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Abstract

A thorough understanding of the thermal stability and potential reshaping of anisotropic gold

nanostars is required for various potential applications. Combination of a tomographic heating holder

with fast tilt series acquisition has been used to monitor temperature-induced morphological changes

of Au nanostars. The outcome of our 3D investigations can be used as an input for boundary element

method simulations, enabling us to investigate the influence of reshaping on the nanostars’ plasmonic

properties. Our work leads to a better understanding of the mechanism behind thermal reshaping. In

addition, the approach presented here is generic and can hence be applied to a wide variety of

nanoparticles made of different materials and with arbitrary morphology.
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Introduction

Gold nanoparticles (Au NPs) have shown enormous potential for applications in various fields,

ranging from biology and medicine to chemistry and physics. Next to their catalytic activity, high

chemical stability and bio-compatibility, Au NPs exhibit intriguing optical properties due to well-

defined localized surface plasmon resonances (LSPRs).1,2 Such LSPRs lead to strong absorption and

scattering of light, which causes a significant enhancement of incoming electromagnetic fields at the

nanoparticles' surface.3,4 The plasmonic properties of Au NPs can be tuned by varying their

morphology, surface charge or dielectric environment.1,2,5

As compared to spherical Au NPs, anisotropic NPs show superior plasmonic properties, with

electromagnetic field enhancements that are orders of magnitude larger.6,7 Branched NPs with sharp

tips, known as nanostars (NSs), have therefore gained significant attention during the last decade,8–10

as they form ideal substrates for e.g. surface-enhanced Raman scattering (SERS),11,12 or generation of

hot electrons.12–15 Moreover, by tailoring the NP morphology, the corresponding plasmon resonances

can be conveniently tuned and shifted into the NIR wavelength range, thereby enabling applications in

biological environments.9,10 In fact, due to their efficient light-to-heat conversion, Au NSs have been

employed for both in-vitro and in-vivo studies of photothermal cancer therapy.8 The conversion

efficiency strongly depends on the spectral position and intensity of the plasmon resonance. Therefore,

it is essential to preserve the morphology of Au NSs, and thus their LSPR response upon laser

excitation.16,17 Unfortunately, previous studies have shown that anisotropic Au NPs readily deform

into more rounded morphologies, upon heating or laser excitation.16–18 For example, Au nanorods

reshape at temperatures that are hundreds of degrees below the bulk melting point of gold.19 In

applications where Au NPs are subjected to intense laser irradiation, such elevated temperatures can

easily be reached, especially if pulsed lasers are used.20–22 Obviously, such heat-induced deformations

will affect the optical properties of the Au NPs and consequently limit those applications where the

morphology needs to be preserved. However, we do not possess sufficient information yet on the

heat-induced morphological evolution of highly anisotropic Au NPs and the correlated change of their

optical properties.
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Up to date, most studies have focused on understanding the (photo)thermal stability of large

ensembles of Au NPs, e.g. monitoring the extinction spectrum as a function of temperature.19,23,24 On

the other hand, in-situ heating experiments in a transmission electron microscope (TEM) may enable

the direct observation of temperature-induced changes in single particles. However, so far, these

studies have been consistently based on conventional, two-dimensional (2D) images, which inherently

limit such investigations to simple geometries such as rods or spheres.19,25,26 To monitor the

deformation of more complicated anisotropic structures like (irregular) Au NSs, 2D projection images

are insufficient. Electron tomography is currently a standard technique to visualize the morphology

and internal structure of a wide variety of nanostructures in three dimensions (3D). The approach is

based on the acquisition of a series of 2D projection images collected at different tilt angles over an

angular range that is as large as possible. Due to practical limitations however, the tilt range is

typically limited to ±80°.27 Exciting new developments in the field of TEM holder fabrication, have

recently resulted in heating holders that reach the tilt range required for electron tomography, thereby

allowing for novel in-situ 3D heating studies.

However, to perform elaborate in-situ heating experiments in 3D, several important limitations need

to be overcome. A major drawback of electron tomography is the time needed to acquire a full

tomographic tilt series, which will hamper the investigation of fast processes in 3D.28 In addition, long

exposure times may cause undesired changes within the NPs, making it difficult to differentiate

between heat-induced and electron beam induced changes. Therefore, one of the emerging challenges

in the field of electron tomography is to improve the speed of tomography experiments, while

preserving the quality of the 3D reconstructions. If this challenge can be overcome, it will become

possible to study processes in-situ, in 3D. Such experiments cannot be easily performed using

conventional electron tomography due to possible beam-induced changes or simply to time limitations.

