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A B S T R A C T   

Carbon-containing shielding materials, especially with absorbing properties, received a lot of attention from the 
scientific community as having flexibility, lightness and corrosion resistance. Reducing the thickness of such 
materials (usually a few millimeters) is also an urgent task. In this paper, we offered results of studying the 
reflective and absorbing properties of shielding materials from natural graphene-containing shungite. Flexible 
shungite plates with a thickness of 10–20 μm showed good reflection and absorption similar shielding perfor
mance to a thicker 2–3 mm synthetic polymer/carbon based composites. Such characteristics are associated with 
the fact that shungites are unique natural composites with a conductive carbon matrix and micro-sized dielectric 
mineral inclusions. Shungite could be considered as a raw to manufacture shielding materials, and as a model for 
more complete understanding of interaction of radiation with graphene-containing conducting solids in order to 
improve the shielding performances.   

1. Introduction 

The design of microwave electronic devices and increasing their 
power makes the development of new materials relevant for reducing 
noise and ensuring electromagnetic compatibility. Absorbing materials 
have received a lot of attention, in particular, due to the negative effect 
of the reflections of electromagnetic radiation inside buildings or tech
nical devices. During the last decades, a large amount of studies have 
been focused on the design of shielding absorption materials, based on 
composite polymeric materials due to their lightness, low cost, easy 
shaping, etc. [1–3]. 

Electrically conductive polymer composites received much attention 
compared to conventional shielding metallic materials [1,4–6] because 
of their low mass, resistance to corrosion, and flexibility. Flexible shield 
technology is of great interest to the electronics industry for portable 
applications because the flexible substrate can be rolled and bent to fit a 
limited space [3]. 

Flexible shielding materials are mainly produced on the basis of 
dielectric polymer matrices that are filled with carbon materials 
(nanotubes, fullerenes, nanoparticles with graphite-like structure). This 

leads to the fact that the amount of filler should be sufficient to exceed 
the percolation threshold, and the thickness of such materials for 
effective shielding is a few millimeters. If the systems are made on the 
basis of conductive polymer and carbon matrices, this leads to a good 
reflection efficiency, while such systems have weak absorbing proper
ties. For the highest absorption efficiency, honeycomb and foam struc
tures are used [1]. The efficiency of their absorption reaches 70–90%, 
however, the thickness of such materials is also several millimeters. 
Reducing the thickness of shielding coatings is a promising task. 

To solve some of the above-mentioned tasks, the shungites from 
Karelia are promising natural composite materials. Glass-like carbon 
with packs of disoriented nano-sized graphene layers and micro-sized 
quartz crystals are uniformly distributed in them. The carbon content 
varies from close to zero to almost 100%, which is favorable to study of 
influence of carbon content on the shielding properties, and accordingly, 
to vary these properties. Analysis of scientific and technical data sug
gests the promise of shungite-based materials in the manufacture of 
shielding materials and protective coatings in metallurgy, building, 
medicine, etc. [7–10]. Shungites have unique properties, including 
improved strength and durability, high chemical stability and electrical 
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conductivity, fire resistance. The especial structure and potential for 
technological applications continue to stimulate interest in shungite 
carbon [11–13]. Shielding materials like shungite will have not only a 
high shielding efficiency and a wide absorption band, but will be also 
light, very thin and cost effective. Here we proposed to consider the 
shungites of Karelia as a model system of shielding material with 
reflective and absorbing properties based on a highly conductive 
graphene-containing carbon matrix and microscale dielectric filler. 

Shungites are carbon-containing Precambrian rocks in Karelia, 
Russia [7,14]. “Pure” shungite carbon consists of Corg (~90–95%) and 
contains H (~1%), N (~0.8%), S (~0.4%), O (~2.4%) [7,14]. The 
structure of shungite carbon is referred to as poorly ordered graphite 
[15]; amorphous carbon [16]; natural metastable non-graphitized car
bon with fullerene-like multilayer globules [17]; aggregate of stacks of 
graphene layers [18,19]; and glassy carbon [20]. In general, shungite is 
a natural composite of carbon nanostructures and turbostratic carbon 
with a variety of mineral inclusions (pyrite, quartz, sericite, chlorite). 
The shungite nanoscale structure is deformed graphene planes folded 
into stacks [21]. Technologically promising electromagnetic properties 
of shungites are associated with such structural features [8–10]. 

