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Three-dimensional atomic models from a single pro-
jection using Z-contrast imaging: verification by elec-
tron tomography and opportunities †

A. De Backer,a L. Jones,b I. Lobato,a T. Altantzis,a B. Goris,a P.D. Nellist,b S. Bals,∗a and
S. Van Aert∗a

In order to fully exploit structure-property relations of nanomaterials, three-dimensional (3D) char-
acterization at the atomic scale is often required. In recent years, the resolution of electron to-
mography has reached the atomic scale. However, such tomography typically requires several
projection images demanding substantial electron dose. A newly developed alternative circum-
vents this by counting the number of atoms across a single projection. These atom counts can
be used to create an initial atomic model with which an energy minimization can be applied to
obtain a relaxed 3D reconstruction of the nanoparticle. Here, we compare, at the atomic scale,
this single projection reconstruction approach with tomography and find an excellent agreement.
This new approach allows for the characterization of beam-sensitive materials or where the acqui-
sition of a tilt series is impossible. As an example, the utility is illustrated by the 3D atomic scale
characterization of a nanodumbbell on an in situ heating holder of limited tilt range.

Introduction
Modern experimental characterization techniques should be able
to determine the structure of nanoparticles at the atomic scale,
since the particle’s properties are directly related to the atomic
structure. Scanning transmission electron microscopy (STEM) is
established as a valuable method to investigate nanomaterials.
However, two-dimensional (2D) projection images may result in
an incomplete characterization of the material’s structure. There-
fore, different techniques to retrieve the three-dimensional (3D)
atomic structure have been suggested in the field of electron mi-
croscopy. One of the most well known and promising techniques
to achieve atomic resolution in 3D is electron tomography1,2. For
this, a series of 2D projection images at different tilt angles is
used as an input for a computer algorithm to obtain a 3D re-
construction. Although this is not yet routinely possible for all
structures, the scope of electron tomography has been pushed be-
yond 3D characterization at the nanoscale in order to also resolve
atomic positions in 3D. Van Aert et al. demonstrated the visual-
ization of individual atoms for the first time in 3D from 2D pro-
jection images using discrete tomography3. The same approach
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has been used to reconstruct the core of a PbSe-CdSe nanoparti-
cle4. Shortly after, a reconstruction technique based on compres-
sive sensing was developed for a 3D reconstruction at the atomic
scale. This technique has successfully been applied at the atomic
scale using annular dark field (ADF) STEM for the determination
of surface facets in Au nanorods5. Recently, lattice strain mea-
surement was demonstrated in 3D using a model-based electron
tomography technique6 or by using a reconstruction technique
known as equal sloped tomography7. Furthermore, 3D recon-
struction methods are evolving toward unscrambling mixed el-
ements at the atomic scale8–10. However, for a successful 3D
reconstruction using electron tomography, there are several limi-
tations. Electron tomography requires multiple exposures which
is not always feasible in practice. For example, in situ experiments
or the characterization of beam sensitive materials at the atomic
scale are nearly impossible using electron tomography. In order to
overcome these limitations, alternatives to electron tomography
for a 3D reconstruction at the atomic scale have been proposed
where the 3D atomic structure is reconstructed from a single
projection9,11–14. The alternative method considered here11,13

combines atom-counting in ADF STEM15–18 with prior knowl-
edge about a material’s crystal structure. An energy minimization
using ab-initio calculations or a Monte Carlo approach is then
performed to relax the nanoparticle’s 3D structure11,13,19. This
method is designed to apply to nanoparticles which are roughly
symmetrical along the beam direction in the electron microscope.
The latter approach was recently applied to study oriented attach-
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ment in a 2D lattice of PbSe quantum dots which was extremely
sensitive to the electron beam20.
The 3D atomic models obtained using the atom-counting/energy
minimization approach can be interpreted in terms of their sur-
face facets. These surface facets have a major influence on the
physical properties of nanostructures. In particular for metallic
nanoparticles, their catalytic activity is governed by their faceted
morphology. The development of facet-controlled synthesis of
nanoparticles21,22 requires characterization tools in order to opti-
mize the catalyst’s properties23,24. A broad variety of techniques
can be used to index surface facets including scanning probe
techniques (SPM) such as atomic force microscopy (AFM) and
scanning tunneling microscopy (STM)25, X-ray diffraction tech-
niques26, scanning electron microscopy (SEM)27,28, transmis-
sion electron microscopy (TEM)29,30, STEM and STEM tomog-
raphy5,31–33. Recently a different electron diffraction technique
was proposed, the so-called coherent nanoarea electron diffrac-
tion (NED) technique34, which is also a dose-efficient technique
for the determination of high index facets in large nanoparticles.
Each of these methods has its own benefits, however, a visual-
ization of the morphology from a 3D atomic resolution recon-
struction as provided by the atom-counting/energy-minimization
method, yields a complete characterization and a directly inter-
pretable result.
In this paper, we begin by validating our new atom-
counting/energy-minimization approach against state-of-the-art
compressive sensing electron tomography; first at room temper-
ature using a high tilt tomography holder. Once validated, we
exploit this with the single viewing direction available from an
in situ heating holder. The retrieved 3D atomic reconstructions
directly reveal changes in facet-type and facet-area ratio’s. We
expect these measured properties to be of critical importance for
the study of catalysis5,31,32,35,36.

