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Abstract 

Three dimensional (3D) characterization of structural defects in nanoparticles by transmission 

electron microscopy is far from straightforward. We propose the use of a dose-efficient 

approach, so-called multimode tomography, during which tilt series of low and high angle 

annular dark field scanning transmission electron microscopy projection images are acquired 

simultaneously. In this manner, not only reliable information can be obtained concerning the 

shape of the nanoparticles, but also the twin planes can be clearly visualized in 3D. As an 

example, we demonstrate the application of this approach to identify the position of the seeds 

with respect to the twinning planes in anisotropic gold nanoparticles synthesized using a seed 

mediated growth approach.  
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Introduction 

 Gold nanoparticles are of great interest due to their unique optical properties, which 

render them promising materials for a variety of applications such as surface-enhanced 

Raman scattering, plasmonics and biosensing.
1-3 

Since the optical properties of plasmonic 

nanomaterials heavily depend on their morphology, accurate and reproducible synthetic 

methods are of primary importance. In this context, the three dimensional (3D) structural 

characterization of such particles is an essential tool toward understanding the mechanisms 

involved in metal nanoparticle growth.
4-7 

Transmission electron microscopy (TEM) and 

scanning transmission electron microscopy (STEM) have become standard techniques to 

investigate the structure of nanomaterials. However, these techniques only provide a two 

dimensional (2D) projection of objects with a 3D structure, which often displays a more 

complex structure than it appears. When investigating the structure of nanoparticles in 3D, 

electron tomography is required. Hereby, a tilt series of projection images is acquired over an 

as wide as possible angular range. Next, these images serve as an input for a mathematical 

reconstruction algorithm that enables one to reconstruct the 3D structure of the nanoparticle 

of interest. Since the turn of the century, electron tomography has been used to investigate a 

broad range of nanomaterials.
8-10

 The increasing complexity of nanomaterials has driven the 

development of even more sophisticated characterization techniques in which tomography is 

combined with e.g. energy dispersive X-ray (EDS) spectroscopy
11,12

 and electron energy loss 

spectroscopy (EELS).
13

 In this manner, the 3D investigation of the morphology, composition 

and oxidation states in nanomaterials has become possible.  

Not only the morphology, also structural defects can have a huge impact on the 

properties of nanomaterials, as they directly affect plasmonic or catalytic properties.
14-16

 For 

example, screw dislocations can enhance the transport of molecules in nanoporous zeolites
17

 

and twin domains can enhance the photocatalytic activity in ternary chalcogenate nanorods.
18
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Furthermore, in Au nanoparticles, which are often synthesized using a seed mediated 

approach,
19,20

 the presence of twins in the seed can be exploited to obtain nanoparticles with 

morphologies that would otherwise not be feasible.
21-23 

 The ability to accurately visualize 

defects in 3D is therefore of great relevance. At the atomic scale, 3D visualization of atomic 

defects has been demonstrated using various approaches.
24,25

 However, such studies are still 

challenging and mostly restricted to particles with sizes below 20 nm. At the nanometer level, 

several electron microscopy methods have been developed to visualize crystalline defects in 

3D, including tomography based on weak beam electron microscopy,
26,27

 medium angle 

annular dark field scanning transmission electron microscopy (MAADF-STEM),
27,28 

and 

scanning electron diffraction (SED).
29

 For such experiments, the main challenge is that the 

projection requirement for tomography needs to be fulfilled, stating that the intensity of the 

acquired images should be a monotonic function of a certain property of the sample under 

investigation.
8 

Electron tomography studies are therefore mostly based on high angle annular 

dark field scanning transmission electron microscopy (HAADF-STEM), since the image 

intensity in this technique scales with the atomic number Z
 

of the elements under 

investigation and the thickness of the sample.
30

 However, when using this technique, 

diffraction contrast, which typically yields information on the presence of defects, is lost. 

When using MAADF-STEM, the collection angle of the detector is therefore adjusted in such 

a way that both coherent and incoherent scattered electrons are collected, yielding 

information about both the shape of the particle and the presence of defects, simultaneously. 

