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Abstract 
 

This thesis presents a fundamental study of the sintering of supported nanoparticles in relation to 
diesel oxidation catalysts. The sintering of supported nanoparticles is an important challenge in 
relation to this catalyst, as well as many other catalyst systems, and a fundamental understanding of 
the sintering mechanisms of nanoparticles is important for making improvements to their long term 
catalytic activity. 

Diesel oxidation catalysts are usually composed of noble metal nanoparticles on a complex 
three-dimensional high surface area oxide. The complex support structure makes it difficult to 
directly observe dynamical processes such as particle sintering with the present state of the art 
microscope techniques, and consequently it is difficult to relate experimental observations and 
theoretical sintering models. To reduce the complexity, the present study uses planar model 
catalysts. These are composed of Pt, Pd and bimetallic Pt-Pd nanoparticles supported on a flat and 
homogeneous Al2O3 or SiO2 surface. By using in situ TEM on the planar model catalysts it was 
possible to directly monitor the detailed dynamical changes of the individual nanoparticles during 
exposure to oxidizing conditions at elevated temperatures. The time-resolved TEM images are 
presented and these offer direct insight into the fundamental dynamics of the sintering process at the 
nano-scale.  

For Pt, Pd and bimetallic Pt-Pd nanoparticles it is shown that the sintering process is governed by 
the Ostwald ripening mechanism in an oxidizing environment. The observations compare well with 
predictions from 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 neighbouring 
nanoparticles in the atom-exchange process. The sintering process was also presented statistically 
by particle size distributions extracted from the TEM images. The statistical data agreed only partly 
with the mean-field kinetic models for ripening, but the deviations could be accounted for by 
including more detailed information into the models, such as an observed size-dependence of the 
three-dimensional shape of the supported nanoparticles and the local correlations between the 
nanoparticles. 



 vi 



 vii

Resumé 
 

Denne afhandling præsenterer et grundlæggende studium i sintringen af nanopartikler i relation til 
dieseloxidationskatalysatorer. Sintring af nanopartikler er en stor udfordring for at opnå en høj 
aktivitet for denne og for mange andre heterogene katalysatorer, og en grundlæggende forståelse af 
sintringsmekanismerne er afgørende for at kunne udvikle mere stabile katalysatorer.  

En dieseloxidationskatalysator består oftest af nanopartikler af et eller flere ædelmetaller som er 
distribueret på et oxidisk bæremateriale med et højt overfladeareal og en kompleks tredimensionel 
struktur. På grund af den komplekse struktur af bæreren kan det være vanskeligt at undersøge 
dynamiske processer, så som sintring, selv ved hjælp af de bedste mikroskopiteknikker. Blandt 
andet derfor kan det være udfordrende at opnå eksperimentelle observationer der kan sammenlignes 
med de teoretiske modeller for sintring. For at reducere kompleksiteten, arbejdes der i dette studium 
med plane modelkatalysatorer. De består af nanopartikler af Pt, Pd og bimetallisk Pt-Pd på en flad, 
homogen Al2O3- eller SiO2-overflade. Ved at undersøge de plane modelkatalysatorer med in situ 
TEM er det muligt direkte og i detalje at observere dynamiske forandringer af de individuelle 
nanopartikler mens de eksponeres til et oxiderende gasmiljø ved høje temperaturer. De tidsopløste 
TEM-billeder som præsentes, giver direkte indsigt i de fundamentale dynamikker som på nanoskala 
karakteriserer sintringsprocessen. 

For Pt-, Pd- og for de bimetalliske Pt-Pd-nanopartikler vises det at sintringen i et oxiderende 
miljø domineres af ”Ostwald ripening”-mekanismen. De eksperimentelle observationer stemmer 
godt overens med kinetiske middelfeltmodeller for ripening, men afvigelser afsløres også på det 
individuelle partikelniveau. Det vises at en bedre overensstemmelse kan opnås mellem 
observationen af de individuelle partikler og de teoretiske modeller hvis lokale påvirkninger mellem 
nabopartikler integreres i modellerne. Sintringsprocessen præsenteres desuden statistisk ved brug af 
partikelstørrelsesfordelinger som ekstraheres fra TEM-billederne. Den statistiske repræsentation 
viser en delvis overensstemmelse med de kinetiske sintringsmodeller, og det vises at der kan gøres 
rede for afvigelserne ved at integrere en mere detaljeret information i modellerne som f.eks. de 
lokale korrelationer mellem nabopartikler eller en observeret sammenhæng mellem partiklernes 
størrelse og form. 
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1. Introduction 

This study addresses the sintering of oxide supported noble metal nanoparticles in relation to the 
diesel oxidation catalyst, and aims at providing a fundamental understanding which is needed for 
the future development of more stable diesel oxidation catalysts. Here, a brief introduction is given 
to the diesel oxidation catalyst and to the related challenge of sintering. 
 
Catalysts for diesel exhaust abatement 
The diesel engine has the advantage of a better fuel economy and less carbon dioxide production 
per driven kilometer compared to the petrol engine [1]. Especially in Europe, there has been much 
focus on the fuel-efficient diesel vehicles [2], and sales of diesel passenger cars are rising in Europe 
and in the rest of world [1]. The exhaust after-treatment poses a different task for the diesel vehicles 
than for petrol engines, where the well-established 3-way catalyst is used [3,4]. Increasingly stricter 
limits for carbon monoxide (CO), hydrocarbon (HC), nitrogen oxides (NOx) and particulate matter 
(diesel soot) emissions has led to the development of a whole series of catalytic units: the diesel 
oxidation catalyst (DOC), the catalyzed diesel particle filter (cDPF), the selective catalytic 
reduction unit (SCR) and the ammonia slip catalyst (ASC) or lean NOx trap (LNT) [5] (fig 1.1). 

 

 
Fig 1.1: Illustration of a diesel engine exhaust after-treatment system composed of several units. 
 
The diesel oxidation catalyst 
The purpose of the DOC is to oxidize CO into carbon dioxide (CO2), to complete the oxidation of 
remains from the diesel fuel (HC) into CO2 and H2O and to oxidize NO into NO2. The first two 
reactions directly result in a less toxic exhaust gas. The oxidation of NO does this indirectly because 
NO2 is an active reactant for soot oxidation and an optimized ratio between NO and NO2 enhances 
the activity of the SCR [5].  

The active phase in a DOC is often Pt, which is distributed as nanoparticles to obtain a large 
reactive surface area and thereby a high catalytic efficiency [6]. The support material for the 
nanoparticles is typically a high surface area oxide support, such as alumina (ca. 150 m2/g [7]), 
possibly mixed with a zeolite. The zeolite acts as an absorption buffer for HC when the exhaust 
temperature is low [5]. 
 
The main challenges for the further development of the diesel oxidation catalyst 
For the development of modern DOCs, the main challenges are the cost, the catalytic efficiency at 
low temperatures during cold engine start (well below 200ºC), and the durability of a catalytic 
coating that may be exposed to high exhaust temperatures at normal engine operation during the 
lifetime of the vehicle [5]. The exhaust gas temperature is typically below 300ºC for light-duty 
vehicles [8]. For heavy-duty vehicles it is usually below 400ºC [9] with a maximum temperature of 
ca. 600ºC [7]. While the oxide support is relatively stable at these conditions, the supported 
nanoparticles will tend to aggregate into larger structures i.e. the nanoparticles will sinter [10-12]. 
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High temperatures and reactive gas conditions will accelerate the sintering, resulting in a reduction 
of the active surface area of the nanoparticles, causing an undesirable catalyst deactivation [10-19]. 
 
The focus of the present study 
The present study addresses the challenge of sintering related to the DOC. The sintering of oxide-
supported noble metals in an oxidizing environment is studied experimentally with a main focus on 
Al 2O3-supported Pt nanoparticles, while Pt/SiO2, Pd/Al2O3 and bimetallic Pt-Pd/Al2O3 are studied 
for comparison. The sintering of Pt/Al2O3 has already been studied intensely for at least four 
decades [10-18], but even though the previous studies have provided significant insight, full 
consensus has not been reached regarding some fundamental aspects, such as which theoretical 
sintering models are applicable and which nano-scale mechanism that dominates the sintering. The 
aim of the present study is to provide fundamental insight into the sintering, i.e. to convincingly 
determine the dominating sintering mechanism and to offer a detailed comparison of experimental 
observations with the theoretical models. In situ transmission electron microscopy (TEM) has 
proven to be capable of directly monitoring dynamical changes at the nano-scale, such as gas-
induced sintering of supported nanoparticles [20-38], and is thereby one of the most promising 
techniques for obtaining insight into the fundamental dynamics. For this reason in situ TEM was 
chosen as the primary experimental technique for this study, while post mortem characterization 
with a variety of techniques such as TEM, STEM and AFM were applied complementary. 
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2. Theory 

This chapter introduces the theory of sintering and transmission electron microscopy in relation to 
the present study. 

2.1. Sintering 

Sintering in heterogeneous catalysis generally refers to a deactivation process where the active 
surface area of metal nanoparticles is reduced due to particle growth [12]. The supported 
nanoparticles inevitably tend to aggregate into larger structures due to their excess surface free 
energy [10-18]. The high temperature and reactive gas conditions encountered during catalysis can 
accelerate the sintering, causing the undesired catalyst deactivation. The sintering of supported 
nanoparticles is typically attributed to mass transport mechanisms involving particle or atom 
migration [10-18].  

The particle migration mechanism refers the migration of entire nanoparticles and subsequent 
coalescence between the nanoparticles [39] (fig. 2.1a). The migration of the particles is explained 
by thermally activated atomic diffusion on the particle surface that leads to an accumulation of 
diffusing atoms on one side of the particle which thereby slightly shifts the centre of the whole 
particle. Brownian motion of the particles results from this process when it is repeated randomly 
many times [11]. The particle diffusivity of a supported particles decreases exponentially with the 
particle radius, so that particles above a certain radius limit effectively becomes immobile [11]. 
Based on a model for particle migration [11], it can be estimated that the limiting particle radius is 
ca. 4 nm for the model catalysts presented in this study, when thermally aged at T = 650ºC. Since 
the initial particle radii is ca. 1.5 nm for the present model catalysts (section 3.1.2), this a priori 
suggests that particle migration could influence the sintering in the present experiments. 

Atom migration, also referred to as Ostwald ripening, is when sintering is mediated by the 
diffusion of atoms or atomic species between immobile nanoparticles either on the surface of the 
support or through the gas phase [40,41] (fig. 2.1b). As will become clear from the chapters 4 - 8, 
this mechanism dominates entirely for the sintering of the present model catalysts and the focus will 
therefore be on the ripening mechanism in the introduction of the relevant sintering models. 

 

 
Fig. 2.1: Illustration of particle migration and Ostwald ripening. 
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2.1.1. Models for Ostwald ripening 
 
The Gibbs-Thomson relation 
In Ostwald ripening, the transport of atomic species is explained by the Gibbs-Thomson relation, 
which describes the equilibrium concentration of adatoms at the particle edge, cp to the particle 
radius of curvature, R illustrated in fig. 2.2 [11,13]. 
 

   






 Ω= ∞

kTR
cc pp

γ2
exp                                                          (2.1) 

 
where cp

∞ is the equilibrium concentration of atomic species at the particle edge on an infinitely 
large particle, γ the particle surface energy, Ω the atomic volume, k Boltzmann’s constant and T the 
temperature. According to eq. 2.1, the concentration of atomic species is higher at the boundary of 
small particles than at larger particles. As a result of the gradient in concentration, a net flux will 
proceed where atomic species diffuse from smaller to larger particles, so that the larger particles 
eventually grow at the expense of the smaller ones. Accordingly, a critical radius of curvature, R* 
must exist for any particle ensemble, for which particles neither shrink nor grow. It has been shown 
that R* approximates the mean arithmetic radius of curvature of the particle ensemble [42], but for 
sufficiently small particles, R* deviates from the mean radius of curvature [43]. 
 

 
Fig. 2.2: Illustration of a simplified energy-distance and concentration-distance diagram for a three-
dimensional metal particle, with a spherical cap shape, on a flat support. 
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The mean-field assumption 
The growth or decay of the nanoparticles 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 
is constant, sc  on the support beyond the screening distance, L (fig. 2.2) from the edge of the 

particle and this mean-field concentration is governing the atom-exchange for each particle in the 
ripening process [11,13]. 

 
The LSW model 
By applying the Gibbs-Thomson relation and the mean-field assumption, Lifshitz and Slyozov [44] 
and Wagner [45] independently developed the so-called LSW model which statistically describes 
the Ostwald ripening for three-dimensional systems of particles in a homogeneous medium, such as 
spherical grains in a solid solution. According to this model, an asymptotic particle size distribution 
(PSD) develops as the sintering proceeds. The asymptotic PSD is a) independent of the initial PSD 
and b) independent of time (stationary) after a transitional period. Figure 2.3 presents a reprint of 
the stationary PSD from the original paper by Lifshitz and Slyozov [44]. Chakraverty adapted the 
model to two-dimensional systems consisting of three-dimensional particles on a flat, homogenous 
support, and showed that the modeled ripening of the two-dimensional systems lead to a similar 
stationary PSD [40]. The LSW model thus predicts a characteristic asymmetrical PSD shape with a 
tail to the small particle side of the main peak. 

On the contrary it has been suggested that the particle migration mechanism would lead to a PSD 
with a sharp cutoff at the small particle side and a tail toward the large particle side of the main 
peak [13,46]. It has been found that a lognormal distribution will fit the PSD characteristic of 
particle migration [46]. The characteristic differences between the modeled PSD shapes for the two 
mechanisms suggest that one route for determining the sintering mechanism for a given catalyst, 
would be to analyze the shape of the PSD after sintering. However, the distinct PSD shape 
described by the LSW model has not previously been reported for technical catalysts. Even after 
severe aging in oxygen at ambient pressures, log-normal like shapes are typical for PSDs of 
technical catalysts [47,48], and this has spurred some debate on the actual relation between the 
sintering mechanisms and the resulting PSD shapes [11,12,39,46-54]. 

 

 
Fig. 2.3: The stationary PSD shape according the LSW model. The plot shows the fraction of particles 
plotted as a function of R/R*. The figure is reprinted from [44]. 
 
Modeling the growth or decay of single particles 
While the LSW model addresses the statistical characteristics of particle ensembles, a model for the 
growth of individual particles supported on flat and homogeneous catalyst supports was developed 
by Wynblatt and Gjostein [11]. The use of in situ TEM offers the offers the possibility of describing 
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the individual nanoparticles during sintering. Therefore, in this thesis the model proposed by 
Wynblatt and Gjostein will be used extensively for comparison with the experimental data. To give 
the reader a full understanding of the parameters used in this model, it’s derivation is reproduced 
below. 

First, it is assumed that the particles can be approximated by spherical caps supported on a flat 
homogeneous support [11] as illustrated by fig. 2.2. The Ostwald ripening consists of two types of 
dynamical processes a) attachment of atomic species to and detachment of atomic species from the 
particles, i.e. interface related processes and b) diffusion of the atomic species on the support or 
through the gas phase. Here, it is assumed that the diffusion through the gas phase can be neglected, 
and this assumption is verified for the present systems in chapter 4.  

Regarding a), the flux of atomic species crossing the particle-support interface, Ji can be related 
to the concentration of atomic species at the particle edge, cp and at the adjacent support sites, c’s 
(fig. 2.2): 
 
                     ( )ββθπ psi ccaRJ −= ''sin2                                                 (2.2) 

 
where R is the radius of curvature, θ the metal-support contact angle, a the atomic spacing at the 
support at the particle edge, all defined in fig. 2.2, and  
 

     





−= kT

Hv s
s exp'β                                                    (2.3) 

                        

                                                                





−= kT

H
v

v
ms

s

p expβ                                                 (2.4) 

 
where vs and vp are the vibrational frequencies of the atomic species on the support and on the 
particle, respectively. Hs is the energy barrier between support sites, Hms the energy barrier between 
a support site and the particle edge site, respectively (fig. 2.2). k is Boltzmann’s constant and T is 
the temperature. A positive Ji-value corresponds to a flux onto the particle. 

Regarding b), in a steady state regime, Fick’s second law in polar coordinates can be used to 
describe the diffusion rate atomic species on the support, dcs/dt as a function of the radial distance, 
x (fig. 2.2),  

 

   0
1 =







=
dx

dc
xD

dx

d

rdt

dc ss                                              (2.5) 

 
where D is the diffusivity for the atomic species on the specific support. Eq. 2.5 has the solution, 
cs(x) = k1ln(x) + k2. Applying the mean-field assumption by inserting the boundary conditions cs(L) 
= sc and cs(Rsinθ) = cs’  as defined in fig. 2.2 leads to: 

 

         ( ) ( ) ( ) ( ) ( )[ ]Lx
RL

cc
cxc ss

ss lnln
sinlnln

' −
−

−+=
θ

                                (2.6) 

 
By using Fick’s first law and integrating around the particle perimeter, the diffusion flux towards a 
particle, Jd can now be described as:  
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The flux across the particle-support interface, Ji must match Jd, and it can be shown that, Ji = Jd 
leads to, 
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The mean-field concentration, sc  is related to the radius of curvature for particles that neither grow 

nor shrink, R* through the Gibbs-Thomson relation:  
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where ∞

sc  is the concentration at the support in equilibrium with an infinitely large particle, and γ, 

Ω, k and T are defined in relation to eq. 2.1. Recalling that ∞
pc  (eq. 2.1) is defined as the equilibrium 

concentration of atomic species at the particle edge on an infinitely large particle and that β (eq. 2.4) 
describes the energy barrier and vibrational frequency for moving an atomic specie from the particle 
edge to the support, it can be recognized that ∞∞ = ps cc β . By also applying the Taylor expansion 

shown for eq. 2.9 on eq. 2.1 and inserting both in eq. 2.8 leads to: 
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The change in volume for a given particle with the assumed particle geometry (fig. 2.2) is,  
 

                   ( )( ) ( ) iJ
dt

dR
RR

dt

d Ω=+−=+−⋅ θθπθθπ 3233 coscos4
3

2
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3
2

1
3

4          (2.11) 

 
 

where, 1/2 - 3/4cosθ + cos3θ is the factor that transforms the volume of a sphere with a radius R into 
a spherical cap with a radius of curvature, R and a metal-support contact angle, θ defined in fig. 2.2. 
Combining eq. 2.10 with 2.11 finally leads to an expression for the growth rate for a given particle 
with the radius of curvature, R:  
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According to eq. 2.12, the growth rate of a given particle is related to parameters such as the 
temperature, the metal-support contact angle, θ, the diffusivity, D, the energy barriers for crossing 
the metal-support interface, through β and β’ , the so-called screening distance, L and R* which is 
equal to the mean radius of curvature, R  when applying the Taylor approximation. It should be 
noticed, that consistent with the definition of R*, dR/dt → 0 for R → R*. Also, it should be 
emphasized that a stationary PSD consistent with the LSW model can be extracted from eq. 2.12 
[11,55].  

The rate of the two types of processes a) the interface processes and b) the diffusion, is not 
necessarily identical, which means that the ripening process is either limited by the interface 
processes (corresponding to 2πD/ln(L/Rsinθ) > 2πRsinθaβ’) or by the diffusion processes 
(corresponding to 2πRsinθaβ’ > 2πD/ln(L/Rsinθ)) which is referred to as interface control and 
diffusion control, respectively. For interface controlled ripening eq. 2.12 can be simplified to: 
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For diffusion controlled ripening eq. 2.12 can be simplified to: 
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    (2.14) 

 
In eqs. 2.13 and 2.14 αi and αd describes the influence of the particle shape on the ripening through, 
θ. αi’  and αd’  describes the other system specific parameters. 

Eqs. 2.12 – 2.14 model the growth rates of individual supported nanoparticles, only for idealized 
catalyst systems. For real industrial catalysts, the modeling will be further complicated by a number 
of additional parameters. Firstly, the partial pressure of reactive gasses may influence, γ, β and D. 
Secondly, faceting of the supported nanoparticles will influence, R, αi and αd. Thirdly, the often 
highly complex support structure of industrial catalysts violates the basic assumption of the model 
of a flat, homogenous support. For these reasons, it is not straight forward to relate eqs. 2.12 – 2.14 
to experimental observations of real catalytic systems. 

 
Modeling ensemble averaged parameters 
Most experimental studies of sintering do not offer the possibility of following the growth rates of 
the individual nanoparticles, which further complicates the comparison of the eqs. 2.12 – 2.14 with 
experimental observations. Instead, observations of ensemble averaged parameters such as the 
metal dispersion (as measured e.g. by chemisorption or temperature programmed desorption) or the 
mean particle size (measured by XRD or TEM) obtained as a function of either time or temperature 
have often been compared with the models. For this purpose, Wynblatt and Gjostein in their 
original presentation showed that eqs. 2.12 – 2.14 are consistent with the so-called general growth 
law (GGL) [11,56]: 
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   ( ) ( ) KtRtR nn =− 0                                                        (2.15) 

 
where ( )tR  and ( )0R  are the mean radius of curvature at time, t and t = 0, respectively, K a rate 
constant and n the sintering order. GGL is consistent with a well-known empirical model, the so-
called simple power law equation (SPLE) [12,13,15,16,39,41,57]: 
 

        nkS
dt

dS −=                                                               (2.16) 

 
where S is the metal surface area, t time, k a rate constant and n the sintering order. S is related to 
the surface area averaged particle radius, r  and the dispersion, ∆ by S(t)/S(0) = ( ) ( )trr 0  = 
∆(t)/∆(0). GGL and SPLE apply to both particle migration and Ostwald ripening and it has been 
suggested that the two mechanism can be distinguished by different characteristic value ranges of n, 
which thereby suggest a simple method of determining the dominating sintering mechanism 
[13,15,56]. The success of this approach has been debated [13,15]. Eqs. 2.15 and 2.16 are presented 
here, because of their frequent appearance in the sintering literature, but since the present study 
offers the possibility of a more detailed comparison with PSDs and with the temporal evolution of 
individual nanoparticles, the GGL and SPLE models expressing the observation by only one 
variable (R , ∆ or S) are not used. 

2.1.2. A brief overview of results from previous sintering studies 
As described in chapter 1, the DOC typically consists of Pt nanoparticles on an oxide support, such 
as Al2O3. The sintering in an oxidizing environment of oxide supported Pt nanoparticles has been 
studied intensively for at least four decades. In this section, a brief overview will be given of the 
most imported observations. 

 
The effect of temperature and gas environment on the sintering 
The sintering rate of oxide supported Pt nanoparticles in an oxidizing environment is highly 
dependent on the temperature [10,12,16]. For Pt/Al2O3 (but not for Pt/SiO2) increasing metal 
dispersion have been reported during aging at temperatures near 500ºC [10,12,15,16,58-61]. For 
higher temperatures, it is well-known that oxidizing environments enhance the sintering of 
supported Pt nanoparticles compared with H2, N2, Ar or vacuum [10,12,15,16,56,61], and that the 
sintering rate increases with the partial pressure of O2 [10,15,58], although a few studies have 
reported differently [21,60]. Beside ca. 10 – 20 % of O2, a DOC will be exposed to ppm levels of 
NO and CO [62], and all three gasses enhance the sintering [19]. The effect of CO is weaker than 
the effect of O2, but NO enhances the sintering considerably more than O2, while a combination of 
CO and NO has a weaker effect than pure NO [19]. Explanations for the enhanced sintering could 
be a) a lowering of the metal surface energy, γ by oxygen coverage [61,63], as mentioned above in 
relation to eqs. 2.12 – 2.14, b) gas-induced variations in the equilibrium particle shape for example 
by wetting [15,19,64-66]. This would influence αi and αd in eqs. 2.13 and 2.14, respectively, and c) 
formation of Pt-O2 or Pt-NO complexes which are more volatile than pure Pt adatoms 
[12,15,19,56,65]. The last effect has been demonstrated by in situ STM for Pt-H complexes at a 
Pt(110) surface [67].  
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According to Berry’s diagram Pt should be in the metallic phase for temperatures above ca. 
500ºC in 1 bar air [68], and this could suggest that Pt-oxygen formation would not be involved in 
the sintering of Pt/oxide catalysts. However, Berry’s diagram applies to bulk, but not necessarily to 
supported nanoparticles. Al2O3-supported Pt nanoparticles in an oxidizing environment are bulk 
oxidized at 500ºC [19] and surface oxidized or at least covered with oxygen at higher temperatures 
[19,69-71]. It has also been reported that the degree of oxidation depend on the nanoparticle size 
[69,70,72]. 

 
The effect of the initial particle characteristics on the sintering 
The sintering depends on the type of metal, for example via differences in the metal-support 
interactions [16] and the following decreasing order of stability in O2 has been reported: Rh > Pt > 
Ir > Ru [15]. It appears that no studies directly compare the sintering of alumina supported Pt and 
Pd in oxygen. An in situ study of Pd/Al2O3 in oxygen reports relatively complex dynamical changes 
as a function of temperature, including redispersion at temperatures below 650ºC and rapid growth 
above 800ºC [28]. It has also been found that alloying of Pt with Pd [16,73,74] or Au [75] leads to a 
lower degree of sintering in O2.  

The distribution and loading of the metals also influence the sintering: a) an early theoretical 
study by Flynn and Wanke suggests that the sintering rate depends on the width of the PSD [49] 
and b) from experimental studies it has been reported that the sintering rate increases for increasing 
metal loadings [15,58]. 

 
The effect of the support on the sintering 
Generally, variations in the surface morphology, such as the pore structures characteristic for many 
industrial catalysts, has a stabilizing effect because a) of the large support surface area and thereby 
the relatively long distances between the particles [10] and b) particles can be stabilized by cavities 
in the support material such as support pores [76] because of a lower chemical potential for particles 
at concave regions relative to particles at convex regions [11]. Also surface defects, steps and other 
irregularities impede the diffusion of atomic species [15].  

The degree of sintering of Pt/SiO2 at T ≥ 600ºC in O2 is reported to be higher than [53,77] or 
comparable to [59] the degree of sintering for Pt/Al2O3. The effect of the support is, however, 
difficult to establish experimentally because of the high degree of variation (both morphological 
and chemical) on the support surface when comparing two support materials [10]. Impurities on the 
support can influence the sintering for example by strong localized chemical interactions, which 
suggests that a route for stabilization is to introduce chemical “traps” on the support [15,23]. 
Relatively low sintering rates for a Pt/Al2O3-based catalyst have for example been obtained by 
addition of Ge to the support [78] or by mixing with MgO [79], Ba-CeO2 [80], Ce-Zr-based oxide 
powders [38,81,82] or zeolites [83]. 
 
The dominating sintering mechanism of oxide supported Pt in oxygen 
Ostwald ripening is commonly reported to be the dominant mechanism for the sintering of Pt 
nanoparticles supported on oxides, such as Al2O3 [19,21,59,61] or SiO2 [53,59] in an oxidizing 
environment. However, particle migration has also been reported (Pt/Al2O3 [33,84], Pt/SiO2 [76]), 
and some studies suggest that particle migration may dominate at low temperatures or for short 
aging times while ripening dominates at higher temperatures and longer aging times (Pt/Al2O3 
[56,85,86]). 

Most of these studies depend on indirect statistical information, typically, the mean particle size, 
the dispersion, PSDs, or structural information from TEM images obtained post mortem 
[19,56,59,61,85,86]. As mentioned, the veracity of using ensemble-averaged properties or PSDs in 
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order to verify a particular sintering mechanism is debatable, and the route for determining the 
dynamical history of the supported particles from a TEM image obtained post mortem is not 
obvious. A few studies present time-resolved images obtained post mortem [53,84] or in situ 
[21,33]. The interpretation of the dynamical changes of the supported nanoparticles is thereby 
apparently not as challenging. However, these approaches can be challenged by artifacts induced by 
the characterization methods. For the post mortem approach, it has to be assumed that all the 
properties of the catalysts are fixated during temperature ramping, sample transfer and for a 
different gas environment, such as in the vacuum of the TEM, which is not always the case [28,64]. 
Also, it is critical that the characterization is exactly repeated. For the in situ experiments, the 
applied probing method may induce artifacts (such as electron beam effects) which can be difficult 
to fully avoid. In general, it is not straight forward to extract convincing evidence from the 
experiments for the dynamical mechanisms, and this may explain why full consensus regarding the 
dominant sintering mechanisms has not been reached. 

2.2. Transmission electron microscopy 

Since most characterization in this study is performed with TEM, this section gives a description of 
TEM and in situ TEM. In total, five different TEMs were used during this study, but the description 
will particularly refer to a CM300 FEG SuperTwin (Philips/FEI Company) since most 
characterization and all in situ TEM experiments were carried out using this microscope. The 
section will end with a brief description of energy dispersive spectroscopy (EDS), which is used 
both in combination with TEM, scanning electron microscopy (SEM) and scanning transmission 
electron microscopy (STEM). Introductions to the theory of the additionally applied techniques, 
such as physical vapor deposition (PVD) [87], cluster source deposition [88,89], SEM [90], STEM 
[91-93], atomic force microscopy (AFM) [94,95], Ellipsometry [96] and x-ray photoelectron 
spectroscopy (XPS) [94,95,97] are found in the references. 

2.2.1. The TEM principle 
The TEM is, analogous to the optical light microscope, forming two-dimensional images of a three-
dimensional sample. The resolution of the projected images is limited by the wavelength of the 
probing wave, λ and atomic resolution can be obtained by accelerating the electron beam with high 
voltages, according to the de Broglie equation [91,92,98], 

 

     
p

h=λ                                                                         (2.17) 

 
where p is the electron momentum. The intensity and focus of the beam of electrons is controlled by 
electromagnetic lenses, which can be considered as thin, convex lenses. The objective lens is the 
first lens after the electron beam interacts with the sample, and this lens creates an enlarged real 
space image and a diffraction image of the sample (fig. 2.4). The diffraction image is formed in the 
back focal plane of the lens, because a convex lens will focus parallel rays in a single spot in this 
plane. The real space image is also formed, since a convex lens ideally focuses rays from a single 
point, A in the object plane, into one point, A’ in the images plane (fig. 2.4). Two operation modes 
are therefore characteristic for TEM: image and diffraction mode. 
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Fig. 2.4: Illustration of the formation of real space and diffraction images after the objective lens. 

 
Because the electrons interact strongly with the sample, a thin sample (preferably below 100 nm) is 
needed for the transmission of the electrons [91,98]. Most of the electrons are scattered elastically 
(Ignoring the low energy losses for phonon creation) and the energy lost by in-elastically scattering 
is converted to x-rays, secondary electrons, Auger electrons, electron-hole pairs and plasmons [91]. 
After interaction with the sample, the intensity differences in the electron beam are monitored at a 
viewing screen or with a CCD-camera. 

2.2.2. Imaging theory 
Phase contrast theory explains high resolution phenomena in the images such as Pt lattice fringes 
and the Fresnel fringes surrounding the particles in the images. The mathematical formulation is 
based on Fraunhofer diffraction were the incident beam is assumed to be a planar uniform wave: 

( ) ( )rkr ⋅= iAexpψ . The sample is assumed to be a so-called weak phase object, WPO. In this 
approximation the sample is thought to be so thin that its interaction with the electron beam can be 
described by the projected scattering potential of the sample, Vp where higher order terms of the 
projected potential are ignored (kinematical scattering). The image contrast results from 
interference of transmitted and scattered waves leaving the sample, ignoring Fresnel diffraction 
within the sample. Using the WPO approximation, the equation for a scattered wave is simplified to 
[91], 

 
   ( ) ( )rr pViσψ −≈ 1                                                         (2.18) 

 
where σ is an interaction constant which depends on the mass and wave length of the electrons in 
the beam. The intensity of the electron beam leaving the sample is then described with respect to 
phase contrast by the following equation [91]: 
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  ( ) ( ) ( ) ( ) ( ) ( )( )( )uuurrr χσψψ sin21 1 EAFVI p
−∗ ⊗+≈=                     (2.19) 

 
where F-1 is the inverse Fourier transform, u is the spatial frequency, A(u) is the objective aperture 
function, E(u) is the envelope function and χ(u) is sometimes called the phase distortion function 
[91]. While the first part of eq. 2.19, 2σVp describes the interaction between the electron beam and 
the sample, the last part describes how the electron beam is influenced by the lens system. This term 
is called the contrast transfer function (CFT) when the WPO approximation is applied [91]. The 
phase distortion function describes the influence of objective lens defocus and aberrations. To the 
first order in one dimension it can be described as [91], 

 

                   ( ) 432

2

1
uCufu sλπλπχ +∆=                                               (2.20) 

 
where ∆f is the defocus and Cs is the spherical aberration constant. Spherical aberration, which is a 
lens defect, and defocus of the objective lens are therefore important parameters for image 
formation. Additional parameters are temporal and spatial incoherency of the beam, described by 
the envelope function, E(u) and the effect of objective aperture, described by A(u). The CFT is 
plotted in figure 2.5 with parameters characteristic for the FEI CM300 at the so-called Scherzer 
defocus, which is an optimization of the defocus value, ∆f by balancing the effect of spherical 
aberration against the defocus [91]. The function values oscillate giving the maximum image 
contrast at CFTmax and no contrast when CFT = 0. Rows of atoms can appear as bright or dark 
lattice fringes depending on the sign of CFT [91]. Below the point resolution, defined as the first 
crossover in the CTF (fig. 2.5), direct interpretation of high resolution TEM images of weak phase 
objects is possible, meaning that in this region all atoms will appear dark on a bright background. 
The point resolution at Scherzer defocus for the CM300 is [91], 
 

                     nmCr sSch 21.066.0 4

3

4

1

== λ                                               (2.21) 

 
Information of higher spatial frequencies is, however, available. The information limit, defined as 
the highest spatial frequency transferred through the imaging lenses (fig. 2.5), is a result of the E(u), 
describing the spatial and temporal incoherence, dampening the CFT. In the region above the point 
resolution, one must be careful when interpreting the images, because the atoms may appear dark or 
bright depending on the sign of the CTF. Figure 2.5 shows which of the Pt lattice distances it is 
possible to resolve using the CM300. 

Most of the TEM images in the present study are recorded at low magnification, where lattice 
fringes are not visible and phase differences play a minor role for the image contrast. In these 
images, the sample regions with a large scattering potential will generally appear darker than 
regions where the scattering potential is smaller. The sample scattering potential depends on the 
mass and the thickness of the sample. In terms of mass-thickness contrast in the TEM images, the Pt 
or Pd nanoparticles (ZPt = 78, ZPd = 46) are identified as the darker contrast features which are 
superimposed at the brighter background that corresponds to the amorphous oxide support (ZAl = 
13, ZSi = 14, ZO = 8, ZO = 7). The mass-thickness contrast theory focuses on the sample scattering 
potential i.e. the first part of eq. 2.19. To first approximation the mass-thickness contrast, C can be 
described as [91], 

 
   ( )xQC ∆−−= exp1                                                       (2.22) 
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where ∆x is the thickness of the sample and Q = N0ρσ/M is the total elastic scattering cross section 
specific for the sample material, where N0 is Avogadro’s number, ρ the density, σ the scattering 
cross section per atom, and M is the molar mass [99]. Q increases approximately linearly with the 
atom number Z [99]. 

