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ABSTRACT

X-ray ptychography enables high-resolution imaging of multi-element systems by providing both optical density and
phase contrast images. This study integrates few-energy ptychography with computed tomography to distinguish and
spatially resolve nickel nanoparticles within a porous Al:Os support. By leveraging contrast differences near a given
absorption edge, our method achieves unambiguous 3D identification of an element using a single energy, significantly
reducing acquisition time while maintaining nanoscale resolution. This approach is particularly valuable for studying
catalytic processes, such as nanoparticle exsolution and dissolution in mesoporous alumina. High-resolution 3D imaging
of these structures advances our understanding of catalytic dynamics, with implications for optimizing materials in
environmental applications like dry reforming methane.
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1. INTRODUCTION

Soft X-ray ptychography is a coherent imaging technique widely used for the investigation of nanomaterials and organic
samples [1,2]. X-ray ptychography is capable of producing images with spatial resolutions on the order of 10
nanometers, making it particularly valuable for probing the fine structure and elemental composition of micro-materials
[1,3]. Typically, the technique involves imaging across multiple X-ray energies, which exploits the refractive behavior of
elements near their absorption edges to enable the characterization of elemental or ionic distributions within a sample

[4].

In many cases, three-dimensional (3D) information is desired, particularly when investigating anisotropic materials or
processes. This is commonly addressed by combining ptychography with computed tomography, whereby a 3D volume
is reconstructed from a series of 2D images acquired at different projection angles [5]. However, acquiring hundreds of
projections significantly increases experimental time, which is a critical limitation at synchrotron radiation sources such
as the Advanced Light Source (ALS) [6]. Upgrades to synchrotron facilities, such as the ALS-U project, predict an
increase in coherence and photon flux, offering a potential reduction in experimental time [7]. Nevertheless, there
remains a need to complement these advances by optimizing experimental protocols and automating data processing and
analysis, as both ptychography and tomography are computationally intensive [8]. To address this, we have developed an
analysis pipeline aimed at streamlining and accelerating the image reconstruction and analysis process.

Further challenges arise when elemental resolution is desired in combination with 3D imaging. Traditionally, this
necessitates a full tomographic tilt series at multiple energies for each element of interest, further increasing the
experimental time [5,9]. However, X-ray ptychography reconstructions produce two complementary datasets due to the
real and imaginary parts of the refractive index: an image of phase contrast and an image of optical density, respectively
[10]. This provides a unique opportunity to leverage the inverted relationship between these signals at elemental
absorption edges to identify an element using a single-energy tilt series. Images taken near the absorption edge, produce
a high optical density signal and a near-zero phase signal [11]. This approach has the potential to halve the experimental
time required for elemental identification and further enable element-specific 3D characterization.
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Element-specific ptycho-tomography is of particular interest in the study of catalytic particles, composed of a porous
alumina (Al:O0s) matrix structure alloyed with various transition metals [12]. These particles have applications in the dry
reforming of methane, during which the alloyed metals tend to precipitate out towards the surface [13]. Understanding
the growth mechanisms of these metallic precipitates is crucial for catalyst design, and high-resolution 3D imaging with
elemental resolution is ideally suited for this purpose [14].

2. METHODOLOGY

A ptycho-tomography experiment was conducted at the 7.0.1.2 COSMIC beamline at the Advanced Light Source,
Lawrence Berkeley National Laboratory. The samples consisted of alumina particles with an average diameter of 1-1.5
pm, containing approximately 10% nickel alloyed throughout. These particles underwent controlled dissolution and
exsolution cycling to precipitate nickel, simulating conditions relevant to catalytic operation. Soft X-ray ptychography
was performed at the nickel L; absorption edge (~853 eV). A total of 156 projections were acquired over a limited
angular range of approximately 135° in 0.9° steps; full 180° rotation was not possible due to sample mount geometry.
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Figure 1. Analysis pipeline for reconstructing 3D volumes from ptycho-tomographic projections taken at COSMIC.