In the past, this approach has been used to reconstruct dislocations in 3D,
27,28

 but we 

demonstrate here that a reliable 3D characterization of twin planes in Au nanoparticles is 

hampered by the low contrast of the twins in 2D projection images. Further decreasing the 

collection angle of the detector leads to so-called low angle annular dark field STEM 

(LAADF-STEM). This technique is advantageous to highlight the presence of defects, but 
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since less incoherently scattered electrons are collected, the projection requirement is 

violated, leading to a lower quality reconstruction of the morphology of the investigated 

object. It is therefore clear that when selecting an optimal value for the collection angle, one 

will always have to compromise between optimal contrast to visualize defects and fulfilment 

of the projection requirement.   

In this work, we exploited the flexibility of modern TEM instruments, in which more 

than one (HA)ADF detector is available. Through the simultaneous use of multiple ADF 

detectors, a reliable 3D reconstruction of both the morphology of the nanoparticles and the 

twin planes can be achieved in a dose-efficient manner. To demonstrate the applicability and 

the great potential of this multimode approach, we investigated pentatwinned Au 

nanoparticles with different shapes (decahedra, rods, and bipyramids), grown from 

pentatwinned Au seeds.
31

 In order to assist finding the position of the seeds in the final 

particles, gold seeds were covered by a thin layer of Pd, so that the difference in atomic 

number between Au and Pd (ZPd = 46, ZAu = 79) enabled us to distinguish between the seed 

and the grown Au shell using HAADF-STEM. Through this multimode methodology, the 

position of the seed with respect to the twins could be determined, which provides an initial 

evidence suggesting that bipyramids grown from a core/shell Au/Pd seed undergo a different 

growth mechanism in comparison to bipyramids grown from a pure Pd seed. 

 

METHODS 
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Chemicals: Hexadecyltrimethylammonium chloride (CTAC, 25 wt% in water), gold (III) 

chloride trihydrate (HAuCl4, ≥ 99%), citric acid (≥ 99.5%), sodium borohydride (NaBH4), 

hexadecyltrimethylammonium bromide (CTAB, ≥ 99%), silver nitrate (AgNO3, ≥ 99%), 

hydrochloric acid (HCl, 37%), L-ascorbic acid (AA, ≥ 99%), 

benzyldimethylhexadecylammonium chloride (BDAC) and potassium tetrachloropalladate 

(II) (K2PdCl4, 99.99%) were purchased from Sigma-Aldrich. All chemicals were used further 

putification. Milli-Q water (resistivity 18.2 MΩ∙cm at 25 °C) was used in all experiments. 

Synthesis of seeds solution and thermal treatment 

The gold seed solution was prepared in a scintillation vial (20 mL) by rapidly injection of 

fresh NaBH4 (0.25 mL, 25 mM) into the mixture of HAuCl4 (10 mL, 0.25 mM) and citric 

acid (0.05 mL, 1M) prepared in an aqueous CTAC solution (50 mM) under vigorous stirring 

at room temperature. The solution turns from light yellow to brownish, indicating the 

formation of gold seeds. After two minutes, the vial was closed and the solution was heated 

in an oil bath at 80 ºC during 90 minutes under gently stirring to induce twin formation. 

Aging process led to a gradual color change from brown to red. Thermally treated seed 

solution was removed from the bath and stored at room temperature. The final concentration 

of metallic gold was 0.25mM.  

Pure Pd seeds were prepared exactly at the same experimental conditions as Au seeds, but 

using K2PdCl4 as precursor. 

Synthesis of palladium coated gold seeds  

To a dispersion of thermally treated gold seeds (5 mL, 0.25mM) was added K2PdCl4 (0.025 

mL for AuPd10%, 0.050 mL for AuPd20% and 0.125 mL for AuPd50%, 5 mM) and the 

mixture was left for 15 min at 40 ºC to allow for complexation of the palladium salt with 

CTAB, followed by addition of AA (0.025 mL for AuPd10%, 0.050 mL for AuPd20% and 
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0.125 mL for AuPd50%, 100 mM) maintaining the mixture at 40 ºC for 12 h. These seed 

solutions were used to grow gold bipyramids, pentawinned nanorods and decahedra. 

Synthesis of pentatwinned gold nanoparticles 

Gold bipyramids, pentatwinned gold nanorods and gold decahedra were prepared by a 

previously reported method
31

. 

