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Deliverable D.2.3 First report on in situ TEM characterization of a clusters-based 

catalyst 

1. Goal. 
In situ (Scanning) Transmission Electron Microscopy (S)TEM is a powerful characterization 

technique to understand the behavior of the catalysts in a reactive environment and investigate 

activation/deactivation mechanisms of catalyst materials. In this report, the most important in 

situ STEM results obtained so far at the EMAT group of the University of Antwerp (UA) are 

presented. Furthermore, a discussion on further steps to enable a successful in situ (S)TEM 

characterization of CatCHy catalytic clusters is presented. 

2. Approach.  
To investigate the overall structure of atomic clusters of Palladium and Gold provided by our 

collaborators at TCL and KUL, Aberration corrected microscopes available at EMAT in UA 

were first used for ex situ investigations. More specifically, atomic resolution High-Angle 

Annular Dark-Field STEM (HAADF STEM) is used to investigate the crystallinity of the 

metallic clusters deposited on the TEM grid. The intensity of the acquired HAADF STEM 

images scales with the thickness and the atomic number (Z) of the samples under investigation. 

Therefore, heavy atoms are observed brighter compared to lighter ones. Furthermore, due to 

the chemical sensitivity of the technique, the acquired images are more straightforward to 

interpret compared to high resolution TEM images. Moreover, by using statistically based 

approaches and atom counting, combined with molecular dynamic simulations, we can 

determine the number of atoms, shape, and 3D atomic structure of oligoatomic metal clusters, 

based on 2D atomic resolution STEM images1,2. From lower magnification images, 

determination of the Particle Size Distribution (PSD) and surface coverage is possible in a 

quantitative manner. These quantitative analyses are relevant to study the size effect on the 

catalytic performance or to understand the relationship between the catalytic activity and 

loading of the catalysts.  

Ex situ (S)TEM investigations can provide us with unprecedented information concerning the 

morphology, crystal and electronic structure of the as prepared clusters. However, the lack of 

knowledge about the nature of the active sites and the reaction mechanism prevents us from 

having an efficient stable catalytic system that promotes CO2 activation towards selective 

products. Therefore, in situ (S)TEM characterization of the cluster catalysts is necessary to 

investigate the electro-catalytic reduction of CO2, and the thermo-catalytic CO2 hydrogenation. 

Using dedicated in situ holders for both systems will provide a realistic reaction environment 

for the cluster catalysts from external stimulus like heat and pressure to reaction medium like 

gases, liquids or humidity; which allows us to perform multiple measurements while 

simultaneously analyzing the corresponding structural, chemical structures on a nano  and sub-

nano scales. Such experiments will explore reaction mechanisms and provide a better 

understanding of how, when, and/or why a catalyst change under specific operating conditions.  

 

2.1 In situ TEM holders 

In situ TEM opens the door for great possibilities of various systems to be investigated 

inside the vacuum of the TEM column. This is possible through dedicated holders that 

integrate a nanoreactor cell in the column with a flow system located outside of the 

microscope and allow for fluids and/or gases to flow inside the nanoreactor while 
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imaging. Two vacuum-compatible micro-electro-mechanical system (MEMS) chips 

(top and bottom) with SiNx membrane as the electron transparent window make up the 

nanoreactor. These state-of-the-art TEM holders enable dynamic, real-time 

visualization of nanoscale phenomena in the liquid or gas phase. Protochips, 

HUMMINGBIRD, and DENSsolutions are the main providers of such holders. At 

EMAT, our dedicated in situ holders have been acquired from DENSsolutions3. The 

climate holder enables gas flow combined with heating, and the stream holder is used 

for liquid flow combined with biasing. Figure.1 shows the main body of the holders 

with its fittings and silica tubing that deliver the reactant fluids to the nanoreactor where 

the catalytic reaction takes place. The holder tip houses the nanoreactor and the system 

is monitored through electron-transparent SiNx windows. The thickness of the windows 

membrane depends on the system under investigation or the purpose of the experiment 

e.g. for the liquid phase they are ~50 nm thick and for the gas phase almost ~30 nm, 

whereas for energy-dispersive X-ray spectroscopy (EDS) analysis the thickness is ~70 

nm. In Figure.2 the different components of the liquid-biasing nanoreactor are 

illustrated, i.e. the bottom and top chip. At the bottom chip the Working (WE), Counter 