To validate the analysis pipeline and assess reconstruction fidelity, a simulated dataset was generated using multiple
Shepp-Logan phantoms to represent individual particles, with additional metallic inclusions to mimic precipitated nickel
particles. Forward projections were generated using a realistic model of the imaging geometry and included artificial
jitter and noise to approximate experimental conditions. Once the experimental and simulated datasets were gathered, the
analysis pipeline (see Figure 1) began with some basic preprocessing, including background subtraction and cropping.
The next step is image alignment, which is critical to minimize reconstruction artifacts. Here, the rotational alignment
consisted of pure translations determined from each image’s centroid. An asymmetric object that remains in the
field-of-view throughout rotation will demonstrate a centroid that oscillates sinusoidally in the direction perpendicular to
the rotation axis. Image registration improves reconstruction quality and compensates for inherent misalignments in the
experimental setup.

Next, a reconstruction of the 3D volume can be performed using direct or iterative algorithms, with a preference for
iterative methods due to their robustness against limited-angle artifacts. This dataset was reconstructed using a
model-based iterative reconstruction (MBIR) algorithm implemented in Python. Following reconstruction, individual
slices were segmented to highlight metallic nickel precipitates. Segmentation was performed by assessing the optical
density and phase contrast reconstructions: regions with high optical density and low phase contrast edge were identified
as probable locations of nickel-rich particles.

3. RESULTS AND DISCUSSION

The experimental 3D reconstruction resulted in a volume of approximately 4.8 um®, containing ten distinct alumina
particles. Figure 2 presents a representative slice from the reconstructed volume, illustrating the segmentation process.
The segmentation workflow proceeds in three steps: (1) identification of high-value regions in the optical density image,
(2) detection of local minima in the phase contrast image, and (3) determination of intersecting regions that satisfy both
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criteria. This intersection highlights areas with high absorption and minimal phase shift, corresponding to the expected
behavior of nickel at the absorption edge.

High optical density regions are indicative of metallic particles, which exhibit much greater absorption compared to the
surrounding ceramic matrix. However, the presence of other metallic elements or impurities could confound
identification based solely on absorption. The phase contrast signal, which theoretically exhibits a pronounced dip before
approaching zero near the elemental absorption edge, serves as an additional discriminator. Local minima, or valleys in
the phase contrast image also correspond to voids in the porous structure, confounding identification based solely on
scattering. Thus, the intersection of high optical density and low phase contrast regions provides a robust method for
identifying nickel-rich precipitates. The particle shown in Figure 2 demonstrates the segmentation process identifying 7
regions that are likely nickel nanoparticles. Other high-density regions that are not identified could be explained by
varying Ni concentrations throughout the matrix or other metallic impurities.
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Figure 2. Tomography slices from 3D tomographic reconstructions of an Al,O; catalyst particle with highlighted areas
illustrating the segmentation process for identifying Ni nanoparticles. (left) Slice from the optical density reconstruction
with high-density areas highlighted in orange. (middle) Slice from the phase contrast reconstruction with local minima
highlighted in cyan. (right) Slice from the total scattering (i.e. optical density + phase) reconstruction that highlights the
intersection of the previous two highlighted regions in red.

Artifacts arising from the limited angular range are evident near the top and bottom edges of the reconstructed particle,
manifesting as blurring and streak artifacts. These inconsistencies, particularly near the particle boundaries, warrant
caution in quantitative interpretation of those regions. Qualitatively, the segmentation results demonstrate good
correspondence between the expected and observed locations of nickel precipitates. Ongoing analysis aims to extend
these preliminary 2D findings to the full 3D volume, followed by an extraction of quantitative metrics such as volume
fraction, size distribution, and spatial distribution of metallic inclusions. While these results focus on the identification of
a single element (nickel), future work will expand this approach to multi-element systems by acquiring single-energy tilt
series at the respective absorption edges of each metal of interest (e.g., cobalt or iron). This methodology holds promise
for efficient, high-resolution, and element-specific 3D characterization of complex microscale materials.
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