
short communications

924 https://doi.org/10.1107/S1600577521002903 J. Synchrotron Rad. (2021). 28, 924–929

Received 15 December 2020

Accepted 18 March 2021

Edited by A. Momose, Tohoku University, Japan

Keywords: 3D elemental distinguishing;

dual-energy focal stacks imaging method;

X-ray microscopy; STXM.

Supporting information: this article has

supporting information at journals.iucr.org/s

Three-dimensional fast elemental mapping by soft
X-ray dual-energy focal stacks imaging

Limei Ma,a Zijian Xu,a Zhi Guo,a Benjamin Watts,b Jinyou Lin,a* Xiangzhi Zhanga*

and Renzhong Taia*

aShanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute, Chinese Academy of Sciences,

Shanghai 201204, People’s Republic of China, and bSwiss Light Source, Paul Scherrer Institute, 5232 Villigen,

Switzerland. *Correspondence e-mail: linjinyou@zjlab.org.cn, zhangxiangzhi@zjlab.org.cn, tairenzhong@zjlab.org.cn

The three-dimensional (3D) dual-energy focal stacks (FS) imaging method

has been developed to quickly obtain the spatial distribution of an element of

interest in a sample; it is a combination of the 3D FS imaging method and two-

dimensional (2D) dual-energy contrast imaging based on scanning transmission

soft X-ray microscopy (STXM). A simulation was firstly performed to verify

the feasibility of the 3D elemental reconstruction method. Then, a sample

of composite nanofibers, polystyrene doped with ferric acetylacetonate

[Fe(acac)3], was further investigated to quickly reveal the spatial distribution

of Fe(acac)3 in the sample. Furthermore, the data acquisition time was less than

that for STXM nanotomography under similar resolution conditions and did not

require any complicated sample preparation. The novel approach of 3D dual-

energy FS imaging, which allows fast 3D elemental mapping, is expected to

provide invaluable information for biomedicine and materials science.

1. Introduction

Porous electrospun nanofibers, as superior one-dimensional

nanostructures, have been applied in many fields such

as electrochemical anodization, catalysis, absorption, etc.

(González del Campo et al., 2018; Zhang, Han et al., 2010; Jo et

al., 2018). Recent works on electrospun nanofibers have dealt

with the incorporation of different types of inorganic nano-

particles into this material for diverse functions (Lin, Shang

et al., 2012; Miyamoto et al., 2017). Iron acetylacetonate

[Fe(acac)3, acetylacetonate(acac)] dispersed into polymer

nanofibers make it attractive in magnetic devices and

biomagnetic regimes (Mahapatra et al., 2013; Moatmed et al.,

2019). Therefore, investigating composite nanofibers deco-

rated with Fe(acac)3 provides potential value in biomaterials

and nanoscience.

Traditionally, nanoscale investigation of the internal struc-

ture within nanofibers has been possible using various tech-

niques including soft X-ray and electron microscopies, which

are limited to investigations of thin samples (Shenhar &

Rotello, 2003; Lin, Ding et al., 2012). For example, in

transmission electron microscopy, sample preparation and

mechanical slicing procedures are essential for thick samples,

and scanning electron microscopy only enables surface or

cross-section microstructures to be observed (McIntosh et al.,

2005; Wei et al., 2017). Typically, nanotomography is the

commonly used technique for the three-dimensional (3D)

imaging-based scanning transmission soft X-ray microscope

(STXM), which is still a challenge for thick, large size samples

due to high absorption for rotation at large angles (Johansson

et al., 2006; Schmid et al., 2014). In laminography, the tilted
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geometry becomes more difficult with higher-resolution

(shorter focal length) Fresnel zone plates (FZPs), with a risk

of collision with upstream optical elements (Witte et al., 2020).

Focused ion beam milling combined with scanning electron

microscopy (FIB-SEM) is also a powerful tool for observation

of polymer 3D structures (Denk & Horstmann, 2004).

However, all of these methods are able to achieve elemental

mapping when they are further combined with spectral

microscopy.