(CE), and Reference (RE) electrodes are present, together with the inlet and outlet for 

the liquid flow. The reactor is sealed with an O-ring between the two chips, which 

allows us to have a liquid flow inside the TEM column. To suppress the competing, 

unwanted hydrogen evolution reaction (HER) during our experiments, bottom chips 

with a glassy carbon WE and CE will be used, which became recently available, and 

also have minimal activity for the CO2 reduction reaction. Furthermore, the non-

crystalline nature of the glassy carbon electrode and its much lower atomic number (Z) 

contrast compared to Pt which is typically used and it is also shown in Figure.2, allows 

us to visualize better the clusters at the surface of the electrode. 

 

Figure.1: Schematic view of the DENSsolutions in situ holder with the nanoreactor MEMS chips 

mounted at its tip4. 
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Figure.2: Illustrated drawings of (a) the top chip with its window that is orthogonal to the bottom one (b) the 

bottom chip, showing its 3-electrode configuration, together with a magnified image of the electron transparent 

bottom window with the working electrode, (c) the MEMS top and bottom chips assembled as the liquid biasing 

nanoreactor5. 

The climate holder nanoreactor has a very similar configuration where a top and a 

bottom chip are present (Figure.3). A combination of heating (up to 1000 ˚C) and gas 

flow of different mixtures of gases with a maximum pressure of 1000 mbar is possible. 

Figure.3: Illustrated drawing of the bottom chip of the climate holder (right), together with a magnified 

image of the heating spiral region where the electron transparent windows are present (left)4. 

2.2  Clusters deposition on in situ chips 

For the (S)TEM studies, the clusters need to be deposited only on the area of interest on 

the chip, (i.e. the working electrode in the liquid chip and the high-resolution windows 

in the gas chip), using the cluster source at KUL. The chip needs to be mounted inside 

the cluster source with a shadow mask that will only expose the viewing window of the 

chip. 

To achieve this selective deposition, we started by designing a 3D printed mounting 

system that can hold the bottom chip and allows for a mask to be secured on top of it 

(Figure.4). In collaboration with KUL, we performed a trial test and we obtained a 

successful deposition of Au clusters on a liquid chip, but without a mask. This mounting 

system was bulky, didn’t have an exact fit on the boat (the mounting stage for the cluster 

source) and it was non-conductive, which is a drawback since it is necessary to know 

the amount of deposited charge. 

 

(b) (a) 

(c) 
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Figure.4: (a) The 3D printed chip holder mounted on the boat with the chip inside. (b) 3D drawings of 

the chip holder. 

Upon close interaction with Dimitra Papamichail (ESR 8) from KUL, we developed an 

improved design for the chip holder that is more streamlined and based on the system 

that is already used for TEM grids holder at the cluster source. Figure.5 shows the 3D 

drawings of the new chip holder, which will be produced at the workshop in KUL. 

Concerning the shadow mask for the liquid chip, it needs a very small opening (20×200 

µm) and requires high precision to align with the bottom window. It will be made in 

house at UA using our focused ion beam (FIB) SEM. The mask will only expose the 

SiNx window where the WE lies and protect the RE that is only 20 µm away from it. 

After the cluster deposition, we will have a glassy carbon WE, loaded with the metallic 

clusters. Luckily, the gas chip deposition area is bigger so we can use the mask holder 

itself as a mask for it. 

 

 

  

 

 

 

 

 

Figure.5: (a) 3D drawings of the chip holder with the mask holder fastened on top of it with screws. (b) 3D 

drawings of the mask holder where the mask (orange circle) is secured by screws. 