The information about the microwave properties of shungites is 
contradictory. The shungite-containing samples in different fragments 
of the frequency range from 100 kHz to 40 GHz presented increasing 
reflection efficiency with frequency [22,23], and the absence of this 
increase [24,25]. These differences can result from different techniques 
for samples preparation with powdered shungite and 
shungite-containing composites. 

In [26], a significant excess of the dynamic conductivity of shungite 
plates with a thickness of 10–20 μm over the static conductivity in the 
range of carbon contents of 5–30% in the 8–12 GHz microwave range 
was revealed. In this regard, the characteristic of reflection and ab
sorption of microwave radiation by shungites, as well as the explanation 
of their dependence on carbon content, are of interest as to the char
acteristics of shielding systems “conducting matrix - dielectric filler” for 
technological applications. Here we will talk about the effect of carbon 
content on the reflective, transmitted and absorbing properties of thin 
flexible shungite plates in the 26–38 GHz microwave range. 

2. Material and methods 

2.1. Samples preparation 

Samples for the study were selected to uniformly cover the range of 
carbon contents (from 3 to 97 at. %) from large deposits (Maxovo, 
Zazhogino, Shunga, and Lebeshchina) of carbonaceous substances in 
Karelia, Russia [7,14]. 

Plate manufacturing technology was described in Ref. [26]. Initial 
shungite plates (2 mm in thickness and about 2.5 × 1.5 cm in size) were 
cut from pieces of rocks (Fig. 1). These plates were glued onto standard 
laboratory glass using Canadian balsam and polished to the desired 
thickness of 10–20 μm. After that, a thin shungite plate was removed 
from the glass using adhesive tape. 

The remains of a piece of rock were ground into powder and used to 

measure the carbon content (in weight percent) using AN-7529M ex
press analyzer by automatic coulometric titration on to the pH value. 
Previously carbonate carbon was removed by hydrochloric acid. After 
that, it was recalculated into atomic content. 

The optimal thickness of shungite plates to study the reflecting and 
absorbing properties was previously selected from the plates with 
thickness of 0.5 mm; 0.3 mm; 0.1 mm; ~50 μm and ~15 μm. The studied 
plates in the thickness range of 0.5 mm–50 μm reflect 100% of the 
incident radiation. In addition, plates with a thickness of more than 0.1 
mm are brittle and break when bent. The shungite plate ~15 μm thick 
reflects, transmits and absorbs electromagnetic radiation. In addition, 
this plate was very flexible. Therefore, such a thickness of the plates was 
chosen for our experiments. 

2.2. Plates thickness measurement 

The plate thicknesses were determined using Tescan MIRA3 (Czech 
Republic) scanning electron microscope (SEM). The measurements were 
carried out on cut fragments of plates with the length of about 1 cm. For 
this, an adhesive tape with a shungite plate was glued onto a MoS2 cubic 
crystal so that the plate protruded beyond the upper edge of the crystal. 
This protrusion of the scotch tape was tearing off with tweezers, and 
then the crystal was placed in the microscope chamber with the chipped 
end of the shungite plate up. The chipped end thickness of the plate was 
measured at 15 points using microscope software (Fig. 2). The points for 
thickness measurement were chosen equidistantly along the entire 
length of the plate fragment. 

2.3. Measurements of the reflection and transmission coefficients 

The reflection and transmission coefficients of the microwave signal 
from shungite plates at a normal wave incidence in the frequency range 
26–38 GHz were measured. The shungite plate was placed in a rectan
gular waveguide 7 × 3 mm in size and completely covered the whole 
section of the waveguide. The waveguide was connected to a panoramic 
waveguide microwave spectrometer including a swept-frequency oscil
lator combined with an indicator of the standing wave ratio with an 
attenuation module, and a waveguide set of reflectometers (Fig. 3). The 
reflection and transmission coefficients were measured from the power. 

The reflection coefficient R was determined as: 

R=

(
K − 1
K + 1

)2

=
Wrefl

Winc
(1)  

where K is the standing-wave ratio (determined directly on the indicator 
scale), Winc and Wrefl are the power of the incident and reflected waves, 
respectively. 

The transmission coefficient was determined similarly, by means of 
standing-wave ratio values taken from the indicator scale and charac
terizing the attenuation of the signal passing through the sample. 

