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Abstract

Supraparticles are hierarchically structured assemblies of nanoparticles whose size
and structural features such as shape, surface roughness, and porosity critically
govern their functionality in applications such as energy storage and catalysis. While
size and porosity can be measured reliably using established techniques, there is a
lack of robust and statistically meaningful methods for assessing supraparticle shape.
In this work, we present a novel methodology for estimating supraparticle shape based
on mercury intrusion porosimetry (MIP). First, we were able to unravel that the
characteristic two-stage intrusion profile of supraparticles corresponds to inter- and
intra-supraparticle pores. Then, deconvolution of the MIP pore size distributions
enabled separation of these contributions, while assignment of their physical origin
was realized by comparison of the extracted intra-supraparticle peaks with the pore
size distributions of constituent nanoparticles. By employing a design of experiment
that enabled varying supraparticle size and shape independently, we established that
the extent of bimodality in MIP pore size distributions is strongly correlated with
supraparticle shape. Quantitative shape descriptors obtained from scanning electron
microscope-based circularity measurements were compared with statistical metrics of
bimodality (Ashman’s D and peak separation) derived from deconvoluted distributions.
A clear relationship emerged: supraparticles with higher circularity exhibited more
pronounced bimodality, whereas irregular particles showed diminished or poorly
resolved bimodal features. This work therefore introduces a statistically reliable
approach for simultaneous evaluation of supraparticle porosity and shape, with direct
implications for scale up, process optimization and quality control in industrial spray-

drying processes.



1. Introduction

Supraparticles are hierarchically structured secondary particles assembled from
smaller building blocks, such as nanoparticles. The supraparticles formed from
nanoparticles exhibit collective properties that are distinct from, yet partially preserve,
the intrinsic characteristics of their constituent nanoparticles [1-5]. For instance,
supraparticles can retain catalytic activity while simultaneously offering enhanced pore
structure and processability [6,7]. Owing to such unique features, supraparticles have
attracted growing interest across diverse fields, including air and water purification

[8,9], catalysis [10,11], and sustainable energy storage and conversion [12,13].

Supraparticles are also emerging as a promising approach to address the limitations
of conventional nanomaterial-based electrodes in lithium-ion batteries (LIBs). Silicon
is widely regarded as a next-generation anode material owing to its exceptionally high
theoretical specific capacity [15]. However, its practical implementation is hindered by
several challenges, including rapid capacity fading and low Coulombic efficiency, both
arising from the substantial volume expansion during lithiation [16]. While
nanostructured silicon offers improvements by reducing diffusion lengths, improving
fracture resistance and enhancing electrochemical performance, the direct use of
nanoparticles suffers from drawbacks such as low packing density and high
interparticle resistance [17-21]. The use of supraparticles made from Si-based
nanoparticles has helped to overcome most of the mentioned issues [22—-25]. Amin et
al. developed supraparticles composed of silicon—carbon (Si/C) composite
nanoparticles via a scalable, single-step spray-drying process. This strategy, yielding
supraparticles with improved coating density, slurry processability, and scalability for
commercial manufacturing, alongside enhanced cycling stability, leverages the

advantages of nanoscale silicon while mitigating its intrinsic drawbacks [6].

In any application, the performance and processability of supraparticles are critically
influenced by their size and structural characteristics, particularly shape, surface
roughness, and porosity [26,27]. In the context of LIB anodes, these features dictate
key factors such as the extent of electrolyte—electrode interfacial contact, lithium-ion
diffusion throughout the active material, and the ability to accommodate the substantial
volume expansion that occurs during lithiation [7]. The size and structural features of
supraparticles can be tuned by parameters including the properties of the nanoparticle



building blocks, the supraparticle formation technique, and the specific process
conditions employed [7]. Reliable, robust, and statistically significant methods exist for
size determination using analytical centrifugation (AC) or dynamic light scattering and
for porosity characterization using mercury intrusion or nitrogen adsorption
porosimetry. However, comparable approaches for assessing supraparticle shape at
the ensemble level remain underdeveloped. Conventional imaging techniques, such
as scanning electron microscopy (SEM) and computed tomography, provide high-
resolution structural information but are inherently limited by low throughput and small
sampling volumes, which compromises their statistical reliability when assessing bulk
powder production. Imaging-based approaches for statistically supported shape
analysis are evolving, such as combined laser diffraction and dynamic image analysis
systems that couple ensemble size measurements with optical shape descriptors. But
reliable shape assessment of particles in the lower micrometer range at the ensemble
level remains a significant challenge. These limitations underscore the need for
alternative characterization strategies that enable scalable, reproducible, and

statistically robust shape analysis of supraparticles.

In this study, we present a novel methodology to estimate the shape of Si/C
supraparticles using mercury intrusion porosimetry (MIP). MIP is an established
analytical technique commonly used to characterize the pore structure of materials.
During the analysis, mercury, which is a non-wetting liquid, is forced into the pores of
a sample under controlled external pressure. The relationship between the applied
pressure and the volume of mercury intruded is then used to calculate various pore
properties, including pore size distribution, total pore volume, and porosity. Our
analysis approach utilizes MIP data to infer shape of supraparticle ensembles while
simultaneously providing porosity information, with statistically significant reliability.
The method has been rigorously validated through a design of experiments
framework, in which the size and shape of supraparticles were systematically varied
by tuning feed nanoparticle sizes and spray-drying parameters. The developed
methodology offers a rapid, scalable, and quantitative alternative for supraparticle
shape characterization, with significant implications for the optimization of electrode

architectures in high-performance LIBs and beyond.