We therefore propose a novel acquisition approach where a tilt series of 2D high angle annular dark

field scanning transmission electron microscopy (HAADF-STEM) projection images is acquired

within a few minutes. By continuously tilting the holder and simultaneously acquiring projection

images while focusing and tracking the particle, we were able to reduce the total acquisition time for a
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tilt series by a factor of ten. In this manner, we were able to study the 3D morphological evolution of

single Au NSs as a function of both heating time and temperature. Experiments were performed at

200 °C, 300 °C and 400 °C for a total heating time of 20 minutes, in order to decouple the effect of

temperature and total amount of delivered heat on the morphological changes. By using the measured

3D shape as an input for boundary element method (BEM) simulations, we determined the connection

between the 3D shape transformations and the consequent changes of the optical properties at

elevated temperatures. This information is highly valuable toward understanding Au NSs performance

in practical applications. Fast HAADF-STEM tomography furthermore paves the way towards a wide

variety of 3D in-situ studies.

Results and discussion

Au NSs were obtained through a seed-mediated growth process, in the presence of

cetyltrimethylammonium bromide (CTAB). In Figure S1, an HAADF-STEM overview image of the

sample is presented. From projection images, such as those in Figure S1b and c, it is clear that the

NPs exhibit an anisotropic shape with several branches, apparently in random orientations. To retrieve

the 3D structure of a NS, a conventional tilt series of images was recorded for a single NS, shown in

Figure 1a. Hereby, the sample was tilted from -74˚ to +74˚, with a tilt increment of 3˚. For each tilt

angle, the NS was shifted back to the middle of the field of view and the image was refocused before

the next acquisition. In this manner, the necessary time to acquire images over a tilt range of ±74˚ was

approximately 1 hour. After the acquisition, the images were aligned with respect to each other using

a phase correlation procedure.29–32 The outcome was used as an input for the ASTRA toolbox33

implementation of the Expectation-Maximization algorithm (EM)34, resulting in a 3D reconstruction

of the morphology of the NS. A 3D visualization is presented in Figure 1b, where the highly

anisotropic and somehow irregular shape of the particle is obvious. Next, we acquired a tilt series of

the same NP in a continuous manner, meaning that the holder was rotating uninterruptedly and

intermediate refocusing and repositioning was performed manually while tilting. During the fast

acquisition, the holder was continuously tilted and approximately 360 2D projection images over an
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angular range of ± 74° were acquired. This corresponds to a tilt increment of 0.41° per image. Images

with a size of 1024x1024 and a frame time of 1 s were acquired, resulting in a total acquisition time of

approximately 6 minutes. The continuous tilting speed of the holder, resulting in the 6 min acquisition

time, was hereby chosen to ensure a good ratio between speed and quality of the single images.

Furthermore, it is necessary to keep the tilt angle per image small enough to treat the images as static

projections. Projection images that were heavily affected by blurring or motion effects were

afterwards excluded.

Such effects were unavoidable due to the fast acquisition, but removal of these images from the tilt

series is not problematic, given the oversampling of projection images compared to a conventional

series (ca. 50 images). Further post-processing of the remaining stack of images improved the quality

of the individual projection images. Next, the tilt series was aligned and served as an input for the

tomography reconstruction. Further technical details on the acquisition, post-processing, alignment

and reconstruction are provided in the Supporting Information. The resulting 3D reconstruction is

displayed in Figure 1c, showing excellent visual agreement with the conventional reconstruction

(Figure 1b). The agreement is further confirmed by calculating the difference between both

reconstructions. Details and discussion on the calculation of the difference reconstruction are provided

in the Supporting Information. As a result, we can conclude that the fast tomography approach results

in an accurate 3D representation of the investigated nanostructure.

Figure 1. (a) 2D HAADF-STEM image of an Au NS. (b, c) 3D visualizations of the outcome of the

conventional tomography experiment (b) and the fast tomography experiment (c).

