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strongly connected to their 3D struc-
ture.[1–10] Heterostructures, in which sev-
eral compounds are combined within a 
single nano-object, provide even more 
flexibility to tune their final properties. For 
example, bimetallic nanoparticles can dis-
play superior properties compared to their 
monometallic counterparts.[11–13] To under-
stand the connection between structure/
composition and properties, nanoparti-
cles are often investigated by transmis-
sion electron microscopy (TEM). Although 
TEM has become an indispensable tool 
for studying nanomaterials, it remains 
difficult to perform a 3D characterization. 
Indeed, conventional TEM provides 2D 
projection images of 3D objects, therefore 
missing a wealth of information. Electron 

tomography was developed to overcome this issue.[14–17]

In 2003, Midgley et  al. combined high angle annular dark 
field scanning TEM (HAADF-STEM) with tomography,[18,19] 
which has since been successfully applied to investigate a broad 
variety of nanostructures.[20–24]

During a typical electron tomography experiment, a series of 
2D projection images are collected along various tilt angles, to 
cover an angular range that is as large as possible. After align-
ment of the tilt series, they serve as the input to a mathemat-
ical algorithm that reconstructs the 3D structure of the object. 
Although the acquisition of a tilt series can be automated, it can 
take (many) hours to obtain all images, depending on the com-
plexity of the experiment. In addition, both the alignment and 
the reconstruction of the acquired projection images are car-
ried out through offline post-processing procedures, performed 
at a dedicated workstation. These steps are computationally 
demanding, leading to a total data processing time of at least 
1 h. To dramatically accelerate the acquisition of tilt series, so-
called “fast tomography” was recently introduced in both TEM 
and HAADF-STEM modes.[25–27] The methodology is based on 
continuously tilting the holder and simultaneously acquiring 
projection images, ideally while focusing and tracking the par-
ticle at the same time.

Fast HAADF-STEM tomography enables a new range 
of experiments, during which the dynamic behavior of 
nanoparticles can be probed in 3D. For example, recently this 
technique was combined with in situ heating to investigate the 
thermal stability of Au and Au/Pd nanoparticles.[27,28] These 
experiments are at the state of the art with respect to acquisi-
tion time, and we were able to record a full HAADF-STEM 
tilt series within about 5 min. However, since the alignment 

A detailed 3D investigation of nanoparticles at a local scale is of great impor-
tance to connect their structure and composition to their properties. Electron 
tomography has therefore become an important tool for the 3D characteriza-
tion of nanomaterials. 3D investigations typically comprise multiple steps, 
including acquisition, reconstruction, and analysis/quantification. Usually, 
the latter two steps are performed offline, at a dedicated workstation. This 
sequential workflow prevents on-the-fly control of experimental parameters to 
improve the quality of the 3D reconstruction, to select a relevant nanoparticle 
for further characterization, or to steer an in situ tomography experiment. 
Here, an efficient approach to overcome these limitations is presented, based 
on the real-time reconstruction of arbitrary 2D reconstructed slices through a 
3D object. Implementation of this method may lead to generalized implemen-
tation of electron tomography for routine nanoparticle characterization in 3D.

1. Introduction

Nanoparticles are important for a wide range of applica-
tions because of their unique properties, which are in general 
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and reconstruction are performed offline, after the tilt series 
has been acquired, it is difficult or even impossible to iden-
tify potential problems concerning the acquisition parameters 
or the sample conditions during the TEM experiment. Con-
sequently, efficient optimization of the experimental settings 
of a 3D in situ experiment remains far from straightforward. 
Moreover, when studying nanoparticles by electron microscopy, 
it is of key importance to investigate those structures that are 
representative of the entire sample. On the other hand, some-
times very specific structures need to be selected for further 
characterization by TEM. Especially when the 3D structure of 
the nanoparticles is of importance, evaluating the relevance of a 
given particle for further investigation is difficult based on con-
ventional, 2D TEM imaging. The ability to extract information 
about the 3D structure of a nanoparticle during its TEM inves-
tigation would enable the operator to immediately perform 
additional, optimized, or more detailed experiments on the 
same nanoparticle if necessary. One would be able to select, for 
example, particles with a specific 3D morphology prior to per-
forming more advanced or detailed TEM experiments. Finally, 
to fully exploit the potential of in situ holders and novel acquisi-
tion methodologies, direct 3D visual feedback will be of essence 
to adjust the experimental parameters on-the-fly, in response to 
the observed dynamics of the nanoparticles. Clearly, realizing 
real-time 3D feedback would make a crucial impact in the field 
of 3D (in situ) characterization of nanoparticles, and may even 
become a standard for conventional TEM.

