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It is widely accepted that the physical properties of nanostructures depend on the type of surface facets1,2. 

For Au nanorods, the surface facets have a major influence on crucial effects such as reactivity and 

ligand adsorption and there has been controversy regarding facet indexing3,4. Aberration corrected 

electron microscopy is the ideal technique to study the atomic structure of nanomaterials5,6. However, 

these images correspond to two-dimensional (2D) projections of three-dimensional (3D) nano-objects, 

leading to an incomplete characterization. Recently, much progress was achieved in the field of atomic 

resolution electron tomography, but it is still far from being a routinely used technique. Here we propose 

a novel methodology to measure the 3D atomic structure of free-standing nanoparticles, which we apply 

to characterize the surface facets of Au nanorods. This methodology is applicable to a broad range of 

nanocrystals, leading to unique insights concerning the connection between structure and properties of 

nanostructures.  

 

A thorough understanding on the atomic structure of free-standing nanocrystals and the formation of facets at 

their surface is required to optimize their properties. For Au nanocrystals, it is known that the catalytic and 

optical properties can be tuned in a reproducible manner by controlling their morphology7,8. Surface 

morphologies of nanocrystals can be characterized in 3D using electron tomography9-11, but often the resolution 

is insufficient to allow a straightforward characterization of the crystallographic planes at the surface. 

Significant progress, pushing the resolution in 3D to the atomic level, has recently been achieved12-14. Based on 

a limited number of high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

images, a 3D reconstruction at the atomic scale could be obtained for a Ag nanoparticle with a diameter of 

approximately 3 nm, which was embedded in an Al matrix. These results were obtained using advanced 

statistical parameter estimation and so-called discrete tomography12. This approach is currently based on the 

assumption that all atom positions are fixed on a grid and this has been shown to be a good starting point to 

obtain unique insights concerning the formation of nanoparticles. However, for larger particles it becomes more 
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challenging or impossible to count the atoms in a column in a straightforward manner. Therefore other 

approaches should be explored. The use of prior knowledge in such 3D reconstruction techniques should be 

avoided in order to enable an unbiased and direct indexation of the surface facets. Recently, Scott et al. reported 

the atomic scale reconstruction of a distorted icosahedral multiply twinned Au nanoparticle with a diameter of 

~10nm14. Although not all atoms could be located in this reconstruction, valuable information concerning lattice 

parameters and grains inside the particle could be obtained. It must be noted however that 55 images were 

required to obtain this 3D reconstruction. 

Here, we propose a compressive sensing based 3D reconstruction algorithm, which enables us to completely 

characterize the 3D atomic lattice of free-standing Au nanorods. Based on a limited number of HAADF-STEM 

projection images, a high quality 3D reconstruction of the atomic structure is obtained without the use of any 

prior knowledge. From the final reconstruction, the surface facets of the rods can be characterized with a high 

precision. In addition, imperfections at the atomic scale and surface relaxation is studied. We applied our 

approach to Au nanorods which have important applications in the field of nanoplasmonics, but the 

methodology is applicable to a wide variety of nanostructures. 

 

Because of their well-defined anisotropy and the interaction between shape and optical response, Au nanorods 

have been studied extensively3,4,15. We investigated Au nanorods, obtained by seed-mediated growth in aqueous 

solution, assisted by the surfactant cetyltrimethylammonium bromide (CTAB) and Ag+ ions16. In addition, since 

Au nanorods prepared by seeded growth in the presence of a gemini surfactant were recently used for the 

analysis of nanorod crystallography3, we also studied these for comparison. More details concerning the 

synthesis procedure can be found in the methodology section. Electron tomography at relatively low 

magnification in combination with electron diffraction was used to determine the overall morphology of the 

rods. The details of this procedure are discussed in the methodology section. The results are presented in figures 

1a and 1b, revealing a facetted morphology for both type of rods, in agreement with previous reports3,4,17. 