Synthesis of gold bipyramids: Seeds solution of Au, AuPd10%, AuPd20% or AuPd50% (1 

mL) was added under vigorous stirring to an aqueous growth solution of CTAB (10 mL, 100 

mM), HAuCl4 (0.5 mL, 10 mM), AgNO3 (0.1 mL, 10 mM), HCl (0.2 mL, 1M) and AA (0.08 

mL, 100 mM). The mixture was left undisturbed at 30 °C for 2 hours. The solution was 

centrifuged twice (8000 rpm, 30 min) to remove excess reactants and dispersed in water. 

Synthesis of pentatwinned gold nanorods: An aqueous growth solution of CTAB (100 mL, 8 

mM) and HAuCl4 (0.25 mL, 50 mM) was stirring and cooled down to 20 ºC in a thermostatic 

bath. After 15 minutes, an aliquot solution of AA (0.25 mL, 100 mM) was added to the 

mixture, and the solution was shaken manually until it turns colorless. Subsequently, a certain 

volume of AuPd10% solution (1 mL) was added to the growth solution under vigorous 

shaken and left undisturbed overnight at 20 ºC. The solution was centrifuged (8000 rpm, 30 

min) to remove excess reactants and dispersed in an aqueous CTAB solution (10 mL, 1 mM), 

the solution was centrifuged again and finally, dispersed in water. 

Synthesis of gold decahedra: The solution of Au or AuPd10% seeds (0.56 mL) was added 

under vigorous stirring to an aqueous growth solution of BDAC (10 mL, 100 mM), HAuCl4 

(0.1 mL, 50 mM) and AA (0.075 mL, 100 mM) at 30 ºC. The mixture was left undisturbed at 

30 °C for 30 minutes. The solution was centrifuged twice (9000 rpm, 30 min) to remove 

excess reactants and dispersed in water. 
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Characterization 

Scanning transmission electron microscopy (STEM) images were obtained with an aberration 

corrected ‘cubed’ FEI Titan 60-300 electron microscope operated at 300 kV. Transmission 

electron microscopy (TEM) images were obtained with a JEOL JEM-1400PLUS 

transmission electron microscope operating at an acceleration voltage of 120 kV. Samples 

were prepared by dripping a nanocrystal solution on carbon-coated copper grids. UV−Vis 

optical extinction spectra were recorded using an Agilent 8453 UV−Vis diode-array 

spectrophotometer. Acquisition time for EDX measurements were ~600 s. 

 

RESULTS AND DISCUSSISON 

Combination of HAADF-STEM and LAADF-STEM tomography 

Modern TEM columns are equipped with multiple STEM detectors yielding different 

inner semi-collection angles. In practice, the collection angle can be tuned within a specific 

range by changing the camera length. In Figure 1, we show representative images of the 

same pentatwinned Au decahedron (49.6±0.6 nm), imaged by HAADF-STEM, MAADF-

STEM and LAADF-STEM. Hereby, inner/outer semi-collection angles of 115/157 mrad, 

26/95 mrad and 13/26 mrad were used, respectively. A schematic diagram of the set-up is 

provided as supporting Figure S1. In HAADF-STEM mode (Figure 1a), the projected shape 

of the nanoparticle is clearly visualized, but diffraction contrast related to the presence of 

twins can hardly be observed. The MAADF-STEM image in Figure 1b yields information on 

the shape, whereas the presence of defects is clearer in comparison to Figure 1a. However, 

the LAADF-STEM image (Figure 1c) yields the best contrast related to the pentatwinned 

structure.  

Next, tomography series were acquired using the 3 different ADF detectors, over a tilt 

range from -70° to +72° with a tilt increment of 2°. During the acquisition, the image 
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intensities were all scaled between 10,000 and 50,000 counts per pixel.
32

 The projection 

images were aligned by a combination of cross-correlation and a manual tilt axis adjustment 

as implemented in the FEI Inspect3D software.
33

 For the 3D reconstruction, the simultaneous 

iterative reconstruction technique (SIRT) was used as implemented in the ASTRA 

toolbox.
33,34,35 

From the orthoslices obtained through the reconstructions, it is clear that the 

HAADF-STEM reconstruction (Figure 1d) does not yield any contrast corresponding to the 

twin planes. Limited diffraction contrast can be observed in the MAADF-STEM 

reconstruction (Figure 1e) whereas the twin planes are evident in the LAADF-STEM 

reconstruction (Figure 1f). However, the diffraction contrast present in the MAADF-STEM 

and LAADF-STEM signals violates the projection requirement for tomography.
8
 To 

investigate the implications of such a violation, we calculated the shape error of these 

reconstructions using the HAADF-STEM reconstruction as the ground truth morphology. 

