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Three-Dimensional Atomic Structure of Supported Au
Nanoparticles at High Temperature
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Au nanoparticles (NPs) deposited on CeO2 are extensively used as thermal catalysts since the mor-
phology of the NPs is expected to be stable at elevated temperatures. Although it is well known
that the activity of Au NPs depends on their size and surface structure, their three-dimensional
(3D) structure at the atomic scale has not been completely characterized as a function of tempera-
ture. In this paper, we overcome the limitations of conventional electron tomography by combining
atom counting applied to aberration-corrected scanning transmission electron microscopy images and
molecular dynamics relaxation. In this manner, we were able to perform an atomic resolution 3D
investigation of supported Au NPs. Our results enable us to characterize the 3D equilibrium structure
of single NPs as a function of temperature. Moreover, the dynamic 3D structural evolution of the
NPs at high temperatures, including surface layer jumping and crystalline transformations, has been
studied.

1 Introduction
Understanding the catalytic activity of CeO2 supported Au
nanoparticles (NPs) has been an intensive research topic for the
last decades. Indeed, supported Au NPs smaller than 3-5 nm are
highly effective catalysts in a wide range of catalytic reactions,
e.g. CO oxidation and the water-gas shift reaction1–5. It is gen-
erally recognized that the activity of Au NPs depends on their
size and surface structure. For example, it has been observed
that the presence of highly undercoordinated atoms or stepped
facets at the surface promotes adsorption of CO molecules or O2

molecules1,6,7. However, the general shape and surface facets of
supported NPs are also highly dependent on environmental con-
ditions, such as pressure8–10 or temperature11–13. Quantitative
investigations of the atomic configuration at the surface under
relevant conditions are thus essential to reveal the active sites of
the NPs.

To study these effects, in situ transmission electron microscopy
(TEM) has been used extensively. For example, it was shown that
CeO2 supported Au NPs yield a rounded morphology in an oxida-
tive atmosphere, whereas they appear faceted in a reducing envi-
ronment9. A reversible dynamics for Au NPs under reactive en-
vironments8–10,14 was furthermore revealed, yielding crystalline
transformations14 but also surface atom diffusion10. Phase trans-
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formations and morphological evolution of free-standing Au NPs
have been extensively studied11, particularly at temperatures ap-
proaching the melting point of Au NPs9,10. However, most of
these observations are based on two-dimensional (2D) informa-
tion only, which is not sufficient to connect the entire three-
dimensional (3D) structure of the catalysts to their properties.

In the present work, we investigate Au NPs deposited on CeO2.
Supported NPs are used as thermal catalysts since it is expected
that the morphology of the NPs is stable at elevated tempera-
tures. Experimentally imaging changes of the 3D atomic structure
of catalytic NPs at high temperature, including facet distribution
and surface dynamics, is technically challenging but is an essen-
tial tool toward design and control over the catalyst structure and
performance. Although high-resolution electron tomography has
been used to investigate the atomic structure of NPs in 3D, the
combination with in situ measurements is far from straightfor-
ward because of several technical and more fundamental rea-
sons. The main limitation is the time required to collect a tilt
series of images, which is typically equal to 1 or several hours15.
Since catalysts are in active and non-equilibrium states, conven-
tional tomography approaches cannot be applied to investigate
the fast changes that supported catalyst NPs undergo when being
exposed to a relevant environment. Here, we therefore apply a
3D characterization method that is based on counting the num-
ber of atoms in an atomic column from high angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
images and molecular dynamics (MD) simulations to investigate
the 3D atomic structure of supported Au NPs16,17. This enables us
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Fig. 1 Schematic illustration of the methodology to obtain a 3D model for Au NPs on a CeO2 substrate. (a) Raw HAADF-STEM image of a Au NP
on CeO2 support at room temperature. (b) Restored, registered and averaged image (based on ten consecutive frames). (c) Total number of atoms
in each atomic column. (d) The final 3D model obtained through MD simulations. The color code corresponds to the coordination number (CN) of
each atom. CN=6: atom located on a corner, CN=7: atom located at an edge between two facets, CN=8: atom that is part of a {100} facet, CN=9:
atom that is part of a {111} facet, CN=10 or CN=11: atom located in the second layer of an edge, CN=12: inner atom.

to directly estimate the 3D shape of the NP from the experimen-
tal observations. In this paper, we first investigate the equilibrium
morphology of CeO2 supported Au NPs at different temperatures
in a quantitative manner. Next, we characterize the dynamic 3D
structure evolution of the NPs at high temperatures, including
surface layer jumping and crystalline transformations.

