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Electrophysical properties of different types of shungite rocks
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Two types of shungite rocks with different chemical and mineralogical compositions, initial and modified, were
studied. During heat treatment, nanoscale hollow carbon structures, fibrous silicon carbides, micro-sized iron
silicide particles, and glassy microspheres were formed in the modified samples. The electrical conductivity of these
samples at temperatures between 77 and 300K and shielding effectiveness at frequencies from 100 kHz to 1 GHz
were measured. The initial and modified samples exhibited a semiconductor type of conductivity, with activation
energies ranging from 0.0007 to 0.0086 eV. The electrical conductivity and shielding effectiveness of the modified
shungite samples can increase or decrease depending on the type and composition of the rock.
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Introduction

Shungite rocks (SR) are ancient (the age is
about 2 billion years) carbon-bearing volcanogenic sedimen-
tary rocks of Karelia, which are unique in terms of formation
conditions, commercial reserves (more than 4 billion tons)
and a structure and properties of carbonaceous matter
(shungite). The shungite rocks substantially differ both
in percentage of shungite (from 1% to more than 98 %)
and chemical and mineralogical compositions. According
to permolecular, molecular and band structures, shungite
can be characterized as natural nanostructured fullerene-
like carbon with typical physical and chemical proper-
ties [1,2]. Technologically, shungite rock is a carbon-mineral
composite with micro- and nano-dispersed distribution of
the components. Structure-morphology specific features
of shungite and mineral components and their percentage
determine various fields of practical application of shungite
rock [3]. At the same time, a structural state, composition
and physical-chemical properties of shungite and shungite
rock can substantially vary under effect of various methods
of modification, for example, during thermal sputtering [4]
as well as under thermal and chemical impact [5]. Most
drastically, the shungite rocks are transformed during
high-temperature treatment in a reducing atmosphere to
form nanoscale carbon and ceramic components that have
promising physical-chemical properties [6].

Decisive properties of the carbon materials (CM) to be
used in high-tech fields of application are their electro-
physical properties, which depend on a form, size and
structure of the carbon materials [7,8]. In particular, the
electrophysical properties are directly related to one of
the most demanded fields of practical application of the
carbon materials as materials that ensure safety of human

life from natural and man-made electromagnetic radiation
(EMR). It is noted in the literature that in the last few
decades a level of man-made electromagnetic background
has increased in tens of thousand times to pose a danger
for human life and health [9,10]. Generally, the materials
used for EMR protection can be classified depending on a
type of a binder, a filler and structural characteristics. At
the same time, the more effective are mixed fillers that
contain conductive components (powders, fibers, films),
magnetic fillers (ferrites), disperse semiconductors (oxides,
sulfides, carbides of metal and silicon) and dielectrics that
provide various mechanisms of EMR scattering within the
wide frequency range [11]. It is also promising to use
nanostructured fillers, for which interaction with EMR is
determined by parameters of nanoparticles and a nature of
their distribution in the composite with respective changes
of the electrophysical properties [12]. Being a natural carbon
material, shungite has several structural specific features that
affect its electrophysical properties. For example, at low
currents, the type of conductivity of shungite depends on
intercalation of the elements on boundaries of the graphene
layers [13]. It was also found that unlike other natural
carbons the structurally-anisotropic shungites exhibited the
Meissner effect and increase of diamagnetism within the
range 90— 150K, which is typical for doped fullerites [1].
At the same time, some studies note that shungite-filled
composites are promising materials for protection of biolog-
ical objects and equipment against EMR within the wide
frequency range [14,15].

The aim of this study is to investigate the electrophysical
properties of the initial and modified shungite rocks of a
various type for designing effective electromagnetic field
(EMF) shielding materials.
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Table 1. Chemical composition (wt.%) of the initial (ShRL and ShRMr) and heat-treated (ShRL/HT and ShRMr/HT) rocks as per results

of X-ray fluorescence analysis

Chemical composition (in oxides)
Shungite rock | C* ) ) ACL*
SiO, TiO, Al O3 Fe, O3 MnO MgO CaO Na,O K,O S .
ShRL 42 39 0.51 7.12 5.54 0.023 144 0.13 3.09 042 | 0.16 424
ShRL/HT 36 424 0.54 7.71 5.87 0.028 1.67 0.20 342 045 0.28 36
ShRMr 41 46.5 0.36 451 274 0.017 0.45 0.51 < 0.01 1.81 0.34 43.6
ShRM1r/HT 32 53.1 041 5.11 3.17 0.019 1.65 0.80 < 0.01 2,07 0.53 32

Note. *C — the carbon content is determined by results of derivatographic analysis; **ACL — losses during calcination in air (1000 °C, 30 min)
from release of CO, with oxidation of carbon and decomposition of carbonates.

