, and catalysis is the achievement of thermally stable
systems. For this purpose, a thorough understanding of the different pathways underlying thermally-driven
coarsening phenomena, and the effect of the nanoparticle synthesis method, support morphology, and degree
of support reduction onNP sintering is needed. In this study, the sintering of supportedmetal NPs has beenmon-
itored via scanning tunneling microscopy combined with simulations following the Ostwald ripening and
diffusion-coalescence models. Modifications were introduced to the diffusion-coalescence model to incorporate
the correct temperature dependence and energetics. Such methods were applied to describe coarsening phe-
nomena of physical-vapor deposited (PVD) and micellar Pt NPs supported on TiO2(110). The TiO2(110) sub-
strates were exposed to different pre-treatments, leading to reduced, oxidized and polymer-modified TiO2

surfaces. Such pre-treatments were found to affect the coarsening behavior of the NPs.
No coarsening was observed for themicellar Pt NPs, maintaining their as-prepared size of ~3 nm after annealing
in UHV at 1060 °C. Regardless of the initial substrate pre-treatment, the average size of the PVD-grown NPs was
found to increase after identical thermal cycles, namely, from 0.5±0.2 nm to 1.0±0.3 nm for pristine TiO2, and
from0.8±0.3 nm to 1.3±0.6 nm for polymer-coated TiO2 after identical thermal treatments. Althoughno direct
real-time in situmicroscopic evidence is available to determine the dominant coarsening mechanism of the PVD
NPs unequivocally, our simulations following the diffusion-coalescence coarsening route were in significantly
better agreement with the experimental data as compared to those based on the Ostwald-ripening model. The
enhanced thermal stability of the micellar NPs as compared to the PVD clusters might be related to their initial
larger NP size, narrower size distribution, and larger interparticle distances.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The unusual structural, electronic, magnetic, and chemical properties
of metal nanoparticles (NPs) have found numerous applications in tech-
nologically important areas such as catalysis, molecular electronics, and
plasmonics [1–4]. Nevertheless, in order to take advantage of these new
material systems in a real-world industrial setting, a thorough under-
standing is needed of how those properties evolve under environmental
conditions such as elevated temperatures and exposure to liquid/gas re-
actants. Although new developments in NP synthesis methods provide
the capability of fabricating NPs in the sub-nanometer size regime,
unwanted coarsening phenomena commonly lead to the disappearance
of the small NP sizes and a broadening of initially narrow size distribu-
tions. This is a major drawback in fields such as catalysis, because a num-
ber of chemical processes are structure sensitive, and thermally-induced
changes in NP size and shape can result in a dramatic drop of activity due
1 4078235112.
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to the loss of surface area [5], a change in selectivity toward unwanted
byproducts, as well as catalyst deactivation [6].

The present study provides insight into an important aspect
influencing the commercial use of oxide-supported metal NPs, name-
ly, their tendency to coarsen at elevated temperatures. Despite the
fact that in industrially relevant catalytic combustion processes NP
sintering occurs at elevated temperatures (~900 °C) [7–11], most of
the basic in situ studies published to date describe a much lower tem-
perature regime. We study here coarsening phenomena in physical
vapor deposited (PVD) and micellar Pt NPs at more realistic temper-
atures, namely in the temperature regime of 930 °C to 1060 °C. We
also pay attention to the effect of the substrate pretreatment (mor-
phology and state of reduction) on the NP coarsening mechanisms.
Our model system, Pt/TiO2, is presently extensively used in catalysis
applications such as water splitting [12], sulfuric acid decomposition
[10], and photo-oxidation reactions [13].

Coarsening phenomena in nanoscale systems have been the subject
of intensive research efforts since a number of years, with particular
emphasis given to the effect of the initial NP size and size distribution
[14–17], as well as structure, morphology, and stoichiometry of the
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support [17–21]. Two main coarsening pathways have been consid-
ered: (i) Ostwald ripening, in which individual atoms detach from
small clusters and diffuse over the support surface until they join larger
NPs, and (ii) diffusion coalescence, in which entire NPs diffuse across
the support surface until they coalesce with other NPs. Previous litera-
ture reports have described coarsening phenomena in metal NP sys-
tems based on either model or a combination of both, a distinction
which was proven to be strongly dependent on the specific material
system under investigation. For instance, Thiel et al. [17] reported dif-
ferent coarsening trends for Ag islands on a Ag single crystal depending
on the orientation of the substrate surface, with Ostwald-ripening phe-
nomena preferentially occurring on Ag(111), and diffusion-coalescence
on Ag(100). Additionally, the dominant coarsening pathway was also
found to be susceptible to changes in the annealing temperature, time,
and chemical environment, with oxidizing environments typically lead-
ing to Ostwald ripening, and reducing atmospheres to diffusion-
coalescence [22]. Furthermore, a transition from diffusion-coalescence
to Ostwald-ripening was described for Cu islands on Cu(100) with in-
creasing temperature from 300 K to 343 K. On more closely related sys-
tems to the one under study here, Ostwald ripening phenomena were
held responsible for the sintering of Au NPs on TiO2 [16,23], while
diffusion-coalescence processes were found to occur for Pd on TiO2

[19,20,24].
Numerous previous studies have used the evolution of theNP size or

the shape of the NP size histogram as an indirect diagnostic tool to get
insight into the underlying coarsening mechanism, namely, whether it
is Ostwald ripening or diffusion/coalescence [16,19,20,22,25–31]. Fol-
lowing conventional coarsening models [25–30], NP size distributions
with a tail skewed toward lower NP sizes and a sharp cut-off have
been commonly assigned to Ostwald ripening processes,while distribu-
tions with a long tail (log-normal distribution) toward large NP sizes
have been attributed to processes dominated by NP diffusion and coa-
lescence. Surprisingly, the majority of experimental NP size distribu-
tions available in the literature are of the log-normal type [30,32],
even for processes where Ostwald-ripening has been demonstrated to
be themain coarseningmechanism [22,31]. In the past, such discrepan-
cy was attributed to the limitations of most microscopic methods at
detecting small NPs, but this is not true for the most recent studies
[22,32]. The work by Datye et al. [22] demonstrates that the shape of
the NP size distribution cannot be used to discern different coarsening
mechanisms, especially in cases where Ostwald ripening and diffusion
coalescence processes may occur simultaneously. In such complex
cases, the small NPs that should be always present during Ostwald rip-
ening processes could quickly disappear due to their enhanced size-
dependent mobility if the diffusion/coalescence pathway occurs con-
currently. Furthermore, in cases where the initial NP size distribution
might be of the log-normal type, it might take a very long time for a
low-size tail to develop in the size histogram, even when Ostwald rip-
ening is dominant.