The drastic reduction in acquisition time enables the investigation of the morphology of nanomaterials

in 3D while heating, with a higher sampling rate compared to conventional tomography. Such
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experiments have been performed in 2D, but 3D results were not available so far. Fast acquisition has

the additional advantage that the electron dose and dose rate can be reduced. Dose reduction is crucial,

since it was recently shown that even apparently beam-insensitive nanomaterials such as Au nanorods

exhibit an altered thermal stability upon in-situ heating, compared to ex-situ experiments.35 In what

follows, we make use of this novel technique to study the heat-induced 3D morphological changes of

highly anisotropic Au NSs. Aided by the drastic reduction in acquisition time of the fast tomography

experiment, gradual changes can be examined, as opposed to earlier ex-situ work in which electron

tomography series could only be obtained before and after heating36. Monitoring these changes on the

same NS will not only give us insight into the thermal stability of these NSs but also reveals local

structural differences and their influence on the heat-induced reshaping. The latter cannot be revealed

by other indirect techniques such as optical ensemble measurements. Yet, such information is crucial

to understand the NSs instability and reshaping behavior at elevated temperatures. Based on previous

studies16,19,20,22, we chose heating temperatures of 200 °C, 300 °C and 400 °C, and a total heating time

of 20 min for each temperature. Below 200 °C, morphological changes occur slowly, on the order of

hours, whereas above 400 °C reshaping of Au NPs is almost instantaneous16,19,20. To determine the 3D

morphological evolution as a function of time, fast tilt series were acquired at intermediate time steps

of 30 s, 60 s, 90 s, 120 s, 180 s, 300 s, 600 s and 1200 s for each temperature. Hence, the particle was

heated for the given time and subsequently cooled down to room temperature, so as to quench further

heat-induced morphological transformations. After quenching, a fast tomographic series was acquired.

This procedure was repeated for the various selected time steps. In this manner, the sampling of the

morphological evolution is only limited by the number of acquired tilt series, which is greatly

enhanced with our fast acquisition approach.

A complete time series of the morphological evolution of an Au NS is shown in Figure 2, for the

temperature of 200 °C. It is clear that all branches of the Au NS deform upon heating. Indeed, as

indicated by the black arrows, a transformation was observed from relatively long and thin branches

into short but broader branches, similar to the thermally induced deformation observed in 2D TEM

images for other Au NPs with symmetric geometries.16,17,19 Most of the reshaping occurs during the
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first time steps of 30 s and 60 s (Figures 2b and c). After 60 s (Figures 2d-i), only minor additional

morphological changes were observed. Based on these qualitative findings and the fact that reshaping

gets enhanced at higher temperatures, we assume faster reshaping at 400 °C. Therefore, we acquired

additional time series at 10 s and 20 s for 400 °C. The 3D visualizations of the complete time series

for 300 °C and 400 °C are presented in the Supporting Information (Figures S5 and S6, respectively).

Figure 2. 3D visualizations of the same Au NS after different heating times at 200 °C. The black arrows point

towards the regions where morphological changes can be clearly seen.

To study the effect of temperature on the morphology of Au NS, we compared the morphological

changes at 30 s and 1200 s, for heating at 200 °C, 300 °C and 400 °C, as illustrated in Figure 3. At the

higher temperatures, a similar morphological evolution can be noticed as discussed above. For all
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temperatures, most of the deformation takes place within the first 30 s, after which the deformation

slows down. However, the amount of total reshaping increases with increasing temperature and the

observed final shape after heating for 1200 s strongly depends on the applied temperature. Whereas

blunt tips can still be observed after 1200 s at 200 °C, no tip-like features can be observed at 400 °C,

even after 30 s. Therefore, we conclude that in the time range presently investigated, the heating

temperature has a more dominant influence than the duration of heating, which is in agreement with

indirect optical bulk measurements.19

Figure 3. 3D visualizations, using fast tomography, of an Au NS before (a) and after heating for 30 s (b) and

1200 s (c) at 200 °C. 3D visualizations for the same time steps are shown for 300 °C (d-f) and 400 °C (g-i).
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To quantitatively analyze the morphological evolution as a function of local structural features, we

calculated the differences between successive reconstructions. Details on difference calculations are

provided in the Supporting Information. Figure 4 displays the local volume redistribution for the first

two heating steps (Figure 4a-b, d-e and g-h) and the last heating step (Figure 4c, f and i) for each

temperature. Local volume increments and reductions are presented as green and red regions,

respectively. It is immediately obvious that, in regions with a higher curvature, and thus

predominantly at the tips of the branches, the local volume decreases whereas local volume

increments were identified at low curvature areas. Furthermore, as hypothesized above, we

quantitatively show that volume redistributions slow down for longer heating times. Additionally, a

clear distinction can be seen for the different temperatures, as qualitatively discussed above. The