 

 
Fig. 2.5: The contrast transfer function is plotted in one dimension (black) as a function of the spatial 
frequency. The parameters used are characteristic for the CM300 microscope: V = 300 kV, Cs = 1.4 mm, Cc 
= 2.0 mm, Energy spread = 0.6 kV, Convergence = 0.3 mrad, ∆fSch = -67 nm. The temporal (red), spatial 
(green) and the total (blue) envelope is presented and the point resolution and the information limit are 
defined. The vertical lines denote the lattice space distances for Pt with indices [hkl]. 

2.2.3. The experimental setup 
An overview of the CM300 FEG SuperTwin (Philips/FEI Company) microscope is now given. 

 
The electron source 
The CM300 (fig. 2.6a) has a field emission gun (FEG) consisting of a tungsten cathode from which 
electrons are extracted by applying an electric potential difference between the cathode tip and an 
anode. Unfortunately the tungsten cathode tip gets unstable by adsorbed gasses since adsorbents 
change the tip work function. For this reason a FEG requires ultrahigh vacuum (~10-9 mbar) 
[91,98]. The electrons are accelerated by a second anode using the high tension characteristic for 
the gun. For the CM300 the acceleration voltage accelerates the extracted electrons to an energy of 
300 keV. 
 
Lenses and Apertures 
An overview of the several lenses and apertures used in the CM300 TEM is given by fig. 2.6b. The 
condenser system consists of two condenser lenses and apertures that create a condensed and 
parallel beam [91]. The magnification system in the CM300 consists of a SuperTwin objective lens, 
a minicondenser lens, a diffraction lens, an intermediate lens and two projector lenses. The operator 
focuses the image by using the objective lens. A cross-over in the front focal point of the objective 
lens is created by the minicondenser producing coherent illumination of the sample [100]. At the 
back focal plane of the objective lens, where a diffraction pattern is formed, the objective aperture 
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can be inserted to enhance contrast by blocking of scattered electrons. In the image plane of the 
objective lens where the first real image is formed, the selected-area aperture can be inserted to 
control the sample area from which a diffraction pattern is recorded [98]. The diffraction pattern or 
the real image is magnified by the intermediate and the projector lenses. 
 
Detectors  
The viewing screen (fig. 2.6a) acts as the primary detector and is a plate coated with a ZnS 
scintillator. When lifting the viewing screen, the beam is sent further down the microscope column 
to meet one of two detectors: A Tietz F114 Fastscan CCD or a Gatan imaging filter (GIF2000). All 
images were recorded with the Tietz system because its high sensitivity makes it capable of creating 
images from low intensity beams which is important for the present in situ experiments as will be 
described in detail in section 3.2.1.3. 
 

    
                                               a                                                                           b  

Fig. 2.6: (a) The CM300 FEG SuperTwin (Philips/FEI Company) TEM. (b) Illustration of the lenses and 
apertures on a FEI CM microscope. The illustration in (b) is reprinted from [100]. 

2.2.4. In situ TEM 
In situ TEM refers to a broad class of experiments carried out during observation in a TEM from 
heating experiments [101] to experiments with electric or magnetic forces [102]. In this study the 
term in situ TEM refers to experiments in the TEM where samples are exposed to reactive gases 
and elevated temperatures, also sometimes referred to as environmental TEM (ETEM) [14,31,103-
106]. During the in situ experiments, a reduced spatial image resolution results from scattering of 
the electron beam by the gas molecules in the microscope column [31,105]. The CM300, is 
equipped with an environmental cell and a differential pumping system for in situ studies and was 
in fact the first in situ TEM microscope capable of resolving distances below 0.2 nm in a gas phase 
[31].   



 16 

An illustration and a photo of the differential pumping system are presented in fig. 2.7a-b. When 
running in in situ mode, a steady flow of gas is let into the sample region from the gas inlet system. 
The gas pressure is ramped down from the gas flask pressure (~50-100 bar) over the in situ box 
(~500 mbar) into the microscope gas inlet. Here the gas is introduced into the sample region 
through a needle valve, adjusting the final pressure (up to 15 mbar) [105]. Two apertures, a enclose 
the sample volume that corresponds to the cell where the sample is exposed to the reactive 
atmosphere. From this cell, gases can diffuse away through the apertures. A molecular drag pump is 
connected to the region between apertures a and b. This region makes up pumping level 1. The 
diameter of the aperture a is 0.2 mm which is the half of the diameter of b [105]. Pumping level 2 is 
evacuated by turbo molecular pumps. In the upper part of the column (pumping level 3), an ion-
getter pump is connected above condenser aperture C1. Two further ion getter pumps are operating 
in the FEG region above pumping level 3. The result is that the gas pressure drops gradually from 
the sample region and up (and down) the column [31]. In this study, typical gas pressures during in 
situ experiments were ca. 10 mbar, 7 · 10-2 mbar, 8 · 10-5 mbar and 10-9 mbar for the sample region 
and the three pumping levels, respectively. The gas flow through the system was ca. 5 – 10 mL/min 
[105]. 
 

 

 
                                                  a                                                                       b 
Fig. 2.7: (a) Illustration of the differential pumping system [105] and (b) photo of the in situ gas inlet system. 
 
The heating holder 
For the thermal aging of the samples, a Gatan Single Tilt Heating Holder 628 (fig. 2.8a-b) and a 
Gatan Model 901 SmartSet Hot Stage Controller was used.  

This particular holder was chosen because its materials remain stable when exposed to an 
oxidizing atmosphere at elevated temperatures. The heater element was a platinum filament placed 
inside an Inconel cup, which acted as support and heating furnace for the sample (fig. 2.8).The 
temperature was measured by using a Pt-Pt/Rh (13 %) thermocouple spot-welded on the side of the 
furnace. The cup was suspended by zirconia spheres to isolate it thermally from the frame of the 
holder. The maximum temperature for the holder is ~900ºC depending on the surrounding gas. In 
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10 mbar air the temperature could not be raised further than 740ºC, but this was sufficient to 
activate the sintering of the oxide-supported Pt nanoparticles. 

 

     
                                              a                                                                           b 
Fig. 2.8: Photos of the Gatan heating holder tip. 

2.2.5. EDS 
The energy of the x-rays generated from inelastic scattering of the electron beam corresponds to the 
characteristic energy for the elements in the sample, when the x-rays are produced by relaxation of 
exited atoms [90,91]. These x-rays therefore contain information of the sample composition, which 
is typically measured by semiconducting silicon detectors, where the x-ray energy is converted into 
electron-hole pairs, measured as an amplified current and analyzed with a multichannel analyzer 
[90]. The result is a histogram that represents the intensity of intervals of the x-ray energy. The 
peaks in the spectrum correspond to the characteristic energies for the elements and the background 
signal to Bremsstrahlung [90,91]. For a single element there are multiple characteristic energies, but 
in the recorded spectra this complexity reduces because the intensities for certain energies are much 
more intense than for others. The Kα lines are for example ca. 8 times more intense than the Kβ lines 
[90]. 

To reduce noise from background current in the semiconducting silicon, the detector is typically 
cooled with liquid nitrogen, and therefore thin (= few micrometers) windows made of light 
elements such as carbon (ZC = 6) or beryllium (ZBe = 4) protect the detector from condensation of 
gasses (mostly H2O) in the microscopy column  [90]. A significant faction of the x-rays with 
energies below 1 keV are absorbed by the window [90], and therefore EDS is generally best for 
analysis of higher energies corresponding to the heavier elements, for example Pt and Pd for which 
EDS is applied in this study. 

 
Elemental mapping 
Combining EDS with a scanning probe (SEM or STEM) offers the possibility of recording a three-
dimensional dataset where each pixel in the scanned areas corresponds to a full EDS spectrum. 
Two-dimensional projections of this dataset can visualize the spatial distribution of the peak 
intensities for a chosen energy range, and for example present an image of the characteristic 
energies for Pt on the sample. A challenge when performing the elemental maps is the often severe 
beam damage induced to the sample because the focused electron beam has to scan the sample 
relatively slowly to achieve a satisfactory high EDS signal count. 
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Quantitative analysis 
To quantitatively analyze the concentration of a given element, the peak intensity of this can be 
compared to the peak intensity from a standard with a known concentration measured under the 
exact same conditions [90]. The quantitative analysis relies on a reasonable peak background fitting 
and for bulk analysis (SEM-EDS) the comparison with standards normally has to be corrected by 
the so-called ZAF corrections, describing the efficiency with which an element produce x-rays (Z), 
x-ray energy loss by absorption in the sample (A) and x-ray energy loss from fluorescence (F) [90]. 
For thin samples (TEM-EDS) the concentration fraction between two elements approximately 
corresponds to the integrated peak intensity fraction times a calibration factor, k, which can be 
found by comparison with standards or from models [90]. In the present study, the k-factors were 
determined from the model by Nestor Zaluzec. 
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3. Methods 

3.1. Model catalysts 

The first part of this chapter describes the preparation and characteristics of the catalysts. In the 
second part, details of the sintering experiments and data analysis are given. 

3.1.1. Motivation for using model systems 
Industrial diesel oxidation catalysts are typically composed of Pt nanoparticles with a mean radius 
of a few nanometers dispersed on a highly porous oxide support, typically γ-Al 2O3 [6]. A highly 
complex support structure is characteristic for such catalysts as illustrated by the electron tomogram 
of a Pt/γ-Al 2O3 (after thermal aging, hence the relatively large Pt nanoparticles) in figure 3.1.  

 

 
Fig. 3.1: (a-f) Electron tomography reconstruction of a Pt/γ-Al2O3 diesel oxidation catalyst. In the 
segmentation, the volumes of Pt and Al2O3 are marked by red and green colors, respectively. Each image 
corresponds to the catalyst rotated by 60 degrees with respect to the previous images in the series. 
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An in situ study of nanoparticle sintering in such complex support structures will meet the 
following challenges: a) the three-dimensional dynamical changes of nanoparticles in a complex 
support structure are difficult to track and analyze from time-resolved two-dimensional images, b) 
the complex support structure will induce a high degree of variation in the mass-thickness contrast 
of the TEM images so that the small Pt nanoparticles are difficult to detect in image regions 
corresponding to thick support layers. The presence of a gas phase during in the situ experiments 
will enhance this problem, c) as described in the chapter 2, the theoretical models for sintering 
assume a flat and homogeneous support. In a fundamental study of sintering where experimental 
data is compared with the theoretical models, it is more appropriate to work with catalytic model 
systems that mimic the assumptions of the theoretical models as closely as possible. 

For these reasons, the present study focuses on the sintering of Pt nanoparticles dispersed on a 
flat, homogeneous Al2O3 support. To study effects of the type of oxide support on sintering, it was 
decided also to work with a model catalyst with a flat, homogeneous SiO2 support. Also, the 
sintering of Pd nanoparticles and bimetallic Pt-Pd nanoparticles on a flat oxide support is addressed.  

 
 

 
 

 
Fig. 3:2: (a) Schematic side-view of the model catalyst. (b) TEM image of the as-prepared Pt/Al2O3 model 
catalyst. (c) Electron diffraction pattern of the bare Si3N4-supported alumina film. (d) Electron diffraction 
pattern of the model catalyst. Diffraction spots corresponding to the Pt (111), (200) and (220) lattice planes 
are indicated.  
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3.1.2. The metal-oxide model catalysts 
The model catalysts in this study consist of Pt, Pd and bimetallic Pt-Pd nanoparticles dispersed on a 
flat, amorphous Al2O3 and SiO2 support that were prepared on 40 nm thick, amorphous Si3N4 
electron transparent windows supported on Si wafers (fig. 3.2a) [107]. The route mean square 
roughness [108] of the Si3N4 layer is < 0.5 nm over a 400 µm2 area [107]. The windows are stable 
under strong electron beam irradiation and in temperatures up to 1000°C at atmospheric pressure 
[107]. 
 
The preparation of the oxide layers 
Following the Si3N4 window preparation [107], the Al2O3 support was formed by PVD from an 
Al 2O3 target of 99.99 % nominal purity (Kurt J. Lesker Company) using an electron beam 
evaporator (AVAC HVC600) operated with a base vacuum pressure of 4 • 10-6 mbar and a 
deposition rate of 0.05 nm/s. The SiO2 layer was formed by oxidizing the Si3N4 using a microwave 
plasma processor (TePla 300PC) operated at 1 kW for 40 min in 1 mbar O2. 
 

 
Fig. 3.3: (a,d) AFM images and (b,c,e,f) vertical line scans of (b-c) the SiO2 substrate and (e-f) the Al2O3 
substrate. The image widths are 5 µm and the color scale covers 5 nm. All line scans are performed 
horizontally from edge to edge at the center for the vertical axis. For (b,e), the y-axis has a 1x1 ratio to the x-
axis. 
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The thickness of the oxide layers 
The thickness of the oxide layers and the Si3N4 window was determined by ellipsometry (J.A. 
Woollam M2000). The thicknesses given with an error of ±1 nm are; Al2O3 = 14 nm on Si3N4 = 36 
nm, and SiO2 = 7 nm on Si3N4 = 28 nm. The ellipsometry measurements were carried out with 
assistance from Laurent Feuz from the Department of Applied Physics at Chalmers University. 
 
The surface morphology of the oxide layers 
The surface morphology of the oxide layers was determined by using atomic force microscopy 
(AFM) (DI Nanoscipe 3000). The AFM images in figure 3.3a,d show that the oxide layers are 
relatively flat and that the Al2O3 layer is less rough than the SiO2 layer. Figure 3.3b,e present line 
scans with a 1x1 ratio between x- and y-scales, which show that the samples are flat on the 
micrometer level. If the y-scales are exaggerated relative to the x-axis, as presented in figure 3.3c,f, 
it appears that the surface height varies by ca. ±3 nm for Pt/SiO2 and ca. ±1 nm for Al2O3. The route 
mean square roughness over a 100 µm2 area was < 0.6 nm for SiO2 and < 0.4 nm for Al2O3. This 
shows that preparation of the oxide layer by oxidation (SiO2) creates a slightly rougher surface than 
preparation by PVD, but that the initial surface roughness (route mean square roughness < 0.5 nm 
for Si3N4 [107]) is not dramatically changed by the creation of the oxide layers. The AFM 
measurements were carried out with assistance from Elin Larsson, Competence Centre for Catalysis 
at Chalmers University. 

 
The composition of the oxide layers 
XPS was used to verify the sample composition and to determine the degree of impurities for the 
two sample types before the deposition of the metals (fig. 3.4a-b). All major peaks in the XPS 
spectra were identified and the spectra were calibrated using the characteristic O 1s, N 1s and C 1s 
peak. The spectrum for the SiO2-sample reveals a characteristic peak at 103.5 eV (fig. 3.4a), which 
corresponds to the reference value for the Si 2p 3/2 peak in SiO2 [97]. For the Al2O3-sample XPS 
reveals a characteristic peak at 74,6 eV (fig. 3.4b) which corresponds to the reference value for the 
Al 2p 3/2 peak in pure Al2O3 (74,7 eV) [97].  

 

 
Fig. 3.4: XPS spectra of the (a) SiO2 and (b) Al2O3 substrate. In both graphs a high energy resolution 
spectrum on the relevant metal peak (Si and Al) is inserted. The quantified atomic concentration for each 
element is inserted in the figure.  
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From the insert of figure 3.4a, it is seen that there could be a shoulder on the main peak near the 
value 101,9 eV, which corresponds to the reference values for the Si 2p3 peak in SiO. This could 
indicate that the SiO2 is not fully oxidized, but the shoulder could very well result from poor 
statistics. The shoulder could also be explained by the presence of the compounds SiC or SiN with 
the binding energies 101,0 eV and 101,5 eV respectively. The reference values for the Al 2p3 peak 
of partly oxidized Al varies from 72-76 eV and can therefore be difficult to determine exactly. The 
peak identified as the Al 2p3 peak from Al2O3 does not have any shoulders, which may indicate that 
the Al is fully oxidized. According to the quantitative analysis presented in figure 3.4a,b, oxygen is 
overrepresented (O/Si = 2.5, O/Al =3.0) compared to the stoichiometric oxide relation (O/Si = 2, 
O/Al = 1.5) indicating a full oxidation. 

XPS also reveals ca. 10 % atomic concentration of carbon contamination on the as-prepared 
substrates and a trace of In below 1 % on the Al2O3 sample (fig. 3.4a,b). The In most probably 
results from a contamination from previous samples in the AVAC HVC600 electron beam 
evaporator. It is difficult to pinpoint the exact source of the carbon contamination. It may be 
remnants from the sample production, or a result of the exposure to ambient conditions during 
transfer from the clean room to the vacuum chamber hosting the XPS facility. Based on the results 
presented previously [109] and in section 3.2.1.2, it is most likely that the carbon contamination 
will react and/or desorbs during temperature ramping or during the first few minutes at the constant 
temperature of the in situ TEM or tube furnace sintering experiments. The XPS work was carried 
out with assistance from John Larsen and Lone Bech at CINF, Technical University of Denmark. 

 
The crystallinity of the oxide layers 
Selected electron area diffraction patterns of the Si3N4-supported oxide layers demonstrate only 
broad and diffuse bands of diffracted electrons consistent with an amorphous structure. This is 
shown for the Al2O3 sample in figure 3.2c. 
 
The Pt and Pd nanoparticles 
In a final preparation step, the metals were deposited onto the oxide layers by PVD using an 
electron beam evaporator (AVAC HVC600) operated with a base vacuum pressure of 2 - 4 • 10-6 
mbar and with a deposition rate of 0.05 nm/s. In total four sample types were prepared: 1) Pt/Al2O3, 

2) Pt/SiO2 3) Pd/Al2O3 and 4) Pt-Pd/Al2O3. The nominal Pt or Pd thickness was 0.5 nm. For the 
bimetallic Pt-Pd/Al2O3 sample, a nominal thickness of 0.2 nm Pt was first deposited followed by the 
deposition of Pd also with a nominal thickness of 0.2 nm. The used Pt and Pd targets had 99.99 % 
nominal purity (Nordic High Vacuum AB). For all samples, the as-deposited metal particles are 
present as irregularly shaped and crystalline islands, as presented for the Pt/Al2O3 sample in figure 
3.2b,d. The Pt nanoparticles are homogenously distributed over both oxide supports, as seen for 
Pt/Al2O3 in figure 3.2b. 

Figure 3.5 presents PSDs based on automatic measurements (section 3.3.1) of the nanoparticle 
sizes from the TEM images of the as-prepared samples (full black). The Pt nanoparticles have a 
mean projected radius of approximately 1.5 nm for all samples and the PSDs representing the 
Pt/SiO2 sample is wider than the distributions of Pt, Pd and Pt-Pd nanoparticles supported on Al2O3. 

 
Particle deposition with a cluster source 
For some of the Pt/SiO2-samples, Pt nanoparticles were also deposited with a cluster source (Mantis 
Deposition Ltd) in a multichamber UHV system (Omicron Multiscan Lab) with a base pressure of 
ca. 10-11 mbar. The Pt nanoparticles were formed by gas-phase condensation from a flux of 
platinum atoms, which are sputtered from a 99.99% purity platinum target by a magnetron 
sputtering head, located inside a liquid nitrogen cooled enclosure. Argon gas is used to provide the 
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plasma at the magnetron sputtering head. The Pt nanoparticle sizes were controlled by the 
sputtering power, the gas (Ar and He) flow in the aggregation zone and by filtering of the 
nanoparticles according to their mass-to-charge ratio with quadrupole mass filter [89]. The cluster 
source was applied to produce Pt/SiO2 model catalysts which were similar to those prepared by 
PVD, i.e. similar Pt particles sizes, but with a lower particle density. In addition Pt/SiO2 model 
catalysts were produced with a bimodal PSD by first depositing small nanoparticles (radii = ca. 1.5 
nm) with either PVD (resulting in a high particle density) or with the cluster source (resulting in a 
low particle density) followed by the deposition of larger particles (radii = ca. 6 nm) with the cluster 
source. The SiO2-samples were degassed at 500ºC for 1 hour prior to the deposition with the cluster 
source, except the sample with Pt nanoparticle already deposited with PVD, which was degassed at 
the lower temperatures of 150ºC to avoid sintering of the Pt nanoparticles. 
 
 

 
Fig. 3.5: The lines corresponds to PSDs for (a) Pt/Al2O3, (b) Pt/SiO2, (c) Pd/Al2O3 and (d) Pt-Pd/Al2O3 
representing the samples as-prepared (full black) and after aging in a tube furnace in 1 bar 0.2 % O2 in N2 for 
3 hours at 600°C (full grey). The particles were au tomatically measured as describe in section 3.3.1. 
Identical bin sizes are used for all PSDs. For comparison, PSDs from manually measured radii are added for 
the Pt/SiO2 sample (dotted lines). The number of particles is ≥ 1000 for each PSD. 
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Uniformity of the as-prepared samples 
From figure 3.5 (full black) it can be seen for Pt/Al 2O3 (a) and Pt/SiO2 (b) that the main peak value 
and the width of the PSDs are identical for different as-prepared samples of the same type. This 
means that the statistical characteristics of the Pt nanoparticles on the as-prepared samples are 
identical for each of these samples. 
 
Reproducibility 
Figure 3.5 also presents PSDs for the Pt/Al2O3 (a) and Pt/SiO2 (b) samples after thermal aging in a 
tube furnace in 1 bar 0.2 % O2 in N2 for 3 hours at 600°C (full grey). Both Pt/Al2O3 samples were 
aged in the same experiment and similarly all three Pt/SiO2 sample were aged in the same 
experiment. According to the figure, the PSDs are exactly reproduced when the samples are 
exposed to exactly the same conditions. This means that the samples are suitable for a statistical 
study of sintering. 
 
Sample storage and stability 
After preparation the samples were stored in a glove box with ppm levels of O2 and H2O. The 
measured degree of sintering could not be reproduced for the Pt/Al2O3 samples stored in air at 
ambient pressure for longer periods (months). The reason for the reduced reproducibility after 
storing in air could not be determined from TEM or XPS. 

3.2. The sintering experiments 

The sintering of the model catalysts was carried out and directly monitored by use of in situ TEM. 
For comparison, the sintering was studied by post mortem TEM after thermal aging in a tube 
furnace. Details for the sintering experiments are described in this section. 

3.2.1. In situ TEM 

3.2.1.1. Experimental details 

In situ TEM experiments were performed using the CM300 electron microscope described in 
section 2.2. In the electron microscope, the model catalysts were exposed to 10 mbar technical air 
composed of 21 % O2 and 79 % N2 (class 2 from Air Liquide). Each sample exposed to this 
environment was mounted with the metal-oxide side facing the bottom of the heating holder. The 
holder facilitated the heating of the samples in the gas environment at a rate of 30°C/min. to a 
temperature in the range 200-740°C where the temperature was kept constant within ca. 3°C for up 
to 6 hours. An objective aperture wit scattering semi-angle of 7.5 mrad was used.  

3.2.1.2. Temperature calibration 

It can not be guaranteed that the temperature of the sample is identical to the furnace temperature 
measured by the thermo-couple (section 2.2.4). For heating experiments without a gas phase, one 
approach for the temperature calibration is to rely on reference values e.g. melting points, thermal 
expansion of a crystal lattice or phase transition [92], which, however, can be difficult since the 
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reference values often refer to bulk materials and are not always precisely given for nanoparticles. 
For in situ TEM in a gas phase, as in the present study, the temperature calibration is further 
complicated by gas-induced effects on the demarcation parameters. Another challenge in the 
temperature calibration of in situ TEM is that the temperature of the gas phase may be different 
from the temperature of the sample. 

In this study the temperature of the sample and the gas near the sample surface is calibrated by 
comparing the results from in situ TEM experiments with non-catalytic oxidation of carbon black 
(CB), with reference experiments from a plug-flow reactor where the temperature measurements are 
expected to be reliable. The data of the reference experiments were taken from a previous study 
[110]. The oxidation of CB on a SiO2 sample without Pt nanoparticles was also compared to 
oxidation of CB on stainless steel to determine if the lower heat conductance of SiO2/Si3N4/Si 
relative to stainless steel would result in lower temperatures at the SiO2 surface over the electron 
transparent window (fig. 3.2a). Specifically, CB powder (Printex U, Degussa GmbH) was dispersed 
dryly on a stainless steel TEM grid and on the SiO2 sample without Pt nanoparticles. In the later 
case the CB was suspended in ethanol, treated with ultrasound and a droplet of the suspension was 
added to the SiO2 sample. The sample was allowed to dry in air. In the TEM, the CB/stainless steel 
sample was exposed to 2 mbar O2 (99.998%) and the temperature was ramped with a rate of 
2°C/min until 600°C was reached. The CB/SiO2 sample was exposed to 10 mbar technical air (class 
2 from Air Liquide) and the temperature was ramped as described for the CB/stainless steel sample. 
For the reference experiment in the plug-flow reactor, 0.1 g CB was mixed with α-Al 2O3 powder 
(CB/Al2O3 mass fraction = 0.1) and oxidized in 2 mbar O2 in N2 in a flow = 50 Nml. In the 
reference experiment, the temperature was ramped to 600°C with the same ramping rate as in the in 
situ TEM experiments. The progress of the reaction was followed by monitoring the CO and CO2 
levels using a Binos 1 dual channel infrared sensor (Leybold-Heraeus GmbH). The temperature was 
measured with a thermocouple in the reactor ca. 10 mm below the sample bed. 

From time-resolved in situ TEM images, the diameters of 10 CB particles on the CB/stainless 
steel (squares) and the CB/SiO2 (circles) sample were measured and the mean shrinkage is 
presented as a function of temperature in figure 3.6. To compare the measurements of CO and CO2 
from the plug-flow reactor with results from in situ TEM the following considerations were made: 
The CB particles will decrease in volume as carbon is removed from the particles in the process of 
CO and CO2 production. The mean particle shrinkage is estimated by assuming that the particles are 
spherical, composed of 100% carbon and that carbon is removed layer by layer of from the outer 
surface so that no oxidation inside the CB particles takes place. These assumptions only represent a 
first approximation, since the CB particles are not perfect spheres, contain up to 10% of hydrogen 
[111] and the oxidation can probably take place in the particle pore system [112,113].  

According to figure 3.6, the temperature dependent decrease in mean particle diameter is similar 
for the two in situ TEM experiments and for the results from the plug-flow reactor: For all three 
experiments the decrease in diameter is detectable at temperatures above 500°C, and the diameter 
shrinking rate, caused by non-catalytic oxidation of the particles [109], is high near 600°C. This 
shows a) that the temperature near the CB particles are not substantially lower when supported on a 
film of SiO2 and Si3N4 than when supported on stainless steel which is known to be a good heat 
conductor, and b) that the gas and sample temperature correspond to the temperature measured by 
the thermo-couple at the heating holder furnace. Because of the relatively large error bars in the 
figure the temperature can, however, only be determine within a precision of ca. 50°C (fig. 3.6). 

In addition the temperature was also calibrated directly from the sintering results, by comparing 
the mean particle radius after the Pt/SiO2 samples were aged either in the microscope or in a 
thermally equilibrated external tube reactor in 10 mbar technical air at 740°C for 3 hours. The 
temperature ramping rate was identical for these two experiments and the electron beam was turned 
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off throughout the thermal ageing in the microscope. Because the mean Pt particle size after heat 
treatment only differed by 2 % for the samples, the temperature measured on the furnace is 
concluded to be similar to the temperature of the sample and gas environment near the sample 
surface during the in situ TEM experiments.  

 
 

 
Fig. 3.6: Normalized mean diameters of 10 CB particles from the CB/stainless steel sample (squares) and 
the CB/SiO2 sample (circles) presented as a function of temperature. For comparison the mean diameter is 
estimated based on measurements of CO and CO2 from a plug flow reactor (grey line). The error bars 
represent the estimated measuring errors. 
 

3.2.1.3. Electron beam effects 

Before performing the actual sintering experiments it is necessary to understand and control the 
artifacts that may be induced by the electron beam so that they can be eliminated.  

 
Electron beam effects - overview 
To obtain an overview of the possible effects of the electron beam in combination with the gas 
phase the Pt/SiO2 model catalyst was exposed to the very high electron beam current density of 16 
A/cm2 in 2 mbar O2 and at a temperature of 300°C which is well below the onset temperature for 
sintering of Pt/SiO2 [53,59]. Figure 3.7 presents time-resolved in situ TEM images of the same 
region of the sample, and from the image series the beam induced dynamical changes of the Pt 
particles can be observed such as a) particle migration (e.g. particle no. 1), b) coalescence between 
migrating particles (e.g. particles no. 2 and 3), c) particle splitting (e.g. particle no 4), d) decreasing 
particle radius and contrast (e.g. particle no. 5). Several of these dynamical changes can easily be 
mistaken for sintering mechanisms such as particle migration and Ostwald ripening. For the 
sintering experiments it is therefore critical that proper experimental conditions are found so that the 
observed dynamical changes are not dominated by such beam induced artifacts. 
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Fig. 3.7: Time-resolved in situ TEM images of Pt nanoparticles supported on SiO2 during exposure to the 
high electron beam current density of 16 A/cm2 in 2 mbar O2 at T = 300ºC. The images are acquired (b) 18 s, 
(c) 2 min, (d) 4 min, (e) 10 min and (f) 20 min after the acquisition of time of (a). 

 
Electron beam effects at low beam current densities 
To find the optimal illumination conditions for the in situ TEM experiments, the electron beam 
effects were examined for all four types of model catalysts (Pt/Al2O3, Pt/SiO2, Pd/Al2O3 and Pt-
Pd/Al2O3) by exposing the samples to various low beam current densities (< 1 A/cm2) in 10 mbar 
technical air and at a temperature of 400°C. The regions were initially unexposed to the electron 
beam and were subsequently imaged with a frame rate of 1.4 frames/s (exposure time = 0.5 s) for 
30 min. At the lower beam current densities, the image series revealed two main effects of the 
electron beam; the shrinkage of the projected nanoparticle areas and the coalescence of neighboring 
Pt nanoparticles. 

To address the shrinkage, the radii of at least 30 nanoparticles were manually measured in the 
first and last frame of the image series. For particles that eventually disappeared during the 30 min. 
of exposure to the electron beam, the final radius measurements were obtained from the last frame 
where the particles were clearly visible, and the shorter beam exposure time was taken into account. 

Figure 3.8 shows the mean nanoparticle radius shrinkage rate as a function of the electron beam 
current density for Pt/Al2O3 (filled black squares), Pt/SiO2 (filled grey squares), Pd/Al2O3 (open 
grey squares) and Pt-Pd/Al2O3 (open black squares) and reveals an approximately linear increase in 
the mean radius shrinkage rate with beam current densities increasing up to 1 A/cm2.  

Figure 3.8 also presents the fraction of coalescing particles for Pt/Al2O3 (filled black circles), 
Pt/SiO2 (filled grey circles), Pd/Al2O3 (open grey circles) and Pt-Pd/Al2O3 (open black circles). 
Only a minor fraction of ca. 1 % of the total number of nanoparticles apparently coalesced in the 
oxidizing gas environment irrespective of the electron beam current density (fig. 3.8). Specifically, 
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the coalescence events involved only particles located in close vicinity with their center of mass 
separated by ca. 3 nm and did not involve migration of particles over longer distances. The events 
could be coalescence events or a localized, fast ripening effect in accordance with [114].  

 
 

 
Fig. 3.8: The mean particle radius shrinkage rate (squares) and the fraction of coalescence events (circles) 
for Pt/Al2O3 (filled black), Pt/SiO2 (filled grey), Pd/Al2O3 (open grey) and Pt-Pd/Al2O3 (open black) model 
catalysts during exposure to 10 mbar air at 400ºC presented as a function of beam current density. The 
fraction of coalescing particles is calculated after exposure of the sample to the electron beam for 30 min. 
For each data point, the mean radius shrinkage rate is based on measurements on more than 30 particles 
and the percentage of coalescence events is calculated from 200 - 500 particles per point. Error bars refer to 
the standard deviation of the mean radius (eq. B.2, Appendix B). 

Electron beam effects in different gas environments 
To address the mechanisms of the electron beam effects, the Pt/SiO2 sample was exposed to the 
electron beam in different gas environments. The radius shrinkage was absent in high vacuum (10-7 
mbar) or 10 mbar N2 as well as in the experiments with technical air, but with the electron beam 
blinded off between the first and last frame, as shown by figure 3.9 (squares). Hence, the radius 
shrinkage is a combined effect of the electron beam and the oxidizing gas environment.  

Ca. 1 % coalescence events were also observed at 400°C in the high vacuum of 10-7 mbar in the 
electron microscope (fig. 3.9, circles) and even at the same conditions at room temperature (not 
shown). Interestingly, for the Pt/SiO2 sample the coalescing particles increased to 80 % in pure N2 
even though the model catalyst is stable in pure N2 i.e. when not exposed to the electron beam, as 
will be presented in detail in section 4.3.1. This shows that the artifacts from the electron beam 
depend on the gas composition in combination with the electron beam, and that it is necessary to 
evaluate the electron beam effects while exposing the catalyst to environments that are relevant for 
the sintering experiments. 
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Fig. 3:9: The mean particle radius shrinkage rate (squares) and the fraction of coalescing particles (circles) 
for the Pt/SiO2 model catalyst during exposure to 0.21 A/cm2 at 400 °C in different gas environments for 30 
min. For each data point, the mean radius shrinkage rate is based on measurements on 100 particles (69 
particles for N2). 

 
Fig. 3:10: EDS spectra of the Pt/SiO2 sample (a) before and (b) after exposure to the electron beam at a 
beam current of 0.21 A/cm2 at the same region for 2 hours in 10 mbar technical air at 400°C. (c) An EDS 
spectrum recorded after the treatment, but representing a region which was un-exposed to the electron 
beam. The quantified atomic concentration for each element is inserted in the figure. 
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Electron beam effects – Loss of Pt 
The exposure of the Pt/SiO2 model catalyst to 10 mbar technical air at 400°C and 0.21 A/cm2 was 
repeated with a new sample for a prolonged period of 2 hours. A TEM-EDS analysis of the same 
region on a sample in it’s as-prepared state (fig. 3.10a) and after the 2 hours beam exposure (fig. 
3.10b), was performed by using a CM200 FEG UltraTwin TEM (Philips/FEI Company) with an 
EDS detector (EDAX). The experiments revealed a loss of Pt as seen from a reduction in the Pt L 
and M peak intensity. Also, a decrease in the particle density could be observed for the exposed 
region as illustrated in figure 3.11. The particle density did not increase when the sample was 
afterwards treated in H2 at 500°C for 40 min. The Pt is therefore probably removed from the sample 
by the electron beam as volatile Pt-oxygen species. 

 

 
Fig. 3.11: TEM image of a region of the sample after exposure to the electron beam at a beam current 
density of 0.21 A/cm2 for 1 hour in 10 mbar technical air at 400°C. A lo wer density of particles is observed in 
the region exposed to the electron beam. 

In regions of the sample which were not directly exposed to the electron beam, the quantified 
atomic concentration was constant (fig. 3.10c), and the particle density changes abruptly at edges of 
the regions that were exposed to the electron beam (fig. 3.11). This shows that the dominating 
effects of the electron beam are not mediated through ionization of the gas phase surrounding the 
sample, but is localized to the surface of the exposed regions. During the sintering experiments it is 
therefore possible to compare regions of the sample exposed to the electron beam with un-exposed 
regions. 
 