1. Experiment

Comparative investigation was for two basic types of
shungite rocks with the carbon content ~ 40%, which
belong to the second (the Lebeschina region — ShRL)
and sixth (the Mironovskaya region — ShRMr) shungite-
bearing stratum and are characterized by various P—T-
conditions and rock age [3] and a various chemical com-
position as well (Table 1). The ShRL sample as per
the ratio Na/K>1 belongs to the sodium type of the
shungite rock, while the ShRMr sample when Na/K < 1
belongs to the sodium type of the shungite rock. The
shungite rock powders of a fraction of below 0.1 mm were
used for modification and investigation. Heat treatment
(HT) was carried out at the temperature of 1600°C
for 10min in the VUP-5 installation in the argon atmo-
sphere at the heating rate of about 1000°C/min. The
temperature was measured using a fiber-optic pyrometer
PD-7-02 (Tmax — 2500°C, the error is £0.5%). The
mineralogical composition of the initial and modified rocks
was determined by means of X-ray diffraction analysis
in the ARL X'TRA diffractometer using the Siroquant
software. The structural state of shungite carbon before
and after heat treatment was evaluated by Raman scattering
spectra using the dispersion Raman spectrometer Nicolet
Almega XR with the green laser (532nm, Nd—YAG). In
order to study a morphology of micro-sized components
and to determine their microelement composition, we
have used a scanning electron microscope (SEM) VEGA
11 LSH that was produced by Tescan and equipped with an
energy-dispersive unit INCA Energy produced by Oxford
Instruments. The morphology and the structural state
of the nanoscale components of shungite rock after heat
treatment was detected by means of transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) on ethanol-dispersed powders which were placed
on standard copper meshes in the electron microscope
EM-125.

EMF shielding properties were quantitatively evaluated by
using shielding effectiveness in decibels [16]. Conductivity
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and SE were measured on the powders. Before the
measurement, the powders were pressed in a coaxial
measurement cell by the force of 150 kgf. Conductivity was
measured at the temperatures from 77 to 300K using a
coaxial transmission line and a universal meter LCR E7-
8 at the frequency of 1kHz in a two-contact method.
The measurement line was cooled by liquid nitrogen.
After evaporation of nitrogen, the sample temperature
was increased to the room temperature by natural heat
exchange with the environment for 2h. The measurements
were carried out every 2—3°C during increase of the
temperature. SE was measured at the room temperature
using selective microvoltmeters SMV 8.5 and SMV 11
within the frequency range from 100kHz to 1GHz by
the coaxial method of electromagnetic spectrum analysis,
which was based on the ASTM DA4935 standard for the
coaxial transmission line. SE was determined by measuring
signal attenuation when transmitting through the trans-
mission line with the sample placed in the measurement
cell.

2. Results and discussion

Heat treatment caused significant changes in the com-
position of the initial rocks. For the shungite rock of the
sodium type, which in the initial state contains carbon,
quartz, albite and chlorite, heat treatment causes reduction
of the carbon content and quartz with full transformation
of albite and chlorite, which is accompanied by origination
of significant amounts of silicon carbide, iron silicide
and the amorphous phase, which are detected by X-
ray diffraction analysis (Table 2). For the shungite rock
of the potassium series, which contains carbon, quartz
and microcline, there is also formation of silicon carbide,
iron silicide and the amorphous phase (Table 2). The
scanning electron microscopy can visualize and determine
the composition of the micro-sized components (Fig. 1, a):
iron silicides as light areas on the SEM images, which
have sizes of below 1um and spherical formations of the
complex composition (Si, Al, Mg, Na,K,O) with the sizes
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Table 2. Mineral composition (as per results of X-ray study), the carbon parameters (as per Raman-scattering spectroscopy) and the
electrophysical properties of the shungite rocks of the various type before and after heat treatment (HT)