higher the temperature, the farther the atoms can diffuse. After 30 s at 200 °C, only the tips of the

nanobranches disappear (red areas in Figure 4a), the atoms getting redistributed on the sides of the

same branches (green areas in Figure 4a). At 300 °C, a large part of each branch is found to diffuse

toward the body of the NS, and at 400 °C atoms from the branches completely redistribute toward the

body of the NS. Thus, we unambiguously show that atoms diffuse from the sharpest parts of the

nanobranches, or the NS tips, toward areas of lower curvature, a process that gets accelerated by

increasing temperature, confirming a previous study on simple geometries, which was based on 2D

projections16.

In order to quantitatively compare the effect of temperature and heating duration on the reshaping, the

total amount of redistributed volume at each heating step was calculated for each temperature. Since

the total redistributed volume is directly related to the relative volume initially present in the branches

of the NS, and a different NS was studied at each temperature, the amount of redistributed volume

was normalized by the total volume of the branches of the initial NS. The initial volume of the

branches was determined by segmenting the 3D reconstruction of the NS and separating the core from

the branches. The resulting total amount of redistributed volume as a function of heating time is

plotted in Figure 4j (black: 200 °C, blue: 300 °C and magenta: 400 °C). The error bars (2%) on these

measurements are determined by the accuracy of the required segmentation step (see Supporting
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Information for details). The results confirm that most of the heat-induced morphological changes

occur within the first minute of heating, regardless of temperature. The plot in Figure 4k illustrates in

more detail the volume redistribution occurring during the first minute, indicating that most of the

morphological changes already occurred after 30 s. When heating the NSs further, the particles

converge to a more stable configuration and less extensive heat-induced morphological changes take

place (Figure 4j). The data points for the different temperatures demonstrate quantitatively that the

magnitude of the morphological changes is determined by the heating temperature. At 200 °C, only

(20±2)% of the volume is redistributed after 30 s of heating. However, for 300 °C and 400 °C, the

total redistributed volume after 30 s equals (52±2)% and (89±2)%, respectively. At the end of the

heating time of 1200 s, the total redistributed volumes were (35±2)%, (69±2)% and (89±2)%, for 200

°C, 300 °C and 400 °C, respectively. Thus, reshaping continues, though at a slower rate, after 30 s for

200 °C and 300 °C but does not progress further for 400 °C. Thus, the NS converges faster to its final

morphology when a higher heating temperature is introduced. More specifically, at 400 °C no volume

redistribution was observed after 20 s of heating, at which a plateau value was reached (Figure 4k).

Although most of the redistribution was completed within 30 s for 300 °C and 200 °C, reshaping

continued up to about 300 s for 300 °C and for the total heating time of 1200 s for 200 °C.

Earlier thermal stability studies also found a clear dependence of the deformation of Au NPs on

temperature.16,19,20 For example, Petrova et al. compared the reshaping of Au nanorods at 100 °C, 150

°C, 200 °C and 250 °C, over the course of 1200 min, by optical ensemble extinction spectroscopy and

scanning electron microscopy.19 At 250 °C they observed complete reshaping of the Au NRs into a

spherical shape, within about 20 min. For lower temperatures the final aspect ratio of 1 was not

reached even after 1200 min, but intermediate aspect ratios were observed. The authors raised the

questions whether these were real intermediate states or whether sample changes were then evolving

very slowly. It should be mentioned that optical ensemble measurements can only give an average

image due to sample polydispersity and possibly sintering of NPs. We are fully aware of the

difference between heating in air or vacuum, nevertheless the results obtained here are of high interest

to answer such questions, since they enable us to directly quantify changes for an individual NP in 3D.
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The results presented in Figure 4 show that the amount of redistributed volume saturates over time,

revealing that these are real intermediate states that do not change upon further heating at the same

temperature. To fully comprehend the influence of the environment, these experiments will have to be

extended to environmental TEM.