A better agreement between experimental data and coarsening sim-
ulations following the Ostwald ripening model was obtained by Parker
and Campbell [14–16] by incorporating a size-dependent surface ener-
gy in their model and by using an exponential function in the formula-
tion of the ripening rates instead of a first-order approximation of the
associated Taylor series. Both modifications lead to less asymmetric
NP size histograms, although broadening and a low-size tail were still
observed. Using the mean field approximation, a model for diffusion-
coalescence processes was introduced by Smoluchowski [25,26]. As-
suming a simple power law for the NP's diffusion coefficient, the scaling
behavior of this model was studied by Kandel [29], and a size histogram
with a tail skewed toward larger sizes was found to gradually develop
over long periods of time [29]. However, the former model fails at pro-
viding the correct description of coarsening phenomena occurring over
short periods of time.

Despite the high level of detail included in the various coarsening
models available [16,20,29], relatively little attention has been given
to the effect of the morphology and stoichiometry of the NP support,
the strength of the NP/support bonding, and the NP synthesis meth-
od. In the present work we use a combination of controlled NP prep-
aration, STM, and theoretical modeling to address these effects. First,
we use bench-mark Pt NPs grown by PVD in ultrahigh vacuum (UHV)
on pristine TiO2(110) surfaces to illustrate NP mobility, step decora-
tion and coarsening phenomena. Secondly, we introduce modifica-
tions in the morphology and reducibility of the TiO2 support
(polymer-coating followed by an oxygen plasma treatment) to
mimic the preparation conditions of micellar NPs, and study how
such modifications relate to the observed changes in the coarsening
behavior. Finally, we discuss the enhanced thermal stability of the
self-assembled and geometrically well-defined metal NPs synthe-
sized by inverse micelle encapsulation methods [33,34]. The narrow
NP size distributions that can achieved by using the latter synthesis
allow us to better follow any coarsening phenomena occurring in
these samples, since log-normal distributions with tails skewed to-
ward high NP sizes are not present on the as-prepared samples.

2. Experimental and theoretical methods

2.1. Sample preparation

Two samples were synthesized by evaporating submonolayer
coverages (0.09 ML) of Pt on two differently-prepared TiO2(110)
substrates at a deposition rate of 1.5×10−3 ML/s (1 ML is defined
as 1.5×1015 atoms/cm2) measured by a quartz microbalance. Sam-
ple 1 (S1) consisted of Pt NPs evaporated at room temperature on
pristine TiO2(110) and subsequently annealed in UHV at 830 °C,
930 °C, 1030 °C and 1060 °C for 10 min. Prior to the deposition of Pt
the TiO2(110) crystal was cleaned by several cycles of Ar+ sputtering
(P[Ar+]=1×10−6 mbar, 1 keV, 5 μA) for 45 min and annealing at
900–1000 °C for 20 min. This procedure was repeated until large
(1×2)-TiO2 terraces were observed by STM [35]. All experiments
were conducted on a TiO2(110) crystal of dark blue color, which indi-
cates its bulk reduction. Such crystal has sufficient conductivity for
STM imaging, and displays a bandgap of about 3.2 eV according to our
scanning tunneling spectroscopy measurements (Suppl. Fig. S1).

In order to test whether the roughness of the substrate (e.g. ter-
race width, presence of defects, etc.) and/or stoichiometry (degree
of TiO2 reduction) affects the coarsening behavior of the deposited
NPs, a second sample (S2) with a polymer-modified [PS(27700)-
P2VP(4300) dissolved in toluene] surface was prepared. The same
Pt coverage as in S1 (0.09 ML) was evaporated at room temperature
on the polymer-modified TiO2(110) support (S2).

A third sample consisted of micellar Pt NPs supported on TiO2(110)
(S3) prepared by reverse micelle encapsulation [33] as described in de-
tail elsewhere [2,34,36–38]. The diblock copolymer used for this syn-
thesis was the same one employed to modify the TiO2 surface in S2,
with the difference that in the latter case the polymeric micelles were
loaded with Pt, with a metal salt-to-P2VP weight ratio of 0.6.

Sample 1 was prepared in UHV, while S2 and S3 were introduced
into our UHV system after substrate functionalization with the PS-
P2VP polymer (before Pt NP deposition for S2 and after the dip-
coating of the micellar Pt NPs for S3). The removal of the polymer
ligands from S3 was achieved by an in situ O2-plasma treatment (O2

pressure=4×10−5 mbar, 120 min) at room temperature. Sample 2
was subjected to an analogous treatment to remove the polymer from
the substrate surface after the deposition of Pt in UHV. X-ray photoelec-
tron spectroscopy (XPS) measurements (Al–Kα, 1486.6 eV) conducted
after the latter treatment corroborated the complete disappearance of
the polymeric C-1s signal from the micellar sample (S3). Although the
C-1s signal completely disappeared after the O2-plasma for S3 (micellar
NPs surrounded by a thin polymeric layer), a small C signal was
detected for S2 (evaporated NPs deposited on a thick polymer layer)
after the first annealing treatment at 930 °C, which was assigned to
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polymeric carbon leftover from the TiO2 pre-treatment likely trapped
underneath the NPs. Nevertheless, no C was detected by XPS for any
of the samples after the subsequent annealing at high temperature
(>930 °C) (see Suppl. Fig. S2), which is the starting point of our coars-
ening study. After the atomic oxygen exposure, the micellar sample
(S3) was isochronally annealed in UHV in 100 °C intervals from 300 °C
to 900 °C for 20 min and from 1000 °C to 1060 °C for 10 min. Sample
2 experienced a thermal treatment identical to that of S1. The NPs in
S2 and S3 are oxidized (PtO2) after the O2-plasma treatment but subse-
quently reduced after annealing above 300 °C [39].

The comparison of all three samples directly after NP deposition at
RT was not possible due to the strong enhancement of the roughness
of the TiO2 substrate observed after the O2-plasma treatment applied
to S2 and S3 to remove the organic ligands used in the synthesis. Such
treatment gives rise to TiOx clusters on the support surface which
cannot be easily distinguished from small Pt NPs based exclusively
on morphological measurements. Therefore, the comparison of the
sintering behavior of all three samples was done after an annealing
treatment above 900 °C, which was found to lead to a flatter TiO2

morphology that could be atomically resolved.
STM images were acquired at room temperature after annealing

from 930 °C to 1060 °C. An electrochemically-etched W tip was used.
The tip was cleaned in UHV by Ar+ sputtering before each STM session.
The base pressure of the STM chamber was 1×10−10 mbar. The scan-
ning parameters usedwere: It=0.1 nA and Vt=1.2 V. Due to tip convo-
lution effects, the NP diameter obtained by STM overestimates the real
diameter [19,20,40,41], and since the tip shape might also change dur-
ing the measurements, it cannot be reliably used for comparison pur-
poses. Since the measured NP height is independent of the tip shape,
it is used here as representative size parameter. Throughout this manu-
script, when NPs were observed at TiO2 step-edges, the average height
of the top and bottom TiO2 terraces was used as height reference.