The transmission coefficient was calculated by: 

Fig. 1. Preparation process of shungite plates.  

I.V. Antonets et al.                                                                                                                                                                                                                              



Current Applied Physics 29 (2021) 97–106

99

T =

(
K − 1
K + 1

)2

=

(
Etrans

Eins

)2

(2)  

where K is the standing-wave ratio, Eins and Etrans are the power of the 
incident and transmitted waves, respectively. 

According to the reflection (R) and transmission (T) coefficients, the 
absorption coefficient of a shungite plate (A) was determined as: 

A= 1 − R − T. (3)  

2.4. Measurements of static conductivity 

Samples for static conductivity measuring were fabricated as plane- 
parallel rectangular plates with sizes of about 1 × 1 cm and a thickness 
of about 0.5 mm. Electrical conductivity was measured using V7-27A 
resistivity meter (Tetron, Russia) connected with a four-pin probe 
from copper wires. The inter-pin spacing was 2 mm and the pin diameter 
was 0.55 mm. The pin tips were covered with a silver paste to improve 
contact with the sample surface. 

3. Results 

3.1. Carbon content, conductivity and thickness of shungite plates 

The studied shungite samples almost evenly cover the range of car
bon content from 2 to 97 at. % (Table 1). The static conductivity varies 
from tens to several thousand S/m and is clearly dependent on the 
carbon content (Table 1). The thickness of the plates mainly varies in a 
narrow range of 11–15 μm. 

The surface morphology was studied by scanning electron micro
scopy (SEM). The microstructure of shungite plates withstands multiple 
bends. The ability of the plates to withstand multiple bends without 

Fig. 2. Examples of measuring the thickness of a shungite plate using electron 
microscopic images of the cleaved end (samples ShSh5 (a) and ShM3 (b)). 1 – 
adhesive tape surface; 2 – shungite plate chipped end; 3 – plate surface. 

Fig. 3. Instrumental set-up for measuring the reflected (bottom) and transmitted (top) radiation.  
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surface cracking increases with increasing carbon content (Fig. 4). 

3.2. Microwave properties in the range 26–38 GHz 

Fig. 5a shows the dependence of the reflection coefficient of the 
microwave signal R on the carbon concentration C in the frequency 
range f = 26–38 GHz. The values of the reflection coefficient at a fre
quency of 31 GHz are almost always located between the values of the 
reflection coefficient at frequencies of 29 and 33 GHz, therefore, an 
approximation was performed according to the experimental points at a 
frequency of 31 GHz according to the following equation [26,27]: 

y(x)=
A1 − A2

1 − exp
(

x− x0
dx

)+ A2 (4)  

where, y(x) = R(С); A1 = –6.74; A2 = 1.00; x0 = –70.96; dx = 37.22. 
In this equation, A1 and A2 are the constants that determine the 

minimum (initial) and maximum (final) value of the function y(x) and 
are dependent on the substance characteristics; x0 is the carbon content 
at which the function y(x) reaches its mean value between A1 and A2. A1 
at x → 0 (i.e., at C → 0) is determined by the characteristics of substrate. 

The reflection coefficient R for shungites with a carbon content of up 
to ~35% gradual increases (Fig. 5). When the carbon content is above 
~35%, the reflection coefficient changes less dramatically. For low- 
carbon samples with C content up to about 35%, a significant scatter 
of points in frequency is observed. For samples with carbon content 
higher than 50%, the fluctuations of R(f) are gradually smoothed out, 
and the scatter of points in frequency becomes much smaller. For high- 
carbon samples (C > 60%), the reflection coefficient changes only 

slightly with frequency, and deviations from the average value of fre
quency reflection are no more than 5%. 

Fig. 5b shows the dependence of the transmission coefficient of mi
crowave radiation on the carbon content. Experimental points at a fre
quency of 31 GHz are approximated with equation: 

y(x)= y0 + B exp
(
−

x
t

)
, (5)  

where y(x) = T(С); y0 = 0; B = 1.00; t = 7.90. 
It can be seen that already with a carbon content of more than 10%, 

the transmission becomes small (10% or less), and with a carbon content 
of more than 40%, the transmission is extremely small and within the 
measurement error of the device (about 1–3%). 