It is important to note that CTAB can be transformed by the electron beam into a protective

amorphous carbon layer, which has been shown to prevent deformation of Au NRs upon in-situ

heating, even for heating at 400 °C for one hour.35 This again stresses the need for a fast acquisition

procedure to perform such in-situ experiments in 3D. Over the course of time of one conventional

tomography experiment, we were able to perform ten fast tomographic acquisitions. By continuously

rotating while acquiring, we did not only lower the acquisition time, but the electron dose rate was

reduced as well. Consequently, the undesirable build-up of a surrounding carbon layer was limited

during the initial acquisition and such a protective effect was minimized. However, we still observed a

remaining small influence of a protective carbon layer, with respect to NSs that were out of the field

of view during the experiment. For the case of heating at 400 °C for 1200 s, non-irradiated NSs

exhibited a slightly more rounded morphology in comparison to the irradiated NSs (Figure S7). When

heating at 300 °C for 1200 s, non-irradiated NSs showed a stronger deformation than the NS that was

in the field of view. Nevertheless, branches could also still be observed for the non-irradiated NSs,

similar to the NS in the field of view (Figure S8). Unfortunately, it is difficult to quantify the

difference in deformation, as the specific initial morphology of NSs that were out of the field of view

remains unknown.
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Figure 4. (a-i) Visualizations of the morphological changes during two successive heating steps, where volume

increments and volume reductions are depicted in green and red, respectively. The order of subtraction is

indicated in each panel, together with the temperature of heating. (j) Total amount of redistributed volume

normalized to the volume of the branches in the initial NS, as a function of time for 200 °C (black dots), 300 °C

(blue dots) and 400 °C (magenta dots). (k) Detailed view of the volume redistribution occurring during the first

two minutes.

It has been reported that the presence of sharp tips in both Pt NSs and Au NSs leads to a strong

enhancement of the SERS activity.9,10,37 The reshaping of sharp tips will therefore heavily influence

the desired optical and electronic properties of NSs. Kumar et al. showed that the strong field

enhancement of Au NSs was predominately directed by the angle and the sharpness of the tips9. In

order to quantify the sharpness of the Au NS tips during the morphological evolution, the Gaussian

curvature of the surface was calculated for every 3D reconstruction.38 We demonstrate this calculation

for the experiment performed at 300 °C, as the selected NS exhibited many branches.

The distributions of positive values of the tip curvature after 0 s, 30 s and 1200 s of heating at 300 °C

are plotted in Figure 5a. With increasing heating time, an overall increase in the relative occurrence of

low curvature values, along with a decrease of high curvature values can be observed, thereby
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confirming the above observations. Specifically, the initial shoulder around 0.01 nm-2 (black

histogram), indicated by the black arrow in the inset of Figure 5a, can be attributed to the sharp tips,

completely vanishes after heating for 30 s (green histogram). Accordingly, the relative frequencies

around 0.003 nm-2 increase after 30 s, indicating the deformation toward blunter tips, i.e. more

extended areas of lower curvature. After 1200 s (magenta histogram), no shoulders can be observed

anymore, while the contributions around 0 nm-2 increase, due to the complete deformation of the tips.

To visualize the curvature in 3D, Figures 5b-d display the corresponding volume renderings for the

Au NS before and after heating for 30 s and 1200 s at 300 °C, superimposed with a color map

illustrating the measured Gaussian curvature for every nanobranch. The color scales linearly between

-0.02 (blue) and 0.02 nm-2 (red). Overall, the curvature of the whole nanoparticle is distributed around

0 nm-2 (green), with contributions of high curvatures from the tips (red) and minimal contributions

(blue) due to negative curvature where the tips grow out of the body of the NP. These visualizations

confirm again the significant changes in curvature of the nanobranches upon heating. Once the NS has

lost its most prominent features, the sharp tips of its branches, the morphological evolution slows

down. This provides direct in-situ evidence in 3D, for the dependence between the rate of heat-

induced reshaping and the curvature of the branches of highly anisotropic NPs, which confirms the

recently proposed curvature-induced surface diffusion mechanism for reshaping of Au NPs below the

melting point.16
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Figure 5. (a) Histograms illustrating the measured curvature after different durations of heating at 300 °C. In

every case, 30 bins were used to calculate the distribution. The inset illustrates a magnified 2D view of

the histograms ranging from 0.005 nm-2 to 0.02 nm-2, in which the black arrow highlights the loss of

high curvature as function of temperature. Visualization of the curvature of the Au NS before heating

(b), after 30 s of heating (c) and after 1200 s of heating (d). The color scale is directly related to the

measured curvature values, red and blue representing high positive and high negative curvatures,

respectively.

The decrease in curvature strongly alters the optical properties of the Au NS, which hampers

applications where heating is involved. In order to evaluate the influence of the thermally induced

morphological changes on the plasmonic properties of the Au NS, we performed BEM simulations

using the MNPBEM toolbox.39 Details on the simulations are provided in the Supporting Information.