Experimental details & Methods

Electron microscopy

Au nanorods and nanodumbbells were grown in the BioNanoPlas-
monics Lab in Spain, following the procedure previously reported
by Grzelczak and co-workers37. ADF STEM projection images
were acquired using an aberration corrected FEI-Titan cubed 60-
300 electron microscope. The electron microscope was operated
at 200 keV with a 24 mrad convergence angle for imaging the Au
nanorod for the validation against electron tomography and op-
erated at 300 keV with a 21.4 mrad convergence angle for imaging
the Au nanodumbbell on the in situ heating holder. The inner
and outer detector collection angles were 45 mrad and 160 mrad
respectively. For the acquisition of low and high magnification
tomography series, a Fischione model 2040 tilt-rotation tomogra-
phy holder was used. The low magnification series were acquired
within a tilt range from −70◦ to +70◦ and a tilt increment of
5◦. The high resolution reconstruction was obtained by minimiz-
ing the L1 norm of the object simultaneously with the projection
distance, as explained in Ref.5. For the acquisition of the high
resolution projection images of the Au dumbbell before and af-
ter heating, a GATAN double-tilt-in-situ holder was used. During
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Fig. 1 High resolution ADF STEM projection images of a Au nanorod
and statistical atom-counting (a,b,c) Three projection images obtained
by tilting the nanorod around the long axis. (d) Refined model of projec-
tion image (c). (e) Atom-counts for this projection image.

this experiment, a series of 16 images of 1024× 1024 pixels with
a dwell time of 2 µs per pixel were recorded in quick succession
to minimize sample damage and counter non-linear distortions.
The effects of linear scan-drift were minimized by incorporating
a 90◦ scan-rotation between the successive frames38. The image
series was rigid aligned to counter stage-drift, and then non-rigid
registered to counter non-linear environmental distortion using
the SmartAlign software39.

Atom-counting

For each of the projection images, the number of atoms in the
projected atomic columns was determined using a statistics-based
atom-counting method. This statistical atom-counting method
is developed for application to aberration corrected ADF STEM
images of monotype crystalline nanostructures in zone-axis.
This method can be applied to nanocrystals of arbitrary shape,
size, and atom type without the need for prior knowledge of
the nanostructure. Trustworthy single-atom sensitivity can be
achieved with this method16–18. The atom-counting here was
performed using StatSTEM40. The statistics-based method relies
on an atomic column by atomic column quantification of the
so-called scattering cross-sections41,42, i.e. the total intensity of
scattered electrons for each projected atomic column. To achieve
this, the image is first modeled by a superposition of Gaussian
peaks located at the atomic column positions40,43. The scattering
cross-section then equals the volume under the Gaussian peak
and can be calculated for each projected atomic column. Next,
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Fig. 2 Comparison of the reconstructions based on atom-counting with energy minimization and those obtained by atomic resolution
tomography (a,b) Compressive sensing based reconstruction of Au nanorod viewed along [001] and [110] direction. (c,d) Reconstruction based on
atom-counting and energy minimization using a single projection image (Fig. 1(a)) viewed along [001] and [110] orientation (the coloring of the Au
atoms indicates the nearest-neighbor coordination, from 1 in red to 12 in dark blue). (e,f) Overlap of reconstructions shown in (a,c) and (b,d). (g,h,i)
Comparison of atom-counts along different orientations from an orthogonal slice from the compressive sensing based reconstruction (red crosses) and
statistical atom-counting results obtained from the three ADF STEM images of Fig. 1 (a-c) (blue dots).

the distribution of scattering cross-sections from all the atomic
columns is decomposed into overlapping normal distributions,
where the number of normal components is selected using
an integrated classification likelihood approach. The number
of atoms in each projected atomic column is then obtained
by assigning the component that generates the experimental
scattering cross-section with the highest probability. This results
in a map with the atom-counts in each projected atomic column.
Due to the statistical nature of this method the percentage of
atomic columns that has been determined with single atom
sensitivity can be identified. The exact value of the percentage
of atomic columns with single atom sensitivity is affected by
several factors, such as the number of atomic columns in the
observed ADF STEM image and the thickness of the particle16,
the incident electron dose44, the STEM detector angles45, and
scan noise/distortions and other instrumental limitations39,46.