We selected Si/C supraparticles as the primary system for establishing our

methodology. This choice was motivated by two considerations: first, their high
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relevance as potential LIB anode materials, and second, the intrinsic characteristics
of their constituent Si/C nanoparticles. The Si/C nanoparticles, synthesized in a hot-
wall reactor from monosilane and ethylene, exhibit a broad distribution of average
primary particle sizes ranging from 60 nm to 190 nm and partially sinter into
aggregates with varying shapes and dimensions. We hypothesized that, if our method
proves to be effective for supraparticles assembled from such inherently
heterogeneous nanoparticles, it can be applied to a wide range of materials produced

from other types of nanoparticles via spray-drying.

2. Experimental section

2.1. Preparation of Si/C supraparticles

Si/C nanoparticles were synthesized via spray-flame synthesis following the
procedure reported by Orthner et al [28]. These nanoparticles were subsequently
assembled into supraparticles using a scalable, one-step, non-reactive spray-drying
protocol developed by Amin et al. [6]. The spray-drying dispersion consisted of Si/C
nanoparticles (3 wt%), polyacrylic acid (1 wt%, 25 wt% in water, Thermo Scientific) as
an agglomerate stabilizer, and ultrapure water (18.2 MQ-cm, Milli-Q). The mixture was
premixed for 24 h at 500 rpm using a magnetic stirrer prior to spray-drying. Different
supraparticle sizes were obtained by varying the gas-to-liquid ratio (GLR), a key
parameter in the spray-drying process. An increase in GLR reduces the droplet size
during atomization, resulting in smaller supraparticles [29]. Throughout synthesis, the
following conditions were held constant: liquid flow rate at 0.3 L/h, drying gas flow rate
at 35,000 L/h, and drying temperature at 150 °C. Nitrogen was used as the spraying
gas, with flow rates of 439, 667, and 1052 L/h corresponding to GLRs of 1.5k, 2.2k,
and 3.5k, respectively. Spray-drying was performed using a Blchi spray-dryer (B290,

Blichi GmbH) at ambient pressure.

2.2. Characterization of supraparticles

The size of the supraparticles (size of the sedimentation-equivalent, dense sphere)
was determined using an AC (LUMiSizer 651-44, LUM GmbH) by dispersing the
samples in Milli-Q water. The AC analysis was performed using a polycarbonate
cuvette with a 2 mm optical path length. Morphological analysis was carried out using
two different SEMs based on their availability to the project, a Thermo Fisher Philips
XL20 and a Helios NanoLab 600i. Pore characteristics of both nanoparticles and
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supraparticles were investigated using a MIP device (Anton Paar Porosimeter 60). For
each measurement, 350 mg of sample was loaded as lose powder into the measuring
cell, and the properties were analyzed separately in the low-pressure and high-
pressure units. Prior to all measurements in the low-pressure unit, the system was
evacuated to 9.66 x 107* psi before filling with mercury. In the high-pressure unit, the
applied pressure was gradually increased from 20 psi to 60,000 psi. The volume of

mercury intruded was normalized to the sample weight to obtain pore properties.

3. Results and discussion

As explained in the introduction, the aim of this work is to establish a methodology for
supraparticle shape estimation at the ensemble level, closing the gap left by
conventional techniques that fail to provide statistically meaningful information on
several structural properties. For this, we propose a methodology in which two of the
key structural features, such as pore characteristics and shape, can be obtained from
a single characterization technique, MIP. In the following sections, we first describe
the working principle of MIP and the mechanism of mercury intrusion in the context of
supraparticles. We then present the developed approach for shape estimation and
validate it through a systematic design of experiments (DoE): (i) supraparticles of
different sizes synthesized from the same batch of nanoparticles, and (ii)
supraparticles of comparable size but differing shapes obtained by varying the

average size of the feed nanopatrticles.

The structural properties of supraparticles investigated in this study are illustrated in
Figure 1a. The figure includes an SEM image of a representative supraparticle,
highlighting key structural features. In this context, shape refers to the overall
geometry of the supraparticle, specifically the degree to which it is spherical or non-
spherical. Surface properties, particularly surface roughness, are also considered in
this work as this parameter reflects the smoothness of the supraparticle surface and
the extent of surface defects. A further structural property of interest is porosity, which
captures the internal pore architecture of the supraparticles. This is visualized in the
focused ion beam (FIB)-SEM cross-sectional image shown in the inset of Figure 1a.

3.1 Mercury intrusion porosimetry of supraparticles

MIP has traditionally been employed to characterize the pore properties of a wide
range of porous materials [32-37]. The technique operates by forcefully intruding
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mercury, which is a non-wetting liquid, into the pores of a sample under controlled
external pressure, while recording the corresponding volume of mercury intruded. The
inverse relationship between applied pressure and pore diameter, described by
Washburn’s equation (Equation 1), is then used to estimate pore sizes and construct

the pore size distribution [33,37].