2 Results and discussion

We have previously shown that the number of atoms in an atomic
column of a NP can be counted with single atom sensitivity from
HAADF-STEM images, provided that they yield a sufficiently large
signal-to-noise ratio (SNR)17–20. In order to study the equilib-
rium shape of the CeO2 supported Au NPs, ten consecutive time
frames were averaged based on a rigid and non-rigid image reg-
istration procedure21. Prior to averaging, we applied to each in-
dividual time frame an in-house developed deep convolutional
neural network (CNN) approach for STEM image restoration, en-
abling us to correct distortions in the images17. Figure 1.a shows
an uncorrected image of a Au NP on CeO2 at room temperature.
After the averaging of the restored registered time frames (Fig-
ure 1.b), we counted the number of atoms in each of the atomic
columns of the Au NP with the hybrid statistics-simulations-based
atom counting method19 by taking the detector sensitivity22 and
the temperature-dependent root mean square deviation of Au
atoms into account. The counting results, displayed in Figure 1.c,
were used to generate a 3D starting configuration by positioning
the atoms in each atomic column parallel to the beam direction
based on an Au crystalline structure and symmetrically around
a central plane. By means of MD simulations that employ the
embedded atom method23, a relaxed 3D model for the structure
of the NP was obtained, as illustrated in Figure 1.d. During the
MD simulations, the substrate was assumed to have a constant
thickness, and a model for CeO2 was generated based on the flu-
orite structure24,25. To incorporate the interaction between the
particle and the substrate, we used the Lennard-Jones potential.
All MD simulations were performed by taking the substrate ef-
fect into account, although the substrate is not displayed in the
figures. More details on the MD simulations are provided in the
Methods section. From Figure 1.a, it can be seen that some over-
lap between Au and CeO2 appears due to slight tilting of the NP

with respect to the electron beam, which creates some artifacts
at the interface. Since particle rotation is often observed during
the acquisition of a time series of images, the effect of overlap
is even more pronounced in the averaged image (Figure 1.b). It
should be noted, however, that this interfacial layer was not taken
into account during atom counting and did not influence further
results.

Using this methodology, we first investigated the thermal sta-
bility of a CeO2 supported Au NP by studying the equilibrium
shape and possible facet redistribution as a function of tem-
perature. The averaged HAADF-STEM images of a supported
Au NP at different temperatures are displayed in Figure 2.a.
The epitaxial relationship between the support and the NP is
Au{111}//CeO2{111}, which is extensively observed for ceria
supported Au NPs9,14. It can be seen that the 2D projected shape
of the NP remains almost the same up to 500 °C. To determine
the 3D structure of the particle, we first applied atom counting
(Figure 2.b) and found that the total number of detected atoms
decreases from 3785 to 3676. Considering the total number of
atomic columns indicated in Figure 2.b, this means that on aver-
age less than one atom per column disappears, likely because of
sputtering caused by the electron beam or due to thermal vibra-
tions, which may complicate the atom detection. Based on the
results from atom counting, initial models were created, and MD
relaxation was applied for each temperature. Figures 2.c-e show
the side, top, and bottom view of the relaxed 3D structures. In ac-
cordance with the literature26,27, the NP has a truncated octahe-
dron shape at room temperature, which is enclosed by {100} and
{111} surface facets, as indicated by the color codes explained in
Figure 1.d, although small variations can be observed in the coor-
dination number of the atoms located at the {111} interface due
to the lattice mismatch between the NP and substrate.

In order to further quantify our results, we determined the co-
ordination number of the atoms at different temperatures (Figure
2.f). As the temperature increases, the percentage of atoms with
a coordination number equal to 12 gradually increases, whereas
the percentage of atoms with coordination number 10 and 11 de-
creases since the shape of the NP becomes more symmetric and
round. Hereby, atoms will displace from the surface to the interior
of the particle. Although there is little change for the coordina-
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Fig. 2 Structural characterization of a Au NP at different temperatures.
(a) Restored, registered and averaged HAADF-STEM images of the Au
NP. (b) Atom counting results of the Au NP. The total number of atoms
and total number of atomic columns are labeled for each temperature.
(c-e) Side, top and bottom view of the relaxed 3D structures. The atoms
are presented in different colors according to the coordination numbers
(see Figure 1.d). (f) Coordination number histogram of all atoms at
different temperatures.

tion numbers as a function of temperature, we do note that the
shape of the local surface facets changes, as can be seen by com-
paring the results for different temperatures in Figure 2.c-e. Since
the coordination numbers are important in terms of the activity
of the NP during catalysis, our quantitative 3D results prove that
this specific particle is indeed expected to be thermally stable up
to at least 500 °C.