In short, the surface of the NSs were derived from their 3D tomographic reconstruction and

discretized into 6000 vertices using Amira 5.4.0. The amount of vertices was chosen high enough to

obtain a realistic depiction of the NS’s structure, while staying sufficiently low for computational
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considerations. The quasi-static approximation was employed to calculate the optical properties of the

NSs as a function of temperature. Figure 6a displays the extinction spectra calculated for the unheated

and heated NS at 300 °C for 30 s and 1200 s. The polarization direction was chosen along the x-axis

and the particle was rotated in order to align one tip with the polarization direction. Due to the

complex structure of the NP, the spectra contain several peaks which was also observed in previous

studies.40,41 For the extinction spectrum of the unheated NS (black curve) the peak at 805 nm is

attributed to the tip aligned with the x-axis (see Figure S11). Upon heating, it is obvious that the

longitudinal LSPR peaks drastically blue-shifts due to the loss of sharpness of the tip and decrease in

aspect ratio. Specifically, after 1200 s of heating at 300 °C, the maximum of the extinction cross

section dropped by a factor of 10 and the resonance peak connected to the peak aligned along the x-

axis shifts from 800 nm to 605 nm after 30 s and to 600 nm after 1200 s of heating (Figure S9).

The deformation of the tip also has a direct influence on the electric field amplification and in turn on

the SERS enhancement. Therefore, we calculated the average electric field enhancement under

illumination wavelength ranging from 500 nm to 1000 nm. The results for 300 °C are shown in Figure

6b-d. As expected from the extinction cross sections, the electric field enhancement drops

significantly upon heating. Specifically, the enhancement drops by 73% upon heating the NS for 30 s

at 300 °C and continues to decrease by 82% of the original enhancement after heating for 1200 s. The

extinction cross sections and the induced electric fields for the NSs heated at 200 °C and 400 °C are

presented in Figures S10 and S11. Due to the less severe deformation of the NS heated at 200 °C, the

changes in the extinction spectrum and the drop in field enhancement are not as drastic as for 300 °C,

but still the field enhancement drops by 44% after heating for 30 s (Figure S10b-d). At 400 °C, almost

all interesting plasmonic features are lost due to the strong deformation to a quasi-spherical shape

(Figure S11b-d). As a result, for applications where elevated or even moderate temperatures are

required, e.g. certain photocatalytic reactions, the observed decrease in field enhancement will

influence their efficiency. Therefore, the information that can be provided by our experiments is of

crucial importance when incorporating these materials in future applications.
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Figure 6. BEM simulations of the Au NS heated at 300 °C, performed on a simplified surface deduced from the

corresponding 3D tomographic reconstructions. (a) Extinction cross sections for the unheated and heated NS,

after 30 s and 1200 s of heating at 300°C. The calculated average induced electric field is shown for the

unheated NS (b), after heating for 30 s at 300 °C (c) and after heating for 1200 s at 300 °C (d).

Conclusions

We implemented a novel methodology to perform fast electron tomography, which allowed us to

observe the morphological evolution of an Au NS heated at 200 °C, 300 °C and 400 °C, at different

time steps up to 1200 s. Due to the highly reduced acquisition time of the tilt series, gradual changes

at distinct time steps during heating were investigated, which allowed us to record the 3D

morphological changes as a function of heating time and temperature. We were thereby able to

quantify local volume reductions and increments, as well as the determination of the local curvatures



17

of NSs during heating. At elevated temperatures, the sharp tips at the end of the nanobranches were

observed to reshape into shorter and blunter tips. While it has been previously postulated by indirect

methods that curvature-induced surface diffusion is the driving mechanism of such reshaping, our

experiments directly confirm this hypothesis. We additionally showed that the major part of the

morphological evolution occurs within the first minute of heating, regardless of temperature. The

shape transition subsequently slows down and a stable final morphology is reached. The amount of

total reshaping was found to increase for higher temperatures and the final morphology of the NSs to

depend on the heating temperature, which thus has a more significant influence than the heating time.

From BEM simulations we additionally showed that reshaping leads to a drastic decrease in electric

field enhancement, which must be taken into account for applications where heating of NPs is

unavoidable. It should be noted that the proposed procedure for fast HAADF-STEM tomography is

general and not constrained to specific NP shapes or compositions. We expect that this approach will

be essential to investigate other dynamical processes under different in-situ conditions.
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