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Sintering of Pt nanoparticles dispersed on a planar SiO, support was studied by in situ transmission elec-
tron microscopy (TEM). A time-lapsed TEM image series of the Pt nanoparticles, acquired during the
exposure to 10 mbar synthetic air at 650 °C, reveal that the sintering was governed by the Ostwald rip-
ening mechanism. The in situ TEM images also provide information about the temporal evolution of the Pt
particle size distribution and of the growth or decay of the individual nanoparticles. The observed Pt
nanoparticle changes compare well with predictions made by mean-field kinetic models for ripening,
but deviations are revealed for the time-evolution for the individual nanoparticles. A better description
of the individual nanoparticle ripening is obtained by kinetic models that include local correlations
between neighboring nanoparticles in the atom-exchange process.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Metal nanoparticles dispersed on a porous support material are
used as efficient heterogeneous catalysts for diverse applications in
energy conversion, chemical supply, and environmental protection
[1,2]. However, the high-surface area of the nanoparticles is asso-
ciated with an excess surface energy, so the nanoparticles repre-
sent a meta-stable solid state. Given sufficient thermal activation,
the nanoparticles will therefore sinter into larger particles and this
coarsening causes an unwanted reduction in the metal surface
area, which may affect the catalyst performance [3-5]. At the
microscopic level, the sintering is attributed to the transport of
atomic species (metal atoms or complexes consisting of metal
atoms and gas derivatives) at the surface of the nanoparticle or
the support material [4]. The specific transport pathways for the
atomic species are often considered to reflect the following generic
sintering mechanisms [4,6]: (i) particle migration, in which the
nanoparticles diffuse over the support and eventually coalesce
with other nanoparticles, and (ii) atom migration, in which atomic
species are emitted from one nanoparticle, diffuse over the support
and attach to another nanoparticle. The latter mechanism is often
referred to as Ostwald ripening.

In Ostwald ripening, the transport of atomic species is explained
by the Gibbs-Thomson relation [4,7], which describes the surface
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concentration of the diffusing species at support sites adjacent to
the edge of a nanoparticle, p,, by

2yQ
pr:pooexp(k/n) M

where r is the radius of the nanoparticle, p., the surface concen-
tration of atomic species in equilibrium with an infinitely large
particle, y the surface energy, 2 the atomic volume, k Boltz-
mann’s constant, and T the temperature. According to Eq. (1),
the concentration of atomic species is higher near small particles
than near larger particles. As a result of the gradient in concen-
tration, a net flux of atomic species will diffuse from smaller to
larger particles, so the larger particles eventually grow at the ex-
pense of the smaller ones. The growth or decay of the nanoparti-
cles is often described by kinetic models relying on the mean-
field assumption of the concentration of atomic species. That is,
the concentration of atomic species on the support is constant
beyond the screening distance, L, from the edge of the particle,
and this mean-field concentration is governing the atom-ex-
change for each particle in the ripening process [4,7]. Combined
with the assumption of a flat and homogeneous catalyst support,
expressions for the rate of particle size change can be derived.
For an interface-controlled ripening process, in which the diffu-
sion over the support is fast and the flux away from the particle
edge is limiting, the rate by which the radius changes, dr/dt, can
be expressed by [4]:
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dr oa/r
i) @)
For a diffusion-controlled ripening process, in which the diffusion

on the support is limiting, the rate by which the radius changes
can be expressed by [4]:

dr o r
dt ~ BIn(L/r) (F - 1) ®)

In Egs. (2) and (3), o and o are system specific parameters, r the
particle radius, and r* the critical radius. At a given time in the sin-
tering process, the critical radius corresponds to the particle size,
which is in equilibrium with the mean-field concentration and
therefore does not change. Moreover, Eqgs. (2) and (3) are based
on a first-order Taylor expansion of Eq. (1). In this approximation,
r* equals the arithmetic mean radius of the particle ensemble [8].
For sufficiently small particles, the Taylor expansion is inapplicable
and r* deviates from the mean radius [9].

The applicability of the kinetics models (Egs. (2) and (3)) for
describing ripening in heterogeneous catalysts has been subject
to much debate [10-18]. For instance, as discussed by Voorhees
[17] and Dadyburjor et al. [18], the mean-field assumption for
the concentration of ripening-mediating species should be useful
for catalysts with low metal loadings, because the metal particles
are, on the average, sufficiently far apart on the support as com-
pared with the screening distance (L). But, even for such catalysts,
the actual preparation route may result in regions of high local par-
ticle density with a mean particle separation that is comparable
with the particle size. As the particle separation approaches the
screening distance (L), the particles will alter the concentration
of atomic species in the vicinity of neighboring particles as com-
pared with the uniform mean-field concentration. Hence, in such
a nanoparticle ensemble, a nanoparticle should experience an
effective concentration of atomic species, depending on the loca-
tion and size of the neighboring nanoparticles, and so the nanopar-
ticle ripening should correlate with the local conformation of
nanoparticles. Previously, it was demonstrated that such local cor-
relations in ripening are present in homoepitaxial systems, includ-
ing Si-islands on Si(1 1 1) [19,20] and Ag-islands on Ag(11 1) [21].
These studies used time-resolved microscopy to monitor the ripen-
ing of two-dimensional islands with radii larger than ca. 5 nm un-
der ultrahigh vacuum conditions and revealed a size-dependency
of the island ripening, which is not well described by mean-field
kinetic models but better described by kinetic models incorporat-
ing local correlations. Recently, in situ microscopy of model cata-
lyst systems, including three-dimensional Au nanoparticles on
TiO, during the CO oxidation [22] and Pt nanoparticles on Al,O3
during oxidizing conditions [23], revealed that local correlations
between the metal nanoparticles may also affect ripening pro-
cesses in heterogeneous catalysts. However, a detailed description
of the correlated ripening effect was not pursued for those model
catalysts.