It is known that the equilibrium shape of supported Au NPs
depends on their size. Therefore, a comparison for NPs with dif-
ferent sizes is made in Figure 3, where the particle at the right
is the same as the one in Figure 2. HAADF-STEM images of the
nanoparticles having a different number of atoms are shown in
the first row. In addition to the size effect, the lattice mismatch
between the Au NP (4.07 A°) and oxide substrate (5.41 A°) can
also affect the shape of the supported NPs23,24,26. Therefore, the
positions of the atomic columns were fitted using statistical pa-
rameter estimation theory, and the projected atomic displacement
maps of each NP were extracted according to the ideal positions
of the Au atoms. The displacement maps are shown in the second
row of Figure 3. Then, the same methodology as explained above
was used to extract the shape and the coordination numbers as a

function of temperature. The side and the bottom view of the re-
laxed 3D structures are illustrated in the third and the fourth row,
respectively. Finally, the coordination numbers are shown in the
fifth row. According to Figure 3.a, high strain can be observed at
the interface between the particle and the oxide substrate at room
temperature. At 500 °C, on the other hand, the projected displace-
ment map shows that the strain at the interface of this particle is
more relaxed. This is likely related to the observation that the in-
terface area is also reduced from approximately 13.7 nm2 to 11.9
nm2, which is measured from the 3D models. Accordingly, the NP
grows in height and becomes more rounded and the percentage of
12-coordinated atoms increases significantly. Moreover, the con-
tribution of the edge atoms (7-coordinated atoms) increases, ac-
companied by a decrease in {100} and {111} facets correspond-
ing to 8 and 9-coordinated atoms. A similar mechanism is ob-
served for the larger particle shown in Figure 3.b. To relax the
strain at the interface at high temperature, the area of the inter-
face between the NP and the substrate is decreased from 20.6 nm2

to 19.4 nm2, which leads to a small rise in the percentage of atoms
with a coordination number equal to 12. On the other hand, as
the size of the Au NP increases (Figure 3.c), the transformation
of the morphology at higher temperature becomes less apparent,
in accordance with literature26. As discussed above, although the
contribution of the energetically more favorable {100} and {111}
facets increase slightly, the interfacial area for the largest Au NP
(Figure 3.c) remains stable (around 23 nm2). Also, the morphol-
ogy is maintained while increasing the temperature.

Next, we investigated non-equilibrium shape transformations
for this type of supported Au NPs. For this purpose, we acquired
a time series of images at 400 °C after an initial acquisition time of
0.14 seconds (Figure 4.a). These individual images were restored
using the CNN, and in contrast to the procedures for Figures 1-3,
no averaging of consecutive images was performed. At these tem-
peratures, it has been shown previously that entire surface layers
of atoms abruptly displace, a phenomenon which is referred to as
“layer jumping”10. To reliably count the number of atoms from a
time series of images, we used a hidden Markov model which ex-
plicitly models the possibility of structural changes over time28.
The temporal resolution equals 0.629 s, corresponding to a frame
size of 1024 by 1024 pixels and dwell time of 0.5 µs. It should
be noted that the temporal resolution could be further improved
by decreasing the dwell time and frame size. The atom counting
results are displayed in Figure 4.b. The total number of atoms
was found to be close to 1125 for all frames, except for frame
3, for which the number of atoms was equal to 1103. This ob-
servation is related to the layer jump, which can be seen more
clearly in Figure 4.c, illustrating the counting difference between
the consecutive frames. The blue color code indicates a decreas-
ing number of atoms, and the red color code corresponds to an
increase in the number of atoms. Figure 4 demonstrates that a
layer on the (010) surface facet disappears on the third frame
and reappears in frame 4.