Here we report on a real-time workflow for electron tomog-
raphy applied to nanoparticles, where alignment, reconstruc-
tion, and analysis are all carried out while acquiring the tilt 
series. The paper is structured as follows. In Section  2, we 
describe the concept of real-time reconstruction of arbitrary 
slices and how its implementation in the RECAST3D software 
has already enabled real-time synchrotron X-ray tomography. 
We also discuss which specific challenges have prevented 
using similar ideas for electron tomography. In Section  3, we 
propose the novel ingredients that we have used to extend 
the RECAST3D software for electron tomography. In Sec-
tion 4, two case studies will be presented to illustrate that our 
approach enables a quantitative, real-time 3D characterization 
of the structure of complex nanoparticles. We also demon strate 
the ability to quantitatively investigate their dynamic behavior 
in real-time during in situ experiments. Conclusions are pre-
sented in Section 5.

2. Real-Time Reconstruction of Arbitrary Slices

Recent developments concerning detector sensitivity and acqui-
sition strategies have reduced the time to perform an entire 
acquisition for electron tomography from hours to several min-
utes or even less. As a consequence, there is an emerging need 
to develop reconstruction methodologies which can operate on 
the same time scale, that is, in real-time. Previous research has 
focused on accelerating electron tomography reconstructions 
by improving the reconstruction algorithms or enabling them 
to run in parallel on large computational clusters or on multiple 
GPUs.[29–31] It has been reported that, when using a single 
NVIDIA GTX TITAN Z GPU, a 2048  ×  2048 × 1024 filtered 

back projection (FBP) reconstruction can be obtained within 
≈10 min.[32] Such a short reconstruction time can be further 
reduced down to 2 min by making use of 4 GPUs. When 
more advanced iterative reconstruction algorithms such as the 
simultaneous iterative reconstruction technique (SIRT)[33] are 
applied, capable of handling noisy and limited data, signifi-
cantly longer computation times are required, even when using 
multiple GPUs.[32,34]

The computational load further increases when using state-
of-the-art reconstruction algorithms, which exploit prior knowl-
edge about the reconstructed object. The discrete algebraic 
reconstruction technique (DART), for instance, uses prior 
knowledge on the discrete density of an object.[35,36] If the mate-
rial consists out of homogeneous regions, separated by sharp 
interfaces, DART is able to produce accurate reconstructions 
from a limited number of projection images. Total variation 
minimization (TVM), on the other hand, includes knowledge 
on the sparsity of the discrete gradient of the reconstructed 
object to improve upon the reconstruction accuracy and facili-
tate further quantification.[37–40] Although GPU implementa-
tions of reconstruction methods for 3D tomography do signifi-
cantly accelerate the reconstruction process, the computational 
power of a single GPU is not enough to enable real-time 3D 
tomography, especially given the recent drive toward accelerated 
acquisition. Moreover, it has been demonstrated that, provided 
with dedicated post-processing, FBP-type of reconstruction 
algorithms can produce more accurate reconstructions in a sig-
nificantly shorter time than iterative (regularized) methods.[41] 
The recently to realize real-time reconstructions is to provide a 
dedicated GPU cluster for each electron microscope, which is 
complex and costly.

The recently developed reconstruction software RECAST3D 
provides an alternative way to realize real-time reconstruc-
tions.[32] RECAST3D is available as open-source software[42] 
under the GPL license and is based on the idea that inspecting 
a 3D reconstructed volume is typically carried out by slicing 
through the reconstructed volume in various suitable direc-
tions, effectively looking at a set of 2D slices. This approach 
requires a single workstation equipped with a powerful GPU, 
thereby avoiding the need for a complex and costly GPU-cluster 
setup. The software exploits the intrinsic speed of the FBP algo-
rithm to reconstruct user-selected, arbitrarily oriented, 2D slices 
through the 3D structure in real time, without ever performing 
a full 3D volume reconstruction (Figure 1).

Although such slices are 2D images, they represent subsets 
of the 3D inner structure of the sample under investigation. 
A combination of different slices therefore yields quasi-3D 
information. Moreover, these slices can be computed at any 
arbitrary position and along any angle, enabling the TEM 
operator to dynamically highlight features of interest of the 
investigated object. Since reconstructing 2D slices is compu-
tationally far less expensive and significantly, more data effi-
cient than reconstructing the entire 3D structure, slices can 
be automatically updated on the fly during the acquisition of 
a tilt series. While the experiment is ongoing, the user can 
dynamically translate and rotate the selected slices through the 
reconstruction, guided by a low resolution 3D preview of the 
full reconstruction, as demonstrated in Movie S1, Supporting 
Information. Consequently, the quasi-3D tomographic view can 
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be constructed in only a fraction of the time needed to acquire a 
regular 3D reconstruction of the entire structure, providing the 
groundwork for true real-time tomography.

