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Abstract:  

Electron Tomography (ET) is of greatest interest in studying nano- and biological materials since it 

gives access to 3D morphological, chemical and physical features. Even though ET techniques have 

been continuously improved in the last decades, they are still limited: lengthy time scales (tens of 

minutes) are generally needed for the tilt series acquisition prior to the volume reconstruction step. 

Such long exposures to a relatively intense electron beam lead to large electron doses received by the 

sample. This may promote extensive irradiation damage in the case of soft materials like polymers 

and bio-materials when they are not protected through dedicated sample preparation methods, and 

any tomographic reconstruction will then be meaningless. More importantly, the time constraints 

drastically limit  3D investigations during dynamic in-situ experiments where the sample rapidly 

evolves during the acquisition. 

We present here developments for acquiring tilt series of projections in very short time scales, readily 

down to a few seconds. After an outlook of possible ways to speed up the data acquisition in the 

bright field imaging mode (BF-TEM), strategies for the fastest methods in ‘step-by-step’ and 

‘continuous tilt’ ET will be described. Applications of these procedures are presented on various 

systems, including metallic Pd nanoparticles deposited on alumina, and soft materials like polymer 

nanocomposites and biological matter. A special reference is made to fast operando nano-tomography 

performed on nanomaterials during their dynamic evolution. The feasibility of fast ET is exemplified 

by a calcination study of Pd catalysts supported by SiO2 at 400°C and 500°C under 4 mbar H2 in a 

dedicated Environmental Transmission Electron Microscope (ETEM). 

 

*corresponding authors. 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S1044580318330286
Manuscript_e62339f40ea5e2f63347ea9eb55578c9

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1044580318330286
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1044580318330286


2 

 

 

Corresponding authors: 

Thierry EPICIER 

thierry.epicier@insa-lyon.fr. Tel.: +33(0)687883069; FAX: +33(0)472438830. 

Lucian ROIBAN 

Lucian.roiban@insa-lyon.fr. Tel.: +33(0)472436131; FAX: +33(0)472438830. 

 

Keywords: 

Fast operando Electron Tomography; nanocatalysts; Environmental Transmission Electron 

Microscopy (ETEM); Pd-Al2O3; Pd-SiO2. 

 

Highlights: 

• Fast image acquisition for Electron Tomography (ET) can take only a few seconds 

• A continuous rotation of the sample allows relevant and fast acquisition for ET  

• Fast ET is possible under gas and temperature conditions in-situ in a ETEM 

• Repeated acquisitions on the same object allow to follow its evolution in operando 

• The resistance to sintering of Pd@SiO2 nanocatalyst is quantified in situ in 3D 

 
 

 
Graphical abstract: 

 

 
 

 

Competing interest statement: 

the authors have no competing interests to declare.  



3 

 

1. Introduction 

 

1.1. Context of the study: brief overview of Electron Tomography approaches in a TEM 

Transmission Electron Microscopy (TEM) is an unsurpassed technique to characterize materials at a 

micro, nano and sub-nano scale [1]. Recent technical developments contribute to provide newer 

information with higher accuracy. Among the imaging techniques, Electron Tomography [2,3] (ET) 

has become a robust and reliable approach to obtain quantitative information on three-dimensional 

structural and morphological features of nanomaterials at nanometric [4,5] and even atomic resolution 

[5,6,7]. ET consists in acquiring series of projections from the object in different orientations over a 

large angular amplitude, so-called tilt series. Then, specific reconstruction algorithms [8,9,10,11] 

implemented in different softwares [12,13,14,15,16,17,18,19] are used to retrieve the 3D nanoscale 

structure of the material. The consistency of the reconstruction relies on the projection approximation 

which establishes an unambiguous and linear relationship between the image intensity and the mass-

thickness of the sample [20]. This criterium may not be completely fulfilled in Bright Field -TEM 

(BF-TEM) because of diffraction contrast. However, this is not a limitation in the case of non-

crystalline objects. As an example, biological matter has been studied in BF-ET since many decades 

[21,22,23] and is still currently investigated especially in the cryo-EM mode [22,24]. Poorly-

crystalline samples exhibiting moderate diffraction contrast, like nanocatalysts [25], hybrid or 

mesoporous materials [4] can also be reasonably studied this way. For thicker and highly crystalline 

materials, BF-TEM may hamper representative 3D reconstructions and more incoherent imaging or 

analytical modes such as STEM-HAADF (Scanning Transmission Electron Microscopy, High Angle 

Annular Dark Field imaging) [5,23,26,27], Energy-Filtered TEM (EFTEM) [4] or scanning mode 

STEM-EELS [28] (STEM coupled with Electron Energy-Loss Spectroscopy) and STEM-EDX 

(STEM coupled with an energy-dispersive X-ray spectrometer) [29,30] are thus preferred to limit 

undesirable diffraction effects. Among these approaches, STEM-HAADF is typically the most widely 

employed. Today, several commercial and home-made softwares and/or plugins are available for ET 

acquisition with modules driving the mechanical rotation of the TEM goniometer. They are able to 

perform object tracking between successive images (by adjusting the beam shifts), to correct the focus 

(through changes of the objective lens excitation using pairs of beam tilted images) and record the 

image by controlling the camera [17,18,19,31,32,33,34,35,36]. Depending upon the degree of 

sophistication of the routine used, acquiring the tilt series includes several steps: 

(i) Step-by-step rotation of the object between successive tilts, using equal or Saxton [37] tilt 

increment or controled dose tilt-scheme [38] 

ii) Calculation of cross-correlation (or equivalent) operations or manual intervention of the user to 

track the object and keep it in the field of view 
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(iii) Optional adjustment of the focusing conditions (either manual or automated) 

(iv) Acquiring and saving each image with the value of its corresponding tilt angle. 

All those steps cost computing time during which the sample is exposed to the electron beam which 

may favour irradiation damage and increases the total duration of the step-by-step tilt series 

acquisition. Typically, the adequate amplitude of tilt is between +70° and -70° with dedicated 

tomographic sample-holders and the angular step is set to one or two degrees. For such conditions, 

the total acquisition time for a tilt series is of the order of tens of minutes in BF mode, one or two 

hours in STEM mode and even more for analytical modes such as EFTEM and STEM-EDX. These 

significant differences are due to the image acquisition time, of the order of a fraction of second in 

Bright Field, but several seconds up to a few minutes in all other imaging modes. The time needed to 

record an image is due to the scan procedure in STEM and/or to the low signal-to-noise ratio requiring 

long exposure times in STEM-EDX and EFTEM modes. In all cases, ET is consequently mainly 

applicable for 3D characterization of nanomaterials that do not suffer from irradiation damage due to 

a large cumulative electron dose during a long exposure time. Beam sensitive samples such as 

biological material, organic, carbonaceous, hybrid and mesoporous materials are thus generally 

analyzed in 3D using specific approaches such as low dose or cryo techniques [39]. Indeed, the 

degradation possibly caused by the electron beam to the object remains a concern especially in the 

case of soft matter: any significant morphological change of the sample during the ET acquisition 

will obviously prevent from correct volume reconstruction. When the duration of the ET acquisition 

is an issue regarding irradiation, it is also a severe obstacle for following the 3D evolution of 

nanomaterials under dynamic in-situ conditions. This constraint is common to micro- and nano 

Computed Tomography in X-ray approaches at synchrotron; these aspects are more specifically 

detailed in the next sub-section 1.2. 