2Xyxcosf

Pore diameter = (Equation 1)

Where P is the applied pressure, 8 is the contact angle and y is the surface tension of
mercury. For a typical supraparticle as shown in Figure 1a, a characteristic two-stage
mercury intrusion process can be expected: (i) intrusion into the voids between the
supraparticles (inter-supraparticle pores), and (ii) intrusion into the internal pores
within the supraparticles (intra-supraparticle pores). A schematic representation of this
two-stage intrusion is shown in Figure 1b, where (1) and (2) denote inter- and intra-
supraparticle intrusion, respectively. The intrusion into inter-supraparticle pores
typically occurs at lower external pressures, while intra-supraparticle mercury intrusion

requires higher external pressures because of the small pore diameter.

The anticipated two-stage intrusion behavior was clearly reflected in the MIP data.
Figure 1c shows the cumulative mercury intrusion volume of supraparticles
(normalized to sample weight) as a function of applied external pressure. The intrusion
profile exhibits an initial increase at lower pressures, followed by a plateau, and then
a second increase beginning at approximately 1000 psi. This behavior corresponds to
the two-stage intrusion described above: the volume increase at lower pressures,
denoted as (1) in the figure, is associated with inter-supraparticle pores, while the
increase at higher pressures corresponds to intra-supraparticle pores, denoted as (2).
From the intrusion profile, the pore size distribution was derived, which is a
characteristic bimodal distribution (Figure 1d). The two peaks, centered at 0.26 ym
and 0.85 ym, are expected to correspond to intra- and inter-supraparticle pores,
respectively. The pore characteristics were further compared across supraparticles of
varying sizes and structures to investigate the influence of synthesis conditions on

their hierarchical porosity.
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Figure 1: Supraparticle structural properties and MIP analysis. (a) SEM image of a spherical
supraparticle illustrating key structural properties with the inset showing the FIB cut through
the suprapatrticle; (b) schematic representation of the two-stage mercury infrusion process; (c)
cumulatively intruded volume of mercury with increasing external pressure; (d) pore size

distribution generated from the MIP intrusion data.
3.2 Design of experiment

3.2.1 Suprapatrticles of different sizes synthesized from nanoparticles of same size

Si/C supraparticles of varying sizes were prepared from a single batch of nanoparticles
with a mean primary particle size of 185 nm by adjusting the GLR during spray-drying.
As demonstrated in our previous study, an increase in GLR reduces the droplet size
during atomization, which in turn decreases the average size of the resulting
supraparticles [7]. All other spray-drying conditions were kept constant except for the
GLR, which varied from 1.5k, 2.2k, and 3.5k, respectively. The volume-based size
distributions obtained by AC for supraparticles formed at different GLRs are shown in
Figure 2a. The results clearly indicate a progressive shift of the size distribution toward
smaller diameters with increasing GLR, confirming the expected trend. The median
particle sizes xs0,3, calculated from the particle size distribution, for GLRs of 1.5k, 2.2k,
and 3.5k were determined to be 5.0 ym, 3.3 pm, and 2.0 uym, respectively. Also, the



SEM images in Figure 2 b-d reveal that the supraparticles are becoming progressively

irregular in shape as their median size decreases.
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Figure 2: Particle size and shape analysis of suprapatrticles of different size formed from the
same batch of nanopatrticles. (a) Particle size distributions (sedimentation equivalent, dense
sphere) from AC analysis. Reprinted (adapted) with permission from [7], Copyright 2025
American Chemical Society; (b), (c) and (d) are the SEM images of supraparticles of median

sizes of 5.0, 3.3 and 2.0 um, respectively.

Further, MIP pore analysis was performed on all suprapatrticles to investigate how pore
characteristics are influenced by variations in synthesis conditions. Figure 3 shows the
pore size distributions of the supraparticles compared with that of the feed
nanoparticles prior to supraparticle formation. The supraparticles exhibit bimodal pore
size distributions, consistent with the presence of both inter- and intra-supraparticle
pores as described in Section 3.1. In contrast, the feed nanoparticles display a
unimodal distribution with a peak centered at 0.4 pym, indicating that only interparticle
pores between nanoparticles are detected in this case. Any smaller pores within
individual nanoparticles are below the resolution limit of the MIP technique. Notably,
the lower-diameter peak of all supraparticles is well-aligned, centered at ~0.6 um,
confirming that the intra-supraparticle pores remain constant. This is in line with
expectations as the same nanoparticle batch was used across all spray drying

campaigns for supraparticle assembly. In contrast, the peak at larger diameters,



corresponding to inter-supraparticle pores, shows a pronounced variation. Specifically,
the peak position shifts from 1.1 um for supraparticles with a median size of 2.0 ym to
2.1 ym for supraparticles with a median size of 5.0 ym. This systematic shift reflects
the change in inter-supraparticle spacing that accompanies increasing supraparticle

size, resulting in larger inter-supraparticle pores.

Another key observation from the pore size distribution is that the degree of bimodality
is not constant but decreases as the supraparticle size is reduced. While the shift in
peak positions can be attributed to differences in supraparticle size, the change in
bimodality appears to be associated with the supraparticle shape. As mentioned above,
the supraparticles become progressively more irregular in shape as their size
decreases. Supraparticles with a median size of 5.0 ym (supra-5.0) are largely
spherical, whereas those with a median size of 2.0 ym (supra-2.0) display highly
irregular shapes. For nearly spherical supraparticles, packing results in a clear
separation between inter- and intra-supraparticle pores, producing a pronounced
bimodal pore size distribution. In contrast, when supraparticles are highly irregular in
geometry, with little to no defined shape, they can pack more tightly and randomly.
This reduces the distinction between inter- and intra-supraparticle pores, which likely
explains the diminished bimodality observed in the pore size distribution of supra-2.0.
To validate the hypothesis that the bimodality of the MIP pore size distribution is
influenced by the supraparticle shape, and to isolate this effect from that of
supraparticle size, supraparticles of similar sizes but varying shapes were analyzed.

