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Supplementary Figures 
 

 

Supplementary Figure 1 | Representative illustration of the simulation of X-ray fluorescence (XRF) images for the 

RDN model with a focused X-ray beam. a Original combined high-resolution XRF images from different X-ray 

emission energy and corresponding energy-resolved XRF images. b Simulated low-resolution XRF images with a 

step scan mode and (c) with on-the-fly scan schemes. As shown above, different scanning methods will give different 

low-resolution XRF images when using the same high-resolution XRF image.  

  

Supplementary Figure 2 | Training, validation, and test loss as a function of the training epochs for RDN model 
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Supplementary Figure 3 | Estimation of X-ray beam sizes and resolutions for the scanning low-resolution XRF 

images. a X-ray beam from the Fresnel Zone Plate. b Corresponding result of a 2D fit of (a) to a Gaussian function. c 

X-ray beam from the Multilayer Laue Lenses (MLLs). c Corresponding results of a 2D fit of (c) to a Gaussian function. 

As the fitted result shown in (b) and (d), the calculated X-ray probe size for the FZP is 61.6 nm and 24.7 nm for the 

MLLs. For the directly obtained scanning XRF images, the X-ray beam information is convoluted with these XRF 

images. Therefore, considering the scanning step size as well as the X-ray beam size, the resolution of these low-

resolution XRF images, the estimated resolution should be greater than the scanning step size. As shown in 

Supplementary Fig. 4a and 4b, using the Fourier shell correlation (FSC), the estimated for the directly obtained XRF 

images after the tomography reconstruction is 70 nm for the FZP and 50 nm for the MLLs. In these directly obtained 

XRF images, the X-ray probe profile is still convoluted with the sample information. Therefore, by further considering 

the X-ray probe size, the final resolution for these directly obtained XRF images can be estimated as √𝑏𝑏2 + 𝑠𝑠2, where 

b is the X-ray probe size and s is the scanning step size (or the estimated resolution by using FSC). Finally, for the LR 

XRF image from the FZP, the corresponding resolution is  √61.62 + 72.02 = 94.8 nm and is √24.72 + 51.82 =

57.4 nm from the MLLs.  
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Supplementary Figure 4 | Resolution estimation for the volumes reconstructed XRF images after tomography 

reconstruction, obtained using two experimental datasets for each sample. a Fourier shell correlation (FSC) of the 

directly obtained XRF using a Fresnel Zone Plate (FZP). b FSC of the directly obtained XRF using a pair of Multilayer 

Laue lenses (MLLs). c Corresponding FSC of the obtained HR XRF images using the FZP. d Corresponding FSC of 

the obtained HR XRF images using MLLs. For the directly obtained XRF images, the resolution of 72.0 nm for the 

FZP using the half-bit threshold and 51.8 nm for the MLLs using the one-bit threshold were estimated, respectively. 

For the corresponding resolution-enhanced XRF images, the resolution of 22.0 nm for the FZP and 24.5 nm for the 

MLLs were estimated. See also Supplemental Fig. 6 for the corresponding Power Spectral Density.  
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Supplementary Figure 5 | Comparison of experimental low- and high-resolution XRF images from different elements 

(i.e., Ni, Co, and Mo). Two different X-ray nanoprobes (i.e., FZP and MLLs) are used separately. In each image, the 

central slices of the 3D reconstructed structures of NMC particles are displayed. All the scale bars are 2 μm. 
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Supplementary Figure 6 | Power Spectral Densities (PSDs) of the 3D XRF images after tomography reconstruction, 

obtained using two experimental datasets for each sample. a PSDs of the obtained low-resolution (LR) 3D XRF images 

using a Fresnel Zone Plate (FZP). b PSDs of the obtained LR 3D XRF images using a pair of Multilayer Laue lenses 

(MLLs). c Corresponding PSDs of the obtained high-resolution (HR) 3D XRF images using FZP. d Corresponding 

PSDs of the HR 3D XRF images using MLLs. When using FZP, the Peak signal-to-noise ratio (PSNR) for LR 3D 

XRF images is 41.6 dB, and it is 32.7 dB for the corresponding HR 3D XRF images. When using MLLs, the PSNR 

for LR 3D XRF images is 41.3 dB, and for the corresponding HR 3D XRF image, it is 20.6 dB. The slightly worse 

performance of the HR 3D XRF image from MLLs compared with FZP is probably due to a relatively large scanning 

step size. Here, the PSNR for the 3D XRF images is defined as PSNR = 20 × log10 �
MAX
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2, and MAX equals to 1. 𝐼𝐼1 and 𝐼𝐼2 are the corresponding input 3D XRF 

images.  


