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Investigation of structural features of natural disordered carbon
by texture analysis of electron microscopy images
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A methodology for automated analysis of shungite transmission electron microscopy images is described. The
method is based on the use of information-theoretic entropy as a metric for distinguishing textures in image
fragments. Using the developed algorithm, a qualitative and statistical analysis of the structural composition of

shungite samples was carried out.
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Natural and synthetic materials, which are forms of
disordered carbon, have many attractive properties for
industrial and technological applications. These include high
electrical conductivity (due to the presence of graphite-
like structural elements), chemical stability and catalytic
activity, resistance to high temperatures and aggressive
environments [1-8]. An example of naturally occurring
disordered carbon is the rock shungite, common in Karelia
(Russia) and used in metallurgy to improve the quality of
cast iron and steel, in the chemical industry as an adsorbent,
for soil reclamation. A developing and promising area is the
use of fullerene-like structures of shungite in nanoelectronics
and medicine. However, its use is often limited by the need
for additional processing and insufficient standardization of
the quality of raw materials.

Currently, the relationship between the functional proper-
ties of shungite and its structure is being actively studied.
The carbon component of a shungite rock can be formed
as curved graphene layers in various spatial configurations,
that is, forming compact bundles, extended ribbons, and
globules [9,10]. The most convenient method for studying
such a complex structure is high-resolution transmission
electron microscopy (HREM) [11,12]. The clearly defined
alternating light bands in the HREM images of shungite
are interpreted as geometric projections of graphene layers
(example in Figure 1,a). The high complexity of the
resulting image (variations in the size of structural elements,
their mutual intersections and overlaps in the projection of
elements located at different depths relative to the surface,
etc.) necessitates the development of a technique for
automated processing of HREM images of shungite.

In our early research, algorithms for recognizing micro-
and nanoscale conductive and non-conductive phases and
estimating their distribution for naturally occurring disor-
dered carbon using two- and three-level sampling methods

were developed [13,14]. However, the structural elements in
these studies were determined manually (,,by eye®), which
excludes stable repeatability of the results.

This paper is devoted to the automated analysis of
HREM images of naturally occurring disordered carbon
using image segmentation technology by analyzing the
values of the texture metric of their fragments. The HREM
images were obtained near the Gauss focus of an objective
lens (Brydson, 2011) in an FEI Titan Themis 200—80
transmission electron microscope operating at 80—200kV
and provided with a spherical aberration corrector (CM)
and an FEI Ceta 16M CMOS camera. Thin plates for
studies were prepared from crushed shungite particles by
mechanical thinning followed by ion beam finishing grinding
in Gatan PIPS Model 691.

The method of image preprocessing (filtering, back-
ground gradient heterogeneity elimination, etc.) and the
algorithm for selecting structural elements based on the
template search method are described in Ref. [15]. It also
shows that the template search does not give satisfactory
results due to the high variability of the shapes of the desired
elements.

The general algorithm used in this study consists of
the following steps: (i) splitting the image into fragments;
(i) calculating a metric characterizing the texture in each
fragment; (iii) segmenting the microscopy image based
on a matrix of metric values; (iv) calculating statistical
characteristics for a variety of selected structural elements.
Let’s describe the steps in more detail.

(i) The original HREM images are converted to an 8-bit
format (the values of each pixel in the range [0—255]). The
size of the original map of the sample area was 40 x40 nm
(1600 x 1600 pixels), which, when divided into 40 x 40 cells,
corresponds to the size of one cell 1x1nm?. The selected
area is consistent with the characteristic width of the carbon
layers (~ 0.34nm for graphite-like structures).
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Figure 1. A HREM image of a shungite sample (a) and the entropy matrix of this image (b).
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Figure 2. Histogram of the occurrence of entropy values for shungite HREM maps with sizes 40x40nm (@) and 100x 100nm (b).

A small map is a fragment of a large one.