Based on the counting results, input structures for MD simula-
tions were again created, and the results are illustrated in Figure
4.d and Figure 4.e. It is clear that the NP in Figure 4 has a simi-
lar morphology as the particle in Figure 2, with {100} and {111}

Journal Name, [year], [vol.],1–7 | 3



Fig. 3 The 3D structural characterization of the supported Au NPs with different sizes at 21 °C and 500 °C. (a) Au NP having around 1000 atoms. (b)
Au NP having around 2400 atoms. (c) Au NP having around 3700 atoms. The atoms are presented in different colors according to the coordination
numbers (see Figure 1.d).

surface facets. Based on the 3D models, we can indeed see that
an entire (100) plane disappears and reappears (pink atoms in
Figure 4.e). Moreover, from the MD simulations, the potential
energy was extracted for each system. In the potential energy
curve, shown in Figure 4.d, it can be seen that the energy slightly
increases after frame 2. This means that the particle becomes
less stable around the event of the layer jump. Afterwards, the
potential energy decreases and the particle becomes more stable
again. It can be seen in Figure 4.e that for the model correspond-
ing to frame 4, the layer (in pink) is not in exact agreement with
the original plane (frame 1 and 2) and deviates from a perfect
(010) facet. In frame 5, however, the facet is recovered, and the
potential energy decreases. Our 3D models indicate that the pro-
cess of layer jumping cannot be simply considered as a reversible
rigid displacement of an entire facet. Indeed, there is a significant
change in the surface structure and sites (e.g. frame 3 and 4).

Finally, in addition to changes in the surface structure, we also
characterized crystalline transformations that appear for the en-
tire NP at 500 °C. It has been reported that Au NPs in an oxygen
atmosphere can transform between two crystalline orientations
by electron irradiation or thermal heating since the potential en-

ergies of these two orientations are close14. These orientations
are referred to as Type I: (111)[-110]CeO2//(111)[-110]Au and
Type II: (111)[-110]CeO2//(111)[1-10]Au. Figure 5 shows an
example of a crystalline transformation of a NP which alternates
between a Type I and Type II structure, albeit here under high
vacuum conditions. The number of atoms for each atomic col-
umn is presented in Figure 5.b. Again, no averaging of consec-
utive frames was performed prior to quantification. Figure 5.c
displays the 3D models based on MD simulations, whereas in Fig-
ure 5.d, the percentage of internal atoms that can be classified as
FCC or HCP is presented, together with the contribution of the
disordered atoms. Also the average potential energy per atom for
the Au NP was extracted from MD simulations and is displayed in
Figure 5.d.

In frame 1 and frame 76, the NP yields a Type II structure, with
an FCC internal structure according to the graph in Figure 5.d. In
between frame 1 and frame 76, a structural transformation takes
place. First, a disordered structure (frame 16) is observed with-
out any ordered facet on the surface (Figure 5.c). Then, a Type I
structure is found to be dominant in frame 51, and a twin bound-
ary appears within the NP, which is marked by a dashed white
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Fig. 4 Reversible shape transformation of the supported Au NP. (a)
Time series HAADF-STEM images of a supported Au NP at 400 °C (b)
Atom counting results of the Au NP at different time frames. The total
number of columns and the total number of atoms are listed for each time
snapshot. (c) The change in the number of atoms for all atomic columns
between consecutive time frames. (d) 3D relaxed structure of the Au
NP at each time frame. The atoms are presented in different colors
according to the coordination numbers (see Figure 1.d). (e) Averaged
total potential energy per atom for each time shot.

line in Figure 5.a. As it can be seen in Figure 5.d, this structural
transformation is reflected as an increase in the average potential
energy per atom and HCP internal structure. In frame 76, the
NP has completely transformed back to Type II by having ener-
getically stable {111} and {100} facets, and the potential energy
drops again. Moreover, during this reversible transformation, it
should be noted that there is always one layer at the interface be-
tween the Au NP and oxide support that remains Type II, which
indicates the strong interaction between Au and CeO2.

The surface dynamics of CeO2 supported Au NPs have been
previously investigated by high-resolution TEM. However, given
that such images invariably correspond to 2D projections of 3D
objects, the interpretation of the particle morphology might be
challenging. Conventional electron tomography is not applicable
to evaluate the surface structure due to the fast dynamics of the
atom movement. The methodology that we present here enables
us to go beyond these limitations since we are able to directly
describe dynamic changes in the 3D atomic structure in a quanti-
tative manner, also at high temperature. Moreover, it is clear from
our experiments that events such as layer jumping or crystalline
transformation between type I and II structure are accompanied
by intermediate disordered structures with higher potential ener-
gies, which may have an influence on the catalytic activity of the
particle. Our results can be regarded as realistic 3D input struc-
tures and can directly be used as an input for further simulation

Fig. 5 Crystalline orientation transformation of a supported Au NP. (a)
Raw HAADF-STEM images of the supported Au NP at different time
frames at 500 °C. (b) Atom counting results of the Au NP at different
time frames. The number of columns and the total number of atoms
are listed for each time snapshot. (c) 3D models of the supported Au
NP. The atoms are presented in different colors according to the co-
ordination numbers (see Figure 1.d). (d) Structural changes and the
average potential energy change per atom with the reversible structural
transformation.

studies to connect the structure of these catalytic NPs to their ac-
tivity. The method used in the present work could eventually be
extended to a gaseous environment, which will enable real-time
3D characterizations for in-situ and operando catalytic reactions.