Composition, properties

ShRL ShRMr

Initial HT Initial HT

Mineral composition, wt.%

X-ray diffraction analysis

Shungite™ (mineraloid) — C, the impurities — sulfides, carbonates, etc.

micro- and nano-minerals 42 36 4 32
Quartz** — SiO,, the impurities Ca, Fe, Mn, Cu, Mg, etc. 16 6 48 10
Muscovite™* — KAl (AlSi3O19)(OH),, the impurities Mg, Fe, Cr, Mn, etc. 9.5

Microcline™™ — KJAlSizOgs], the impurities Na, Fe, Ca, Li 1.5

Albite™* — Na[AlSi3Os), the impurities K, Ca, Rb, Cs, etc. 40

Chlorite™ — (Mg,Fe)3(Si,Al)4010(OH),(Mg,Fe); (OH)s, 5

the impurities Li, Cr, Zn, Mn, etc.

SiC** 26 34
Fe;Si** 15 12
Amorphous phase™™ (Si, Al, Mg, Na, K, O) 17 12

Carbon parameters

Raman spectroscopy

La, nm 2.55 6.83 205 5.78
Leg, nm 3.26 204 2.52 17.5
Awsp, cm™! 59 15 78 19
Properties Electrophysical measurements

o, S/m 250 300 135 60

Ei, eV 0.0086 0.0066 0.0057 0.0028
E;, eV 0.0007 0.0019 n/a n/a

SE, dB 46.9/48.1/57.348.6/51.3/67.3|145.0/46.3/54.5|43.2/44.2/52.6
(0.1/100/1000 MHz)

Note. *C — the carbon content is determined by results of the derivatographic analysis; ** — the composition is calculated in the Siroquant software by
the content of the crystal phases in the X-ray diffraction spectrum taking into account the known carbon content; *** — the content of the amorphous
phase is evaluated based on its microelement composition, general chemical analysis and X-ray pattern background in the Siroquant software.

from fractions to Sum. Based on the X-ray diffraction
analysis, the formations with such a composition are not
represented by a crystal phase and can be considered as
amorphous and determined as glass spheres when taking
into account highly-blurred peaks on the X-ray patterns.
According to the TEM results, heat treatment of the shungite
rock results in origination of nanoscale hyper-fullerene
(hollow spherical or ellipsoid) carbon structures, fibrous
silicon carbides and iron silicide particles (Fig. 1,5, ¢). New
nanoscale phases are formed during heat treatment in solid-
state reactions, included those catalytically-initiated ones,
between the mineral components and carbon of the shungite
rock. Finely-globular shungite carbon is directly transformed
into the hyper-fullerene structures (Fig. 1,b), which are
similar to the particles detected in the shungite rock that is

heated as a result of contact metamorphism [17]. Interaction
of carbon with finely-dispersed minerals results in formation
of nanofibers and silicon carbide nanoparticles as well as
iron silicide nanoparticles that can be encapsulated in the
carbon shells (Fig. 1,b). Generally, for both the rocks,
heat treatment results in formation of similar complexes
of overlapping nanoscale components of a different nature
(conductive, magnetic and dielectric), which can ensure
effective scattering of microwave energy [11]. However,
the first rock has (Table 2) higher determined contents of
carbon and ferromagnetic silicide Fes;Si that has a higher
coefficient of spin polarization of electrons [18], while the
second rock has a higher determined content of silicon
carbide that is characterized by minimum values of dielectric
losses [19].
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Figure 1. a — the SEM image of micro-sized components of the heat-treated shungite rocks in back-scattered electrons and their
energy-dispersive spectra; b, ¢ — the TEM images and their respective SAED patterns (in the inserts) of hyper-fullerene carbon structures,
nanoscale iron silicide particles, including those encapsulated in carbon shells (marked by i), and of silicon carbide fibers.

