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Abstract 

Reliable quantification of 3D results obtained by X-ray Energy Dispersive Spectroscopy 

(XEDS) tomography is currently hampered by the presence of shadowing effects and poor 

spatial resolution. Here, we present a method that overcomes these problems by 

synergistically combining quantified XEDS data and High Angle Annular Dark Field – 

Scanning Transmission Electron Microscopy (HAADF-STEM) tomography. As a proof of 

principle, the approach is applied to characterize a complex Au/Ag nanorattle obtained 

through a galvanic replacement reaction. However, the technique we propose here is widely 

applicable to a broad range of nanostructures. 
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1. Introduction 

Over the last decades, electron tomography based on HAADF-STEM has evolved into a 

standard technique to investigate the morphology and inner structure of nanomaterials.[1] The 

HAADF-STEM intensity depends on sample thickness but also scales with the atomic number 

Z and therefore, chemical compositions can be studied from these three-dimensional (3D) 

reconstructions.[2, 3] Nevertheless, it is not straightforward to interpret the gray levels in a 3D 

HAADF-STEM reconstruction in an absolute manner. Therefore, it becomes very challenging 

to use HAADF-STEM tomography for samples in which mixing of elements is expected. 

Also for samples that contain unknown elements or elements with atomic number Z close to 

each other, HAADF-STEM tomography may no longer be informative.  

However, it is well known that the properties and applications of nanostructures are strongly 

dependent on their morphology as well as their chemical composition.[4] Traditional electron 

microscopy techniques do not provide quantitative information on the composition of single 

nanoparticles. In an increasing number of recent studies, XEDS is combined with tomography 

to understand complex nanostructure morphology and composition in 3D. These studies rely 

on newly developed XEDS detectors[5, 6] such as the Super-X detection system, which consists 

of four individual detectors, symmetrically arranged around the TEM sample. Although 

qualitative results obtained by XEDS tomography have been reported,[7-10] it remains 

challenging to obtain quantitative information by 3D XEDS and therefore further progress is 

required. By using the Super-X detector, one is able to overcome problems that were 

previously related to extreme shadowing of the XEDS signal caused by the sample-detector 

configuration. Although this problem can be largely overcome, some shadowing effects 

remain,[11, 12] as illustrated in Figure 1. Since such shadowing effects vary for different tilt 
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angles, the XEDS signal integrated over the four detectors will also depend on the tilt angle[11-

13] and the projection principle for electron tomography is no longer fulfilled.[12] Different 

methodologies have been proposed to overcome this challenge. For example, signals from 

individual detectors can be combined,[11, 14] the acquisition time can be adjusted as a function 

of the tilt angle[12] or the total signal for every map can be normalized to the same value.[13, 15] 

However, in order to maximize the signal-to-noise ratio, it is of great importance to collect as 

many counts as possible. Selectively switching off detectors is therefore disadvantageous, 

while changing the acquisition time improves the quality of the tilt series, but a calibration of 

the holder is required and the final result is still hampered by inaccuracies.[12] Normalizing the 

total signal for every map, works in minimizing the shadowing effect in the absence of 

absorption,[15] but the reconstructions obtained from the net counts maps still suffer from a 

poor spatial resolution, due to the noise and small number of projections. 

Here, we propose an alternative approach to optimize the reconstruction of an XEDS 

tomography series by minimizing the impact of shadowing effects. The spatial resolution is 

furthermore improved through a combination with HAADF-STEM tomography. HAADF-

STEM yields a relatively high signal-to-noise ratio, and does not suffer from shadowing 

effects other than those related to the “missing wedge”.[1] XEDS, on the other hand, yields 

chemical information, even when no prior knowledge of the sample is available or for 

samples that contain elements with a small difference in atomic number Z. As a proof of 

principle, we apply our methodology to a nanostructure containing a mix of Au and Ag atoms. 

However, it must be noted that the approach we propose here enables quantitative 3D 

chemical characterization of a broad variety of nanostructures. 