The feasibility and usefulness of this approach has first been 
demonstrated for X-ray tomography at the TOMCAT beamline 
at the Swiss Light Source (PSI), where dynamic phenomena 
could be observed during imaging.[43] Unfortunately, this con-
cept cannot be applied to electron tomography in a straightfor-
ward manner because of several key differences between X-ray 
and electron tomography. Indeed, in X-ray tomography a large 
number of projection images are typically acquired over a com-
plete angular range, resulting in an almost ideal sampling of 
the projection data space. Such data sets correspond exactly to 
the scenario where FBP provides accurate reconstructions. In 
contrast, in electron tomography, the risk of sample degrada-
tion or deformation during an electron tomography experiment 
makes it either impossible or undesirable to acquire a high 
amount of noise-free projection images. Therefore, the projec-
tion data are typically incomplete since the tilt increment is 
much larger (at least by a factor of 10) and the tilt range smaller 
(due to the missing wedge), as compared to X-ray tomography. 
In the case of imperfect projection data, because of either noise 
present in the projection images or when only a few projection 
images are available, FBP tends to result in imaging artefacts 
that hamper a quantitative interpretation of the reconstruction.

In the field of electron tomography, FBP is therefore typically 
outperformed by algebraic reconstruction methods such as the 
SIRT,[33] which however are much slower than FBP and are 
not suitable for reconstructing arbitrarily oriented slices.[44–46] 
Another key difference between electron tomography and X-ray 
tomography is the need for aligning the individual TEM projec-
tion images after their acquisition. Although several standard 
software packages are currently available for the alignment of 
electron tomography tilt series, none of them are able to per-
form the alignment in real-time. We introduce herein new 
computational ingredients that overcome all of these limita-
tions and enable real-time reconstruction of arbitrary slices for 
electron tomography. These new components have been added 
to the open-source RECAST3D software, thereby making them 
available to the entire electron microscopy community. Next, 
we discuss the dedicated features that were incorporated into 
the RECAST3D reconstruction framework, specialized for elec-
tron tomography.

3. Real-Time Reconstruction of Arbitrary Slices 
for Electron Tomography

3.1. Image Alignment

When a new projection is acquired, it is aligned in real-time with 
respect to previous projections by first performing a center-of-
mass correction based on the segmented projection image, using 
Otsu’s thresholding method,[47] followed by a conventional cross-
correlation method. This image alignment protocol is well-suited 
for aligning images of single nanoparticles. The center-of-mass 
correction shifts the center-of-mass of each projection image to 
the middle of that image and serves to provide a good starting 
point for the refined cross-correlation alignment. The cross-cor-
relation between the subsequent projection images is computed 
as the normalized product between the Fourier transform of one 
image and the complex conjugate of the Fourier transform of 
the other. By locating the maximum in the cross-correlation, the 
relative shift between the images can be determined.

3.2. Tilt Axis Alignment

Since FBP relies on forward- and backprojections, it is impor-
tant that the computational tilt axis is aligned to the experi-
mental one.[48] A possible discrepancy between both depends 
on the position of the particle of interest on the TEM grid or 
a slight bending of the grid and/or holder. Such discrepancy 
causes smearing artefacts in the reconstruction, lowering the 
reconstruction quality and hampering further quantification. 
Therefore, support was added for on-the-fly adjustment of the 
tilt axis alignment parameters. These adjustments are applied 
retroactively to the full set of projections. In this manner, the 
operator can manually translate and rotate the computational 
tilt axis and directly observe its effect on the reconstructed 
slices in order to optimally match it to the experimental tilt axis. 
These adjustments are applied to the modeled data geometry 
and leave the projection data untouched.

