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ABSTRACT  

Pt nanoparticles play an essential role in a wide variety of catalytic reactions. The activity of the 

particles strongly depends on their three-dimensional (3D) structure and exposed facets, as well 

as on the reactive environment. High resolution electron microscopy has often been used to 

characterize nanoparticle catalysts, but unfortunately, most observations so far have been either 

performed in vacuum and/or using conventional (2D) in situ microscopy. The latter however 

does not provide direct 3D morphological information. We have implemented a quantitative 

methodology to measure variations of the 3D atomic structure of nanoparticles under the flow of 

a selected gas. We were thereby able to quantify re-faceting of Pt nanoparticles with atomic 

resolution during various oxidation-reduction cycles. In a H2 environment, a more faceted 

surface morphology of the particles was observed, with {100} and {111} planes being dominant. 

On the other hand, in O2 the percentage of {100} and {111} facets decreased and a significant 

increase of higher order facets was found, resulting in a more rounded morphology. This 

methodology opens up new opportunities toward in situ characterization of catalytic 

nanoparticles since it enables, for the first time, to directly measure 3D morphology variations at 

the atomic scale in a specific gaseous reaction environment. 

TEXT  

It is widely accepted that the catalytic activity of metal nanoparticles (NPs) is highly sensitive to 

their 3D shape and atomic surface structure.
1–5

 The rational design of nano-catalysts with 

optimized functional properties therefore strongly depends on the availability of advanced 

quantitative 3D characterization techniques. Electron tomography currently enables one to 

analyse the structure and composition of nanostructures in 3D, even with atomic resolution.
6–10
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Unfortunately, all of these measurements are mostly performed at room temperature and in ultra-

high vacuum, which are conditions that are completely irrelevant for the use of NPs in real 

applications. Measuring the 3D structure of NPs under static conditions is furthermore not 

sufficient to understand their structural evolution and connected changes of their properties when 

being exposed to various reaction environments. Therefore, we decided to study Pt NPs, a model 

catalyst for numerous gas phase reactions.
11–14

 Such reactions often occur in the presence of H2 

and O2 and it is known that surface energies will usually vary through adsorption of the H2 or O2 

molecules, leading to (de)stabilization of certain facets, which in turn affects the catalytic 

behavior and activity of the NPs.
15–18

 Morphological changes of metallic NPs during oxidation - 

reduction cycles have been previously investigated by in situ (HR)TEM, but these experiments 

are typically limited by providing only 2D projections of 3D objects.
12,15,19–22

 For example, 

Supplementary Figure S1 shows a 2D HRTEM image acquired from a 10 nm Pt NP. From this 

image it is not possible to decide which of the two presented models predicts the correct 

structure, due to the lack of thickness information along the viewing direction. A quantitative 3D 

description of the atomic structure and morphology, including the occurrence of surface facets, is 

therefore far from straightforward based on 2D projection images only. Moreover, 

experimentally imaging the evolution path of the 3D structure and facet distribution of catalytic 

NPs in a changing environment is technically very challenging, but would become an essential 

tool toward design and control over the catalyst structure and performance. Although electron 

tomography experiments can be performed using an environmental TEM 
23

, the pressures that 

can be obtained are still too low to be representative of the actual environment during catalytic 

reactions.
24,25

 Much higher pressures can be reached using environmental sample holders, but the 

tilting range of these holders is currently too limited for electron tomography. We present here an 
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innovative methodology that allowed us to quantify re-faceting of Pt NPs during reduction and 

oxidation reactions with atomic resolution in 3D. 

Pt NPs, with average size of 9.7±0.3 nm, were obtained by reduction of K2PtCl4 with sodium 

borohydride, in the presence of tetradecyltrimethylammonium bromide, at 50 ºC.
26

 More 

synthetic details are provided in the Supplementary Information. Although Pt particles that are of 

interest for catalysis are often even smaller, the selectivity and catalytic activity of Pt NPs of this 

size is exploited in various gas phase reactions.
11

 High angle annular dark field scanning TEM 

(HAADF-STEM) images of the Pt particles in ultra-high vacuum and at room temperature are 

presented in Supplementary Figure S2. The same Pt NPs were investigated by HAADF-STEM 

under realistic thermal and gaseous conditions using a gas and heating cell holder.  

We have previously shown that the number of atoms in an atomic column within a NP can be 

counted with single atom sensitivity from HAADF-STEM images with a sufficiently large 

signal-to-noise ratio (SNR).
10,27,28

 Applying a similar approach for HAADF-STEM images 

acquired in the gas environment of a dedicated holder is unfortunately far from straightforward 

because of several technical and more fundamental reasons. One of the main problems is that the 

NPs are placed in between two SiN windows, each having a thickness of 30 nm. This necessarily 

lowers the quality of HAADF-STEM images and the effect will become even more pronounced 

in a gaseous environment. This issue is illustrated in Figure 1, where an image of a Pt NP on a 25 

nm thick SiN bottom support is compared to an image of a similar Pt NP in a gas cell in vacuum, 

as well as in a gas environment.  
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Figure 1. HAADF-STEM images of Pt NPs: (a) at room temperature and in ultra-high vacuum 

on a 25 nm thick SiN support, (b) at room temperature and in ultra-high vacuum in a gas cell and 

(c) at 300 
o
C and in 5%H2/Ar environment in a gas cell. The quality is drastically reduced when 

imaging is performed in a gas cell.  

