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1. Introduction and Summary 
 
Nanoscaled metal clusters deposited on different substrates have been intensively studied in the past 
due to their unique properties as compared to the corresponding bulk materials. They exhibit a wide 
range of properties of fundamental and technological significance, like, for example: a) a stability 
pattern at certain sizes corresponding to the structural shell-filling “magic numbers”, b) 
quasicrystalline structures, which have near-ideal strength, c) specific transport, optical, and 
chemical properties related to their electronic structure. However, not only structure and properties 
of deposited clusters are interesting for applications. The dynamics and stability of nanoclusters on 
substrates can be also of crucial importance for many issues in surface science in context with the 
strong dependence of physical and chemical properties of clusters on the cluster size. For example, 
the negative temperature coefficient of the electrical resistivity, optical transmission coefficient, and 
superparamagnetic susceptibility, all strongly depend on the cluster size and their separation on the 
substrate. Moreover, a gradual decay of the catalytic activity with increasing cluster sizes is often 
observed, which can be attributed to the decreasing of surface/core-atom ratio. 
 
Systems composed of Au and Pt clusters on different substrates are important as industrial catalysts. 
It was shown, for example, that Au clusters with sizes between 2 and 3 nm exhibit an exceptional 
catalytic activity in CO-oxidation reactions, while Pt clusters show a high catalytic activity for 
hydrogen-dissociation and hydrogen-oxidation at low temperature. Furthermore, Pt clusters 
deposited on carbon materials are important as electrocatalysts in proton-exchange membrane fuel 
cells and Au clusters are relevant as prototype material for nanoscaled electronic devices and 
biosensors. All these applications have motivated numerous studies regarding the properties of Au 
and Pt clusters and their dynamics on particular support materials. 
 
In the following short summaries are given of published work of project C4.5. The report will focus 
of work on Pt clusters and novel nanoparticles in chapters 2 to 4.  
 
According to the large interest paid to the Au clusters, the basic properties of Au clusters supported 
on amorphous carbon (a-C) substrates were investigated. One of the fundamental material 
properties is the mean inner Coulomb potential (MIP), which can be defined as the volume-
averaged electrostatic part of the crystal potential. The MIP plays an important role for the 
quantitative evaluation of experimental data obtained from electron scattering techniques like 
transmission electron microscopy (TEM), electron holography (EH) and low-energy electron 
diffraction. We studied the MIP of nanoscaled Au clusters by using off-axis EH [1]. A strong 
increase of the mean inner potential is observed for Au clusters from 30 V for bulk gold up to 80 V 
for clusters with a radius of 0.5 nm. The rapid increase of the Au MIP with decreasing cluster size is 
explained by the shortening of the bond lengths between surface and core atoms of the cluster 
which leads to an increase of the electron density. The increase of the MIP has serious 
consequences for the quantification of electron scattering data because the mean inner potential 
determines the amplitude of the electron wave scattered in forward direction. For small Au clusters 
the electron wave scattered in forward direction is significantly stronger compared to bulk gold.  
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Besides fundamental research application-relevant studies were performed. For example, the 
stability of cluster-size distributions and immobilization of clusters on amorphous carbon (a-C) 
substrates were investigated. Coarsening of cluster-size distributions will typically occur by 
Ostwald ripening (OR) and/or Smoluchowski ripening (SR) (coalescence of mobile clusters due to 
Brownian motion). Coarsening is technologically important, e.g. with respect to the efficiency of 
catalysts, which requires nanoparticles within a small size interval. Using TEM, room-temperature 
coarsening of mass-selected Aun (n = 4, 6, 13 and 20) clusters produced in the group of M.M. 
Kappes (project C.4.6) was investigated [2]. The clusters are deposited on amorphous carbon (a-C) 
substrates, where strong bonding of small clusters on the substrate occurs and the suppression of 
SR. Despite cluster immobilization, a significant increase of the average cluster radius R  with time 
is observed even at room temperature due to surface OR. Moreover, the detailed analysis of the 
surface-mass-transport diffusion coefficients suggests that the rate of the surface OR for mass-
selected Aun clusters increases with the cluster size in the sequence: Au4  Au6 < Au13 < Au20 for 
the investigated range of Au clusters [2]. Analogous studies were carried out for Pt clusters [3] 
which are described in chapter 3 of this report.  
 
Within the frame of fundamental research performed in project C4.5, high-resolution (HR) TEM 
was applied to image single Pt atoms in an aberration-corrected transmission electron microscope 
[4]. Single atoms are the most basic objects for TEM imaging which facilitates testing of concepts 
for image-contrast modeling. Full agreement on an absolute intensity scale is obtained between 
experimental and simulated single-atom contrast of isolated Pt atoms. More details will be 
presented in chapter 2 of this report. 
 