In the present study, we address the issue of local correlations
in ripening for a Pt/SiO; catalyst. The Pt/SiO; catalyst system is rep-
resentative for, e.g., oxidation catalysts in diesel or lean-burn en-
gine exhaust treatment. Our study focuses on a catalyst system
consisting initially of highly monodisperse Pt nanoparticles (radius
of ca 1.5 nm) with a high, uniform density (ca. 0.03 particles/nm?)
on a planar, amorphous SiO, support. This is an ideal model system
because Pt is expected to sinter via ripening under oxidizing condi-
tions [24], and because the high density of the Pt nanoparticles,
corresponding to a short particle interspacing of ca. 3 nm, should
enhance the effect of local correlations in the nanoparticle ripen-
ing. Specifically, by means of in situ transmission electron micros-
copy (TEM), the model catalyst was monitored during exposure of
the sample to 10 mbar of 21 % O, in N, at 650 °C. Time-resolved

TEM images of the model catalyst confirm unambiguously that
the Pt sintering was mediated by Ostwald ripening. The quantita-
tive analysis of the growth and decay of the Pt nanoparticles is
systematically compared with the predictions of the interface-
controlled and diffusion-controlled ripening models including (i)
a mean-field assumption and (ii) local correlations for the atom-
exchange process, as described in the framework of [19,20,25].
The analysis shows that Pt nanoparticle ripening is well described
by both interface- and diffusion-controlled ripening models under
the present experimental conditions and that a kinetic description,
including information of the local particle conformation, gives a
better description of the temporal evolution of the individual
nanoparticle sizes.

2. Materials and methods

The Pt/SiO, model catalyst was formed on a Si wafer with a
30 nm thick, amorphous and electron-transparent SisN4 window
(Fig. 1). Following the SisN, window preparation [26], a flat and
amorphous SiO, support layer was formed by oxidizing the SizN4
surface using a microwave plasma processor (TePla 300PC) oper-
ated at 1 kW with 1 mbar O, for 40 min. The resulting SiO, layer
had a thickness of ca. 7 nm, measured by ellipsometry, and a
root-mean-square roughness below 0.6 nm over a 100 um? area,
determined by atomic force microscopy. X-ray photoelectron spec-
troscopy (XPS) revealed a characteristic peak at 103.5 eV, corre-
sponding to the reference value for the Si 2p;, peak in SiO, [27].
Diffraction patterns of the SizN4-supported SiO, layer, obtained
using a Titan 80-300 transmission electron microscope (FEI Com-
pany), demonstrate only broad and diffuse bands of diffracted elec-
trons consistent with an amorphous structure. Thus, the SiO,
support matched closely a homogeneous medium. Platinum was
deposited onto the SiO, support using an electron beam evaporator
(AVAC HVC600) with a base vacuum pressure of 4 - 10~ mbar. The
evaporator was operated with a Pt target of 99.99 % nominal purity
(Nordic High Vacuum AB) and with a deposition rate of 0.05 nm/s
to form a Pt film with a nominal thickness of 0.5 nm. The as-depos-
ited Pt was present as irregularly shaped particles with a mean ra-
dius of ca. 1.5 nm. The irregular, projected shapes transformed into
a circular, projected shape of the Pt particles during the establish-
ment of the aging conditions, in accordance with [23]. Moreover,
XPS revealed a surface carbon contamination on the as-prepared
samples of ca. 8 at.%. The carbon most likely reacted off or des-
orbed prior to the in situ TEM observations [23].

In situ TEM was performed using a CM300 FEG-ST (Philips/FEI
Company) transmission electron microscope equipped with a dif-
ferentially pumped environmental cell [28]. This microscope per-
mits the acquisition of TEM images or time-lapsed image series
of samples during the exposure to reactive gases (up to ca.
15 mbar) and elevated temperatures (up to ca. 900 °C). Specifically,
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Fig. 1. Schematic side view of the Pt/SiO, model catalyst.
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the microscope was operated with a primary electron energy of
300 keV and an ultimate information limit of ca. 0.14 nm, depend-
ing on the in situ conditions. For the present experiments, the spec-
imen was imaged during the exposure to 10 mbar technical air
composed of 21% O, and 79% N, (class 2 from Air Liquide). For
heating, the specimen was mounted with the Pt/oxide side facing
the bottom of the Inconel furnace of a Gatan single-tilt heating
holder (model 628). The specimen was heated in the gas environ-
ment at a rate of 30 °C/min from room temperature up to 650 °C.
The temperature was measured by a PtRh thermocouple spot-
welded on the furnace. After the establishment of the isothermal
conditions at 650 °C (corresponding to time t = 0 min), the temper-
ature was kept constant within ca. 3 °C. The TEM imaging was per-
formed after drift-stabilization of the sample holder.