The results are discussed in the subsequent section.
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Figure 3: MIP pore size distributions of supra-5.0, supra-3.3, supra-2.0 and their constituent

nanoparticle powder of average size 185 nm as determined from TEM images.
3.2.2 Supraparticles of same size but different shape

So far, our results indicate that the bimodality of the MIP pore size distribution of
supraparticles correlates with variations in supraparticle shape or size. At this stage,
it cannot be conclusively attributed to shape alone. To disentangle these effects, we
performed MIP measurements on supraparticles of same size but different shapes.
These supraparticles were obtained by varying the mean size of the feed nanoparticles
while keeping the spray-drying conditions constant. Nanoparticles with mean primary
particle diameters of 60, 84, 115, and 185 nm were used as building blocks to form
supraparticles designated as supra-A, supra-B, supra-C, and supra-D, respectively.
The nanoparticle sizes were determined by averaging measurements from at least
300 primary nanoparticles imaged by TEM (Supplementary Figure S1). The sizes of
the resulting supraparticles were then analyzed by AC, which confirmed that all
supraparticles had comparable sizes with a median diameter of a sedimentation-

equivalent, dense sphere of 2 um (Supplementary Figure S2).

SEM images of the supraparticles were obtained to assess their shape and are shown
in Figure 4a-d. Preliminary visual inspection reveals significant differences in shape
and surface roughness among the samples. Supraparticles in the supra-A sample
appear predominantly spherical, with smoother surfaces. In supra-B, most particles
retain a generally spherical form, but noticeable surface defects are present. For

supra-C, pronounced holes and ruptures are evident in many particles. In contrast, the
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particles in supra-D are completely irregular in shape, lacking any discernible spherical
structure. This irregularity may originate from two primary factors. The first is related
to particle packing within the spray-dried droplet. Since all spray-drying parameters
were kept constant, the droplet size remained unchanged across samples. Larger
nanoparticles may not pack as efficiently within these droplets as smaller ones, leading
to incomplete structural consolidation during drying. Consequently, droplets containing
smaller nanoparticles preserve the spherical geometry of the atomized droplet,
whereas those containing larger nanoparticles solidify into irregular, distorted shapes

due to inefficient packing.

The second factor is the reduced mechanical stability of the spray-dried secondary
particles as the size of the primary nanoparticles increases. Wang et al. demonstrated
for silica supraparticles that the mechanical stability decreases with increasing
nanoparticle size, primarily due to weaker interparticle interactions [38]. A similar
mechanism may apply to the Si/C supraparticles studied here. As the size of the
nanoparticles increases, the resulting secondary particles may lose structural integrity,
causing them to fracture into smaller, loosely bound agglomerates, as observed in the
SEM image of supra-D in Figure 4d. Hence, these aggregates do not fully conform to
the definition of supraparticles. Therefore, in the following sections, the term supra-D
refers to the agglomerated secondary particles obtained by spray-drying nanoparticles
with a mean primary particle diameter of 185 nm. The observations suggest that, when
spray-drying parameters are held constant, increasing the size of the feed Si/C
nanoparticles yields secondary particles of comparable overall size but progressively

more irregular shapes.

MIP measurements were performed on all nanoparticles and their corresponding
spray-dried secondary particles. The pore size distributions of the nanoparticles prior
to supraparticle assembly are shown in Figure 4e. In the case of all nanoparticles, a
predominant single peak is observed, which systematically shifts toward larger pore
diameters as the nanoparticle size increases. The peak centers are located at 0.19,
0.21, 0.29, and 0.40 um for nanoparticles with mean sizes of 60, 84, 115, and 185 nm,
respectively. This trend can be attributed to the increasing interparticle spacing. As the
size of the nanoparticles increases, the voids left between particles in the packing

become larger, thereby shifting the peak center toward higher pore diameters.
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Figure 4: Shape and pore analysis of supraparticles formed from nanoparticles of different
primary particle sizes at constant spray-drying parameters. (a), (b), (c) and (d) are the SEM
images of supraparticles supra-A, supra-B, supra-C, and supra-D respectively; (e) MIP pore
size distribution of the corresponding feed nanoparticles; (f) MIP pore size distribution of
supraparticles.

Figure 4f shows the MIP pore size distributions of spray-dried secondary particles
formed from nanoparticles of different sizes. The first set of peaks, corresponding to
intra-supraparticle porosity, lies between 0.24 ym and 0.49 uym, while the second set
of peaks, corresponding to inter-supraparticle porosity, appears between 0.83 ym and

1.04 um. As mentioned earlier, the only difference among these supraparticles is the
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size of the constituent nanoparticles, which in turn affects their shape. This variation
in shape is reflected in the pore size distributions. Although all distributions exhibit a
bimodal character, the degree of bimodality varies systematically among the samples,
decreasing in the order supra-A > supra-B > supra-C > supra-D. This trend is
consistent with the observation made in Section 3.2a, which is, the bimodality of the
pore size distribution increases as the supraparticles become more spherical. Since
this set of supraparticles differs solely in the size of the feed nanoparticles and the
resulting shape variation, these results conclusively demonstrate that the extent of
bimodality in the MIP pore size distribution of Si/C supraparticles is governed by

supraparticle shape.