 

2. Methods 
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The current approach to obtain a quantitative 3D XEDS reconstruction is based on XEDS 

maps, from which the background is subtracted leading to net counts maps. These maps can 

be used directly as an input for a tomographic algorithm such that a different reconstruction 

for each element is obtained.[8, 9] Next, these reconstructions can be quantified by analyzing 

the voxel intensities using the Cliff-Lorimer or ζ-factor method.[14] The outcome of this 

approach is predominantly determined by the quality of the tomogram and therefore by the 

number of available projections. However, due to the relatively long acquisition times, XEDS 

tilt series are typically acquired with an increment that is larger in comparison to HAADF-

STEM e.g. every 10º. Furthermore, noise and shadowing effects such as illustrated in Figure 1 

will degrade the quality of the reconstruction. Shadowing effects affect the XEDS intensity 

and therefore, an XEDS map is not simply a function of sample thickness or chemical 

concentration. In this study, we overcome this problem by using maps based  on the ratio 

between the X-ray intensity of one element over the sum of intensities of all elements. Such 

maps are not affected by shadowing effects since the XEDS counts for both types of elements 

are acquired at the same tilt angle and are influenced by shadowing in the same manner. This 

assumption is valid for “hard” X-rays with energies > 3 keV, else an absorption correction 

method[14, 16] should be applied. 

A new approach to obtain ratio maps has been recently proposed, which is based on using the 

well-known ζ-factor method.[16] In short, the method is similar to the conventional Cliff-

Lorimer method,[17] but presents major advantages regarding correction of absorption effects 

and experimental determination of the sensitivity factors, the so-called “ζ-factors”. In this 

study, ζ-factors were determined from particles comprising a single element, through the 

technique described in a previous work[18] by combining XEDS analysis and electron 

tomography.  Once the ζ-factors are known, quantification of XEDS data can be carried 

out.[16] By applying the ζ-factor method, reliable ratio maps are obtained, which are not 
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affected by shadowing effects. However, it is important to note that these maps no longer 

contain any information on sample thickness and consequently do not fulfill the projection 

requirement. Our approach therefore relies on combining these ratio maps with thickness 

information extracted from a HAADF-STEM reconstruction of the same nanostructure. 

To measure the particle thickness, a HAADF-STEM reconstruction is computed using the 

SIRT algorithm.[19] The SIRT reconstruction is segmented to obtain a binary volume where 

voxel values are either equal to 1 if they belong to the particle or equal to 0 elsewhere. Next, 

the segmented STEM reconstruction is forward projected along the same directions as those 

that were used to acquire XEDS maps. The XEDS maps are then aligned to the forward 

projections using filtered normalized cross-correlation.[20] It should be noted that this 

approach does not require the XEDS and HAADF-STEM series to be acquired 

simultaneously or using the same experimental parameters. By multiplying the ratio maps 

with the relative particle thickness, extracted from 3D HAADF-STEM reconstructions, 

chemically quantified projections are obtained. The projections fulfill the projection 

requirement and contain reliable quantitative chemical information. These elemental 

projections are used as an input for a tomography algorithm and a quantified 3D 

reconstruction of the nanostructure is obtained, from which both the structure and the 

composition can be investigated. A schematic workflow of our approach is presented in 

Figure 2. 

HAADF-STEM tomography yields a more accurate description of the particle shape and 

morphology, which can be used as prior knowledge in the reconstruction of the elemental 

projections by using the segmented HAADF-STEM reconstruction as a binary mask during 

the reconstruction. Since it is reasonable to assume that the total composition in each voxel of 

the reconstruction equals 1, this constraint is also implemented during the final reconstruction. 
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Further details regarding the reconstruction algorithm are discussed in the Experimental 

section. 

 

3. Results and discussion 

To demonstrate our approach, we performed the 3D characterization of an octahedral Au/Ag 

nanorattle with a complex chemical structure. The investigated sample was prepared via the 

well-known galvanic replacement reaction between Au octahedra@Ag core-shell nanocubes 

and gold (III) chloride, which is often used to obtain porous and hollow metal 

nanostructures.[9, 21-24] Due to the presence of cavities and the possible formation of alloys, 

understanding the 3D structure of such complex particles is far from straightforward based on 

2D TEM images. The chemical transformation during a galvanic replacement reaction was 

recently investigated by 3D XEDS elemental mapping, but only in a qualitative manner.[9, 25] 

We demonstrate here that quantitative investigation of the Ag distribution is possible in these 

hollow Au/Ag nanostructures. 