The in situ TEM imaging was performed using a 1k x 1 k Tietz
Fastscan F-114 CCD camera, with an objective aperture (scattering
semi-angle of 7.5 mrad) inserted and at a fixed magnification cor-
responding to an image pixel size of 0.13 nm. Moreover, the effec-
tive information limit was 0.21 nm, as confirmed by a Young fringe
test performed with a separate sample in 10 mbar air at 500 °C.
The in situ imaging of the supported Pt nanoparticles was carried
out in two different modes: (i) A dynamic mode was applied in
which a time-lapsed image series was acquired at the same area
of the specimen. The image series consist of images, which were
acquired at times relative to ¢t =0 min at intervals of 30 min. For
each time step, the image was averaged over six consecutive,
aligned TEM frames of 0.5 s. exposure. The image averaging was
adopted to improve the signal-to-noise ratio in the images and
to reduce the effect of residual thermal drift [23]. (ii) A static mode
in which additional TEM images were acquired within 5 min of the
time corresponding to each of the images of the time-lapsed image
series. The static TEM images were acquired by shifting the beam
to a distant area, which was prior unexposed to the electron beam.
The static images were also averaged of six consecutive, aligned
TEM frames of 0.5s. exposure. Subsequently, the beam was
blanked until acquisition of the following image in the image
series.

To ensure a negligible effect of the electron beam on the present
observations, the electron-illumination conditions were examined
prior to the actual experiment, following the procedure in [23]. The
present Pt/SiO, system was imaged during the exposure to
10 mbar technical air at 200-600 °C under varying electron beam
current densities. The TEM images show that a minor fraction of
ca. 1% of the particles coalesced with close neighbor particles and
that the main effect of the electron beam was an induced Pt parti-
cle decay. The particle decay rate depended linearly on the beam
current density and was higher than for the Pt/Al,05; system in
[23]. Consequently, in the present experiments, imaging was per-
formed using a lower electron beam current density of 0.03 A/
cm?, corresponding to a particle radius decay rate of 0.01 nm/
min. For the total exposure time of ca 9 min for the specific area
in the time-lapsed image series, the beam-induced mean Pt parti-
cle radius decay was thus estimated to ca. 0.09 nm, which is neg-
ligible, compared with the Pt particle sizes and the estimated
measuring error.

From the TEM images, Pt particle sizes (radii) were obtained
from diameters, measured using a circular approximation to their
projected area. The projected areas were measured manually or
automatically, as described in [23]. Images from the static imaging
mode were analyzed automatically for generating particle size dis-
tributions (PSD’s) with a large data set. For the diameter measure-
ments, the estimated error is 0.5 nm. Images from the dynamic
imaging mode were analyzed manually for examining individual
nanoparticles more precisely. For the manual diameter measure-
ments, the estimated error equals the effective information limit
of 0.21 nm.

3. Results
3.1. Sintering mechanism

To directly visualize structural transformations of the supported
Pt nanoparticles, the time-lapsed TEM images were acquired of a
specific specimen area in situ during exposure to the oxidizing
gas environment (Fig. 2, Supplementary materials). Fig. 2 reveals
that the Pt particles remained immobile and that the projected
areas of the Pt particles either increased or decreased. Overall,
the mean Pt particle size increased as the shrinking particles even-
tually disappeared. Hence, the observations unequivocally demon-
strate that the Pt nanoparticles sintered and that the sintering was
governed by the Ostwald ripening process. The finding is in accord
with the previous work by Chen and Schmidt, who used ex situ
TEM to monitor a specific area on a similar model catalyst after
several aging treatments at temperatures from 600 °C to 685 °C
in 1 atm. air [24]. Also, ripening-mediated sintering of Pt nanopar-
ticles was reported in experiments with Pt/Al,O3 model catalysts
[23,29]. In comparison, the relative importance of the atom and
particle migration mechanisms for industrial Pt/SiO, catalysts has
been debated [30-33]. The debate reflects in part that these studies
are based on indirect and/or postmortem examinations, which may
hamper an unambiguous determination of the prevailing sintering
mechanism [10]. Previously, it was proposed that oxygen
accelerates sintering of Pt nanoparticles through the formation of

asmin b:60 min

Fig. 2. (a-f) Time-lapsed TEM images recorded in situ at the same area of the Pt/
Si0, model catalyst during exposure to 10 mbar air at 650 °C. The images are
50 x 50 nm? sections of the full TEM images of size 130 x 130 nm? (see Supple-
mentary materials). The denoted times are relative to the time at which the
temperature reached 650 °C. To guide the eye, arrows indicate examples of a
growing and of a decaying particle.
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volatile Pt-oxide species [4,24,34,35]. It is possible that such spe-
cies also mediated sintering in the present in situ TEM experiments.