 

 

(b) (a) 

(a) (b) 
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3. Methodology & Results 

3.1  Optimization of experimental parameters 

In situ aberration corrected HAADF-STEM involves an array of different experimental 

parameters that need to be optimized for the system being probed. These include but not limited 

to mainly (i) the microscope’s acceleration voltage and (ii) the electron beam dose (e-beam 

dose). For (S)TEM characterization, acceleration voltages in the range 120-300 kV are typically 

used, depending on the thickness of the specimen, the sensitivity of the sample to the electron 

beam and the beam damage mechanism (i.e. knock on damage or radiolysis). For example, for 

specimens thicker than a few tenths of nm where also knock-on damage is not an issue, the 

image quality and achieved spatial resolution are better at higher acceleration voltages. Since 

in in situ systems we have the added thickness of the electron transparent top and bottom 

windows, we choose to operate at 300 kV. Concerning the e-beam dose, which is the number 

of electrons per unit area, per unit time for a sample being exposed to the electron beam, is 

controlled by multiple parameters, including and not limited to: electron beam current, dwell 

time (i.e., scanning speed), and total area scanned (i.e., magnification) during the image 

acquisition. This is particularly crucial when investigating free standing clusters, since high 

resolution imaging in a reactive environment can be very challenging. Indeed such tiny atomic 

clusters keep reconstructing and rotating, or even growing under the effect of the electron beam. 

3.1.1  In situ gas environment 

In order to optimize the experimental parameters for the characterization of clusters in 

a gaseous environment while heating, we used a sputter coater to deposit a small amount 

of gold clusters on a gas-heating chip. First, we reduced the sample in situ by heating it 

at 200 oC in vacuum and maintained that temperature. These starting experimental 

parameters were adapted from an established protocol, where an acceleration voltage of 

300 kV was used6. For PSD analyses and size evolution monitoring, we need high 

quality images, which will allow for a smoother segmentation process. This can be 

achieved by finding the correct tradeoff between image quality versus electron 

irradiation induced changes. We investigated the effect of the electron beam dose on the 

clusters by keeping the dwell time and magnification constant and at the same time 

reducing the electron beam current (Figure.6). We found that a dose of 2229 e-/Å2 was 

optimum for the system, since particle movement under the influence of the electron 

beam was eliminated, while having an acceptable Signal to Noise ratio (SNR). 

Afterwards we introduced a reactant gas mixture of 1:3 ratio of CO2:H2 with a flow 

ranging between 0.28 and 0.35 ml/min, by maintaining the pressure at 1 bar. We heated 

the system for at least 30 min at 200, 500 and 700 oC respectively. From the low 

magnification images at each heating step we could observe an increase in the size of 

the clusters, and a reduction in their numbers per area as illustrated in (Figure.7). The 

average diameter, calculated from the 2D projection images was 1.616 ± 0.016, 1.873 

± 0.018, and 4.619 ± 0.047 nm at 200, 500 and 700 oC respectively. Furthermore, we 

could see that the clusters’ loading decreased from 4.096 ± 0.263 at 200 oC, to 2.512 ± 

0.120 and then 0.168 ± 0.021 cluster/100 nm2 at 500 oC and 700 oC respectively. 
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Figure.6: HAADF-STEM images of gold sputtered particulates in a gas-heating nanoreactor, at beam 

currents of (a) 40, (b) 30 and (c) 20 pA, using the same dwell time (6µs) and magnification (1.3Mx). 

Figure.7: In situ HAADF-STEM images of gold sputtered particulates on a gas-heating chip, in a CO2:H2 flow 

and at temperatures of (a) 200, (b) 500 and (c) 700 oC with their corresponding PSD. 

To monitor the thermal diffusion of the clusters and track their aggregation due to external 

heating, the temperature increase needs to be gradual to avoid thermal drifting of the holder. 

After testing, we concluded that a heating rate of 5 oC /min or lower is sufficient to maintain 

visibility of the system under investigation. 

(a) (b) (c) 
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3.1.2 In situ liquid environment 

For the in situ liquid experiment we followed the same approach of sputtering Au on a 

liquid-biasing chip. Since the sputtering of Au at the sputter coater is sensitive to the 

location of the substrate, even though we tried to replicate the same conditions, small 

differences can still be present. In this case, bigger gold clusters were formed compared 

to the ones deposited on the gas-heating chip, probably because the chip was placed a 

bit closer to the target compared to the gas-heating one. For this test we used chips with 

platinum WE, but since it is very thick and bright we couldn’t see any clusters of gold 

laying on the electrode. Therefore, we focused on the SiNx support region. Moreover, 

the clusters seemed to aggregate and grow fast under the influence of the electron beam 

(Figure.8a). Once we introduced the electrolyte to the nanoreactor we lost visibility of 

the clusters due to the elevated thickness of the liquid. We could still see aggregates that 

are bigger than 10 nm at high magnification, but they were blurry and without many 

surface details (Figure.8b). 