The absorption of electromagnetic radiation is maximal (A =
0.40–0.45) in the range of carbon contents of 5–35% (Fig. 5c). This 
range of concentrations accounts for the main increase in the reflection 
coefficient and the decrease in the transmission coefficient. When the 
carbon content exceeds 40%, the absorption decreases by two to three 
times due to increasing reflection. With a carbon content of less than 5%, 
almost all radiation transmits through the plate. 

Shungite plates 10–20 μm in thick with a carbon content of over 35% 
completely shield the electromagnetic radiation. At the same time, in 
samples with a carbon content of more than 60%, shielding occurs due 
to reflection of electromagnetic radiation. 

Since the reflection also increases with the carbon content and occurs 
before the absorption, there is a lower proportion of the radiation left for 
absorption. The proportion of the power absorbed by the materials 
reaches a maximum before decreasing at a high electrical conductivity. 
It actually never surpasses 50% for our samples. Indeed, though the 
absorption capacity is improved, there is a lower proportion of the ra
diation left for absorption after the intensive reflection associated to the 
high conductivity. 

In the range of carbon contents of 35–60%, about 70–80% of the 
microwave radiation is already reflected; the rest is absorbed in the 
sample. With the carbon content of 17–35%, the shielding efficiency is 
about 80–90%, while the absorption and reflection efficiency is about 
the same. For a sample with a carbon content of 25%, the shielding ef
ficiency is almost 100% with high absorption efficiency (30%). The 
shielding efficiency decreases to 5% when the carbon content is less than 
2%. 

3.3. The theoretical prediction of reflection, transmission and absorption 

A theoretical estimate of the reflection (R), transmission (T) and 
absorption (A) coefficients of a thin layer of shungite depending on the 
carbon concentration was carried out by the averaging method based on 

Table 1 
Carbon content (weight and atomic %) and thickness of shungite plates.  

Sample code Locality (deposit) C content, at% Thickness, μm 

ShSh1 Shunga 97 12 ± 1 
ShSh2 Shunga 73 15 ± 1 
ShL2 Lebeshchina 64 12 ± 2 
M59 Maxovo 57 14 ± 1 
M58 Maxovo 53 8 ± 1 
ShL2a Lebeshchina 49 15 ± 2 
ShZ3 Zazhogino 47 12 ± 2 
ShM3 Maxovo 41 11 ± 1 
ShKG3 Chebolaksha 37 14 ± 1 
ShCh3 Chebolaksha 34 11 ± 2 
M29 Maxovo 25 13 ± 1 
M30 Maxovo 23 15 ± 2 
M25 Maxovo 17 13 ± 3 
ShSh5 Shunga 5 19 ± 2 
ShN5 Nigozero 2 15 ± 1  

Fig. 4. SEM image of the plates of samples ShKG3 (a) and ShL2 (b) after a cycle from 100 flexions/extensions.  
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the integral form of the Maxwell equations [28]. We considered a model 
where a plane electromagnetic wave fell normally on a thin layer of 
conductive (carbon-containing) material with a thickness d, the static 
conductivity of which depended on the carbon content σ(C). Here, the 
features of the microstructure of shungite were not taken into account. 

At the upper boundary of the layer (on which the electromagnetic 
wave is incident), the components of the electric and magnetic fields are, 

E+
y = Ei(1 + R),

H+
x =

Ei

Z0
(1 − R),

(6)  

where Ei is the complex amplitude of the electric field of the incident 
wave, Z0is the impedance of free space. 

Under the lower boundary of the layer (with which the wave exits), 
the field components are, 

E−
y = EiT,

H−
x =

Ei

Z0
T .

(7) 

If we substitute of electromagnetic field components (6) and (7) into 
the approximate boundary conditions for a thin conducting layer ob
tained by the averaging method [29], 

E+
x,y − E−

x,y = ∓iωμd⋅
H+

y,x + H−
y,x

2
, (8)  

H+
x,y − H−

x,y = ±σ(С)⋅d⋅
E+

y,x + E−
y,x

2
, (9)  

where μ = μrμ0 is magnetic permeability of the conducting layer, ω =

2πf is the cyclic frequency of the electromagnetic wave f = 31 GHz, then 
we find equations for the reflected and transmitted coefficient (power) 
[29,30] are, 

R=

⃒
⃒
⃒

a − β
(a + 1)(β + 1)

⃒
⃒
⃒

2
, (10)  

T =

⃒
⃒
⃒
⃒

1 − a⋅β
(a + 1)(β + 1)