3.2. Particle size distributions

To complement the dynamic observations with more extended
statistical information about the ensemble of Pt nanoparticles, TEM
images were acquired in the static mode at independent and dis-
tant areas of the specimen during exposure to the oxidizing gas
environment. From the additional images, the Pt particle size dis-
tribution (PSD) was extracted automatically as a function of time.
Fig. 3 shows the PSDs with a main peak that gradually shifts to-
ward larger particle size over time, consistent with the dynamic
observations (Fig. 2). The initial mean particle radius is 1.5 nm with
a standard deviation of 0.3 nm, and the mean radius is 2.1 nm with
a standard deviation of 0.4 nm, at the end of the experiment
(t =330 min).

The observed time-evolution of the PSD can be compared with
that predicted by the mean-field interface- and diffusion-

controlled ripening models, as in other ripening studies
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Fig. 3. (a-f) Time-lapsed particle size distributions obtained from the static TEM
images. The static TEM images were recorded in situ of different areas of the Pt/SiO,
model catalyst during the exposure to 10 mbar air at 650 °C. Prior to the static TEM
image acquisition, the areas were unexposed to the electron beam. The number of
measured particles included in each distribution is (a) 1593, (b) 2059, (c¢) 1101, (d)
1225, (e) 1095, and (f) 1134. The lines indicate histograms simulated based on the
interface-controlled (solid) and diffusion-controlled (dotted) ripening models in
Egs. (2) and (3) with (a) as the initial distribution. The number of particles drops
throughout the simulation to (b) 1224, (c) 1079, (d) 891, (e) 699, and (f) 573 for the
interface-controlled model and (b) 1065, (c) 926, (d) 725, (e) 566, and (f) 463 for the
diffusion-controlled model.

[4,10,11,14,16,17,36]. By Egs. (2) and (3), the time-evolution of
the PSD was calculated numerically following the procedure
described by Smet et al. [36]. Specifically, the PSD in Fig. 3a was
used as the initial PSD and a discrete time step of 0.5 min was
chosen. The simulations were made iteratively by systematically
varying the constants o and o//In(L/r) in Egs. (2) and (3), respec-
tively, until the mean particle radii of the calculated and measured
PSD matched at the end of the experiment (t=330 min). The
iterative procedure resulted in o=0.035 nm ' min~! and «//In(L/
r)=0.067 nm ! min~! for the interface- and diffusion-controlled
ripening models, respectively. In the present PSD simulations, the
term In(L/r) is considered constant for the following reasons: (a)
The relation between r and L is not a priori known. (b) For a con-
stant L, the relation L > r must be satisfied at all times and for all
particles, since otherwise dr/dt — toc for r — L (Eq. (3)). This leads
to an inconsistency with the mean-field assumption, since the size
of the largest particles (r ~ 2.5 nm at t = 5 min) exceeds the mean
distance between the edges of the neighboring particles (ca.
1.5 nm at t =5 min).

Fig. 3 includes the simulated PSDs for interface-controlled (solid
line) and the diffusion-controlled (dotted line) ripening. The PSDs,
based on the diffusion-controlled ripening model, seem slightly
narrower than the PSDs, based on the interface-controlled model,
as suggested in [4,20], but the difference is not significant. Thus,
the comparison in Fig. 3 shows that the mean-field models de-
scribe the observed PSDs well. At first glance, an agreement is ex-
pected because the mean-field models are based on the
assumption of a homogeneous support, which is approached by
the planar and amorphous SiO, support in the present model cat-
alyst. Moreover, the comparison shows that both the diffusion- and
interface-controlled process may contribute to the ripening in the
present experiments. However, the interface-controlled ripening
would have been expected to dominate due to the relatively high
metal loading and thus small diffusion distances between the
nanoparticles in the present model catalysts [37]. The lack of a pro-
nounced difference between the models may be due to the short
aging times resulting only in a slight change of mean radius from
1.5 nm to 2.1 nm in the present experiment (Fig. 3).

3.3. Nanoparticle growth and decay rates

Although, the previous analysis shows that the mean-field mod-
els describe the observed PSDs well, it is noteworthy that the anal-
ysis is based on an ensemble of nanoparticles, which may tend to
average out any effect of interactions between the nanoparticles.
To address the possibility of such local dependencies, the dynamic
changes of the individual nanoparticles may on the contrary be
examined. Specifically, from the time-lapsed image series (Fig. 2,
Supplementary information), the growth or decay rate of individ-
ual nanoparticles was obtained by manually measuring the change
in radius over the time interval, t = 60-120 min, for each individual
particle in the image. For normalization, the mean radius, Tmnean,
was calculated from the particle radii measured at t=60 min.
Fig. 4a shows the measured dr/dt as a function of the normalized
radius, r/rmeqn. For the majority of the nanoparticles, the growth
or decay rates belong to the first or third quadrant, respectively,
corresponding to a positive dr/dt for r/reqn > 1 Or a negative dr/dt
for 1/rmean < 1. Thus, particles larger or smaller than the average
particle size grew or shrank, respectively, as predicted by the
mean-field ripening models. However, a minor fraction of the
nanoparticles is associated with a rate of radius change in the sec-
ond and fourth quadrant. As these rates are not accounted for by
the estimated measurement error (indicated by the error bars), it
seems that the mean-field models are not sufficient to fully ac-
count for the observed ripening.
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Fig. 4. The growth and decay rate, dr/dt, for individual Pt nanoparticles presented as
a function of (a) normalized radius, r/fimean, (b) 1/r?(r/Tmean — 1), corresponding to Eq.
(2), and (c) 1/r3(r/Tmean — 1), corresponding to Eq. (3). The rates are obtained from
the measurements at ¢t =60 and 120 min for 185 particles. The error bars indicate
the estimated measurement error. For the best fitted line included in (b) and (c), the
R?-value is 0.42 and 0.39, respectively.

