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ABSTRACT. Catalysis, particularly heterogeneous catalysis, is crucial in the chemical industry and energy storage. Ap-
proximately 80% of all chemical products produced by heterogeneous catalysis are produced by solid catalysts, which
are essential for the synthesis of ammonia, methanol, and hydrocarbons. Despite extensive use, challenges in catalyst
development remain, including enhancing selectivity, stability, and activity. These effective properties are influenced
by the nanoscale morphology of the catalysts, whereby the size of the nanoparticles is only one key descriptor. To
investigate the relationship between nanoparticle morphology and catalytic performance, a comprehensive 3D analysis
of nano-scale catalyst particles is necessary. However, traditional imaging techniques for a representative recording
of this size range, such as transmission electron microscopy (TEM), are mostly limited to 2D. Thus, in the present
paper, a stochastic 3D model is developed for a data-driven analysis of the nanostructure of catalyst particles. The
calibration of this model is achieved using 2D TEM data from two different length scales, allowing for a statistically
representative 3D modeling of catalyst particles. Furthermore, digital twins of catalyst particles can be drawn for the
stochastic 3D model for virtual materials testing, enhancing the understanding of the relationship between catalyst
nanostructure and performance.
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1. INTRODUCTION

Catalysis in general and heterogeneous catalysis in particular play important roles in the chemical industry as
well as in chemical energy storage processes. In case of heterogeneous catalysis, approximately 80% of all chemical
products in the world are produced using solid catalysts [1], where the large-scale synthesis of chemical energy
storage molecules, such as ammonia, methanol or hydrocarbons, relies completely on solid catalysts [2, 3]. Even
though heterogeneously catalyzed reactions are implemented on large industrial scales already for more than a
century, major challenges remain for catalyst development, such as improved selectivity, stability, and activity. This
especially holds for supported solid catalysts — the workhorses in catalysis — where catalytically active nanoparticles
are supported on porous substrates in order to provide sufficient dispersion and stabilization of those nanoparticles.
The particular design challenges for these catalysts are associated with the metal-support interactions, the promotion
of the active and support phase, as well as the size and shape of the active nanoparticles.

Specifically, the catalytic performance — expressed by descriptors such as activity and selectivity — of such materials
usually depends on their structural and geometrical properties. The size of the active nanoparticles, for instance,
affects significantly the activity and selectivity in various cases [4, 5, 6, 7], as smaller nanoparticles often expose
different crystal facets, surface sites and defect structures compared to larger particles, which can promote or suppress
certain reaction pathways. In 1990, such structure-property relationships were found in Au-based catalysts for
CO oxidation [8] and are known as the particle size effect. More recently, and also of interest for energy storage
applications, a particle size effect has been reported in [9] for the Co-catalyzed Fischer-Tropsch reaction [9], which
was confirmed by other authors also for Fe- and Ru-based catalysts [10, 11]. Interestingly, these results show a clear
effect of the particle size on both the activity in CO hydrogenation and selectivity in CHy formation. In addition, the
stability of the nanoparticles is dependent on their size, as was shown for thermal sintering [12] and oxidation [13]
under reaction conditions.

Therefore, the design of sophisticated and well-defined solid materials is in the focus of research, with emphasis
on controlling and stabilizing the nanoparticle structure. However, functional nanoparticle systems are character-
ized by a wide range of tuneable structural properties, which are defined by complex multidimensional probability
distributions of descriptors, such as particle size, shape, and surface area [14]. Hence, tailoring such nanoparticle
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systems for use as solid catalysts requires the determination of the structural descriptors to establish the correla-
tion to catalytic performance descriptors. The major challenges for respective material characterizations arise from
the stochastic distribution and the experimental accessibility of the structural properties. Besides solid catalysts,
micro-catalytic architectures, such as microporous frameworks and microelectrode arrays have emerged as powerful
tools in electrochemical sensing, enabling improved mass transport, enhanced sensitivity and operational stabiliy
[15, 16]. These hybrid systems in energy conversion and storage systems frequently integrate nanostructured active
sites within hierachical microstructured matrices [17]. Interestingly, porous and particulate systems represent the
respective inverse structure and share similar challenges with respect to geometric characterization.