The shape error corresponds to the number of voxels that are labelled differently in the 

segmentation of the partially coherent reconstructions (MAADF-STEM and LAADF-STEM), 

as compared to the segmentation of the HAADF-STEM reconstruction. Since the intensities 

in the acquired images of all series are scaled in the same range, the same threshold could be 

used for segmentation. Next, the number of misinterpreted voxels is divided by the total 

number of non-zero voxels in the HAADF-STEM reconstruction.
36

 For the MAADF-STEM 

reconstruction, a shape error of 4.4% was found, whereas for the LAADF-STEM 

reconstruction the shape error was found to be 8.0%. Although LAADF-STEM tomography 

clearly yields superior 3D information on the location of twin planes, our comparison shows 

that errors will occur when trying to calculate e.g. the volume of the nanoparticle. Also for 

the MAADF-STEM reconstruction, the shape error is significant. To overcome this problem, 

we here propose to combine HAADF-STEM and LAADF-STEM reconstructions. In this 
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manner, quantifiable information on the shape of the nanoparticles can be obtained, together 

with a clear visualization of the twin planes.  

 

 

Figure 1: Representative 2D images and orthoslices through the tomography reconstruction 

of a Au decahedron, from images acquired in HAADF-STEM (a,d), MAADF-STEM (b,e) and 

LAADF-STEM (c,f) modes. The inner semi-collection angles of the different annular 

detectors were 115 mrad, 26 mrad and 13 mrad, respectively. 

 

To combine the LAADF-STEM and HAADF-STEM reconstructions in a 

straightforward manner, tilt series were simultaneously acquired using two annular detectors 

with acquisition angles ranging from 13 to 115 mrad for LAADF-STEM and from 115 to 157 

mrad for HAADF-STEM. Because the acquisition was made simultaneously, the alignment 

parameters for both series are identical. Next, 3D reconstructions were performed by using 

the SIRT algorithm. To obtain a better visualization of the position of the twin planes from 
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the LAADF-STEM reconstruction, a manual segmentation was performed. Figure 2 shows a 

3D visualization of the HAADF-STEM reconstruction (Figure 2.a), as well as the segmented 

twin planes (Figure 2.b). By superimposing both reconstructions (Figure 2.c) we are able to 

simultaneously determine the shape of the decahedron and the position of the twin planes. 

Animated versions of the reconstruction can be found as Movie S1 in the supporting 

information. 

 

 

Figure 2: 3D visualization of the HAADF-STEM reconstruction (a) and the twin planes 

segmented from the LAADF-STEM reconstruction (b) of an Au decahedron. Both volumes 

are superimposed to evaluate the position of the twin planes in the correct volume (c). 

 

Application toward mechanistic studies: Au structures grown from a bimetallic seed 

Two different growth mechanisms have been reported for these pentatwinned 

nanoparticles.
21,35

 The first pathway involves the nucleation of a twinned seed and its 

subsequent overgrowth in a layer-by-layer fashion. Alternatively, a single-crystalline seed 

can develop twin defects during overgrowth, finally resulting in a twinned structure. To gain 

a better understanding of the growth mechanism, the position of the Au seed inside the final 

Au nanoparticle and its location with respect to the twins was investigated using the 

multimode approach as described above.  
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We recently reported that the growth of pentatwinned Au nanoparticles of different 

shapes (decahedra, rods, and bipyramids) from pentatwinned Au seeds can be achieved, even 

if the seeds are coated by a thin layer of Pd.
31

 The difference in atomic number between Au 

and Pd (ZPd = 46, ZAu = 79) enabled us to accurately find the position of the Au/Pd seed in 

the final Au nanoparticle, using HAADF-STEM tomography. In our previous paper,
31

 we 

confirmed that the presence of Pd did not alter the structure of the seed. We now applied 

HAADF-STEM tomography to Au bipyramids with an average length of 36.0±1.2, 48.9±2.5 

and 40.2±2.1 nm are grown from Au/Pd seeds with varying Pd content (10, 20 and 50 mol%), 

observing a slight increase of the seeds diameter (6.2±0.5, 6.3±0.7 and 6.6±0.6 nm, 

respectively). See Figure S2 for details. Orthoslices through the reconstructions are shown in 

Figure 3. The position of the Au/Pd seed can be determined through the lower intensity of 

the Pd shell, originating from Z-contrast in HAADF-STEM. Although the amount of Pd 

apparently does not influence the position of the seed in the transversal direction, the seed 

appears more off-center in the longitudinal direction when the Pd content was increased. 