 

1.2. 3D experiments in environmental TEM 

A typical situation where nanomaterials are studied under in-situ conditions concerns Environmental 

Transmission Electron Microscopy (ETEM), where gas and/or liquid are inserted around the sample. 

In addition, the sample can be heated in order to study chemical, structural and morphological 

transformations. We are mainly interested here with environmental microscopy performed in a 

dedicated ETEM, where a differential pumping system transforms the pole-pieces space into an 

environmental chamber in the column of the microscope (see for example [40,41,42]). ETEM has 

been the subject of considerable developments and exciting applications during the last decades, 

owing to the availability of technologically advanced instruments. It is beyond the scope of this work 

to review such developments, but it is worth mentioning that ETEM allows to follow the dynamics 

of gas-solid interactions, gas-driven transformations and chemical reactions, such as adsorption of 
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molecules on surfaces, growth of carbon nanotubes, oxidation or reduction process even at atomic 

resolution [43,44,45,46]. According to these developments, one may wonder whether 3D 

characterization of such nanomaterials can be performed in-situ by ET in order to follow their 

evolution under environmental conditions. Clearly, as stated above, the main issue is the long time 

needed for recording the ET tilt series with respect to the kinetics of the chemical or morphological 

transformation that is studied. Because it is of the highest interest to characterize such evolutions on 

nanomaterials in 3D, few conventional ET experiments have already been performed post-mortem 

‘before’ and ‘after’ ex-situ environmental solicitation in an external cell or reactor [47,48,49,50]. 

Such a strategy is very delicate, since it requires to insert, retract and re-insert the sample in and out 

of the microscope several times. Furthermore, it does not offer suitable conditions to follow the 3D 

transformation dynamically. 

The purpose of the present paper is to state upon the possibilities of accelerating tilt series acquisition 

in the Bright Field mode allowing to track a dynamic 3D transformation using dedicated ETEM. At 

the same time, the application of fast ET to beam sensitive samples will be illustrated. 

To the best of our knowledge, the only and first work devoted to an in situ 3D characterization 

successfully performed under environmental conditions in an ETEM is the recent study of the 

calcination of an Ag@silicalite-1 with possible applications for selective catalysis [51]. In this 

example, coalescence and disappearance of Ag nanoparticles encaged in hollow silicalite-1 occurred 

in a few minutes according to the slow reactive conditions dictated by the low O2 partial pressure at 

280 °C and 450 °C. Tomograms of the same area of interest were reconstructed using tilt series  

recorded in 2 minutes each  at 20 °C in vacuum, at 280 °C and 450 °C under 1.8 mbar of O2. This 

allowed the computing of the tomographic volume of the same group of objects at different 

temperatures, while keeping the electron dose below a minimum where no significant irradiation 

damage was detected. Whereas this is still a challenge in TEM, second or sub-second temporal 

resolution has been achieved at synchrotron facilities since less than a decade, owing to the high flux 

and high sensitivity detectors that allow performing 180° tilting series acquisition at a very high rate. 

Recent works allowed tomographic acquisitions to be performed at a frequency of several Hz in both 

life sciences (e.g. biomedical applications as study of cardiac [53] or respiratory systems [54]) and 

materials science [55] (e.g. mechanical testing of alloys or heat treatments). Approaching these 

performances is thus a motivation to investigate the possible ways to reduce the acquisition time in 

ET down to the second range. This objective restricts us today to the usual bright field TEM imaging 

mode. It should obviously be kept in mind that the question of a compromise between time and 

resolution will have to be considered. 

 

2. Current technical possibilities for fast electron tomography 
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2.1. Brief survey of technical approaches 

The typical duration of a tilt series acquisition is of several minutes. We review hereafter some of the 

solutions that have been proposed to reduce this recording time. 

The first one is to use a limited number of projections of the sample and to reconstruct the volume by 

adequate algorithms like the discrete tomography technique [10,56]. The main potential of this 

approach seems to be in the 3D characterization of monocrystalline nanoparticles at atomic resolution 

in STEM mode [57,58]. Although this technique allows in principle to speed up the acquisition, the 

objective to realize it in less than one minute has not been reached yet.  

As mentioned above, stopping the rotation of the sample at each angular position is also time 

consuming. From then, a natural idea and second solution is to speed up the sample rotation procedure 

by tilting the goniometer continuously instead of using the classical step-by-step procedure, and 

acquire images continuously during this movement. Note that in some very rare situations, one can 

take profit of the free rotation of the sample itself, as it was pertinently performed in the case of a 

nanoparticle in a liquid cell [59]. This continuous rotation of the sample has been already used in 

electron diffraction tomography [60,61], where the acquisition typically takes a few minutes. It has 

also been employed in structural biology [62], and in a specific study of a lanthanide-based inorganic 

nanotube [63]. The substantial gain of time generated by continuous rotation comes at the cost of the 

impossibility to perform, for now,  any live tracking of the object. Another disadvantage might be a 

limited signal-to-noise ratio of the images as compared to the step-by-step rotation, beacause the 

exposure times must be short enough to avoid any significant drift of the object during the image 

acquisition. A long exposure time of the camera while continuous rotation of the object will lead to 

crippling blurring of the recorded projections. At this stage, it appears convenient to record the tilt 

series continuously at a very high rate, and very short exposure times (constituting them a series of 

moving images that we can commonly name a video sequence), instead of as single snapshots 

[51,63,64]. 