The temperature dependence of the electron beam effects 
The study of the electron beam effects was repeated to address the influence of temperature 
variations by exposing the Pt/Al2O3 (filled black), Pt/SiO2 (filled grey), Pd/Al2O3 (open grey) and 
Pt-Pd/Al2O3 (open black) samples to a constant beam current density of 0.21 A/cm2 in 10 mbar 
technical air at a temperature of 200°C and 600°C (fig. 3.12). Figure 3.12 shows that the shrinkage 
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(squares) and the coalescence (circles) were independent of temperature in this interval for the Pt-
oxide samples and approximately independent for the Pd/Al2O3 and Pt-Pd/Al2O3 samples.  
 

 

 
Fig. 3.12: The mean particle radius shrinkage rate (squares) and the fraction of coalescence events (circles) 
for Pt/Al2O3 (filled black), Pt/SiO2 (filled grey), Pd/Al2O3 (open grey) and Pt-Pd/Al2O3 (open black) model 
catalysts during exposure to 10 mbar air presented as a function of temperature at constant beam current 
density (0.21 A/cm2). For each data point, the mean radius shrinkage rate is based on measurements on > 
30 particles and the percentage of coalescence events is calculated from 200-500 particles for each data 
point. Error bars refer to the standard deviation of the mean radius (eq. B.2, Appendix B). 
 
Estimating the electron beam effects for the sintering experiments 
The present series of experiments demonstrates the importance of minimizing the electron dose on 
the samples in order to quantitatively compare the changes in the ensemble of supported 
nanoparticles with sintering models with a negligible effect of the electron beam. Hence, during the 
sintering experiment, in situ TEM was performed using a low electron beam current density of ca. 
0.07 A/cm2 for the Pt/Al2O3, Pd/Al2O3 and Pt-Pd/Al2O3 model catalysts and 0.03 A/cm2 for the 
more sensitive Pt/SiO2 model catalyst, according to figure 3.8, in order to minimize the effect of the 
electron beam. To further minimize the beam dose for sample regions monitored over the prolonged 
periods of up to 6 hours, TEM images were only acquired every 30 min. In the intervening period, 
the electron beam was removed from the region and blanked. Also, for each sample, a corner of the 
sample window was exposed to the electron beam during the time used for alignment of the 
microscopes, and it was made sure that this region was not used for imaging. For the sintering 
experiment with the Pt/Al2O3 sample, the same sample regions were exposed to the electron beam 
for ca. 1.3 min. per image giving a total exposure time of ca. 17 min including the time needed for 
searching and focusing. From figure 3.8, the total Pt particle radius shrinkage caused by the electron 
beam can therefore be estimated to ca. 0.1 nm. For Pt/SiO2, the total exposure time was ca. 9 min 
for the same region followed over time, and the beam-induced decrease in the mean Pt particle 
radius is also estimated to ca. 0.1 nm. Similarly the beam induced decrease in the mean radius of Pd 
and Pt-Pd particles was estimated to 0.1 nm for both samples. For all model catalysts the beam-
induced decrease in the mean particle radius is negligible compared to the particle sizes. 
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Possible effects of the electron beam on the oxide support 
Above, the effects of the electron beam on the supported nanoparticles have been discussed in 
detail. However, it could also be suggested that the electron beam induce changes in the structure of 
the support oxide. Such changes may influence the sintering experiment since changes in the 
support may change the binding energy and the diffusion rate of Pt-species at the oxide support. 
Also, the electron beam may induce evaporation of Pt adatoms present on the oxide support, which 
are not visible in the TEM images and therefore not accounted for by the analysis in this section. 
Despite the effort to minimize the combined effects of the gas phase and the electron beam, it is 
therefore possible that the influence of electron beam effects can be observed in the sintering 
experiments. For the sintering experiments, regions of the sample which are successively exposed 
to the electron beam are therefore compared to regions which were previously un-exposed to the 
electron beam. This comparison will be described in detail in chapter 4. 

3.2.2. Ex situ TEM, STEM, AFM and SEM-EDS 
 
Thermal aging in a tube furnace 
A series of thermal aging experiments at the temperatures 450°C - 750°C were carried out with the 
Pt/Al2O3 and Pt/SiO2 samples in 0.2 % O2 in N2 with a total pressure of 1 bar and a flow of 120 
ml/min by using a tube furnace (Carbolite CFT). The glass tube had a diameter of 3.5 cm and a 
length of 110 cm. Masterflex Tygon 06409-24 tubing’s were used for gas in- and outlet. Before 
temperature ramping, the samples were placed in a porcelain boat in the centre of the tube furnace. 
By using an ADM2000 universal gas flow meter (Agilent Technologies) the gas flow was measured 
with an estimated error of 3 ml/min at room temperature before the ramping of the temperature and 
after the sintering experiment when room temperature again was reached. To obtain ca. 0.2 % O2 in 
N2, a flow 20 – 25 ml/min 1 % O2 (class 2 from Air Liquide) was added to a flow of 100 ml/min N2 
from liquid nitrogen. Based on the total gas flow, the tube dimensions and the expression for the 
mean squared displacement by diffusion, x2 = 2Dt, with D = 0.27 cm2/s the diffusion length of the 
O2 was estimated to ca. 12 cm at the centre of the tube, which means that the gasses are fully mixed 
when reaching the samples. The temperature was ramped by 5°C/min until the chosen maximum 
temperature was reached which was maintained for 3 hours. The temperature was ramped down by 
turning off the heater current resulting in a decreasing ramping rate of ca. -2°C/min for the first 
200°C. Information of the temperature was given by the tube furnace display with an estimated 
error of ± 7°C as determined by using an additional thermocouple which in one experiment was 
inserted in the tube furnace near the sample. 
 
Post mortem characterization 
The samples were mounted in a Phillips TEM standard holder and TEM images were acquired 
using the CM300 TEM for the Pt/SiO2 samples and an image aberration corrected Titan 80-300ST 
TEM (FEI Company) for Pt/Al2O3. It was mainly for practical reasons that two different 
microscopes were used for the TEM imaging. No objective apertures were inserted. The TEM 
images were acquired at many different regions on the samples to make sure that the images were 
representative for the whole sample. In addition, the samples were inspected at low magnification, 
to verify the homogeneity of the particle sizes across the sample. 

STEM was performed using a Titan 80-300ST TEM on the Pt/Al2O3 and Pt/SiO2 model catalysts 
after thermal aging in the tube furnace at 650°C. The microscope was operated at primary electron 
energy of 300 kV and with the electron probe size less than 0.23 nm, as calibrated from the Pt(111) 
lattice fringe spacing. A high-angle annular dark field (HAADF) detector was used to collect 
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scattered electrons and ensure high contrast of the Pt nanoparticles. Images were recorded at a 
magnification, corresponding to a pixel size of 0.16 nm. Furthermore all images were recorded with 
the same contrast and brightness level for proper comparison of the different images. In the 
microscope, the samples were mounted with the Pt/oxide side facing upwards towards the electron 
beam source. The STEM imaging was carried out with assistance from Stig Helveg, Haldor Topsøe 
A/S. 

STEM-EDS elemental mapping was performed on the bimetallic Pt-Pd/Al2O3 model catalyst to 
determine the distribution of the two metals. This was done by using a Titan 80-300ST TEM 
operated at 300kV with a CEOS probe corrector. The elemental mapping was carried out on an as-
prepared sample as well as on a sample after an in situ sintering experiment in 10 mbar technical air 
at 650ºC for 6 hours. The electron probe size was less than 0.24 nm, as calibrated from the Au(111) 
lattice fringe spacing. A HAADF and an Oxford Inca EDX detector were used. In the microscope, 
the samples were mounted with the Pt/oxide side facing upwards towards the electron beam source 
and the holder was tilted towards the EDX detector by 20.4 degrees. The STEM-EDS elemental 
mapping was carried out with assistance from Chris Boothroyd, CEN, Technical University of 
Denmark. 

Non-contact AFM (nc-AFM) was performed at room temperature on the Pt/Al2O3 sample after 
thermal aging at 650°C in an ultra-high vacuum (UHV) chamber with a base pressure below 1×10-10 
mbar using a beam deflection nc-AFM described in [115]. The very sensitive non-contact operation 
mode of the AFM was chosen in order to minimize tip-induced movements of the nanoparticles. 
The sample was fixed on a standard Ta sample plate and introduced to the UHV through a vacuum 
load lock. No further sample processing was performed. The nc-AFM images were recorded in the 
topography mode by keeping the mean frequency shift (∆f), due to the tip-surface interaction, 
constant relative to a preset frequency shift value and recording the feedback signal of the tip-
surface distance control as it traces the surface. A voltage was applied to the tip, relative to the 
sample holder, Ubias, which was adjusted to minimize the electrostatic forces arising from the 
contact potential difference [116]. To optimize the AFM resolution and to reduce the risk of 
mechanically pushing the clusters, high aspect ratio carbon nanotube (CNT) terminated silicon 
probes (Nanosensors, CNT-NCH type) with cantilever spring constants of ~42 N/m and resonance 
frequencies of ~330 kHz [117] were used. The AFM measurements were carried out by the AFM 
group at iNANO, Aarhus University. 

To measure the relative amount of Pt on the model catalyst as a function of aging temperature, 
SEM-EDS was performed on the Pt/SiO2 samples after thermal aging in the TEM or in the tube 
furnace at different temperatures with a XL30 ESEM-FEG (FEI Company) and a Quanta 600 (FEI 
Company) both equipped with EDAX EDS detectors. Because the Pt is only situated at the oxide 
surface, the surface sensitivity was increased both by recording the spectra from a 6600 µm2 area at 
the thin Si3N4 window and by using a low acceleration voltage of 5 kV. The Pt M-line of 2.0 keV 
was used for quantification. The samples were fixated on an Al stub holder with plastic conductive 
carbon cement. To reduce charging of the samples, the measurements were conducted in wet mode 
with a pressure of 0.7 torr and a 500 micron pressure limiting aperture. The SEM-EDS 
measurements were carried out with assistance from Sven Ullmann and Chi-Manh Tran, Haldor 
Topsøe A/S. 
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3.3. Data analysis 

3.3.1. Image processing and measurements 
Due to the low electron beam current density in the in situ experiments, the signal-to-noise ratio 
(SNR) of the raw TEM frames was found by using eq. 3.1 to be ca. 2.6 which is below the SNR-
value of 3-5 which is a minimum criterion for a significant signal according to the Rose condition 
[92].  
 

   
n
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σ
=                                                                   (3.1) 

 
Here nmean is the mean pixel intensity and σn is the standard deviation of the pixel intensities [92]. 
To improve the signal-to-noise ratio as well as to reduce the effect of thermal drift of the sample in 
the TEM images, each TEM image from the in situ experiments presented in the following chapters 
represents the average of 6 (10 for Pt-Pd/Al2O3) aligned TEM frames recorded successively with an 
exposure time of 0.5 s and a frame rate of 1.4 frames/s, as illustrated in Fig. 3.13:  (a-b). The 
processing increased the SNR-value to 4.5 so that the image used for the analysis approximately 
fulfils the Rose condition. 

From the TEM images, the particle sizes were measured by manually or automatically by 
outlining the particle perimeters, using the software ImageJ, and the corresponding projected areas 
of the particles were converted to particle diameters using a circular approximation. To check the 
consistency of the automatic approach, images with 1000 particles were automatically and manually 
analyzed and the best agreement was obtained for an automatic analysis of the images processed by 
a Gaussian blur filter (Sigma = 3.0), and subsequently, by a Minimum (Radius = 2.0 pixels) filter 
(fig. 3.13c). The close agreement between the radii from manual (dotted line) and automatic (full 
line) measurements is illustrated for the Pt/SiO2 sample in figure 3.5b.  

 

 
Fig. 3.13: (a) Six frames recorded successively with an exposure time of 0.5 s and a frame rate of 1.4 
frames/s are (b) aligned and averaged which improves the signal-to-noise ratio from 2.6 to 4.5. For the 
automatic particle measurements the averaged image is processed in ImageJ with (c) the filters Gaussian 
blur = 3 and Minimum = 2 and (d) with automatic threshold. 
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The particle radii corresponding to the automatic measurements are typically presented in the 
form of PSDs with an optimum bin size calculated according to [118]. Due to sintering, the 
optimum bin size changes during the experiment and, as a compromise, the bin size is therefore 
calculated using the particle size measurements after 3 hours in the in situ experiment and after 
thermal aging at 600°C in the tube furnace experiments. 

3.3.2. TEM calibration 
The calibration of the TEM was carried out in the following way. A TEM image was recorded for 
every magnification of Au particles on a carbon film. For the highest magnifications, reference 
lattice distances for Au were compared with measured lattice distances from the images. The 
microscope post-magnification value was corrected if the distances differed more than 10 %. For 
low magnification images where lattice fringes were not visible, a distance of a recognizable feature 
was compared with the distance of the same feature on an image with higher resolution that was 
already calibrated. 

3.3.3. Error analysis 
 
Estimated errors 
As mentioned above, the TEM was calibrated to monitor distances with a precision within at least 
10 %. The contribution to the error on a measured distance, x, such as the particle radius from the 
TEM calibration, δxTEM_cal is therefore 10 % of the measured distance, which is a conservative 
estimate. This error is systematic and applies for the absolute distances. 

The information limit for the CM300 and the Titan TEM is ca. 0.14 nm and ca. 0.10 nm, 
respectively. For the sintering experiments, the TEM images were acquired using a pixel binning of 
1024 x 1024 (CM300) and 2048 x 2048 (Titan) pixels and typically at magnifications 
corresponding to pixels sizes of 0.13 nm and 0.09 nm, respectively. This means that the image 
resolution is ultimately determined by the information limit of the microscopes. 

For the in situ TEM sintering experiments, the gas phase, the additional drift induced by the 
elevated temperature and the inserted objective aperture (7.5 mrad) to enhance contrast will degrade 
the resolution by reducing the information limit (section 2.2.2). According the a Young’s fringe test 
[92] the effective information limit is 0.21 nm in 10 mbar technical air at 500ºC when the objective 
aperture is inserted (fig. 3.14). 

As described in section 3.3.1, the particle averaged diameter was found from the projected 
particle area by outlining the perimeter. The lack of an objective definition of the particle perimeter 
in the images results in a random error, δxmanual_measure. The particle sizes of 10 particles were 
measured two times, and δxmanual_measure was estimated as the mean deviation in the measurements. 
Since δxmanual_measure depends on the pixel resolution and on the signal-to-noise ratio, it is estimated 
separately for every magnification and signal-to-noise ratio. For the in situ TEM sintering 
experiments δxmanual_measure typically equals the effective information limit. In cases where the 
estimated value of δxmanual_measure is lower than the effective information limit, the effective 
information limit is used as the measurement error. 

To estimate the error from the automatic measurements, δxautomatic_measure, particle sizes of the 
same 10 particles were measured automatically and manually, and δxautomatic_measure is estimated as 
the mean deviation in the automatic and manual measurements. The approach was used for groups 
of particles with different sizes, to determine the possible size dependence of the error. For particles 
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with diameters larger than 2 nm, δxautomatic_measure is ca. 0.5 nm and random. A disadvantage of the 
image processing applied for the automatic measurements (section 3.3.1) is that the sizes of the very 
small particles (diameters < 2 nm) are systematically overestimated. For this reason, particles with a 
diameter smaller than 2 nm were omitted in the present analysis. In some cases it was necessary to 
measure diameters below the limit of 2 nm, and in these cases manual measurements were applied. 

 

 
Fig. 3.14: Results from a Young’s fringe resolution test. The effect on the information limit of a 7.5 mrad 
objective aperture, a gas pressure of 10 mbar air and of raising the temperature to 500ºC is indicated by the 
radius of information in reciprocal space and by the corresponding resolution in real space. 

 
Error calculations 
When absolute distances are compared, the conservative estimate, δxTEM_cal is used as the estimated 
measuring error. When only relative distances are compared within the same experiment, δxTEM_cal 
is not taken into account and the estimated measuring error is identical to δxautomatic_measure or 
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δxmanual_measure. When other values are calculated from the measured diameters, such as the particle 
radii, the mean particle radius or the particle growth rate, dr/dt, the propagated error, δq is 
calculated using the standard formula [119]: 
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In theses calculations the measurement error of the image acquisition time, t and the beam 

current density were found to contribute insignificantly, and were therefore ignored. For figures 
where the error analysis deviates from this, the calculations are described in detail in Appendix B. 
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4. Ostwald ripening of oxide-supported Pt 

nanoparticles in air 

This chapter presents an overview of the main in situ and post mortem results for the sintering the 
Pt/Al2O3 and Pt/SiO2 model catalysts. Parts of these results are described in the papers I, II and III 
(See List of included publications) 
 

4.1. In situ results 

Sintering of the Pt nanoparticles was activated by heating the Pt/Al2O3 and Pt/SiO2 model catalysts 
at 30oC/min. up to 650°C in an atmosphere of 10 mbar air. The TEM images were acquired after the 
establishment of isothermal conditions (corresponding to time t = 0 min.) and the stabilization of 
sample drift. The aging temperature of 650ºC was chosen for the in situ experiments because it 
approximately matches the maximum operation temperature of a DOC (See chapter 1) and because 
the relatively high aging temperature results in sintering rates sufficiently high to allow for the 
nano-scale dynamical changes in the model catalysts to be followed on a reasonable time scale. 
 

4.1.1. Images of the same region as a function of time 

To monitor the dynamical changes of the Pt nanoparticles in the course of time, consecutive TEM 
images were recorded in situ from the same region of the Pt/Al2O3 (fig. 4.1a-f) and the Pt/SiO2 (fig. 
4.2a-f) sample. Immediately after temperature ramping and stabilization of sample drift, the 
irregular shapes of the as-prepared Pt nanoparticles (fig. 3.2b) were transformed to predominantly 
circular projected shapes (fig. 4.1a, fig. 4.2a). Furthermore, for both samples the image series 
directly revealed that the Pt particles remained immobile during the experiment and that the 
projected areas of the Pt particles either increased or decreased. The observations cannot be due to a 
morphological transformation of the Pt particles, such as a wetting/non-wetting transformation [64], 
because the smaller particles eventually disappear and the larger particles obtain a more pronounced 
dark contrast, consistent with an increased particle height along the electron beam direction 
according to the theory of mass-thickness contrast (eq. 2.22). Hence, the observations unequivocally 
demonstrate that the Pt nanoparticles on both oxides sintered and that the sintering was governed by 
the Ostwald ripening mechanism. 
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Fig. 4.1: (a-f) Time-resolved TEM images recorded in situ at the same region of a Pt/Al2O3 model catalyst 
during exposure to 10 mbar air at 650ºC. The denoted times are relative to the time at which the temperature 
reached 650ºC. To guide the eye, arrows indicate examples of a growing particle, and a decaying particle. 
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Fig. 4.2: (a-f) Time-resolved TEM images recorded in situ at the same region of the Pt/SiO2 model catalyst 
during exposure to 10 mbar air at 650ºC. The denoted times are relative to the time at which the temperature 
reached 650ºC. To guide the eye, arrows indicate examples of a growing particle, and a decaying particle. 
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4.1.2. Ensemble averaged data as a function of time 

To get an overview of the dynamical changes of the Pt nanoparticles observed in figure 4.1 and 4.2, 
the sintering process is described in the following via ensemble averaged parameters such as the 
mean radius, the particle density, the spread in the particle sizes and the total metal volume per 
support area. However, the number of particles in the fixed field of view of the full TEM images 
corresponding to figure 4.1 and 4.2 drops with time (from 571 to 62 particles for Pt/Al2O3 and from 
321 to 158 particles for Pt/SiO2) and an analysis with a high counting statistics can therefore not be 
based on these alone. Therefore, the observations are complemented by a more thorough statistical 
analysis. This analysis is based on a larger number of TEM images that were acquired during the in 
situ experiment, but at regions on the sample that were previously un-exposed to the electron beam. 
A benefit of this approach is also, that effects of the electron beam which still may influence the 
data for the region followed over time, even after the careful minimization procedure undertaken, 
are eliminated in the statistical analysis (section 3.2.1.3). For the ensemble averaged parameters 
obtained from the additional images, the counting statistics is high (ca. 600-2000 particles for 
Pt/Al2O3 and ca. 700-2000 particles for Pt/SiO2) relative to the data obtained from the regions 
followed over time. 

Figure 4.3a presents the mean particle radius for Pt/Al 2O3 (black) and for Pt/SiO2 (grey) obtained 
from (open symbols) the images of the region followed over time and (filled symbols) the images of 
the additional regions. For both samples, the overall time-dependent trend of the mean radius is 
similar for the regions followed over time and the additional regions, but for Pt/Al2O3, the mean 
radius increases slower with time than for the region followed over time relative to the additional 
regions. This deviation is discussed below in section 4.1.6, and the following discussion of the 
ensemble averaged parameters is focused on the larger statistical dataset obtained from the 
additional regions. 

For the Pt/Al2O3 model catalyst, the mean radius remains almost stable in the initial period, but 
increases rapidly after ca. 100 min and subsequently becomes roughly constant with time. The 
reported time-dependence of the averaged sintering rate is usually characterized by an initial stage 
with a high growth rate, followed by a decreasing growth rate [11,12,15,16,19,21,23,26,53]. But for 
Pt/Al2O3 in an oxidizing environment, an initial stage with a low sintering rate followed by higher 
rates has previously been reported [11] in agreement with the result presented in figure 4.3a. Figure 
4.3b shows that the particle density of Pt/Al2O3 (black filled symbols) is high in the initial stage and 
is reduced with time until it stabilizes when the mean radius stabilizes. The figures 4.3a-b therefore 
agree that the sintering rate slows down in the final sintering stage. That the mean radius is almost 
stable in the initial stage (fig. 4.3a, black filled symbols) does not indicate that the sintering has not 
initiated at this stage, since the sintering process indeed proceeds as can be seen from the decrease 
in particle density (fig. 4.3b, black filled symbols). The standard deviation of the particle radius for 
Pt/Al2O3 is presented in figure 4.3c (black, filled symbol). Initially, the standard deviation is small 
reflecting a narrow spread in the particle sizes. The spread in the particle sizes increases at the onset 
of the increase in the mean particle radius. Finally both the mean radius and the particle spread 
remain almost constant. The similarity between the trend of the mean radius vs. time and the 
standard deviation vs. time shows that the sintering process results in a spread in the particles sizes, 
and could furthermore suggest that the sintering rate is related to the spread of particle sizes.  

For Pt/SiO2 the increase in the mean radius is almost linear as a function of time (fig. 4.3a, grey 
filled symbols). The increase in the mean radius of Pt/SiO2 is much smaller compared to Pt/Al2O3, 
which apparently indicates that the sintering rate for Pt nanoparticles on SiO2 is lower than on 
Al 2O3 at 650ºC in the oxidizing environment. Also, the particle density for Pt/SiO2 (fig. 4.3b, grey 
filled symbols) decreases with time as was observed for Pt/Al2O3, but with a lower rate, consistent 
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with the lower sintering rate (fig. 4.3a). The lower sintering rate for Pt/SiO2 relative to Pt/Al2O3 is 
surprising, since a higher [53,77] or comparable [59] degree of sintering was previously reported for 
Pt/SiO2 relative to Pt/Al2O3 at T ≥ 600ºC in oxygen. The deviation could either result a) from 
differences in the structure of the two model catalysts, such as the slightly higher degree of the 
surface roughness of the SiO2 relative to the Al2O3 (fig. 3.3) or b) from a difference in the 
experimental conditions in the present study and in the previous, such a very low total pressure in 
the in situ experiment (10 mbar) compared with that of the post mortem studies (1 bar) [53,59,77]. 
In section 4.3.1 it will become clear that the deviation is likely explained by the difference in the 
total gas pressure. 
 

 
Fig. 4.3: (a) The mean particle radius, (b) the particle density, (c) the standard deviation of the radii and (d) 
the Pt metal volume per support area as a function of aging time for particles in an region followed over time 
(open symbols) and for regions previously unexposed to the electron beam (filled symbols) for Pt/Al2O3 
(black) and Pt/SiO2 (grey). (a) An example of the statistical spread in mean particle radius for different 
regions on the sample is presented for Pt/Al2O3 at 240 min (black x’s) and for Pt/SiO2 at 330 min (grey x’s). 
Error bars: See Appendix B. 
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It is interesting to observe that the sintering rate is similar for both model catalysts (or slightly 
higher for Pt/SiO2) during the initial stage, where the spread in particle sizes is similar (or slightly 
higher for Pt/SiO2) and that the sintering rate becomes higher for Pt/Al 2O3 relative to Pt/SiO2 after 
the spread in the particle sizes of Pt/Al2O3 becomes higher than for Pt/SiO2 (fig. 4.3a,c). This 
observation is consistent with the suggestion from an early theoretical study that the sintering rate 
scales with the spread in particle sizes [49]. The coupling between narrow PSDs and low initial 
sintering rates suggests that one route to slow down the deactivation of industrial catalysts through 
sintering could be to aim for very narrow initial PSDs. This may prolong the meta-stable initial 
state, resulting in higher total activity. 

4.1.3. PSDs as a function of time 

To obtain more detailed information from the statistical data than what is presented by the temporal 
evolution of the mean radius, time-resolve PSDs were generated. The PSDs can be generated from 
the images of the region followed over time or from the additional images. Figure 4.4a-f presents 
PSDs derived from measurements on TEM images of in the region followed over time for the 
Pt/Al2O3 sample. According to figure 4.4, a tail of larger particles develops on the large particle side 
of the mean peak of the PSD and consequently the distribution broadens as a function of time. 
However, since the number of particles in the fixed field of view drops with time the shape of the 
PSDs become less well defined. 

 

 
Fig. 4.4: (a-j) PSDs for the Pt/Al2O3 model catalyst based on measurements from the full TEM images of 
figure 4.1. The number of measured particles included in each distribution is (a) 571, (b) 370, (c) 403, (d) 
355, (e) 158 and (f) 62. 
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PSDs for Pt/Al2O3 and Pt/SiO2 based on the additional regions are presented in figure 4.5 and 

4.6, respectively. Qualitatively, figure 4.5 reveals changes in the Pt nanoparticle sizes similar to the 
observations in figure 4.4. The number of particles in the PSDs in figure 4.5 (and figure 4.6) is, 
however, considerably higher than for figure 4.4 (the exact numbers are given in the figure caption), 
which makes it possible to characterize the shape of the PSDs of figure 4.5 and figure 4.6 in detail. 
The following discussion will therefore focus on the larger statistical dataset (fig. 4.5, fig. 4.6) 
instead of the PSDs generated from the region followed over time for Pt/Al2O3 (figure 4.4) and 
Pt/SiO2 (not shown).  

For both samples, the PSD broadens as a function of time and the main peak is shifted towards 
the larger particle sizes (fig. 4.5 and 4.6). For Pt/Al 2O3, the PSD obtains a shoulder to the large 
particle side of the main peak. The shoulder grows over time while the main peak decreases, so that 
the PSD almost obtains a bimodal character. By the end of the experiment an asymmetric PSD with 
one main peak and a tail towards the small particles sizes is observed. For Pt/SiO2, a moderate shift 
and broadening of the main peak is observed. The larger shift in position of the main peak for 
Pt/Al2O3 relative to Pt/SiO2 is consistent with figure 4.3a. A shoulder, a bimodal character, or an 
asymmetric shape is not clearly observed for Pt/SiO2, but it cannot be excluded that such features 
would be observed for Pt/SiO2 if this catalyst was aged long enough to obtain a similar shift in the 
position of the main peak. 
 

4.1.4. Comparison with the LSW model 

As described in the section 2.1.1, the LSW model was established to describe Ostwald ripening, but 
the reported PSD shapes of industrial catalyst after thermal aging do not match the stationary PSD 
shape as described by the LSW model. Since a) the sintering of the Pt nanoparticles on both oxides 
is governed by the Ostwald ripening mechanism (fig. 4.1, fig. 4.2) and b) the present model 
catalysts mimic the basic assumption of the theoretical models (a flat, homogeneous support layer), 
it should in principle be possible to test if the Ostwald ripening mechanism actually leads to the 
PSD shape described by the LSW model. It should be noticed that such a test assumes that the 
samples are aged for a sufficiently long time to obtain the stationary PSD shape. 

In the figures 4.5f and 4.6f, a two-dimensional version of the LSW model [120] is fitted to the 
final PSDs for Pt/Al2O3 and Pt/SiO2, respectively (black line). For Pt/Al2O3, the PSD shape at the 
end of the experiment has the characteristic shape described by the LSW model, i.e. an asymmetric 
shape with a tail towards the small particle sizes and the fit matches closely to the experimental data 
(fig. 4.5f). For Pt/SiO2 the LSW model can also be fitted to the data. Because of the more 
symmetrical PSD shape for Pt/SiO2, the LSW model does not fit the experimental data as well at the 
large particle size side of the main peak. It is possible that the aging time for Pt/SiO2 was to short 
for this sample to obtain a stationary PSD shape. 

The comparison between the LSW model and the experimental observations (fig. 4.5f, fig. 4.6f) 
shows that the Ostwald ripening mechanism can lead to the PSD shape described by the LSW 
model. An explanation for why the PSD shape described by the LSW model is found in this study 
in contrast to studies on technical catalysts could therefore be that the present uniform support 
resemble the assumptions underlying the LSW model closer than the inhomogeneous support 
structures of technical catalysts.  
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Fig. 4.5: (a-f) PSDs from Pt/Al2O3 based on TEM images of regions previously unexposed to the electron 
beam recorded during the exposure to 10 mbar air at 650ºC. The indicated aging times correspond to the 
aging times in figure 4.1. The number of measured particles included in each distribution is (a) 2078, (b) 
1697, (c) 1800, (d) 600, (e) 1312 and (f) 1001. (f) The LSW model is fitted to the data (black). (a-f) Simulated 
histograms based on the interface-controlled (red) and diffusion-controlled (blue) ripening models (Eqs. 2.13 
and 2.14, respectively) are indicated by lines. The initial PSDs used for the simulations are Gaussian 
distributions with mean and width corresponding to the PSD in (a). The number of particles drops throughout 
the simulation from (a) 4950 to (b) 2865, (c) 1367, (d) 910, (e) 788, and (f) 421 for the interface-controlled 
model and from (a) 4950 to (b) 2128, (c) 964, (d) 643, (e) 564, and (f) 299 for the diffusion-controlled model. 
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Fig. 4.6: (a-f) PSDs from Pt/SiO2 based on TEM images of regions previously unexposed to the electron 
beam recorded during the exposure to 10 mbar air at 650ºC. The indicated aging times correspond to the 
aging times in figure 4.2. The number of measured particles included in each distribution is (a) 1593, (b) 
2059, (c) 1101, (d) 1225, (e) 1095 and (f) 1134. (f) The LSW model is fitted to the data (black). (a-f) 
Simulated histograms based on the interface-controlled (red) and diffusion-controlled (blue) ripening models 
(Eqs. 2.13 and 2.14, respectively) are indicated by lines. The initial PSDs used for the simulation are 
Gaussian distributions with mean and width corresponding to the PSD in (a). The number of particles drops 
throughout the simulation from (a) 4933 to (b) 4013, (c) 3545, (d) 2853, (e) 2209, and (f) 1804 for the 
interface-controlled model and from (a) 4933 to (b) 3520, (c) 3019, (d) 2369, (e) 1814, and (f) 1503 for the 
diffusion-controlled model. 
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Since the LSW model only describes the stationary PSD shape, it should not be expected that the 
model can be fitted to the PSD in the transition stages before the stationary shape. This is the reason 
for only fitting the model to the final PSD in the experiments (Pt/Al2O3: 360 min, Pt/SiO2: 330 
min). Also, it can immediately be seen that the characteristic asymmetric PSD shape with a long tail 
towards the small particle sizes as described by the LSW model does not fit the observed transitions 
shapes (fig. 4.5b-e, fig. 4.6b-e). The mismatch is especially obvious between the LSW model and 
the transition shapes of Pt/Al2O3 (fig. 4.5b-e). This shows that the method of deducing the sintering 
mechanism from observations of specific PSD shapes, as suggested and discussed in the literature 
[11,12,39,46-54] may not be straight forward because one specific sintering mechanism can result 
in several different transition shapes (fig. 4.5b-e) before the characteristic shape predicted by the 
LSW model is obtained.  

4.1.5. Comparison with computer simulations 

The comparison of the theoretical models for Ostwald ripening with the experimental observations 
can be carried out in more detail by using of computer simulations, because the simulations of the 
temporal evolution of the PSD allows for comparison for the sintering stages before the stationary 
PSD shape is obtained. 

By using eqs. 2.13 and 2.14 the time-evolution of the PSD was calculated numerically following 
the procedure described by De Smet et al. [55]. Specifically, Gaussian PSDs with mean values and 
widths equal to the initial PSDs of Pt/Al2O3 (fig. 4.5a) and Pt/SiO2 (fig. 4.6a) were used as the 
initial PSDs and discrete time steps of 0.5 min were chosen. The simulations were performed with 
αi = αd = 1 corresponding to a constant particle shape (hemisphere), and by iteratively varying the 
constants αi’  and αd’ /ln(L/r) in eqs. 2.13 and 2.14, until the mean particle radius of the simulated 
distribution fitted the observed mean particle radius in figure 4.3a best for all times. Simulated 
particles with radii shrinking to values below a limit of 0.05 nm were removed from the dataset. For 
Pt/Al2O3, the iterative procedure resulted in αi’  = 0.16 nm-1 · min-1 and αd’ / ln(L/r)  = 0.38 nm-1 · 
min-1 for the interface- and diffusion-controlled ripening models respectively. For Pt/SiO2, the 
iterative procedure resulted in αi’  = 0.035 nm-1 · min-1 and αd’ / ln(L/r)  = 0.067 nm-1 · min-1 for the 
interface- and diffusion-controlled ripening models respectively. In the present PSD simulations, 
the term ln(L/r) is considered constant for the following reasons: (a) the relation between r and L is 
not a priori known (b) using a constant L for all particles sizes, relies on the assumption that L > r at 
all times for all particles, or else dr/dt → ±∞ for r → L (eq. 2.14). This leads to an inconsistency 
with the mean-field assumption, since the size of the largest particles (Pt/Al2O3: r ≈ 2.2 nm at t = 5 
min, Pt/SiO2: r ≈ 2.5 nm at t = 5 min) exceeds the mean distance between the edges of the nearest 
neighboring particles (Pt/Al2O3: ca. 1.4 nm at t = 5 min, Pt/SiO2: ca. 1.5 nm at t = 5 min). The 
colored lines in figure 4.5 and 4.6 indicate the simulated PSDs for the interface-controlled (red) and 
the diffusion-controlled (blue) ripening. 

For Pt/Al2O3, the shape of the simulated PSDs over time transforms by gradually shifting the 
main peak towards larger particle sizes and by developing a tail towards the small particles sizes. 
By the end of the simulation, the simulated PSDs (fig. 4.5f, red or blue) therefore have shapes that 
resemble the PSD shape described by the LSW model (fig. 4.5f, black), which is also characteristic 
for the observed PSD for Pt/Al2O3 by the end of the experiment (fig. 4.5f). The simulations and 
experimental observations also deviate: the simulated PSDs do not develop a shoulder to the right 
side of the main peak or the bimodal character as observed for the Pt/Al2O3, and the position of the 
main peak is different for the simulated and experimentally observed PSDs. The experimentally 
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observed transition PSDs are therefore not expected from the theoretical models even though the 
PSD by the end of the experiment is well-described by the LSW model. 