By flowing gaseous N2 into the system to push the electrolyte out of the nanoreactor, 

we were able to visualize again the Au particulates. This approach, which is widely used 

in literature when conducting in situ liquid experiments, will allow us to investigate the 

clusters and track any morphological or structural change that can happen at a certain 

potential. The flowing or flushing of the electrolyte into the nanoreactor is a relatively 

fast process which allows for investigation at different applied potentials and flow rates. 

In Figure.8c, some ‘fuzzy’ particulates which are bigger than the gold aggregates and 

have a much lower contrast are also present. These most probably correspond to the salt 

crystals from the electrolyte. These salts crystals can be removed by flowing Ultra-Pure 

Water (UPW) into the nanoreactor as it will dissolve the crystals and flush them out of  

Figure.8: HAADF-STEM images of sputtered Au aggregates (a) before (b) after introducing the 

electrolyte to the nanoreactor (c) after flushing the electrolyte out of the nanoreactor. 

 

 

(c) (b) (a) 



CATCHY  Grant Agreement no 955650 

10 | P a g e  
 

3.2 Data analysis 

We wrote a matlab code to calculate the particle size distribution of the clusters. It is based on 

the segmentation of HAADF STEM images. For a representative analysis, over 500 particles 

are used for calculating the particles area and their equivalent diameters. The SNR of the 

obtained images at low magnification exhibit a slight drop once the gases are present in the 

nanoreactor, indicating that the noise is mostly present due to the presence of the thick bottom 

and top windows. However, this doesn’t change the effectiveness of the code for quantifying 

the size of the clusters. Afterwards, the total number of clusters is divided by their occupied 

area to obtain surface coverage in terms of cluster/100 nm2. Appendix I shows the image 

processing codes that were used to calculate the PSD, SNR, and electron beam dose and dose 

rate. 

4. Future work  

3D in situ STEM experiments are crucial to understand the structural and morphological 

changes catalytic nanoparticles undergo under reactions conditions relevant to their 

applications. Electron tomography is a powerful method for the 3D reconstructions of NPs, but 

the long acquisition time required to collect a tilt series limits this technique when one wants to 

observe dynamic changes with atomic resolution. In addition, the tilting range of most gas cell 

holders does not allow one to perform electron tomography experiments. Estimation of 3D 

models from single 2D projection images, by combining atom counting with molecular 

dynamics simulations that employ the embedded atom method potential6, is a very powerful 

approach that can offer a solution to this problem and will be used in my research for the 

characterization of atomic clusters provided by our Catchy colleagues. 

The approach of the 3D characterization of NPs based on 2D images starts by acquiring 

HAADF STEM projection images, along a main crystallographic zone axis. Due to the 

thickness sensitivity of HAADF STEM images, the number of atoms in an atomic column of a 

nanoparticle can be counted with single-atom sensitivity, provided that they yield a sufficiently 

large SNR. In Figure.9a, an HAADF STEM image of Au cluster provided by our Catchy 

partners at KUL is shown, which was acquired ex situ along a <110> zone axis. Using the 

StatSTEM software, which is an estimation-based algorithm that models the images by a 

superposition of gaussian peaks, describing each individual atomic column 1, the number of 

atoms for this almost 2.5 nm cluster could be determined, which were 474 in total. The counting 

results, displayed in Figure.9b, can be used to generate a 3D starting configuration by 

positioning the atoms in each atomic column parallel to the beam direction and symmetrically 

around a central plane (Figure.9c). By means of molecular dynamics simulations (MDS) that 

employ the embedded atom method potential, a relaxed 3D model for the structure of the NP 

can be obtained, which is representative of the actual shape. The approach will be used in the 

near future on results that will be acquired in situ from samples provided by our collaborators 

at different steps of a catalytic reaction.  
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Figure.9: (a) HAADF-STEM image of a Au cluster oriented along a <110> zone axis. (b) Results from 

the atom counting procedure using StatSTEM showing the number of atoms in each atomic column. (c) 
A non-relaxed 3D-model of the cluster. 