Energy minimization

Based on the atom-counting results, an initial 3D configuration
can be obtained by positioning the atoms in each atomic column,

parallel to the beam direction, symmetrically around a central
plane. The atoms are separated by a fixed distance a or a/

√
2 for

the [100] and [110] orientation respectively (where a = 4.078 Å
is the lattice parameter of gold). In addition, prior knowledge
about the [100] or [110] specimen orientation can be included.
For example, for the [110] orientation the atomic position at
even planes are shifted along the beam direction by a/(2

√
2)

with respect to the odd planes. The relative heights of the
atomic columns are then relaxed using a Monte Carlo approach
using a Lennard-Jones potential13. Since the number of atoms
in each column is determined by the earlier atom-counting
analysis and since the atoms are not permitted to move between
columns, this relaxation is more computationally efficient than
approaches needing to solve both the atom-counts and heights
simultaneously14. For the in situ heating of the Au nanoparticle,
the surface facets are of special interest. However, the energy
minimization method described by Jones et al.13 reconstructs the
general morphology using an easily calculated, but somewhat
simplified, Lennard-Jones potential. This simplified potential
may not capture the full free-energy behavior at the surfaces and
may not reconstruct details on the surface facets for particles
containing more than a few thousand atoms. Therefore, more
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complete molecular dynamics (MD) simulations employing the
gold embedded atom method (EAM) potential47 have been
performed using the GPU Lammps package for the relaxation
of the initial 3D models for the heating experiment48,49. First,
the initial 3D models of the nanodumbbell and nanorod, which
contain 106 atoms were structurally relaxed by minimizing the
energy of the system at T = 0 K in order to reduce the stress
in the system. Then a full MD relaxation was performed in the
canonical ensemble with a time step of 3 fs, an equilibration
period of 15 ns, and a production of 3 ns. Over the production
time each atomic position has been extracted every 6 fs step. The
MD simulation has been carried out for a large cubic box without
periodic boundary conditions so that the surface of the nanorod
is free. In this MD approach, atoms are allowed to move between
columns. This is justified because of the limited precision of the
atom-counts, introduced by the electron counting noise, scan
noise, and other instrumental limitations16,39,44,46.
It should be noted that the MD simulation to relax the nanopar-
ticles’ structure, starting from a symmetrical configuration based
on the atom-counting results, is developed for the analysis of
metallic nanocatalysts, nanorods, nanodumbbells, and other
structures which are fairly close to being symmetrically dis-
tributed about a mid-plane perpendicular to the beam direction
and which do not contain voids. The major constraint on the
surface morphology is put by the atom-counting results and the
initial symmetrical configuration. The MD simulation will relax
the nanoparticles’ structure to the nearest local energy minimum.
The simulation is not allowed to change to the global minimum
of the free energy of a particle.

Results & Discussion

Electron tomography versus atom-counting combined with
energy minimization

Three projection ADF STEM images of a Au nanorod were ac-
quired along different major zone axes. The experimental im-
ages are shown in Fig. 1(a-c). For each of the projection images,
the number of atoms in the projected atomic columns was de-
termined using the statistics-based atom-counting method16,17.
Drift corrected images were modeled as a superposition of Gaus-
sian functions using StatSTEM40, details about the correction can
be found in Section S1 of the Electronic Supplementary Informa-
tion. In Fig. 1(d), the refined model is shown for the drift cor-
rected image of the projection image shown in Fig. 1(c). The
resulting atom-counting map is shown in Fig. 1(e). More details
on the atom-counting analysis for the three atomic resolution im-
ages in Fig. 1 can be found in the Electronic Supplementary In-
formation, Section S2 and Figs. S1-S3. Based on the counting
results, an initial symmetrical 3D atomic resolution model was
built which is then relaxed by minimizing its energy. In parallel,
the three projection images of Fig. 1(a-c) were used as an input
for a 3D reconstruction using a compressive sensing based recon-
struction technique5. For a 3D reconstruction at the atomic scale,
the sparsity of the object can be exploited in the reconstruction
algorithm, as only a limited number of voxels contains an atom