To further elaborate on deviations from the mean-field models,
the rates in Fig. 4a are replotted in Fig. 4b as a function of 1/r? - (r/
Tmean — 1). For interface-controlled ripening, Eq. (2) predicts a lin-
ear relationship for Fig. 4b with a slope corresponding to «, and
an offset dr/dt=0 at 1= I'peqn. Fig. 4b includes the best linear fit
to the rates, which was obtained for o =0.025 nm~' min~’, in
agreement with the «-value from the PSD simulations and with
an offset of 0.0005 nm/min, very close to the origin. Apparently,
Fig. 4b shows an overall linear trend of the data, but the data
spread further emphasizes deviations from the mean-field model.
A similar analysis based on the diffusion-controlled ripening model,
Eq.(3),is included in Fig. 4c. That is, Fig. 4c shows the rates in Fig. 4a
replotted as a function of 1/r> - (/fmean — 1). Assuming the term In(L/
r)in Eq. (3) is constant, the best linear fit to the data in Fig. 4c has a
slope o//In(L/r)=0.027 nm~! min~!, which is in reasonable agree-
ment to o//In(L/r)=0.067 nm ' min~! from the PSD simulations,
and an offset of 0.0002 nm/min, which is close to the origin. The

mean-field model for diffusion-controlled ripening also captures
an overall linear trend of the observations, but a significant data
spread beyond the mean-field model expectation is apparent.

3.4. Temporal evolution of the nanoparticle sizes

To further examine the apparent discrepancies between the ob-
served dynamic changes of the individual Pt nanoparticles and the
mean-field models, a selection of Pt nanoparticles was examined
through the entire time-lapsed image series of a specific area of
the model catalyst. Fig. 5a shows the selected particles in the
TEM frame from Fig. 2a. For each particle, the projected radius, r,
of these particles as well as the mean radius for the entire TEM im-
age, 'mean, Was obtained as a function of time. Fig. 5b shows that the
mean particle radius increased as a function of time and that nano-
particles with r> rppeq, grew and nanoparticles with r < ry,eq, de-
cayed. These general trends are overall consistent with the
mean-field models. However, discrepancies are also apparent from
a comparison of the observed particle radii of particles 1-9 with
the calculated radii. Specifically, the time-dependency of the parti-
cle radii was calculated using the interface-controlled mean-field
model (Eq. (2)) with the observed radii of particles 1-9 at t = 5 min
(Fig. 5b) as initial radii and o = 0.03 nm ' min~'. Fig. 5¢c shows the
calculated time-dependency of the particle radii and demonstrates
that the growth or decay rates are directly related to the particle
size. However, the pattern differs from the observations: Despite
comparable initial radii, the particles 4-6 decayed significantly
slower than particles 7-9. Moreover, the observed order by which
particles 4-9 decayed also differs from the calculated order.

3.5. Ripening models including local correlations

Asdiscussed earlier, a possible cause for the discrepancy between
the observations and the mean-field model predictions could be that
the particle ripening is not governed by a mean-field concentration
of diffusing species, but by the local concentration of diffusing spe-
cies provided by the neighboring nanoparticles due to the close
proximity of the Pt nanoparticles in the present model system
[17,18]. To address the influence of the local nanoparticle configura-
tion on the particle ripening, the observations in Fig. 5 will in the
following be compared with predictions of ripening models incorpo-
rating local correlations in the atom-exchange process [19,20,25].
Specifically, Bartelt et al. established a local correlation framework
for interface-controlled ripening [19,20], and Zheng and Bigot
developed a framework for diffusion-controlled ripening [25]. Both
frameworks are considered because interface- or diffusion-con-
trolled ripening described the previous observations well.

For both models, the size-evolution of a particle i is calculated
on the basis of the contribution to the concentration of atomic spe-
cies from i's nearest neighbor particles. Here, we adopt the ap-
proach used by Bartelt et al. and define the nearest neighbors by
the Voronoi construction [19,20]. In the Voronoi construction, the
support plane is decomposed into cells in such a way that the
Voronoi cell of particle i is obtained as the inner envelope of all line
segments of points being equidistantly located between the cen-
ters of i and another particle [38]. Fig. 6 illustrates the Voronoi con-
struction for an area of the present sample. The nearest neighbors
of a particle i are those particles j with a Voronoi cell, which have a
segment in common with the cell of i. Moreover, the Voronoi con-
struction has a time-dependency, because cells vanish as the
immobile, decaying particles eventually disappear (Fig. 6).