Applying a similar methodology to HAADF STEM images acquired in the gas environment 

can be challenging since the two SiNx windows of the gas cell lower the quality of the HAADF 

STEM images. Moreover, particle rotation while scanning causes image distortions, hampering  

a reliable quantification. Therefore, image restoration and registration are needed to correct 

distortions in the images and to improve their SNR. Next, the number of atoms in a particular 

atomic column will be estimated by fitting an incoherent parametric imaging model to the 

experimental images using the criterion of goodness of fit. That outcome will be used as an 

input for energy minimization approaches by Monte Carlo or MDS to retrieve the 3D model of 

a nanoparticle. In this manner, 3D structures of the same nanoparticle at the different states of 

the reaction could be extracted and the changes in facet evolution throughout the reaction could 

be quantified. This same approach will be exploited for the in situ characterization of samples 

that will be provided from our Catchy partners.  

However, this approach cannot be directly applied to supported metal nanoparticles at elevated 

temperatures. The reason is that increased thermal displacements of atoms and particle-support 

interactions should also be taken into account as they influence the morphology of the particle. 

Moreover, it is expected that the structure of nanoparticles at elevated temperatures may 

significantly deviate from their ground state configuration, which is difficult to determine using 

purely energy minimization approaches. To overcome these limitations, we recently proposed 

an iterative local minima search algorithm based on atom-counting results by taking both the 

temperature effect and the particle-support interaction into account. The proposed method 

explores different local minima in the energy landscape while quantitatively validating the 

reconstructed structure with the observations from HAADF STEM images. It has been 

demonstrated that the proposed approach outperformed the previously applied methodologies 

and enabled 3D atomic-scale investigations of both stable and metastable states of the 

nanoparticles that may appear at high temperatures. 

(b) 

(a) (c) 
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5. Experimental details. 

5.1 Electron Microscopy 

In situ characterization: we acquired the data using HAADF STEM imaging in 

aberration corrected microscopes (Titan), operating at 300 kV. A semi-convergence 

angle of 21 mrad and a camera length of 115 mm were used. 

5.2 Sample preparation 

In situ characterization:  we used a Leica EM AC600 coater to deposit gold clusters that 

have a size similar to that of the clusters provided by KUL, but there was no size 

selection. The deposition parameters were 30 mA for 2 seconds at 5×10-2 mbar. 

5.3  Electrolyte preparation 

The electrolyte we used for the electrochemical setup is a 0.05 M K2CO3 aqueous 

solution saturated with CO2 until the pH level is around 7 giving us 0.1 M KHCO3. 

6. Conclusions. 
Within the scope of the Catchy project, an experimental approach was developed, aiming to the 

quantitative in situ characterization of free standing clusters. For initial testing we sputtered Au 

clusters with an average dimeter of 1.616 ± 0.016 nm. After optimizing the imaging parameters, 

we applied a quantitative methodology to determine the particle size distribution and surface 

coverage at different steps of a catalytic reaction. We were able to follow the reaction over time 

by gradual heating of the system. Moreover, we have designed a dedicated holder system for 

mounting the in situ chips in the cluster source at KUL and deposit size selected clusters. At a 

later step, we will obtain relaxed 3D models of oligoatomic metal clusters from atomic 

resolution 2D projection STEM images and follow their morphological evolution at different 

stages of a catalytic reaction. State of the art in situ TEM holders allow us to investigate thermo- 

and electro-catalytic reaction mechanisms. As discussed, challenges are present in both 

environments (gas-heating and liquid-biasing). Specific protocols were established to 

investigate each system, which can be easily adapted to the cluster catalyst/system under 

investigation. 
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8. Appendix.  
I. MATLAB codes for data analysis 

Particle Size Distribution mabtlab code 
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