A third solution became recently possible owing to the availability of fast and sensitive optimized-

CMOS and/or Direct Electron detection cameras (DE) since roughly the beginning of the XXIst 

century. Currently, digital cameras use a scintillator to convert electrons into photons. DE devices 

detect directly the incoming electrons offering thus a much better sensitivity, signal-to-noise ratio and 

resolution [65]. Such devices are available today from several manufacturers: FalconTM series from 

FEI [66,67], K2 TM [68] and more recently K3TM [69] from Gatan, DETM series from Direct Electron 

[70], pn-CCDs from PNSensor [71]. Owing to their high sensitivity, they allow acquiring images in 

miliseconds depending upon their binning capabilities. With slightly lower performances, optimized 

CMOS-based cameras of the lastest generation like CetaTM from FEI [72], OneviewTM from Gatan 
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[73] or TemCam XFTM series from TVIPS [74] still allow acquisitions of 25 to 50 frames per second 

(fps) in 4k x 4k format. The combination of the two latest solutions, i.e. recording a video sequence 

using a high-speed camera during a continuous rotation was tested on a carbon nanotube at room 

temperature and in high vacuum [63], where a tilt series over an angular range of 100° was performed 

in less than 4 seconds. Very interesting approaches are also currently developed in the perspective of 

real-time 3D in-situ straining experiments [75], where the total acquisition time is of the order of 2-3 

minutes over 120° rotation amplitude. Using a straining holder [76] it is possible to record several tilt 

series during a straining experiment and  follow the deformation of the sample in 3D. 

From the above, a promising solution for performing fast tomography consists in recording the tilt 

series during a continuous rotation of the object with a high speed recording camera. Before detailing 

experimental results, we will stress out some of the limitations of this approach.  

 

2.2. Optimized ‘step-by-step’ acquisition versus continuous rotation approach 

Figure 1 sketches the difference between the step-by-step acquisition, where the sample is tilted with 

a given angular increment between successive images, and the continuous rotation technique, leading 

to a much smaller angular increment. 
 

      

Figure 1: Tomographic acquisition in the angular range [–αmax, +αmax], with αmax typically equal to +70° . a) 
Conventional step-by-step electron tomography with a pre-defined angular step δα (2° typically). b) 
Continuous rotation of the sample leading to a much smaller angular increment depending on the rotation 
speed (schematic). 1-column figure. 
 

The step-by-step procedure (called SBSET for Step-By-Step Electron Tomography hereafter) can be 

speeded up by allowing human intervention. As already mentioned in the first section of this work, 

most of the computer-driven tilt series acquisition routines slow down the process because of 

adjustments between successive images, e.g.. tracking and focusing. These corrections can be done 

manually assuming that the rotation procedure remains relatively low. This also implies that the initial 

adjustment in z of the sample on the tilt axis (adjustment of the eucentric height) is fine enough to 

limit the shift of the area of interest in the field of view during the rotation. Table 1 gives typical 
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durations for recording tilt series composed of 2k x 2k images. The angles are sampled every 2° 

between +70° and -70° and the images are acquired either with a conventional digital camera (such 

as a CCD-based camera) or with a fast recording camera of the latest generation. The times per frame 

are experimental values for an acquisition using either a fully automatic, with software-based 

corrections (conventional mode), or a semi-automatic (fast mode) procedure. The time gain in the 

latter case is due to the reduction of the adjustment time needed after tilting before recording the 

image at the respective angle. This time includes a relaxation time needed for the goniometer to 

stabilize and the time required for adjustements such as centring the object within the field of view 

or correcting any possible defocus. While a software is successively calculating the position and the 

focus of the sample in about 45 s, an experienced user can do it faster, even close to 1 s. Although, it 

may be user and experiment-dependent, the manual step-by-step procedure offers the possibility of 

an acquisition in less than 3 or even 2 minutes. 
 

Experimental procedure 
Software-based acquisition Semi-automatic acquisition 

Conventional 

digital camera 

Optimized CMOS 

or DE camera 

Conventional 

digital camera 
Optimized CMOS 

or DE camera 
Acquisition time for one  

2k x 2k image (s) 
0.2 0.01 0.2 0.01 

Angular increment 
between images (°) 2 

Time for tilting between 
two successive angles (s) 

0.1 

Total number of images 71 

Adjustment time needed 
after tilting (s) 45 1 

Total acquisition time  52 min 51 sec 52 min 38 sec 1 min 31 sec 1 min 18 sec 
 
Table 1: Recording times for a +70 to -70° SBSET tilt series. For a fully automatic software-based acquisition, 
the time was estimated using the FEI tomography plugin; for the semi-automatic acquisition, the time was 
estimated using a home-made plugin [51]. For both methods, we considered the exposure time needed for the 
camera to record an image having a reasonable signal-to-noise ratio. To calculate the total time needed to 
record a tilt series, we considered an angular increment of 2°, the time needed to tilt the sample from one angle 
to the next and some adjustment time at each angle. 
 
 

The semi-automatic approach remains unfortunately still too slow to follow fast dynamic events, 

mainly because of the time required for keeping the object in the field of view and possibly re-

adjusting the focus. To reach this objective, we propose to avoid any stop during the rotation, and to 

continuously rotate the sample while the camera records the images at a rate as high as possible. In 

these conditions, focus variations and some systematic blur effect produced by the rotation of the 

object during recording may be an issue, even with very short exposures on DE-type high-speed 

cameras. These aspects are discussed hereafter. 
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2.3. Possible blur sources during CRRET 

While continously rotating the sample and recording images, three different types of inescapable blur 

can affect the quality of a tomography experiment performed with the Continuous Rotation and 

Recording approach (labeled hereafter as CRRET for Continuous Rotation and Recording Electron 

Tomography). It is not the purpose of the present paper to analyze thoroughly the different possible 

sources of blur, however we can summarize them as follows (see also Figures SM1 and SM2 in 

Supplementary Material - SM -): 

(i) Random (x,y) (and z related to focus) shifts of the sample 

They are due to mechanical instabilities of the goniometer while rotating or to a bad eucentric 

alignment, and induce motion blur in the images recorded with a long exposer time reported to 

the speed of these movements.  

(ii) High frequency vibrations at high rotation speed of the goniometer.  

The goniometers were certainly conceived to stably sustain the sample and to move it slowly 

in order to preserve the high resolution imaging. However, most of current systems were 

probably not designed for fast tilting. Such vibrations are perceived at relatively high speed 

rotation of the goniometer.   

(iii) The ‘rotational blur’ summed up during the acquisition of each image 

as a consequence of the compromise between the rotation speed and the exposure time of the 

camera. 

Drifts along the z direction produce an out-of-focusing of the sample which is not necessarily very 

severe in the BF mode owing to its large depth-of-focus in nearly parallel illumination. In addition, 

Fresnel diffraction contributing to the z-blur effects are minimized in an image obtained with a 

microscope equipped with a Cs-corrector such as the one used in this study (sections 3 and 4). In the 

very best cases, the eucentric alignment is sufficiently good to simultaneously keep the object in the 

field of view and in acceptable good focus and no correction during the acquisition is needed. Such 

an example is shown in the operando fast tomography experiment on a Pd-SiO2 catalytic system 

presented hereafter (section 4.3).   