However, the resolution that can be obtained at this magnification prevents a correct indexing of the side facets 

of these reconstructions.  
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Figure 1: Comparison between Au nanorods grown with CTAB and Gemini surfactants. (a and b) 

3D visualizations of tomographic reconstructions of both types of nanorods. Crystal facets are visible in 

both tomographic reconstructions. (c-e) High resolution HAADF-STEM projection of both nanorods 

oriented along the [110] direction. The intensity profile acquired from the first projection (f) corresponds 

to a model where the morphology is composed of {110} and {100} facets (d and g). The intensity 

profile acquired from the projection of the rod grown with the Gemini surfactant (h) clearly shows a 

deviation from this model.  
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These observations are complemented by intensity profiles acquired from high resolution HAADF-STEM 

images. HAADF-STEM yields a signal that is proportional to the thickness of the specimen and to the atomic 

mass of the atoms in the sample18-20. In this case, the HAADF-STEM intensity therefore corresponds to a 

thickness profile of the Au nanorods. For both types of nanorods, a HAADF-STEM image is acquired along a 

[110] zone axis as shown in figures 1c and 1e. The intensity profile acquired along the direction perpendicular 

to the major axis is displayed in figures 1f and 1h.  These results suggest that the morphology of the rod grown 

with CTAB is mainly composed of {110} and {100} facets as illustrated by the correspondence with the model 

in figures 1d and 1g, in agreement with early characterization17.  This analysis also indicates that the 

morphology of the rods grown with the Gemini surfactant deviates from this model structure, as recently 

reported3. 

                                                                                                                                                                                                

The analysis described above presents a first step towards the full 3D characterization of the morphology of the 

nanorods. Next, 4 different high resolution HAADF-STEM images were acquired along different zone axes 

([100], [110], [010] and [ 10]) for nanorods prepared using the CTAB surfactant and nanorods grown with the 

Gemini surfactant. After alignment of the images, they are used as an input for a novel tomographic 

reconstruction algorithm based on compressive sensing (CS)21,22. Compressive sensing is a technique 

specialized in finding a solution that has a sparse representation to a set of linear equations. Recently, the 

advantages of using compressive sensing for electron tomography were demonstrated for reconstructions with 

nanoscale resolution23,24.  For 3D reconstructions at the atomic scale, it is valid to exploit the sparsity of the 

object (and its 3D reconstruction) since only a limited number of voxels contain an atom and most voxels 

correspond to vacuum. Using this prior knowledge in a tomographic reconstruction algorithm will result in a 

more reliable atomic scale reconstruction as compared to more conventional reconstruction algorithms such as 

the simultaneous iterative reconstruction technique (SIRT)25. Another advantage is that because of the sparsity 

incorporated in the reconstruction algorithm, a very limited number of projections are sufficient to create a 

faithful reconstruction of the atomic lattice. It should be noted that although we assume the object to be sparse, 

no assumptions are made concerning the position of the atoms.  
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In a conventional SIRT algorithm, one starts with a first 3D reconstruction that is re-projected along the 

directions of the original acquisition angles. The difference between the (2D) re-projections and the original 

(2D) projections is called the projection error. When using SIRT, this projection error is iteratively minimized 

by adding the reconstructed projection error to the previous intermediate reconstruction. Mathematically, a 

tomographic reconstruction corresponds to reconstructing an object x starting from its projections b, which are 

acquired by a projection operator A. The tomographic reconstruction then often corresponds to iteratively 

solving the following minimization problem. 

2

2

^

minarg bAxx
x
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In the CS algorithm employed in this work, an additional penalty parameter λ is introduced leading to a 

simultaneous minimization of the projection error and the L1-norm of the object (i.e. the sum of the absolute 

values of all the voxels in the reconstructed object)26: 
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The reliability of the reconstruction algorithm is confirmed by simulations as shown in the supplementary 

information. All atoms, and therefore also all surface facets, can be recovered in this simulation experiment.  

This reconstruction algorithm was applied to the high resolution HAADF-STEM images for both types of Au 

nanorods. More information on the practical implementation can be found in the methodology section. A 

visualization of the final result is presented in figures 2a and 2b, where orthogonal slices through the 3D 

reconstruction of the rods synthesized with the CTAB and the Gemini surfactant are presented, respectively.  
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Figure 2: 3D reconstruction of Au nanorods. (a) Three orthogonal slices through the reconstruction of 

a nanorod grown with CTAB, showing individual atom positions. It can be seen that {110} and {100} 

facets compose the morphology of the rod. The tip is rounded, with clear terraces at the {101} planes. 

(b) Three corresponding slices through a reconstruction of a nanorod synthesized with the Gemini 

surfactant. For this rod a more rounded morphology of the cross section is observed including {520} 

facets. The facets composing the tip of the nanorod are comparable to these of the nanorod grown with 

CTAB. 