For Pt/SiO2, the simulated PSDs match the experimental observations well for all aging times 
(fig. 4.6a-f, red and blue) since both simulated and experimentally observed PSDs gradually shift 
their main peaks towards the larger particles sizes, and become slightly asymmetric with tails 
towards the small particle side. The theoretical models (fig. 4.6f, red and blue) therefore describe 
the sintering of Pt/SiO2 very well, which was not as clearly observed from the fit of the LSW model 
alone (fig. 4.6f, black). 

The PSDs, based on the diffusion-controlled ripening model, are slightly narrower for most 
aging times (fig. 4.5, fig. 4.6, blue) than the PSDs based on the interface-controlled model (fig. 4.5, 
fig. 4.6, red), consistent with previous studies [11,121]. For Pt/SiO2 interface controlled Ostwald 
ripening (fig. 4.6a-f, red) seems to fit the experimental observation slightly better than the diffusion 
controlled ripening (fig. 4.6a-f, blue). According to an early theoretical study, this is expected since 
the interface-controlled ripening should dominate over diffusion controlled ripening for catalysts 
with a relatively high metal loading and thus small diffusion distances between the nanoparticles as 
is characteristic for the present model catalysts [49]. The differences between the simulated 
interface and diffusion controlled ripening is most pronounced by the end of the simulation where 
the number of simulated particles is relatively low (fig. 4.5, fig. 4.6, figure captions) and the 
difference may therefore not be statistically significant. Both the diffusion and the interface-
controlled process may therefore contribute to the ripening in the present experiments. 

4.1.6. Deviations: the region followed over time vs. the additional regions. 

The regions followed over time have been exposed to the same experimental conditions as the 
additional regions, except that the region followed over time was exposed to the electron beam 
every 30 min, while the additional regions were not exposed to the electron beam before image 
acquisition. As described, a number of precautions were taken to minimize the combined effects of 
the electron beam and the gas phase (section 3.2.1.3). Effects of the electron beam, that may 
influence the region followed over time in spite of these precautions, should be revealed by a 
comparison of the TEM images of these regions with images of the additional regions, provided that 
the regions followed over time are statistically representative. 

In figure 4.3a-c the mean radius, the particle density and the radius standard deviation for the 
regions followed over time (open symbols) were compared to the same parameters for the 
additional regions (filled symbols) for Pt/Al2O3 (black) and for Pt/SiO2 (grey). The mean particle 
radius obtained from the single TEM images of the additional regions is presented at one aging time 
(fig. 4.3a, Pt/Al2O3: 240 min, Pt/SiO2: 330 min, x’s) which indicates how statistically representative 
the region followed over time can be expected to be. 

For Pt/SiO2, the mean radius is almost identical throughout the experiment for the region 
followed over time and for the additional regions. Also the particle density and the radius standard 
deviation generally agree for the two types of regions. The combined effects of the electron beam 
and the gas phase must therefore be negligible for this catalyst under the present conditions.  

For Pt/Al2O3, the overall trend of the time-dependence of the mean radius for the region 
followed over time equals the time-dependence of the same parameter for the additional regions, 
but quantitatively the mean radius is lower for the regions followed over time. It should be noticed 
that the statistical spread is much higher for the Pt/Al2O3 compared to Pt/SiO2 (fig. 4.3a, x’s), and 
likely the statistical spread is the reason for the discrepancy between the region followed over time 
and the additional regions. However, it can not be ruled out that the difference also partly results 
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from beam-induced changes in the structure of the support oxide in such a way that the diffusion 
rate over the support is decreased or from the removal of free diffusing Pt-oxygen species from the 
sample by the electron beam as discussed in section 3.2.1.3.  

To investigate the possibility of beam-induced evaporation of Pt, the Pt volume per support area 
was estimated by using a hemispherical shape approximation to the projected Pt particle outlines in 
the TEM images. As presented in figure 4.3d (Pt/Al2O3: black, Pt/SiO2: grey), this estimate does not 
reflect a significant loss of the Pt amount over time. For Pt/Al2O3, an apparent volume increase is 
observed after 300 min for the dataset obtained from the additional regions (fig. 4.3d, black, filled 
symbols). Because heavy constituents were not added to the catalyst during the ageing treatment, 
the difference most likely reflects the crudeness of the shape approximation. Variations of size-
dependent particle shapes could falsely indicate an apparent coverage increase. From the current 
data it is not possible to address the three-dimensional particle shapes due to the projected geometry 
of the images. However, figure 4.3d gives a rough indication that significant amounts of Pt are not 
lost as a result of the exposure to the electron beam. 

Despite the volume calculations, minor effects due to the electron beam can not fully be ruled 
out, but it should be recognized that there is consistency in the qualitative and quantitative trends of 
the data for the regions followed over time and the additional regions. This confirms that the 
electron beam effects cannot be dominating the sintering. Specifically, the Ostwald ripening 
mechanism, which is directly suggested by the time-resolved TEM images of the regions followed 
over time (fig. 4.1, fig. 4.2) is not dominated by beam effects, and the statistical data from the 
additional TEM images (fig. 4.3, solid symbols, fig. 4.5, fig. 4.6) is not influenced by the beam 
effects (section 3.2.1.3). Thus the approach of acquiring images of both the regions followed over 
time and the additional regions in combination gives a) direct evidence of the sintering mechanism 
(fig. 4.1, fig. 4.2) and b) statistical data for comparison with theory which is not influenced by 
electron beam effects (fig. 4.3 filled symbols, fig. 4.4, fig. 4.5). 

4.2. Post mortem results 

For comparison with the in situ results described above, the Pt/SiO2 and Pt/Al2O3 samples were 
thermally aged in a tube furnace during exposure to a similar O2 partial pressure as in the in situ 
experiments. Specifically, the samples were exposed to 1 bar 0.2 % O2 in N2 for 3 hours at 450°C, 
550°C, 600°C or 650°C. After thermal aging the samples were transferred to the TEM for post 
mortem image acquisition. The samples were exposed to air during transfer and during storing.  

4.2.1. Images and PSDs as a function of temperature 

Figure 4.7 shows TEM images of the as-prepared and aged Pt/SiO2 (a-e) and Pt/Al2O3 (f-j) model 
catalysts. The thermal ageing procedure results in an increase of the particle sizes and a reduction of 
the particle density (fig. 4.7b-e, g-j). The TEM images reveal that the onset temperature of sintering 
is ca. 550°C for Pt/SiO2 and 600°C for Pt/Al2O3 in agreement with [10,13,16,19,21,47,53,56,58-
60].  The lower onset for sintering in an oxidizing environment for SiO2-supported Pt relative to Pt 
supported on Al2O3 is consistent with [59]. Thus Al2O3 appears to better stabilize the Pt 
nanoparticles than SiO2 in the low temperature range.  
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While the images of the as prepared samples show irregular particle shape projections (fig. 4.7a, 
e), images of both Pt/SiO2 and Pt/Al2O3 after aging at 450°C show generally circular projected 
shapes (fig. 4.7b, g). After aging the Pt/SiO2 sample at higher temperatures (600°C - 650°C), 
variations from the circular shape, such as triangular and square shapes can be observed for the 
larger particles (fig. 4.7d – e, inserts). For the Pt/Al2O3 sample, the square particle projection shape 
is also observed (fig. 4.7i-j, inserts), but the triangular shape is not clearly observed and the facetted 
shapes are generally less pronounced. 

To quantitatively describe the extent of the nanoparticle sintering, PSDs were generated from the 
TEM images corresponding to the different aging conditions in figure 4.7. Figure 4.8 presents the 
PSDs from the Pt/SiO2 samples (a-e) and the Pt/Al2O3 samples (f-j). As a function of ageing 
temperature, the main peak of the PSDs broadens and shifts towards the larger particles sizes. 
Moreover, the shape of the PSDs changes differently for the two model catalysts as the temperature 
increases. 

For Pt/Al2O3, the PSD shape broadens toward larger particle sizes and obtains a shoulder to the 
large particle side of the main peak (fig. 4.8i). At 650°C the PSD shape flips over so that a main 
peak at ca. 2.6 nm is associated with a tail toward smaller sizes (fig. 4.8j). These shape changes are 
qualitatively similar to the shape changes observed for the PSDs of Pt/Al2O3 from the in situ 
experiment (fig. 4.5). 

For Pt/SiO2, the PSD broadens, develops a long tail to the large particle side at 550°C (fig. 4.8c) 
and obtains a more symmetrical shape at higher temperatures (fig. 4.8d,e). The tail to the large 
particle side of the main peak (fig. 4.8c) is associated with the formation of larger particles with a 
significantly diminished particle density in their vicinity (fig. 4.7c). The observation suggests that 
Pt sintering was influenced by local correlations between a Pt nanoparticle and its nearest 
neighbors. The effect of the local correlations appears to be less pronounced at higher temperatures, 
because the PSD obtains the more symmetrical shapes (fig. 4.8d,e) and because the particle density 
appears uniform over the support (fig. 4.7d,e). The long tail to the large particle side was not 
observed from the in situ experiments, but the more symmetrical shapes observed at 650ºC 
resemble qualitatively the PSD shapes observed in situ (fig. 4.6). 

 

4.2.2. Comparison with the LSW model 

The LSW model for a two-dimensional system [120] is fitted to the PSDs for Pt/SiO2 (fig. 4.8e, 
solid line) and for Pt/Al2O3 (fig. 4.8j, solid line) after thermal ageing at 650ºC.  

The theoretical model describes the PSD corresponding to Pt/Al2O3 well at 650ºC (fig. 4.8j, solid 
line), which shows that the experimental observations are consistent with an Ostwald ripening 
mechanism. This result is also consistent with the in situ observations (fig. 4.5f, black line). The 
LSW model will obviously not describe the PSD shapes at the lower ageing temperatures well, in 
particular not the PSD at 600°C (fig. 4.5i) which suggests that this PSD is not stationary.  

Because of the more symmetrical shape of the PSD corresponding to Pt/SiO2 at 650ºC, the LSW 
model does not fit the data for Pt/SiO2 as well as the data for Pt/Al2O3. Possibly, the PSD has not 
obtained its stationary shape which explains the symmetrical shape. This explanation is consistent 
with the comparison of the in situ observations with computer simulations presented in section 
4.1.5. The present post mortem observations, however, also suggest an alternative explanation: the 
deviation from the PSD shape described by the LSW model at 650ºC (fig. 4.8e, solid line) could 
possibly result from the local correlations between the nanoparticles, which is not included in the 
fitted LSW model,  but was clearly  observed at lower  temperatures  (fig. 4.7c, fig. 4.8c).  Including  



 52 

 
Fig. 4.7: Representative TEM images of the Pt/SiO2 (a-e) and the Pt/Al2O3 (f-j) samples after aging in a tube 
furnace in 1 bar 0.2 % O2 in N2 for 3 hours. The samples were aged at 450ºC, 550ºC, 600ºC, 650ºC as 
indicated in the figure. The inserts show examples of particles with triangular and square projections. The 
white marks in the upper corner of (c-e) and the large dark patch in (b) are due to artifacts from the CCD. 
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Fig. 4.8: PSDs based on measurements from a number of TEM images of the Pt/SiO2 (a-e) and the Pt/Al2O3 
(f-j) samples after aging in a tube furnace in 1 bar 0.2 % O2 in N2 for 3 hours. The samples were aged at 
450ºC, 550ºC, 600ºC, 650ºC as indicated in the figure. The number of measured particles are (a) 6387, (b) 
5222, (c) 2205, (d) 4566, (e) 2119, (f) 14243, (g) 11204 (h) 8310, (i) 7606 and (j) 2954. For the aging 
temperature 650°C, a two-dimensional LSW distributi on function [120] (solid) as well as a modified two-
dimensional version of the LSW distribution which includes local interactions between the particles [122] 
(dotted), is fitted to the data (e,j). 
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the local correlations between neighboring nanoparticles will lead to a broadening and a more 
symmetrical shape of PSD [122-130]. Indeed, a modified version of the LSW model, including 
localized particle interactions [122] fits the experimental data from Pt/SiO2 slightly better (fig. 4.8e, 
dotted line). 

The modified version of the LSW model which includes the local particle correlations [122] does 
not improve the fit to the PSD of Pt/Al2O3 (fig. 4.8j, dotted line), and the effect of local correlations 
between the Pt nanoparticles on ripening therefore seems less pronounced for the Pt/Al2O3 model 
catalyst. 

4.2.3. Ensemble averaged data as a function of temperature 

In figure 4.9 the mean radius (a), the particle density (b), the standard deviation of the particle 
radius (c) and the metal volume per support area (d) is presented at a function of temperature for 
Pt/Al2O3 (black squares) and Pt/SiO2 (grey squares). According to figure 4.9a, the mean radius is 
stable up to at least 450ºC and the onset for sintering is 550ºC - 600ºC for both model catalysts. The 
mean radius for Pt/Al2O3 increases more rapidly with temperature than for Pt/SiO2. Consistently, 
the particle density decreases more rapidly with temperature for Pt/Al2O3 (fig. 4.9b). According to 
figure 4.9c, the particle size spread, expressed by the radius standard deviation increases for the 
temperatures above the onset for the sintering, consistent with figure 4.8.  

4.3.  Comparison of in situ and post mortem results 

In the tube furnace and in the in situ experiments the model catalysts were exposed to similar O2 
partial pressures during the thermal ageing at 650ºC. Though the N2 pressure (in situ TEM: PNitrogen 
= 8 mbar, tube furnace: PNitrogen = 1 bar) and the flow (in situ TEM: ca. 5 – 10 ml/min, tube furnace: 
ca 120 ml/min) were different. Because the total sample area is very small (ca. 6 mm2), it is 
reasonably to assume that the change in partial pressure of O2 by adsorption and reaction with the 
sample is negligible and that the difference in flow should therefore not influence the results. Aging 
at 650ºC for 3 hours in the tube furnace and in the TEM should therefore give comparable results, 
assuming that the samples do not change significantly when the tube furnace temperature is ramped 
down and the samples are transferred to the microscope and that the difference in the partial 
pressure of N2 does not influence the results. 

To make the comparison of the in situ and ex situ results, the ensemble averaged results from in 
situ TEM after aging the Pt/Al2O3 (black) and Pt/SiO2 (grey) for 3 hours is included in figure 4.9a-d 
(filled circles). Approximately the in situ and post mortem results agree which means that the 
results from in situ TEM can generally be reproduced by the tube furnace experiments. Deviations 
are, however, observed, especially for the mean radius for the Pt/SiO2 sample and the standard 
deviation of the radius for the Pt/Al2O3 sample. The agreement between the in situ and ex situ 
results is clearly not as good as could have been expected from fig. 3.5 which showed that the 
sintering of the samples can be almost exactly reproduced, if the aging conditions are exactly 
identical. The deviations between the in situ and post mortem results observed in figure 4.9 
therefore shows that the sintering of the samples is sensitive to the minor differences in the aging 
conditions in the two types of experiment. A possible explanation for the different results is the 
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large difference in N2 total pressure for the tube furnace and in situ experiments, which is examined 
in the following. 
 

     
Fig. 4.9: (a) The mean particle radius, (b) the particle density, (c) the standard deviation of the radius 
measurements and (d) the Pt metal volume per support area as a function of aging temperature for Pt/Al2O3 
(black) and Pt/SiO2 (grey) after thermal aging in 1 bar 0.2 % O2 in N2 for 3 hours. (a-d) For comparison, the 
corresponding values for Pt/Al2O3 (black, filled circle) and Pt/SiO2 (grey, filled circle) after aging in 3 hours in 
the in situ experiment are presented in the figure. (a) Additional data points represent the mean particle 
radius for Pt/SiO2 after thermal aging for 3 hours in the tube furnace in 1 bar N2 (triangle), in the tube furnace 
in 1 bar 0.2 % O2 in Ar (star), in the tube furnace in 10 mbar technical air (+) and in the TEM in 10 mbar 
technical air where the electron beam was turned off throughout the experiment (x). Error bars: see 
Appendix B. 

4.3.1. The effect of gas type and pressure on the sintering 

To determine the influence of the O2 and the N2 partial pressure on the Ostwald ripening process, a 
number of additional thermal aging experiments were carried out in the microscope and in the tube 
furnace for comparison with the previously described experiments. 
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First a Pt/SiO2 sample was aged in the tube furnace in 1 bar N2 at 650ºC for 3 hours. According 
to figure 4.9a (triangle) the Pt nanoparticles are stable in pure N2. According to figure 4.9a even a 
relatively low partial pressure 2 mbar of oxygen enhance the sintering of the oxide-supported Pt 
nanoparticles (10 mbar air: grey circle; 1 bar N2: grey triangle), in agreement with several previous 
studies [10,12,15,16,19,56,61]. The mass-transport during the sintering of Pt/Al2O3 and Pt/SiO2 is 
therefore likely mediated by Pt-oxygen species [10,15], which are too small or too fast to be directly 
detected in the in situ TEM images (fig. 4.1, fig. 4.2).  

Since Pt/SiO2 is stable in pure N2 (fig. 4.9a, triangle), and since the degree of sintering is higher 
in the tube furnace experiment where the partial pressure of N2 is high (fig. 4.9a, grey square), 
compared to the in situ experiment (fig. 4.9a, grey circle), the difference between the mean radii 
from the in situ and post mortem experiment either shows a) that the electron beam after all 
influenced the degree of sintering, even in regions not exposed to the electron beam in contradiction 
to the conclusions from section 3.2.1.3 or b) that the partial pressure of N2, in a O2/N2-mixture, 
influences the sintering rate of Pt/SiO2. 

To test a), Pt/SiO2 samples were aged in the TEM in 10 mbar technical air while the electron 
beam was turned off throughout the aging experiment. In these experiments the slower temperature 
ramping from the tube furnace experiments was mimicked to make the experiments fully 
comparable. Two such experiments were carried out at 650ºC. TEM images were acquired at RT in 
vacuum after the thermal aging. The results are presented in figure 4.9a (x’s) and they perfectly 
match the result from the previous in situ experiment (grey circle). This shows that the influence of 
the electron beam is negligible as expected from section 3.2.1.3 and in addition that the results from 
in situ TEM are reproducible. 

To test b), a Pt/SiO2 sample was aged in the tube furnace in 1 bar 0.2 % O2 in Ar for 3 hours at 
650ºC. The resulting mean particle radius after thermal aging is presented in figure 4.9a (star). This 
tube furnace experiment reproduces the results from the in situ experiments, where the N2 partial 
pressure is low. The observed difference in the degree of sintering for Pt/SiO2 at different N2 partial 
pressures can therefore not be explained by differences in the experimental setups, and it can be 
concluded that the sintering of Pt/SiO2 depends, not only as expected on the partial pressure of O2, 
but also on the partial pressure of N2. 

To test a possible temperature-dependence of the effect of the N2-partial pressure on the sintering 
of Pt/SiO2, the following three experiments were carried out at the higher temperature of ca. 750ºC: 
1) a sample was aged in the tube furnace in 1 bar 0.2 % O2 in N2 for 3 hours at 750°C, 2) a sample 
was aged in the TEM in 10 mbar technical air at 740ºC (with full power on the furnace in the TEM 
heating holder, the temperature could not be raised to 750ºC in 10 mbar air) while the electron beam 
was turned off throughout the experiment, and the temperature was ramped similar to that of the 
tube furnace experiment. 3) A roughing pump and a pressure gauge were mounted at the exit from 
the tube furnace and a needle valve was introduced at the entrance. By adjusting the gas flow with 
the needle valve, it was possible to maintain a total pressure of 10 mbar technical air in the tube 
furnace during the thermal aging of a Pt/SiO2 sample for 3 hours at 740ºC. The resulting mean 
particle radii are presented in figure 4.9a (grey square, x and +), which shows a comparable degree 
of sintering from all three experiments at the higher temperature of ca. 750ºC. The dependence of 
the degree of sintering on the partial pressure of N2 is therefore restricted to a temperature range 
below 750ºC. 

From the experiments it is not obvious how N2 in combination with O2 can boost the sintering of 
Pt/SiO2, but a chemical reaction involving N2 is strongly suggested, since the sintering is not 
increased by the same partial pressure of Ar. This means that the strong triple bond of N2 must be 
broken by the Pt/SiO2 catalyst when exposed to a mixture of O2 and N2 at temperatures near 650ºC. 
Since NO strongly enhance the sintering of oxide supported Pt nanoparticles [19], it can further be 
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speculated that such species are formed at the Pt surface and that the Ostwald ripening is mediated 
by Pt-NO species. In the present study, it was prioritized not to pursue the role of N2 for the 
sintering of Pt nanoparticles further.  

4.3.2. Degree of Pt mass conservation as a function of temperature 

For the in situ experiments, Pt was not lost as a function of aging time according to the estimate for 
the Pt volume per support area (fig. 4.3d). For the tube furnace experiment, a similar estimate 
indicates a slight decrease in the Pt volume as a function of temperature (fig. 4.9d). These results 
are not fully consistent, which is could be related to the crudeness of the estimate. To address the 
degree of Pt mass conservation as a function of aging temperature, SEM-EDS was performed on the 
Pt/SiO2 model catalyst (section 2.2.5 and 3.2.2). Figure 4.10 presents the Pt weight concentration as 
determined from the quantification of the EDS spectra as a function aging temperature after aging 
the sample in 1 bar 0.2 % O2 in N2 (squares), in the TEM in 10 mbar technical air (X) and in the 
TEM in 2 mbar O2 (triangles). The electron beam was turned of throughout the thermal aging 
experiments in the TEM. According to figure 4.10, the Pt weight concentration is constant for aging 
temperatures up to 750°C, but decreases above this temperature. The loss of Pt at temperatures 
above 750°C is most probably caused by evaporation of Pt or Pt-oxides from the sample. This 
conclusion is consistent with results from earlier studies indicating loss of Pt from flat Pt/SiO2 [53] 
and Pt/Al2O3 [21] model catalysts by a decreasing mean particle size at temperatures above 750°C 
and 800°C, respectively. The result shows that the Pt mass is conserved in the sintering experiments 
of the present study for aging temperatures up to 750°C. The result also indicates that the Ostwald 
ripening at temperatures up to 750°C is dominated by Pt-oxide diffusion on the oxide support, while 
Ostwald ripening at higher temperatures is also influenced by diffusion in the gas phase. 

4.4. Deviations between theory and observations 

It should be noted that although the present model systems were generated to match closely the 
assumptions underlying the theoretical mean-field ripening models (section 2.1.1), the experimental 
situation still may deviate from the model assumptions, and this may be the explanation for the 
discrepancies between the experimental observations and the theoretical models, for example for 
Pt/Al2O3 (fig. 4.5). Firstly, oxygen was found to induce the sintering since the experiments with 
only nitrogen resulted in a stable ensemble of Pt nanoparticles (fig. 4.9a). The oxygen adsorption 
may, however, vary on the Pt nanoparticles of varying size [69,70,72]. Also, for the very small Pt 
clusters the energy per metal atom may be dependant on the particle size [131]. These effects may 
influence the particle shape and the formation of diffusing Pt-oxide complexes. Secondly, the mean-
field ripening model assumes a homogeneous metal-support adhesion energy. Although the use of 
flat and amorphous oxides approaches a homogeneous support, surface inhomogeneities or defects 
were observed at the atomic scale (fig. 3.3). These sites may act as anchoring sites for Pt (section 
2.1.2), thereby influencing the diffusion of atomic species or the shape and orientation of the metal 
nanoparticles. These detailed structural features may also be important for sintering rates in the 
presence of a reactive gas environment. Thirdly, local correlations between the nanoparticles as 
observed for the Pt/SiO2 after thermal aging at 550°C could more generally influence the sintering 
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and result in deviations between the experimental observations and for example the simulated 
PSDs. 

At the atomic level, the degree of inhomogeneities is higher for the SiO2 surface relative to the 
surface of Al2O3 (fig. 3.3) which also complicates the direct comparison of the two model catalyst 
and could partly explain the differences in the sintering rates (fig. 3.3) 

 
 

 
Fig. 4.10: Pt weight concentration measured with SEM-EDS presented as a function of aging temperature 
after thermal aging for 3 hours in the tube furnace in 1 bar 0.2 % O2 in N2 (squares), in the TEM in 10 mbar 
technical air (X) and in the TEM in 2 mbar O2 (triangles). Error bars: See Appendix B. 

4.5. Chapter summary 

Sintering of Pt nanoparticles supported on Al2O3 and SiO2 was studied in situ as a function of time 
at 650°C in 10 mbar air and ex situ as a function of temperature in a similar oxygen partial pressure. 
The onset temperature for the sintering is 550°C - 600°C on both oxides. Time-resolved in situ 
TEM images unequivocally demonstrate that the sintering of the Pt nanoparticles was governed by 
the Ostwald ripening mechanism on both oxide supports. Comparison in different gas environments 
showed that the sintering is severely boosted by oxygen, which suggests that the mass-transport is 
mediated by Pt-oxygen species. Mass conservation for Pt was determined for aging temperatures 
below 750°C according to SEM-EDS, indicating that for the present sintering experiments, the 
diffusion mainly takes place at the oxide support, while for higher aging temperatures the ripening 
may also be mediated by diffusion in the gas phase. Also for temperatures below 750ºC, the 
sintering of Pt/SiO2 was found to depend on the partial pressure of N2, which can explain the 
observed differences in the degree of sintering of Pt/SiO2 in the in situ and ex situ experiments. 

Furthermore, the in situ results show a similarity between the trend of the mean radius as a 
function of time and the spread in the particle sizes as a function of time. This result is consistent 
with an early suggestion from a theoretical study that the sintering rate is related to the spread of the 
particle sizes. The relation between the characteristics of the PSD and the sintering rate is discussed 
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further in chapter 7 where the sintering is compared for Pt/SiO2 model catalysts with different initial 
PSDs. 

In the present chapter, PSDs were extracted from the TEM images and presented as a function of 
time or temperature. For the Pt/Al2O3 model catalyst, similar evolutions of the PSD shape was 
observed as a function of time and temperature and the PSD shapes at the end of the in situ 
experiment and after sintering at the highest temperature in the ex situ experiment could be fitted 
well by the LSW model, consistent with the theory for Ostwald ripening. However, in both the 
time- and temperature-resolved PSD series, transition shapes appear which cannot be fitted well by 
the LSW model and which do not agree with computer simulations based on the mean-field kinetic 
model for Ostwald ripening. For Pt/SiO2, the evolution in the PSD shape as a function of time is 
described well by the computer simulations, but significant changes in the PSD shape are not 
observed due to the lower degree of sintering in the relatively low N2 partial pressure. Significant, 
changes are observed for the temperature-resolved PSD series for Pt/SiO2, and the shape changes 
are different from that of Pt/Al2O3. Specifically, a tail appears to the large particle side of the main 
peak. This tail was associated with the formation of large particles in the TEM images with a 
significantly diminished particle density in their vicinity. These observations suggest that the 
sintering of Pt/SiO2 was influenced by local correlations between the nanoparticles. The PSD 
corresponding to Pt/SiO2 at the highest sintering temperature is relatively symmetrical and the LSW 
model does not fit the data for Pt/SiO2 as well as the data for Pt/Al2O3. The fit of the LSW model 
can be slightly improved by including localized particle interactions in the model, so local effects 
may partly, but not fully, explain the apparent inconsistency with the theory for Ostwald ripening. A 
possible explanation for the deviations between the observed PSD shapes and the theoretical models 
for the Pt/Al2O3 and Pt/SiO2 model catalysts is discussed in chapter 6. In the following chapter, the 
influence of the local correlations between the nanoparticles is discussed in detail for Pt/SiO2 where 
this effect seemed to be more pronounced. 

 



 60 

5. Effects of local particle correlations on 

Ostwald ripening  

In chapter 4 it was suggested that local correlations between the oxide supported Pt nanoparticles 
influence the Ostwald ripening. In the present chapter, this suggestion is studied in detail for the 
Pt/SiO2 model catalyst for which the effect was most pronounced according to the analysis in 
chapter 4. First the observed growth rates for individual nanoparticles are compared to the expected 
rates from the mean-field ripening model (eq. 2.12), to determine whether the observations can be 
accounted for without including assumptions of possible local correlations. Second, a more detailed 
analysis follows the time-dependence of the radii of individual Pt nanoparticles. Finally, the 
experimental observations are compared with ripening models which include local particle 
correlations. These results are described in paper II (See List of included publications). 

5.1. Local particle correlations 

The applicability of the mean-field Ostwald ripening models (2.1.1) for heterogeneous catalysts has 
been subject to debate [46-48,50,54,123,131-133]. For instance, as discussed by Voorhees [123] 
and Dadyburjor et al. [133], the mean-field assumption (section  2.1.1) should mostly be useful for 
catalysts with low metal loadings, because the metal particles on average are sufficiently far apart 
on the support compared to the screening distance (L, section 2.1.1). But, even for such catalysts, 
the actual preparation route may result in regions of high local particle density with a mean particle 
separation that is comparable to the particle size. As the particle separation approaches the 
screening distance, the particles will alter the concentration of atomic species close to the neighbor 
particles as compared to the uniform mean-field concentration. In this case, a nanoparticle should 
experience an effective concentration of atomic species, depending on the location and size of the 
neighbor nanoparticles, and the ripening should correlate with the local conformation of 
nanoparticles. For the present Pt/Al2O3 and Pt/SiO2 model catalysts, the particle density is relatively 
high (0.03 - 0.04 particles/nm2) and it could therefore be expected that local ripening effects can be 
observed. Indeed, large particles with a significantly diminished particle density in their vicinity 
indicated a local ripening effect for the Pt/SiO2 model catalyst after thermal aging at 550°C (fig. 
4.7c, fig. 4.8c). 

Previous studies have demonstrated that local correlations in ripening are present in 
homoepitaxial systems, including Si-islands on Si(001) [121,134] and Ag-islands on Ag(111) [135]. 
These studies used time-resolved microscopy to monitor the ripening of two-dimensional islands 
with radii larger than ca. 5 nm under ultra-high vacuum conditions and revealed a size-dependency 
of the island ripening that is not well-described by a mean-field kinetic model, whereas kinetic 
models that incorporate local correlations provide a better description. Recently, in situ STM of 
three-dimensional Au nanoparticles on TiO2(110) during CO oxidation [136], revealed that local 
correlations between the metal nanoparticles may also affect ripening processes in heterogeneous 
catalysts. However, a detailed description of the correlated ripening effect was not pursued. To 
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determine the effects of the local particle correlations on the ripening for the present Pt/SiO2 model 
catalyst in detail, the time-resolved dynamical changes of the individual nanoparticles are measured. 
To compare the differences in the growth rates of individual nanoparticles, a high precision in the 
measurements is needed. All results presented in this chapter are therefore based on manually 
measured particle sizes with an estimated error of ca. 0.2 nm on the particle diameter. 

5.2. Growth and decay rates of individual nanoparticles 

The growth rates, dr/dt of the individual nanoparticles was obtained from the time-resolved image 
series of Pt/SiO2 (fig. 4.2) by measuring the change in radius, r over the time interval, t = 60 - 120 
min, for each individual particle in the image. For normalization, the mean radius, rmean was 
calculated from the particle radii measured at t = 60 min. Figure 5.1a presents dr/dt as a function of 
the normalized radius, r/rmean. For the majority of the nanoparticles, the growth rates are found in 
the first or third quadrant, corresponding to a positive dr/dt for r/rmean > 1 or a negative dr/dt for 
r/rmean < 1. Thus, particles larger or smaller than the mean particle size grew or shrank respectively, 
as predicted by the mean-field ripening models, eqs. 2.13 and 2.14. However, a minor fraction of 
the nanoparticles is associated with growth rates in the second and fourth quadrant. As these rates 
are not accounted for by the propagated measurement error, it seems that the mean-field models are 
not sufficient to account for the observed ripening.  

To further elaborate on deviations from the mean-field models, the rates in figure 5.1a are re-
plotted in figure 5.1b as a function of 1/r2 · (r/rmean – 1). For interface-controlled ripening, eq. 2.13 
predicts a linear relationship for figure 5.1b with a slope corresponding to αi’  (assuming a constant 
particle shape, here αi = 1), and an offset dr/dt = 0 at r = rmean. Figure 5.1b includes the best linear 
fit to the rates, which was obtained for αi’  = 0.025 nm-1 · min-1, in approximate agreement with the 
αi’ -value for the PSD simulation (0.035 nm-1 · min-1) in section 4.1.5, and with an offset of 0.0005 
nm/min. close to the origin. Figure 5.1b shows an overall linear trend of the data, but the data 
spread further emphasizes the deviations from the mean-field model. A similar analysis based on 
the diffusion-controlled ripening model, eq. 2.14, is included in figure 5.1c. That is, figure 5.1c 
shows the rates in figure 5.1a re-plotted as a function of 1/r3 · (r/rmean – 1). Assuming a constant 
particle shape (here αd = 1) and that the term ln(L/r) in eq. 2.14 is constant (section 4.1.5), the best 
linear fit to the data in figure 5.1c has a slope αd’ /ln(L/r) = 0.027 nm-1 · min-1, which is in reasonable 
agreement to αd’ /ln(L/r) = 0.067 nm-1 · min-1 from the PSD simulation in section 4.1.5, 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 is 
apparent. 

Consistent with the results in chapter 4, figure 5.1 shows that the general trends of the ripening 
of the SiO2-supported Pt nanoparticles are captured by the mean-field ripening model. The present 
analysis, however, shows deviations on the individual nanoparticle level between the experimental 
observations and the models which do not include local particle correlations.  
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Fig. 5.1: The growth rate, dr/dt, for individual Pt nanoparticles presented as a function of (a) the normalized 
radius, r/rmean, (b) 1/r2(r/rmean – 1), corresponding to eq. 2.13, and (c) 1/r3(r/rmean – 1), corresponding to eq. 
2.14. The rates are obtained from the measurement of the radius at t = 60 and 120 min for 185 particles. The 
error bars represent the propagated measuring error based on δxmanual_measure (section 3.3.3). For the best 
fitted line included in (b) and (c), the R2-value is 0.42 and 0.39 respectively. 
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5.3. Temporal evolution of individual nanoparticles 

To further examine the discrepancies between the observed dynamical changes of the individual Pt 
nanoparticles and the mean-field model, a selection of Pt nanoparticles was examined throughout 
the entire time-resolved image series (fig. 4.2). Figure 5.2a shows the selected particles in the TEM 
image from fig. 4.2a. For each particle, the projected radius, r, of these particles as well as the mean 
radius for the entire TEM image, rmean, was determined as a function of time. Figure 5.2b shows that 
the mean particle radius increased over time and that nanoparticles with r > rmean grew and 
nanoparticles with r < rmean decayed. These general trends are consistent with the mean-field 
models. However, discrepancies become apparent by comparing the observed particle radii with 
calculated radii. The time-dependence of the particle radii was calculated using the interface-
controlled mean-field model (eq. 2.13) with the observed radii of particles 1-9 at t = 5 min (fig. 
5.2b) as initial radii, αi = 1 and αi’  = 0.03 nm-1 · min-1. Figure 5.2c shows the calculated time-
dependency of the particle radii and demonstrates that the growth 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 decay also differs from the calculated order.  