2.2. Simulation methods

The following models have been applied to simulate the coarsen-
ing mechanisms of Pt NPs prepared using two distinct synthesis
methods (PVD and micelle encapsulation) and supported on differ-
ently treated TiO2(110) surfaces. Each simulation requires two sets
of measurements: (i) one initial experimental NP size distribution
as the starting point of the simulation which is being subjected to a
thermal treatment, and (ii) a measurement of the final state of the
sample (size histogram) after the thermal treatment, which is used
to compare with the results of the simulation. Therefore, based on
three sets of STM images acquired after annealing at 930 °C, 1030 °C
and 1060 °C, two sets of simulations can be carried out: (i) from
930 °C to 1030 °C, and (ii) from 1030° to 1060 °C. The former will
be compared with the experimental 1030 °C and 1060 °C STM size
histograms, respectively.

2.2.1. Ostwald ripening
Following the Ostwald-ripening model, atoms detach from small

NPs and move randomly over the substrate surface until they find an-
other particle to join. It should be considered that small NPs lose
atoms at a higher rate as compared to larger clusters due to size-
dependent energetics. As a result of this phenomenon, the larger par-
ticles grow in size at the expense of the smaller ones, until the latter
completely disappear. The overall result is a shift of the NP size distri-
bution to higher values and a decrease in the density of NPs on the
substrate surface. For an interface-limited Ostwald-ripening process,
in which the rate limiting step is the detachment of metal atoms
from the NP perimeter (in contact with the support), the rate of
change of the size of a particle with radius R is [14,16,27,28]:

dR
dt

¼ K
R
exp

−Etot
kBT

� �
exp

E R�ð Þ
kBT

� �
− exp

E Rð Þ
kBT

� �� �
; ð1Þ
where kB is the Boltzmann constant and R⁎ is a critical NP radius that
represents a NP size in unstable equilibrium for which the particle ra-
dius remains constant due to a compensation effect based on the
number of incoming atoms arriving to a NP being the same as that
of the atoms leaving the particle. E(R) is the difference between the
heat of adsorption of a metal atom in a NP of radius R and the corre-
sponding bulk sublimation enthalpy (Hsub in Suppl. Fig. S3), Etot is the
total energy barrier of the system, and K is a parameter which de-
pends on the specific NP material, the vibrational frequency of a
monomer on the NP, and the contact angle of the metal NP with the
support (assumed to be 90° here) [15,16,27,28].

Since the surface energy is expected to be size-dependent for
NPs smaller than ~5 nm, the formulation of the heat of sublimation
previously used by other groups [18–20,27,30] assuming a constant
surface energy and giving rise to a 1/R size dependency is not valid
for the calculations of E(R) in Eq. (1). Instead, the modified bond-
additivity model (MBA) must be used [14–16]. Suppl. Fig. S3 dis-
plays the heats of sublimation that we have extracted following
the MBA model using Wulff-like NP shapes [1,42–44] instead of
previously considered pyramidal shapes [14–16]. The former
shapes are expected to be a better representation of the most com-
monly observed experimental NP geometries [1,42–44]. E(R) was
obtained by subtracting the heat of sublimation of bulk Pt
(563 kJ/mol) from that obtained from the MBA model for the Pt
NPs (Suppl. Fig. S3).

In addition, the critical radius (R⁎) in Eq. (1) should be defined in a
way that satisfies the mass conservation pre-requisite, e.g., no atoms
are expected to be lost during the coarsening process at the particular
temperatures considered [45]. We have ensured mass conservation
by setting Σ dVtot/dt=0, where Vtot is the total volume of the NPs.
This allows us to determine the critical energy E(R⁎) in Eq. (1)
following:

E R�� � ¼ kBT ln ∑Ri exp
E Rið Þ
kBT

� �
=∑Ri

� �
: ð2Þ

One important practical challenge in the use of Eq. (1) to obtain
the time dependent R(t) for many particles is the fact that widely dif-
ferent time scales are involved in the coarsening. The reduction of
the size of NPs with a radius well below the critical radius and the
continued reappearance of small clusters occur extremely rapidly
at elevated temperatures (10−4–10−7 s). In order to follow such ef-
fects while maintaining mass conservation using Eq. (2), very fine
time steps are needed in the models during the entire thermal treat-
ment [45]. Such small time steps result in computationally intensive
calculations, especially for the industrially relevant time scales of
coarsening, which are in the order of months to years. To overcome
this issue we have introduced a newmethod to reduce the computa-
tion time by several orders of magnitude while ensuring mass con-
servation. Our approach is to use numerical methods to find the
effective critical energy E(R⁎) that conserves the total mass during
the desired time step (as large as several seconds). The change
in the total volume (ΔV) obtained from an initial guess of R⁎ is calculat-
ed, and a bisection method implemented to find the root of ΔV[E(R⁎)].
Since the change in R⁎ is gradual, the bisection method was found to
converge very fast, and E(R⁎) can be calculated within a few iterations.
Therefore, instead of running the simulation with a very fine time step
(e.g. a time step of 10−5 s needs 105 calculations for each second of sim-
ulation), similar results satisfying mass conservation can be achieved
by using larger time steps (e.g. 1 s) and doing just a few numerical
calculations.

2.2.2. Diffusion-coalescence
In addition to the model discussed above, the possibility of particle

diffusion and sintering must also be taken into account. Following the



Fig. 1. STM images of 0.09 ML of Pt evaporated on pristine TiO2(110) acquired at room
temperature after annealing in UHV at 930 °C (a,b), 1030 °C (c,d), and 1060 °C (e,f) for
10 min.
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mean field approximation, the rate of change of the density of NPs on
a substrate is given by [18–20,25,26]:

∂f v; tð Þ
∂t ¼ ∫v

0Dc v′
� 	

f v′; t
� 	

f v−v′; t
� 	

dv′−∫∞
0 Dc vð Þ þ Dc v′

� 	h i
f v; tð Þf v′; t

� 	
dv′;

ð3Þ

where Dc is the diffusion constant of the NPs [18–20], v is the NP vol-
ume, and f(v) is the density of NPs with volume v. It is assumed that
the NPs are distributed randomly on the support and that the proba-
bility of interparticle collision is proportional to their surface density
as well as to their mobility.

The diffusion constant of the NPs (Dc) is proportional to the densi-
ty of adatoms on the NP surface (ρ) and has a 1/r4 size dependence
[18–20]. However, the previous formulations were only valid for the
comparison of isothermal experiments [18,19]. In order to overcome
this shortcoming, we have introduced the following expression for ρ:

ρ ¼ ρ0 exp
−EAF Rð Þ

kBT

� �
; ð4Þ

where ρ0 is the density of adatoms at infinite T, which is the same as
the surface density of metal atoms [≈1.5×1019 atoms/m2 for the
platinum (111) surface]. The adatom formation energy barrier (EAF)
is the energy needed for an atom to migrate from the core of the NP
to the surface, and is equal to the heat of sublimation minus the bind-
ing energy of the adatom to the surface. Here, the size effect is implic-
itly included in EAF(R), and therefore, using the proper EAF(R) is the
key to obtain the correct diffusion equation. We have used in our sim-
ulations the results of molecular dynamics (MD) and nudged elastic
band (NEB) calculations by Yang et al. [46] for the adatom formation
energy of clusters with Wulff polyhedral shape, Suppl. Fig. S3.