Another task of project C4.5 is the investigation of novel nanoparticles prepared in the group of C. 
Feldmann (Project C1.4). High-resolution (HR) TEM is particularly important for the study of 
hollow nanoparticles to measure the cavity size and wall thickness [5-9]. In addition, a methodical 
study was carried out which compares the diameters of massive and hollow nanoparticles derived 
from different techniques (HRTEM, X-ray diffraction, dynamic light scattering and differential 
sedimentation). Formalisms for the evaluation of X-ray diffraction (XRD) data are available to 
derive the average size and strain for an ensemble of massive nanoparticles. However, these 
formalisms fail for hollow particles. Based on structural data from several different techniques we 
have developed an XRD evaluation formalism [10] which yields the average outer and inner 
diameter of hollow nanoparticle ensembles (see chapter 4 of this report).  
 
2. Quantitative HRTEM on single Pt atoms 
 
In context with the study of Pt clusters we have carried out a fundamental study on quantitative 
HRTEM imaging of single Pt atoms. Single atoms can be considered as the most basic objects in 
electron microscopy. From an electron-optical point of view, imaging of single atoms is clearly 
feasible after the introduction of correction lens systems for spherical and other aberrations up to 
the fifth order (for short Cs-corrector) which have improved spatial resolution up to 50 pm [11]. 
Numerous studies are already published which are concerned with HRTEM imaging of single 
atoms and corresponding image simulations. However, a comparison between simulated and 
experimental single-atom images on an absolute intensity scale has never been presented. Analyses 
on an absolute intensity scale are absolutely necessary to assess quantitatively e.g. differential 
scattering cross-sections of single atoms and the validity of modelling the imaging process in the 
microscope. 
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    FIG. 1. Experimental HRTEM images of single Pt atoms and small clusters of Pt atoms on SAM  
    recorded at different defocus values Z as indicated for a)-d). 
 
Imaging single atoms by HRTEM is based on phase contrast, where the interaction between 
electron wave and atom only induces a phase shift with negligible amplitude change of the scattered 
electron wave. This leads to weak single-atom contrast which depends strongly on the transfer 
characteristics of the microscope determined by defocus and other lens aberrations. Due to the 
strong dependence on the imaging conditions, HRTEM images can in general not be interpreted 
intuitively. Instead, series of images of the same object region taken with different defocus values 
(denoted as through-focal series) are usually required to extract quantitative information from 
HRTEM images. Another prerequisite for quantitative single-atom imaging is a sufficiently thin 
supporting substrate which does not modify significantly the vacuum image intensity. A promising 
type of substrate are self-assembled monolayer (SAM) films consisting of 1,1'-biphenyl-4-thiol 
molecules cross-linked by electron irradiation with a thickness of  1.6 nm [12]. 
 
The investigated sample was prepared by electron-beam 
evaporation of 0.2 monolayers Pt (1 monolayer: 1.31015 
atoms/cm2) on a SAM substrate. A defocus series was 
recorded which consists of 36 single HRTEM images 
subsequently taken with a defocus step of 1 nm between -
19 nm and +16 nm. Fig. 1 shows typical HRTEM images 
of small planar Pt clusters and isolated Pt atoms on SAM 
at different defocus values Z as indicated on the images. 
Fig. 1(a) shows bright atom contrast under underfocus 
conditions. The intensity of the Pt-atom contrast vanishes 
almost completely in Fig. 1(b) at Z=-5 nm until the 
contrast reverses under overfocus conditions  in Figs. 
1(c,d). The background intensity associated with the 
SAM substrat  e can hardly be distinguished from the 
vacuum intensity in small holes visible in Fig. 1(d). 
Intensity profiles of isolated atoms are obtained by 
averaging profiles along the horizontal and vertical image axis at several different defocus values. 
Fig. 2 shows a representative intensity profile at Z=-10 nm. A simulated profile is included in Fig. 2 
which is in good agreement with the experimental profile considering the noise level of 3 %. For a 
quantitative comparison of experimental and simulated images, the maximum intensity normalized 
with respect to the background intensity and the full width half maximum (FWHM) of the intensity 
profiles were chosen. Another quantitative feature is the radius of the first side minimum/maximum 
(underfocus/overfocus images) of the fringe-like contrast around the central peak. 

 
 
FIG. 2. Normalized intensity profile 
across a single Pt atom taken from 
an experimental (red) and 
simulated (blue) HRTEM image at 
an underfocus value of -10 nm. 
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     FIG. 4. Experimental (red) and simulated (blue) intensity profiles across single Pt atoms at a)  
    underfocus values of -7 nm, -6 nm and -5 nm and b) overfocus values of 1 nm, 2 nm and 3 nm. 
 