3.3. Reconstruction

RECAST3D relies on the computational efficiency of the FBP 
algorithm, which provides reliable 3D reconstructions for 

Figure 1. Illustration of the workflow of a conventional tomography experiment (dashed arrows). First, 2D projection images are acquired. The direc-
tion of the electron beam is indicated by the red arrow. Next, a complete 3D reconstruction is performed. Finally, orthogonal 2D slices through the 3D 
reconstruction are investigated. RECAST3D provides a new approach (solid line) in which user selected slices are reconstructed on demand.
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single-axis tomography, given that a sufficient number of high 
signal-to-noise projection images are available. For this discus-
sion, let us assume we acquire P projection images consisting 
of N  × N pixels. The FBP algorithm for reconstructing a 3D 
volume of size N × N × N comprises two steps. First, the data 
are filtered in Fourier space, which requires O(P × N2 × log N) 
operations. Next, the filtered data are backprojected onto the 
3D volume. This backprojection step requires O(P × N3) opera-
tions, and therefore dominates the computational complexity of 
the FBP algorithm. The voxel intensity fFBP at position (x,y,z) 
can therefore be retrieved as

f x y z g x y z∫ θ θ θ θ( ) ( )= +
π

, , , cos sin , dFBP filtered
0

 (1)

with gfiltered being the data after a 1D filter has been applied. 
This implies that, after filtering the projection data, the voxel 
intensity at any position (x, y, z) can be computed directly from 
the filtered projections, independently of the rest of the 3D 
volume. This local property of FBP enables one to efficiently 
reconstruct any subset of the 3D volume directly from the fil-
tered projection data.

In particular, backprojecting onto an arbitrarily oriented 
2D slice consisting of N × N voxels can be performed in only 
O(P × N2) operations. Since N is typically in the range of 103, 
this is significantly more efficient than a full 3D backprojec-
tion. The backprojections onto slices are therefore performed 
in the RECAST3D implementation as follows. Instead of back-
projecting onto the whole 3D volume, a slab of size N × N × 1  
is defined which coincides with the central axial slice of the 
acquisition geometry. To reconstruct a newly requested arbi-
trarily oriented slice, we modify the vectors associated to the 
acquisition geometry (the direction of the rays, as well as the 
detector position, and orientation) so that the requested slice 
is the central slice of the modified geometry. We then run a 
standard backprojection algorithm with the modified geometry 
and obtain the reconstruction for the requested slice. Modifying 
the geometry can be done efficiently, without ever changing the 
pre-filtered projection data. Using this method, any slice can 
be reconstructed from the filtered data with minimal overhead 
compared to a reconstruction of the central slice. Moreover, the 
filtering step can be performed in real time while acquiring 
projection images, and does not impact the reconstruction time 
for the chosen set of 2D slices, or when a new set of slices is 
selected for reconstruction.

Although we focus on single-axis tomography in this work, 
it is worth mentioning that the method discussed here can be 
applied for any acquisition geometry for which a method is 
available that has the same computational structure as FBP: a 
relatively inexpensive filtering step followed by a backprojection 
step. Such an FBP-like algorithm exists as well for instance for 
dual-axis tomography[49] and laminography.[50]

Reconstruction results of a range of linear algebraic 
reconstruction methods can be accurately approximated by 
computing a so-called algebraic filter and using this computed 
filter in the FBP algorithm.[51] The filter calculation itself is 
computationally intensive, but once determined, the resulting 
filter can be used with the same computational efficiency as 
FBP. To overcome the limitations of the classical FBP algorithm 

for electron tomography, support for algebraic filter methods 
was added to RECAST3D. By computing algebraic filters based 
on the SIRT algorithm and using these filters in FBP, arbi-
trary slices can now be reconstructed that are in close agree-
ment with the output of SIRT. Other than the precomputation 
of the filters, which can be performed prior to the experiment, 
the reconstruction time is identical to standard FBP when this 
method is used. For the remainder of this work we will refer to 
this type of reconstruction as SIRT–FBP.

Adding these new components to the RECAST3D software 
enables real-time electron tomography, which will drastically 
optimize the efficiency of 3D characterization of nanomaterials, 
but more importantly will enable a new range of experiments 
such as real-time in situ electron tomography. As a proof of 
concept, we describe in what follows two different examples of 
electron tomography experiments wherein the benefits of this 
novel technique will be highlighted.

4. Results and Discussion

To achieve real-time visualization during electron tomog-
raphy experiments, a workstation was coupled to the elec-
tron microscope, to function as a reconstruction server. This 
server received the tomographic projection images while 
being acquired at the electron microscope, via a 1  Gbps net-
work connection and comprised an Intel Core i9-9900K CPU, 
32 GB RAM, and a NVIDIA GeForce GTX 1070 GPU with 8 
GB global memory. All results presented in this work were 
calculated on this workstation. The reconstruction pipeline 
comprises two asynchronous operations: a preprocessing oper-
ation and a reconstruction operation, both performed multiple 
times during the experiment. The first operation refers to the 
preprocessing of the projection images. This operation is per-
formed immediately after a projection image is acquired, and is 
done completely independently from the reconstruction opera-
tion. The computationally most demanding part of this opera-
tion is to apply the algebraic filter, and to align the projection 
images. Using our implementation, the total time to perform 
this preprocessing operation is orders of magnitude shorter 
than the time required for the operator to acquire a projection 
image. Therefore, this operation is not a bottleneck for our 
real-time methodology. The second, reconstruction, operation 
is performed each time a new slice is chosen for visualization. 
Using the workstation described above, and for a dataset con-
sisting of 51 projection images of 1024 ×  1024 pixels, the total 
time elapsed from the moment a user selects a new slice, until 
the reconstruction shows in RECAST3D is ≈60 ms.