Following the above considerations, a modified description of the
diffusion coefficient of a NP with radius R is proposed:

Dc R; Tð Þ ¼ KSρ0D
Pt
0
3Ω2

πR4 exp
− Ed þ EAFð Þ

kBT

� �
; ð5Þ

where KS is a constant which takes into account the support effect, D0
Pt

is a pre-exponential factor of Pt, Ed is the Pt self-diffusion barrier. Ω is
the Pt atomic volume, and R is the NP radius.

Eqs. (3) and (5) can be used to calculate the time evolution of the
NP size distribution. We have introduced an efficient matrix-based
calculation to simulate Eq. (3), which is equivalent to its direct inte-
gration, but that overcomes the statistical errors associated with the
random collision method [29]. First, a volume vector V is constructed
containing monotonically increasing values of NP volumes, vi. Then,
for a given instant of time, the volume histogram vector is con-
structed, Fi= f(vi), in which each element contains the population of
NPs with volume vi. In the next step, the diffusion coefficient vector
Di=D(vi) is calculated, with each element being the diffusion coeffi-
cient of a cluster with size vi. The time evolution matrix is given by:

T ¼ FT DoFð Þ or Tij ¼ Fi Dj:Fj
� 	

; ð6Þ

where “o” denotes the Hadamard product of the two matrixes. Tij is
the collision rate of clusters with volume vj moving toward clusters
with volume vi. This simple matrix multiplication provides all the in-
formation needed to determine the time evolution of a NP size distri-
bution within a given time step. The change in the population of
clusters with volume vi after a time step dt is obtained from:

df við Þ ¼ ∑
k¼j−i

Tjkdt−∑
j

Tij þ Tji

� 	
dt; ð7Þ

where the first and second terms on the right hand side, represent the
first and second integrals in Eq. (3).
3. Results

3.1. Pt NPs evaporated on pristine TiO2(110)

Fig. 1 displays room temperature STM images of NPs grown by evap-
orating 0.09 ML of Pt on pristine (sputtered/annealed) TiO2(110). The
images correspond to a sample that was subsequently isochronally
annealed in UHV at 930 °C (a,b), 1030 °C (c,d), and 1060 °C (e,f) for
10 min (S1). The atomically-resolved (1×2) reconstruction of the par-
tially reduced TiO2(110) support can be seen in these images. This sur-
face reconstruction is typical of strongly reduced TiO2 surfaces [18,35].
Fig. 1 shows the presence of Pt NPs over the entire TiO2 surface at
930 °C. However, with increasing annealing temperature (>1000 °C),
preferential decoration of TiO2 step sites is observed, although some
NPs still remain on terraces of the support even at 1060 °C. The steps
on this TiO2 surface are not primarily oriented along [001], which is
known to be one of the most stable step orientations after high temper-
ature annealing [18]. The latter is assigned to insufficient annealing time
during our experiments to achieve the most stable step orientation.

Histograms of the NP height and interparticle distance obtained
from these STM images are included in Fig. 2. An increase in the average
NPheight from0.5±0.2 nm to 1.0±0.3 nm is observedwith increasing
annealing temperature from 930 °C to 1060 °C, Fig. 2(a). As expected in



Fig. 2. Height (a) and interparticle distance (b) histograms obtained from the STM data
of Pt NPs evaporated on pristine TiO2(110) shown in Fig. 1 after annealing at 930 °C
(squares), 1030 °C (triangles), and 1060 °C (circles).
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coarsening processes, the increase in the NP height is accompanied by a
parallel decrease in theNP density on the support, Table 1(a), and an in-
crease in the interparticle distance, Fig. 2(b).

As mentioned before, the NP diameter obtained via STM for 3D NPs
cannot be trusted due to tip-convolution effects [18–20,40,41]. However,
STM measurements provide reliable information on the NP height (h)
and surface density, parameters that in combinationwith the total evap-
orated thickness estimated from the quartz microbalance can be used to
gain insight into the NP shape. By assuming that no material has been
lost during the different annealing treatments, the total volume of all Pt
NPs in our sample should be the same at each temperature. This volume
can be extracted from the quartz microbalance measurements. In order
to gain insight into the NP shape (aspect ratio φ=height/radius), an ini-
tial guess of the shape can be made, for example, hemispherical, and the
total volume of Pt can be calculated based on the STM-measured NP
height and cluster density. If the latter total STM volume is different
from the one obtained from the quartz microbalance, it could be con-
cluded that a wrong assumption for the NP shape was made, and that a
different aspect ratio must be considered. Following this idea, the NP as-
pect ratio can be adjusted (0bφb2) for all STMmeasurements at a given
temperature in order to satisfy themass conservation criterion. For trun-
cated spherical NPs (of radius R and height b2R), the NP volume is
obtained from: vi=(1/φ−1/3)πhi3. These calculations were done using
individual NP heights (hi) measured by STM. Table 1 shows the calculat-
ed aspect ratios following the above approach after each annealing treat-
ment. The aspect ratios correspond to an average of those from small and
large NPs present on the support surface at a given temperature. An in-
crease in the average aspect ratio is observed with increasing average
Table 1
Average NP height (h), interparticle distance (IP), density of NPs on the support, and
aspect ratio extracted from the analysis of RT STM images acquired after annealing at
the indicated temperatures. The data displayed correspond to Pt NPs evaporated on
(a) pristine TiO2(110), (b) polymer-coated TiO2(110), and (c) micellar Pt NPs deposit-
ed on TiO2(110). The standard deviations are included in parenthesis.

Height
(nm)

IP distance
(nm)

Surface density
(NP/m2×1015)

Aspect ratio
φ

(a) Pt NPs evaporated on pristine TiO2(110) — S1
930 °C 0.5 (2) 7 (3) 25.6 0.6
1030 °C 0.8 (3) 9 (4) 11.3 0.9
1060 °C 1.0 (3) 12 (5) 7.3 1.0

(b) Pt NPs evaporated polymer-coated TiO2(110) — S2
930 °C 0.8 (3) 9 (4) 13.5 0.9
1030 °C 1.0 (4) 11 (5) 7.5 1.0
1060 °C 1.3 (6) 13 (7) 3.8 1.1

(c) Micellar Pt NPs deposited on pristine TiO2(110) — S3
1000 °C 3.1 (6) 28 (5) 1.3 –

1060 °C 3.0 (7) 31 (7) 1.3 –

1060 °C 2nd 3.0 (9) 30 (7) 1.4 –
NP size (height), suggesting that NP-support interactions are weaker
for the larger NPs. Although this result is obtained for truncated spherical
NP shapes, it is also expected to be valid for other shapes.