5.4. Comparison with local ripening models 

In the following, the observations in figure 5.2 will be compared to kinetic ripening models 
modified by the incorporation of local particle correlations [121,134,137]. Bartelt et al. established 
such a ripening model for interface-controlled ripening [121,134] and Zheng and Bigot developed a 
model for diffusion-controlled ripening [137]. Both models are considered because both interface- 
or diffusion-controlled ripening was consistent with the experimental observations (section 4.1.5 
and 5.2). 

For both models, the size-evolution of a particle, i, is calculated on the basis of the contribution 
to the concentration of atomic species from i’s nearest neighbor particles. Here we adopt the 
approach used by Bartelt et al. and define the nearest neighbors by the Voronoi construction 
[121,134]. In the Voronoi construction, the support plane is decomposed into cells in such a way 
that the Voronoi cell of particle i consists of the inner envelope of all line segments of points being 
equidistantly located between the centers of i and any other particle [138]. Figure 5.3 illustrates the 
Voronoi construction for a region of the Pt/SiO2 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 construction has a time-dependency, because cells vanish as the decaying particles 
eventually disappear (fig. 5.3). 

The interface-controlled ripening model derived by Bartelt et al. concerns two-dimensional 
islands [121,134]. Here a similar model for ripening of three-dimensional particles on a two-
dimensional support is considered based on the expression for the net flux of atomic species, Ji onto 
the particle, i (eq. 2.2), 
 
   ( )ββπ i

p
local
sii ccarJ −= '2                                                (5.1) 
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Fig. 5.2: (a) An outline of the nine selected particles in figure 4.2a (white circles). (b) The measured particle 
radii for the particles 1-9 as a function of time. 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 are based on 
eq. 2.13. The error bars indicate δxmanual_measure. 
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Fig. 5.3: The Voronoi construction (black lines) superimposed on a close-up on fig. 5.2a. For the Voronoi cell 
of particle i, the opening angle Фij (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. 5.2a. 

where, a is the inter-atomic spacing defined in fig. 2.2, r i the radius of particle i with constant shape 
(θ = π/2, corresponding to at hemisphere), i

pc  the surface concentration of diffusing species at the 

edge of particle, i according to eq. 2.1. β and β’  are defined in eq. 2.3 – 2.4. local
sc  is the mean local 

surface concentration of atomic species on the support, which only depends on i’s nearest neighbor 
particles. The contributions to local

sc  from each nearest neighbor, j, is approximated by the mean of 

βi
pc for i and j, weighted by the opening angle, Фij, of the Voronoi cell of particle i, as defined in 

figure 5.3: 
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Thus, the model effectively operates with a “local” mean concentration of atomic species, 

determined by the nearest neighbor particles, contrary to “global” mean-field concentration, sc  

underlying eqs. 2.13 and 2.14, which is spatially invariant and determined through the average 
particle size. The particle volume change rate can now be calculated from eqs. 5.1 and 5.2: 
 

           i
i J

dt

dV
Ω=                                                              (5.3) 

 
Here, Ω is the atomic volume of bulk Pt (Ω = 1.5 · 10-2 nm3). By using eq. 5.3, r(t) can be calculated 
numerically for the particles 1 - 9 in figure 5.2, 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 [137]: 
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where D is the surface diffusivity for Pt on SiO2, l ij the distance between the particle centers, i

pc  the 

surface concentration of diffusing species at the edge of particle, i according to eq. 2.1 and β is 
defined in eq. 2.4. Notice the similarity with the equation describing the diffusion flux from the 
mean field to the particle, eq. 2.7. This model operates with a pair-wise atom-exchange from a 
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particle, i, to its neighbors, j, instead of describing the particle ripening as a result of the interaction 
with a local mean concentration of atomic species established by the neighbors. For consistency, the 
model by Zheng and Bigot is weighted by using the Voronoi geometry. Thus, the change in volume 
of a given particle, i can be described as: 
 

   ∑
Φ
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j

ij
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i JJ
dt

dV

π2
                                                 (5.5) 

 
Here, Ω is the atomic volume of Pt and Φij is the opening angle of the Voronoi cell of particle i. 
Eqs. 5.3 and 5.5 allows r(t) to be calculated numerically for the nine particles of fig. 5.2 under the 
assumption of a constant particle shape (the exact shape assumption e.g. spherical or hemispherical 
does not influence the result as long as a constant shape assumption is applied).  

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 
were comparable to their sizes. As the exchange of Pt is considered to occur at the particle edges, 
the correlated ripening of particle i may therefore be expected to depend on both the separation and 
the size of the neighboring particles, j. For a pair of neighboring particles with radii, r i and r j, and a 
center separation, l ij, the inter-particle distance may therefore be better represented by the distance 
between the edges, l ij-r i-r j, than l ij. Moreover, for the exchange of atomic species, the particle i 
effectively interacts with sites at j‘s edge; the number of which scales with the j’s circumference, 
2πr j. Based on these considerations, an alternative weighting scheme is proposed in which the 
contributions to the correlated ripening of i is weighted by the ratio of the circumference 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 eqs. 5.3 and 
5.5 by the transformation, 
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where both j and j’  denote the nearest neighbors to a particle, i as defined by the Voronoi 
construction and the sum in the denominator normalizes the weights. 

Based on eqs. 5.3, 5.5 and 5.6, the time-evolution of the radii of particles 1 - 9 (fig. 5.2) 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, r(t) is calculated using the rate for the volume change, dVi/dt, an 
assumption of hemispherically shaped particles, and initial radii corresponding to the measured 
radii at t = 5 min (fig. 5.2b). The calculations progressed with time-steps of 30 min. corresponding 
to the time-steps in the time-resolved image series. The calculations rely on a determination of the 
surface energy, γ and the parameters β’β · ρ∞ (interface-controlled schemes) or D · β’ · ρ∞ (diffusion–
controlled schemes). Clearly, the models are more sensitive to changes of γ, due to the exponential 
dependency (eq. 2.1), than to the proportional dependency of β’β · ρ∞ or D · β’ · ρ∞. Therefore, to 
estimate these parameters for the four schemes, an iterative process was applied in which r(t) is 
calculated for varying values of β’β · ρ∞ or D · β’ · ρ∞ for a fixed value of γ. The calculations were 
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repeated with other values of γ, close to the surface energy of Pt (γ = 2.1 J/m2 [139]), until the best 
fit to the data in figure 5.2b was obtained. The calculations showed that the models are indeed very 
sensitive to γ and that the models only come close to the observations in figure 5.2b for γ = 0.5-0.6 
J/m2. The lower surface energy of the Pt nanoparticles compared to metallic Pt is expected as the Pt 
nanoparticles should be covered with oxygen [69,70,72]. DFT calculations suggest that the surface 
O-terminated Pt sites is ca. 0.4-1.2 J/m2 [63]. Moreover, the best fit to the radii of particles 1-9 is 
obtained with the following parameters: For interface-controlled ripening model (a) γ = 0.5 J/m2, 
β’β · ρ∞ = 2.7 s-1·nm-2 with Voronoi weighting and (b) γ = 0.6 J/m2, β’β · ρ∞ = 4.1 s-1·nm-2 with size 
dependent weighting. For diffusion-controlled ripening model (c) γ = 0.5 J/m2, D · β’ · ρ∞ = 1.4 s-1 

with Voronoi weighting and (d) γ = 0.55 J/m2, D · β’ · ρ∞ = 1.6 s-1 size-dependent weighting. Figure 
5.4a-d presents the calculated time-evolution of the particle radii for particles 1-9 of figure 5.2. The 
model parameters were found to give a good description of the growth and decay trends of 9 
additional particles at a different region of the model catalyst, which confirms the robustness of the 
fitting procedure. 

Figure 5.4 shows that all four schemes for locally correlated ripening capture the growth of the 
particles 1-3 as depicted in figure 5.2b. However, the schemes differ in the description of the decay 
and disappearance of particles 4-9. For the interface-controlled model weighted by the Voronoi 
opening angle, figure 5.4a shows that only particles 5 and 7 disappear whereas particles 4, 6, 8 and 
9 remain without significant change during the observation period. The interface-controlled model 
weighted by the size-dependent weighting method instead predicts that all particles decay and 
vanish (fig. 5.4b), as observed (fig. 5.2b). In fact, the calculated decay for the particles 4, 6, 7 and 8 
match the observations quantitatively well. However, some deviations are also apparent: Particle 9 
decayed faster in the experiment than according to the calculations 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 figure 5.4c-d are similar to the calculated decay using the interface-controlled 
model in figure 5.4a-b.  

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, are similar and can thus not be distinguished. However, the local correlations are shown to 
strongly affect the particle decay and the calculated 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 decays in figure 5.2b 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 weighting method for describing 
local correlation effects depends on the detailed size and location of neighboring particles. 
Modeling the particle growth or decay may therefore intimately depend on the local conformation 
of the particle ensemble, and the lack of a generally applicable weighting scheme thus seems to 
complicate the detailed description of local correlation effects in ripening. 
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Fig. 5.4: Calculated particle radii as a function of time. The calculations are based on (a-b) the interface-
controlled and (c-d) the diffusion-controlled ripening model including local correlations in the atom-exchange 
process. The local correlations are included by (a,c) the Voronoi and (b,d) the size-dependent weighting 
methods. 

5.5. Limitations of the present analysis 

Although the behavior of the individual nanoparticles exposed a deviation from the mean-field 
ripening model, an ensemble property such as the PSD is well described in that framework (section 
4.1.5). Due to the initial uniform particle density and highly monodispersed size of the Pt 
nanoparticles, it is possible that the ensemble properties average over a sufficiently large ensemble 
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of different local configurations of nanoparticles to blur the distinct effect of the local correlations. 
Thus, for catalysts containing a more inhomogeneous nanoparticle ensemble, local correlations in 
ripening may be speculated to have a more distinct effect on the time-dependency of ensemble 
properties. The detailed relationship between the individual nanoparticle behavior and the ensemble 
properties could in principle be examined for the present model catalyst by integrating the results of 
an extended analysis similar to that presented in figure 5.1. Here, the discussion is limited to a basic 
description of local correlation effects in interface and diffusion controlled ripening. 

The deviations between the mean-field ripening model and the experimental observations were 
proposed to reflect that local correlations between the nanoparticles influence the ripening process. 
However, as discussed in section 4.4, deviations could also result from other causes. Furthermore, 
the ripening models were 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. 2.1), 
being a continuum model, breaks down per definition. Thus, although the size-dependence reflected 
by eq. 2.1 is generally accepted to be valid for larger particles, it is likely insufficient for the 
smallest particle sizes [43,131,136,140]. The size-dependent ripening of the smallest particles has 
been subject to debate: Houk et al. emphasized that, even within the Gibbs-Thomson model, eqs. 
2.13 and 2.14 are imprecise for small particles because the equations rely on a first order Taylor 
expansion of eq. 2.1 [43]. The models, expressed by eqs. 5.1 and 5.4, apply eq. 2.1 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-Thomson relation (eq. 2.1) [136]. A faster 
decay of small particles will also happen if the surface energy increases with decreasing particle 
size as suggested by Campbell et al. [131,140]. For the present study, a portion of the smallest 
particles revealed an almost linear decay of the particle radius with time, e.g. particle 7 and 9 in 
figure 5.2b, contrary to the accelerated decay rate predicted by the ripening models due to the 
exponential term in eq. 2.1 (fig. 5.2c and fig. 5.4a-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 addressed if this observed linear particle decay can be accounted for by 
a size-dependent surface energy of the nanoparticles. Modeling the surface energy is further 
complicated by the size-dependent surface oxidation of the Pt nanoparticles [69,70,72]. 

5.6. Chapter summary 

Although the analysis in chapter 4 showed that the time-dependency of the nanoparticle sizes 
overall is well-described by the mean-field ripening models, the analysis in the present chapter 
shows that deviations are revealed at the individual nanoparticle level (fig. 5.1, fig. 5.2). The 
deviations were proposed to reflect that the atom-exchange in the growth or decay of the individual 
nanoparticles was influenced by the size and location of the neighboring nanoparticles due to the 
high particle density in the present model catalyst. Including such local correlations between the 
neighboring particles in the kinetic ripening models gives a more satisfactory description of the 
evolution in the individual nanoparticle sizes (fig. 5.2, fig. 5.4). Such local correlations can be 
expected also to influence ripening in industrial catalysts with a high or inhomogeneous metal 
loading. 
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6. Effects of particle shape on Ostwald ripening  

The analysis of the Ostwald ripening of Pt/Al2O3 and Pt/SiO2 in chapter 4 was based on TEM 
images which revealed time- or temperature-resolved information of the projected particle shapes, 
sizes and positions. In other words, the analysis was limited to information in two dimensions, since 
information of the three-dimensional particle shapes was not available. The present chapter 
addresses the three-dimensional particle shapes for the oxide-supported Pt nanoparticles after 
sintering. To extract three-dimensional information from the particles, STEM was carried out on the 
Pt/Al2O3 and the Pt/SiO2 model catalysts, and in addition AFM was carried out on the Pt/Al2O3 
sample. As will be presented, the characterization suggests that the shape of the oxide supported Pt 
nanoparticles is related to the particle size. The chapter therefore ends with a discussion of the 
effect on the sintering of the size-dependency of the particle shape. The experimental observations 
for Pt/Al2O3 are compared with computer simulations which integrate the observed size-
dependency of the particle shapes. Parts of these results are described in paper III (See List of 
included publications) 

6.1. Size-dependent particle shapes according to STEM 

As the TEM images only provide information about the size and shape of the nanoparticles normal 
to the electron beam, STEM images were acquired to evaluate the three-dimensional shapes of the 
Pt nanoparticles. STEM was performed on the Pt/Al2O3 and Pt/SiO2 model catalysts after thermal 
aging in the tube furnace at 650°C (section 3.2.2). Figure 6.1 presents representative STEM images 
of the Pt/Al2O3 (fig. 6.1a) and Pt/SiO2 (fig. 6.1b) sample, where the particles can be identified as 
bright area projections and the oxide support corresponds to the black area. 

From the STEM images, the particle diameters were measured automatically (section 3.3.1). By 
using the software Image-Pro Plus, the STEM signal intensity was integrated over the projected 
area corresponding to each particle and the signal contribution from the background generated by 
the support material was subtracted. Since the integrated STEM signal intensity from a particle 
corresponds to the particle volume [141], any size-dependent variation in the shape of the supported 
Pt nanoparticles can be revealed from an intensity vs. particle diameter plot. Figure 6.1 presents the 
integrated STEM signal intensity plotted in arbitrary units as a function of the particle diameter for 
Pt/Al2O3 (c) and Pt/SiO2 (d). 

The relation between the particle volume and diameter depends on the exact three-dimensional 
particle shape, which can be described by models of multiple parameters depending on the known 
information of the shape. Since the three-dimensional shape of the oxide-supported Pt nanoparticles 
is not known a priori, a spherical cap (as defined in figure 2.2) is here used as a tentative 
approximation. The volume of a spherical cap with a constant height-diameter ratio as a function of 
the particle size is fitted to the experimental observations in figure 6.1c-d (dashed black) resulting in 
R2 = 0.95 and R2 = 0.92 for Pt/Al2O3 and Pt/SiO2, respectively. According to the figure, the volume 
for a spherical cap with a constant shape increases faster with the diameter than the volume of the 
observed Pt nanoparticles. The shape of the observed particles is therefore not fully consistent with 
a  spherical cap  with a  constant  height-diameter  ratio for all particle sizes and the height-diameter  
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Fig. 6.1: Representative STEM images of (a) the Pt/Al2O3 and (b) the Pt/SiO2 model catalyst after aging in a 
tube furnace in 1 bar 0.2 % O2 in N2 for 3 hours at 650°C. (c-d) The STEM signal intens ity for (c) Pt/Al2O3 
and (d) Pt/SiO2 integrated over the projected area of the particles presented in arbitrary units against the 
particle diameter (grey). The volume of a spherical cap, V(d) = C · [1/2 - 3/4cos(θ) + 1/4cos3(θ)] · 1/6πd3 is 
fitted to the data with Pt/Al2O3: R

2 = 0.95 and Pt/SiO2: R
2 = 0.92 (dashed lines). Here C is the calibration 

factor for converting particle volumes to the STEM signal intensities and θ is the metal-oxide contact angle, 
which is kept constant for all particle sizes. In addition, V(d) with a size-dependent θ is fitted to the STEM 
data by assuming linear relation between the particle height and diameter and that particles for which d = 2 
are spherical, resulting in Pt/Al2O3: R

2 = 0.98 and Pt/SiO2: R
2 = 0.99 (dotted lines). The insert presents the 

size-dependent height-diameter ratio for Pt/Al2O3 (black) and Pt/SiO2 (grey) calculated from the dotted lines. 
Finally, for Pt/Al2O3 V(d) is plotted with a size-dependent θ corresponding to the size-dependent height-
diameter ratio presented in figure 6.3d, resulting in R2 = 0.97 (full line). 
 
ratio for the observed particles must decrease for increasing diameters. A volume for a spherical cap 
with a size-dependent height-diameter ratio can be fitted to the STEM data based on information on 
the specific relation between the height and the diameter. To illustrate this, a close fit to the STEM 
data (Pt/Al2O3: R

2 = 0.98, Pt/SiO2: 0.99) was obtained by assuming a simple linear relation between 
the height and the diameter and that the smallest particles are spherical i.e. h/d = 1 for d = 2 nm (fig. 
6.1c,d, dotted black). A calculating of the size-dependent height-diameter ratio from the fitted lines 
show that the size-dependence of the height-diameter ratio is approximately similar for Pt/Al2O3 
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and Pt/SiO2 (fig. 6.1, insert) i.e. if the small particles are spherical, the largest are approximately 
hemispherical. 

For Pt/Al2O3 aged in oxygen, it was not possible to find previously reported three-dimensional 
particle shapes to compare these estimates with. For Pt/SiO2 the three-dimensional particles shape 
was both reported as spherical when aged in oxygen (particle diameters = ca. 2 – 5 nm) [71] or 
vacuum (particles diameters = ca. 30 – 40 nm) [26], and hemispherical (particle diameters > ca. 4 
nm) when aged in wet air or wet N2 [53]. It is therefore not possible to determine whether the 
estimates from STEM are consistent with previous results, and it should be emphasized that this 
estimate was based on the arbitrary assumption of a spherical shape for the small particle sizes. 
Also, since the calibration constant, C (fig. 6.1, figure caption) relating the particle volume to the 
STEM signal intensity is unknown, the true relation between the particle heights and diameters 
cannot be determined from figure 6.1 alone. 

 

 
Fig. 6.2: (a) AFM image of the Pt/Al2O3 sample after aging in a tube furnace in 1 bar 0.2 % O2 in N2 for 3 
hours at 650°C. (b) Particle height distribution an d (c) PSD. The number of measured particles is 217. 
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6.2. Size-dependent particle shapes of Pt/Al2O3 according to AFM 

To obtain information about the absolute heights of the nanoparticles, AFM measurements was 
performed. Specifically, AFM images were recorded of the Pt/Al2O3 sample after thermal aging at 
650°C (section 3.2.2). A representative AFM image is presented in figure 6.2a. In the image, the 
height of the AFM tip relative to the oxide support is depicted by a grey scale, from which Pt 
nanoparticles can be identified as brighter protrusions and the darker background can be linked to 
the oxide support. The larger (> 20 nm), bright features represent impurities on the surface, possibly 
induced during sample transfer to the UHV AFM. Pt nanoparticles at or in close vicinity of such 
regions were avoided in the data analysis. Figure 6.2b-c presents a particle height distribution 
(PHD) (b) and a PSD (c) based on measurements from the AFM images.  

The particle diameters measured by AFM (figure 6.2c) are generally larger relative to the 
diameters as measured by TEM (fig. 4.8j), which can be attributed to the well-known effect of tip 
broadening in AFM for objects with a size comparable to the tip apex dimensions. Therefore, in 
order to obtain a direct correlation plot of the nanoparticle heights vs. the diameters, the PSD 
measured by AFM were aligned with the analogous PSD from TEM. The best fit, presented in 
figure 6.3a, was obtained when the width and the peak centre of the PSD from AFM were adjusted 
by multiplication and subtraction respectively, and the optimal multiplication (= 0.7) and 
subtraction values (= 2.4 nm) were determined by minimization of the total squared difference 
between the column heights in the PSDs from AFM and TEM. The effect of AFM tip broadening is 
graphically illustrated in figure 6.3b, by superimposing circles on the particle positions. Figure 6.3b 
serves to illustrate that the broadening is sufficiently small to allow the detection of small particles 
in the vicinity of larger ones. Figure 6.3c presents a plot of the particle height as a function of the 
nanoparticle diameters corrected for tip broadening. Interestingly, the majority of the data points lie 
in the region between the lines corresponding to a spherical (full grey) and a hemispherical (dashed 
grey) particle shape (fig. 6.3c). The Al2O3-supported Pt nanoparticles are therefore generally flatter 
than spheres, but higher than hemispheres. Assuming a linear relation between the height and 
diameter, two straight lines are fitted to the data: one which is unforced (full black) for which R2 = 

0.48 and one which is forced through the origin (dashed black) for which R2 = 0.46. From the fitted 
lines in figure 6.3c, the size dependent height-diameter ratio was calculated, and the result is 
presented in figure 6.3d (full black and dashed black). The unforced line corresponds to a height-
diameter ratio that indeed decreases as a function of particle size, reflecting a size-dependent cluster 
morphology for Pt on Al2O3. The AFM data does not describe the height-diameter ratio for particle 
sizes below 2 nm (fig. 6.3c-d), and simply extending the unforced fit in figure 6.3c below the limit 
of 2 nm, will result in a h/d > 1 for d < 2 nm, which seems unreasonable. It is therefore more likely 
that the height-diameter ratio is constant for the smallest particle sizes. On the contrary to the forced 
line corresponds to a constant height-diameter ratio for all particle sizes. Since the unforced line 
only fits the data slightly better than the forced line, the AFM data alone only weakly suggests a 
size-dependency of the height-diameter ratio. For comparison with the STEM data, the volume of 
the spherical cap including the size-dependent height-diameter ratio corresponding to the unforced 
line in figure 6.3d is fitted to figure 6.1c (full black) resulting in R2 = 0.97. The particle volume 
including the size-dependent height-diameter ratio fits the STEM data slightly better than the fitted 
volume corresponding to the constant particle shape (dashed black, R2 = 0.95). The difference 
between the two fits based on the AFM data is relatively small, compared to the trend of the STEM 
data which indicate a stronger size-dependence of the particle shape. The stronger size-dependency 
of the height-diameter relation according to the STEM data can be appreciated by re-plotting the 
black dotted line from figure 6.1c in figure 6.3d (black dotted line). In summary, the STEM and 
AFM data in combination suggest that the Al2O3-supported Pt nanoparticles generally are flatter 
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than spheres and that the height-diameter ratio decreases with the particle size, although there is not 
full consistence between the two dataset on the degree of the size-dependence of the height-
diameter ratio. 

 
 
 
 

 
Fig. 6.3: (a) PSDs from the calibrated AFM measurements (white) and TEM measurements (grey). (b) TEM 
image of the Pt/Al2O3 sample after ageing at 650°C. The circles indicate  the none-calibrated AFM diameters. 
(c) The nanoparticle height presented as a function of the calibrated nanoparticle diameter. Two straight 
lines are fitted to the dataset: One unforced (full black) and one forced through the origin (dashed black). For 
comparison, lines corresponding to a spherical (full grey) and a hemispherical (dashed grey) particle shape 
are indicated. (d) The height-to-diameter ratio is presented as a function of nanoparticle size based on the 
unforced (full black) and on the forced (dashed black) fitted lines in (c). The black dotted line corresponds to 
the black dotted line in figure 6.1c and represents the best fit to the STEM data. The height-diameter ratio 
values used in the simulation is indicated (dotted grey) and the nanoparticle shapes corresponding to the 
highest and lowest values of the height-diameter ratio are illustrated. 
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6.3. The effect on ripening of the size-dependent shapes according 

to computer simulations 

To address the effect on the sintering of a size-dependence of the particle shapes, computer 
simulations based on a kinetic mean-field model for ripening in which the size-dependence of the 
particle shapes are integrated is compared with the experimental results for the sintering of the 
model catalysts presented in chapter 4.  

Based on eq. 2.13, computer simulations of PSDs were performed following the procedure 
described in section 4.1.5. The PSDs of the as prepared model catalysts (fig 4.8a,f) were used as the 
initial PSDs. For both the simulation of Pt/Al2O3 and Pt/SiO2 αi in eq. 2.13 was based on the 
continuous height-diameter-trace given by the grey dotted line in figure 4.3d, to capture just the 
main trends of the size-dependence of the height-diameter ratios according to the unforced linear fit 
to the AFM data. This trace, which resembles the AFM data rather than the STEM data, was chosen 
to examine the effect of the least size-dependent variations in the height-to-diameter ratio. To fixate 
the time-scale in simulations, αi’  in eq. 2.13 is adopted so the final mean particle diameter 
corresponds to that observed after 3h ageing at 650oC. The simulations adopted time steps 
corresponding to units of αi’

-1
·nm3, so time couples to αi’. That is, a long simulated aging time 

(many calculation steps) at low temperature therefore corresponds to a short aging time (few 
calculation steps) at a higher temperature.  

Figure 6.4a-d presents the initial and simulated PSDs for Pt/Al2O3. The simulation shows that the 
initial PSD evolves into a shape with a shoulder to the large particle side of the main peak over a 
bimodal PSD and further into a shape with a main peak shifted toward the large particle sizes and 
with a tail towards the small sizes (fig. 6.4a-d). It is intriguing that the simulated time-evolution of 
the PSD shape matches the experimental observations of the time-evolution as presented in figure 
4.5a-f. Since time and temperature are linked in the simulations, i.e. the effect of temperature can be 
compensated with time, the simulated time-evolution also matches the PSD shape evolution in 
temperature (fig. 4.8f-j). According to figure 6.4a-d, the shoulder to the right side of the main peak 
develops for the PSDs during thermal aging of the supported nanoparticles where the height-
diameter ratio is size dependent, while the shoulder or the bimodality was not observed for 
supported nanoparticles with constant shape (fig. 4.5, red or blue line). 

Figure 6.4e-h presents the initial and simulated PSDs for Pt/SiO2. As could be expected, the 
trends observed for Pt/Al2O3 can also be identified in the simulation for Pt/SiO2, but the shoulder 
and the bimodality are much less pronounced for this sample, almost disappearing in the random 
noise. Figure 6.4 therefore shows that the transition shapes of the PSDs are highly dependent on the 
initial PSD, i.e. the PSD shape variations resulting from the size-dependent particle shapes are more 
pronounced for a narrow initial PSD compared with a wider one. 

Because of the low degree of sintering during the in situ experiment for the Pt/SiO2 due to the 
effect of the low N2 partial pressure (section 4.3.1), only a shift in peak position and a broadening, 
but no characteristic shape changes in the PSD shape is observed for time-dependent PSDs (fig. 
4.6). This complicates a comparison of the time-resolved experimental observations with the 
computer simulations presented in figure 6.4. Since time and temperature are linked in the 
simulations the simulations can, however be compared with the observed temperature-dependent 
PSDs (fig. 4.8a-e). From the experimental observations a shoulder to the right of the main peak is 
not clearly observed at any temperature (fig. 4.8a-e), although a shoulder may be weakly indicated 
to the right of the main peak in figure 4.8d. Bimodality is not observed for any temperature in figure  
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Fig. 6.4: Simulated PSDs for particles with decreasing height-diameter ratio. The contact angle, θ (eq. 2.13) 
used in the simulations is calculated from the height-diameter ratio indicated by the dotted line in figure 6.3d. 
The number of calculation steps for each simulation, corresponding to the sintering time in arbitrary time 
units, is (a,e) 0, (b,f) 20 (c,g) 30 and (d,h) 60. The initial distributions are identical to (a) fig 4.8f 
corresponding to the as-prepared Pt/Al2O3 sample and (b) fig 4.8a corresponding to the as-prepared Pt/SiO2 
sample. The number of particles in each distribution is (a) 14243 (b) 6651, (c) 5220, (d) 2807, (e) 6387, (f) 
3431, (g) 2899 and (h) 2202. α’ in eq. 2.13 is 0.11 nm-1 · min-1 for Pt/Al2O3 and 0.047 nm-1 · min-1 for Pt/SiO2. 
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4.8a-e. These observations are consistent with the simulations from which a shoulder or bimodality 
are only weakly indicated (fig. 6.4e-h). The tails to the large particle side of the main peaks 
observed for the temperatures 550°C – 600°C (fig. 4.8c-d) that were associated with local particle 
correlations (section 4.2.1), are obviously not produced by the simulations since these do not 
include local ripening effects. Figure 6.4d,h shows that the simulated PSD for Pt/SiO2 at 650°C is 
more symmetric than the PSD for Pt/Al2O3. A higher symmetry for the PSD of Pt/SiO2 was also 
observed experimentally (fig. 4.8e), and was partly (but not fully) explained by the local particle 
correlations (fig. 4.8e, dotted line). Figure 6.4 offers an additional explanation for the higher 
symmetry, and it is therefore suggested that the more symmetric PSD for Pt/SiO2 relative to 
Pt/Al2O3 after thermal aging at 650°C is a combined effect of the local particle correlations and a 
wider initial PSD. 

6.4. Chapter summary 

After sintering in an oxidizing environment, size-dependent shapes of Pt nanoparticles on the oxide 
supports was shown to be consistent with STEM measurements for both model catalysts and also 
with AFM measurements for the Pt/Al2O3 model catalyst. Specifically, the particles are generally 
flatter for the larger particle sizes. For the Pt/Al2O3 sample the absolute particle heights were 
determined by using AFM, and according to this the smallest particles are approximately spherical, 
the height-diameter ratio decreases to ca. 0.7 for the largest particles. Computer simulations show 
that the PSDs during ripening are influenced by the size-dependent shape of the supported 
nanoparticles. The observed size-dependence of the three-dimensional shape of the supported 
nanoparticles therefore offers a possible explanation for the transition shapes of the PSDs for 
Pt/Al2O3 presented in chapter 4. Also for Pt/SiO2 the size-dependence of the particle shapes was 
found to be consistent with the experimental observations. 
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7. Effects of the initial particle density and size 

distribution on Ostwald ripening 

In addition to the influence of the catalyst materials and the aging conditions, the sintering process 
can also be influenced by the detailed characteristics of the supported metal nanoparticles, such as 
the particle density [15,58] and the initial PSD [49] as indicated by the PSD simulations in chapter 
6. This chapter presents a further analysis of how the Ostwald ripening of a Pt/SiO2 model catalyst 
is influenced by the characteristics of the initial PSD as well as the initial particle density. 

7.1. Pt/SiO2 model catalysts from the cluster source 

In an early theoretical study, Flynn and Wanke found that the sintering rate increases with an 
increasing width of the initial PSD [49]. This finding might also be concluded from the apparent 
correlation of the sintering rate with the particle size spread according to figure 4.3a,c and figure 
4.9a,c. In a related experimental study, Flynn and Wanke observed a substantially increased 
sintering rate for an industrial type Pt/Al2O3 catalyst in oxygen at 575ºC when a portion of a pre-
sintered catalyst with large particles was mixed with the catalyst. The observed higher degree of 
sintering was attributed to additional large particles acting as “sinks” for the transported metal [58]. 
To monitor the effect of additional large particles on the ripening of Pt nanoparticles directly, in situ 
TEM experiments were carried out on Pt/SiO2 model catalysts with initial bimodal PSDs prepared 
by using a cluster source (section 3.1.2). By combining PVD with the preparation with the cluster 
source, four different Pt/SiO2 model catalysts were prepared with varying particle density, with or 
without additional large particles (table 7.1). The capital letters A - D will be used as identifiers for 
model catalysts in this chapter according to table 7.1. It should be noticed that A is identical to the 
Pt/SiO2 samples presented in chapter 4 - 6. The particle density of B and D is reduced to ca. 40 % of 
the particle density of A and C. The reduction in density corresponds to an approximate increase in 
the mean particle distance by a factor of 2. 
 
 

 A B C D 
Particle density High Low High Low 

Additional large particles No No Yes Yes 

Preparation technique PVD Cluster source PVD + 
Cluster source 

Cluster source 

Table 7.1: Overview of the characteristics and preparation techniques for the Pt/SiO2 model catalysts. 
 
 



 79 

7.2. In situ TEM results 

The sintering of the nanoparticles of the Pt/SiO2 model catalysts were activated by heating the 
samples by 30oC/min. up to 650°C in an atmosphere of 10 mbar air, similar to the in situ 
experiment described in chapter 4 (section 3.2.1.1). The electron beam effects were not estimated 
specifically for the samples prepared with the cluster source (B - D, table 7.1). Instead, it was 
assumed that the electron beam effects were comparable to that of the Pt/SiO2 prepared by PVD (A, 
table 7.1), and the electron beam effects were minimized accordingly (section 3.2.1.3). 
 

 
Fig. 7.1: PSDs from the four as-prepared Pt/SiO2 samples (a) A, (b) B, (c) C and (d) D.  
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Initial PSDs 
To determine the similarities and differences between the PSDs of the four samples, the particle 
sizes were measured automatically (section 3.3.1) from the TEM images acquired during the in situ 
experiments at regions on the sample A, B, C and D that were previously un-exposed to the electron 
beam. The PSDs corresponding to 5 min aging time is presented in figure 7.1 for sample A (a), B 
(b), C (c) and D (d). The initial (= after 5 min aging) mean radius of the small particles is ca. 1.5 nm 
(A: 1.54 nm, B: 1.61 nm, C: 1.55 nm, D: 1.47) and the radii are generally below ca. 2.5 for sample 
A, C and D, while the PSD for the small particles of sample B is wider with particle radii generally 
below ca. 3 nm. The sizes of the additional large particles in the samples C and D are ca. 5 – 7 nm 
in radius (one particle in sample C had a radius = ca. 8 nm). Because of the high density of the 
small particles in sample C, the measured frequencies of the additional large particles are relatively 
low and best observed from the inserted plot in figure 7.1c. 

 
Analysis of the growth or shrinkage of individual nanoparticles 
Figure 7.2 presents time-resolved TEM images recorded in situ of the same region of the samples 
(a-d) B, (e-g) C and (h-k) D. Similar time-resolved TEM images are presented for sample A in 
figure 4.2. In order to monitor several large particles within a single TEM image, a lower 
magnification is used for the TEM images presented in figure 7.2 relative to the images presented in 
figure 4.2, which should be kept in mind when comparing the results of sample B, C and D with A. 
The large white spots observed in figure 7.2e-k results from diffraction contrast from the additional 
large particles. The different positions of the white spots reflect variations in the focus settings. The 
in situ experiment for sample C was terminated after 240 min due to a shortcut of a heater wire in 
the heating holder (fig. 7.2e-g). 

For all four samples (A – D), the nanoparticles remained immobile during the experiment and the 
projected area of the particles either increased or decreased. Hence, the sintering for all samples was 
governed by Ostwald ripening. Also, inspection of the TEM images for all samples reveals that the 
particle density decreases and the mean particle radius increases as a function of time. At first sight, 
the effect of the large particles on the Ostwald ripening is not obvious (fig. 7.2e-k).  