⃒
⃒
⃒
⃒

2

, (11) 

The coefficients are defined by, 

α=
iωμd
2Z0

(12)  

β=
σ(С)dZ0

2
(13) 

The absorption power coefficient A reads as: 

A= 1 − R − T (14) 

In our experiment, the coefficient α ≪ β already with static con
ductivity of shungite ~ 100 S/m (for samples with a carbon concen
tration of C > 17 at.%), and it can be reduced. Then equations (10) and 
(11) can be simplified: 

R=

⃒
⃒
⃒
⃒

(

1 +
2

σ(С)Z0d

)− 1⃒⃒
⃒
⃒

2

, (15)  

T =

⃒
⃒
⃒
⃒

2
σ(С)Z0d + 2

⃒
⃒
⃒
⃒

2

(16) 

Fig. 6c shows the theoretical dependence of the absorption coeffi
cient on the carbon concentration. The theoretical values were calcu
lated using equation (10) – (14), where the experimental parameters 
were used in the coefficients (12)–(13): f = 31 GHz; d is the thickness of 
each shungite samples; σ(С) is the conductivity of the sample at the 
corresponding carbon concentration (Table 1). In Fig. 6a and b the 

Fig. 5. The dependence of the reflection (a), transmission (b) and absorption 
(c) of electromagnetic radiation on the carbon concentration of shungite plates 
in the frequency range 26–38 GHz. Approximation (red line in (a) and (b)) is 
made at a frequency of 31 GHz. The dotted lines on (a) mark the approxima
tions of the two parts of the curve (from zero to 40% and from 40% to 97%). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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theoretical and experimental dependences of the reflection and trans
mission coefficients on carbon concentration are compared. 

Theoretical dependences are approximated by functions (4) and (5), 
where for (4): y(x) = R(С); A1 = –0.20; A2 = 1.00; x0 = 43.14; dx =

24.78; and for (5): y(x) = T(С); y0 = 0; B = 1.00; t = 20.91. 

As can be seen from Fig. 6с, the points in the theoretical dependence 
of absorption are rather well positioned along the Gaussian curve. 
Maximum occurs at C ~34 at.%, in which the shungite plate absorbs 
50% of the entire incident microwave energy (A = 0.5). 

The qualitative form of the theoretical dependence of the absorption 
does not coincide with the experimental one (Fig. 5c). Experimental 
points form a “plateau” in the concentration range C ~ 5–34 at.%, where 
the absorption coefficient varies slightly around the mean value A =
0.40 ± 0.02. When C > 34 at.% experimental values of A monotonously 
decrease, similarly to theoretical ones; however, their difference is very 
noticeable and can be ~0.1–0.3. 

Fig. 6a shows that the predicted reflection is substantially less than 
the experimental one. For the two most high carbon samples, the 
theoretical and experimental transmission values are comparable, and 
the smallest difference in reflection values occurs. This is probably due 
to the greatest fit to the approximation of structure homogeneity for 
these samples. With decreasing carbon content, the gap between theo
retical and experimental values increases, due to the fact that the 
complex microstructure of the samples includes additional mechanisms 
of reflection and absorption [1]. 

The depth of skin effect for studied samples was calculated. We 
estimated the dynamic conductivity of the shungite plate σD by the 
measured reflection coefficient within the framework of the approxi
mation of a homogeneous structure by equation (15) [26]: 

σD =

[
d Z0

2

(
1̅
̅̅
R

√ − 1
)]− 1

(17)  

Here R is the experimental values of the reflection coefficient measured 
at a frequency of 31 GHz and presented in Fig. 5a. 

We estimated the depth of skin effect δ by the equation: 

δ=
(

2
ω⋅μ⋅σ

)1/2

(18) 

The results are shown in Table 2. 
The electromagnetic interference shielding effectiveness is 90–95% 

(or about 20–25 dB) at carbon content of 17–37 at %, and it is 96–100% 
(or within 30–60 dB) at carbon content of 41–97 at % (Table 2). 

The calculation shows that the depth of the skin effect is comparable 
to the thickness of shungite plates with the carbon content of over 64%, 
and several times greater than shungite plate’s thickness with lower 
carbon contents. Thus, the interaction of incident radiation with matter 
occurs throughout the depth of the plate, and the discussion of reflection 
and absorption effects must be carried out taking into account the 
microstructure of shungite and the structure of shungite carbon. 