Since the pristine substrate was already annealed at high tempera-
ture before Pt evaporation, the support is not expected to change signif-
icantly upon annealing [the original (1×2) reconstruction remains],
and the change in the shape of the NPs cannot be attributed tomorpho-
logical changes of the support surface. For our 3D NPs, the larger the
NPs, the lowerwill be the influence of interfacial effects. A similar effect
was reported by Yang et al. [47], since Au NPs larger than 4.6 Å deposit-
ed on TiO2(110) were found to be less sensitive to the oxygen content
on the TiO2 surface than smaller NPs. Jak et al. [18–20] also described
an increase in the aspect ratio of Pd NPs supported on TiO2(110) upon
annealing treatments in UHV at 672 K.

3.2. Pt NPs evaporated on polymer-modified TiO2(110)

In order to test whether the roughness of the substrate (e.g. terrace
width, presence of defects, etc.) and/or stoichiometry (degree of TiO2 re-
duction) can affect themobility of the depositedNPs,we have prepared a
second sample in which the clean pristine TiO2(110) substrate was ini-
tially ex situ coated by a thin layer of the PS-P2VP diblock copolymer.
Pt NPs (0.09 ML) were evaporated in UHV on the polymer-coated TiO2

surface at room temperature and subsequently exposed to an O2-plasma
treatment and isochronal annealing from 930 °C to 1060 °C for 10 min,
Fig. 3. Although the strong reduction of our bulk TiO2(110) crystal used
Fig. 3. STM images of 0.09 ML of Pt evaporated on polymer-coated TiO2(110) taken at
room temperature after an O2-plasma treatment and subsequent annealing at 930 °C
(a,b), 1030 °C (c,d), and 1060 °C (e,f) for 10 min.
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in these experiments was evident from its dark blue color, the former
treatment results in a lower degree of reduction of the TiO2 surface as
compared to the pristine sample. Nevertheless, after our high tempera-
ture annealing, the same (1×2) reconstruction is observed for both sam-
ples. The STM images in Fig. 3 reveal a rougher morphology (narrow
terraces) of the TiO2 surface after the above treatment as compared to
pristine TiO2, which is characterized by much wider terraces at the
same temperatures. Moreover, straight TiO2 steps with a preferential
[001] orientation are observed in the polymer-coated TiO2 sample after
O2-plasma and annealing, while rounder steps appear on the pristine
TiO2. This result indicates that the initial presence of the polymer and
atomic oxygenpre-treatment affect the subsequentmorphology (terrace
width and preferential step direction) of the TiO2 surface upon high tem-
perature annealing. Even in the absence of NPs, the TiO2 surface is known
to form elongated steps along [001] at high temperature (>900 °C) in
order to accommodate a non-stoichiometric composition without
destroying the crystalline structure [18]. It is interesting that we do not
see these steps on the pristine TiO2 sample after an analogous annealing
treatment.We attribute the difference to the distinct roughness and stoi-
chiometry of both supports. An enhanced roughness is expected for the
polymer-coated and O2-plasma-treated surface. Ex situ AFM investiga-
tions of the TiO2(110) surface by Jak [18] also revealed relatively narrow
[001] steps on rough TiO2 surfaces upon air exposure.

After annealing at 1060 °C [Fig. 3(e,f)], the majority of the NPs on
this sample can be found at TiO2 steps. Since during Pt evaporation all
the steps and defect sites on the TiO2 surface were masked by the
polymer in this sample, our NPs did not initially form by nucleation
at steps (strong binding sites). Instead, significant mass transport
(Pt atoms and/or clusters) must have occurred during the O2-plasma
and subsequent thermal treatment. In analogy to the case of the Pt
NPs evaporated on the pristine TiO2(110) surface, the size histogram
from this sample reveals an increase in the average NP height (from
~0.8 nm at 930 °C to 1.3 nm at 1060 °C) [Fig. 4(a)] and an increase
in interparticle distance [Fig. 4(b)] with increasing annealing temper-
ature. These effects are accompanied by a decrease in the NP density
on the support surface, Table 1(b). An increase in the NP aspect ratio
is also observed for this sample with increasing annealing tempera-
ture, indicating the decrease in the binding energy of the NPs to the
support. As mentioned before, the TiO2 substrate in this sample was
exposed to air (ex situ polymer coating) before NP deposition, and
subsequently O2-plasma treated in UHV (after Pt NP deposition),
leading to an oxidized TiO2 surface. However, each subsequent
annealing cycle in UHV at high temperature is expected to further re-
duce the TiO2 surface, strengthening thus the binding of the Pt NPs to
TiO2, since oxygen vacancies have been reported to be preferential
binding sites for metal NPs [19,41,47–52]. Nevertheless, the increase
in the aspect ratio observed (more 3D-like NPs) in spite of the
Fig. 4. Height (a) and interparticle distance (b) histograms obtained from the STM data
of Pt NPs evaporated on polymer-coated TiO2(110) shown in Fig. 3 after an O2-plasma
treatment and subsequent annealing at 930 °C (squares), 1030 °C (triangles), and
1060 °C (circles).
increase in the degree of reduction of the support surface (that should
have lead to 2D NPs) can be understood as a size effect, since the in-
terface effect is not as important for the larger NPs formed due to
coarsening.
3.3. Micellar Pt NPs/TiO2(110)

Fig. 5 displays STM images from micellar Pt NPs dip-coated on
TiO2(110) (S3) after polymer removal and subsequent isochronal
annealing in UHV at 1000 °C (a,b), 1060 °C (c,d), and 1060 °C-2nd
(e,f) for 10 min. The micellar NPs displayed an enhanced thermal sta-
bility as compared to UHV-evaporated Pt clusters, although a bimodal
size distribution is also observed on this sample after prolonged
annealing at 1060 °C (1060-2nd, 20 min), Figs. 5(e,f) and 6(a). Inter-
estingly, the average interparticle distance and the histogram width
did not experience changes upon annealing, Fig. 6(b). Since NPs larg-
er than the original average size were not found on this sample upon
annealing, Fig. 6(a), the bimodal size distribution observed here can-
not be attributed to coarsening. Possible reasons for such NP size dis-
tribution are either Pt desorption after prolonged annealing at
1060 °C, or intrinsic errors in the determination of the NP height for
this sample by using as reference either the top or the bottom ter-
races of the TiO2 substrate for NPs located at the step edges.
Fig. 5. STM images of micellar NPs deposited on TiO2(110) acquired at room tempera-
ture after polymer removal by an in situ O2-plasma treatment and subsequent isochro-
nal annealing in UHV at 1000 °C (a,b), 1060 °C (c,d), and 1060 °C-2nd (e,f) for 10 min.
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Fig. 7. Thermal evolution of the number of Pt NPs present on the terraces and at step
edges for evaporated (a) as well as micellar samples (b).