The vibration blur (ii) will not been discussed here because it can not be counteracted by the user so 

far. Further improvements have to be made by the manufacturers to address these instabilities which 

affect most of the projections.   

We will now have a deeper look at the third point about the rotational blur. To evaluate its influence 

on the final tomographic image, we run simulations as illustrated by Figure 2. From a previous study 

[51] we have selected a classical BF 2D image playing the role of a 2D phantom as commonly used 
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in other studies [77,78,79]. This micrograph shows a nano-catalyst system made of Ag nanoparticles  

having an average size of 6 nm encaged in silicalite-1, e.g. a zeolite-type mesoporous silica [80]. This 

reference phantom was then rotated numerically between -70° to 70° with an angular step of 0.1°. To 

mimic the blur that a rotation θ integrates in a projection recorded during a certain exposure time, an 

adequate number of  ‘elementary’ phantoms rotated every 0.1° were averaged and their 1D 

projections were calculated using a home made software.  For example, 1D projections with a 1° 

rotation blur were calculated from a 2D phantom made by averaging 10 ‘elementary’ phantoms. 

Respectively, 20 such ‘elementary’ phantoms were used for a 2° rotation blur, and 100 ones for the 

10° rotation blur, as illustrated in the series of objects all shown at zero tilt in Figure 2a).The 0°-

rotation phantom is sharp and unblurred: the Ag nanoparticles appear as dark dots, and the walls of 

the silicalite-1 container are well defined. 

For the reference phantom (0°) as well as for the integrated blured phantoms, the 1D projections along 

the vertical direction are calculated. Their intensity profile is plotted (Figure 2b) and the signal 

becomes smoother as the rotation blur increases from 0° to 10°. Note that a more complete version 

of this figure including sinograms is reported in SM as Figure SM2. 

Figure 3 shows the 2D-reconstructions calculated from 1D projections having various integrated blur 

conditions. These blur conditions can be subsequently translated into speed rotations in order to 

evaluate the adequate speed while keeping a reasonably good quality of the reconstruction (see below 

and Figure SM3). 

The reference model is ideally reconstructed using unblurred 1D projections from a tilt series with an 

angular amplitude from -90° to +90° and an angular step of 0.1° in Figure 3b). Then it is compared 

with reconstructions performed without any blur in typical conditions used in conventional ET: an 

angular amplitude from -70° to +70° and angular steps of 1°, 2°, 3° and 5° respectively (Figure 3c). 

It should be noted that the missing wedge due to the limited tilting range produces a fading of the top 

and bottom edges of the silicalite-1 cage for all reconstructions (even un unblurred conditions). The 

images are then compared with the images reconstructed using projections having an integrated blur 

of 1°, 2°, 3° and 5° (Figure 3d). Considering the main microstructural features of the ghost, as the 

overall shape of the silicalite-1 and the presence of Ag nanoparticles, it can be seen that the rotation 

blur has a limited effect on the quality of the reconstructions up to at least 2°. At higher blur values, 

some of the smallest (2 to 4 nm) and the most decentered particles (such as the ones at the top of the 

image distant by 75 nm from the tilt axis) are lost, but this degradation is not significantly worse than 

that produced by a conventional tilting procedure with a step amplitude equivalent to the rotation 

blur. 
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Figure 2: a) BF-TEM image showing Ag nanoparticles enclosed in silicalite-1 cages used as a phantom to 
simulate tomographic reconstructions using 1D projections recorded during a continuous rotation around a 
fixed rotation axis (black cross); the lateral size and the thickness (height) of the model correspond to a real 
microstructure of 150 nm. The blur was obtained after a rotation around the center of each phantom (small 
black marker. Note that using a tilt axis centered in the height of the object is not restrictive, the important 
parameter to qualify the blur amplitude is the distance of any details with respect to the center. Hence any 
conclusion drawn out from the present analysis will also apply to the case of an ex-centered tilt position 
corresponding to a possible bad eucentric alignment). The phantom at 0° is the reference having no blur 
integrated, then the model is shown with integrated rotation blurs of 2°, 4°, 6°, 8° and 10°.  b) Enlarged 1D 
projections along the vertical beam axis of all phantoms with various blur levels; the graph shows the intensity 
profile of these projections. All data correspond to an untilted configuration. 2-columns figure. 

 

The conclusion of such simulations is that we can continuously rotate the sample at speeds producing 

rotation blurs of up to 2° and still preserve the nanometric resolution in 3D. Accordingly, we can 

calculate the rotation blur αblur produced in each frame during a CRRET experiment as a function of 

the total tilting range 2αmax and the acquisition rate of the camera fps: 
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Where: - αblur is the rotation blur in °/frame, 

     - 2αmax is the angular interval in °,  

     - ttotal is the total time of the rotation in s, 

     - fps is the camera recording rate expressed in number of frames per second. 
 

 
 

Figure 3: Reconstruction by the simple Weighted-Back Projection method of the 2D phantom introduced in 
Figures 2 and SM2 and recalled in a). b): reference reconstruction over the range +90° to -90° with an angular 
step of 0.1° (1801 1D projections). c): Conventional ET conditions, -70° to +70° with angular step of 1° (140 
1D projections), 2° (70 1D projections), 3° (47 1D projections) and 5° (29 1D projections). d): Reconstructions 
from the 1D projections having an integrated blur of 1°, 2°, 3° and 5° as produced by CRRET with an 
increasing rotation speed. Note that most of the smallest particles at the top of the object (i.e. at 75 nm from 
the tilt position) are almost equally affected by the amplitude of the angular increment in conventional ET and 
the rotation blur in CRRET. 2-columns figure. 

 

In Figure SM3 are plotted the recording speed of the camera in fps required to keep αblur below the 

indicated values as a function of ttotal for a given rotation amplitude 2αmax. This diagram shows that 

high-speed cameras capable of acquisition frequencies of hundreds of frames per second are easily 

compatible with experiments shorter than one second even with a rotation blur largely lower than the 

2° limit evoked previously. The total acquisition time can even be shorter if the rotation amplitude is 

reduced from 140° to 120° or 100°. In practice, it seems that no TEM goniometer is yet capable to 

reach a rotation speed allowing to cover 140° in times shorter that about 3 s. Therefore, the limited 

factor for very fast CRRET is presently the  microscope goniometer and not the acquisition speed of 

cameras.  