4.1. Explorative Quasi-3D Imaging

As a first case study we investigate Au@Ag nanorods. Although 
Au nanorods have been widely studied as excellent anisotropic 
plasmonic nanomaterials, Ag is known to be a more efficient 
plasmonic metal. However, the lower chemical stability of 
Ag compared to Au, leads to more complicated and less con-
trolled nanoparticle synthesis methods. Therefore, efforts 
have been focused toward using pre-formed Au nanoparticles, 
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such as penta-twinned bipyramids, 
as templates for the seeded growth 
of Ag nanorods. However, the spe-
cific 3D shape, chemical composition, 
and distribution of the different ele-
ments strongly affect the properties 
of the resulting core–shell nanoparti-
cles.[13,52–54] In particular, the plasmon 
resonances of core–shell nanoparticles 
depend sensitively on both edge and 
corner truncations present in the 3D 
structure, as well as on the core–shell 
geometry. Moreover, potential alloying 
between the constituent metals would 
also strongly influence the plasmonic 
response.[55,56] 3D investigations of 
the structure and composition are 
therefore of critical importance to 
understand the properties of these 
nanoparticles.

To investigate the 3D distribution 
of Au and Ag in the core–shell nano-
particle, HAADF-STEM tomography 
is applied. The first step in such an 
electron tomography experiment 
is the selection of a representative 
nanoparticle with a suitable position 
and orientation on the grid. Conven-
tionally, one can only decide if the 
investigated nanoparticle and its loca-
tion are indeed suitable, once the 3D 
reconstruction has been completed 
offline. This, obviously, strongly 
reduces the efficiency of the experi-
ment and leads to suboptimal use of 
microscopy time. Furthermore, the 
lack of real-time 3D feedback prevents the dynamic tuning of 
acquisition parameters during data collection, for example, to 
obtain a sufficient signal-to-noise ratio and/or resolution in the 
final reconstruction. Providing a fast quasi-3D image of the 
structure under investigation overcomes these limitations and 
enables a much more effective use of the TEM.

A HAADF-STEM projection image of one Au@Ag 
nanoparticle is presented in Figure  2a. A tilt series was 
acquired over an angular range of ± 72° with a 9° interval, using 
a Thermo Fisher Scientific Osiris electron microscope oper-
ated at 200 kV. Regions with different intensities can be clearly 
observed and an apparent rod-like shape of the nanoparticle 
is readily recognized. While the acquisition of the tilt series is 
ongoing, the projection images are instantly aligned and pre-
filtered. Simultaneously, arbitrarily oriented slices are recon-
structed using the SIRT–FBP algorithm for which the filter 
was pre-computed to resemble 100 iterations of SIRT. Figure 2b 
highlights the selected slices within the RECAST3D software.

Shown in Figure  2c is an enlarged quasi-3D visualization 
of the investigated structure, obtained after acquiring 17 pro-
jection images only. The background of the arbitrary oriented 
slices was set to transparent to enhance the 3D interpretation. 
The process described above, along with the selection of the 

slices is demonstrated in Movie S1, Supporting Information. 
Based on the real-time quasi-3D reconstruction one can imme-
diately decide whether the selected particle is representative, 
for example, in this case whether the shape corresponds to a 
rod with pentagonal symmetry, and whether the missing wedge 
effect is within reasonable limits. Whereas it is impossible to 
determine the precise structure of the rod from a single pro-
jection image (Figure 2a), sharp facets, indicated by the green 
arrows, can be identified in the quasi-3D reconstruction. Fur-
thermore, one can alter the acquisition parameters such as tilt 
interval, magnification, image size, beam current, to name a 
few, and immediately observe their influence on the reconstruc-
tion quality.

For example, in Figure  2d an identical quasi-3D view is 
shown after decreasing the tilt interval from 9° to 3°. Clearly 
this improves the contrast of the reconstruction, enabling a 
better qualitative interpretation of both the morphology and 
composition of the bimetallic nanoparticle. In this manner, 
one can determine from a limited number of projection images 
whether the particle under investigation is of interest, and if so 
decide how to optimize the acquisition parameters.

