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Functional properties of nanomaterials strongly depend on their surface atomic structures, but they often 

become largely different from their bulk structures, exhibiting surface reconstructions and relaxations 

[1-2]. However, most of the surface characterization methods are either limited to 2D measurements or 

not reaching to true 3D atomic-scale resolution, and single-atom level determination of the 3D surface 

atomic structure for general 3D nanomaterials still remains elusive. Atomic electron tomography (AET) 

has been developed as a powerful tool to determine the 3D atomic structure of nanomaterials at the 

single-atom level [3-8]. However, often due to geometrical limitations, only part of a full tomographic 

angular range is experimentally measurable (so-called “missing wedge” problem), which results in 

elongation and Fourier ringing artifacts along the direction of the missing information in the 

reconstructed tomogram. The missing wedge artifact negatively affects the accuracy of the 3D surface 

atomic structure determined from the tomogram. 

We recently developed the neural network-assisted AET to retrieve the missing data and alleviate the 

missing wedge artifacts [9]. As shown in Fig. 1, our deep learning model was designed based on a 3D-

unet structure [10]. The deep learning model was trained by imperfect 3D tomograms (suffering from 

the artifacts) as input and ideal 3D tomograms as ground truth. We applied the deep learning-assisted 

AET to experimentally determine the 3D atomic structure, using a Pt nanoparticle as a model system. 

The 3D tomogram of the Pt nanoparticle after applying the deep learning method showed that the 

undesirable artifacts are significantly reduced (see Fig. 2a-b) and the missing data is successfully 

retrieved (see Fig. 2c-d). From the deep learning-augmented tomogram, the 3D surface atomic structure 

was reliably measured. Based on the determined 3D surface atomic structure of the Pt nanoparticle, we 

found that <100> and <111> facets contribute differently to the surface strain, resulting in anisotropic 

strain distribution, while compressive support boundary effect was also observed (see Fig. 3). The 

capability of single-atom level surface characterization will not only deepen our understanding of the 

functional properties of nanomaterials but also open a new door for fine tailoring of their performance 

[11]. 
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Figure 1. The framework of the deep learning model follows a 3D-unet structure. The set of boxes 

represents the feature map. The number of channels is denoted below each feature map. 

 

 
 

Figure 2. The 3D density map of the experimentally measured Pt nanoparticle 3D tomograms before 

applying the deep learning method (a) and after applying the method (b). The 3D density map of Fourier 

intensity of the 3D tomogram before applying the method (c) and after applying the method (d). The red 

lines in (c) are guides to visualize the missing wedge. Scale bar, 1 nm. 
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Figure 3. a Overall atomic structure of the Pt nanoparticle with SiN substrate represented as black and 

gray disks. b–d Identified facet structure of the Pt nanoparticle, showing all facets (b), <100> facets (c), 

and <111> facets (d). e Atomic structure of the Pt nanoparticle represented in a divided into layers of 

one f.c.c. unit cell thickness. Blue and black atoms represent the atoms assigned and not-assigned to the 

ideal f.c.c. lattice sites, respectively. f The atomic displacements along the crystallographic axes. g The 

strain maps representing six components (εxx, εyy, εzz, εxy, εxz, εyz) of the strain tensor. The atomic 

displacements and strain tensors in each row were calculated from the corresponding slice pointed by 

the black arrows in e. Scale bar, 2 nm. 
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