All previous consideratios will be experimentally demonstrated for fast ‘optimized’ SBSET and 

CRRET respectively in the two successive sections 3 and 4. 
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3. Experimental results: fast SBSET acquisitions 

 

3.1. Experimental setup 

Experiments were performed using a FEI Titan ETEM (Cs-corrected) operating at 300 keV. A 2k 

UltraScan US1000XP-P Gatan CCD camera and a 4K Oneview Gatan CMOS camera were 

respectively used for the ‘step-by-step’ acquisitions reported in sections 3.2-3.3 and 3.4. The tilt series 

were aligned by IMOD [13], the volumes reconstructed by TomoJ [14] using the ART algorithm [8]. 

The data segmentation, visualization and quantification were performed by ImageJ [81] and 3D Slicer 

[82] softwares. Several samples have been used to demonstrate the possibilities of the different modes 

of fast ET.  

 

3.2. SBSET) using a conventional CCD camera: Pd nanoparticles on δ-Al2O3 support 

As previously mentioned in Table 1, the time consuming steps of the tilt series recording in classical 

SBSET  are tracking and focusing of the object. We illustrate here successful fast SBSET experiments 

where the user performed the adjustments of the sample manually at each tilt position.  

A first example concerns Pd/δ-Al2O3 catalysts used for the selective hydrogenation of alkynes 

and alkadienes into the respective olefins in petrochemical refining [83], see Figure 4. Details 

regarding the preparation of the TEM sample have been published previously [84]. 

The system is composed of Pd nanoparticles less than 5 nm in diameter supported on porous δ-Al2O3 

consisting in aggregates of poorly crystalline platelets which produce only a weak diffraction contrast. 

Consequently, BF-ET is reasonably adapted as previously mentioned in section 1.1 and a classical 

automatic acquisition  can then be compared to a fast ‘semi-automatic’ one. For the classical SBSET, 

the object was tilted from -74° to 66° using a step of 2° in Saxton mode [37]. The images were 

recorded in 2k x 2k pixels format with an exposure time of 1s (Figure 4a). The total acquisition time 

was 60 min using the FEI tomography software.  
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Figure 4: Comparison of classical ‘step-by-step’ with fast ‘step-by-step’ ET performed on a Pd/δ-Al2O3 

sample (BF-TEM, 300 keV Titan ETEM). a) and b): BF projections at 0° from the classical and fast 
approaches respectively. c) and d): Cross sections of the reconstructed volumes at the same depth parallel to 
the (xy) plane; e) and f): Orthogonal cross sections showing the Pd particles distribution, in blue for classical 
SBSET and in red for fast SBSET. 2-columns figure. 
 

For the ‘semi-automatic’ fast acquisition, the microscope was driven through a home-made plugin in 

DigitalMicrograph (GMS2 from Gatan) to tilt the holder with a step of 1° at maximum speed. After 

each step, a 1s alignment time was imposed in order to stabilize the goniometer and reduce 

undesirable blur. 1k x 1k pixels images were recorded with an exposure time of 0.1 s at each 
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programmed tilt (Figure 4b). The total time needed to record the tilt series from -74° to 66° was 150 

s (2 min 30 s) including the alignment and image acquisition times. 

Figure 4c) and d) illustrate both reconstructions and report cross sections of a δ-Al2O3 platelet 

supporting Pd NPs. The section extracted from the volume calculated by classical SBSET (Figure 4c) 

exhibits a better contrast between the various components, i.e. Pd particles, pores and support than 

the section from the fast SBSET. This difference is due to the higher SNR in the projections having 

a longer exposer time, 1 s compared to 0.1 s. Nevertheless,  the smallest pores and Pd particles are 

visible in the fast SBSET cross section (Figure 4d) despite lower SNR and numerical resolution. In 

Figure 4e-f) the Pd particles are highlighted in blue and red for the classcial and fast SBSET volumes 

respectively.  

After segmentation, the Pd particle size distributions are quantified in 3D from both reconstructed 

volumes, converting their size into the diameter of the equivalent sphere for each particle (Figure 5). 

In the volume obtained by classical SBSET, 218 Pd particles were quantified, with an average 

diameter of 4.1 ± 0.8 nm whereas in the volume obtained by fast SBSET, 212 Pd particles were visible 

with an average size of 3.9 ± 0.7 nm. During the data segmentation of the fast tomography approach, 

only 6 Pd nanoparticles were lost, representing an error of 2.7% as compared to the SBSET 

‘reference’ reconstruction. This experiment suggests that fast SBSET could give reliable results for 

the 3D analysis of nanomaterials while drastically decreasing the acquisition time and so the total 

electron dose supported by the sample. A more practical and detailed application of fast tomography 

during the in situ calcination of this Pd/δ-Al2O3 catalytic system performed in an ETEM has recently 

been  published [84]. 

The next sections 3.3 and 3.4 illustrate that Fast SBSET can also be of a great interest for beam 

sensitive materials like biological samples and polymer-based materials respectively. 
 

 
 
Figure 5: Distribution of Pd particle sizes obtained by classical SBSET in blue and by fast SBSET in red. The 
histograms represent the diameter of the spherical equivalent of each particle. The mean values are deduced 
from a Gaussian fit of both distributions. 1-column figure. 
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3.3. SBSET (step-by-step acquisitions) using a conventional CCD camera: magnetotactic 

bacteria 

Pioneer work in electron tomography was indeed devoted to life sciences [21,22,23,85]. We chose 

the case of magnetotactic bacteria [86,87] because this system has already been studied by ET [26]. 

The bacteria were taken from a bacterial culture [88] grown in a liquid media by insulation.  A portion 

was taken from the bacterial culture and transferred onto a holey carbon membrane supporting TEM 

grid after being chemically fixed. No other additional treatment or preparation step was performed 

on the sample.  

 
The tilt range was limited to -50° to +50° because of shadowing from the supporting grid. Images 

were recorded every one degree with an exposure time of 0.1 s and an adjustment time of  0.5 s. 100 

images were recorded at an image size of 1k x 1k pixels, each pixel representing 3.43 nm. The whole 

tilt series was acquired in 140 s. Figure 6a) shows the projection at 0°. 

A cross section within the reconstructed volume parallel to the (xy) plane is shown in Figure 6b). 

Despite the limited tilt amplitude of 100°, a reasonable reconstruction was obtained. Figure 6c) shows 

a schematical model of the bacteria. Due to the thickness of the bacteria, of about 1 µm, details are 

not easily visible in the 2D projection. But in the cross section from the 3D reconstruction the cell 

membrane, the inclusion bodies, the flagella and the magnetosomes become clearly visible and 

comparable to the schematic representation.  