Fig. 6. Average height and interparticle distance histograms obtained from the STM im-
ages of micellar Pt NPs shown in Fig. 5 as a function of the annealing temperature. Iso-
chronal annealing (10 min) was carried out in UHV at 1000 °C (open circles), 1060 °C
(open triangles), and 1060 °C-2nd (closed squares).
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4. Discussion

4.1. STM observations

The data shown above reveal clear changes in the stability of Pt NPs
as a function of the preparation method, with micellar Pt NPs being sig-
nificantly more stable than UHV-evaporated NPs on TiO2(110). In addi-
tion, in agreement with previous literature [18–20,41,47–49,52], the
coarsening of evaporated Pt NPs appears to be affected by the pre-
treatment underwent by the support, which leads to drastic changes
in its morphology and stoichiometry (surface reduction). For Pt NPs
evaporated in UHV, we have observed enhanced coarsening when the
NPs were deposited on the polymer pre-coated TiO2 surface (S2), as
compared to pristine (sputtered/annealed) TiO2 (S1), indicatingweaker
NP/support binding in S2. This effect could be partially attributed to the
distinct pretreatment that the TiO2 support in S2 underwent prior to the
evaporation of Pt NPs, since due to the initial polymer-coating of the
TiO2 surface in S2 the Pt NPswere not able to nucleate on stable binding
sites such as O-vacancies. In addition, the O2-plasma pre-treatment
conducted on S2 after Pt evaporationmight have affected the initial sta-
bility of the NPs. As will be discussed below, the O2-treatment does not
only modify the surface of the TiO2 support, but also that of the Pt NPs,
including their oxidation state. For example, Datye et al. [22] explained
the enhanced sintering behavior of Pt NPs in air as compared to that
under reducing conditions based on the formation of volatile PtOx spe-
cies leading to more favorable interparticle mass transport. Although
the larger (~3 nm) micellar Pt NPs (S3) were exposed to the same O2-
plasma treatment as S2 but did not display anymobility, smaller Pt clus-
ters (S2) are known to experience a more facile oxidation and stronger
oxygen binding [39,53], and are therefore expected to bemore affected
by the oxygen pre-treatment. Nevertheless, the above arguments can
only be used to explain the higher coarsening rate of the Pt NPs on the
polymer-coated sample well below 930 °C, but not within the temper-
ature regime employed here to monitor coarsening (930 °C–1060 °C).
At such elevated temperatures, the Pt NPs and the TiO2 surface are re-
duced on all three samples.

We consider that the different coarsening trends observed when
comparing S1 and S2 after annealing above 930 °C are due to either
strong metal support interactions and/or to morphological (rather
than chemical) changes induced on TiO2 by the pre-treatment. It is
known that Pt NPs are more prone to become encapsulated by TiO2

on a reduced TiO2 substrate [49], and it is possible that the higher extent
of TiOx encapsulation on the pristine sample (strongly reduced, S1) as
compared to the polymer-coated sample (more oxidized up to 800 °C,
S2) is partially responsible for the higher stability against coarsening
of S1 [49]. The morphological differences between the TiO2 surfaces in
S1 and S2 mentioned above are related to the fact that step edges,
known to stabilize NPs [50,54,55], are available on S1 (pristine TiO2)
before Pt deposition, while they only form on the polymer-coated and
O2-plasma treated S2 after high temperature annealing.

Jak [18–20] reported a higher growth rate and decoration of steps
for Pd NPs evaporated on mildly reduced TiO2(110), while Pd evapo-
ration on strongly reduced TiO2 surfaces gave rise to smaller NPs dis-
tributed over the terraces. On the latter surface, the NP mobility was
so low that a significant fraction of the NPs were not able to reach
the energetically favorable step sites. Analogous findings were
reported for Pt [41], Au [51], Cu and Ni on TiO2(110) [54]. We observe
a similar behavior in our samples, since some clusters are still seen on
the terraces for the Pt/pristine-TiO2 sample at 1060 °C (S1).

Additionally, the work by Goeke and Dayte [32] on the mobility of
large Pd clusters deposited on SiO2 and Al2O3 revealed an enhanced
rate of sintering for Pd/Al2O3, even though that system is character-
ized by stronger metal/support interactions than Pd/SiO2. A NP/sup-
port combination, where strong metal/support interactions are
expected (Pt/pristine-TiO2), does not necessarily lead to more stable
NPs. To the contrary, in such cases, the support may assist the mobil-
ity of NPs and atoms, leading to more pronounced coarsening pat-
terns at least through the Ostwald-ripening pathway.

Fig. 7 shows the percentage of NPs found on terraces and at step
edges for all Pt NP samples. Both evaporated samples show an in-
crease in the percentage of NPs at step edges with increasing anneal-
ing temperature, while the micellar sample showed the opposite
trend. As was discussed before, the micellar NPs are not mobile, but
its presence on the TiO2 surface leads to changes in its morphology
(e.g. the presence of narrower terraces or formation of TiO2 nanos-
tripes [34,64]). With increasing annealing temperature, wider ter-
races and a lower density of step edges are observed in all samples,
but the mobile evaporated Pt NPs can still reach those sites, while
the immobile micellar NPs won't follow the changes in the support
morphology. Despite the lower number of step edges available, the
increase in the number of evaporated NPs (S1 and S2) decorating
steps after annealing at high temperature is a signature of coarsening.
Both coarsening mechanisms could result in NP step-edge decoration.
In an Ostwald-ripening model, the step edges would stabilize the NPs
and therefore reduce the rate of departing atoms, and eventually
favor the growth of NPs at those sites in detriment of those at ter-
races. On the other hand, in a diffusion-coalescence model, the step
edge stabilization would diminish the diffusion of the NPs decorating
the steps, and therefore, more mobile NPs (e.g. those at terraces)
would eventually coalescence with the stationary (pinned) NPs at
the step edges. Therefore, at the elevated temperatures investigated
here, coarsening by either Ostwald ripening, diffusion-coalescence,
or a combination of both processes, is possible.

Although the shape of the size histograms has been used in the
past to differentiate the two fundamental coarsening models
(Ostwald-ripening versus diffusion-coalescence), this approach has
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been questioned by many authors [22,23,32,56]. Howard et al. [56]
have studied the mobility of Pd NPs on TiO2(110) using high tempera-
ture STM. Although the size histogram obtained after 240 min annealing
in UHV at 750 K was skewed toward larger sizes (as expected
for diffusion-coalescence), a clear evidence for the diffusion-
coalescence mechanism was not observed via STM. Instead, their real
time STM measurements at 750 K demonstrated that the Ostwald-
ripening pathway was the main coarsening mechanism. Similar experi-
ments onAu/TiO2(110) byMitchell et al. [23] revealed that both coarsen-
ing mechanisms are responsible for the sintering observed, even though
their size histograms displayed a bimodal distribution not resembling
any of the skewed normal distribution expected for either model.