Hence, we hypothesize that the shape of Si/C supraparticle powder samples can be
qualitatively compared by examining their respective MIP pore size distributions,
allowing us to infer which samples are more spherical and which are more irregular.
In the following section, we aim to establish a quantitative correlation between the

characteristics of the MIP pore size distribution and supraparticle shape.

3.3 Correlation between supraparticle shape and pore size distribution

In the previous sections, we demonstrated that the bimodality of the MIP pore size
distribution is strongly dependent on supraparticle shape. To uncover this relationship
quantitatively, both the shape of supraparticles and the degree of bimodality must be
mathematically defined. In this section, these two properties are quantified and
subsequently correlated to uncover the underlying structure-property relation and to
provide a link between supraparticle shape and their corresponding MIP pore size

distributions.
a) Suprapatrticle shape quantification

The shape of supraparticles can be quantified using sphericity as a parameter, which
describes the degree to which an object approximates a perfect sphere. A higher
sphericity value indicates a closer resemblance to a spherical geometry. However, this
is not possible here as shape information was obtained from SEM images, which
provide only two-dimensional projections. Therefore, a related metric, the circularity,
was employed as a shortcut to approximate the supraparticle sphericity in two
dimensions. The circularity provides a measure of how closely the 2D projection of a
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supraparticle resembles a perfect circle. It is calculated by extracting the perimeter
and area of each particle from SEM images according to:

4 X TXArea

circularity = (Equation 2)

Perimeter?

Shape information from 100 particles was extracted from SEM images for each
supraparticle type, and the average circularity was calculated. The results are
summarized in Figure 5, which compares the average circularities of supra-A, supra-
B, supra-C, and supra-D. A decreasing trend is observed as the size of the feed
nanoparticles increases. The average circularity values for supra-A, supra-B, supra-C,
and supra-D are 0.90, 0.81, 0.80, and 0.32, respectively. While supra-A, supra-B, and
supra-C exhibit similar values, a significant drop is observed for supra-D. This sharp
decrease reflects the highly irregular geometry of supra-D, where no distinct spherical
shape is formed, in contrast to supra-A to C, which retain a generally spherical
structure with varying degrees of surface defects. These circularity values are in strong
agreement with the visual observations from the SEM images described in Section 3.2.
Thus, we conclude that the circularity provides a reliable quantitative descriptor of the
supraparticle shape.
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Figure 5: Average circularity of supraparticles: supra-A, supra-B, supra—C and supra-D.
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b) Extent of bimodality of the MIP pore size distribution

Prior to performing tests for bimodality of the supraparticle pore size distributions, the
data were deconvoluted into their constituent components, corresponding to inter- and
intra-supraparticle pores. All deconvolutions were performed under the assumption
that the constituent components follow a Gaussian distribution, and by ensuring that
the resultant cumulative peak fit maintains an R? value greater than 0.95. The resulting
deconvoluted peaks were then used to calculate the mean values and standard
deviations separately for each component. Figure 6 presents the deconvoluted pore
size distributions of all the supraparticles. The larger peak, centered at higher
diameters and shown in red, corresponds to the inter-supraparticle pores (Fit Peak 1),
while the smaller peak, centered at lower diameters and shown in green, corresponds
to the intra-supraparticle pores (Fit Peak 2). The mean pore diameters and standard

deviations of Fit Peaks 1 and 2 are summarized in Supplementary Table T1.
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The reliability of the peak deconvolution method was evaluated by comparing the intra-
supraparticle pore peaks obtained from deconvoluted MIP pore size distributions with
the MIP pore size distributions of the powders of the corresponding constituent
nanoparticles. Figure 7 shows the pore size distributions of the nanoparticles
alongside the extracted intra-supraparticle peaks of the corresponding supraparticles.
An important observation is that the intra-supraparticle pore peaks fall within the same
pore size regime as in case of the powders from their constituent nanoparticles. This
is expected since intra-supraparticle pores essentially represent the voids between
nanoparticles. Another important trend is that the shift in the peak centers with
increasing nanoparticle size is preserved in the intra-supraparticle pores. Specifically,
the average intra-supraparticle pore sizes follow the order supra-A = supra-B > supra-
C > supra-D, only slightly inconsistent with the sizes of their respective feed
nanoparticles. In addition, the peak widths broaden from supra-A to supra-D, as
reflected in the FWHM values of 0.13 ym and 0.37 pm, respectively. A similar

broadening trend is observed for nanoparticle powders as well.