In addition to qualitative information, real-time quantitative 
information can be obtained as well. The RECAST3D software 

Figure 2. a) 2D HAADF-STEM image of an Au@Ag nanorod. b) Illustration of the selected slices.  
c,d) Quasi-3D depiction of the SIRT–FBP reconstruction, for which the filter was pre-computed to 
resemble 100 iterations of SIRT, based on a tomographic series with tilt intervals of 9° and 3°, respec-
tively. The background was set to transparent.
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has support for user-written Python plugins, which can be used 
to perform real-time analysis of specific features in the recon-
structed 2D slices. For our example, we designed a plugin to 
evaluate the histogram and a line profile from a selected slice. 
Figure 3a illustrates the selected slice obtained from the SIRT–
FBP reconstruction. The histogram of the selected slice and 
a line profile through the slice are respectively shown in Fig-
ures 3b,c. The histogram bins (Figure 3b) corresponding to the 
background, Ag and Au signals, are respectively displayed in 
gray, red, and blue. The line across which the line profile is cal-
culated, is indicated in red in Figure 3a.

It is possible to gain quantitative insight on the mixture of 
the Au and Ag phase by assessing the histogram and a line 
profile. Indeed, the histogram of the reconstructed intensities 
in Figure 3b shows a clear segregation between the Au and Ag 
phase. This is confirmed by the sharp edges, indicated by black 
arrows, in the recorded line profile (Figure  3c). In addition, 
such line profiles reveal the shell thickness. Given that the dis-
tribution of the constituent metals and the size ratio between 
the core and shell strongly influence the plasmon response of 
the nanoparticles, the acquired knowledge is of great impor-
tance. Hence, on-the-fly access to arbitrary reconstructed slices 
opens the way to performing online quantitative data analysis. 
Moreover, in this case study, it would also enable the operator 
to select, for example, particles with a specific shell thickness 
for further TEM investigation of the plasmonic properties.

4.2. Real-Time In Situ Tomography

In addition to the advantages discussed above, the ability to 
visualize and analyze arbitrary slices in real time is ideal toward 
performing in situ 3D characterization by TEM. As an example 
of such an experiment, we present a 3D study of anisotropic 
Au nanostars. Because of their anisotropic shape and strong 
field enhancements at their tips, these nanostars are ideal sub-
strates for plasmonics and surface-enhanced Raman spectros-
copy (SERS).[8,57–59] A representative 2D HAADF-STEM image 
of a nanostar is shown in Figure 4a. A well-known problem of 
such anisotropic nanostructures is their tendency to reshape at 
moderately high temperature, including photothermal effects 

related to intense laser irradiation.[60–63] It is thus important 
to understand the deformation under these conditions, and to 
ultimately optimize their stability, which requires an accurate 
investigation of changes of the 3D structure during heating.

In our recent work, the morphological evolution of Au 
nanostars at elevated temperature was investigated by com-
bining electron tomography with in situ heating.[25] Although 
these experiments provided important information toward 
understanding the reshaping process, they were carried out 
in a rather inefficient manner. The main reason for this is 
that 2D HAADF-STEM projection images of such anisotropic 
nano particles are not sufficient to determine whether a spe-
cific nanostructure has the desired 3D morphology (e.g., a 
given number of branches), prior to starting the 3D in situ 
experiment. More importantly, if the 3D reconstruction is 
performed offline, it is nearly impossible to monitor how the 
structure changes as a function of the external conditions 
(e.g., temperature, heating time, etc.) while the experiment is 
ongoing, especially for highly anisotropic nanoparticles. Since 
the RECAST3D methodology yields real-time and quasi-3D 
information on the investigated structure, these limitations 
can be overcome.

The experiments were performed using a DENSsolutions 
wildfire heating holder and a Thermo Fisher Scientific Osiris 
electron microscope operated at 200  kV. A tomography series 
was acquired at room temperature, over a tilt range of ±  75° 
with a 3° increment. Figure  4b shows the orientation of the 
chosen slices. Each slice was reconstructed using the SIRT–FBP 
algorithm, for which the filter was pre-computed to resemble 
100 iterations of SIRT. As mentioned above, the position and 
orientation of the slices can be adapted on-the-fly to investigate 
features of the nanoparticle that are of particular interest. By 
exploring the 3D structure of the nanoparticle in this manner, 
eight sharp branches were identified, seven of which can be 
seen in the single quasi-3D view presented in Figure  4c. The 
selection of the slices and the identification of the different 
branches is demonstrated in Movie S2, Supporting Informa-
tion. Since it is expected that the most apparent morphological 
changes will occur at sharp branches,[64–66] we propose that this 
particular nanostar is an ideal candidate for the in situ experi-
ment. This is not always obvious from a single HAADF-STEM 