In addition, although we see fewer and larger NPs in the polymer-
coated sample as compared to the pristine sample after annealing, it
cannot be necessarily concluded that there is less coarsening for the
pristine sample within the range of temperatures shown in Figs. 1
and 3. One must also consider that even though the same amount of
Pt was evaporated on both samples, the initial sample pre-
treatment might affect the nucleation and growth dynamics of the
NPs and therefore, their initial size distribution. In particular, the
presence of the polymer on the TiO2 surface of S2 could have led to
an initially larger average size distribution which could have propa-
gated after annealing, leading to the size differences observed at
930 °C between S1 and S2 (see Table 1). In addition to the possible
distinct nucleation of Pt atoms and Pt NP growth on reduced TiO2

(pristine sample, S1) as compared to polymer-coated TiO2, S2 coars-
ening might also have occurred during the subsequent O2-plasma
treatment underwent by S2 due to the formation of volatile PtOx spe-
cies. Because of the enhanced roughness of the TiO2 support after the
latter treatment, the NPs could not be resolved, and the coarsening
behavior of all samples is only compared after annealing at high tem-
perature (≥930 °C), when all TiO2 surfaces are strongly reduced and
no PtOx is available. Although theoretically ideal, it is not experimen-
tally possible to obtain identical initial NP size distributions and NP
Fig. 8. Best fits obtained from Ostwald-ripening simulations of the pristine (a,c) and polymer
the final experimental size distributions, respectively. The solid line displays the simulated
1060 °C (c,d).
densities on the TiO2 surface after the different surface functionaliza-
tions described here. To overcome this issue, our simulation approach
is useful, since it takes into account implicitly the former effects. In
particular, the coarsening behavior of samples with different initial
size distributions and NP densities can be contrasted by comparing
the fitting parameters Etot and KS. For instance, large Etot and small
KS values are indicative of a higher resistance toward coarsening.

To the best of our knowledge, real-time (live) STM or TEM mea-
surements of NP coarsening at the elevated temperatures employed
here have not been reported due to instrumentation limitations. The
above discussion demonstrates the need of having a more reliable
method to understand the main coarsening mechanism underlying
our experimental observations and to obtain coarsening rates. The
dominant coarseningmechanism is determined here based on simula-
tions of the size histograms following two different sintering models.

4.2. Simulation of coarsening mechanism

4.2.1. Ostwald ripening
Fig. 8 displays simulations of the evolution of the NP height for Pt

NPs evaporated on (a) pristine TiO2 and (b) polymer-coated TiO2 fol-
lowing the Ostwald-ripening model described in the theoretical
methods section. Each simulation uses an experimental size distribu-
tion as starting point and calculates the evolution of such distribution
during a given annealing treatment. Since the NPs are assumed to be
hemispherical, the values of R in Eq. (1) are identical to the NP height
(shown in the plots). Each experimental thermal treatment consists
of three segments: (i) a ramp to the target annealing temperature
(1030 °C or 1060 °C) with a rate of 1.5 °C/s, (ii) annealing at a con-
stant target temperature for 10 min, and (iii) a second ramp to de-
crease the sample temperature to room temperature with the same
rate as in (i). Each graph in Fig. 8 shows the initial experimental his-
togram (full curve with hatched-pattern filled area) and the subse-
quent experimental NP size distribution after the thermal treatment
-coated (b,d) Pt/TiO2(110) samples. The hatched and solid filled areas are the initial and
final size distribution obtained after annealing treatments in UHV at 1030 °C (a,b) and
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Table 2
Total energy barrier (Etot), support effect (KS), and diffusion coefficient (Dc) obtained
from the best fit of the Ostwald-ripening and diffusion-coalescence models to our ex-
perimental NP size histograms. The experimental data correspond to UHV evaporated
Pt NPs deposited on pristine and polymer-coated TiO2(110). The estimated errors are
given within parenthesis.

Annealing
temperature (°C)

Pristine TiO2

(S1)
Polymer-coated
TiO2 (S2)

Ostwald-ripening
Etot (kJ/mol)

1030 575 (10) 525 (15)
1060 545 (20) 485 (10)

Diffusion-coalescence
KS (10−3)
Dc (×10−26 m2/s)

1030 1.3×(1.3±1)
5.5

4×(1.5±1)
5.8

1060 1.7×(1.7±1)
4.6

13×(1.3±1)
18.0
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(full curve with solid filled area), together with the results from the
simulation at 1030 °C (a,b) and 1060 °C (c,d) (red solid curves).

The only fitting parameter was the total energy barrier of the sys-
tem Etot, varied within the range of 100 to 600 kJ/mol. The best fit was
selected as such having the same NP surface density (number of NPs/
surface area) than the experimental data after the annealing cycle. Al-
though the peak positions of the simulated histograms are similar to
the experimental data, a common feature in all simulations is their
narrower size distribution as compared to the experimental results.

The best Etot values extracted from our simulations are shown in
Table 2. The error bars were defined as the deviation in Etot needed
to obtain a 10% change in the NP surface density with respect to the
experimental value. The total energy barrier obtained for the Pt NPs
evaporated on the polymer-coated sample was found to be ~50 kJ/
mol lower than that of the pristine sample, demonstrating a higher
coarsening rate. Another interesting result is the ~30–40 kJ/mol de-
crease in Etot for these samples after the second annealing cycle
(1060 °C). This result is in agreement with the increase in the NP as-
pect ratio described in the previous section with increasing annealing
temperature, leading to a decreased NP/support interaction
Fig. 9. Best fits obtained from a diffusion-coalescence simulation for pristine (a,c) and polymer-
final experimental size distributions, respectively. The solid line displays the simulated final size
(dewetting) and to a weaker support effect for the larger NPs formed
at the highest temperatures.

Considering the heat of sublimation of platinum (563 kJ/mol) [57]
and the adsorption energy of Pt monomers on TiO2(110) [58,59]
(~3.5 eV on O-vacancy sites and ~2.1 eV on hollow sites with an aver-
age value of ~2.8 eV or 272 kJ/mol) and the diffusion barrier of Pt on
TiO2(110) [58,59] (~2.1 eV for the [100] direction and ~0.9 eV for
[11̄0], with an average value of ~1.5 eV or 147 kJ/mol) we could esti-
mate Etot from:

Etot ¼ ΔHsub þ HS
m−ESad; ð8Þ

where ΔHsub is the bulk heat of sublimation and Hm
S and Ead

S are the dif-
fusion barrier and adsorption energy of metal atoms on the support, re-
spectively. According to Eq. (8), a typical value for the total energy
barrier of Pt on the TiO2 surface is 438 kJ/mol, and in comparison, all
of the Etot values obtained from our simulations are larger. It should be
however noted that the overall agreement between simulated and ex-
perimental data is not good for this model.