 

From the reconstruction presented in figure 2a, it can be directly concluded that the cross-section of the rod 

grown with CTAB is bound by alternating {100} and {110} planes, as proposed by Wang et al.17 . This is in 

agreement with the HAADF-STEM profiles presented in figure 1. From the 3D reconstruction presented in 

figure 2b, the facets of the rod grown using the Gemini surfactant can be characterized as {520} planes. These 

facets were also observed in a previous study by Carbó-Argibay et al.3 where high resolution TEM was 

performed on Au nanorods standing perpendicular on the support grid. As can be observed in figure 2, the tip of 

both nanorods has a rounded morphology with well-defined terraces corresponding to {110} facets.  
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For the reconstruction obtained for the nanorod grown using CTAB, a 3D Fourier transform was calculated. 

Projections from this Fourier transform are displayed in figure 3a-c. An animated view of the 3D Fourier 

transform can be found in the supplementary information. The projections of the Fourier space along the [100], 

[110] and [111] directions are in good agreement with the theoretical models for a face centered cubic (fcc) 

crystal lattice, which are illustrated in figures 3d-i. A 3D model of the reciprocal lattice is illustrated in figures 

3d-f whereas projections of the reciprocal lattice are presented in figures 3g-i. The correspondence between the 

model and the experimental Fourier transform of the tomographic reconstruction is remarkable since no prior 

knowledge about the crystal structure was used during the reconstruction process. The ability to characterize the 

boundary facets at the atomic scale is of great importance to understand the growth, reactivity, and adsorption 

properties of these nanorods. In fact, observation of different types of boundary facets for nanorods obtained 

through slightly different synthetic procedures raises additional questions regarding nanocrystal growth and 

stability. 
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Figure 3: 3D Fourier transform of the reconstructed CTAB nanorod. (a-c) Projections of the 

calculated 3D Fourier transforms of the reconstructed nanorod obtained along different directions. (d-f) 

Theoretical model corresponding to the 3D reciprocal space of a face centered cubic (fcc) crystal 

structure. The plane indicated in blue represents the central plane through the reciprocal space 

perpendicular to the projection directions of figures (a-c). (g-i) Schematic illustrations of the projections 

of the Fourier transform along the projection directions of figures (a-c). The grey reflections are present 
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in the blue layer as indicated in figures (d-f) whereas the green reflections are located above or below 

this central layer. 

While the facets composing the morphology can be clearly recognized in the final reconstructions, also more 

detailed information at the atomic scale can be extracted from the reconstruction. Figure 4c, corresponding to a 

more detailed view of figure 4a and 4b, reveals the presence of an atomic surface step with a thickness of two 

atomic layers. This surface terrace is located at a {001} side facet and it is clear that these steps will have its 

impact on surface energy and many related nanoscale phenomena, including catalytic, mechanical and 

electronic properties27,28. 

 

Figure 4: Atomic resolution reconstruction of Au nanorod. (a) Volume rendering of the 

reconstructed nanorod with two selected slices through the reconstruction. (b) The two slices from figure 

4a show that the tip of the nanorod is composed of {101} facets. A region with an atomic surface step is 

indicated. (c) A more detailed view of the region encircled in figure 4b. In this region, a surface step 

with a thickness of two atoms is observed in the tomographic reconstruction. (c) Slices through 3D εzz 

strain measurement indicating an outward relaxation of the atoms at the tip of the nanorod. 

 

It is important to note that the atom positions are not assumed to be fixed during the reconstruction process. 

Therefore, the reconstruction presented in figure 2 can serve as a starting point to investigate strain in 3D. Here, 

we apply the geometrical phase analysis (GPA) to a 3D reconstruction rather than to a 2D projection of a 3D 

object29,30. More details on the approach and its reliability can be found in the methodology section, whereas the 
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reliability of the approach is discussed, based on simulation experiments, in the supporting information. By 

selecting three reflections for GPA analysis, we obtain the full 3D εzz, strain field, which is presented in figure 

4d. A reference region where no strain is present, was selected in the middle of the nanorod. This implies that 

all strain measurements are relative with respect to this reference region.  The color code in figure 4d 

corresponds to the strain in the nanorod and is scaled between -3% (blue) and +3% (red). The error on these 

measurements is estimated through simulation experiments (as explained in the supplementary information) and 

equals ±1.3%. It is likely that because of this uncertainty the strain field in the center of the nanorod shows 

slight deviations from the equilibrium value. The corresponding reconstructed atomic lattice is displayed in 

figures 4a and 4b. Figure 4a shows a 3D rendering, whereas in figure 4b orthoslices through the reconstruction 

are presented. This atomic scale 3D reconstruction in combination with the 3D εzz strain field provides unique 

information about the relationship between the atomic lattice and the intrinsic strain present in the nanorod. For 

example, it is clear that the tip of the nanorod is (approximately 3%) positively strained at its end. The measured 

anisotropy present in the εzz strain map may be of importance towards understanding the optical properties of 

the nanorods1,31 .  