Figure 3. a) A central slice, reconstructed by SIRT–FBP for which the filter was pre-computed to resemble 100 iterations of SIRT. The profile is calculated 
along the line shown in red. b) Histogram of the central slice indicating the intensities corresponding to the background (gray), Ag (red), and Au (blue). 
c) Line profile through the slice. The sharp transition between Au and Ag is indicated by the black arrows.
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projection, since it is only a 2D projection of the true 3D struc-
ture, which can be very misleading.

To initiate the morphological transition, the nanostar was 
heated at 300 °C in different steps for the duration of 2, 6, and 
18 min. The first heating step was chosen to last for 2 min 
only, as it has been previously demonstrated that most heat-
induced deformation occurs within the first minutes.[27,28,67] We 
decided on the duration of subsequent heating steps by using 
the immediate feedback provided by RECAST3D. After each 
heating step, the nanoparticle was quenched to room tempera-
ture to temporarily interrupt the morphological evolution and 
to acquire a HAADF-STEM tomographic series using the set-
tings described above.

Visual inspection of the quasi-3D image in Figure  4d tells 
us that after only 2 min of heating, the nanostar has already 
deformed. We observe that several of the branches under-
went a transformation, in agreement with earlier work, from 
a long sharp morphology to a broad and shorter shape with 
a more rounded tip.[27] The lower right branch at the back of 
the nanostar, indicated by a red arrow, almost completely dis-
appears after 2 min of heating. Direct contact of this tip with 
the support during the experiment might explain this behavior, 
as was observed as well in earlier studies.[28] However, the fast 
feedback provided by the set of slices indicates that the change 
of all other branches remains relatively limited. Therefore, we 
decided to increase the duration of the heat treatment to 6 min 

during the next heating step. From Figure  4e, it can be seen 
that subsequent heating results in further shrinkage of the 
branches, during which the volume redistributes along their 
surface. We do observe that the deformation slows down, which 
can be attributed to the interaction between the electron beam 
and the ligands surrounding the nanostar, forming a protective 
carbon shell.[68] Based on these immediate results, we decided 
to heat the nanoparticle once more for 18 min. From Figure 4f, 
it is clear that reshaping has stagnated and that except for 
the shrinkage of the foremost branch (indicated by the green 
arrow), only minor additional changes can be appreciated.

RECAST3D can also be used to extract quantitative informa-
tion in real time. For the branches of nanostars, we anticipate 
that the curvature would decrease as a function of heating time. 
By monitoring curvature changes, we can quantify how much 
the nanostar reshapes over time and consequently evaluate the 
pace of the morphological evolution and whether it has been 
completed or not. Details on the curvature calculation are pro-
vided in the Supporting Information. In Figure 5a, histograms 
of the calculated positive curvature values are presented. The 
analysis was performed on a specifically chosen slice, away 
from contact with the heating chip.

From the histograms, which can be extracted in real time 
during the in situ experiment, it is possible to discern a shift 
from the high curvature values to lower values over the course 
of heating. Figure  5b displays the maximal curvature as a 

Figure 4. a) 2D HAADF-STEM image of a Au nanostar. b) 3D depiction of the selected slices reconstructed by SIRT–FBP, for which the filter was pre-
computed to resemble 100 iterations of SIRT. c–f) Quasi-3D view of the SIRT–FBP reconstruction of the nanostar after respectively 0, 2, 8, and 26 min 
of accumulated heating at 300 °C.
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function of the accumulated duration of heating. It is apparent 
that the morphological evolution can be directly monitored 
from the change in maximal curvature. Most of the transition 
occurs at the first heating steps, during which the long thin 
branches lose their sharp tips and become blunt. After the 
first 8 min of heating, the decline in maximal curvature slows 
down, indicating that the amount of morphological evolution 
decreases. After 26 min of heating, the volume redistribution 
has almost stopped. Such an active feedback is crucial to adap-
tively control the parameters of an in situ investigation. This 
example shows that quasi-3D reconstructions can be used to 
provide real-time qualitative and quantitative information. In 
this manner, all experimental parameters can be efficiently 
tuned while the experiment is ongoing. Consequently, the 
operator is able to investigate a higher number of nanoparticles 
during a given microscopy session, leading to more statistically 
significant information.