HAADF-STEM projections were acquired over a tilt range from -72º to +75º with an 

increment of 3º. In Figure 3a, the HAADF-STEM image acquired at 0º is presented. Next, 

XEDS maps were acquired over a tilt range from -70º to +70º with an increment of 10º (more 

details are provided in the Experimental section). A two window method was used to fit the 

background radiation and extract the Au and Ag net counts from their respective L lines.[26] 

As explained above, ratio maps were obtained by using the ζ-factor method.[16] In Figure 3b 

and Figure 3c, the net counts maps and the ratio maps at 0º are presented. The total net count 

values for every angle are presented in Figure 4a,b. The total concentrations were calculated 

for every angle and are presented in Figure 4c,d. The net count values were found to decrease 

as the tilt angle approached zero, reflecting the position of maximum shadowing from the 

holder used. At 0º the signal is almost a quarter of the signal that can be collected at ±70º. To 
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obtain an accurate quantification of the XEDS maps, one needs to be aware of channelling 

effects that give rise to X-ray signals which are not linearly proportional to the composition. 

Therefore, the maps should be acquired in off-axis conditions.[27] Also absorption effects will 

play an important role for samples with a thickness that exceeds the “thin film 

approximation”.[16] Here, as expected in the absence of absorption effects, shadowing has no 

impact on the concentrations, which show a consistent value over the whole tilt range (Figure 

4c,d). The error bars were determined through error propagation as described in the 

literature.[16, 18, 26] In cases where absorption effects cannot be ignored, it is still possible to 

obtain a quantitative XEDS reconstruction, but it is necessary to integrate our method with the 

iterative technique proposed by Burdet et al.[14] 

A volume rendering of the HAADF-STEM reconstruction is presented in Figure 5a and its 

inner structure is illustrated in Figure 5b. Next, thickness maps (Figure 5c) were calculated 

according to the workflow presented above and were multiplied by the ratio maps to obtain 

elemental projections (Figure 5d). It’s worth mentioning that particular care should be taken 

in the segmentation step, to ensure that cavities and pores (if present) are excluded from the 

particle volume. Figure 6 presents an overview of the original maps based on the net counts 

and the final projections to be used for 3D reconstruction. From Figure 6a,b the effect of 

shadowing is clear. In Figure 6c,d,e (last three rows) finally, the chemically quantified 

projections obtained with our method are presented, where shadowing effects have clearly 

been suppressed. These projections were used to calculate the quantified reconstruction using 

a Total Variation Minimization (TVM)[28] algorithm based on a Chambolle-Pock solver 

derived from the work of Sidkey et al.[29] (more details are discussed in the Experimental 

section). 

In Figure 7a,b, 3D visualisations of reconstructions showing the outer and inner 

structure/composition are presented. Orthoslices through the 3D volume and line profiles are 
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shown in Figure 7c,d and Figure 7e,f respectively. For an XEDS tomographic series, it can be 

expected that the projection data is heavily affected by noise. Therefore, also the final 

reconstruction suffers from a relatively low signal-to-noise ratio which hampers the 

interpretation of the results. Often filtering of the projections[8, 12, 30]  and/or of the final 

reconstruction is applied.[14] Here, a three-dimensional gaussian filtering of the final 

reconstructions was performed (Figure 7c). Our results reveal that pure Ag is no longer 

present and that the inner walls of the cavity consist of a Au/Ag alloy with a variable Ag 

concentration ranging from 20% to 50%. 

Since Au and Ag have a large difference in the atomic number Z, it is rather straightforward 

in this case to qualitatively distinguish them in the 3D HAADF-STEM reconstruction. For 

comparison, Figure 8 therefore presents an orthoslice through the chemically quantified 

reconstruction (Figure 8a) and the corresponding slice through the HAADF-STEM 

reconstruction (Figure 8b). It can be seen that an excellent correspondence between both 

approaches is found. These results confirm the validity of our approach. Moreover, the 

technique that we propose here can also be applied for nanostructures in which more than two 

elements or elements with similar Z are present. In the latter case, overlapping of peaks in the 

XEDS spectrum might occur, but the contribution of the different elements can be easily 

separated by deconvoluting the peaks, in order to obtain the quantified maps.  

The Ag distribution, (green in Figure 8a, ~50% w% Ag), accurately matches the distribution 

of lighter values in the HAADF-STEM reconstruction slice, given by a lower Z-contrast in 

that area (in this case the values are scaled to arbitrary units), therefore confirming the 

presence of silver and quantifying its content. 

The ability to obtain such information is a clear demonstration of the power of this approach. 

Further information on the growth of these Au/Ag nanorattles will be presented in a separate 

paper. It’s worth mentioning that, although we here apply our technique to these structures, 
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the technique is widely applicable to a broad range of samples. For the interested reader, more 

discussion is provided in the supporting information. 