 

In this work, we have characterized the 3D atomic structure of free-standing Au nanorods using a new 

compressive sensing based reconstruction algorithm. Using high resolution HAADF-STEM projection images 

and no prior knowledge on the atomic structure, the fcc crystal lattice is reproduced. The side facets of the rods 

were determined to be either {100} and {110} facets for rods grown with CTAB and {520} facets for the rods 

synthesized with the Gemini surfactant, which raises an issue regarding the influence of the surfactant on the 

stability of different facets. At the tip of the nanorod, the morphology of both rods was found to be composed of 

{101} and {111} facets. Using our approach, 3D strain measurements can be obtained and correlated to the 

atomic lattice of the nano-object. Although the methodology proposed here is only applied to Au nanorods, it 

also opens perspectives for the 3D atomic scale visualization of different nanomaterials including single crystals 

and bimetallic nanocrystals which may lead to a better  understanding of their opto-electronic properties. 
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Methods summary: 

Sample preparation: 

Au nanorods were synthesized using the well-known seeded growth method 16. Au nanorods with {520} 

boundary facets were prepared by overgrowth in the presence of a gemini surfactant, as recently reported32. The 

nanorods were then dispersed in H2O, deposited on a C grid and plasma cleaned with a H2/O2 gas mixture for 

15sec. 

Low magnification tomography: 

A low magnification HAADF-STEM tilt series was acquired in HAADF-STEM mode as described previously. 

The tilt angles for the CTAB synthesized rod ranged from -75º to +60º with a 5º tilt increment. For the nanorod 

grown with Gemini, the tilt series ranges between  -72º and +74º with an increment of 2º between two 

successive tilt angles. Alignment of the tilt series was done using a combination of cross correlation methods in 

FEI Inspect3D and a manual alignment performed in the IMOD software33. The reconstruction was performed 

with a novel total variation minimization reconstruction algorithm to minimize artifacts in the reconstruction23. 

Prior to image acquisition, an electron diffraction pattern was recorded to facilitate indexing of the final 

reconstructions. 

HAADF-STEM imaging: 

HAADF-STEM imaging was performed at an aberration corrected cubed FEI Titan 50-80 operated at 300kV. 

During the tilt experiments, the investigated samples were mounted on a motorized rotation tomography 

Fischione 2040 holder. This holder can both rotate the sample in plane and tilt the sample over an angular range 

of ±75º enabling us to reach 4 different major zone axes. The 4 zone axes that are used correspond to the [100], 

the [110], the [010] and the ሾ 10ሿ axis. A probe semi convergence angle of 21.4mrad was used during the 

acquisition. The HAADF detector was mounted at a camera length of 110mm to guarantee incoherent imaging 

of the Au nanorod. To reduce sample drift during the experiment, the specimen holder was allowed to relax 

after each tilting step for several minutes prior to image acquisition. 

High resolution tomography: 
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The 3D atomic lattice of the Au nanorods is determined using a novel compressive sensing based reconstruction 

algorithm where 4 HAADF-STEM projections are used as input. Alignment of the images was done by 

calculating the center of mass in each projection as proposed by Scott et al14. The reconstructions were 

calculated based on the iterative CS algorithm as explained above. This algorithm was implemented in Matlab 

using a penalty parameter λ of 0.5. Earlier work and simulation experiments showed that this is a suitable value 

23. In order to minimize remaining fanning artifacts for the reconstruction shown in figure 2b, a convolution in 

Fourier Space was carried out with the reconstruction shown in figure 1b.  More details on the implementation 

and simulation experiments confirming the validity of this reconstruction technique are provided in the 

supplementary information.  

Geometrical phase analysis: 

3D Geometrical phase analysis was implemented in Matlab by selecting three reciprocal lattice points. During 

the 3D GPA analysis, a Gaussian selection window was used with such a diameter that the spatial resolution of 

the strain determination equals 1nm. 
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