The dual-energy contrast imaging method, developed on an

STXM, is performed to achieve 2D elemental mapping (Ade

et al., 1992; Jiang et al., 2010; Smit et al., 2008). In this method,

the absorption of a certain element in the sample will abruptly

increase when the incident X-ray energy changes from its

pre-edge E1 to the absorption edge E2, while the absorption

changes of other elements are so small that they can be

neglected (Warp & Dobbins, 2003; Zhang, Xu et al., 2010).

Hitchcock et al. investigated 3D chemical mappings of a

polyacrylate polyelectrolyte ionomer embedded with poly-

styrene microspheres at multiple photon energies (Hitchcock

et al., 2008; Johansson et al., 2007). Yao et al. achieved the

distributions of intracellular nanomaterials in three dimen-

sions in macrophages by combining the dual-energy contrast

imaging method and equally sloped tomography (Yao et al.,

2018). This combined approach, however, needs image

alignment and refocusing during each

tomography rotation and therefore is

more time-consuming for data acquisi-

tion at multiple energies.

Focal stacks (FS) imaging is an

emerging three-dimensional recon-

struction method extended towards

STXM, making possible for of the order

of hundreds of nanometres reconstruc-

tion of test samples in about an hour,

thus providing a flexible and fast solu-

tion for 3D imaging (Streibl, 1985;

Jochum, 1988). A series of 2D micro-

scopic images are collected by moving

a sample along the optical axis with

a fixed step without rotation. After

processing the nanoscale 2D image

sequences with the improved variance-

based FS algorithm we proposed, a 3D

structured image can be quickly recon-

structed (Ma et al., 2019). In previous

work, we reconstructed the 3D image

of a 4 mm-thick cellulose film embedded

with Fe3O4 nanoparticles within about

66 min (Ma et al., 2019).

In this communication, we report the

3D dual-energy FS imaging method,

which exploits the combination of FS

imaging and the dual-energy contrast

method to quickly generate 3D

elemental mapping on the nanoscale.

Firstly, a simulation experiment was

conducted to validate the feasibility of the method. It was

further carried out to achieve the element spatial mapping in

composite nanofibers. For the first time, the 3D dual-energy

FS imaging method can be used to reconstruct porous poly-

styrene (PS) doped with Fe(acac)3.

2. Experimental setup and method

The experimental setup of STXM, shown in Fig. 1(a), is used

for dual-energy FS imaging, which enables microscopic images

based on density, element and different contrast of samples to

be acquired. A schematic of the 3D dual-energy FS imaging

method is shown in Fig. 1(b). Before discussions on the 3D

reconstruction, we analyze a line scan taken along an edge of

the sample in the STXM image to obtain the near-edge X-ray

absorption fine-structure spectroscopy (NEXAFS) spectra of

the element, as well as the energies E1 and E2 (Ohmer et al.,

2015; Nilsson et al., 2005). Two series of 2D image sequences

are collected at E1 and E2, respectively. Next, we exploit the

3D FS algorithm to reconstruct 3D structure images under the

two energy edges (Ma et al., 2019). The dual-energy ratio-

contrast algorithm or K-edge subtraction algorithm is finally

performed to elucidate detailed spatial distributions of the

element of interest in the sample, so 3D mappings of the

element can be seen clearly.
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Figure 1
(a) Experiment setup for scanning transmission soft X-ray microscopy. (b) Schematic layout of the
3D dual-energy focal stacks (FS) reconstruction method. Scale bar: 500 nm.



3. Simulation

We conducted a dual-energy FS simulation of a modeled

sample – a carbon cube randomly embedded with iron (Fe)

and manganese (Mn) nanoparticles, ranging from 100 to

600 nm [Fig. 2(a)]. In the simulation, incident photon energies

were 708 eV and 700 eV at the Fe L3 energy edge and pre-

edge, respectively. The FZP has a diameter of 60 mm, a central-

stop-radius of 24 mm and an outermost zone width (�rn) of

10 nm, so the depth of focus (DOF) was calculated to be about

230 nm. Fresnel–Kirchhoff diffraction and X-ray multi-slice

propagation theories were used for acquisition of the STXM

images (Goodman, 2005; Attwood, 2017; Maiden et al., 2012;

Ma et al., 2019). Figs. 2(b)–2(c) show two examples of images

of size 3 mm � 3 mm collected at E = 708 eV and 700 eV. Note

that the signal from Fe particles at 700 eV has been ignored

since there is too much absorption change to be detected as

can be seen in Fig. 2(c).