Indeed, for a low amount of Pd (10 mol%) the seed was found to be located at the 

longitudinal center, for six different particles. For 20 mol% Pd, the seed was mostly located 

at the center (7 out of 10 of the investigated particles) and for 50 mol% Pd, the seed was 

mostly displaced toward one end (9 out of 10 investigated particles).  

The observed longitudinal displacement of the Pd-coated seeds within bipyramids was 

also reflected in the quality of the samples. Indeed, the relative amount of bipyramids 

dropped down to 70% for seeds containing 50 mol% Pd, in agreement with a lower quality of 

the optical response of this sample (Figure S3). Overall, these results confirm that size, 

composition, and crystallinity of the seeds are critical parameters to ensure homogeneous 

symmetry breaking and high-quality anisotropic nanoparticles.
37

 



12 
 

 

Figure 3: Orthoslices through the HAADF-STEM reconstructions of bipyramids grown from 

seeds containing different amounts of Pd (10, 20, 50 mol%). Depending on the Pd content, 

the seed is observed either at the longitudinal center or away from it. 

 

To investigate the position of the seed with respect to the twin planes (transversal 

seeds displacement), multimode tomography was performed. Three different morphologies 

were investigated: decahedra (27.5±0.9 nm), nanorods (51.1±2.1 nm) and bipyramids 

(48.9±2.5 nm), grown on the seeds containing 20 mol% of Pd. For each sample, tilt series 

were simultaneously acquired using HAADF-STEM and LAADF-STEM over a tilt range 

from -72° to +70°, with a tilt increment of 2°. Orthoslices through the HAADF-STEM 

reconstructions of the different pentatwinned structures are shown in the top row of Figure 4. 

The Pd shell around the Au seed can be clearly seen. The twin planes can be observed from 

orthogonal slices through the LAADF-STEM reconstructions (middle row in Figure 4). Next, 

manual segmentation of the twins was performed for the LAADF-STEM reconstructions. By 

superimposing the HAADF-STEM and LAADF-STEM reconstructions (bottom row of 

Figure 4), we were able to determine the shape of all pentatwinned particles, as well as the 

position of the seed with respect to the twin planes. An animated version of the 3D 

reconstructions of the decahedron in Figure 4 is presented as supporting movie S2. These 
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results enabled us to confirm that the overgrown Au particles are invariably pentatwinned and 

that the seed is located at the connection point of the five twins.  

 

Figure 4: Top row: Longitudional orthoslices through the HAADF-STEM reconstruction of a 

decahedron, a bipyramid and a nanorod grown from Au/Pd seeds (Pd 20 mol%). Middle 

row: Transversal orthoslices through the LAADF-STEM reconstruction, from which the twins 

can be segmented. Bottom row: The segmented seed and twin planes superimposed with the 

HAADF-STEM reconstruction. 

 

As a confirmation for the epitaxial relationship between the Au/Pd seed and the Au 

shell, high resolution HAADF-STEM images can be acquired along the long axis of the 

structures. However, for nanorods and bipyramids, such an analysis is hampered by the 
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relatively large thickness of the investigated structures. An example is presented in Figure 

5a, where a high resolution HAADF-STEM image of a bipyramid oriented along a [110] axis 

is presented. Due to the large amount of Au as compared to Pd, the contrast is not sufficient 

to identify the position of the seed in a reliable manner. To overcome this limitation, the 

particles were deposited on a Si substrate, and a cross-section cut of the sample, with a 

thickness of approximately 20 nm was obtained using focused ion beam (FIB) milling. Due 

to the smaller thickness of the resulting specimen, the Pd layer could be observed in high 

resolution (Figure 5b), clearly showing that the growth of Au on the bimetallic seed is 

epitaxial.  