An additional problem commonly observed when imaging NPs by HAADF-STEM is related to 

particle rotation while scanning, which will cause image distortions and hamper a reliable 

quantification.
29

 This effect is demonstrated in Supplementary Figure S3, which shows HAADF-

STEM images from the same Pt NP using increasing acquisition times of 1, 2, 4 and 8 s. It is 

clear that distortions become more dominant for images acquired with longer acquisition times. 

To minimize particle rotation and to improve the SNR, we acquired multiple consecutive images 

at high speed (acquisition of 2k x 2k images with a scan time of 1 s for each frame). As a 

consequence of the high acquisition speed, effects of kHz-MHz frequency distortions are 

unfortunately very strong and often highly correlated along the fast-scan direction. An example 

of a HAADF-STEM image, acquired from a Pt NP at 300 ˚C and a 1 bar of 5% H2
 
in Ar 

environment, is presented in Figure 2a. Frame average procedures based on rigid 
30

 and non-rigid 



 6 

registration have been reported 
31–33

, but they are not properly designed to correct for high speed 

distortions. Therefore, we developed and applied a novel methodology based on deep 

convolutional neural networks (CNNs). This approach has become state-of-the-art because of its 

ability to learn from data during a training process.
34

 By training the neural network, it implicitly 

learns how to detect the presence of distortions and to correct for these, regardless of the level 

and combination of distortions present in the image that is used as an input. Our network was 

trained using simulated HAADF-STEM images, in the presence and absence of different types of 

distortions that can be expected for these images. Next, 5 HAADF-STEM images individually 

corrected using the CNN method served as an input for rigid and non-rigid averaging procedures, 

the result of which is presented in Figure 2b. From these corrected images, it now becomes 

possible to reliably count the number of atoms in each of the atomic columns.
10,27,28

 The counting 

results, displayed in Figure 2c, are 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. By means of molecular dynamics simulations that employ the embedded atom 

method potential, a relaxed 3D model for the structure of the NP is obtained.
35–38

 Figure 2d 

presents the final 3D model obtained for the particle in Figures 1a-c. Further technical details on 

these procedures are presented in sections 3, 4, 5 and 6 of the Supplementary Information. 
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Figure 2. Structural characterization of Pt nanoparticles at 300 
o
C and under a continuous 5% H2 

in Ar flow. (a) HAADF-STEM image (acquired within a frame time of 1 s) of a Pt NP at 300 
o
C 

and in a continuous 5% H2
 
in Ar flow. (b) Averaged and corrected high resolution HAADF-

STEM image (based on 5 frames) of the same Pt particle. (c) Number of atoms in every atomic 

column. (d) Final 3D model, the atoms are presented in different colours, according to the type 

of surface facet: blue={100}, pink={110}, purple={111}, grey=higher index. 

 

To demonstrate the reliability of our methodology, we performed a high resolution electron 

tomography experiment for one of the Pt NPs in vacuum. First, we acquired a tilt series of 

HAADF-STEM images over 70 with a tilt increment of 2. After applying the approach 

explained above to correct for distortions (Figure 2b), the resulting images corresponding to 

different tilt angles, e.g. Figure 3a, were aligned with respect to each other. The tilt series was 

used as an input for the conventional simultaneous iterative reconstruction technique (SIRT) 

algorithm. 3D visualizations of the resulting reconstruction are presented in Figures 3b,c. Next, 

the HAADF-STEM image in Figure 3a was used for atom counting and relaxation, with the 

result presented in Figures 3d,e. The comparison between the 3D reconstructions obtained using 

conventional high resolution electron tomography and the methodology based on atom counting 
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and relaxation shows very good agreement. This methodology can therefore be considered as a 

reliable approach to investigate 3D changes of NPs in the presence of a gaseous environment of a 

gas cell holder which cannot tilt over a tilt range sufficient for conventional high resolution 

tomography.  

 
Figure 3. Comparison of the 3D shapes obtained by the reconstruction of a high resolution 

tomography series and by atom counting, for the same Pt NP. (a) High resolution HAADF-

STEM image of a Pt NP which was used for conventional high resolution electron tomography 

and for atom counting and relaxation. (b-c) 3D visualization of the reconstructed volume 

obtained by conventional high resolution tomography, along different viewing directions. (d-e) 

3D models of the same Pt NP obtained using atom counting and relaxation. 
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To demonstrate the impact and the possibilities of this methodology, we investigated the 

morphological stability of the Pt NPs under different environmental conditions. In Figure 4, we 

show the 3D structures obtained using the approach described above for a particle in vacuum 

(Figure 4a) and for a similar particle in different gas environments (Figures 4b-e). 