The imaging process is modeled by Fourier optics taking into account all known instrumental 
effects including wave aberrations, partial coherence and the modulation transfer function of the 
CCD camera. Weickenmeier-Kohl [13] and Doyle-Turner [14] differential scattering-cross sections 
were tested to describe the scattering behavior of single Pt atoms. Best agreement between 
simulated and experimental single-atom contrast is obtained for the Weickenmeier-Kohl differential 
scattering-cross sections. The quantitative agreement between simulation and experiment is 
demonstrated in Fig. 3, which shows six representative intensity profiles for three different 
underfocus (Fig. 3(a)) and three different overfocus values (Fig. 3(b)). 
 
3. Coarsening of Pt clusters  
 
It is generally accepted that possible 
technological applications of clusters 
are hampered by the lack of methods 
for cluster pinning at specific surface 
sites and the required high long-term 
stability of the cluster-size 
distribution. With respect to using Pt 
clusters as catalysts, the main 
problem is related to the progressive 
loss of active surface area due to 
cluster coarsening. This motivates 
our study of the stability and time 
evolution of the cluster-size 
distribution at different temperatures 
to determine the dominant coarsening 
mechanisms. 
 
Pt clusters were deposited on 
commercial amorphous carbon (a-C) 
thin films (10-12 nm thick) by 
electron-beam vapor deposition. The 
cluster-size distributions at 200, 225, 
250 and 300 °C were investigated by 
TEM as a function of annealing time in regular time intervals. Between 150 and 300 Pt clusters 
were analyzed for each time interval. We assume circular cluster-projection areas in our analysis, 
which can be converted to cluster radii. Histograms of cluster radii yield the average cluster radii at 
a given time )(tR . Fig. 4 shows TEM micrographs and the corresponding cluster-radius 
distributions measured after annealing at 200 °C for 2 and 15 h. 

 
FIG. 4.  Pt clusters on a-C substrate: TEM images 
recorded after 2 h (a) and 15 h (b) annealing at 200 °C; 
Histograms of cluster-radius distributions determined 
after 2 h (c) and 15 h (d) annealing at 200 °C. 
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FIG. 6. In-situ TEM study of Pt-cluster coarsening: TEM images recoded after 0 h (a), 1 h (b), 2 
h (c), 3 h (d) and 5.5 h (e) annealing at 470 °C. The circles are used to show Pt clusters which 
coarsen by SR, while arrows mark clusters which grow or decay by surface OR. 

Fig. 5 shows the measured )(tR  values 
which increase with annealing time. 
The coarsening kinetics of Pt clusters 
during the first 2 hours of annealing at 
200, 225, 250 and 300 °C is fast and can 
be explained by significant 
redistribution of the deposited Pt 
clusters due to cluster coalescence 
(Smoluchowski ripening (SR)). In-situ 
annealing in a transmission electron 
microscope at 470 °C (Fig. 6) shows 
that, besides surface Ostwald ripening 
(OR), a very active coalescence of 
mobile Pt clusters takes place during the 
first 2 hours. The SR kinetics rapidly 
slows down with time for two reasons. 
First, the surface diffusion coefficients 
of Pt clusters decrease with increasing 
cluster sizes and, second, the average 
inter-cluster distance increases with 
decreasing cluster density on the substrate. This allows us to neglect SR within the second ripening 
stage, which sets in after about 2 h.  
 

 

 

The coarsening process during the second ripening stage can be well described by a least-square fit 
of the experimental )(tR  values based on the expression tKRtR d )0()( 44  (t: time, Kd: 

constant), which corresponds to surface diffusion-limited OR with the mass transport taking place 
through the cluster-substrate contact perimeter [15] (sold lines in Fig. 5). Kd depends on the 
temperature and can be derived from the fit curves in Fig. 5. 
 