 

 

Figure 5: High resolution HAADF-STEM images of Au bipyramids oriented along a <110> 

zone axis, in its original shape (a) and after FIB milling (b). Schematic representations of the 

particles are shown as insets. The position of the Pd layer is indicated by the two white 

arrows in b. A line profile along the black rectangle, shown as inset, shows a clear decrease in 

intensity at the position of the Pd layer. 

 

Application toward mechanistic studies: Au structures grown from a Pd seed 

To understand the effect of size and composition of the seeds on their localization 

within the final particles, we applied the multimode tomography technique to analyze 
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pentatwinned Au bipyramids grown from pure Pd seeds with a length of 73.9±3.9 nm. Firstly, 

we noticed that the thermal treatment of as-prepared pure Pd seeds led to nanoparticles with 

small diameter (2 nm) than that of pure Au seeds (6 nm upon thermal treatment
29

). Such a 

size limitation in Pd seeds may hinder the formation of twin planes, resulting in a low yield of 

bipyramids (30%, see Figure S4).  

Tilt series were acquired simultaneously in HAADF-STEM and LAADF-STEM 

modes, within a tilt range from -74° to +72° and a tilt increment of 2
o
. The Pd seed and the 

twin planes were manually segmented from the HAADF-STEM and LAADF-STEM 

reconstructions, respectively, and then superimposed to visualize the position of the seed with 

respect to the twin planes. In this case, the seed can be either positioned at the connection 

point between the twin planes (Figure 6a), which is similar to what we observed in the 

particles described above, or next to that connection point (Figure 6b), thereby suggesting 

that twinning occurred in this case during overgrowth, prior to the actual development of the 

bipyramidal shape. Due to the small size of the seeds, high resolution HAADF-STEM 

imaging of samples prepared by FIB milling as described above was particularly useful in 

this case. Furthermore, due to the low contrast of the Pd seed in the HAADF-STEM images, 

energy dispersive X-rays spectroscopy (EDS) measurements were performed in order to 

confirm its presence and location. These results are shown in the supporting Figures S5-6. In 

total, only 8 out of the 17 investigated bipyramids showed a seed located at the connection 

point of the twin planes.  

Overall, these results again confirm that the formation of bipyramids (and in general 

anisotropic nanoparticles) is strongly related to features of the seeds such as size, 

composition, and crystallinity. In this context, multimode tomography characterization 

becomes an extremely valuable tool in understanding and gaining further control over the 

growth mechanisms. For example, our results provide evidence of growth pathway alteration 
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depending on seed composition (Pt vs. Au@Pt), as indicated by longitudinal and transversal 

displacement of the seed position, even though the final particles have a similar bipyramidal 

morphology. On the contrary, if the seed features (size, crystallinity) overcome a certain 

threshold, the system cannot support symmetry breaking and results in isotropic growth, with 

a corresponding decrease in bipyramids population. We are aware that a further effort is 

required to correlate statistically meaningful data on the macroscopic level with the 

information obtained on the single-particle level. However, the implementation of multimode 

electron tomography will help us understand how seed features translate into the final 

nanoparticle morphology. 

 

 

Figure 6: The position of the Pd seed inside Au bipyramids was determined using multimode 

tomography. The seed is located either on the connection point of the five twin planes (a), or 

next to it (b). 

 

CONCLUSIONS 

In this work, we demonstrated the potential of combined HAADF-STEM and 

LAADF-STEM tomography to identify twin planes in Au nanostructures. Tilt series were 

acquired in a dose-efficient manner by simultaneously collecting images using two different 

annular detectors. After a stringent segmentation, both reconstructions were superimposed to 
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reveal the positions of twin planes in the nanoparticles. As an application, we used this 

approach to investigate the relation between twins in anisotropic Au nanoparticles and the 

seed from which their growth was initiated. The results were further confirmed by high 

resolution HAADF-STEM imaging on particles from samples prepared by FIB milling. It 

should be noted that the methodology proposed here is generally applicable to a broad range 

of homogeneous and heterogeneous nanoparticles.  

 

SUPPORTING INFORMATION 

Schematic diagram of the experimental set-up, animated versions of the tomographic 

reconstructions, UV-visible characterization of the nanoparticles, EDX spectroscopy of the 

Au bipyramids grown from a pure Pd seed are supplied as Supporting Information. 
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