Supplementary Figure S2 illustrates the high monodispersity of the Pt NPs. We therefore 

consider the 2 selected particles to be representative of the sample. The in situ experiment was 

performed at 300 ˚C and the gas flow was varied from vacuum to a 1 bar of 5% H2
 
in Ar flow 

(Figure 4b), and subsequently to a 1 bar O2 environment (Figure 4c), corresponding to conditions 

which are similar to those typically used during reduction and oxidation reactions. To investigate 

the behavior of the NP during continuous reducing-oxidizing environments, we switched once 

more the gas flow to 5% H2
 
in Ar (Figure 4d) and subsequently to O2 (Figure 4e). 2D HAADF-

STEM images, counting results and additional viewing directions of the obtained 3D structures 

for a single Pt particle in different gaseous environments are presented in Supplementary Figure 

S4. It should be noted that for the different steps of the experiment in gas flow, the average total 

number of atoms in the structure remained constant and was measured with an error of 0.9%. 

This demonstrates that there is no removal of atoms. Moreover, shape changes such as those 

shown in Figures 4b-e, only occur when changing the gas environment and are not related to 

knock on surface displacements of atoms due to the electron beam. Indeed, when comparing 

Figure 4a to Figures 4b-e, it is clear that the gas influences the particle morphology. In vacuum, 

the particle shape corresponds to a truncated cube, whereas in H2, the shape resembles a 

truncated octahedron (Figures 4b,d). The morphology is found to become more rounded in an O2 

environment (Figures 4c,e). Such information is critical to reveal the behavior of the catalyst 

particle in a real working environment. It is interesting to note that when heating the particle to 



 10 

300˚C in vacuum, its morphology does not change significantly (Supplementary Figure S5). The 

changes observed in Figure 4 are therefore due to changes in the gaseous environment. 

It is known that the morphology of Pt nanoparticles can change during catalytic reactions due to 

the presence of adsorbates.
15

 Both H2 and O2 can absorb on the surface of the particles and in this 

manner the free energy is decreased. Through ab initio calculations it was shown that for Pd and 

Rh nanoparticles higher oxygen pressures tend to reduce the differences in the surface energies 

between different facets yielding rounder crystals with more atomically rough surfaces.
39

 

Although these calculations were performed for Pd and Rh, it is likely that also Pt nanoparticles 

follow similar behavior.  

Figure 4. Structural evolution of Pt NPs under different environmental conditions. Morphology 

of a Pt NP in vacuum (a) and in different gaseous environments: (b) and (d) in 5% H2
 
in Ar; (c) 

and (e) in O2, all at 300 ˚C. The atoms are presented in different colours, according to the type of 

surface facet: blue={100}, pink={110}, purple={111}, grey=higher index. 

In this work, we were able to go beyond a qualitative interpretation of the 3D structure, as we 

succeeded in quantifying the number of 7-, 8-, and 9- coordinated surface atoms. Based on these 

values, we can extract the occurrence of different types of surface facets, which is illustrated by 

the color codes in Figure 4. Additionally, Figure 5 shows the occurrence of different surface 

facets as a function of changes in the gas flow with time. The percentage of the different types of 

surface facets is determined within an error of less than 1.7%. Approximately 7% of the surface 
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atoms correspond to {110} facets, independent of the environment. The more faceted appearance 

of the particle in H2 is reflected by the obvious presence of {100} and {111} planes. In O2, we 

observe a decrease of the percentage of these facets and a significant increase of higher order 

facets, corresponding to a more rounded morphology. It is both interesting and important to note 

that the H2-O2-H2 morphological changes are reversible, but a small hysteresis effect is observed 

for the final change to O2. Indeed, for the morphology presented in Figure 4e, the decrease in the 

percentage of {100} and {111} facets and the increase of higher order facets is less pronounced 

in comparison to the previous cycle (Figure 4c).  Since this effect will certainly influence the 

properties of the NPs 
12

, these quantitative insights are of high relevance toward understanding 

e.g. catalytic deactivation.  

Figure 5. Occurrence of different surface facets as a function of the gas flow in time. Note that a 

smaller, but constant presence of {110} facets was found for the different gaseous environments 

(not shown in this graph).  
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Morphology changes during reduction and oxidation reactions were previously described by in 

situ TEM. However, given that the reported images invariably correspond to 2D projections of 

3D objects, the interpretation of the particle morphology remains challenging. The methodology 

that we present here enables us to go beyond these limitations, since we are able to directly 

describe dynamic changes in the 3D atomic structure resulting from different gaseous 

environments in a quantitative manner. Moreover, it is clear from our experiments that the 

morphology of the NPs cannot be represented by a simple geometrical model, e.g. such as those 

in Supplementary Figure S1. Indeed, the actual 3D structure of the NPs is far more complex and 

the particles contain a significant percentage of high index surface facets, which is of crucial 

importance for catalysis. 

In conclusion, our methodology enables the direct quantification of real 3D morphological 

changes at an atomic scale in gaseous environments. The information that we extract from these 

experiments can be used directly to propose realistic input models for density functional theory 

calculations, enabling one to unambiguously link the properties of the nano-catalysts in operation 

to their 3D structure.   
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