(ii) Information-theoretical entropy (hereinafter referred
to as ,,entropy“) was chosen as the metric characterizing the
texture in a cell, which was calculated from the histogram of
the pixel intensity distribution in each cell using the formula

255
H=—->"pilogy(pi),
=0

where p; is the occurrence of a pixel with brightness in
an image fragment i. Cells corresponding to areas of the
sample with an amorphous carbon phase, pores, or defects
have a noise content with a small range of values at the
pixel level, which corresponds to a low entropy value. On
the contrary, if there are contrasting graphene layers in
the cell, the entropy value will be high, since the image
contains pixels that are close in value to both white and

black. It should be noted that from a physical point of view,
this fact may seem counterintuitive, but the entropy of an
information source that outputs values from a small range,
defined in information theory, is lower than in the case
of a wider range, provided that in both cases the source
messages contain noise.

The entropy values were normalized to 1 to simplify
further analysis. An example of the processed image of
HREM shungite and the characteristic appearance of the
entropy matrix of this sample is shown in Figure 1.

The yellow-tinged cells in Figure 1, b correspond to areas
of the HREM image with a high degree of structure (the
entropy value is close to 1); the blue and dark purple
colors correspond to cells with noise content. Comparing
Figure 1,b with the source map, it can be seen that
the algorithm determines with high efficiency areas with
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Figure 3. Segmented pores on a map of size 100x 100nm (a); a map of size 40 x40 nm with highlighted areas of local maxima and

minima of entropy (b).

disordered structure (hereinafter — DOA), for example, in
the lower left corner of the image, as well as areas with
maximum structure.

The distribution of entropy values by frequency of
occurrence can be used as a measure of the structurality
and/or uniformity of the sample. Figure 2 shows the
corresponding histograms: on the left for a sample map of
size 40 x40nm (originally Figure 1,a) and on the right —
for a map of size 100x 100 nm, with the small map being a
fragment of the large one.

Comparing the two histograms, it can be seen that
entropy as a metric is local in nature. The distribution in
Figure 2,a has an asymmetric character with an additional
peak in the region of high entropy values, which indicates
its heterogeneity, that is, the presence of both areas with
disordered structure and highly structured areas with a
predominance of the latter. The histogram obtained from
the complete sample map (Figure 2,b) is more symmet-
rical, which indicates a uniform distribution of areas with
disordered structure and structured elements in the natural
material of the sample.

(ili) Image segmentation is the division of an image into
fragments with qualitatively different contents. In this case,
the natural segmentation mechanism consists in allocating
cells with an entropy value within a certain range into
separate regions. It was stated above that the algorithm
effectively defines shungite areas with disordered structure.
So, by setting the threshold value of entropy H = 0.55 (that
is, by redefining the cells in which H < 0.55 are black,
the rest are white) elongated partially oriented areas with
disordered structure of the order of 40 nm in length can
be detected in the image of 100x 100nm (Figure 3), the
presence and properties of which are probably related to
the conditions of formation of shungite.

Physics of the Solid State, 2025, Vol. 67, No. 12

(iv) Using the method of searching for local maxima
by matrix values (and additional filtering by entropy value
H > 0.75), cells corresponding to the central regions of the
structural elements were identified. So, 76 similar cells were
found on the fragment of map 40x40nm (highlighted in
Figure 3,5 in light color). 455 such cells were found on
the complete map 100x 100 nm, which is consistent with
the histogram data in Figure 2 (an increased percentage of
structured cells on a small fragment of the map). Fragments
corresponding to local entropy minima are highlighted in a
darker color in Figure 3,b. It can be seen that they are
located in areas with a lower structure, which positively
characterizes the effectiveness of the methodology used.
It should be noted, however, that other existing structural
metrics can be used to reduce the percentage of false results
in determining poorly structured areas.

The issue of complete differentiation on maps and
identification of types of structural elements remains open
at the moment.

The developed HREM image analysis method and the
data obtained in this study can be used to develop models
of shungites as continuous media and determine the mech-
anisms of the relationship between the internal structure of
shungites and macroscopic (for example, electrodynamic)
properties.
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