The structural state of shungite carbon was evaluated by
the Raman scattering spectra (Fig. 2). In comparison with
carbon of the ShRMr shungite rock, carbon of the ShRL
initial sample is characterized by an increased size of the
non-defect area of the graphene layer, which is identical to
the coherent scattering area (La) as per X-ray data. It also
has higher three-dimensional ordering as per FWHM 2D
(Awsp ~ 2690 cm~!) [20]. At the same time, an increased
length of the continuous graphene layer with taking into
account tortuosity (Leq) indicates a higher free path length
of phonons and electrons in the layer [20] (Table 2). Heat
treatment of both the shungite rocks causes formation of
shallow carbon structures and increase of general ordering

23* Technical Physics, 2025, Vol. 70, No. 8

of carbon, which is indicated by higher values of Leq and
lower values of Aw,p (Table 2). However, carbon of the
ShRL sample has higher sizes of the graphene layer and
higher three-dimensional ordering, thereby determining its
higher conductivity.

The measured values of conductivity of the initial samples
significantly differ despite the similar carbon content (Ta-
ble 2). At the same time, higher conductivity of the ShRL
sample in relation to ShRMr complies with respectively
higher ordering of carbon. Heat treatment results in reduc-
tion of the carbon content in both the samples. However,
despite it, conductivity of the ShRL sample increases, while
that of ShRMr decreases (Table 2). The dependence of
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Figure 2. Spectra of Raman scattering of the initial (ShRL and ShRMr) and heat-treated (ShRL/HT and ShRMr/HT) samples.
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Figure 3. Graphs of the dependence of conductivity on the temperature for the initial (ShRL and ShRMr) and heat-treated (ShRL/HT

and ShRMr/HT) samples in a semilogarithmic scale.

conductivity on the temperature for the shungite rock of the
different type has a semiconductor nature of conductivity
within the range from 77 to 300K both before and after
heat treatment. Based on the obtained results, the energy of
activation of conductivity of the samples was evaluated by
plotting a dependence of conductivity on the temperature
in the semilogarithmic system of coordinates [21]. If
the ordinate axis has Ino and the abscissa axis has
1/T, then the energy of activation can be calculated as
E = 2ktg@, where @ — a slope of the straight line to the
abscissa axis, K — the Boltzmann constant. The value of

the energy of activation of conductivity is a combination
of the energy of activation of charge-carrier generation
processes and their movement. Generally, this dependence
is described by a broken line with an inflection point at
the temperature of transition between different types of
conductivity [22]. tga was calculated by approximation of
the obtained curves by means of a linear type of regression
(Fig. 3). The coefficient of determination for the ShRMr
and ShRMr/HT samples turned out to be 0.94 and 0.97,
and 0.61 and 0.85 for the ShRL and ShRL/HT samples,
respectively.

Technical Physics, 2025, Vol. 70, No. 8
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The quite high values of the coefficient of determination
for the ShRMr and ShRMr/HT samples made it possible to
evaluate tg a and E for each of the respective curves (Fig. 3,
Table 2). On the contrary, the low values of the coefficient
of determination for ShRL and ShRL/HT, which indicate
significant inflection of the curves, enabled their division into
two portions, wherein each of them was well approximated
by linear regression with the coefficient of determination of
above 0.9 (Fig. 3, Table 2). Two values of tga and E have
been determined for each of these samples. Presence of
inflection of the graphs of the dependence of conductivity
on the temperature for the ShRL and ShRL/HT samples
indicates that at 180 and 200K, respectively, there is
increase of the energy of activation without the change
of the semiconductor nature of conductivity. However,
despite selection of the linear regression for the ShRMr and
ShRM1/HT samples, the portions of the curves from 80K
(0.012 along 1/T in Fig. 3) to 110K (0.009) also exhibit the
inflection, thereby indicating the local change of the energy
of activation for these samples. Thus, for both the rocks
after heat treatment the values of the energy of activation of
conductivity are reduced, while their typical specific features
are preserved.