A quantitative description of the OR process can be obtained by comparing the surface-mass- 
transport diffusion coefficient '

sD  values, because faster kinetics results in larger '
sD  values. The 

'
sD  values can be calculated using the Kd values and the relation d

B
s K

n

TkL
D

0
2

'

4

)()ln(45




  [16] 

with the volume of Pt-atom =1.5110-29 m3, the Pt-surface energy =3.0 Jm-2 [17], the Boltzmann 
constant kB and the absolute temperature T. L=2.5 (in units of cluster radius) is the screening 
distance, which is taken to be constant according to Ref. [15]. The parameter () is determined by 

FIG. 5. Average radii of Pt clusters )(tR  as a function 
of annealing time t at different temperatures: 200°C 
(), 225°C (), 250°C () and 300°C (). The 
solid lines of the corresponding color are the fit curves 
of the data for diffusion limited kinetics of surface OR. 
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the contact angle  between cluster and substrate [15], which cannot be directly measured from the 
TEM images. However, the parameter () derived on the basis of surface-diffusion theory is used 

to express the Pt-cluster volume given by )(
3

4
)( 3 

RRV  . For a known cluster shape, one can 

calculate the cluster volume and the 
corresponding value of (). HRTEM 
images (Figs. 7(a,b)) show that Pt clusters 
occur in fcc cuboctahedral structure. The 
volume of clusters with this geometry can 
be calculated and yields ()=0.56. The 
density of surface sites on fcc 
cuboctrahedral Pt clusters is n0=1.31019 
m-2. With these data, the '

sD  values can 

be derived. The increase of '
sD  from 

(1.230.24)10-23 m2s-1 at 200°C to 
(4.260.85)10-22 m2s-1 at 300°C suggests 
a rapid increase of the OR kinetics within 
this temperature interval. Moreover, an 
activation energy Ed for the surface 
diffusion of Pt atoms on a-C substrates of 
Ed=0.850.09 eV/atom is determined 
(Fig. 7(c)) assuming an Arrhenius-type 
dependence for the surface-mass-transport 

diffusion coefficient 









Tk

E
DD

B

d
s exp0
'  

with the pre-exponential factor D0. 
 
4. Structure of novel nanoparticles  
 
Nanorods, nanowires, and nanotubes have 
become intensively studied objects in 
recent years. In contrast, comparably little 
is known about hollow nanoparticles. 
Different hollow particles were realized 
on the mesoscale (diameter >100 nm), but 
on the nanoscale (diameter <100 nm), 
only a limited selection of oxide, sulfide, 
and metal hollow particles is available 
yet. The group of C. Feldmann (project 
C1.4.) has focused on synthesizing hollow nanoparticles by the microemulsion approach. These 
particles were characterized by HRTEM in project C4.5. In the following we show only a few 
results on recently synthesized hollow nanoparticles. In addition, we have developed a new 
formalism which allows to derive the true outer (average) diameter and wall thickness of hollow 
nanoparticles on the basis of XRD patterns. Standard formalisms can only be applied for massive 
nanoparticles. The validity of the formalism is tested by comparison with HRTEM and dynamic 
light scattering (DLS) data. 
 

 

FIG. 7  a) and b) Pt clusters with fcc 
cuboctahedral structure in the [110]- and [100]-
zone axis, respectively: schematic view and the 
corresponding TEM image; c) Surface-mass-
transport diffusion coefficient '

sD  as a function of 

1/T, which yields an activation energy for the 
surface diffusion of Pt atoms on a-C substrate of 
Ed=0.85 eV/atom (see the text). 
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The structure of hollow clusters 
consisting of Au [5], La(OH)3[6], Ag 
[7], TiO2 [8], CuS, CuS1.8, CuS2 [9] and 
ZnO was studied by HRTEM. The 
cavity size and crystallinity of the 
hollow clusters were determined by 
HRTEM. The ring-like contrast features 
observed in the HRTEM images 
Figs. 8(a-c) corresponds to the two-
dimensional projection of hollow 
clusters on the image plane. We note 
that hollow clusters are sensitive 
towards irradiation with high-energy 
electron and tend to collapse already 
after short illumination duration. 
Measurements of the wall thickness may 
therefore not reflect the original wall 
thickness after synthesis. Fig. 8(d) 
shows the HRTEM image of a spherical 
In-Ag core-shell cluster with an In core 
with a diameter of about 120 Å (the dark 
region in the center of cluster) and an 
external Ag shell with a diameter of 
~195 Å (ring-like feature surrounding 
the core). Lattice fringes observed in the 

cluster walls indicate monocrystalline cluster walls. Most clusters have spherical or oval shapes 
with asymmetrical lognormal size distributions [10]. 
 
With different massive and hollow nanoparticle ensembles available, we have carried out a 
methodical study which compares the average diameters derived from different techniques (XRD, 
DLS and TEM) [10]. Depending on the analysis technique, different cluster sizes are obtained from 
the same (hollow) nanoparticle ensemble. A new formalism was developed which allows the 
derivation of the inner and outer diameters of hollow clusters from XRD data which is not possible 
by standard formalism for massive nanoparticles. 
 