 

In biology, the electron dose accepted in an image of an unstained vitrified  biological sample in the 

TEM mode is typically between 1 and 12 e-/Å2 [89,90] whereas for a 3D analysis of a frozen 

biological sample [90], the maximal accepted electron dose should not exceed about100 e-/Å2. By 

using a high sensitivity camera, elementary frames recorded in 0.05 s/frame can be adjusted so that 

the sample receives a dose of about 1e-/Å2 per frame. Thus, for 100 frames the total dose is of about 

100 e-/Å2.This corresponds to a total acquisition in 5 s in the CRRET mode, a performance readily 

accessible for a tilt from -70 to +70°. It becomes then clearly possible to plan tomographic 

experiments on unstained biological materials in the continuous rotation mode. 
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Figure 6: a) 0° 300 kV BF image of a chemically stained magnetotactic bacteria. b) Cross section parallel to 
the (xy) plane from the reconstructed volume obtained in 140 s by Fast SBSET. c) Schematical model showing 
(1) the cell wall, (2) phosphorus-rich ultrastructure bodies, (3) magnetosomes made of Fe and (4) flagella. Both 
images in a) and b) have been gamma-corrected to insure a better visibility of the Fe-particles (3). 1-column 

figure. 
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3.4. SBSET (step-by-step acquisition) using an optimized CMOS or DE-type camera: LDH-

Latex polymer nanocomposite  

Another typical example of beam sensitive materials for which fast ET would be profitable concerns 

polymers. We have investigated here a polymer nanocomposite made of a soft latex, methyl 

methacrylate (MMA), butyl acrylate (BA)-based matrix reinforced with Mg3AlCO3 layered double 

hydroxide nanoplatelets (LDH with a complete formula [Mg2+
1–x M3+

x(OH)2](CO3)2-
x/2 mH2O) [91], 

see Figure 7. The experiment was conducted on a slice prepared by cryo-ultramicrotomy at a 

thickness of about 100 nm (see more details in [91]); the sample was deposited on a usual Cu TEM 

grid mounted on  a single tilt tomographic TEM holder from Fischione and imaged at 300 kV using 

the OneviewTM camera from Gatan. Preliminary irradiation tests (see section SM-2  and video 

SM_2_polymer-irradiation-test.avi) allowed to define a critical dose of about 8.4 105 e-/nm2 in order 

to avoid significantly visible irradiation damage. According to this limit, reasonable parameters were 

adjusted to keep the electron dose received by the sample during the acquisition of a tomographic tilt 

series over a tilting amplitude of 140° below this value, i.e. around 8 105 e-/nm2: This was performed 

in the fast SBSET mode in only 200 seconds (see SM-2) under an electron flux of 4025 e-/nm2s. 

Although the electron flux differs in both acquisitions (irradiation test and true tomographic 

experiment), keeping the total dose below the critical value defined by the irradiation sequence gives 

more confidence in the representativeness of the reconstructed microstructure. 

In Figure 7a) an image at 0° tilt of LDH platelets in the polymer matrix is shown; the black dots are 

the 5 nm Au nanoparticles used to align the tilt series and the grey lines are the reinforcing mineral 

platelets. Figure 7b) shows the 3D distributions of the LDH platelets within the volume of the 

nanocomposite. Figure 7c) is a cross-section through the volume (see video SM_2_polymer-

tomogram.avi for the reconstructed tomogram). As in many other cases where LDH are incorporated 

into a polymer matrix (e.g. [92,93]) the mineral layers are mostly found in an exfoliated state. A 

spacing of elementary LDH layers at 0.8 nm is shown in the detail from Figure 7d). This interlayer 

distance is very close to the expected bilayer value of 0.75 – 0.8 nm [94], further refined as 0.759 – 

0.793 nm [95] depending of the exact Mg/Al ratio. Note that this result comes from the volume 

reconstruction and not from a single experimental projection, giving at least the evidence that a voxel 

resolution better than 1 nm3 has been achieved in this experiment, although the acquisition was 

performed in only 200 s. Such a result can be quantitatively used to establish relationships between 

the distribution of the reinforcing fillers and physical properties, such as mechanical properties, of 

the nanocomposites [96]. 
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Figure 7: a) BF projection of the LDH-Latex nanocomposite at 0° (4k x 4k image, 300 kV); the black dots are 
the Au 5 nm fiducial markers, the grey lines are the LDH lamellas. b) 3D model from the fast SBSET 
reconstruction illustrated in c) representing the LDH nanoplatelets distribution within the latex matrix (not 
shown). c) Typical 1k x 1k elementary cross-section (single frame over 1050 frames) of the tomogram parallel 
to the (xy) plane; d) enlargement of the central region in c) (dotted rectangle) after averaging over 10 frames; 
e) intensity profile across the central platelet in d) showing a contrast compatible with the resolution of its 
bilayer structure near 0.8 nm. 2-columns figure. 
 

 

4. Towards operando real time tomography: very fast CRRET acquisitions 

4.1. Experimental setups 

As for SBSET acquisitions, two experiments were performed using the FEI Titan ETEM (Cs-

corrected) operating at 300 keV. For the first experiment the microscope was equipped with the 

UltraScan 2K US1000XP-P Gatan CCD. For the second one, a 4k Oneview Gatan camera was used.  

The first experiment aims at validating the consistency of the fast continuous rotation approach by 

comparing it to a classical tomography performed in the STEM-HAADF mode. A sample of Pd 

nanoparticles deposited on a α-Al3O3 support was prepared in conditions comparable to those 
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described previously for the similar Pd/δ-Al2O3 system. Experimental details regarding the 

acquisition of the tilt series are given in section 4.2. Volume reconstructions were performed as 

described in section 3. 

The second experiment aims at demonstrating the capabilities of fast CRRET under environmental 

conditions in an ETEM. The sample is a catalytic system made of shape-controlled Pd nanoparticles 

embedded into silica shells [97]. The temperature was raised up to 500°C with a dedicated MEMS-

based Widlfire heating holder from DENSsolutions and using a specific S5 Si/SiNx nanochip. This 

equipment provides tilting capabilities of ±72° without shadowing of the central thin windows, 

making it a well-adapted tool for ET at high temperature and under gas in the ETEM. Observations 

were done under reducing conditions (pure hydrogen pressure of 4 mbar), one of the preparation step 

of such catalysts [97].  

According to the restrictions on the electron dose (see details in section 4.3), all recorded projections 

have a relatively low signal-to-noise ratio. The reconstruction was then performed with a home-made 

reconstruction algorithm named SIRT-FISTA-TV [64,98] using the MATLAB-GPU toolbox ASTRA 

[16] and which is very robust to noise. SIRT-FISTA-TV is based on the classical SIRT approach [9] 

and integrates Total Variation (TV) regularization [99] to deal with missing data. The Fast Iterative 

Shrinkage-Thresholding Algorithm (FISTA) [100] was used to speed up the convergence of the 

algorithm. 