It has been previously found that the energy of ac-
tivation of conductivity of the shungite rock did not
depend on the carbon content and was within the range
0.003—0.005¢V in the interval of relatively low temper-
atures (up to 300K) [23]. The values of the energy of
activation of conductivity, which are obtained in our study,
are close to these data, but with the similar carbon percent-
age they depend on the rock type and its transformation
during heat treatment. The materials obtained after heat
treatment of both the shungite rocks are complex multi-
phase composites that contain, in addition to carbon, iron
silicide that has high energy of activation of conductivity (at
least 0.015¢V) [24]. At the same time, the typical specific
features of the obtained dependences (Fig. 3) are still similar
both for the initial and heat-treated rocks, in which the only
chemically-unchanged component is still carbon, thereby
making it possible to conclude that it predominantly affects
conductivity of the samples.

The shielding effectiveness (SE) at the room tempera-
ture within the frequency range from 100kHz to 1GHz
increases with the frequency for all the sample, although
it is different for ShRL and ShRMr as shown in Fig. 4
and in Table 2. SE increase is natural, since decay of
the electromagnetic wave in the shield functionally depends
on specific conductivity of the material, which, in turn,
increases with increase of the frequency. In terms of wave
representations, the shielding effect is manifested due to
multiple reflections of the electromagnetic waves from the
shield surface and decay of the electromagnetic energy in its
thickness. Heat treatment and accompanying transformation
of the rock result in a different degree of reduction of
the carbon percentage as well as formation of nanoscale
iron silicides and silicon carbides. The differences in the
content of these components cause multidirectional changes
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Figure 4. Graphs of the dependence of shielding effectiveness
(SE) on the frequency of the electromagnetic field for the initial
and heat-treated shungite rocks.

of the shielding effectiveness of the obtained materials and
comply with a change of their conductivity (Table 2).
For ShRL/HT, the shielding efficiency increases, while for
ShRMr/HT it decreases. Since SE is a function of both
reflection and absorption of EMR by the material [25],
then for the heat-treated rocks SE is determined both by
their conductivity as well as magnetic losses due to natural
ferromagnetic resonance and vortex currents in iron silicide
and dielectric losses by varying permittivity and polarization
relaxation in carbon and silicon carbide [26]. Additionally,
attenuation of radiation can be caused not only by dielectric
losses, but multiple reflection of the electromagnetic wave
within an area of significant change of wave resistance.
These conditions can originate both inside the hollow
carbon structures and on the surface of metal-containing
inclusions.

Based on significant drop of conductivity for the
ShRMr/HT sample (Table 2), it follows that the main factor
of SE change is conductivity of the rock, which is related
to distribution and conductivity of carbon, silicon carbide
and iron silicide that are contained therein. Generally, the
electrophysical properties of the shungite rock are caused
by structural specific features of the carbon and mineral
components, their distribution in the rock and presence
of microelements and minerals that have magnetic and
dielectric properties. A variety of the shungite rocks makes
it possible to vary their composition and properties within
a wide range by modification and to create composites
that combine components which cause electromagnetic and
dielectric EMR losses, which is an important field in
designing effective EMF shielding materials [26)].
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Conclusions

We have studied the shungite rocks of the various type
with the same percentage of carbon, but a different mineral
composition and ordering of carbon. The shungite rocks
were subjected to high-temperature treatment that caused
formation of the nanoscale hollow carbon structures, the
fibrous silicon carbides, the iron silicide particles and the
glass microspheres. It is found that the electrophysical
properties of the initial and heat-treated shungite rocks are
determined by the content and ordering of carbon as well
as mineral components and can significantly differ for the
shungite rocks with the similar carbon content. The con-
ductivity of the shungite rock at the temperatures from 77
to 300K has the semiconductor nature of conductivity, but
a different form due to the different energy of activation
of conductivity (0.0007—0.0086¢V) and its change with
the temperature for the initial and heat-treated rocks. The
shielding effectiveness is measured at the room temperature
within the frequency range from 100 kHz to 1 GHz and it is
found that heat treatment results in opposite changes in the
shielding effectiveness: its increase for the shungite rock of
the sodium type and decrease for the shungite rock of the
potassium type. As a result of the performed studies, it is
found that for effective use of the shungite rocks as EMF
shielding materials it is necessary to take into account not
only the carbon content, but its structural state and the rock
type that determines its mineral composition.
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