and most voxels correspond to vacuum.
In Fig. 2, a comparison is shown between the two atomic res-
olution reconstruction methods. Unlike the compressive sens-
ing based reconstruction, the reconstruction using atom-counting
combined with energy minimization is based on a single projec-
tion image, which is here the projection image recorded at −45◦.
Similar 3D atomic models are expected when performing atom-
counting and energy minimization starting from the two other
projection images (+45◦ and 0◦, Figs. 1(a) and (b), respectively).
Fig. 2(a,b) show the compressive sensing based reconstruction
visualized along the [001] and [110] directions respectively, and
similarly Fig. 2(c,d) show the reconstruction based on the atom-
counting/energy-minimization approach. Both reconstructions
are overlapped in Fig. 2(e,f) and an excellent visual match of the
overall morphology of the nanorod has been found. This agree-
ment is only made possible because of the high accuracy of the
statistically determined atom-counts. Moreover, it is found that
80% of all the columns are measured without error and that the
probability of miscounting the number of atoms with ±1 equals
20%, whereas the probability to have an error of ±2 atoms is al-
most zero. In order to compare the atom-counting results with
the atomic-resolution compressive sensing based reconstruction
in a more quantitative manner, the obtained atom counts from
each projection image in Fig. 1(a-c) are compared with the num-
ber of atoms that can be extracted from different directions from
an orthogonal slice of the atomic resolution compressive sensing
based reconstruction. This comparison is illustrated in Fig. 2(g-
i). The number of atoms has been counted in the 40th atomic
plane from the tip of the Au nanorod, which is arrowed in Fig.
1(e). Good agreement between the counts derived from the
3D reconstruction and from the statistics-based atom-counting
method is obtained. Slight deviations can be expected, since
the tomographic reconstruction represents the average structure
based on the three high-resolution projection images, whereas
the atom-counts result from each image separately. The compar-
ison between the atom-counting/energy-minimization approach
and state-of-the-art electron tomography validates that a trust-
worthy 3D reconstruction can be obtained from a single image,
where we can make reasonable assumptions that we are view-
ing a roughly symmetrical particle with no voids. Atom-counting
combined with energy minimization now opens up new possibil-
ities for the 3D characterization of materials where electron to-
mography cannot be applied. Perhaps the biggest potential scope
for this is where in situ holders simply do not exist with sufficient
tilt ranges for tomography. Here, we illustrate the utility of the
proposed approach for imaging a Au nanodumbbell on an in situ
heating holder.

Heating experiment

In this experiment we evaluate the structure of a Au nano-
dumbbell before and after heating. We deploy the atom-
counting/energy-minimization approach discussed above, to
estimate a 3D atomic model from a single 2D image, since the
heating holder does not allow sufficient tilt for tomography. Fig.
3(a) shows an overview image of the nanodumbbell prior to
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Fig. 3 Heating experiment (a,b) Overview image of Au dumbbell/rod before and after heating. (c,d) SmartAlign distortion corrected average of the Au
dumbbell/rod before and after heating. (e,f) Atom-counts before and after heating.

heating. A higher resolution image of the right part is depicted
in Fig. 3(c). Next, the Au nanodumbbell was heated up to
330◦C. The temperature was ramped up to 100◦C, 200◦C, 275◦C
and 330◦C, and was maintained for 5 minutes at each acquired
stage. After heating, the sample was allowed to cool to room
temperature in vacuum to investigate structural changes at
high resolution. An overview image (Fig. 3(b)) and an atomic
resolution image of the right part (Fig. 3(d)) were again acquired
along a single orientation. From the overview images, it is clear
that the nanodumbbell underwent a morphological transition
to a nanorod. Next, we will investigate the changes in the type
and area of crystallographic planes at the surface associated
with the morphological transformation. The statistics-based
atom-counting method has been applied to the atomic resolution
distortion corrected images (Figs. 3(c,d)) by using StatSTEM40.
The atom-counting results of the nanodumbbell and nanorod,
before and after heating respectively, are shown in Fig. 3(e,f).
More details about the atom-counting procedure are provided
in the Electronic Supplementary Information, Section S3 and
Figs. S4-S7. The whole model is required for performing reliable
MD simulations. Since only the right part of the nanodumbbell
and nanorod has been imaged at atomic resolution, the shape
of the remaining part of the nanodumbbell and nanorod will be
approximated for the creation of a 3D model of the whole nano-
dumbbell and nanorod. The overall shape has been estimated
from the low resolution image. The procedure to generate these
initial 3D models is described in Section S4 of the Electronic
Supplementary Information. In order to relax the initial 3D
reconstructions, MD simulations have been performed. Although
the atoms are allowed to move between projected atomic
columns, it is important to stress that the number of atoms per