The interface-controlled ripening model derived by Bartelt et al.
concerns two-dimensional islands [19,20]. Here, we consider a
similar model for ripening of three-dimensional particles on a
two-dimensional support based on the expression for the net flux
of atomic species, J, onto the particle i [4]:
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Fig. 5. (a) An outline of the nine selected particles in Fig. 2a (white circles). (b) The
particle radii for the particles 1-9 (a) as a function of time in the experiment. The
error bars indicate the estimated measurement errors. The mean radius for the
whole TEM image (stars) is also presented. (c) Calculated time-dependent particle
radii for the particles 1-9. The calculations used the interface-controlled ripening
model based on the mean-field assumption (Eq. (2)).

Ji= znriaﬁ(plocal - pri) 4)

Here, a is the inter-atomic spacing of Pt on the substrate at the par-
ticle edge, r; the radius of particle i, and p the surface concentration
of diffusing species, according to Eq. (1). For the diffusion rate = v -
exp(—Es/kT), v is the vibrational frequency at the substrate sites, Eg
the energy barrier for a Pt atom to jump from a support site to a

Fig. 6. The Voronoi construction (black lines) superimposed on a close-up on Fig. 2.
For the Voronoi cell of particle i, the opening angle ®; (indicated by white lines)
with respect to the neighbor particle j is defined by the common line of the two
adjacent cells with respect to the center of mass of particle i. i corresponds to
particle No. 5 in Fig. 5.

particle edge site, k Boltzmann’s constant, and T the temperature.
Piocar 1S the local surface concentration of atomic species, which only
depends on i’s nearest neighbor particles. The contributions to pjscq
from each nearest neighbor j are approximated by the mean of p,
for i and j, weighted by the opening angle, ®;;, of the Voronoi cell
of particle i, (defined in Fig. 6):

plocal:]Zl/2<pr,-+prj>% (5)

Thus, the model effectively operates with a “local” mean con-
centration of atomic species, determined by the nearest neighbor
particles, contrary to the “global” mean-field concentration, which
is spatially invariant and determined through the average particle
size. The particle volume change rate can be calculated from Egs.
(4) and (5):

dv;

! (6)
Here, Q is the atomic volume of bulk Pt (€ =1.5- 1072 nm?®). By Eq.
(6), r(t) can be calculated numerically for the particles 1-9 in Fig. 5,
as described in detail in the following.

The diffusion-controlled ripening model developed by Zheng
and Bigot is based on the following expression for the diffusion-
limited flux from a particle i to a neighbor particle j [25]:

2mD
Ji= W(Pq - py) (7)

Here, D is the surface diffusion constant for Pt diffusion on SiO, and
I the distance between the island centers. Thus, this model oper-
ates with a pairwise atom-exchange from a particle i to its neigh-
bors j instead of describing the particle ripening as a result of the
interaction with a local mean concentration of atomic species estab-
lished by the neighbors. Here, we adopt the model by Zheng and
Bigot and include the detailed neighborhood of nanoparticles by
weighting the flux contribution by means of the Voronoi geometry.
Thus, the change in volume of a given particle i can be described as:

av; B Py
@~ %=Xy ®)

Here, 2 is the atomic volume of Pt and ®;; the opening angle of the
Voronoi cell of particle i. As for Egs. (6), also Eq. (8) allows r(t) to be
calculated numerically for the nine particles of Fig. 5.

The two ripening models presented here include correlations
between neighboring particles with a weighting scheme based on
the Voronoi construction. The Voronoi construction treats the
particles as point sources or sinks for atomic species, so only the
distances between the particle centers play a role. However, for
the present model catalyst, the distances between the particles
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were comparable with their sizes. As the exchange of Pt is consid-
ered to occur at the particle edges, the correlated ripening of par-
ticle i may therefore be expected to depend on both the
separation and the size of the neighboring particles, j. Specifically,
for a pair of neighboring particles of radii r; and r; and with a center
separation Iy, the inter-particle distance may be better represented
by the distance between the edges I;; — r; — r; than I;. Moreover, for
the exchange of atomic species, the particle i effectively interacts
with sites at j's edge; the number of which scales with j’s circum-
ference 2mr;. Based on these considerations, an alternative weight-
ing scheme is proposed in which the contributions to the
correlated ripening of i are weighted by the ratio of the circumfer-
ence of the neighbor particle j to the distance between the edges of
the particles i and j. In the following, this scheme is referred to as
the “size-dependent” weighting method and it is included in Egs.
(6) and (8) by the transformation:

D 2nri/(lj —1i = 17)

v 9
2n 2y —ri— 1) ®

Here, j and j' denote particle i’s nearest neighbors, as defined by the
Voronoi construction and the sum in the denominator normalizes
the weight factor.