To get at deeper insight into the ripening, the growth rates, dr/dt, of individual particles were 
measured manually (section 3.3.1) from the TEM images of sample C for the particles in the 
vicinity of one of the additional large particles (the large particle in the lower left corner in figure 
7.2e-g). Figure 7.3 presents dr/dt as a function of the distance to the center of the large particle 
(radius ca. 5 nm). Both positive and negative growth rates are observed, except for particles within 
a distance of ca. 8 - 10 nm of the edge of the large particle, where only negative growth rates are 
observed. This tentative analysis therefore reveals reduced growth rates for the small particles in the 
vicinity of a much larger particle. Thus it appears that the large particles act to lower the density of 
the diffusion species in their local environment, consistent with the “sink”-effect of large particles 
suggested by Flynn and Wankes experiment [58] and with the analysis of local particle correlations 
in chapter 5. 
 
Analysis of the ensemble averaged growth 
To determine how the differences of the initial PSDs and particle density generally influence the 
sintering rate, the mean particle radii are compared pair wise as a function of time for the samples 
A, B, C and D in figure 7.4. In figure 7.4a the sintering of the Pt/SiO2 model catalyst is compared 
for the high (A) and low (B) particle density, and according to the figure the mean particle radius 
increases faster for sample B with the lowest particle density. At first sight, this is surprising since 
previous  studies have reported  that the sintering  rate increases  with the  metal loading, contrary to  
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Fig. 7.2: Time-resolved TEM images recorded in situ at the same region of each Pt/SiO2 model catalyst 
during exposure to 10 mbar air at 650ºC. The denoted times are relative to the time at which the temperature 
reached 650ºC. The as-prepared state of the present Pt/SiO2 model catalysts deviates from as-prepared 
state of the Pt/SiO2 model catalyst presented in chapter 4 (fig. 4.2) by having (a-d) a lower particle density 
(sample B), (e-g) additional large Pt particles while maintaining a similar high particle density (sample C) and 
(h-k) a lower particle density and additional large Pt particles (sample D). 
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the present result [15,58]. It should, however, be recalled that the initial PSD of the low density 
sample (B) is wider than the initial PSD of the high density sample (A) (fig. 7.1a,b). Figure 7.1 and 
figure 7.4 therefore do not necessarily show that the degree of sintering reduces with increasing 
particle density, but rather indicate that the sintering rate increases with the width of the initial PSD 
as previously suggested by Flynn and Wanke [49], and by figure 4.3a,c and 4.9a,c. Figure 7.2 and 
figure 7.4 also indicate, that an increase of the mean distance between the particles by a factor of ca. 
2, does not reduce the sintering rate significantly. 

 
 

 
Fig. 7.3: The growth rate, dr/dt, for individual Pt nanoparticles presented as a function of the distance to the 
center of a large particle. The number of measurements is 86. The error bars indicate the propagated 
measurement errors from δxmanual_measure (section 3.3.3). The length of the error bars varies because dr/dt is 
measured over different time intervals. 

The sintering of the Pt/SiO2 model catalyst is compared in figure 7.4b for the high (C) and low 
(D) particle density including the additional large particles. In this case it is more complicated to 
objectively determine the widths of the corresponding PSD from figure 7.1. The width of the initial 
PSD for small particles alone is wider for sample C than for sample D (fig. 7.1c,d), while the width 
is considerably larger for sample D when calculated as the radius standard deviation by including 
the additional large particles. According to figure 7.4b, the increase in the mean particle radius is 
similar for sample C and D including (filled symbols) or excluding (open symbols) the additional 
large particles. Both figure 7.4a and figure 7.4b therefore show that the sintering rate is not 
significantly reduced by increasing the distances between the particles. This could suggest that the 
diffusion on the support is a rapid process, and that the Ostwald ripening is limited by interface 
processes rather than by diffusion of the atomic Pt-species at the support between the particles. For 
comparison, an analysis similar to the one presented in figure 5.1, was tentatively carried out based 
on automatic measurements on the TEM images of sample B. The model assuming interface control 
(R2 = 0.24) did, however, not fit the data significantly better than the model assuming diffusion 
control (R2 = 0.23). 
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Fig. 7.4: The mean particle radius is presented as a function of time for the four different Pt/SiO2 model 
catalysts A (black filled squares), B (black filled circles), C (grey filled squares) and D (grey filled circles). The 
four plots compare (a) A with B, in (b) C with D, (c) A with C and (d) B with D. For comparison, the mean 
particle radius calculated for C (grey open squares) and D (grey open symbols) without including the large 
particles is presented. The inserted graph in (c) presents the time-resolved particle density for sample A and 
C. Error bars: See Appendix B. 

 

From figure 7.4c it can be observed that the mean radius for the high density samples, A closely 
follows the mean radius for the high density sample with additional large particles, C both 
calculated by including (filled symbols) or excluding (open symbols) the additional large particles. 
This result could suggest that the “sink”-effect of the additional large particles observed from figure 
7.3 is insignificant in relation to the ensemble averaged growth rate. However, the presence of the 
large particles may influence the ripening process on a short time scale in a more subtle way than by 
simply increasing the mean particle radius. Figure 7.3 indicates that the “sink”-effect acts to reduce 
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the growth of a group of small particles. To determine the influence on the particle ensemble of the 
additional large particles, the time-resolved particle density, which is a more sensitive ensemble 
averaged parameter, is presented for sample A and C in insert in figure 7.4c. The particle density 
decrease more for the sample with the additional large particles, C relative to the sample without 
additional large particles, A, consistent with the indicated “sink”-effect by figure 7.3. 

The time-resolved mean particle radii are compared in figure 7.4d for the low density sample 
with (D) and without (B) the additional large particles, calculated by including (filled symbols) or 
excluding (open symbols) the additional large particles. The increase in the mean radius for the low 
density sample, B is similar to the increase in the mean radius for the low density sample with 
additional large particles, D. Because of a significant variation in the initial particle density for the 
sample B and D (fig. 7.2a,h), it is not possible to compare the time-resolved particle density directly 
as was done for the samples A and C (fig. 7.4c, insert). 

7.3. Limitations of the analysis 

It should be emphasized that the results in this chapter only represent a tentative analysis, and there 
are a number of limitations. Firstly, the analysis depends on the assumption that the sintering rates 
for nanoparticles of the same size and similar local environment are independent of the preparation 
method, which according to previous studies is not always true [12,21,60]. To validate this 
assumption in further investigations, it is necessary to produce samples with identical statistical 
characteristics for the particles with both preparation techniques. This is a challenge because low 
particle densities are difficult to obtain by PVD, while when preparing the samples with the cluster 
source the probability of particles directly landing onto other particles increases with the particle 
density, leading to increasing PSD widths for increasing particle densities. Secondly, because of the 
un-intended variations in the widths of the initial PSDs, both the PSD width and the particle density 
varies, which makes it difficult to separate the influence of each parameter in the analysis. Finally, 
as mentioned in the previous chapters, local variations in the interactions between the metal and 
support may influence the results. Such an effect could possibly explain the existence of small 
particles in close vicinity to the additional large particles by the end of the experiments (fig. 7.2g,k) 
in spite of the suggested “sink”-effect. 

7.4. Chapter summary 

The sintering was compared for Pt/SiO2 model catalysts with high and low particle density and for 
bimodal and monomodal initial PSDs. According to the preliminary analysis, the sintering rate is 
not directly related to the particle density, which could indicate that the Ostwald ripening is 
interface controlled, consistent with the results in chapter 4. Additionally, the sintering rate was 
found to increase for an increasing width of the initial PSD, consistent with both the results in 
chapter 4 and with an early theoretical study [49]. The influence of the bimodality of the initial PSD 
was analyzed by measuring the growth rates of individual nanoparticles in the vicinity of a large 
particle, and by measuring the time-dependent particle density. Both measurements showed that the 
additional large particles influence the growth rate of the smaller particles indicating that large 
particles acts to lower the density of the diffusion species in their local environment, thus locally 
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enhancing the sintering rate. This effect could be an explanation for the dependence of the overall 
sintering rate on the spread of the particle sizes. It should be emphasized that the present chapter 
only presents preliminary results, and further investigations will be needed to confirm, and expand 
on these tentative results. 
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8. Ostwald ripening of bimetallic Pt-Pd/Al2O3  

The addition of Pd to the Pt-based oxidation catalysts has been reported to reduce the sintering of 
the oxide supported Pt nanoparticles in oxygen [16,73,74]. To address the influence of Pd on the 
sintering for such a bimetallic system, in situ TEM experiments were carried out with a bimetallic 
Pt-Pd/Al2O3 model catalyst as well as a monometallic Pd/Al2O3. STEM-EDS elemental mapping 
was applied to determine the distribution of the two metals in the bimetallic model catalyst before 
and after thermal aging. This chapter presents preliminary results from these experiments. 
 

8.1. In situ TEM results for the bimetallic catalyst  

Sintering of the nanoparticles of the bimetallic Pt-Pd/Al2O3 model catalysts was activated by 
heating the samples at 30oC/min. up to 650°C, in an atmosphere of 10 mbar air similar to the in situ 
experiment for the model catalysts with pure Pt particles (chapter 4, section 3.2.11). It was 
estimated that the electron beam effects were negligible as described in section 3.2.1.3.  

Figure 8.1 presents time-resolved TEM images recorded in situ from the same region of the 
sample. The Pt-Pd nanoparticles remained immobile during the experiment and the projected areas 
of the particles either increased or decreased (an example of each is indicated by arrows to guide the 
eye). Hence, the observations demonstrate that the sintering was governed by Ostwald ripening.  

In addition to the TEM images of the sample region followed over time, TEM images were 
acquired during the in situ experiment, from regions on the sample that were previously un-exposed 
to the electron beam. Time-resolved PSDs extracted from the additional TEM images by automatic 
measurements (section 3.3.1) are presented in figure 8.2. As described in detail in chapter 4, basing 
the PSDs on the additional images offer better counting statistics than could be obtained from 
measurements on the TEM images in figure 8.1. Also, this approach eliminates the minor electron 
beam effects, which still may influence the data extracted from the region followed over time, even 
after the careful minimization of the beam effect described in section 3.2.1.3. According to figure 
8.2, the PSD broadens over time, develops a shoulder to the large particle side of the main peak (fig. 
8.2c-d), becomes more symmetric (fig. 8.2e) and finally becomes asymmetric with a tail to the 
small particle side of the main peak (fig. 8.2f). Comparison with fig. 4.5 shows that the evolution in 
PSD shape for the bimetallic Pt-Pd/Al2O3 is similar to that of Pt/Al2O3. A difference between the 
sintering of the bimetallic and the monometallic model catalysts is that the degree of sintering is 
slightly lower for the Pt-Pd/Al2O3 (mean radius = 3 nm at t = 360 min) than for Pt/Al2O3 (mean 
radius = 4 nm at t = 360 min), consistent with a previous study of the thermal aging of alumina-
supported Pt or Pt-Pd nanoparticles in air [74]. 
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Fig. 8.1: (a-f) Time-resolved TEM images recorded in situ at the same region of a Pt-Pd/Al2O3 model catalyst 
during exposure to 10 mbar air at 650ºC. The denoted times are relative to the time at which the temperature 
reached 650ºC. To guide the eye, arrows indicate examples of a growing and of a decaying particle. 
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Fig. 8.2: PSDs from Pt-Pd/Al2O3 based on TEM images of regions previously unexposed to the electron 
beam recorded during exposure to 10 mbar air at 650ºC. The indicated aging times correspond to the aging 
times in figure 8.1. The number of measured particles included in each distribution is (a) 2069, (b) 1335, (c) 
1405, (d) 1289, (e) 788 and (f) 809. 
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8.2. In situ TEM results for Pd/Al2O3  

To address the influence of the presence of Pd on the sintering of the bimetallic Pt-Pd/Al2O3, 
another in situ experiment was performed, but with a monometallic Pd/Al2O3 model catalyst. Again, 
the sintering was activated by heating the samples by 30°C/min. up to 650°C in an atmosphere of 
10 mbar air (section 3.2.1.1), and the electron beam effects were minimized as previously described 
(section 3.2.1.3). 

Figure 8.3 presents the time-resolved TEM images recorded in situ from a single region of the 
sample. The time needed for stabilization of drift of the TEM holder, was a few minutes more than 
for the previous experiments, and the first recorded images corresponds to a thermal aging time of 
10 min (fig. 8.3a) instead of 5 min as for the previous in situ experiments (fig. 4.1a, fig. 4.2a, fig. 
8.1a). The Al2O3-supported Pd nanoparticles remained immobile during the experiment, and the 
projected area of the particles either increased or decreased (fig. 8.3, an example of each is 
indicated by arrows), which shows that the sintering of Pd/Al2O3 in an oxidizing environment is 
dominated by Ostwald ripening. The result is consistent with a previous in situ TEM study which 
showed that Ostwald ripening dominated the sintering of Pd/Al2O3, while coalescence events were 
only observed for particles closely neighbored to other particles [30].  

Figure 8.4 presents time-resolved PSDs extracted from the additional TEM images by manual 
measurements (section 3.3.1). An asymmetric PSD shape with a tail to the large particle side of the 
main peak develops with time according to the figure and this observation is consistent with results 
previously reported for Pd/Al2O3 catalysts when heated in an oxidizing environment [142]. 

There are significant differences between the Ostwald ripening of the Pt-based model catalysts 
(fig. 4.1, fig. 4.2, fig. 4.5, fig. 4.6) and the sintering of the Pd/Al2O3 model catalyst that can be 
observed from both the time-resolved images (fig. 8.3) and PSDs (fig. 8.4). Firstly, most of the 
supported Pd nanoparticles seem not to grow or shrink in radius, but remain stable both with respect 
to position and size, consistent with a reported low degree of sintering for Pd/Al2O3 catalysts from 
previous in situ TEM [28] and post mortem [74] studies. Secondly, for Pd/Al2O3 a few large 
particles grew rapidly, and they grew to larger particle sizes than observed for any particles of the 
Pt-based model catalysts (fig. 4.5, fig. 8.4). Thirdly, for Pd/Al2O3 contrast variations can be 
observed in the projections of some of the largest particles (for example the particle marked with an 
upward arrow in figure 8.3c-f). Specifically, a region with a relatively darker contrast can be 
observed within the full projected area, and the position and size of the dark region is identical to 
the position and size of the initial particle (t = 10 min). In terms of mass-thickness contrast (section 
2.2.2), this suggests either a) abrupt changes in the thickness of the particle, such as a relatively thin 
layer of Pd growing from the initial particle which is thicker than the growing layer, b) that the 
growing layer is a material with a lower density, such as PdO or c) a combination of a) and b). 
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Fig. 8.3: Time-resolved TEM images recorded in situ at the same region of a Pd/Al2O3 model catalyst during 
exposure to 10 mbar air at 650ºC. The denoted times are relative to the time at which the temperature 
reached 650ºC. To guide the eye, arrows indicate examples of a growing and of a decaying particle. 
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Fig. 8.4: PSDs from Pd/Al2O3 based on TEM images of regions previously unexposed to the electron beam 
recorded during the exposure to 10 mbar air at 650ºC. The indicated aging times correspond to the aging 
times in figure 8.3. The number of measured particles included in each distribution is (a) 835, (b) 918 and (c) 
931. The manual particle measurement procedure (section 3.3.1) was applied due a relatively low contrast in 
the images. 

8.3. The metal distribution in the bimetallic catalyst 

A priori it is not known whether the particles in the Pt-Pd/Al2O3 model catalyst are present as alloys 
or as separated Pt and Pd particles. An estimate based on eq. 2.22, shows that the contrast of 
particles of pure Pt and Pd with radii in the range of 1.5 – 3 nm would only differ in contrast by 3 – 
4 % in spite of a relatively large difference in the atomic number, Z of the two metals. From figure 
8.1 it would therefore be difficult to distinguish particles of Pt from particles of Pd even if these 
were separated as monometallic particles.  

To determine the relative distribution of the two metals, elemental maps were recorded of the Pt-
Pd/Al2O3 model catalyst with STEM-EDS (section 3.2.2). Figure 8.5a presents representative 
results for the elemental mapping of an as-prepared sample. Specifically, the figure presents a 
STEM image of the sample before (Before scan) and after (After scan) the scan for the elemental 
map together with the detected electrons during the scan for the elemental map (Scan) and the 
elemental maps representing Pt (Pt) and Pd (Pd). In the “Before scan”-image, the region intended 
for the scan is indicated. In the “After scan”-image the region that was actually scanned is estimated 
by inspection of the “Scan”-image and by the beam induced changes observed from the “After 
scan”-image. According to figure 8.5a, most of the particles from the as-prepared sample consist of 
both Pt and Pd. In the scanned region, one particle (indicated by an arrow) apparently consists of 
only Pd. As described in detail in section 3.1.2, Pd was evaporated onto the sample after Pt during 
the sample preparation and therefore some Pd must be evaporated directly onto the Pt particles. The 
Pd evaporated directly onto the Al2O3-support could either have diffused to and attached to the Pt 
particles or could have formed new particles of pure Pd. It is therefore not surprising to see that 
most particles consist of both metals, while a few consists of pure Pd according to figure 8.5a. A 
quantitative analysis of an EDS spectrum (not presented) recorded over a larger area (90 x 90 nm2) 
showed that the atomic Pt/Pd ratio was ca. 1.1. 
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Fig. 8.5: (a) STEM images of the fresh Pt-Pd/Al2O3 sample before and after the scan for the elemental map 
is presented together with the detected electrons during the scan for the elemental map (Scan) and the 
elemental maps representing Pt and Pd respectively. In the “Before scan”-image, the region intended for the 
scan is indicated. In the “After scan”-image the region that was actually scanned is estimated by inspection 
of the “Scan”-image and by the beam induced changes observed from the “After scan”-image. (b-c): Similar 
to (a), but for the sample after the in situ sintering experiment. 
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Figure 8.5b presents representative results for the elemental mapping of the Pt-Pd/Al2O3 model 
catalyst after the in situ experiment. The elemental maps show that the sintered particles consist of 
both Pt and Pd (fig. 8.5b). Particles consisting of only one metal were not observed, but the 
possibility of pure Pt or Pd particles can not be excluded due to the relatively low counting statistics 
of both particles and EDS-signal. 

To determine the metallic distribution within the particles after sintering, additional scans were 
performed on the sintered sample at regions with relatively large particles. Figure 8.5c presents such 
a scan. The elemental maps do not show structural differences between the two metals, such as a 
core-shell structure. According to figure 8.5c the Pt and Pd are apparently distributed evenly in the 
particle, but due to the low EDS counting statistics structural differences in the distribution can not 
be ruled out. 

It should be emphasized that is was generally, and particularly for the as-prepared sample, 
difficult to obtain high EDS counting statistics without inducing severe damage to the sample by the 
strong intensity of the electron beam, as can be seen in the “After scan”-images (fig. 8.5a-c). For 
future work STEM-EDS mapping could be repeated at a lower electron voltage to reduce this effect. 
Also, the drift of the samples was problematic for the analysis, as the scanned region often differed 
from the region chosen for the scan, which is particularly obvious from figure 8.5b. 

Together, the figures 8.1 and 8.5 show that the bimetallic Pt-Pd/Al2O3 model catalyst mainly 
consists of alloyed Pt-Pd (ca. 50%/50%) nanoparticles which sinter via Ostwald ripening. For the 
present experimental conditions, both metals are mobile as diffusing atomic Pt- or Pd-species which 
was observed from fig. 4.1 and from fig. 8.3. This is also consistent with the elemental map 
presented in figure 8.5c, since a quantitative analysis of the EDS spectra for the relatively large 
particle observed in this figure (volume = ca. 270 nm3 compared to the volume = ca. 14 nm3 for the 
mean particle size in the as-prepared sample, assuming a spherical shape for both particle sizes) 
shows that the Pt/Pd ratio is ca. 1.3. The large particle in figure 8.5c therefore mainly consists of 
atoms of both metals that have been transported during the sintering process. 

8.4. Discussion 

According to previous studies, oxide supported Pd or Pt-Pd nanoparticles can be prepared in either 
metal or oxide forms [73]. For similar Pd/SiO2 and Pt-Pd/SiO2 model catalysts, the metallic phase 
was observed in the as-prepared state, while PdO appeared after heating in air to 300°C - 400°C 
[73]. At higher temperatures, the PdO decomposes to Pd. Al2O3-supported palladium nanoparticles 
decompose from PdO to Pd at ca. 800°C [143], but the exact decomposition temperature depends 
on the partial pressure of oxygen [73], the support material [28,143] and the metal loading [28]. In 
the intermediate temperature range, Pd and PdO may coexist in an oxidizing environment [28,73]. 
For the present in situ experiments (fig. 8.1, fig. 8.3), it is therefore likely, that both the Pd and the 
PdO phases are present. For both Pd/Al2O3 and Pt-Pd/SiO2, wetting and spreading has been 
observed during the transition from Pd to PdO [28,144], and the PdO phase has been associated 
with growing irregular shaped, low contrast areas [73,144] in contact with the metal crystallites 
[73]. Accordingly, the growing, low contrast areas observed for the Pd/Al2O3 model catalyst (fig. 
8.3) are likely to represent thin layers of the PdO phase. According to a previous post mortem TEM 
study, the aging of Pd/α-alumina in N2 at 900°C did only result in a shift of the main peak of the 
PSD, but not in an asymmetric PSD shape with a tail to the large particle side [145]. This 
observation supports the interpretation that the large particles represented by the tail to the large 
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particle side of the main peak of the PSDs in figure 8.4, corresponds to the oxidized phase of 
palladium while the main peak may correspond to Pd, PdO or Pd/PdO mixtures. For the bimetallic 
Pt-Pd/Al2O3 catalyst, growing low contrast areas are not clearly observed (fig. 8.1). This suggests 
that the PdO phase either stays at, in, or below the particles. 

As described in section 2.1.2, the Pt is most probably transported in the form of volatile PtO2 
species [12,15,19,56,65], while PdO is considered to be less volatile [73,74] which may be related 
to a higher a melting point (PtO2: 450°C, PdO: 870°C, Pt: 1768°C, Pd: 1555°C) [74]. This could 
suggest that the lower degree of sintering observed for Pd/Al2O3 (fig. 8.3, fig. 8.4) relative to 
Pt/Al2O3 (fig. 4.1, fig. 4.5) can be explained by a lower concentration of diffusing PdO species in 
Pd/Al2O3 relative to the concentration of diffusing PtO2 species in Pt/Al2O3 for the same 
experimental conditions. The observation in figure 8.3 of the apparently rapid growing areas which 
likely represent PdO, is consistent with a relatively low concentration of diffusion species, if the 
modest thickness of the growing layers is taken into account. 

For the bimetallic Pt-Pd/Al2O3 model catalyst (fig. 8.1), it can be speculated that the stabilizing 
effect on the sintering of Pt results from the presence of the relatively stable PdO phase. One 
suggestion is that formation of the PdO phase at the surface of the alloyed Pt-Pd particles lowers the 
surface density of Pt [73,74,144]. A skin of microcrystalline PdO on a few particles has been 
indicated from dark field TEM imaging of Pt-Pd/SiO2 in oxygen [73]. Another possible explanation 
for the stabilizing effect is based on the fact that the interactions between the oxides are stronger 
than between metals and oxides [73,146,147]. It has been suggested that strong interactions between 
PdO and the support can lead to inter-diffusion between the oxide phases [148]. Consistent with this 
suggestion, the local structure of PdO supported on γ-alumina has been reported to be significantly 
different from that of bulk PdO [28]. As previously suggested [73,74], it can therefore be speculated 
that the strong PdO-oxide interaction results in stabilized layers of PdO which could act as traps for 
diffusing species. The present STEM-EDS analysis shows that the particles consist of both platinum 
and palladium, while particles of pure Pd were not found after sintering. This is consistent with the 
suggestion that diffusing Pt-species will bind to PdO. 

It is interesting to notice that the degree of sintering of the bimetallic Pt-Pd/Al2O3 system is 
higher than for the monometallic Pd/Al2O3 system. The line of thought could therefore be reversed, 
so that it is concluded that the presence of Pt in a Pd-based catalyst increases the sintering, i.e. Pt 
increases the mobility of Pd. This could indicate that the formation of Pt-Pd alloys results in a 
weakening of the interaction between the PdO and the oxide support. 

The present analysis has certain limitations, and future investigations are needed to settle the 
speculations related to the stabilizing effect of Pd on the Pt-based catalysts. Firstly, the 
interpretation of the growing low contrast areas in figure 8.3 was based on previously reported 
results, but was not determined independently from the present experiments. Diffraction and dark 
field imaging could help to verify the presence and the location of the PdO phase. Secondly, the 
statistics of the elemental mapping is poor, which weakens the statement that no particles of pure Pd 
were found after sintering. An extended STEM-EDS analysis could improve this point. Thirdly, a 
core-shell structure is difficult to observe for even the largest nanoparticles in the present bimetallic 
model catalyst. Extended sintering (longer aging times or higher oxygen partial pressure) could be 
applied for obtaining larger particles for which the presence of a core-shell structure would be 
easier to determine. 
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8.5. Chapter summary 

In summary, the preliminary results for the monometallic Pd/Al2O3 and the bimetallic Pt-Pd/Al2O3 
show that both model catalysts sintered via Ostwald ripening in 10 mbar O2 at 650ºC. The 
bimetallic model catalyst consists of mainly alloyed Pt-Pd nanoparticles and the mass-transport was 
mediated by diffusing Pt- or Pd-species, resulting in a system with larger alloyed particles in which 
the two metals apparently are evenly distributed. Localized differences in the concentration, such as 
a core-shell structure can however not be ruled out based on the present preliminary analysis. Time-
resolved PSDs for the bimetallic Pt-Pd/Al2O3 are qualitatively similar to those for monometallic 
Pt/Al2O3 and the PSDs quantitatively show that the degree of sintering is lower for the bimetallic 
system, consistent with previous studies. The stabilizing effect of Pd could possibly be explained by 
strong interactions between the present PdO phase and the oxide support or by a reduced surface 
density of PtO2 species. 
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9. Conclusions and Outlook 

This thesis addressed the sintering of noble metal nanoparticles with relevance to the diesel 
oxidation catalyst. The sintering of model catalysts composed of Pt and Pd nanoparticles on planar, 
homogeneous oxide support materials was studied in an oxidizing environment by using in situ and 
post mortem TEM. The main results were presented by time-resolved in situ TEM images which 
demonstrated that the sintering of the Pt, Pd and bimetallic Pt-Pd nanoparticles was governed by the 
Ostwald ripening mechanism (chapters 4 and 8). For Pt, this was shown for both an Al2O3 and a 
SiO2 support material. The Ostwald ripening was enhanced by the oxygen atmosphere, which 
suggested that the mass-transport was mediated by diffusing Pt-oxygen species and it was 
furthermore found that at temperatures up to 750ºC the diffusion mainly takes place at the oxide 
support. Unexpectedly, the results showed that the sintering of Pt/SiO2 depends on the partial 
pressure of N2 at temperatures below 750ºC.  

The sintering process was presented statistically as a function of time or temperature by PSDs 
extracted from the in situ or post mortem TEM images. The statistical representations were 
analyzed by comparison with theoretical models for Ostwald ripening, either by directly fitting the 
so-called LSW model to the experimental data or via computer simulated PSDs. The PSDs 
appearing at the end of the in situ experiment or after sintering at the highest temperature from the 
ex situ results could be fitted with the LSW model, consistent with the theory for Ostwald ripening 
(chapter 4). Particularly for Pt/Al2O3, the fit of the LSW model closely matched the observations. 
Unexpected PSD shapes did also appear as a function of time or temperature for both the Pt/Al2O3 
and Pt/SiO2 model catalysts. It was found that the Pt nanoparticles tended to adopt size-dependent 
three-dimensional shapes during sintering. Specifically, the particles were generally flatter for the 
larger particle sizes. Computer simulations based on a simple model for Ostwald ripening showed 
that the PSDs were influenced by the size-dependence of the shape of the supported nanoparticles, 
and that the otherwise unexpected transition shapes of the PSDs could be simulated when the size-
dependence was integrated in the kinetic ripening model (chapter 6). For Pt/SiO2, the unexpected 
PSD shapes could only partly be attributed to the effect of size-dependent particle shapes. In 
addition it was found that the sintering of Pt/SiO2 was influenced by local correlations between the 
nanoparticles which influence the PSD shape. A detailed analysis of the local correlations showed 
that the growth or decay of the individual nanoparticles was influenced by the size and location of 
the neighboring nanoparticles and that a more satisfactory description of the evolution of the 
individual nanoparticle sizes could be obtained by including the local correlations in the kinetic 
models (chapter 5). The local ripening effect was also determined for a Pt/SiO2 model catalyst with 
a bimodal initial PSD, by measuring the growth rates of the individual nanoparticles in the vicinity 
of a relatively large particle and by comparing the time-dependent particle density for Pt/SiO2 
model catalysts with and without additional large particles. It appears that the larger particles act to 
lower the density of the diffusion species in their local environment and thereby locally enhance the 
sintering rate. Consistently, the results indicated that the overall sintering rate scales with the spread 
of the particle sizes, based both on an observed similarity between the time-dependence of the mean 
radius and the particle size spread and on a tentative analysis of the sintering of Pt/SiO2 model 
catalysts with different initial particle size spreads (chapter 7). 

Finally, a preliminary analysis showed that the bimetallic Pt-Pd/Al2O3 model catalysts mainly 
consists of alloyed Pt-Pd nanoparticles and that the mass-transport was mediated both by diffusing 
Pt- and Pd-species, resulting in a system with larger alloyed particles. The degree of sintering was 
lower for the bimetallic Pt-Pd/Al2O3 model catalyst than for Pt/Al2O3, which means that Pd has a 
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stabilizing effect on the Pt-based catalysts. The stabilizing effect of Pd could possibly be explained 
by strong interactions between the present PdO phase and the oxide support or by a reduced surface 
density of PtO2 species (chapter 8). 

The conclusion that the sintering is entirely dominated by Ostwald ripening at the oxide support 
may help to focus the future development of more stable diesel oxidation catalysts on the relevant 
sintering mechanism. Specific strategies for the development of more stable catalysts could be 
inspired by the coupling between low sintering rates and a low spread in the particle sizes. A route 
to slow down the deactivation could be to aim for a very low initial spread in the particle sizes. This 
may prolong the meta-stable initial state and result in higher total activity. Another strategy could 
be to further develop the bimetallic Pt-Pd/oxide system, for example by creating anchor points for 
PdO at the oxide support. Finally, the high degree of consistency between of the theoretical models 
(the LSW model and eq. 2.12) and the experimental observations shows that the theoretical models 
are applicable for predicting the sintering of simple catalyst systems of oxide supported 
nanoparticles in a oxidizing environment. The present results could thereby become bases for 
further developments on the theoretical models which could lead to new insight into the sintering of 
more complex systems.  

The sintering of model catalysts in the relatively low oxygen partial pressures could deviate 
relative to the sintering of real diesel oxidation catalysts. An obvious aim for future work would 
therefore be to try to bridge the gab between the model and realistic catalyst systems. Since high 
pressure in situ TEM sample holders are now available [149], the in situ experiments could in 
principle be reproduced at a realistic gas pressure and composition. Also the planar model catalyst 
could be gradually modified towards the characteristics of a realistic catalyst, for example by using 
a crystalline oxide or by fabricating well-defined structures in the support via e-beam lithography to 
address to influence of the support structure on the sintering. The results from sintering experiments 
with such model catalysts could finally be compared with similar results from the realistic diesel 
oxidation catalysts. 
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Appendix A: List of abbreviations 

 

 
 

AFM 

CB 

CNT 

CTF 

DOC 

EDS 

ESEM 

ETEM 

FEG 

HAADF 

LSW 

PHD 

PSD 

PVD 

SEM 

SNR 

STEM 

TEM 

UHV 

XPS 

WPO 

 

 

Atomic force microscopy 

Carbon black 

Carbon nanotube 

Contrast transfer function 

Diesel oxidation catalyst 

Energy dispersive spectroscopy 

Environmental scanning electron microscopy 

Environmental transmission electron microscopy 

Field emission gun 

High angle annular dark field 

Model for Ostwald ripening by Lifshitz, Slyozov and Wagner 

Particle height distribution 

Particle size distribution  

Physical vapor deposition 

Scanning electron microscopy 

Signal-to-noise ratio 

Scanning transmission electron microscopy 

Transmission electron microscopy 

Ultra high vacuum 

X-ray photoelectron spectroscopy 

Weak phase object 

 
 



 100 

Appendix B: Deviations in the error calculations 

The standard deviation, SD for a parameter, x is defined as [119], 
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where N is the number of measurements and xmean is the arithmetic mean of x. The standard 
deviation of the mean value, SDOM is defined as,  
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Figure 4.3 
(a,c) Since the analysis mainly focuses on the relative changes in the mean radius, the errors are 
calculated as the propagated error from δxautomatic_measure without taking δxTEM_cal into account 
(section 3.3.3). However, when comparing the absolute values of the mean radius from Pt/Al2O3 
and Pt/SiO2 respectively, it should be noticed that the systematic error δxTEM_cal may shift the 
plotted mean radii by 10 %. (b,d) The particle density and the metal volume per support area do not, 
or only to a minor extent, depend on the error on the particles sizes. The errors are therefore 
calculated as the standard deviation (eq. B.1) of the particle density and of the volume per support 
area, respectively, measured from different TEM images. 
 
Figure 4.9 
(a) The TEM image acquisition for the data presented by this figure was carried out over a time 
span of several months which means that the TEMs were calibrated between the measurements. 
Also, two different TEMs were used for the image acquisition as mentioned in section 3.2.2. For 
these reasons, the errors equal the systematic error, δxTEM_cal (section 3.3.3). (b-d) To take the 
systematic error from δxTEM_cal into account, the particle density, the standard deviation and the 
volume metal per support area was calculated two times; first where all measured distances were 
increased by 10 % and secondly where all measured distances were decreased by 10 %. The error of 
was estimated as the difference between these two measurements. 
 
Figure 4.10 
The estimated errors are 10 % of the measured value. For the value corresponding to 800ºC, 10 % 
of the measured value will result in a unreasonably low error below 1 % point. For this data point it 
is assumed that the error is of approximately the same size as for the other points. Hence for this 
data point an error of 0.5 % points is estimated. 
 
Figure 7.4 
In the in situ experiments with the Pt/SiO2 sample with a bimodal PSD prepared with the cluster 
source (section 3.1.2) the focus settings varied significantly. To determine the error induced by the 
focus variation, an image series was recorded during the experimental conditions of the same region 
of the sample. In this image series the focus was varied corresponding to that of the in situ 
experiments as conservatively estimated from the thickness of the Fresnel fringes at the edges of the 
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particles. The mean particle sizes were obtained by automatic measurements of ca. 600 particles in 
TEM images from the focus series of the same region, resulting in a measured error of 0.16 nm on 
the mean diameter. Since this value is larger than the propagated measuring error as calculated with 
eq. 3.2, the error bars represent the errors induced by the focus variation. (c) The error bars in the 
insert represent the standard deviation of the particle density. 
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Abstract: This study addresses the sintering mechanism of Pt nanoparticles dispersed on a planar,
amorphous Al2O3 support as a model system for a catalyst for automotive exhaust abatement. By means
of in situ transmission electron microscopy (TEM), the model catalyst was monitored during the exposure
to 10 mbar air at 650 °C. Time-resolved image series unequivocally reveal that the sintering of Pt
nanoparticles was mediated by an Ostwald ripening process. A statistical analysis of an ensemble of Pt
nanoparticles shows that the particle size distributions change shape from an initial Gaussian distribution
via a log-normal distribution to a Lifshitz-Slyozov-Wagner (LSW) distribution. Furthermore, the time-
dependency of the ensemble-averaged particle size and particle density is determined. A mean field kinetic
description captures the main trends in the observed behavior. However, at the individual nanoparticle
level, deviations from the model are observed suggesting in part that the local environment influences the
atom exchange process.