 

4.2. CRRET (Continuous Rotation and Recording Electron Tomography) using a conventional 

CCD-based camera: Pd nanoparticles on a α-Al2O3 support 

Pd /α-Al2O3 constitutes a catalytic system very similar to Pd /δ-Al2O3; it is used in the petrochemical 

industry  as heterogeneous catalyst for selective hydrogenation of acetylene in ethylene-rich 

streams (C2 hydrorefining) [101]. Contrarily to δ-Al2O3 grains, the α-Al2O3 phase is much less 

sensitive to the electron beam material but presents a stronger diffraction contrast: it is thus a good 

system to test the limits of fast tomography in the BF mode. An additional challenge is here to detect 

properly the very small Pd nanoparticles of about 3 nm in diameter dispersed on the alumina grains. 

Due to the diffraction contrast of the support and because a good Z-contrast is expected between Pd 

and α-Al2O3, a reference tomography experiment was performed in the STEM-HAADF mode. The 

HAADF tilt series was recorded from -75° to +61° with a 2° angular step using a conventional 

approach taking 90 minutes (Figure 8a). Prior to it, a continuous rotation acquisition of BF projections 

was performed over the same angular range (Figure 8b).  

The CCD camera was used in the live mode displaying images at 10 fps, i.e. an acquisition time of 

0.1 s per frame. To insure a negligible rotation blur, the rotation of the goniometer was performed 
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with a low speed: 0.56°/s, leading to 240 s for covering the entire tilt range of 136°. According to 

relation /1/, these conditions led to a very negligible rotation blur of 0.05°/frame. This slow motion 

also allowed to manually track the object to keep it in the field of view. Video sequences were 

recorded by grabbing the 8 bits display of the camera using the free software Camstudio v.2.0 [102] 

at an acquisition rate of about 25 fps, thus duplicating all images displayed by the camera. After 

suppressing the repeated images, 2400 images were obtained (10 fps during 240 s). A lot of them 

were exhibiting a severe motion blur, especially when the stage was shifted manually to bring the 

object back in the center of the field of view. After removing the worst images based on their poor 

sharpness and SNR, only 76 frames were kept roughly uniformly distributed over the entire tilt range. 

It should be noted that this final number was chosen to be typically comparable to that of a 

conventional ET acquisition with a constant step of 2° over a tilt amplitude of the order of 140°. This 

means that skipping low quality frames from a continuous rotation experiment, even if they represent 

a large proportion of the acquisition, is not specifically restrictive.  

Figure 8c) and d) compare STEM-HAADF and CRRET reconstructions. We have selected here on 

purpose a section showing the limitation of the BF tomography due to diffraction contrast. In the 

STEM-HAADF reconstruction, all Pd particles (brighter dots, highlighted by the green circles) 

anchored at the α-Al2O3 surface are clearly resolved. In the CRRET reconstruction, some of the 

smallest Pd particles (dark dots) are not detected because of a strong diffraction contrast at the edge 

of the alumina grain. The 3D models and  the size histograms reported respectively in Figure 8e) and 

f) and Figure 9 confirm this poorer quality of the BF tomography. Only 60% of the smallest Pd 

nanoparticles were detected in the CRRET reconstruction although the average size measured from 

this fast tomography approach remains very close to the value measured from the STEM-HAADF 

conventional ET experiment. The poorer imaging performances are primarily imputable to the BF 

mode and secondarily to the fast approach. It should be noted that this experiment, although 

performed in the continuous recording mode, remains slower that an optimized SBSET acquisition 

as evaluated in Table 1: 1min 31 s, i.e. less than 100 s as compared to 240 s here. We will see in the 

next section that using a fast camera allows speeding up considerably the acquisition in the range of 

a few seconds. 

 

4.3. Toward Operando CRRET using an optimized CMOS camera: sintering-resistant 

Pd@SiO2 core-shell nanocatalysts under hydrogen up to 500°C 

As indicated previously, one of the main interests of fast ET is to follow the morphological evolution 

of nanomaterials under dynamic conditions as it is the case of nanocatalysts exposed to gas and 

temperature in the ETEM. To demonstrate the capabilities of very fast tomography acquisitions under 

such environmental conditions, we chose a core-shell Pd@SiO2 catalyst used for the methanation of 
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CO2 (details of the synthesis and the catalytic properties have been reported previously [97]). 

Embedding the metallic nanoparticles into silica shells as seen in Figure 10a) aims at preventing 

significant sintering during the heat treatments used in the preparation of the catalysts, such as 

calcination and reduction up to possibly 400°C to 500°C. When the resistance to sintering can 

classically be quantified through 2D or even 3D TEM particle size measurements before and after 

these treatments [50], only an in situ analysis can provide direct and accurate information about the 

evolution as a function of time and temperature. 

 

 
 

Figure 8: Comparison of conventional STEM-HAADF ET approach (a-c) with  CRRET (d-f). a) 0° tilt 
HAADF image from a conventional tilt series recording on a α-Al2O3 grain supporting Pd nanoparticles. b) 
Near central cross-section parallel to the (xy) plane through the reconstructed volume. c) 3D model showing 
in blue Pd particles distributed over the α-Al2O3 support (in fade yellow). d-f): Images similar to a-c) for the 
CRRET experiment; the (xy) cross-section in e) is at the same depth than in b); Pd particles are shown as red 
dots in f). 2-columns figure. 
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Figure 9: Pd particles size distributions, in blue analyzed by STEM-HAADF conventional electron 
tomography and in red by CRRET. Due to the diffraction contrast, some of the Pd particles are lost in the BF 
mode. 1-column figure. 
 

Figure 10 shows the evolution of an isolated Pd@SiO2 aggregate from 20°C under high vacuum to 

400°C and 500°C during the in situ reduction under 4 mbar of pure hydrogen. Further details of this 

experiment, which comprises 7 tomographic series recorded in the CRRET mode in 43 seconds (6 to 

9 s each acquisition) are given in section SM-3, which also includes the methodology used to control 

the radiation damage. Figure 11a to c) are single frames at a low tilt angle extracted from video 

sequences acquired at 20, 400 and 500°C respectively. The better contrast of the image at 20°C is due 

to the much lower pressure and temperature. The recorded video sequence of the tilt series for the last 

acquisition at 500°C in about 7 seconds is illustrated by the movie file SM_3_Pd-

SiO2_500°C_4mbar-H2_CRRET.avi) displayed at real speed. Figure 10 d-f) show 3D models created 

from the tomograms reconstructed from the tilt series illustrated in Figure 10 a-c). Histograms of Pd 

NP size can then been measured from these 3D data as reported in Figure 10 g-i). Such measurements 

are more accurate and representative than what can be performed from simple 2D projections, since 

a close inspection of the 3D models (see video SM_3_Pd-SiO2_20-400-500°C_4mbar-H2_3D-

models.avi  showing an animation of these models) points out the existence of facets which may lead 

to errors in the evaluation of volumes from an extrapolation of 2D projections. Obviously the 

histograms have a low statistical meaning since they concern a very limited number of Pd 

nanoparticles, however they are deduced from the analysis of the same and unique object at different 

steps of its evolution. 