5. Conclusion

We propose a new approach to compute high quality 2D slices 
through nanoparticles in real time, based on electron tomog-
raphy tilt series. This technique is of great importance to 
improve the efficiency of 3D characterization of nanomaterials 
by TEM. It enables explorative imaging and provides valuable 
information to dynamically adjust the acquisition parameters 
during an electron tomography experiment. Moreover, quanti-
fication of specific features of nanoparticles becomes possible 
in real time, even while performing in situ experiments. We 
therefore consider the ability to gain real-time quasi-3D visuali-
zations as the next (r)evolution in the field of 3D characteriza-
tion of nanomaterials.

6. Experimental Section
Chemicals: Tetrachloroauric acid trihydrate (HAuCl4∙3H2O, 

≥99%), citric acid (≥99.5%), sodium borohydride (NaBH4, 99%), 

L-ascorbic acid (≥99%), silver nitrate (AgNO3, ≥99%), TritonX-100, 
hexadecyltrimethylammonium bromide (CTAB, ≥99%) and 
hexadecyltrimethylammonium chloride (CTAC, 25 wt% in water), were 
purchased from Sigma-Aldrich. Hydrochloric acid solution (37 wt%) 
was purchased from Fisher Chemical. All chemicals were used without 
further purification. Milli-Q water (resistivity 18.2 MΩ cm at 25 °C) was 
used in all experiments. All glassware were cleaned with aqua regia, 
rinsed with Milli-Q water, and dried before use.

Synthesis of Au@Ag Core–Shell Nanorods with Pentagonal Symmetry: 
The Au@Ag nanorod sample was prepared using Au nanobipyramid-
directed Ag growth, modified from a previous report.[69,70] For the 
synthesis of Au nanobipyramids, a freshly prepared NaBH4 solution 
(0.025 m, 0.25 mL) was mixed with an aqueous solution composed of 
HAuCl4 (1 mm, 2.5 mL), citric acid (0.02 m, 2.5 mL), and CTAC (0.1 m, 
5 mL) under vigorous stirring. This seed solution was aged in a water 
bath at 80 °C for 90 min, under stirring. The aged seed solution (0.1 mL) 
was injected into an aqueous growth solution containing CTAB (0.1 m, 
10  mL), HAuCl4 (0.01 m, 0.5  mL), AgNO3 (0.01 m, 0.1  mL), HCl (1 m, 
0.2 mL), and ascorbic acid (0.1 m, 0.08 mL), under vigorous stirring. The 
reaction solution was kept in a water bath at 30 °C for 4 h under stirring. 
For Ag overgrowth, the Au nanobipyramid solution was centrifuged at 
4200 rpm (1950 g) for 20 min and redispersed in CTAC (0.01 m, 5 mL), 
followed by subsequent addition and mixing of AgNO3 (0.01 m, 1.4 mL) 
and ascorbic acid (0.1 m, 0.7 mL).

The solution was kept in a water bath at 60 °C for 2 h under stirring, 
during which Ag was overgrown on the Au nanobipyramids to form 
nanorod-shaped nanoparticles. The as-prepared Au@Ag nanorods were 
centrifuged at 3000 rpm (990 g) for 20 min and redispersed in water.

Synthesis of Au Nanostars: Au nanostars were prepared using a 
modified seed mediated method.[71] Briefly, a seed solution was prepared 
by adding freshly prepared NaBH4 (0.6  mL;10  mm) to a mixture of 
HAuCl4 (0.05  mL; 50  mm), and TritonX-100 (10  mL; 0.15 m), under 
stirring. The color of the seed solution changed from pale yellow to 
orange after addition of NaBH4. This seed solution was continuously 
stirred for 2 min and then aged for 10 min at room temperature. 24 µL 
of the above-mentioned seed solution was then added under vigorous 
stirring to the growth solution consisting of HAuCl4 (0.2 mL; 50 mm), 
TritonX-100 (20 mL;0.15 m), ascorbic acid (0.08 mL; 0.8 m), and AgNO3 
(0.16  mL; 10  mm). The growth solution was then stirred for an hour. 
Further, to stabilize the nanostar morphology, 0.3 mL of freshly prepared 
0.1 mm PEG-SH (Mw 5000) was added to the growth solution, followed 
by an hour of additional stirring. As-synthesized Au nanostars were 
centrifuged twice at 5000  rpm for 15 min and redispersed in 2  mL of 
Milli-Q water.

Figure 5. a) Histograms of the obtained curvature values from RECAST3D. b) The maximal curvature of one slice plotted as a function of the duration 
of heat treatment.
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