Introduction

The size and shape of nanoscale structures often play a crucial
role for the physiochemical properties of a nanomaterial.1,2

Although a variety of size-selected nanoparticle synthesis
methods are available, the stability of the nanoscale structures
is by no means guaranteed. Due to their excess surface free
energy, nanoscale structures present a metastable solid state and
will inevitably tend to aggregate into larger structures.3-6 The
stability of metal nanoparticles dispersed on for example an
oxide support is important for their extensive use as efficient
catalysts in environmental technologies and in the production
of fuels and chemicals.1,2 The high temperature and reactive
gas conditions encountered during catalysis often accelerate the
sintering, which results in a loss of active surface area of the
nanoparticles, causing an undesired catalyst deactivation. To
further advance the synthesis and application of stable catalysts,
and nanostructures in general, a detailed understanding of the
mechanisms and kinetics governing their stability is of utmost
importance.

The sintering of supported nanoparticles is typically attributed
to mass-transport mechanisms involving crystallite or atomic

migration. The crystallite migration mechanism refers to sin-
tering mediated by the migration of the nanoparticles and,
subsequent, the coalescence with neighboring nanoparticles.3

The atom migration mechanism refers to the Ostwald ripening
process in which sintering occurs by diffusion of atoms or
atomic species between immobile nanoparticles either on the
surface of the support or through the gas phase.3,7 For both
mechanisms, kinetic models for the sintering of the supported
nanoparticles have been established.3,7 Specifically, the Ostwald
ripening process is influenced by the so-called Gibbs-Thompson
effect relating surface coverage of diffusing atomic species to
the nanoparticle size. The result is that the concentration of
atomic species is higher in the vicinity of small particles than
of large particles. The concentration gradient leads to a net flux
of atomic species from the smaller particles toward the larger
ones, so the larger particles eventually grow at the expense of
the smaller ones. A mean-field model for Ostwald ripening
kinetics, relevant for the present Pt catalyst described below,8

describes the so-called interface-controlled rate of nanoparticle
radius changes, dR/dt, by3,9

where R is a system-dependent parameter, R is the particle size
and R* is the critical radius. The critical radius corresponds to
the particle size which neither shrinks nor grows and which is
in equilibrium with a constant concentration of atomic species
in the area between the particles (also referred to as the mean-
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field) at the given time. R* will increase with time as sintering
proceeds, and R* equals the mean particle radius.10

In the past, the sintering models were mainly evaluated by
comparing with experimental observations of ensemble averages
or distributions of particle sizes obtained by post-mortem
characterization.3,8,11-17 Although this approach has provided
significant insight into sintering, deviations of the experimental
observations from the model predictions have spurred much
debate on the use of indirect observations to unambiguously
obtain mechanistic insight.12,16,17 In this respect, the ensemble-
averaged measurements may be beneficially complemented by
time-resolved microscopy of the individual nanoparticles using
e.g. scanning tunneling microscopy (STM),18-21 low energy
electron microscopy (LEEM),22 or transmission electron mi-
croscopy (TEM).23-32 Specifically, TEM of oxide-supported
nanoparticle catalysts may be performed by a quasi in situ
method, in which different or the same areas of a catalyst are
monitored repeatedly between successive aging treatments in
catalytic reactors,3,13,29-32 or by an in situ method, in which a
specific catalyst area is monitored while the aging treatment is
performed inside the microscope.23-28

In the following, we focus on Pt nanoparticles dispersed on
an Al2O3 support. The Pt/Al2O3 system represents catalysts for
e.g. oxidation reactions in diesel and lean-burn engine exhaust
abatement. A net-oxidizing (lean) exhaust composition is
characteristic for this type of automotive exhausts.33 Previous
studies suggest that sintering of Pt nanoparticles dispersed on
either planar model or porous technical-relevant alumina sup-
ports is strongly promoted by the exposure to oxygen at
temperatures above ca. 500 °C,3,34 but other components of the
diesel exhaust, such as nitrogen oxides and CO, may also affect
the catalyst stability.35 Indirect measurements have been pursued
to reveal the dominating oxygen-induced sintering mechanism.
For a range of Pt/Al2O3 catalyst structures and oxidizing reaction

conditions, it is suggested that the Ostwald ripening mechanism
dominates31,36,37 whereas, for Pt particle sizes below 4-5 nm,
the particle migration and coalescence mechanism is suggested
to dominate.3,30 However, based on in situ TEM observations,
Baker et al. found that Pt particles, larger than 2.5 nm, remain
stationary during exposure to 2 mbar O2 at temperatures up to
900 °C and that ripening is the dominating sintering mecha-
nism.24 Following the approach by Baker et al., we here present
in situ TEM observations of Pt nanoparticles dispersed on a
planar Al2O3 support during exposure to air at elevated
temperatures to mimic lean-burn conditions. Time-resolved
TEM images of the individual nanoparticles unequivocally
reveal severe sintering governed by Ostwald ripening. Based
on the in situ observations, we present a direct examination of
the applicability of eq 1 for predicting the temporal evolution
of the particle size distributions and ensemble averages.

Experimental Details

The model catalysts consisting of Pt nanoparticles dispersed on
a flat, amorphous Al2O3 support were prepared on 40 nm thick,
amorphous Si3N4 windows, supported on 0.35 mm thick Si wafers,
to enhance electron transparency (Figure 1a). The flat, amorphous
alumina support matches closely a homogeneous medium, which
is one of the assumptions of eq 1. Moreover, the uniform support
further excludes the inhomogeneous and porous structure of
technical support materials that may influence the sintering dynam-
ics in ways that are difficult to predict.3,34,38

Following the Si3N4 window preparation,39 the specimens were
cleaned by oxidation using a microwave plasma processor (TePla
300PC) operated at 250 W for 2 min in 1 mbar O2. The Al2O3

support was formed by physical vapor deposition from an Al2O3

target of 99.99% nominal purity (Kurt J. Lesker Company) using
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Figure 1. (a) Schematic side view of the Pt/Al2O3 model catalyst. (b) TEM
image of the as-prepared Pt/Al2O3 model catalyst. (c) Electron diffraction
pattern of the bare Si3N4-supported alumina film. (d) Electron diffraction
pattern of the model catalyst. Diffraction spots corresponding to the Pt (111),
(200), and (220) lattice planes are indicated.
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an electron beam evaporator (AVAC HVC600) operated with a
base vacuum pressure of 4 × 10-6 mbar and a deposition rate of
0.05 nm/s. The resulting Al2O3 layer had a thickness of ca. 14 nm
measured using ellipsometry and a root-mean-square roughness
below 0.4 nm over a 100 µm2 area determined by atomic force
microscopy. X-ray photoelectron spectroscopy reveals a charac-
teristic peak at 74.6 eV which corresponds to the table value for
the Al 2p3/2 peak in pure Al2O3 (74.7 eV). Furthermore, an electron
diffraction pattern of the Si3N4-supported alumina layers, obtained
using a Titan 80-300 transmission electron microscope (FEI
Company), demonstrates only broad and diffuse bands of diffracted
electrons consistent with an amorphous structure (Figure 1c). In a
final preparation step, platinum was deposited onto the Al2O3

support layer using the electron beam evaporator (AVAC HVC600)
operated with a base vacuum pressure of 4 × 10-6 mbar. Deposition
was done using a Pt target of 99.99% nominal purity (Nordic High
Vacuum AB) with a deposition rate of 0.05 nm/s for a nominal Pt
thickness of 0.5 nm. The as-deposited Pt was present as irregularly
shaped and crystalline islands with a width of ca. 3 nm (Figures
1b, d).

X-ray photoelectron spectroscopy reveals a ca. 10% atomic
concentration of carbon contamination on the as-prepared model
catalyst. Based on a previous study of noncatalytic carbon black
oxidation,40 it is most likely that the carbon contamination on the
Pt/Al2O3 sample desorbed or reacted off during heating or during
the first few minutes at constant temperature in which the sample
position stabilized from thermal drift.

The in situ TEM experiments were performed using a CM300
FEG-ST (Philips/FEI Company) electron microscope equipped with
a differentially pumped environmental cell.41 The microscope was
operated with a primary electron energy of 300 keV and an ultimate
information limit down to ca. 0.14 nm, depending on the in situ
conditions. The instrument permitted TEM images and time-lapsed
TEM image series to be acquired in situ of samples during the
exposure to reactive gases (up to ca. 15 mbar) and elevated
temperatures (up to ca. 900 °C). TEM imaging was performed
in situ using a 1k × 1k Tietz Fastscan F-114 CCD camera, an
objective aperture (scattering semiangle of 7.5 mrad) and a
magnification such that the resulting pixel resolution was 0.26 nm.
In the electron microscope, the specimens were exposed to 10 mbar
technical air composed of 21% O2 and 79% N2 (class 2 from Air
Liquide). Each specimen exposed to this environment was mounted
with the Pt/Al2O3 side facing the bottom of the Inconel furnace of
a Gatan heating holder (model 628). The holder facilitated the
heating of the specimens in the gas environment at a rate of 30
°C/min to a temperature in the range 200-650 °C, where the
temperature was kept constant within ca. 3 °C for up to 6 h. The
temperature was measured using a Pt-Pt/Rh (13%) thermocouple
spot-welded on the side of the furnace. For temperature calibration,
as-prepared specimens were aged either in the microscope or in a
thermally equilibrated external tube reactor in 10 mbar technical
air at 740 °C for 3 h. Because the average Pt particle size after the
heat treatment only differed by 0.5% for the specimens, the
temperature measured on the furnace is concluded to be representa-
tive for the specimen temperature in the present experiments.

From the acquired TEM images, Pt particle sizes were measured
by manually or automatically outlining the particle perimeters, using
the software ImageJ, and the corresponding projected areas of the
particles were converted to particle diameters using a circular
approximation. To check the consistency of the automatic approach,
images with 1000 particles were automatically and manually
analyzed. The best agreement was obtained for an automatic
analysis of the images processed by a Gaussian blur filter (sigma
) 3.0) and, subsequently, by a minimum filter (radius ) 2.0 pixels).
For particles with diameters larger than 2 nm, the error of the

particle diameter determined by the automated measurements is
approximately (0.5 nm. A disadvantage of the filter combination
is that the sizes of the very small particles (diameter less than 2
nm) are overestimated. To circumvent this problem, particles with
a diameter smaller than 2 nm were omitted in the present analysis.
In two cases, it was necessary to measure diameters below the limit
of 2 nm, and in these cases manual measurements were applied
(Figures 2 and 4). The automatically measured diameters are
presented in the form of time-lapsed particle size distributions
(PSDs) with an optimum bin-size calculated according to ref 42.
Due to sintering, the optimum bin-size changes during the experi-
ment and, as a compromise, the bin-size is therefore calculated using
the particle size measurements after 3 h in the in situ experiment.

Before performing the actual experiments, it is mandatory to
understand and control artifacts that may be induced by the electron
beam so that they can be eliminated. The electron beam effects
were examined by observing the Pt/Al2O3 model catalyst during
the exposure to 10 mbar technical air at a temperature of 400 °C.
Under these conditions, different regions on the specimen were
observed, each at a different beam current density below 1 A/cm2.
The regions were initially unexposed to the electron beam and were
subsequently imaged with a frame rate of 1.4 frames/s (exposure
time ) 0.5 s) for 30 min. The image series reveal two main effects
of the electron beam: the shrinkage of the projected Pt nanoparticle
areas and the coalescence of neighboring Pt nanoparticles.

To address the shrinkage, the diameters of 30 Pt nanoparticles
were manually measured in the first and last frame of the image
series. For particles that eventually disappeared during the 30 min
of exposure to the electron beam, the final diameter measurement
was obtained from the last frame, where the particles were clearly
visible, and the shorter beam exposure time was taken into account.

Figure 2a shows a plot of the mean Pt nanoparticle diameter
shrinkage rate versus the electron beam current density and reveals
a linear increase in the diameter shrinkage rate of the Pt nanopar-
ticles with beam current densities increasing up to 1 A/cm2. The
diameter shrinkage was absent in similar experiments conducted
in high vacuum (10-7 mbar) or 10 mbar N2 as well as in the

(40) Simonsen, S. B.; Dahl, S.; Johnson, E.; Helveg, S. J. Catal. 2008,
255, 1.

(41) Hansen, P. L.; Datye, A. K.; Helveg, S. AdV. Catal. 2006, 50, 77. (42) Freedman, D.; Diaconis, P. Z. Wahrscheinlichkeit 1981, 57, 453.

Figure 2. The mean particle diameter shrinkage rate and the number of
coalescence events of the Pt/Al2O3 catalyst during exposure to 10 mbar air
presented (a) as a function of beam current density at constant temperature
(400 °C) and (b) as a function of temperature at constant beam current
density (0.21 A/cm2). For each data point, the mean diameter shrinkage
rate is based on measurements on 30 particles and the percentage of
coalescence events is calculated from more than 400 particles. Error bars
refer to the standard deviation of the mean diameter.
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experiments with technical air, but with the electron beam blinded
off between the first and last frame (corresponding to a beam current
density of 0 A/cm2 in Figure 2a). Hence, the diameter shrinkage is
therefore a combined effect of the electron beam and the oxidizing
gas environment.

To address the mechanisms for the apparent loss of Pt, the
experiment at 400 °C and 0.21 A/cm2 was repeated with a new
specimen for a prolonged period of 2 h. Energy dispersive
spectroscopy of the same area on a specimen in its as-prepared
state and after the 2 h exposure to the electron beam reveal a loss
of Pt as seen from a reduction in the Pt L and M peak intensity.
The Pt is probably removed as volatile Pt-oxygen species by the
electron beam.

The study of the electron beam effects was repeated to address
the influence of temperature variations by using a new specimen
exposed to the oxidizing conditions at a temperature of 200 and
600 °C. Figure 2b shows that the shrinkage was independent of
temperature in this interval.

Finally, concerning the coalescence of neighboring Pt particles,
only a minor fraction of ca. 1% of the total number of nanoparticles
apparently coalesced in the oxidizing gas environment irrespective
of the electron beam current density and temperature (Figures
2a-b). Specifically, the coalescence events involved only particles
located in close vicinity with their center of mass separated by ca.
3 nm and did not involve migration of particles over longer
distances. The events could be coalescence events or rapid localized
ripening events in accordance with ref 43. Coalescence events of
the type described above were also observed at RT in the high
vacuum of 10-7 mbar in the electron microscope.

The present series of experiments demonstrates the importance
of minimizing the electron dose on the specimen to quantitatively
compare the changes in the ensemble of supported Pt nanoparticles
with sintering models. Hence, in situ TEM was performed using a
low electron beam current density of 0.07 A/cm2 to minimize the
effect of the electron beam. Due to the low electron beam current
density, the noise level increases in the TEM images. To improve
the signal-to-noise ratio as well as to reduce the effect of thermal
drift of the specimen in the TEM images, each TEM image
presented in the following represents the average of six aligned
TEM images recorded successively with an exposure time of 0.5 s
and a frame rate of 1.4 frames/s. For sample regions monitored
over the prolonged periods of the in situ experiment, TEM imaging
was performed in this way and repeated every 30 min for 6 h. In
the intervening period, the electron beam was removed from the
region. Including time needed for focusing and imaging, the sample
regions used in the present analyses were exposed to the electron
beam for ca. 1.3 min per image giving a total exposure time of ca.
17 min. Combined with the measured shrinkage rates (Figure 2),
the total Pt particle diameter shrinkage caused by the electron beam
can therefore be estimated to 0.2 nm, which is negligible compared
to the particle sizes.

Results and Discussion

Sintering of the Pt nanoparticles was activated by heating
the model catalyst by 30 °C/min up to 650 °C in an atmosphere
of 10 mbar technical air. TEM images were acquired after the
establishment of isothermal conditions (corresponding to time
t ) 0 min) and the stabilization of sample drift. In terms of
mass-thickness contrast, the Pt nanoparticles are identified in
the TEM images as the darker contrast features, which are
superimposed at the brighter background that corresponds to
the amorphous Al2O3 support. TEM images acquired 5 min after
the establishment of isothermal conditions show that the Pt
nanoparticles were very similar with respect to size and shape
(Figure 3a). Specifically, the treatment resulted in a transforma-

tion of the irregular shapes of the as-prepared Pt nanoparticles
(Figure 1b) to predominantly circular projected shapes (Figure
3a). A circular projected shape reflects a compact three-
dimensional shape consistent with surface energy minimization
for a metal nanoparticle. The corresponding distribution of
particle diameters (Figure 3f) has an arithmetic mean value of
ca. 3 nm with full-width at half-maximum of only 1.4 nm.
Moreover, in this initial state, the particle density was 0.04
particles/nm2 corresponding to a mean particle-particle separa-
tion of ca. 5 nm. The uniform ensemble of Pt nanoparticles
prevailed over the entire specimen.

(43) Yang, W. C.; Zeman, M.; Ade, H.; Nemanich, R. J. Phys. ReV. Lett.
2003, 90, 136102.

Figure 3. (a-e) Time-lapsed TEM images recorded in situ of the same
area of a Pt/Al2O3 model catalyst during exposure to 10 mbar air at 650
°C. The images are 40 × 40 nm2 sections of TEM images with a full area
of 130 × 130 nm2. To guide the eye an example of a growing and a
shrinking particle is indicated with arrows. (f-j) Particles size distributions
based on measurements from the full TEM images. N indicates the number
of particles included in each particle size distribution.
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To monitor dynamical changes of the Pt nanoparticles over
the course of time, consecutive TEM images were recorded in
situ of the same area of the specimen and played back in the
form of a movie (Figures 3a-e, Movie S1). The image series
directly reveals that the Pt particles remained immobile during
the experiment and that the projected area of the Pt particles
either increased or decreased. The observations cannot be due
to a morphological transformation of the Pt particles, such as a
wetting/nonwetting transformation,44 because the smaller par-
ticles eventually disappeared and the larger particles obtained
a more pronounced dark contrast, consistent with an increased
particle height along the electron beam direction. Hence, the
observations directly suggest that the sintering of the Pt
nanoparticles was governed by an Ostwald ripening mechanism,
in agreement with ref 24. The corresponding mass-transport is
possibly mediated by Pt atoms, or more likely Pt-oxygen species,
since previous studies suggest that the sintering rate of supported
Pt nanoparticles in oxidizing environments is accelerated due
to the formation of volatile Pt-oxygen species.3,35,45 The
Pt-oxygen species are too small or too fast to be directly
detected with the present settings. A similar effect of gas-metal
species with enhanced rate of formation or transport has also
been observed in other systems including H-Pt,46 S-Cu,47,48

or OH-Ni2.
49

The time-resolved image series provides further insight into
the local ripening dynamics of the individual nanoparticles.
Figure 4 shows the projected particle diameters in a TEM image
series for a selection of Pt nanoparticles. In general, the
nanoparticles with a large initial diameter tended to grow, while
particles with smaller initial diameters tended to shrink over
the course of time. Hence the overall dynamics followed the
expectation for the Ostwald ripening process.8 According to
mean-field models, such as eq 1, particles with the same size
should grow or decay at the same rate. However, a detailed
examination of the in situ TEM data reveals discrepancies from
the mean-field model. For instance, Figure 4 shows that while
the diameter increases of particles 1 and 2 are similar, the
diameters of particles 6-8 decay at different rates although the
initial diameters are the same. The differences in growth rate
are also obvious for particles 3-5.

Similar deviations were previously reported for metal
systems under ultra-high vacuum and for Au/TiO2 under CO
oxidation reaction.18,21 In accordance with these findings, the
present observations (Figure 4) may be attributed to a local
effect. That is, the exchange rate of diffusing species for a
Pt nanoparticle depends on the size of and the distance to
the neighboring nanoparticles rather than on the mean-field
concentration established by all nanoparticles. Figure 4 also
shows surprisingly that the diameters of most particles were
almost stable during the initial stage of the sintering process
and that this initial period lasted for up to 2 h of the
experiment. During the initial stage, a change in diameter
is, however, observed for the smallest particles (Figure 4).

Based on eq 1, it is expected that the rate of diameter change
will be highest for the smallest particles.

The apparent local effects on ripening raise the question
whether the mean-field model is applicable for describing the
ripening kinetics for an entire ensemble of Pt nanoparticles.
Figures 3f-j present PSDs derived from particle measurements
in the area followed through the experiment (corresponding to
Figures 3a-e). Interestingly, the initial Gaussian shape trans-
forms into a skew form as a tail of larger particles emerges on
the right side of the mean value and consequently the distribution
broadens as a function of time. However, the number of particles
in the fixed field of view drops with time. To circumvent the
reduced counting statistics, the observations are complemented
by a more thorough statistical analysis. This analysis is based
on a larger number of TEM images that were acquired during
the in situ experiment. At each aging stage (corresponding to
the stages of Figure 3), several TEM images were acquired at
areas on the specimen that were previously not exposed to the
electron beam. Figures 5a-e present examples of TEM images
of such different areas, and Figures 5f-j present the PSDs from
all the TEM images obtained at a given stage. Qualitatively,
Figure 5 reveals changes in the Pt nanoparticle sizes similar to
Figure 3. The improved statistical material, however, results in
more well-defined PSD shapes. Specifically the initial shape is
approximately Gaussian (Figure 5f). At later stages, the PSD is
fitted better with a log-normal distribution (Figure 5g) as larger
particles formed at the expense of the smaller particles.
Eventually the distribution peaks to the left of its mean value
(Figure 5j), and at this stage the distribution is fitted well with

(44) Hansen, P. L.; Wagner, J. B.; Helveg, S.; Rostrup-Nielsen, J. R.;
Clausen, B. S.; Topsøe, H. Science 2002, 295, 2053.

(45) Chaston, J. C. Platinum Metals ReV. 1966, 10, 91.
(46) Horch, S.; Lorensen, H. T.; Helveg, S.; Lægsgaard, E.; Stensgaard,

I.; Jacobsen, K. W.; Nørskov, J. K.; Besenbacher, F. Nature 1999,
398, 134.

(47) Feibelman, P. J. Phys. ReV. Lett. 2000, 85, 606.
(48) Ling, W. L.; Bartelt, N. C.; Pohl, K.; Figuera, J.; Hwang, R. Q.;

McCarty, K. F. Phys. ReV. Lett. 2004, 93, 166101.
(49) Sehested, J. J. Catal. 2003, 217, 417.

Figure 4. (a) Selection of eight particles in Figure 3a (white circles) for
time-resolved analysis. (b) The diameters of the selected particles presented
as a function of time. The error bars indicate estimated measuring errors
from the manual outlining of the particles.
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the so-called Lifshitz-Slyozov-Wagner (LSW) model50,51

modified to represent a two-dimensional system.52

The LSW model was previously established to describe
Ostwald ripening mediated sintering,50,51 but the distinct LSW
shaped PSD has not previously been reported on technical
catalysts. Even after severe aging in oxygen at ambient

pressures, log-normal like shapes are typical for PSDs of
technical catalysts.16 It has been discussed that the sintering
mechanism may be deduced from the specific shapes of the
particle size distributions.3,8,11,12 However, Datye et al. argued
recently, based on indirect post-mortem examinations of techni-
cal relevant catalysts, that it indeed is difficult to infer the
mechanism from the particle size distributions.16 In line with
this work, the present findings reveal that such attempts are not
straightforward, because the PSD may expose a time-depen-
dency, and that a transitional period may exist, in which one
specific sintering mechanism results in several different shapes
of the PSD. A possible explanation for why the LSW shape is
found in this study in contrast to studies on technical catalysts
is that the present uniform support and homogeneous initial
distribution of the Pt nanoparticles resemble the assumptions
underlying the LSW model closer than the inhomogeneous
support structure and nanoparticle distribution of technical
catalysts.

Based on the PSDs, the temporal evolution of ensemble-
averaged properties, such as the number-averaged mean particle
diameter and particle density, is determined (Figures 6a-b).
Figure 6a shows that the overall trend of change in the mean
diameter with aging time is similar for the limited area
(corresponding to Figure 3) and the additional areas (corre-
sponding to Figure 5). The mean diameter remains almost stable
during the initial period, but suddenly it increases rapidly, and

(50) Lifshitz, I. M.; Slyozov, V. V. J. Phys. Chem. Solids 1961, 19, 35.
(51) Wagner, C. Z. Elektrochemie 1961, 65, 581.
(52) Rogers, T. M.; Desai, R. C. Phys. ReV. B 1989, 39, 11956.

Figure 5. (a-e) TEM images of different randomly chosen areas of a Pt/
Al2O3 model catalyst during exposure to 10 mbar air at 650 °C. The images
are 40 × 40 nm2 sections of TEM images with a full area of 130 × 130
nm2. (f-j) PSDs based on measurements from a number of TEM images
of areas previously unexposed to the electron beam. A (f) Gaussian, (g)
log-normal, and (j) two-dimensional LSW distribution are fitted to the data.52

N indicates the number of particles included in each particle size distribution.

Figure 6. (a) Mean particle diameter, (b) particle density, and (c) Pt volume
per support area as a function of aging time for particles in an area followed
over time, corresponding to Figure 3 (gray), and for areas previously
unexposed to the electron beam, corresponding to Figure 5 (black). In (a-b)
error bars refer to the standard deviation of the particle diameters and density
respectively. In (c) error bars refer to the propagated measuring error. In
(a), an example of the statistical spread in mean particle diameter for
different areas on the specimen is presented with open circles at 240 min.
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subsequently it becomes roughly constant with time. Figure 6a
also shows how the standard deviation of the particle sizes
changes with time as well. Initially, the standard deviation is
small reflecting a narrow initial PSD. The spread in particle
sizes increases at the onset of the fast increase in the mean
particle diameter. Finally both the mean diameter and the particle
spread remain almost constant. Figure 6b shows that the particle
density is high during the initial stage and is reduced with
time, until it stabilizes when the mean diameter stabilizes
(Figures 6a-b). Hence, Figures 6a and b show that the sintering
rate slows down in the final sintering stage. That the mean
diameter is almost stable in the initial stage (Figure 6a) could
indicate that no sintering took place at this stage. However, the
decrease in density shows that particles decayed and that a slow
sintering process indeed proceeded (Figure 6b). This is also
consistent with Figure 4b which shows that the smallest particles
appeared to shrink over time.

Although the data sets (Figures 6a-b) reflect the same overall
trend, differences are also apparent. Based on the consideration
of electron-beam-induced shrinkage (Figure 2), the difference
is likely not dominated by such effects. It cannot be ruled out
that the difference partly resulted from removal of free diffusing
Pt-oxygen species from the specimen by the electron beam.
However, the volume of Pt in the nanoparticles can be estimated
using a hemispherical shape approximation to the projected Pt
particles outlined in the TEM images. Figure 6c shows that the
Pt volume is stable throughout most of the experiment and does
not reflect a significant loss of Pt, but rather a slight increase in
the end. Because Pt was not added to the sample, the apparent
volume increase indicates that the particle shape changed to
obtain a slightly larger projected area and that the hemispherical
shape assumption is too simple. Hence the results (Figure 6c)
can only be taken as indicative. It is noted that the mean particle
diameter obtained from single TEM images of different areas
indeed varies as indicated (Figure 6a, open circles) and this
intrinsic spread is likely the reason for the discrepancy between
the particle size averaged over a single area and multiple areas.

To address the question whether the observed temporal
evolution of the PSDs, as well as the mean particle diameter
and particle density, reflects the Ostwald ripening characteristics,
the observations are compared to simulations based on eq 1.
The simulations followed the procedure of Smet et al.53 with
discrete time steps of 0.5 min and using an initial Gaussian
particle size distribution with a particle number and a particle
density corresponding to the PSD in Figure 5f. The simulations
were performed in an iterative way by varying a constant
corresponding to R of eq 1 until the particle density of the
simulated distribution fitted the observed particle density of
Figure 5 best for all times. These simulations produced the
PSDs presented in Figure 7a, the mean particle diameter (black
line) presented in Figure 7b, and the particle density (black line)
presented in Figure 7c. In another simulation run, the simulation
constant was tuned to obtain the best match with the mean
particle diameter of Figure 5. The simulated mean particle
diameter and corresponding density are shown as the gray curves
in Figures 7b, c.

The simulated PSDs as a function of time show that the initial
Gaussian shape transforms into an LSW shape over time. The
simulated end distribution matches the experimentally observed
PSD (Figure 5j). However, while the simulations indicate a
gradual change of the initial Gaussian distribution into the LSW

shape, the experimentally observed distributions show transi-
tional shapes with a tendency for a tail to the right of their
maximum until the LSW shape emerges. The difference may
reflect inherent scattering of the experimental data or the
shortcomings of the model as discussed below.

The simulated mean particle diameter evolves in time with
an initial almost stationary period, followed by a rapid increase
and, subsequently, by a period of slower growth (Figure 7b).
The simulated particle density evolves with an initial fast
decrease which subsequently slows down. The trends in the
time-evolution of the mean particle diameter have previously
been reported for simulations based on narrow Gaussian initial
PSDs.8,53 There appears to be overall qualitatively agreement
between the simulated and the experimental data for time-
dependency of the mean particle diameter and particle density
whereas quantitative differences are apparent. Specifically, both
the simulations and the experiment show interestingly that the
initial stage with slow sintering is correlated with a narrow PSD.
One explanation for the coupling of slow sintering with a narrow(53) Smet, Y. D.; Deriemaeker, L.; Finsy, R. Langmuir 1997, 13, 6884.

Figure 7. Simulations of the time-evolved particle size distribution (a),
mean particle diameter (b), and particle density (c) following ref 53. The
initial particle size distribution used for the simulation is a Gaussian
distribution with mean and width corresponding to the distribution in Figure
5f. Experimental measurements of the mean particle diameter and density
corresponding to Figures 6a-b are included (squares). For (b) and (c), the
parameters of the simulation are set to obtain the best possible agreement
with the observed mean diameter (gray) or particle density (black). To guide
the eye a zoom on the first 30 min is inserted in (b).
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PSD is that even though a concentration of atomic species is
believed to be generated from the initially small particles, larger
particles are needed to take up the atomic species according to
the Gibbs-Thompson effect. This, in turn, means that a
broadening of the PSD will increase the sintering rate. This result
also suggests that one route to suppress the deactivation of
industrial catalysts through sintering could be to aim for very
narrow initial PSDs. This will not be a route for stabilizing the
catalysts, but may be a route for prolonging the metastable initial
state resulting in higher total activity. In comparison, a slow
onset for S induced ripening of Cu is also previously reported
but attributed to a shift in S concentration.48

The differences between the simulated and observed time-
dependencies of the mean particle diameter and particle density
may include several effects. First, the initial period with a
stationary mean particle size and narrow particle size distribution
is considerably shorter for the simulated (ca. 10 min) than for
the experimental data (ca. 2 h). The longer stationary period in
the experiment could possibly be an additional kinetic effect
related to the establishment of the concentration of Pt-oxide
complexes on the support. Second, the experimental observations
show final mean particle sizes and particle densities that are
larger and smaller, respectively, as compared to the simulated
parameters. It should also be noted that although the present
model systems were generated to closely match the assumptions
underlying the model (eq 1), the experimental situation still may
deviate from the model assumptions. Because the particles are
imaged in a projection orthogonal to the support surface, the
projected particle diameter represents only a simple measure
for the Pt morphology. The particle shape is determined by the
surface free energies of the exposed Pt surface sites and by the
Pt-alumina interface energy. As the nature of the surface sites
may change with size54 and oxygen adsorption is site-depen-
dent,55,56 the oxygen atmosphere may affect the surface free
energy and hence the particle shapes in a size-dependent manner.
Moreover, as surface defects could act as anchor sites (as
suggested for Pt on gamma-alumina57), the interface energy may
also be speculated to be partly inhomogeneous. In such a case
the adhesion of the Pt particles with different sizes could vary
and thus also affect the Pt morphology. Furthermore, it is noted
that the used model assumes that the concentration of atomic
species around the particles is described by the Gibbs-Thompson
equation and that the concentration increases to the mean-field
value, which pertains to the area between the immobile
particles.3 However, the high initial fractional Pt coverage and
a small mean Pt particle separation of ca. 5 nm may cause a
breakdown of the mean-field approximation because of overlap

in concentration gradients of the atomic species surrounding
the particles. The particles may therefore directly affect their
neighbor’s growth rates rather than indirectly through the mean-
field concentration of mass-transporting species. The direct
interaction with neighbor particles could explain the local
deviations from the mean-field model (Figure 4). Moreover, a
local overlap of the concentration gradient can be imagined to
affect the time-dependency of the changes in the whole ensemble
of Pt nanoparticles, as addressed by Dadyburjor et al.,58 and
hence cause deviations in particle size distributions, average
particle size, and particle density from the mean-field model
predictions as reflected in Figure 7.

Conclusion

In situ TEM was used to monitor Pt nanoparticles dispersed
on a planar, amorphous Al2O3 support during exposure to 10
mbar of synthetic air at 650 °C. Time-resolved image series
unequivocally reveal that Pt nanoparticle sintering was mediated
by an Ostwald ripening process and allow for a direct
comparison to the mean-field model for Ostwald ripening. A
statistical analysis of an ensemble of Pt nanoparticles shows
that the particle size distributions change shape as a function
of time. Specifically, the particle size distribution changes from
an initial Gaussian distribution via a log-normal type distribution
to an LSW distribution under the present sintering conditions.
Furthermore, the overall trends of the time-dependency of the
ensemble-averaged particle size and the particle density agree
with the mean-field expectations. However, at the individual
nanoparticle level discrepancies are observed suggesting that
the local environment influences the atom exchange process.
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Sintering of Pt nanoparticles dispersed on a planar SiO2 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
ll rights reserved.
concentration of the diffusing species at support sites adjacent to
the edge of a nanoparticle, qr, by

qr ¼ q1 exp
2cX
kTr

� �
ð1Þ

where r is the radius of the nanoparticle, q1 the surface concen-
tration of atomic species in equilibrium with an infinitely large
particle, c the surface energy, X 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]:

http://dx.doi.org/10.1016/j.jcat.2011.04.011
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Fig. 1. Schematic side view of the Pt/SiO2 model catalyst.
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dr
dt
¼ a

r2

r
r�
� 1

� �
ð2Þ

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
dt
¼ a0

r3 lnðL=rÞ
r
r�
� 1

� �
ð3Þ

In Eqs. (2) and (3), a and a0 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, Eqs. (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 (Eqs. (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(1 1 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
TiO2 during the CO oxidation [22] and Pt nanoparticles on Al2O3

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/SiO2 catalyst. The Pt/SiO2 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/nm2)
on a planar, amorphous SiO2 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 % O2 in N2 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/SiO2 model catalyst was formed on a Si wafer with a
30 nm thick, amorphous and electron-transparent Si3N4 window
(Fig. 1). Following the Si3N4 window preparation [26], a flat and
amorphous SiO2 support layer was formed by oxidizing the Si3N4

surface using a microwave plasma processor (TePla 300PC) oper-
ated at 1 kW with 1 mbar O2 for 40 min. The resulting SiO2 layer
had a thickness of ca. 7 nm, measured by ellipsometry, and a
root-mean-square roughness below 0.6 nm over a 100 lm2 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 2p3/2 peak in SiO2 [27].
Diffraction patterns of the Si3N4-supported SiO2 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 SiO2

support matched closely a homogeneous medium. Platinum was
deposited onto the SiO2 support using an electron beam evaporator
(AVAC HVC600) with a base vacuum pressure of 4 � 10�6 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,



Fig. 2. (a–f) Time-lapsed TEM images recorded in situ at the same area of the Pt/
SiO2 model catalyst during exposure to 10 mbar air at 650 �C. The images are
50 � 50 nm2 sections of the full TEM images of size 130 � 130 nm2 (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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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% O2 and 79% N2 (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 1 k � 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 0.5 s. 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/SiO2 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/Al2O3 system in
[23]. Consequently, in the present experiments, imaging was per-
formed using a lower electron beam current density of 0.03 A/
cm2, 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/Al2O3 model catalysts
[23,29]. In comparison, the relative importance of the atom and
particle migration mechanisms for industrial Pt/SiO2 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
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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
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/SiO2

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
Eqs. (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 Eqs. (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 a and a0/ln(L/r) in Eqs. (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 a = 0.035 nm�1 min�1 and a0/ln(L/
r) = 0.067 nm�1 min�1 for the interface- and diffusion-controlled
ripening models, respectively. In the present PSD simulations, the
term ln(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 ? ±1 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 SiO2 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, rmean,
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/rmean. 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/rmean > 1 or a negative dr/dt
for r/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.