Based on Egs. 6, 8, and 9, the time-evolution of the radii of par-
ticles 1-9 (Fig. 5) can be calculated with four schemes based on the
interface- or diffusion-controlled ripening models including local
correlations based on the Voronoi or size-dependent weighting
methods. Specifically, for each scheme, the r(t) is calculated using
the rate for volume change, dV;/dt, an assumption of hemispheri-
cally shaped particles, and with initial radii corresponding to the
measured radii at t=5 min (Fig. 5b). The calculations progressed
with time-steps of 30 min corresponding to the time-steps in the
time-lapsed image series. The calculations rely on a determination
of the surface energy y and the parameters f-p, (interface-
controlled schemes) or D-p., (diffusion-controlled schemes).
Clearly, the models are more sensitive to changes of y, due to the
exponential dependency (Eq. (1)), than to the proportional depen-
dency of § - p., or D - p... Therefore, to estimate these parameters
for the four schemes, an iterative process was applied in which r(t)
is calculated for varying values of - p.. or D - p, for a fixed value
of y. The calculations were repeated with other values of ), close to
the surface energy of Pt (y = 2.1 J/m? [39]), until the best fit to the
data in Fig. 5b was obtained. The calculations show that the models
are indeed very sensitive to 7y and that the models only come close
to the observations in Fig. 5b for y = 0.5-0.6 ]/m?. The lower surface
energy of the Pt nanoparticles compared with metallic Pt is
expected as the Pt nanoparticles should be covered with oxygen
[40-42]. DFT calculations suggest that the surface energy of the
O-terminated Pt sites is ca. 0.4-1.2 J/m? [43]. Moreover, the best
fit to the radius of particles 1-9 is obtained with the following
parameters: For the interface-controlled ripening model, (a)
y=0.5]/m? f- po=2.75 ! nm 2 with Voronoi weighting and (b)
y=0.6]/m? f-p. =41s"! nm? with size-dependent weighting.
For the diffusion-controlled ripening model, (c) y=0.5]/m?
D-p..=1.4s"! with Voronoi weighting and (d) y=0.55]/m? D -
P =1.6s"" with size-dependent weighting. Fig. 7a-d presents
the calculated time-evolution of the particle radius for particles
1-9 of Fig. 5. The model parameters were found to give a good
description of the growth and decay trends of nine additional
particles at a different area of the model catalyst, which confirms
the robustness of the fitting procedure.

Fig. 7 shows that all four schemes for correlated ripening
capture the growth of the particles 1-3 as depicted in Fig. 5b.
However, the schemes differ mainly in the description of the decay
and disappearance of particles 4-9. For the interface-controlled
model weighted by the Voronoi opening angle, Fig. 7a shows that

only particles 5 and 7 disappear whereas particles 4, 6, 8, and 9 re-
main without significant change during the observation period.
The interface-controlled model weighted by the size-dependent
weighting method instead predicts that all particles (4-9) decay
and vanish (Fig. 7b), as observed (Fig. 5b). In fact, the calculated de-
cay for the particles 4, 6, 7, and 8 matches the observations quan-
titatively well. However, some deviation is also apparent: Particle 9
decayed faster in the experiment than according to the calcula-
tions, and the decay of particle 5 is better described by the Voronoi
weighting scheme. For the diffusion-controlled model, as
calculated using the Voronoi opening angle or the size-dependent
weighting method, the trends for the decaying particles in
Fig. 7c and d are similar to the calculated decay using the
interface-controlled model in Fig. 7a and b, respectively.

For the present experimental conditions, the description of the
time-evolution of the individual particles by the interface- and the
diffusion-controlled ripening models, including either weighting
scheme, is similar and can thus not be distinguished. However,
the local correlations are shown to strongly affect the particle de-
cay and the decay is strongly dependent on the weighting method.
Specifically, the models, including the proposed size-dependent
weighting method, match better most of the observed particle de-
cays in Fig. 5b than the mean-field models, although deviations are
apparent for the particles 5 and 9: A close inspection of the TEM
images reveals that particle 5 was more distantly situated from
smaller neighbor particles, which may explain why the Voronoi
scheme gives a better description, and that particle 9 had one close
and larger neighbor particle, which may explain why the size-
dependent weighting method described the decay of this particle
better. These considerations may suggest that the optimal weight-
ing method depends on the detailed size and location of neighbor-
ing particles. Modeling the particle growth or decay may therefore
intimately depend on the local conformation of the particle ensem-
ble, and the lack of a generally applicable weighting scheme thus
seems to complicate the detailed description of local correlation ef-
fects in ripening.

4. Discussion

The present in situ TEM observations of a Pt/SiO, model catalyst
provide unique mechanistic and kinetic information on Pt nano-
particle ripening. This information enables a detailed comparison
of the temporal evolution of the nanoparticle sizes with predictions
made from different ripening models. Although the time-depen-
dency of the nanoparticle sizes (Figs. 3-5) overall is well described
by kinetic models based on the mean-field assumption, deviations
are revealed at the individual nanoparticle level. The deviations are
proposed to reflect that the atom-exchange in the growth or decay
of the individual nanoparticles was influenced by the size and loca-
tion of the neighboring nanoparticles due to the high particle den-
sity in the present model catalyst. Including such local correlations
between the neighboring particles in the kinetic models gives a
more satisfactory description of the individual nanoparticle sizes
(Figs. 5 and 7). The effect of such local correlations is expected to
also affect ripening in industrial catalysts with high particle den-
sity. Highly dense particle ensembles may result from the synthesis
of catalysts with a high or inhomogeneous metal loading.