A notable difference between the MIP pore size distributions of nanoparticles and the
extracted intra-supraparticle pore size distributions is a slight rightward shift of the
latter toward larger pore diameters. This may be attributed to the enhanced structural
rigidity of supraparticles. It should also be noted that MIP tends to underestimate pore
sizes in softer materials due to the inherent sample compression during the
measurement, an effect that can be more pronounced in loose nanoparticle powders
than in consolidated supraparticles. Since supraparticles exhibit higher mechanical
stability and structural rigidity, they are less susceptible to compression artifacts,
resulting in slightly larger apparent intra-supraparticle pore sizes compared to their
constituent nanoparticle powders [31,38]. The strong correspondence between the
pore size distributions of nanoparticles and intra-supraparticle pores supports the
validity of our peak deconvolutions. This, in turn, provides confidence in using the

deconvoluted peaks for further calculations and analysis.
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Figure 7. Comparison of the intra-supraparticle pore size distributions (Peak 2) with their

corresponding pore size distributions of the nanoparticle powders.

Having established a reliable deconvolution method for extracting intra- and inter-
supraparticle pore information from the MIP pore size distributions, we next
investigated the dependence of the MIP bimodality on supraparticle shape. For this,
we evaluated the degree of bimodality in the supraparticle pore size distribution curves
using two statistical measures, Ashman’s D-value (Da) and the bimodality peak
separation value. These are the two commonly used statistical metrics that enables
us to calculate the extent of bimodality using the peak means and standard deviations.
Da is an established and robust statistical metric for quantifying the separation
between two Gaussian components in a bimodal mixture [39—41]. In brief, it provides
a continuous and interpretable measure of how well two distributions are resolved
within a dataset. It is calculated from the difference between the means and standard

deviations of the two fitted Gaussian distributions, according to:

D, = B tal (Equation 3)
0.5(02+0%)

Here, py1and p2 represent the means, and o1 and o2 represent the standard deviations
of the two components in the bimodal distribution. A Da-value above 2 indicates that
the two peaks are sufficiently and distinctly separated, with larger values

corresponding to stronger bimodality. Conversely, when the two peaks share identical
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means, the Da approaches zero. Thus, Da provides a quantitative measure to compare

the degree of bimodality in pore size distributions across different supraparticles.

The mean values (u1and p2) and standard deviations (o1 and o2) of the deconvoluted
peaks, summarized in Supplementary Table T1, were used to calculate Da-values for
each supraparticle pore size distribution according to Equation 3. Then, these Da were
plotted against the sizes of the constituent nanoparticles and are shown in Figure 8
(black color). As observed in the figure, none of the supraparticles exhibit a Da greater
than 2, indicating that the two underlying distributions are not fully distinct in any case.
This observation is visually evident in the MIP pore size distributions as well, where
the intra- and inter-supraparticle pore peaks overlap substantially for all four samples.
Moreover, the Da-values show a decreasing trend with increasing constituent
nanoparticle size. The Da for supra-A, supra-B, supra-C, and supra-D are 1.28, 1.17,
1.10, and 1.08, respectively. These results quantitatively demonstrate that the extent
of bimodality of the MIP pore size distribution of supraparticles decreases as the size
of the constituent nanoparticles increases. This finding supports our expectation and
visual observations that the degree of bimodality in the MIP pore size distribution is

governed by the shape of the supraparticles.

To further validate the observations obtained from Da-values, we employed the second
test statistic, the so-called bimodality peak separation (S) [42]. This parameter
quantifies the distance between two peaks in a bimodal distribution:

|p1—uz|
S = Hazhal
20‘1+20‘2

(Equation 3)

When the two Gaussian functions are completely distinct, the S-value is larger than 1.
As in case of Da, the S-values were calculated for the MIP pore size distributions of all
supraparticles and plotted against the sizes of their constituent nanoparticles (Figure
8, red color). Similar to the trend observed with Da (black color), also the S-value (red
color) decreases with the size of the constituent nanoparticles. This indicates that the
peaks are comparatively more distinct and better resolved when smaller nanoparticles

are used.

Taken together, the results from Da and peak separation analyses via the S-value
quantitatively confirm that the bimodality of the MIP pore size distribution decreases

with increasing size of the constituent nanoparticles.
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Figure 8: Dependence of Da-values (black color and left axis) and values for the peak
separation S (red color and right axis) of supraparticle pore size distributions on the size of

the constituent nanoparticles (dashed lines are provided as a guide-to-the-eye).
c) Correlation

So far, we have quantified both the shape of the supraparticles (via the circularity) and
the extent of bimodality (via Da and S-value) in the MIP pore size distribution and
correlated it with the size of the constituent nanoparticles. In the following, the
quantitative relationship between shape and extent of bimodality will be explored.
Figure 9 illustrates the correlation between Da and supraparticle circularity. First, a
sharp increase in circularity is observed from 0.33 to 0.81 when Da rises from 1.08 to
1.10. Beyond this point, the slope is clearly reduced, and the circularity shows only a
very slight improvement with increasing Da. The pronounced increase in circularity
between Da-values of 1.08 and 1.10 suggests that, for spray-dried Si/C secondary
particles, a critical Da threshold exists within this range (shaded green in Figure 9),
beyond which well-defined spherical supraparticles are formed. Below the threshold,
the spray-dried structures remain irregular, consisting of randomly shaped
agglomerates. The slight improvement in circularity that is observed beyond the
threshold Da is attributed to roughness and minor defect variations on the supraparticle
surface. A similar trend is evident in the correlation between supraparticle circularity,
and the S-values derived from the MIP pore size distributions, as presented in
Supplementary Figure S3. This trend supports the observation from Section 3.2.2 that
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supraparticles become more spherical as the extent of bimodality of their MIP pore
size distribution increases. By understanding this correlation and recognizing that the
sphericity threshold for the studied samples corresponds to a Da-value above 1.1, the
shape of Si/C supraparticles can be reliably estimated from their MIP pore size

distributions.
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Figure 9: Correlation between features of the MIP pore size distribution expressed via Da and

the supraparticle shape via circularity.