Transmission electron microscopy (TEM) is commonly used as a standard catalyst characterization technique.
However, this technique often allows only for the acquisition of 2D (projection) images from the 3D samples, where
the 2D projection data is typically simplified to aggregated information, e.g., representing the mean particle size.
Assuming that a statistically representative sample is measured, this value can be correlated to the catalytic perfor-
mance. Therefore, the particle size is one key descriptor, as many properties of particulate products are influenced
by their size distribution, and the analysis of particle systems was often reduced to univariate particle size distribu-
tions [18, 19]. But, only for spherical particles, their size can be given by using a single structural descriptor, i.e., the
diameter. We also remark that the derivation of univariate size distributions from multivariate distributions of par-
ticle descriptor vectors is easily possible while the reverse procedure, i.e., the derivation of multivariate distributions
from univariate ones, is an ill-posed problem due to lack of information regarding the correlation of components [14].
However, the nanoparticle size is not the only relevant descriptor determining the surface area of particles and their
catalytic performance [20]. Instead, it has been shown that the structure of the surface, e.g., the presence of kink and
edge sites [21], governs the mechanism and kinetics of the reactions taking place [22]. Non-spherical nanoparticles
have various surface descriptors, where not only the particle diameter but additional descriptors such as e.g. spheric-
ity are needed to accurately characterize the particle surface. Thus, 3D information on nanoparticle morphology is
highly desired to understand the relationship between catalyst nanostructure and catalytic performance. For this
purpose, 3D TEM is a valuable option [23, 24] involving the collection of several 2D TEM images at different angles,
followed by the reconstruction of a 3D representation of the object under consideration. However, this approach is
often too costly in terms of time and resources to be used even for a single particle, and much less for a representative
number of particles.

The present paper aims to overcome this issue by stereologically fitting a stochastic 3D particle model using
2D image data to generate statistically similar digital twins of real nanoparticles, see [25, 26, 27, 28] for related
stereological modeling approaches. The realization of such a 3D model can then be used for 3D nanostructure analysis
as well as for the investigation of effective properties through numerical simulations [29, 30]. The proposed 3D model
consists of two parts. First, rough 3D shapes of particles are modeled. Then, a second modeling component adds
finer surface features, generating particles with nanometer-scale details. This two-stage modeling approach leverages
measurement techniques at different length scales: a coarser resolution captures the size and overall shape of particles
for high representativity, while a finer resolution captures detailed surface features for high accuracy. Specifically,
a TEM image with a pixel size of 0.678 nm is used to acquire a representative quantity of rough particle shapes,
and a TEM image with a pixel size of 0.102 nm is used to capture the fine surface features of a limited number of
particles. The model used for the description of rough particle hulls consists of a random field on the unit sphere in
the three-dimensional Euclidean space R3, based on a spherical harmonics representation. While there are several
attempts to stereologically fit spherical harmonics [31, 32], these attempts focus on planar sections through particles
rather than projections. In contrast, the present paper proposes a novel approach to fit a random field model on the
unit sphere in R3, defined through random linear combinations of spherical harmonics, solely using 2D projection
data. To achieve this, two neural networks are introduced: one for generating random linear combination coefficients
(the so-called generator) and one for model fitting (the so-called discriminator). This neural network-based approach
allows for efficient model fitting within a generative adversarial network (GAN) framework [33, 34]. The subsequent
modeling of the fine surface features is achieved through an overlapping sphere packing algorithm [35, 36] and a
morphological closing operation [37]. If correctly calibrated, by means of this method it is possible to generate shape
outlines such as those observed in high resolution TEM image data of the catalyst particles.

2. MATERIALS AND METHODS

2.1. Synthesis, TEM imaging and image processing. Colloidal cobalt oxide (Co304) nanoparticles were pre-
pared via solvothermal treatment. Therefore, polyvinylpyrrolidone (PVP, MW 1,300,000, high purity grade, AM-
RESCO) is dissolved in ethanol (EtOH, 96vol%, VWR CHEMICALS) in a first step. As soon as the PVP is
molecularly dissolved, cobalt nitrate (Cobalt(IT) nitrate hexahydrate, 97.7%, ALFA AESAR) is added to the solu-
tion and stirred until a homogeneous solution is obtained. The solution is then transferred into a Teflon liner and
placed in an autoclave. The solvothermal treatment is carried out at 180 °C for 3 h leading to a suspension containing