 

3. Conclusions 

In this paper, we present a synergistic combination of XEDS and HAADF-STEM tomography 

that enables us to obtain a quantitative 3D reconstruction of the structure and the composition 

of nanomaterials in a straightforward manner. As an illustration, we applied our method to a 

complex Au/Ag nanorattle, but the approach is generally applicable to a broad variety of 

materials. This approach is expected to open doors for the better understanding of complex 

nanoscale reactions that involve two or more elements as well as composition-dependent 

properties of nanoscale materials to maximize their efficiency in various applications. 
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4. Experimental 

Synthesis of Octahedral Au/Ag nanorattles with complex composition via galvanic 

replacement 

Octahedral Au/Ag nanorattles were prepared via galvanic replacement reaction between 

Au@Ag core-shell nanocubes and HAuCl4. Au@Ag core-shell nanocubes were prepared by 

silver coating on Au nanooctahedra. The synthesis of nanorattles was carried out via the 

following steps.  

 

Synthesis of Au octahedra 

Octahedral Au nanoparticles (NPs) were synthesized by seed-mediated growth.[31] In a typical 

synthesis, the seed particles were prepared by mixing 2.5 ml of 1 mM HAuCl4 and 7.5 ml of 

0.1 M cetyltrimethylammonium bromide (CTAB) aqueous solutions, followed by the rapid 

addition of 0.6 ml 10 mM freshly prepared, ice-cold NaBH4 solution, under vigorous stirring. 

After addition of NaBH4, the solution color changes from colorless to brown as a result of the 

formation of Au seed particles. The as-prepared seed solution was diluted 100 times and then 

aged at room temperature for 3 h before adding into the growth solution of Au octahedra. 

Growth solution was prepared by adding 1.2 ml of 0.1 M ascorbic acid to a mixture of 15 ml 

of 0.05 M HAuCl4 and 3.2 ml of 0.1 M CTAB aqueous solution under stirring. Then, 120 μL 

of the aged seed solution was added to the growth solution and vigorously mixed for 30 s, and 

then the reaction mixture was left undisturbed overnight to obtain Au octahedra. 

 

Synthesis of Au@Ag core-shell nanocubes 



 Submitted to  

   12      12   

Au@Ag core-shell nanocubes were prepared by using Au octahedral NPs as seeds. In a 

typical synthesis, 1 ml of 10 mM AgNO3 and 4 ml of 0.1 M ascorbic acid aqueous solutions 

were added to 10 ml of as prepared Au octahedral NPs solution under stirring. The solution 

was kept in an oven at 60 °C overnight to complete the growth and the solution color turns 

into yellow, indicating the formation of Au@Ag core-shell NCs.  

 

Galvanic replacement reaction between Au@Ag core-shell nanocubes and HAuCl4 

The as-prepared nanocubes were purified by centrifugation at 8000 rpm for 20 min and then 

re-dispersed in same volume of 0.1 M CTAB for galvanic replacement. Typically, 3 ml of 0.5 

mM HAuCl4 aqueous solution were added to a mixture of 5 ml of the purified Au@Ag 

nanocubes and 0.2 ml of 0.1 M ascorbic acid, using a syringe pump at a rate of 50 L/min 

under continuous stirring. The obtained particles were purified by centrifugation at 8000 rpm 

for 20 min and then re-dispersed in water.  

 

Data acquisition 

The tomographic series were acquired using an aberration corrected cubed FEI Titan 60-300 

electron microscope operated at 200 kV, equipped with a Super-X detector. HAADF-STEM 

projections were acquired over a tilt range from -72º to +75º with an increment of 3º. XEDS 

maps were acquired over a tilt range from -70º to +70º with an increment of 10º. The 

acquisition time for each map equals 3 minutes and a screen current of approximately 250 pA, 

was applied.   

The data was binned to a canvas of 52*52 pixels to improve the number of counts per pixel 

and a two window method[26] was used to fit the background radiation and extract the Au and 

Ag net counts from their relative L lines. Quantified ratio maps were obtained by using the ζ-

factor method[16] and ζ-factors obtained as described in previous work.[submitted] The ζ-
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factors values for Au and Ag, were respectively: ζAu = 1177 ± 93 kg/m2 and ζAg = 492 ± 46 

kg/m2. 