4.2.2. Diffusion-coalescence
The same thermal treatment described in the previous section was

used for the diffusion-coalescence simulations. Fig. 9 displays the NP
density versus NP height. The results of the best fits (solid curves), to-
gether with the initial (full curves with filled hatched area) and final
(full curves with solid filled area) experimental histograms, are also
shown in Fig. 9. The following constant parameters were used in the
simulations: D=10−7 m2/s for Pt monomers on Pt(111) [57,60]
and ρ0=1.5×1019 1/m2. In this case, the calculations were done
using the NP volume distribution, since the volume is the indepen-
dent variable in Eq. (3) (see Suppl. Fig. S4). The volumes were
obtained from STMmeasurements of the NP height assuming a hemi-
spherical NP shape. In Fig. 9, the simulation results were rescaled
from NP volume to NP height to be consistent with the STMmeasure-
ments as well as to allow the direct comparison with the results of the
coated (b,d) Pt/TiO2(110) samples. The hatched and solid filled areas are the initial and the
distribution obtained after annealing treatments in UHV at 1030 °C (a,b) and 1060 °C (c,d).
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Ostwald ripening simulations. The only fit parameter used in the sim-
ulation is KS. The simulation results are in good agreement with the
experimental data for both samples, especially after the second
annealing treatment. The KS values obtained for the pristine and
polymer-coated samples are shown in Table 2. Since the parameter
KS entails support effects (NP pinning and step-edge stabilization),
which normally lead to decreased diffusion rates, it is expected to
be smaller than 1, as obtained in our simulations (~10−3, Table 2).
Despite the initial larger average NPs size (at 930 °C), and similar to
our findings based on the Ostwald-ripening model, a more pro-
nounced coarsening was evidenced for the polymer-coated sample
as compared to the pristine sample. In addition, a higher diffusion
rate was also observed during the second annealing cycle (1060 °C).

In order to concludewhich coarsening pathway better describes our
experimental data, a fit quality parameter (Q) must be defined. Efron's
pseudo-R2 parameters (R2

pseudo=Q) were used to evaluate the good-
ness of the fit of the simulated histograms to the experimental data
[61]. However, due to statistical fluctuations in both, simulated and ex-
perimental histograms, data smoothing (spline fit) was conducted be-
fore the comparison. A quality factor Q=1 represents a perfect
agreement between simulated and experimental data, and lower values
a larger mismatch. The details of the mathematical procedure used to
calculate Q are provided in the suppl. documents and Suppl. Fig. 5.

The resulting fit quality factors, Q, are given in Table 3. For the
polymer pre-coated sample (S2), the quality of the simulation is con-
siderably better for the diffusion-coalescence model as compared to
the Ostwald ripening model during both thermal treatments. This is
mainly due to the fact that size distributions narrower than those in
the experimental data result from the Ostwald ripening simulations.
Therefore, we conclude that the diffusion-coalescence pathway is
the dominant coarsening mechanism underwent by the NPs in this
sample. A similar conclusion can be drawn for the first thermal treat-
ment (1030 °C histogram) of the NPs supported on the pristine
TiO2(110) surface (S1). However, for the second thermal treatment
(1060 °C histogram), a relatively good agreement between the
simulation and experimental data was observed for both models.
However, the total energy barrier obtained from the Ostwald ripening
model (Etot=545 kJ/mol) is excessively large as compared to the
expected theoretical value (Etot≈438 kJ/mol). Therefore, the Ostwald
ripening pathway can be ruled out. The fitting parameters obtained
following the diffusion coalescence model (KS) are reasonable for all
samples and similar to those obtained by Jak et al. [19] for the Pd/
TiO2 system. Accordingly, the diffusion-coalescence pathway is
assigned as the dominant sintering mechanism for all of our PVD-
grown Pt NPs.

Considering the average NP height (Table 1), KS (Table 2), and the
adatom formation energy barrier (Suppl. Fig. S3), the NP diffusion co-
efficient [Dc in Eq. (5)] was obtained for S1 and S2 for both annealing
treatments and reported in Table 2. The smallest Dc value was found
for the pristine sample (S1) during the second thermal treatment
(1030 °C to 1060 °C), indicating reduced NP mobility. Interestingly,
the values of the coarsening parameters obtained from the simula-
tions after annealing at 1030 °C [support effect (KS)] indicate the
higher stability of our Pt NPs as compared to model hemispherical
NPs. Nevertheless, a decrease in their stability, approaching the
Table 3
Simulation quality factors (Q) for pristine (S1) and polymer pre-coated (S2) samples
obtained for the Ostwald-ripening and diffusion-coalescence coarsening models.

Sample Temperature
(°C)

Q diffusion-coalescence Q Ostwald
ripening

Pristine (S1) 1030 0.57 −0.33
1060 0.92 0.90

Polymer pre-coated (S2) 1030 0.86 0.18
1060 0.96 0.31
theoretical values, was observed with increasing annealing tempera-
ture. The latter effect correlates with the increase in the NP aspect
ratio (height to radius) and can be understood in terms of substrate
de-wetting leading to NP de-stabilization. Carrey et al. [62] previously
showed that small NPs trapped by surface defects could be released
after sintering phenomena lead to the formation of larger NPs.

In order to directly observe and determine the coarsening mecha-
nism, in situ real-time microscopic data at temperatures exceeding
900 °C will be needed. However, such studies cannot be implemented
experimentally to date due to instrumentation limitations (large
drift), justifying thus the present approach.

5. Conclusions

The thermal stability, mobility, and coarsening of Pt NPs supported
on TiO2(110) was investigated by combining STM measurements with
simulations of cluster size. The effect of the substrate pre-treatment,
roughness, and degree of reduction on the coarsening of metallic NPs
deposited on oxide supports was discussed. Evaporated Pt NPs show a
stronger binding to the strongly reduced pristine TiO2(110) as com-
pared polymer-coated and O2-plasma treated TiO2(110). Furthermore,
the support-induced stability appears to be stronger for the smaller NPs.

Modifications to the traditional mathematical description of the
diffusion-coalescence coarsening model were implemented to better
describe the temperature dependence of the diffusion constant as well
as to incorporate physically meaningful energetics for adatom forma-
tion in NPs. In addition, more efficient computational methods to simu-
late coarsening phenomena following the Ostwald ripening and
diffusion-coalescence models were developed. The efficiency of such
simulationmethods is essential in order to be able to follow industrially
relevant sintering processes that are likely to occur over extended pe-
riods of time. Our mathematical description facilitates the comparison
of coarsening phenomena occurring on NP samples supported on dis-
tinct substrates. Our simulations revealed that the diffusion-
coalescencemodel provides a considerably better description of our ex-
perimental data for evaporated NPs (S1, S2) as compared to the
Ostwald-ripening model. On the other hand, no changes in the NP size
distribution were observed for the larger micellar Pt NPs after identical
thermal treatments. The advantages of the stabilization of NPs within
the size range of ourmicellar Pt NPs (~3 nmat ~1060 °C) should be rec-
ognized, since such sizes have been reported to be the active for certain
catalysis applications [63]. Thus, micellar-based NP fabricationmethods
may be considered excellent candidates for the production of
rationally-engineered active and durable nanocatalysts.
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