Then, the sample was moved along the optical axis with a

step of 50 nm to sequentially collect 61 images at 708 eV and

700 eV. Finally, 3D reconstructions at the two energy edges

were computed by the improved FS algorithm. Fig. 2(d) shows

a 3D image reconstructed at 708 eV, in which Fe and Mn

particles are clearly seen; however, they are indistinguishable

in the sample. Similarly, a 3D map at 700 eV with FS analysis is

shown in Fig. 2(e). Fig. 2( f) presents two different renderings

in a combined map of the reconstructed image from 700 eV

and Fe nanoparticles from the dual-energy FS image, in which

the distributions of the reconstructed structures are in

agreement with that in the modeled sample. Due to the effect

of color superposition, there is a slight color difference

between Mn and the corresponding gray colormap. The

method was further introduced to composite nanofibers to

explore its 3D characterization applications in real samples.

4. Experiment

An imaging experiment on composite nanofibers was carried

out at the PolLux beamline station, Swiss Light Source (Raabe

et al., 2008). The porous-structured Fe(acac)3 PS nanofibers

[PS@Fe(acac)3] were produced by soaking pure PS nanofibers

in a 10 wt% Fe(acac)3 ethanol solution overnight. Experi-

mentally, the 2D dual-energy contrast imaging method was

firstly performed to explore 2D distributions of Fe(acac)3

in the composite fibers. Two STXM images acquired at the

705 eV and 712 eV energy edges are shown in Figs. 3(a) and

3(b), respectively (NEXAFS spectra are shown in Fig. S1 of

the supporting information). By analysis using the dual-energy

ratio-contrast algorithm, the result shows 2D distributions

and accumulation of Fe(acac)3, Fig. 3(c). According to the

colorbar on the right, red represents high density of the

sample, blue corresponds to low density, and dark blue means

zero density. Close examination of the dual-energy contrast

image, as indicated by the yellow arrows, shows there are cases

where there appears to be accumulations of Fe(acac)3 parti-
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Figure 2
Simulation study with a modeled sample using the 3D dual-energy focal stacks imaging method. (a) The sample model in the simulation. The iron (Fe)
and manganese (Mn) cubic particles are randomly distributed inside the carbon matrix sample with sizes of 100 to 600 nm. The green color represents Fe
particles and blue cubes represent Mn. (b, c) 2D STXM images acquired at E = 708 eVand E = 700 eV, respectively. (d, e) 3D reconstructed images of the
sample at 708 eV and 700 eV. The colorbar to the right represents the sample density, which is proportional to the optical density. Unit of colorbar:
g cm�3. ( f ) 3D combined representations of Fe (gray color) and Mn (orange color) distributions.



cles on the sides of fibers. However, it is insufficient, as the red

arrow indicates, to distinguish the positions of Fe(acac)3 from

the 2D structured image.

To quickly distinguish the spatial distribution of Fe(acac)3

in the porous composite nanofibers, a 3D dual-energy FS

experiment was carried out based on STXM for Fe(acac)3

spatial localization. In the experiment, �rn of the FZP was

15 nm so the DOF was about 500 nm. Taking into account the

DOF and oversampling, the step size of the motor along the

optical axis was set as 300 nm. By moving the sample with a

fixed step, 40 images were collected sequentially over 12 mm

along the optical axis to ensure each part of the structure was

within the DOF in one of the 2D micrographs at 712 eV, as

well as at 705 eV. The automatic image acquisition for FS

experimental study was about 3 h without any extra operation

or particular sample preparation, which is evidently faster

than STXM-based nanotomography under the similar reso-

lution condition. The 3D FS reconstructions were computed

using the improved variance-based FS algorithm after

image pre-processing of normalization, denoising, and image

sequences alignment (Ma et al., 2019). The result shown in

Fig. 4(a) is a 3D map of PS@Fe(acac)3 composite nanofibers

reconstructed at 712 eV, the angle observation of which is

consistent with that in Fig. 3. Colors in the image indicate the

densities of fibers as shown by the fire scale colorbar in the

upper right corner. Yellow means high density and blue

corresponds to low density of the composite nanofiber. The

3D visualization video can be found in Movie 1 of the

supporting information. In Movie 1, 3D structures of

composite nanofibers are shown more clearly; however, it is

impossible to differentiate the positions of Fe(acac)3 in the

porous fibers. It is hence desirable to combine with the dual-

energy contrast imaging method.

