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The hetero-aggregation of carbon black and colloidal silica in a spray flame is a promising approach to improve dispersibility and sta-
bility of carbon black. The mixing quality, i.e. homogeneity of the materials within the hetero-aggregate, is important for both prop-
erties, yet challenging to quantify. For this purpose, multiple STEM-EDX (Transmission Electron Microscopy with Energy Dispersive
X-Ray Spectroscopy) elemental maps are conducted on two distinct process conditions, leading to hetero-aggregates two different
mixing qualities. By sampling cutouts of the images at randomized locations and applying principles adapted from classical mixing
theory, hetero-aggregates are characterized with respect to mixing quality, irrespective of composition and primary particle size. Fur-
thermore, correlation coefficient functions give insight to the length scale of primary particle clusters in the hetero-aggregates. In ad-
dition, on the basis of the intra-aggregate mixing state and the distribution of hetero-aggregate composition, a suitable description of
the inter-aggregate mixing state is achieved. The developed methods present a generally valid, precise characterization of the mixing
quality of hetero-aggregates.

1 Introduction

Nanoparticles are widely used in industrial products because they combine material-inherent physico-
chemical properties with high surface to volume ratios [1, 2, 3]. These properties are multiplied and com-
plemented by the functional mixing with other nanoparticle species [4, 5]. Subsequently, hetero-contacts
are formed at the distinct interface of the two materials, which are of fundamental importance for the
desired functional properties of the mixture [6, 7]. Recently, research on hetero-aggregates has been in-
tensified, especially due to possible applications as battery materials [8, 9, 10]. Carbon black is added
therein to improve the conductivity by ensuring electrical pathways through binder polymers and active
material. Therefore, high dispersion on nanoscale levels is necessary. However, during dry mixing, cluster
formation and aggregate breakage of carbon black may lead to decreased conductivity [11, 12]. Hence,

in order to ease the manufacturing of batteries, methods to structure the conductive carbon are investi-
gated [13, 14, 15].

One possible approach is the hetero-aggregation of colloidal silica nanoparticles onto the aggregate struc-
ture of carbon black in spray flames as investigated in a previous publication [16]. By sintering the two
distinct materials on the primary particle level, it is possible to enhance their aggregate stability. In or-
der to reach the desired macroscopic properties, the hetero-aggregation process and its influencing fac-
tors have to be understood on a microscopic level. However, the resulting hetero-aggregates exhibit highly
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fractal nanoscale structures that consist of two different amorphous materials and therefore, a reliable
characterization can be challenging. Usually, multiscale characterization yields information ranging from
primary particle properties to aggregate properties [17]. Other common characterization methods for
hetero-aggregates are laser light diffraction [18, 19], X-ray diffraction [20] and electron microscopy [21].
The characterization of the internal mixing of hetero-aggregates is a focal point of research because func-
tional properties like catalytic performance or lithium transport are governed by it [19, 22]. One approach
is the introduction of a heterogeneous coordination number as a measure for the quality of hetero-aggregation
in which the number of hetero-contacts is compared to the number of homo-contacts [23]. This concept
has been developed further by including convolutional neural networks and machine learning [24, 25].
This way, metal oxide hetero-aggregates with substantial difference in electron density are character-
izable. However, due to weaker intensity contrast in high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM), carbon-based materials or materials with lower coordination
numbers cannot be characterized by this method. Furthermore, both primary particle species need to be
distinguishable and 3D reference is necessary, limiting the general applicability of this method. There-
fore, to investigate carbon black-silica hetero-aggregates, the determination of coordination numbers is
not feasible. Furthermore, the heterogeneous coordination number depends on the concentration of the
respective materials, making it difficult to compare process conditions with varying concentrations.
Other possible approaches to describe mixing quality include the usage of the Rényi entropy [26]. In this
context, the distribution of mixing concentrations within twin-screw extruders has been evaluated [27].
Further measures for the mixing quality are two-point correlation functions which yield information on
the the state of mixing at different length scales and are directly applicable to 3D and even 2D image
data [28]. Furthermore, insights on co-segregation phenomena of terbium and oxygen within aluminum
nitride on the basis of electron energy-loss spectrum (EELS) imaging has also been investigated [29].
This imaging technique has also been used in the investigation of hetero-atom infusion of metal oxides
in soot [30].

An alternative methodology involves the adaptation of the empirical variance of concentration to scan-
ning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). The basic principle

is the evaluation of the local enrichments in cutouts and comparing it with the bulk enrichment. The
adaption to SEM is conducted by choosing image cutouts of an investigated hetero-aggregate as samples
and the whole hetero-aggregate as bulk [31, 32]. However, the use of SEM-EDX analysis is constrained
by the fact that it only allows for the consideration of surface composition.