Having established a correlation between the extent of bimodality in the MIP pore size
distribution and the shape (sphericity) of Si/C supraparticles produced via spray-drying,
it can be concluded that MIP is a suitable technique for quality control of spray-dried
supraparticles. MIP offers multiple advantages compared to conventional
characterization methods. As mentioned before, the primary characteristics relevant
to supraparticles are size and structural features such as shape, surface roughness
and porosity, with different applications requiring supraparticles of tailored dimensions,

degrees of sphericity, and porosity.

While the size of supraparticles can be conveniently determined on the ensemble level,
at least as an equivalent diameter, using techniques such as AC and dynamic light
scattering, comprehensive quality control should also account for shape- and pore-
related characteristics. For direct visualization of particle morphology, SEM remains
the most informative technique. It provides high-resolution images of individual

supraparticles, revealing their exact shapes and surface features. However, obtaining
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statistically meaningful conclusions from SEM data requires imaging many different
particles, which makes the process time-consuming, labor-intensive, and costly,
particularly when a separate porosity characterization is performed alongside imaging.
MIP, by contrast, provides ensemble-averaged information and offers simultaneous
insight into both porosity and supraparticle sphericity. After initial calibration, MIP is
relatively rapid, scalable, and cost-effective, making it well suited for routine quality
control. Although MIP does not resolve the exact particle morphology, as SEM does,
it reliably quantifies how spherical or non-spherical the particles are, which is typically
sufficient for spray-dried supraparticles that predominantly form near-spherical
structures. The combination of structural information, statistical robustness, and
measurement throughput positions MIP as a practical and efficient characterization
tool within industrial workflows. A short discussion on the limitation of the developed
shape-estimation method that reflects the limitations of MIP in a sense that
supraparticles have to be sufficiently porous that mercury can be intruded is provided

in the Supplementary Section 5.

4. Conclusions

In this study, we developed and validated a novel methodology for estimating
supraparticle shape based on MIP. We first demonstrated the characteristic two-stage
intrusion profile of supraparticles. To analyze these contributions in more detail, the
MIP-derived pore size distributions were deconvoluted into Gaussian components with
high fitting reliability (R? > 0.95). The extracted intra-supraparticle peaks were then
compared with the pore size distributions of the constituent nanoparticles, and strong
agreement was observed in terms of size regime and peak-shifting trends, confirming
the physical validity of the deconvolution approach. A slight rightward shift of the intra-
supraparticle peaks relative to the nanoparticle distributions was also consistently

observed, attributable to the greater structural rigidity of supraparticles during MIP.

We then explored how the pore size distributions reflect supraparticle shape. In
supraparticles of different sizes prepared from the same batch of nanoparticles, the
intra-supraparticle peak remained constant, whereas the inter-supraparticle peak
shifted with supraparticle size. At the same time, the overall bimodality decreased as
supraparticles became smaller and more irregular in shape, as confirmed by SEM. In
a complementary experiment, supraparticles of comparable size but varying shapes
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were synthesized by changing the size of the feed nanoparticles. Circularity analysis
from SEM images revealed progressively irregular morphologies, while MIP showed a

corresponding reduction in the extent of bimodality.

To quantify this relationship, the degree of bimodality was evaluated using Ashman’s
Da and peak separation (S-value), both derived from the deconvoluted pore size
distributions. The statistical analyses showed that supraparticles with higher circularity
values consistently exhibited stronger bimodality in their pore size distributions,
whereas irregular particles showed reduced bimodality or greater overlap of peaks.
This correlation provides direct evidence that the supraparticle shape can be inferred

from the extent of bimodality in MIP pore size distributions.

Compared with conventional imaging methods, MIP offers distinct advantages as a
quality control technique for large-scale production. It provides ensemble-averaged
information, simultaneously reports porosity and shape, and is rapid, cost-effective,
and statistically reliable. While SEM offers detailed visualization, it is labor-intensive
and limited in statistical significance, making MIP a more practical choice for quality
control. The limitations of the method are also clear. Because MIP cannot reliably
resolve pores of extremely low sizes, intra-supraparticle pores cannot be
characterized in systems composed of very small nanoparticles (< 10 — 20 nm).
However, for supraparticles composed of nanopatrticles larger than ~30 nm, as in the

case of Si/C systems studied here, the methodology is robust and reliable.