24 

 

The final conclusion of this experiment is that fast tomography has permitted to follow the reduction 

process in situ in the ETEM. Although a generalized growth and sintering of the core metallic 

particles can be ruled out, the present 3D analyses performed on the same Pd@SiO2 aggregate shows 

a tendency of both size increasing (mean equivalent spherical diameter of about 16, 17 and 19 ± 0.5 

nm at 20, 400 and 500°C respectively) and particles number decreasing (20 to 16 from 20 to 500°C) 

that evidences coalescence. This means a probable decrease of the specific surface of active phase of 

the heterogeneous catalyst. 
 

 
 
Figure 10: CRRET experiment of a Pd@SiO2 aggregate reduced under 4 mbar of hydrogen in situ in ETEM. 
a-c): projections at a low tilt angle (about -28°) respectively at 20°C, high vacuum (6 10-7 mbar), 400°C (after 
35 minutes under 4 mbar of H2) and 500°C (after 60 minutes under 4 mbar H2). Recording times for the entire 
tilt video sequence from +72° to -71° are as indicated. Pd nanoparticles (in dark) are embedded into silica 
beads. d-f): 3D models showing the reconstructed volumes corresponding to a-c) as seen under a similar 
viewing direction. g-i): Histograms of size distribution of Pd NPs considered as spheres. 
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5. Discussion and conclusions 

 

The present work could constitute a possible starting point for a real time 3D investigation of 

nanomaterials exposed to temperature and gas conditions, yet restricted to the conventional bright 

field TEM mode because of too long acquisitions in the STEM mode. 

With conventional digital CCD-based cameras, one can consider that reasonable acquisition times for 

a single image can be as short as 0.2 - 0.1 s. With the fast semi-automatic SBSET, where manual 

(x,y,z) adjustment of the projected images is done during a short time at each tilt (see Table 1), a total 

acquisition time slightly lower than 2 minutes can be achieved for an angular range of 140°. Although 

not suitable for the in situ 3D investigation of rapid dynamic processes, this semi-automatic Fast Step-

by-Step Electron Tomography is nevertheless applicable to environmental investigations where the 

kinetics can be sufficiently slowed down by a fine control of the temperature and the gas pressure 

[51]. It further does not require any specific equipment or advanced software since the user can 

control any step of the acquisition manually or, better, semi-automatically with a simple script. 

Real time tomography definitely requires simultaneous the high-speed rotation of the sample and 

acquisition of image. High-speed cameras available nowadays allow very fast acquisitions at several 

hundreds of frames per second. The analysis of the rotation blur, i.e. the blur due to the motion 

(rotation) of the sample during the recording of each projection shows that this effect is negligible 

even for very fast tilting of the goniometer (Figures 3, SM2 and SM3). Typically, a rotation speed of 

140°/s would produce a rotation blur of 1.4°/frame while tilting from -70° to 70° with a camera frame 

rate of 100 fps. Under these conditions, the acquisition time of the tomographic series in the CRRET 

mode would be only one second. Consequently, the rotation speed of the microscope goniometer 

appears to be the limiting factor. 

The feasibility of true ETEM operando tomography was previously demonstrated and already 

performed at a much moderate but still high speed [51]. To allow routine application of our faster 

approach, some improvements have to be made and the following obstacles have to be overcome:  

(i) In a few seconds (typically 5 to 10), there is almost no time for a live adjustment of the focus 

(z change) and the possible in-plane drifts (x,y) of the goniometer, which can be of a few tens 

of nm [63]. It is also very difficult to account for non-systematic instabilities such as those 

possibly inherent to the goniometer when rotated at high speed. Then, keeping the object within 

the field of view while insuring a reasonable spatial and pixel resolutions with an adapted 

magnification remains a critical step. Technical progress allowing smoother rotations of the 

goniometer would then certainly be appreciable. Nevertheless, reproducible (x,y) drifts can be 

a priori calibrated,  pre-recorded and a correction can be applied during the acquisition as it is 
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already possible by using several existing softwares. It will however be of the outermost 

importance to perform the pre-calibration procedure as fast as possible to prevent the evolution 

of the sample submitted to environmental conditions. The goniometer pre-calibration can be 

done in an area close to the region of interest as classically performed in low-dose experiments 

to protect it from the electron beam influence. Ongoing works will address such developments 

to correct the (x,y) drifts. Maintaining the focus during the tilt sequence is much less trivial. 

Methods exist to perform this adjustment: they generally consist in tilting the beam in two 

opposite directions and deducing (and further correcting) the defocused value from the 

displacement between the two images [31,36,103]. This procedure is however time consuming 

and not easy to implement during a fast frame rate recording; it may be incompatible with 

experiments at the level of a few seconds. 

(ii) Despite the relatively short acquisition time, the Continuous Rotation and Recording Electron 

Tomography (CRRET) experiments will produce a very large amount of data due to the very 

high recording rate and large images size (16 MB for a real 2k image). Following the kinetics 

of any reaction requires recording several tilt series of the same or similar object(s). This may 

then easily lead to TBytes of data in a very short time and to severe challenges in terms of 

handling, transfer, storage and processing.  

Beyond operando tomography, CRRET also presents advantages for the study of electron beam 

sensitive materials (e.g., biological and polymer-based samples such as shown in Figures 6 and 7). 

The counterpart of fast acquisition is the degradation of the signal-to-noise ratio, which can become 

a limiting factor in some specific cases. A positive point is however that in all reported experiments, 

the final resolution remains very comparable to usual ET: particles as small as 1-2 nm have been 

quantified in the case of Pd on δ and α-Al2O3 y. In addition, a sub-nm resolution has been reached in 

the case of the polymer-nanocomposite shown in Figure 7.  

In conclusion, the Continuous Rotation and Recording Electron Tomography approach presents a 

considerable interest for the study of phase transformations or reactions of nanomaterials that can be 

followed in an Environmental TEM. This is a first step towards 3D analysis of in situ straining 

experiments [75] which remains another exciting topic. 
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