Fig. 4. The growth and decay rate, dr/dt, for individual Pt nanoparticles presented as
a function of (a) normalized radius, r/rmean, (b) 1/r2(r/rmean � 1), corresponding to Eq.
(2), and (c) 1/r3(r/rmean � 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
R2-value is 0.42 and 0.39, respectively.
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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/r2 � (r/
rmean � 1). For interface-controlled ripening, Eq. (2) predicts a lin-
ear relationship for Fig. 4b with a slope corresponding to a, and
an offset dr/dt = 0 at r = rmean. Fig. 4b includes the best linear fit
to the rates, which was obtained for a = 0.025 nm�1 min�1, in
agreement with the a-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/r3 � (r/rmean � 1). Assuming the term ln(L/
r) in Eq. (3) is constant, the best linear fit to the data in Fig. 4c has a
slope a0/ln(L/r) = 0.027 nm�1 min�1, which is in reasonable agree-
ment to a0/ln(L/r) = 0.067 nm�1 min�1 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, rmean, 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 > rmean grew and nanoparticles with r < rmean 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 a = 0.03 nm�1 min�1. Fig. 5c 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

As discussed 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]:



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)).

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 Uij (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.
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Ji ¼ 2priabðqlocal � qri
Þ ð4Þ

Here, a is the inter-atomic spacing of Pt on the substrate at the par-
ticle edge, ri the radius of particle i, and q the surface concentration
of diffusing species, according to Eq. (1). For the diffusion rate b = v �
exp(�Es/kT), v is the vibrational frequency at the substrate sites, Es

the energy barrier for a Pt atom to jump from a support site to a
particle edge site, k Boltzmann’s constant, and T the temperature.
qlocal is the local surface concentration of atomic species, which only
depends on i’s nearest neighbor particles. The contributions to qlocal

from each nearest neighbor j are approximated by the mean of qr

for i and j, weighted by the opening angle, Uij, of the Voronoi cell
of particle i, (defined in Fig. 6):

qlocal ¼
X

j

1=2 qri
þ qrj

� �Uij

2p
ð5Þ

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 Eqs.
(4) and (5):

dVi

dt
¼ XJi ð6Þ

Here, X is the atomic volume of bulk Pt (X = 1.5 � 10�2 nm3). 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]:

Jij ¼
2pD

lnðl2
ij=rirjÞ

ðqri
� qrj

Þ ð7Þ

Here, D is the surface diffusion constant for Pt diffusion on SiO2 and
lij 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:

dVi

dt
¼ �XJi ¼

X
j

Jij
Uij

2p
ð8Þ

Here, X is the atomic volume of Pt and Uij the opening angle of the
Voronoi cell of particle i. As for Eqs. (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 ri and rj and with a center
separation lij, the inter-particle distance may be better represented
by the distance between the edges lij � ri � rj than lij. 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 2prj. 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 Eqs.
(6) and (8) by the transformation:

Uij

2p
! 2prj=ðlij � ri � rjÞP

j02prj0=ðlij0 � ri � rj0 Þ
ð9Þ

Here, j and j0 denote particle i’s nearest neighbors, as defined by the
Voronoi construction and the sum in the denominator normalizes
the weight factor.

Based on Eqs. 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 ri(t) is calculated using
the rate for volume change, dVi/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 c and the parameters b � q1 (interface-
controlled schemes) or D � q1 (diffusion-controlled schemes).
Clearly, the models are more sensitive to changes of c, due to the
exponential dependency (Eq. (1)), than to the proportional depen-
dency of b � q1 or D � q1. Therefore, to estimate these parameters
for the four schemes, an iterative process was applied in which ri(t)
is calculated for varying values of b � q1 or D � q1 for a fixed value
of c. The calculations were repeated with other values of c, close to
the surface energy of Pt (c = 2.1 J/m2 [39]), until the best fit to the
data in Fig. 5b was obtained. The calculations show that the models
are indeed very sensitive to c and that the models only come close
to the observations in Fig. 5b for c = 0.5–0.6 J/m2. 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/m2 [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)
c = 0.5 J/m2, b � q1 = 2.7 s�1 nm�2 with Voronoi weighting and (b)
c = 0.6 J/m2, b � q1 = 4.1 s�1 nm�2 with size-dependent weighting.
For the diffusion-controlled ripening model, (c) c = 0.5 J/m2,
D � q1 = 1.4 s�1 with Voronoi weighting and (d) c = 0.55 J/m2, D �
q1 = 1.6 s�1 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/SiO2 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



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.
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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 Eqs. (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 SiO2 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, Eqs. (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 SiO2 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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ABSTRACT: Sintering of nanoparticles is one main cause of catalyst deactivation. Nanocatalysts 
exploiting strong size- or shape-dependent catalytic properties rely completely on a stable nanoparticle 
morphology, and research aimed at understanding the fundamental principles of nanoparticle sintering is 
therefore needed to advance the development of novel nanocatalysts with enhanced long-term stability. 
To provide fundamental understanding of the prevailing sintering processes in a model system for diesel 
and lean-burn engine exhaust aftertreatment catalysts, we here present results from oxygen-induced 
sintering of Pt nanoparticles dispersed on a planar Al2O3 support. The analysis of images from scanning 
transmission electron microscopy (STEM) and atomic force microscopy (AFM) suggest that the Pt 
nanoparticles have size-dependent three-dimensional (3D) shapes on the Al2O3 substrate after sintering 
in an oxidizing environment, because the results are consistent with a decreasing height-to-diameter 
ratio for increasing particle diameters. To relate the observed size-dependence of the particle shape to 
the ripening process, particle size distributions (PSDs) were extracted from transmission electron 
microscopy (TEM) images and presented as a function of ageing temperature. The PSDs are compared 
with computer simulations based on a simple kinetic model for ripening, and the comparison shows that 
the size-dependence of the particle shape offers an explanation for the observed bimodal PSD forms. 

KEYWORDS: Particle shape, sintering, Ostwald ripening, nanoparticles, Pt, Al2O3, TEM, STEM, 
AFM. 

 
The physicochemical properties of a nanoparticle may strongly depend on its size, shape and 

composition 1. For application as heterogeneous catalysts, the nanoparticle edges and kinks often play 
an important role for the catalytic activity and these sites are predominant for the smallest nanoparticles 
1-3. To preserve the active sites and to avoid loss of the total surface area of the catalytically active 
phase, it is important to stabilize the supported nanoparticles, with sizes of a few nanometers, during 
operational conditions at often high temperatures in the relevant gas environments 4. 

Although a variety of techniques allow well-defined nanoparticles to be synthesized, the nanoparticles 
are inherently unstable due to their high surface area and thus there is a thermodynamic drive for 
coarsening of the nanoparticles 5-8. A vast amount of the published coarsening studies has focused on 
the evolution of the nanoparticle sizes as a function of time and process conditions 5-20. A prototypical 
nanocatalyst system for studying coarsening consists of Pt nanoparticles supported on an Al2O3 material 
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which is relevant as an oxidation catalyst in diesel and lean-burn engine exhaust after-treatment 
technologies. Previous microscopy studies demonstrated that Pt nanoparticles on Al2O3 coarsen via the 
Ostwald ripening mechanism in oxidizing environment 13,21,22. In the Ostwald ripening process, atomic 
species are exchanged among immobile nanoparticles driven by a difference in the chemical potential of 
atoms in the nanoparticles with different radius of curvatures, as described by the Gibbs-Thomson 
equation. Nanoparticles with a larger or smaller radius of curvature have a lower or higher chemical 
potential, respectively, which results in a net mass-transport from the smaller to the larger nanoparticles 
5-8. 

In addition to the metal nanoparticle size, the shape and metal-support interactions have also been 
addressed for heterogeneous catalysts 12,13,23-27. However, no experimental studies have addressed the 
detailed influence of the 3D geometrical shape of the supported nanoparticles on the ripening process, 
although Wynblatt and Gjostein, in their pioneering work 6, emphasized that the growth/shrinkage rate 
of individual nanoparticles depends on the particle radius of curvature, the surface-to-volume ratio and 
the perimeter of the particle-support interface. 

In this paper we address the effect on ripening of the shape of Pt nanoparticles supported on a planar, 
amorphous Al2O3 substrate. The evolution in the form of the PSD is determined with TEM as a function 
of ageing temperature after thermal ageing in air. Characterization by STEM and AFM suggests that the 
Al2O3-supported Pt nanoparticles adopt size-dependent 3D shapes after thermal ageing. Specifically, it 
is suggested that the height-to-diameter ratio surprisingly decreases with the nanoparticle size. The 
relationship between the form of the PSDs and the shape of the nanoparticles is discussed in the light of 
a simple kinetic model for ripening, and it is shown that the observed evolution of the form of the PSD 
can be simulated when the size-dependence of the height-to-diameter ratio is taken into account. The 
analysis proposes an explanation for the previously reported time-dependent evolution in PSD forms of 
Al2O3-supported Pt nanoparticles when aged thermally in air 21. 

 
RESULTS AND DISCUSSION 
The planar Pt/Al2O3 model catalysts were aged in a tube furnace in 1 bar 0.2 % O2 in N2 for 3 hours at 

450 °C, 550 °C, 600 °C or 650 °C. Figure 1a-e shows TEM images of the as-prepared and the aged 
samples. In the TEM images, the Pt nanoparticles are identified as the darker contrast features and the 
planar, amorphous Al2O3 support is associated with the brighter areas. In the as-prepared state, the Pt 
nanoparticles appear almost mono-dispersed with a homogeneous distribution over the support area (fig. 
1a). The TEM images reveal that the thermal ageing resulted in an increase of the mean particle size and 
in a reduction of the particle density (fig. 1b-e). These changes can be observed at ca. 600 °C in 
agreement with 5,7,8,11,14,18,22,28,29. 

Figure 1f-j presents PSDs extracted from the TEM images corresponding to the ageing conditions in 
figure 1a-e. In the as-prepared samples, the Pt nanoparticles have a mean projected diameter of 2.7 nm. 
After ageing at 600 °C, the PSD is asymmetric with a remarkable shoulder to the large particle side of 
the main peak (fig. 1i). After ageing at 650 °C the asymmetric PSD form has flipped over so that the 
main peak is associated with a tail towards the smaller particle sizes (fig. 1j). 

Ripening is often described by the so-called Lifshitz-Slyozov-Wagner (LSW) model 30,31. A LSW 
model, which is modified to describe a two-dimensional system 32, is fitted to the PSD at 650 °C in fig. 
1j and found to describe the PSD form well. The agreement is expected since the Al2O3 support is 
planar and homogeneous which closely matches the assumptions of the LSW model. Thus the PSD 
shape after ageing at 650 °C is therefore consistent with the ripening mechanism. On the contrary, the 
form of LSW-distribution will obviously not fit the PSD form at 600 °C or below well (fig. 1i), which 
suggests a non-trivial ripening mechanism. Our previous in situ TEM study of the same type of Pt/Al2O3 
model catalyst in 10 mbar air at 650 °C showed that ripening leads to a temporal evolution of the PSD 
forms similar to those presented in figure 1f-j 21. Specifically, as a function of ageing time, a transition 
shifted the initial monodispersed PSD form into a form, characterized by the appearance of a shoulder to 
the large particle side of the main peak, and subsequently into a form with a tail to the small particle 
side of the main peak, which was described by the LSW-model 21. The present ex situ and the previous 
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in situ results therefore show that ripening leads to the characteristic LSW-form and that the transition 
forms involved are unexpected bimodal PSD forms, which can not directly be explained by the LSW 
theory. The apparent discrepancy between the observations and theory may result from the assumption 
in the theoretical model of a constant 3D shape for all particle sizes, whereas a size-dependent 
nanoparticle shape is observed in the experiments, which may influence the ripening process 6. 

To estimate the 3D shape of the individual Pt nanoparticles, STEM images of the samples were 
acquired. Figure 2a presents a STEM image of the sample after thermal ageing at 650 °C, where the 
particles can be identified as the bright area projections and the oxide support corresponds to the larger 
black area. Since the integrated STEM signal intensity from a nanoparticle corresponds to the 
nanoparticle volume 33,34, any size-dependent variation in the shape of the supported Pt nanoparticles 
can directly be revealed from a plot of the nanoparticle intensity versus diameter. In figure 2b, the 
STEM signal intensity for individual nanoparticles is presented in arbitrary units as a function of their 
diameter. The relation between the particle volume and diameter depends on the exact 3D particle 
shape. Since the 3D shape of the Al2O3-supported Pt nanoparticles is not known a priori, a spherical cap 
is here used as a tentative approximation to the nanoparticle shape. The spherical cap represents a shape 
that is uniquely defined by one descriptor, namely by a metal-support contact angle, θ, or alternatively 
by the ratio of the particle height and diameter, h/d (defined in the insert of figure 2a). The volume of a 
spherical cap with a constant height-to-diameter ratio as a function of the particle size is fitted to the 
experimental observations in figure 2b (dashed black) by varying the constant C and shape factor (fig. 2, 
figure caption) until the total square difference between the modeled and measured data is minimized, 
resulting in R2 = 0.95. Figure 2b shows that the volume of a spherical cap with a constant shape 
increases faster with the diameter than the volume of the observed Pt nanoparticles. The shape of the 
observed particles is therefore not fully consistent with a spherical cap with a constant height-to-
diameter ratio for all particle sizes. One explanation for this difference is that the height-to-diameter 
ratio for the observed particles decreases with increasing particle diameter. However, since the 
calibration constant, C (fig. 2, figure caption) relating the particle volume to the STEM signal intensity 
is unknown, the true relation between the particle heights and diameters cannot be determined from 
figure 2b alone. 

To directly measure the absolute heights of the nanoparticles, AFM measurements have been 
performed under ultra-high vacuum (UHV) conditions. An AFM image recorded of the sample after 
thermal ageing at 650 °C is presented in figure 3a. In the image, the AFM tip height relative to the oxide 
support is depicted by a grey scale in such a way that the Pt nanoparticles are identified as brighter 
protrusions on the darker background corresponding to the Al2O3 support. The significantly larger (> 20 
nm), bright features represent impurities on the surface, possibly induced during sample transfer to the 
UHV chamber of the AFM. Pt nanoparticles at or in close vicinity of such regions were avoided in the 
data analysis. By individually measuring the height and width of all particles in the AFM images the 
cluster dimensions were obtained and presented in fig. 3 as the particle height distribution (PHD) (b) 
and the PSD (c). 

The particle diameters measured by AFM (fig. 3c) are generally larger relative to the diameters as 
measured by TEM (fig. 1j). This difference can be attributed to the well-known effect of tip broadening 
in AFM for objects with a size comparable to the tip apex dimensions. Therefore, in order to obtain a 
direct correlation plot of the nanoparticle heights vs. the diameters, the PSD measured by AFM was 
aligned with the analogous PSD from TEM. The alignment was performed by minimization of the total 
squared difference between the column heights in the PSDs from AFM and TEM and obtained by the 
multiplication by a factor 0.7 and the subtraction of the value 2.4 nm (figure 4a). This overestimate of 
the cluster width of 2.4 nm (2 x 1.2 nm) is in good correspondence with the value expected from the 
nominal width of the carbon nanotube AFM tips of ca. 1 nm. The effect of AFM tip broadening is 
graphically illustrated in figure 4b, which shows circles superimposed on the particle positions in a 
TEM image corresponding to the non-calibrated AFM diameters. Figure 4b serves to illustrate that the 
broadening is sufficiently small to allow the detection of small particles in the vicinity of larger ones. 
Figure 4c presents the final plot for the particle height as a function of the nanoparticle diameters 
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corrected for tip broadening. Interestingly, the majority of the data points lies in the region between the 
lines corresponding to a spherical (full grey) and a hemispherical (dashed grey) particle shape (fig. 4c). 
The Al2O3-supported Pt nanoparticles are therefore generally flatter than spheres, but higher than 
hemispheres. Assuming a linear height-to-diameter relation as a first approximation, two straight lines 
can be fitted to the data: one which is unconstrained (full black) for which R2 = 0.48 and one which is 
constrained through the origin (dashed black) for which R2 = 0.46. From the fitted lines in figure 4c the 
size-dependent height-to-diameter ratio was calculated and presented in figure 4d (full black and dashed 
black). The unconstrained fitted line corresponds to a height-to-diameter ratio that indeed decreases as a 
function of particle size, reflecting a size-dependent Pt nanoparticle morphology. The AFM data does 
not describe the height-to-diameter ratio for particle sizes below 2 nm (fig. 4c-d). Extending the 
unconstrained fit in figure 4c below the limit of 2 nm will result in a height-to-diameter ratio > 1 for 
diameters < 2 nm, which seems unreasonable. It is therefore more likely that the height-to-diameter ratio 
is constant for the smallest particle sizes. For the constrained fit, the line corresponds to a constant 
height-to-diameter ratio for all particle sizes. Since both the unconstrained and the constrained line fits 
describe the data almost equally well, the AFM results indicate a size-dependence of the height-to-
diameter ratio as a possibility. For comparison with the STEM data, the volume of a spherical cap 
including the size-dependent height-to-diameter ratio, corresponding to the unconstrained fitted line in 
figure 4d, is fitted to figure 2b (full black) resulting in R2 = 0.96. Similarly, the constrained fitted line in 
figure 4d corresponds to the previously fitted volume of a spherical cap with constant height-to-diameter 
ratio (figure 2b (dashed black)). The nanoparticle volume, including the size-dependent height-to-
diameter ratio, fits the STEM data slightly better than the fitted volume corresponding to the constant 
nanoparticle shape. The difference between the two fits based on the AFM data seems relatively small 
(fig. 2b), compared to the trend of the STEM data which indicates a stronger size-dependence of the 
nanoparticle shape (fig. 4c). To demonstrate the stronger size-dependence as observed by STEM, the 
volume of a spherical cap was again fitted to the STEM data (fig. 2b), assuming a linear relation 
between the height and diameter, but in this case with an unconstrained slope and a h/d = 1 for d = 2 
nm, consistent with the unconstrained fit to the AFM data. The fit is optimized by varying the slope of 
the linear height-to-diameter relation until the total squared difference between the modeled and 
measured data points was minimized. The resulting fit to the STEM data has R2 = 0.99 and is indicated 
by the black dotted line in figure 2b. The stronger size-dependence of the height-to-diameter relation 
according to the STEM data can be appreciated by re-plotting the black dotted line from figure 2b in 
figure 4d (black dotted line). In summary, the combined STEM and AFM data suggests that the Al2O3-
supported Pt nanoparticles generally are flatter than spheres and that the height-to-diameter ratio 
decreases with the particles size, although the two data sets differ on the degree of the size-dependence 
of the height-to-diameter ratio. 

A size-dependence of the shape of the supported Pt nanoparticles may influence the ripening process 
in several ways. Firstly, the observed growth or shrinkage of the projected nanoparticle areas in the 
TEM images depends on the nanoparticle volume which is described in terms of the height-to-diameter 
ratio. Secondly, different nanoparticle shapes imply that the nanoparticle perimeter at the Pt-oxide 
interface, and thus the total number of sites that can emit or absorb diffusing species, varies. Thirdly, the 
nanoparticle shape influences the concentration of atomic species via the Gibbs-Thomson relation, 
which depends on nanoparticle surface curvature. To address how size-dependent nanoparticle shapes 
may influence ripening, a simple description is considered in the following, based on the mean-field 
kinetic model for interface-controlled ripening 6: 

 

eq. 1   







 −= 1
*

'
2 R

R

Rdt

dR αα
 

 
Here the shape of each particle is approximated by a spherical cap where R is the radius of curvature 

(defined in the insert of figure 2a) and α = sin(θ)/(1/2 - 3/4cos(θ) + 1/4cos3(θ)) is the geometrical factor 
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in which the particle shape is defined by the metal-oxide contact angle, θ. α’  describes the system 
specific parameters, such as the diffusion energy barriers for crossing the metal-support interface as well 
as the metal surface energy, the atomic volume and the temperature. R* is the critical radius of curvature 
corresponding to the particle size which is in equilibrium with the mean-field concentration of diffusing 
atomic species 6,20. Based on eq. 1, the evolution of the PSD can be simulated for varying α and α’ . 

Two simulations are performed: In the first simulation α is set to capture the main trends of the size-
dependence of the height-to-diameter ratio, resulting from the unconstrained linear fit to the AFM data, 
by using a continuous height-to-diameter-trace corresponding to the grey dotted line in fig. 4d. This 
trace, which resembles the AFM data rather than the STEM data, was chosen to examine the effect of 
the least size-dependent variations in the height-to-diameter ratio. In the second simulation, α has a 
constant value identical to the dashed black line in figure 4d, corresponding to the constrained linear fit 
to the AFM data. To fixate the time-scale in the simulations, α’  is adopted so that the final mean 
nanoparticle diameter corresponds to that observed after 3 hours ageing at 650 ºC. The time steps in the 
simulation corresponds to units of α’ -1

·nm3. In the model eq. (1), time couples to temperature through α’  
in such a way that a long simulated ageing time (many calculation steps) at a low temperature 
corresponds to a short ageing time (few calculation steps) at a higher temperature. Since R* in eq. 1 
equals the mean radius of curvature 35, this parameter is equaled to the arithmetic mean of R for the 
particle ensemble in the simulations. The PSD corresponding to the as-prepared Pt/Al2O3 sample (fig. 
1f) was used as the initial PSD for the simulations. Figure 5a-c presents the simulated PSDs based on 
the size-dependent height-to-diameter ratio. Here, the initial PSD evolves via bimodal forms, with an 
additional peak towards the larger particle sizes, into a form of the LSW-type having a main peak 
shifted towards the large particle sizes and with a tail towards the small sizes (fig. 5a-c). As time and 
temperature are linked in the simulations, i.e. the effect of temperature can be compensated for with 
time, it is thus intriguing that the simulated time-evolution in the PSD form matches the experimental 
evolution as a function of temperature. Similarly, the simulated PSD forms match the experimental 
time-dependent observations in a previous in situ TEM study of the same type of Pt/Al2O3 

21. In 
comparison, figure 5d-f presents the simulated PSDs based on the constant height-to-diameter ratio. In 
this case, the PSDs are characterized by a single peak that gradually shifts toward larger nanoparticle 
size and by the appearance of a tail toward smaller nanoparticle sizes as the ageing time increases. The 
transition of the PSD toward the LSW-form does not indicate any development of an additional peak. 
Thus, according to the simulations in figure 5, the additional peak in the PSD therefore only develops 
for the particles with a size-dependent height-to-diameter ratio. 

In the spherical cap approximation for the 3D nanoparticle shape, a size-dependence of the height-to-
diameter ratio corresponds to a size-dependent degree of wetting. It has previously been reported that 
surface defects at an alumina support can influence the morphology of the supported nanoparticles 36. A 
physical reason for a size-dependent wetting could therefore be speculated to result from a dependence 
of the interaction with support defects on the nanoparticle size, but the present observations do not 
directly address this possibility. Describing the nanoparticle shape by a single parameter such as the 
contact angle alone may be an oversimplified approximation and shapes described by additional 
parameters could be considered. One such example is the spherical cap combined with a metal layer in 
the interface between the spherical cap and the oxide support. The existence of such an interface layer 
has been reported for Cu-supported Ag nanoparticles 37. With this model the observed size-dependence 
of the height-to-diameter ratio can be described by a constant height of the interface layer while 
maintaining a constant contact angle. The presented STEM (fig. 2b) and AFM (fig. 4c) data can be fitted 
equally well using this two-parameter shape description as using the single parameter description. 
Similarly, additional simulations based on the two-parameter model reproduce the trends in the 
evolution of the PSD form as for the single parameter description, although the additional peak towards 
the large particle side of the main peak is less pronounced. The presence of such alternative nanoparticle 
shapes cannot be excluded and it will require further nano-scale tomographic investigations in order to 
determine the detailed 3D nanoparticle shape. Moreover, the shape estimation based on STEM may also 
be slightly affected by a size-dependent Pt surface oxidation of the nanoparticles 38,39, that would result 
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in a size-dependent change of the mass-thickness contrast. However, as the Pt nanoparticles are at the 
highest surface oxidized under the present conditions, this effect should be of minor importance. 

In conclusion, by combining STEM and AFM measurements, we have shown that Pt nanoparticles 
supported on Al2O3 sinter in an oxidizing environment and adopt size-dependent. Specifically, the 
measurements suggest that the nanoparticles are generally flatter for the larger nanoparticle sizes. The 
relationship between nanoparticle ripening and shape is discussed in the light of a kinetic model for 
ripening, which indeed shows that the PSD forms after ripening are influenced by the size-dependent 3D 
shape of the supported nanoparticles. The size-dependence of the supported nanoparticle shape therefore 
offers a possible explanation for the bimodal forms in transition of the PSD toward the LSW-form. 

 
METHODS 
The Pt/Al2O3 model catalysts consisted of Pt nanoparticles dispersed on a flat, amorphous Al2O3 

support. The catalysts were supported on Si wafers with amorphous and electron transparent Si3N4 
windows. Preparation details are described in ref. 21. 

A series of thermal ageing experiments at the temperatures 450 °C, 550 °C, 600 °C and 650 °C were 
carried out with the Pt/Al2O3 samples in 0.2 % O2 in N2 with a total pressure of 1 bar and a flow of 120 
ml/min by using a tube furnace (Carbolite CFT). In the experiments, the samples were placed in a 
porcelain boat in the centre of the tube furnace. By using an ADM2000 universal gas flowmeter 
(Agilent Technologies), the gas flow was set at room temperature and it was confirmed after the 
sintering experiment as room temperature again was reached. After the establishment of the gas flow, 
the furnace was heated by 5 °C/min until the ageing temperature was reached. After 3 hours at the 
ageing temperature, the furnace was cooled down by turning off the furnace resulting in a cooling rate 
of ca. -2 °C/min for the first 200 °C. The furnace temperature was measured with an estimated error of ± 
7 °C as determined by inserting an additional thermocouple in the tube furnace near the sample in one 
experiment. 

TEM was performed by using an image aberration corrected Titan 80-300 SuperTwin transmission 
electron microscope (FEI Company) operated at 300 kV with an information limit of ca. 0.10 nm. TEM 
images were acquired using bottom-mounted 2k x 2k CCD cameras at magnifications corresponding to 
pixel sizes of 0.09 nm. From the TEM images, Pt particle sizes (diameters) were measured by using a 
circular approximation to their projected area. The measurements were performed automatically as 
described in ref. 21. The estimated measuring error is a systematic error of 10 % of the particle diameters 
due to calibration of the TEM and a random error of 0.5 nm for all particle diameters due to the 
automatic image analysis. 

The STEM characterization was performed using a Titan 80-300 electron microscope. The 
microscope was operated at 300 kV and with an electron probe size less than 0.23 nm, as calibrated 
towards the Pt(111) lattice fringe spacing. A high-angle annular dark field (HAADF) detector was used 
to collect scattered electrons and ensure high contrast of the Pt nanoparticles. Images were recorded at a 
magnification corresponding to a pixel size of 0.16 nm. Furthermore all images were recorded with the 
same contrast and brightness level for proper comparison of different images. From the STEM images, 
the particle diameters were measured as described for the TEM images. The nanoparticles’ signal 
intensity was integrated over the projected area corresponding to each particle and the signal 
contribution from the background generated by the support material was subtracted. 

Non-contact atomic force microscopy (NC-AFM) was performed at room temperature on the Pt/Al2O3 
sample after thermal ageing at 650 °C in an UHV chamber with a base pressure below 1×10-10 mbar 
using a beam deflection NC-AFM described in 40. The very sensitive non-contact operation mode of the 
AFM was chosen in order to minimize tip-induced movements of the nanoparticles. The sample was 
fixed on a standard Ta sample plate and introduced to the UHV chamber through a vacuum load lock. 
No further sample processing was performed. The NC-AFM images were recorded in the topography 
mode by keeping the mean frequency shift (∆f), due to the tip-surface interaction, constant relative to a 
preset frequency shift value and recording the feedback signal of the tip-surface distance control as it 
traces the surface. A voltage was applied to the tip, relative to the sample holder, Ubias, which was 
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adjusted to minimize the electrostatic forces arising from the contact potential difference 41. To optimize 
the AFM resolution and to reduce the risk of mechanically pushing the clusters, we used the high aspect 
ratio carbon nanotube (CNT) terminated silicon probes (Nanosensors, CNT-NCH type) with cantilever 
spring constants of ca. 42 N/m and resonance frequencies of ca. 330 kHz 42. Kelvin probe (KPFM) 
measurements, in which active regulation of the tip-sample bias voltage was included 43, showed 
negligible effects on the height in topographical images.  

Based on eq. 1 computer simulations of the temporal evolution of the PSDs were performed following 
the procedure of Smet et. al. 44. For comparison with the TEM data, the radii of curvature, R, were 
converted to the projected diameters, d = 2R for θ > π/2. The PSD of the as-prepared Pt/Al2O3 sample 
(fig. 1f) generated from the TEM data was used as the initial PSD. The simulations employed three 
different particle shapes. First, the particle shape corresponding to the grey dotted line in figure 4d was 
included by converting the height-to-diameter ratio to values for the contact angle, θ. Secondly, the 
height-to-diameter ratio was maintained constant (corresponding to the black dashed line in figure 4d) 
for all particle sizes. Thirdly, a particle shape consisting of a spherical cap with an interface layer 
between a spherical cap and the oxide support was employed. With this shape model, eq. 1 becomes, 
 

eq. 2  
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where R is the radius of curvature, θ the contact angle between the spherical cap and the interface layer, 
H the height of the interface layer, R* the critical radius of curvature and α’  describes the system 
specific parameters. In the simulations based on eq. 2, the effect of the interface layer was described by 
θ = 0.6π and H = 0.7 nm which corresponds to the best fit to the AFM data (full black line) in fig. 4c. 
For all simulations, the calculation steps correspond to the time units, α’ -1·nm3. Simulations were 
performed in an iterative way by varying α’, until the simulated mean diameter for the last simulation 
step equaled the observed mean diameter after sintering at 650 °C. 
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Fig. 1. (a-e) Representative TEM images of the Pt/Al2O3 samples after ageing in a tube furnace in 1 bar 
0.2 % O2 in N2 for 3 hours. The samples were aged at 450 ºC, 550 ºC, 600 ºC, 650 ºC as indicated in the 
figure. (f-j)  Particle size distributions based on measurements from a larger number of TEM images. 
The number of measured particles are (f) 14243, (g) 11204 (h) 8310, (i) 7606 and (j) 2954. For the 
ageing temperature 650 °C (j), a two-dimensional LSW distribution function 32 is fitted to the particle 
size distribution. 
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Fig. 2. (a) A representative STEM image of the Pt/Al2O3 sample after ageing in a tube furnace in 1 bar 
0.2 % O2 in N2 for 3 hours at 650 °C. The insert illustrates a supported Pt nanoparticle in profile and 
defines the geometrical parameters: the curvature of radius, R; the particle diameter, d; the particle 
height, h; and the metal-support contact angle, θ. (b) The STEM signal intensity integrated over the 
projected area of the particles plotted in arbitrary units against the particle diameter, d (grey dots). The 
volume of a spherical cap, V(d) = C · [1/2 - 3/4cos(θ) + 1/4cos3(θ)] · 1/6πd3 is fitted to the data with R2 
= 0.95 (dashed line). Here C is a calibration factor for converting particle volumes to the STEM signal 
intensities and θ is the metal-oxide contact angle, which is kept constant for all particle sizes. In 
addition, V(d) is plotted with a size-dependent θ corresponding to the size-dependent height-to-diameter 
ratio presented in figure 4d resulting in R2 = 0.96 (full line). Finally, V(d) with a size-dependent θ is 
fitted to the STEM data by assuming a linear relation between the particle height and diameter and that 
particles for which d = 2 are spherical, resulting in R2 = 0.99 (dotted line). All fits are based on data 
points corresponding to diameters above 2 nm. 
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Fig. 3 (a) A representative AFM image of the Pt/Al2O3 sample after ageing in a tube furnace in 1 bar 
0.2 % O2 in N2 for 3 hours at 650 °C. (b) Particle height distribution and (c) particle size distribution 
based on measurements from a number of AFM images. The number of measured particles is 217. 
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Fig. 4. (a) Particle size distributions from the calibrated AFM measurements (white) and TEM 
measurements (grey). (b) TEM image of the Pt/Al2O3 sample after ageing at 650 °C. The circles 
indicate the none-calibrated AFM diameters. (c) The nanoparticle height presented as a function of the 
calibrated nanoparticle diameter. Two straight lines are fitted to the dataset: One without any constraints 
(full black) and one constrained to include the origin (dashed black). For comparison, lines 
corresponding to a spherical (full grey) and a hemispherical (dashed grey) particle shape are indicated. 
(d) The height-to-diameter ratio is presented as a function of nanoparticle size based on the 
unconstrained (full black) and the constrained (dashed black) fitted lines in (c). The black dotted line 
corresponds to the black dotted line in figure 2b and represents the best fit to the STEM data. The 
height-to-diameter ratio values used in the simulation is indicated (dotted grey) and the nanoparticle 
shapes corresponding to the highest and lowest values of the height-to-diameter ratio are illustrated. 
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Fig. 5. Simulated particles size distributions based on eq. 1 for particles with a decreasing (a-c) and a 
constant (d-f) height-to-diameter ratio. The metal-support contact angle, θ (eq. 1) used in the 
simulations, is calculated from the height-to-diameter ratio indicated by (a-c) the grey dotted or (d-f) the 
black dashed line in figure 4d. The number of calculation steps for each simulation, corresponding to the 
sintering time in arbitrary time units, is (a, d) 20, (b, e) 30 and (c, f) 60. The initial distributions are 
identical to the initial distribution of the Pt/Al2O3 sample (fig. 1f). The number of particles in each 
distribution is (a) 6651, (b) 5220, (c) 2807, (d) 5439, (e) 4208 and (f) 2570. 

 

 



 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 