3 Conclusions
In conclusion, by combining atom counting based on aberration-
corrected HAADF-STEM images and MD relaxation, we were able
to perform the atomic-resolution 3D investigation of supported
Au NPs. In this manner, we investigated the 3D equilibrium struc-
ture of single NPs as a function of temperature. We observed the
overall shape appears to become more rounded at higher temper-
ature, especially for relatively small NPs, which might be related
to relaxation of interfacial strain. Moreover, we performed an
analysis of the surface dynamics, including atomic layer jumping,
which is most likely driven by surface atom diffusion. Finally, we
characterized the crystalline transformation of a supported NP in
3D at high temperature.

4 Methods
Experimental details. Au/CeO2 samples were prepared by a
physical sputtering coating method. Commercial CeO2 powder
(Sigma-Aldrich) was dispersed in ethanol and drop-casted on a
DENSsolutions Nano-chip with a SiNx membrane. The chip was
then dried under a lamp for ten minutes and inserted in a sput-
ter chamber. Au NPs were deposited from an Au target using 80
mA current for 5 s in ionized Argon. Next, the chip was mounted
in a DENSsolutions Wildfire double tilt holder and inserted into
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a Thermo Fisher Scientific Themis Z microscope. After heating
at 500 °C in the vacuum of the microscope column for 1h, a
model Au/CeO2 system was obtained for further in situ TEM ex-
periments at 300 keV and probe current of 50 pA. The image
acquisition parameters of the STEM images, which are shown in
each figure, are listed in Table 1.

HAADF-STEM image quantification. A hybrid statistics-
simulations-based atom counting method is performed using Stat-
STEM19,29. In this method, the intensities in the HAADF-STEM
images are modeled as a superposition of 2D Gaussian functions.
Then, the unknown parameters and the volumes under the Gaus-
sian peaks, i.e. the scattering cross-sections, are estimated by fit-
ting an incoherent parametric imaging model to the experimen-
tal images using a criterion of the goodness of fit. In a subse-
quent analysis, the distribution of the scattering cross-sections
of all atomic columns is decomposed into overlapping normal
distributions. This allows us to count the number of atoms in
a particular atomic column with single-atom sensitivity. How-
ever, in the absence of a priori knowledge, the results need to be
validated with reference scattering cross-section values resulting
from accurate multislice simulations. Therefore, frozen phonon
calculations by MULTEM30 are performed to obtain the refer-
ence scattering cross-section values by taking the detector char-
acteristics into account due to the non-uniform real detector sur-
face22. Moreover, for an accurate quantitative result, the change
in root mean square deviation (rmsd) of Au atoms with respect
to temperature is considered during the image simulations by us-
ing the parameterization for the temperature-dependent Debye-
Waller factors31.

Molecular dynamics simulations. MD simulations are carried
out using LAMMPS32,33. The simulations are carried out without
periodic boundary conditions, and the equations of motion are
integrated using the velocity Verlet algorithm with a time step of
0.5 fs. Also, the total linear and angular momenta are conserved
so that the supported Au NPs do not drift or rotate throughout
our simulation.

First, the energy of the 3D models is minimized using the con-
jugate gradient method. Then, to obtain the equilibrium shape
and structure of the Au NPs at different temperatures, full MD re-
laxation at experimental temperature is performed in the canon-
ical (NVT) ensemble for 5 ns. However, to investigate the non-
equilibrium shapes of the NPs during the reversible structure and
shape transformations, the NPs are relaxed for a shorter period
of time in order not to result in a more stable but different struc-
ture from the experimental observation. Therefore, any deviation
from the projected initial atomic column positions is considered
as a stopping criterion for the relaxation process. All the 3D struc-
tures are visualized by OVITO open visualization tool34. Also, the
coordination analysis and the polyhedral template matching ap-
proach for the structural classification (Figure 5.d) are applied
through OVITO Python open-source scripts35. For the internal
structure characterization of the NPs at 500 °C, the temperature
effect is included by considering the parameterized Debye-Waller
factors31 and the temperature-dependent root mean square devi-
ation of Au atoms (rmsd=0.14 at 500 °C).
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