This work establishes MIP as a powerful and scalable tool for concurrent
characterization of supraparticle porosity and shape. Beyond advancing the
fundamental understanding of supraparticle structure, the method provides a practical
pathway for process optimization and quality control in the large-scale production of
supraparticles for energy storage, catalysis, and related applications. Looking ahead,
extending this approach to supraparticles built from smaller nanoparticles (<20 nm)
will require integrating complementary techniques with higher resolution for small
pores, such as nitrogen adsorption porosimetry, thereby broadening the applicability
of shape estimation methodologies to a wider class of nanostructured supraparticles.
Furthermore, future studies should also explore the applicability of this method to

supraparticles formed from anisotropic feed materials—such as nanorods, nanotubes,
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or plate-like particles—to evaluate how feed particle anisotropy influences pore

structure and the resulting MIP-based shape estimation.
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1. TEM images of nanoparticles
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Supplementary Figure S1: TEM images of nanoparticles used to prepare (a) supra-A, (b)
supra-B, (c) supra-C and (d) supra-D

2. Supraparticle size analysis
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Supplementary Figure S2: Particle size distribution of supraparticles analyzed using AC



3. MIP pore size distribution deconvolution

M1 (um)  p2(um) o1 (um) | Oz (Um)

supra-A | 0.84 0.28 0.61 0.11
supra-B | 0.62 0.26 0.42 0.12
supra-C | 1.06 0.34 0.88 0.29
supra-D | 1.06 0.47 0.68 0.36

Supplementary Table T1: Mean pore diameters and standard deviations of inter-
Supraparticle pores (U1 and 0;) and intra-supraparticle pores (U2 and 0,) obtained by

deconvoluting MIP pore size distributions.

4. Supraparticle shape — peak separation value correlation
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Supplementary Figure S3: Correlation between features of the MIP pore size distribution

expressed via S-value and the supraparticle shape via circularity.

5. Limitations of MIP-shape estimation method

5.1. Preparation of LSCO supraparticles

LSCO nanoparticles were synthesized via spray-flame synthesis following the protocol
developed by Hammad et al [30]. To prepare the spray-drying mixture, 0.9 g of LSCO
nanoparticles was dispersed in 300 mL of ultrapure water together with 4.5 mL of a

5 wt% Sustainion® XA-9 solution in ethanol from Dioxide Materials. The mixture was

3



sonicated in an ice bath, following the procedure described in a previous study [31], to
ensure homogeneous dispersion. The resulting suspension was subjected to spray-
drying using the same procedure as outlined in Section 2.1a for Si/C supraparticles.
The only difference was that the GLR was fixed at 3.5k.

5.2. MIP analysis of LSCO supraparticles

The limitation of MIP as a shape estimation method must also be investigated. For this
purpose, supraparticles synthesized from LSCO nanoparticles were selected. LSCO
nanoparticles are well known for their high surface area and enhanced oxygen
evolution reaction (OER) performance in alkaline electrolysis. Hammad et al.
demonstrated that replacing LSCO nanoparticles with spray-dried LSCO
supraparticles led to significant improvements in OER performance [1]. Using LSCO
supraparticles to test the limitation of our shape estimation by MIP offers an additional
advantage. In the main manuscript, the supraparticles analyzed were primarily ~2 ym
in size and composed of Si/C nanoparticles with mean primary particle sizes ranging
from 60 to 185 nm. By contrast, the LSCO nanoparticles synthesized via spray-flame
synthesis have a much smaller average primary particle diameter of 8.2 nm, as
determined from TEM images (Supplementary Figure S4a). Evaluating LSCO
supraparticles therefore enables us to assess how the method performs when the
constituent nanoparticles are significantly smaller relative to the overall supraparticle

size.

a)

Supplementary Figure S4: Characterization of LSCO nanoparticles and supraparticles. (a)
TEM image of LSCO nanopatrticles; b) SEM image of LSCO suprapatrticles.

LSCO supraparticles were synthesized by spray-drying by keeping the GLR at 3.5K
so that the resulting supraparticles had an average size of ~2.0 um (Supplementary

Figure S4b). SEM imaging confirmed that the supraparticles were predominantly
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spherical in shape. The MIP pore size distribution of LSCO supraparticles
(Supplementary Figure S5a) reveals two distinct features, a pronounced peak
centered at ~0.5 pm corresponding to inter-supraparticle pores, and a small elevation
at pore sizes below 0.02 ym, associated with intra-supraparticle pores. This behavior
contrasts with the Si/C supraparticles, which exhibited two overlapping but well-
defined peaks. In LSCO supraparticles, the inter-supraparticle pores are clearly
represented by a defined peak, whereas the intra-supraparticle contribution appears

only as a minor elevation rather than a distinct peak.

A similar trend is observed in the MIP pore size distributions of the LSCO nanoparticles
(Supplementary Figure S5b), where only minor peaks appear in the sub 0.02 um range
with very low intrusion volumes. This limitation can be attributed to the resolution of
the MIP technique. It is well established that MIP is not accurate for characterizing
pores of low sizes due to the involvement of extremely high pressure during the
measurement [2,3]. Given that the LSCO nanoparticles used here have an average
size of 8.2 nm, the voids between them in the supraparticles are expected to fall within
the same dimension range, which explains the absence of a clear intra-supraparticle
peak in the MIP data.

Therefore, MIP cannot be reliably used to analyze the intra-supraparticle pores of
LSCO supraparticles. As a result, the MIP-based shape deduction method is not
applicable to supraparticles composed of nanoparticles smaller than ~10-20 nm. This
limitation arises from the inherent resolution constraints of the MIP technique itself.
Nevertheless, the method remains highly effective for Si/C supraparticles and other
systems in which the constituent nanoparticles have sizes greater than ~30 nm, where

intra-supraparticle pores fall within the measurable range of MIP.
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Supplementary Figure S5: Structural characterization of LSCO supraparticles and

nanoparticles. MIP pores size distribution of (a) LSCO supraparticles and (b) LSCO

nanoparticles.
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