By processing and analyzing the two 3D reconstruction

images with the dual-energy ratio-contrast algorithm, spatial

distributions of Fe(acac)3 were obtained. Fig. 4(b) shows 3D

mappings of Fe(acac)3 from the same view as Fig. 4(a), in

which the Fe(acac)3 can be seen clearly (see Movie 2 of the

supporting information). There are some accumulation and

agglomerations, consistent with the SEM result in Fig. S2.

Movie 2 clearly shows that the Fe(acac)3 particles or large

agglomerations are mostly distributed around surfaces or
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Figure 4
3D reconstruction of PS@Fe(acac)3 composite nanofibers and the spatial
distribution of Fe(acac)3. (a) 3D reconstruction of PS@Fe(acac)3
composite nanofibers. The colorbar to the right indicates the sample
density. The larger the value, the higher the density value, and it is
proportional to the optical density. Color scale is in g cm�3. (b) Spatial
distributions of Fe(acac)3 after dual-energy FS reconstruction from the
same angle observation of (a). (c) Volume rendering of the nanofibers
and distributions of Fe(acac)3 simultaneously. The ‘Temperature’
colormap represents the fibers reconstructed from E = 705 eV [legend
(1)] and the ‘VolrenGreen’ colormap shows the Fe(acac)3 mapping
[legend (2)]. Panel (c) is in the same rotation view as (a) and (b). Gray
and yellow boxes are two obvious examples showing Fe(acac)3 inside the
fibers. Scale bar: 1 mm.

Figure 3
Soft X-ray STXM images and the dual-energy contrast images for the PS@Fe(acac)3 composite nanofibers. (a, b) STXM images collected at E1 = 705 eV
and E2 = 712 eV, respectively. (c) 2D dual-energy contrast image from analysis of (a) and (b). The scale bar is 1 mm.



edges of the fibers, the accumulation of which is relatively less

than that on the surface. For example, the Fe(acac)3 particles

marked by a white dotted circle in Fig. 4(b) are actually inside

the nanofibers shown in Movie 2. Furthermore, we observed

nanostructures of fibers and Fe(acac)3 distributions simulta-

neously with a two-colormap combination [Fig. 4(c)]. The

presentation was made by combining the 3D reconstruction

image at 705 eV and spatial Fe(acac)3 mapping. It is clear that

the distributions of Fe(acac)3 in the nanofibers are varied.

Taking two details as examples, nanoparticles in the gray box

in Fig. 4(c) show the Fe(acac)3 inside the fiber. Similarly, the

yellow marked parts are also inside the fibers. In addition, the

dose used to acquire this image sequence at 712 eV was only

�7.2 � 105 Gy (supporting information), which is typically

lower than the corresponding full-field imaging or nanoto-

mography (typical 106 to 108 Gy) (Gros et al., 2005; Meyer-Ilse

et al., 2001). Thus, radiation damage is a considerable advan-

tage by STXM compared with full-field microscopy.

5. Conclusion

In conclusion, we have developed the three-dimensional dual-

energy FS method for fast elemental mappings in a sample.

The spatial elemental distribution is directly reconstructed

from two series of image sequences using the improved

variance-based focal stack algorithm and dual-energy ratio-

contrast algorithm. Both simulation and applicable experi-

mental results have indicated the feasibility of the 3D imaging

method. Reconstructed Fe(acac)3 particles were randomly

distributed inside the porous composite nanofibers or on the

surface. Compared with conventional nanotomography, the

3D dual-energy FS imaging method reduces by more than

two-thirds of the time to achieve a similar resolution result.

Thus, the advantages of the 3D dual-energy FS method are its

quick, efficient and quantitative elementally reconstruction at

nanoscale resolution, as well as no extra and particular sample

preparation or labeling. It is expected that the 3D dual-energy

FS method will offer broader characterization applications in

nanomedicine, biological and other fields.
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