atomic column does not change more than the expected error
for atom-counting on a particular column. The total number
of atoms in the nanostructure remains the same during the
relaxation. The statistics-based atom-counting method allows
us to determine the percentage of all atomic columns in which
the number of atoms is measured without error16,17; for this
experiment, this percentage equals 65%. Since the probability
to measure atoms to have an error of ±2 atoms equals is only
1%, 34% of all atomic columns are measured with an error of
±1. In Fig. S8 of the Electronic Supplementary Information, it is
illustrated that the difference between the statistical atom-counts
before and after relaxation is within the counting error and
randomly distributed among the particle.
The 3D atomic resolution reconstructions of the nanodumbbell
and nanorod, before and after heating respectively, are shown
in Fig. 4 along different directions. Along the direction of the
electron beam, additional surface roughness is observed (Figs.
4(a) and (c)). The facets perpendicular to the beam direction
are cleaner as they are directly observed from the projected
ADF STEM images. The surface roughness in the reconstruction
along the direction of the electron beam results from the limited
precision of the atom-counts, introduced by the electron counting
noise and scan noise present in the projection images16,39,44,46.
From the reconstructions, the surface facets can be clearly
observed for the entire tip of the nanodumbbell and nanorod in
Figs. 4(b) and (d). In Figs. 4(b) and (d), the direction of the
incoming electron beam is indicated by a black arrow. In these
figures, orange arrows indicate the width of the surface facets.
These widths could already be observed from the projection
images (Figs. 3(c) and (d)). On the other hand, yellow arrows
indicate the height of the surface facets. This new information
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Fig. 4 Three-dimensional atomic resolution reconstructions of the nanodumbbell/nanorod used for the heating experiment along different
viewing directions (a,b) Au dumbbell before heating, (c,d) Au rod after heating. The coloring of the Au atoms determines the nearest-neighbor
coordination.

can only be obtained from the atomic resolution reconstructions,
since the heights are parallel with the incoming electron beam
in the projection images. The 3D atomic models suggest that
the nanodumbbell and nanorod are mainly composed of {111},
{110}, and {100} facets. The method is even sensitive enough to
observe some of the higher index surfaces in between the lower
index facets. Furthermore, the low index surface facets are seen
to grow after heating the nanodumbbell. We observe part of this
information from the silhouette in the high resolution projection
images, however, the 3D atom-counting gives us additional
information about the height of facets along the beam direction.
Now, with the heights and the widths we directly observe the
area of each facet of different index. This is directly comparable
to other atomic resolution surface imaging techniques, such
as field ion microscopy50–52. However, in addition to the
surface, we have the 3D structure suitable as a realistic input for
computation materials science (e.g. density functional theory or
MD calculations, simulated annealing,...).

Conclusions
In this paper, a recently developed atom-counting/energy-
minimization method to reconstruct the atomic structure of
nanoparticles in 3D from a single Z-contrast image has been val-

idated against state-of-the-art compressive sensing electron to-
mography. The novel method is designed for the 3D atomic
resolution reconstruction of nanostructures with no voids which
are roughly symmetrical along the electron beam in the elec-
tron microscope. When comparing the 3D atomic resolution re-
constructions using the atom-counting/energy-minimization ap-
proach and electron tomography for a Au nanorod, an impres-
sive agreement was found between the two methods. This indi-
cates that the quantitative atom-counting results can be used as
a reference to further improve electron tomography reconstruc-
tion algorithms. Such a synergistic combination of atom-counting
and compressive sensing algorithms for electron tomography will
enable to include quantitative prior information on the num-
ber of atoms during the reconstruction. Furthermore, the atom-
counting/energy-minimization method opens the possibility for
the study of beam-sensitive materials, 2D self-assembled struc-
tures20, and where in situ hardware makes tomography impossi-
ble. As an illustration, the surface facets of a Au nanodumbbell
on an in situ heating holder were characterized. This heating ex-
periment reveals a transition from a nanodumbbell to a nanorod
with significant changes in facet areas. Such measurements are of
critical importance for the characterization of nanomaterials and
to study their physical behavior.
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