XRD yields the volume-averaged size crystallite DV, which does not correspond to the real average 

cluster diameter D , and the average microstrain 
2/12 .  To extract these data from the XRD 

patterns, the position and integral breadth  of each Bragg reflection are determined after 
subtracting the background by fitting a Voigt function to the line profile. The corrected lattice 
parameters of the cluster materials are determined from the XRD line positions by a Cohen-Wagner 

extrapolation procedure [18] and are given in Table 1. DV and 
2/12 can be in principle determined 

by using the integral breadth method in the line broadening analysis [19]. However, the lack of 

experimental data for at least two orders of reflections prevents the determination of DV and 
2/12  

by the multiple-line analysis for many nanoparticle ensembles. Instead, the separation of the 
contributions to the integral breadth induced by the small crystallite sizes and microstrain is carried 
out within the average-size and strain approximation assuming Cauchy size-broadening and Gauss 
strain-broadening profiles 

 
 
FIG. 8  HRTEM images of (a) Ag, (b) La(OH)3 and 
(c) CuS hollow clusters; (d) HRTEM image of In-
Ag core-shell cluster. 
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


22
2/12

2

51 k

DV







  for  in reciprocal units of 


sin21


d

k  (1) 

( is the Bragg angle and  is the radiation wavelength) by plotting  2k as a function of 
2k according to Refs. [20] as shown in Fig. 9. From the slope VDm 1  of this graph the 

volume-averaged crystallite size can be calculated, while the average microstrain is proportional to 
its intercept 

 
22/12 25 




 n   

(see Table 1). 
 
The real average (outer) size 
D  can be derived from DV 
according to Eq. (2) for 
spherical massive clusters 
with monocrystalline 
structure and lognormal 
cluster-size distribution with 
a distribution dispersion R:  

3

2

24
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3
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D
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
 (2) 

This expression has to be 
modified for hollow clusters 
with an average outer size 

RD 2  and cavity radius 
gRRi  (g: average wall 

thickness). To calculate R  
or iR  of hollow spheres with lognormal cluster-size distribution Eq. (3) is suggested [10]:  
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 (3) 

We note that Eq. (3) becomes equal to Eq. (2) for massive clusters described by Rg   ( 0iR ). 

The calculated values for D  in Table 1 agree well with the average cluster diameters determined by 
DLS denoted by DLSD  for Ag, CuS and three La(OH)3 samples which verifies the validity of Eq. (3) 

[10]. 
  
The same procedure is applied to determine the average wall thickness g=37±3 Å and inner radius 

375iR  Å for spherical mono-crystalline CuS (covellite) hollow clusters with lognormal size 

distribution from XRD data analysis [10]. However, the calculated g value is smaller than the 
average wall thickness g=52±6 Å determined by HRTEM. The difference is assumed to be related 
to the rather imprecise determination of the wall thickness on the basis of HRTEM images, because 
the hollow clusters tend to collapse due to illumination with an high-energy electron beam. 
 

 

FIG. 9  Plots of  2k  as a function of 2k  for Ag (a), La(OH)3 
(b), CuS (d) and ZnO (d) hollow clusters, respectively. 
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Furthermore, the properties of In-Ag core-shell clusters were investigated, which consist of a 
massive In core surrounded by an Ag shell [10]. The XRD pattern shows three Bragg reflections of 
Ag, but only the most intense (101) reflection of In. The absence of other diffraction lines in the 
XRD pattern suggests that InAg alloy were not formed. The properties of the In core could not be 
further analyzed on the basis of only one reflection. For spherical mono-crystalline Ag shells with a 
lognormal size distribution, the XRD line broadening analysis results in an average shell thickness 
g=26±3 Å and consequently an average inner shell radius of 362iR  Å [10]. The g value 

estimated from XRD is in agreement with g=30±4 Å obtained by HRTEM, demonstrating that the 
ring with low contrast observed on HRTEM images of In-Ag core-shell clusters indeed represents 
the Ag shell [10]. 
 

Table 1:  
 

* DSD  derived by DS after adding a stabilizer substance, which forms an external shell around ZnO HC; 

** TEMD  determined by TEM. 
 

Finally, XRD, HRTEM and differential sedimentation (DS) are used to determine the properties of 
ZnO hollow clusters, which agglomerate rapidly. To prevent cluster agglomeration, a hydrophilic 
shell formed by TMP molecules is chemically bonded to their surface. This prevents size 
determination by DS, due to the unknown thickness of the TMP shell. However, XRD is suited to 
determine D  (see Table 1), because the external organic shell contributes only weakly to the XRD 
pattern. Moreover, comparing the D  values derived by XRD and DS, the thickness of the external 
shell can be calculated according to eXRDDS gRR   which yields ge=18±5 Å [10]. 
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