To date, only the empirical variance of local concentrations has been considered, which is significantly
influenced by the size of the image cutout used for quantifying the variance and the composition of the
hetero-aggregate. Hence, a quantitative comparison of mixing quality is reliable primarily for hetero-
aggregates of similar shape and composition with a consistent number of particles in the considered cutout,
making the characterization prone to misinterpretation. For nanoscale hetero-aggregates, STEM-EDX
elemental maps yield a 2D projection of the material distribution within the aggregate. More detailed
information would only be available by tomography which is not feasible for a statistical analysis. An-
other possibility to gain insight on the material distribution within micron-sized samples is the employ-
ment of FIB-STEM [33]. Therefore, the goal of this paper is the development of a method to precisely
describe the mixing quality of hetero-aggregates from STEM-EDX elemental maps, regardless of dimen-
sion, shape and material, with a focus on the nanoscale. To the best of the author’s knowledge, no such
adaption of mixing theory for the determination of intra-aggregate mixing on the nanoscale has been
achieved yet. Furthermore, the correlation between mixing quality on the nanoscale (intra-aggregate)
and the macroscopic scale (inter-aggregate) of the hetero-aggregates poses a scientific issue which is yet
to be solved. It is pivotal that the resulting measure of mixing quality is able to describe differences in
mixing quality for distinctly formed hetero-aggregates, allowing the comparison of multiple manufactur-
ing processes.
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2 Materials and Methods

The manufacturing process of the hetero-aggregates considered in this paper is described in Section 5. In
this context, silica particles are sintered on top of an already existing carbon black aggregate structure
by spray flame synthesis . Section 2.1 deals with the workflow used for the processing of EDX scans.
Finally, relevant aspects of classical mixing theory and their adaptation to transmission images are ex-
plained in Section 2.2.

2.1 Image processing and sampling

For the production of the hetero-aggregates two distinct process conditions with two different kinds of
carbon black were chosen. Exemplary STEM-EDX elemental maps of the synthesized hetero-aggregates
are depicted in Fig. 1. For the first process conditions (Fig. 1a), denoted with KB for the Ketjenblack-
type carbon black employed in synthesis, segregation was observed. On the other hand, in the hetero-
aggregates synthesized with a C65-type carbon black, silica was well dispersed on top of the carbon black
structure as shown in Fig. 1b. The STEM-EDX elemental maps provide spatially resolved detection of
local silica and carbon enrichments within the hetero-aggregates. However, background noise, the lacey
carbon TEM grid, and low signal strength of carbon and silicon make image processing necessary. The
workflow is illustrated in Fig. 2. Separate images of the isolated signals of silicon and carbon are avail-
able directly from the EDX measurement. The images were then processed with the image editing soft-
ware GNU Image Manipulation Program [34]. Concerning the carbon scan, first the lacey carbon film
was edited out manually. To further reduce the background noise, a threshold was introduced. Subse-
quently, the images were transformed into binary images, so that the background consists of black pixels
and the elemental information of white pixels. It is necessary to verify that the background is completely
black. Otherwise the resulting mixing quality is not representative of the actual mixing state. The re-
sults were two separately segmented images of the carbon and silicon distribution within the hetero-aggregate.
For image analysis, a Python script has been developed in which digital cutouts with a fixed number

N of particles in the cutouts are collected on Ngamples Tandomized locations for both carbon and silicon.
Such a cutout is visualized by the rectangles in Figs. 2b and 2c. In this context, pixel-wise information
on silicon and carbon content is collected. Note that the results are not showing actual chemical concen-
trations of elements at any point, for which k-factors and detector sensitivities would have to be calcu-
lated, but only their lateral distribution. However, in the reference frame of binary images of STEM-
EDX elemental maps of carbon black - silica hetero-aggregates, the term concentration denotes the ratio
of carbon counts divided by the combined count of carbon and silica pixels to keep a consistent termi-
nology with regards to classical mixing theory. More precisely, the local concentration of carbon Xj in

tal number of foreground pixels (number of pixels with carbon and number of pixels with silica) in the
cutout. Encountered background pixels are ignored. From the primary particle size distributions, the
mean primary particle diameter of both materials is calculated. For both materials, the assumption of

a spherical shape of the primary particles is valid as already demonstrated in earlier work [16]. For a
proper assessment of the mixing quality it is necessary that each sample yields the same number of pix-
els corresponding to a specified number of particles. Hence, this mean projected area in pixels is calcu-
lated by combining the mean primary particle diameter and the mass ratio employed in synthesis. To
generate an individual cutout, a random foreground pixel is selected as the center of a square whose size
is chosen such that its intersection with the foreground region corresponds to the expected area of N pri-
mary particles.

2.2 Adaption of mixing theory for STEM-EDX elemental maps

In particle technology, the mixing quality is of fundamental importance for the properties of mixtures.
One example is the pharmaceutical industry, where the correct amount of active ingredients in a certain
product (e.g. a tablet) is crucial to ensure proper healing. It is pivotal that the homogeneity of mixtures
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