In order to combine the XEDS and STEM data while preserving details of the morphology 

and performing the reconstruction on a larger voxel grid, the ratio maps were scaled up to the 

size of the forward projections (268x268 pixels), using a nearest neighbor interpolation 

method, which avoids blurring and preserves the original distribution and ‘look’ of the 

quantified pixels (see Figure 5d and Figure 6).  

 

Data processing and reconstruction 

The tomographic tilt series were registered through cross-correlation routines implemented in 

Matlab.[20] Once aligned, the series were reconstructed using the ASTRA[32, 33] and SPOT 

toolboxes.[34, 35] The reconstruction algorithm was implemented by generating the projection 

matrix and using a Chambolle-Pock[29, 36] solver to perform a Total Variation Minimization[28] 

(TVM) reconstruction. 

The HAADF-STEM reconstruction was segmented according to its histogram (selecting the 

gray value corresponding to the first minimum of the histogram), determining the shape of the 

particle, and forward projected (with the ASTRA toolbox) along the directions used to acquire 

the XEDS maps. In this manner the particle thickness relative to the ratio maps was measured.  

In the case of the XEDS reconstruction, the Chambolle-Pock solver was modified to include a 

constraining mask, implementing prior-knowledge on the shape of the particle (obtained from 

the HAADF-STEM reconstruction) and on the concentrations in the final reconstruction (e.g. 

CAu + CAg = 1 in every voxel).  
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Figures 

 

 

Figure 1: The figure schematically shows how detection of X-rays is hampered by the holder. 

The detectable X-rays emitted from the sample are indicated by the green cone, while those 

blocked by the holder are indicated by the red cone. Only one of the four Super-X detectors is 

depicted, but the scheme holds generally for all detectors. Upon tilting the sample, the effect 

of shadowing changes as a function of the tilt angle.  
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Figure 2: The figure schematically shows the principal steps of the technique proposed on a 

simulated particle of Au and Ag. 
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Figure 3: (a) HAADF-STEM projection at 0°. (b) XEDS net counts maps for Au (red) and 

Ag (green) after background subtraction. (c) Ratio map obtained with the ζ-factor method. 
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Figure 4: (a,b) Au and Ag total net counts for every dataset acquired from -70° to +70°. (c,d) 

Au and Ag concentration as a function of the acquisition angle, calculated with the ζ-factor 

method. Single values are consistent with the average value calculated (dashed blue line) as 

expected in the presence of negligible absorption effects. 
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Figure 5: (a) Volume rendering of the HAADF-STEM reconstruction. (b) Inner structure of 

the same reconstruction. (c) Forward projections of the segmented SIRT reconstruction, 

corresponding to the thickness of the particle expressed in voxel units. (d) Chemically 

quantified elemental projection obtained by multiplying the XEDS quantified map of Figure 

3c and the forward projection of Figure 5c. 
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Figure 6: (a,b) Au and Ag net counts maps. The decrease of signal in projections close to 0° 

is due to shadowing effects. (c,d) Au and Ag chemically quantified projections obtained with 

the method presented in this paper. The signal now scales linearly with thickness and 

concentration of the elements, satisfying the projection requirement. (e) Au and Ag 

chemically quantified projections overlaid with different colors. The scale bar in Figure 6a 

(first tile of the row) is 30 nm. To enable a correct visualization of the images, the intensity 

range is normalized between the maximum and the minimum value of each row of images.
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Figure 7: (a) Volume rendering of the Au (red) and Ag (green) quantified reconstructions 

obtained with the presented method. (b) Inner composition of the same reconstructions. (c) 

Orthoslice through the Au reconstruction showing the concentration in every voxel, through a 

red-green color-map. (d) Similar to Figure 7c but applying a 3D Gaussian filter. In (c,d) pixel 

values not belonging to the particle are displayed in black. (e) Line profile, showing weight 

concentration values of the quantified reconstructions. The voxels along which the profile is 

extracted are indicated by the blue line in Figure 7c. (f) Line profile relative to Figure 7d. 
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(g,h,i) Orthogonal orthoslices of the reconstructed volume, respectevely of planes xz, xy and 

yz. The colorbar is the same used in Figure 7c,d.   

 

Figure 8: (a) XEDS 3D quantified reconstruction, after filtering with a 3D Gaussian filter to 

enable an easier interpretation, the color bar on the right reflects the concentration values of 

Au (b) Slice from the HAADF-STEM 3D reconstruction, arbitrarily scaled to match the 

values range of the XEDS reconstruction and enable the comparison of the elements 

distribution. 
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