Although the kinetic behavior of the individual nanoparticles
exposed a deviation from the mean-field ripening models, an
ensemble property such as the particle size distribution is well
described in that framework (Fig. 3). Due to the initial uniform
particle density and highly monodispersed size of the Pt nanopar-
ticles, it is possible that the ensemble properties average over a
sufficiently large ensemble of different local configurations of
nanoparticles to blur the distinct effect of the local correlations.
Thus, for catalysts containing a more inhomogeneous nanoparticle
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Fig. 7. (a-d) Calculated particle radii as a function of time. The calculations are based on (a and b) the interface-controlled and (c and d) the diffusion-controlled ripening
model including local correlations in the atom-exchange process. The local correlations are included by (a and c) the Voronoi and (b and d) the size-dependent weighting

methods.

ensemble, local correlations in ripening may be speculated to have
a more distinct effect on the time-dependency of ensemble proper-
ties. The detailed relationship between the individual nanoparticle
behavior and the ensemble properties could in principle be exam-
ined for the present model catalyst by integrating the results of an
extended analysis similar to that presented in Fig. 5. Here, we limit
the discussion to a basic description of local correlation effects in
interface- and diffusion-controlled ripening.

The present work focuses on the mean-field assumption under-
lying the ripening models Eqgs. (2) and (3) and has not addressed
other assumptions of the models that could also be of importance.
Common for the ripening models is the assumption of a homoge-
neous metal-support adhesion energy and a hemispherical nano-
particle shape. Although the flat and amorphous SiO, approaches
a homogeneous support, the presence of surface inhomogeneities
or defects cannot be excluded. Such features may result in an inho-
mogeneous metal adhesion with an impact on the concentration or
diffusion of atomic species as well as on the shape and orientation
of the metal nanoparticles [44-48]. These detailed structural fea-
tures may also be important for determining the rates of nanopar-
ticle growth or decay in the presence of a reactive gas environment
[4,6,35]. The TEM images generally show a similar contrast level of
particles with similar size as well as a uniform contrast over the
support. A detailed interpretation of the image contrast is, how-
ever, complicated by the projection geometry and the convolution
of mass-thickness and diffraction contrast phenomena. The present
TEM images are therefore likely insensitive to surface inhomoge-
neities at the atomic-level.

Furthermore, the ripening models are applied irrespective of the
nanoparticle sizes in the present analysis. As Pt nanoparticles with

a radius below 0.5 nm contain less than 30 atoms, the geometrical
surface curvature is not a well-defined parameter. In this size-
regime, the Gibbs-Thomson relation (Eq. (1)), being a continuum
model, breaks down per definition. Thus, although the size-
dependency reflected by Eq. (1) is generally accepted to be valid
for larger particles, it is likely insufficient for the smallest particle
sizes [9,13,22,49]. The size-dependent ripening of the smallest
particles has been subject to debate: Datye et al. emphasized that,
even within the Gibbs-Thomson model, Eqgs. (2) and (3) are
imprecise for small particles because the equations rely on a
first-order Taylor expansion of Eq. (1) [9]. The models, Eqs. (4)
and (7), apply Eq. (1) directly and should thus better describe the
smaller particles. For a particle sufficiently smaller than r*, Yang
et al. suggested that dr/dt is determined by the particle’s own
chemical potential and is thus less dependent on the neighbor
particle configuration resulting in an accelerated decay trend of
the smallest particles described by the exponential Gibbs-Thom-
son relation (Eq. (1)) [22]. A faster decay of small particles will also
happen if the surface energy increases with decreasing particle size,
as suggested by Campbell et al. [12]. For the present study, a part of
the smallest particles revealed in fact an almost linear decay of the
particle radius with time, e.g., particle 7 and 9 in Fig. 5b, contrary
to the accelerated decay rate predicted by the exponential term in
Eq. (1) (Figs. 5c and 7a-d). For 50 additional particles with a radius
below ca. 1 nm, a similar linear decay was observed for about half
of these particles in the present experiment. It remains to be ad-
dressed if this observed linear particle decay can be accounted for
by a size-dependent surface energy of the nanoparticles. Modeling
the surface energy may be further complicated by the size-depen-
dent surface oxidation of the Pt nanoparticles [40-42].
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5. Conclusions

By means of in situ TEM, the sintering of Pt nanoparticles
dispersed on a planar SiO, support was monitored during the
exposure to 10 mbar synthetic air at 650 °C. A time-lapsed image
series shows that the nanoparticle sintering was dominated by
Ostwald ripening and provides detailed information about the
nanoparticle growth or decay. Specifically, the time-dependent
particle size distributions, the nanoparticle growth rates and the
time-evolution in nanoparticle sizes, are found to be overall well
described by kinetic models based on a mean-field assumption
for the atomic species mediating diffusion-controlled or inter-
face-controlled ripening. However, for the individual nanoparti-
cles, deviations are observed from the mean-field model
predictions. Due to the high particle density, it is suggested that
the nanoparticle ripening is influenced by the size and location
of the neighbor particles. Ripening models including such local cor-
relations in the so-called Voronoi and size-dependent weighting
schemes are established and shown to describe well the observed
time-evolution of individual nanoparticle sizes.
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