Fig. 6. Calculated reflection (a), transmission (b) and absorption (c) curves 
based on Maxwell equations versus experimental curves. Dotted lines and 
empty points are calculated, solid lines and solid points are experimental. 

Table 2 
The experimental reflection coefficient (Rexp), static (σs) and dynamic (σD) 
conductivity, the depth of skin effect measured at static (δs) and dynamic (δ) 
conductivity, and shielding effectiveness coefficient (R + A).  

Sample 
code 

Rexp, arb. 
un. 

σs, S/ 
m 

σD, S/ 
m 

δs, 
μm 

δ, 
μm 

R + A, arb. 
un. 

ShSh1 0.954 6000 18680 37 21 0.989 
ShSh2 0.951 4000 13910 45 24 1.0 
ShL2 0.931 1500 12060 74 26 0.981 
M59 0.862 1100 4910 86 41 0.982 
M58 0.714 1100 3610 86 48 0.935 
ShL2a 0.710 1050 1890 88 66 0.965 
ShZ3 0.666 1000 1960 90 65 0.942 
ShM3 0.758 900 3250 95 50 0.981 
ShKG3 0.590 600 1260 117 81 0.905 
ShCh3 0.513 500 1220 128 82 0.903 
M29 0.660 270 1770 174 68 0.982 
M30 0.384 300 580 165 119 0.948 
M25 0.488 190 950 207 93 0.878 
ShSh5 0.260 40 290 452 168 0.759 
ShN5 0.009 8 40 1011 477 0.05  
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3.4. Influence of effective thickness on absorption of electromagnetic 
radiation by shungites 

The concept of the effective layer deff [31] to take into account the 
effect of plate thickness on the dependence of reflection and absorption 
coefficients on concentration was used. We mean such a virtual layer in 
shungite plate, which would contain all the carbon from the plate, ie: 

deff = d⋅
С

100
, (19)  

where C is the carbon content (atomic %); d is shungite plate thickness. 
The dynamic conductivity was calculated depending on the effective 

thickness of the carbon layer by equation (14) using deff instead d. Linear 
dependencies for each deposit depending on carbon content were ob
tained (Fig. 7). In terms of their contribution to reflection, the effective 
microwave conductivity corresponds qualitatively to the static conduc
tivity that is characteristic of samples from each deposit. The static 
conductivity of pure carbon from the Shunga deposit is 6000–8000 S/m, 
from Maxsovo is about 2500 S/m, from Chebolaksha is about 2000 S/m, 
from Nigozero is about 1500 S/m [32,33]. This result shows that the 
scatter of points on the reflection/absorption curves may be due to the 
difference in the intrinsic conductivity of carbon in each deposit. 

The jump of the microwave conductivity of the effective layer occurs 
when the carbon content is between 57 and 64%. Probably, the effect of 
the shungite microstructure on microwave properties at this concen
tration dramatically increases. At higher carbon contents, the contri
bution from reflection clearly dominates (Fig. 6). Since the carbon 
structure is the uniform at all carbon contents, below this interval, the 
mineral part of shungite strongly affects the microwave properties. 

4. Discussion 

Shielding carbon-containing materials is usually constructed on a 
non-conductive basis with conductive filler, which are nanotubes, ful
lerenes, soot particles, etc. The shielding effectiveness increases with the 
static conductivity. Below the percolation threshold, the shielding 
effectiveness slightly increases with the conductivity since in this case a 
small change in carbon filler content abruptly increases the conductivity 
while the effect on the shielding effectiveness is insignificant. After the 
percolation threshold, a small change in static conductivity causes a 
large increase in shielding effectiveness because, at this stage the 
shielding properties become significantly sensitive to a small change in 
conductivity [1]. The materials with graphene filler, which is one of the 

most effective, are the closest to shungite in the structure of the carbon 
filler. 

In the studied natural system, glass-like carbon is a matrix in which 
the non-conducting phase is included as filler. This is a fundamental 
difference from the above described shielding systems, which allows, 
with a smaller thickness of the coatings and with lower carbon content, 
to achieve a large shielding efficiency, including absorption. Even with 
low carbon content, shungite plates show high efficiency of reflection 
and absorption. With an increase in carbon content, reflective properties 
begin to dominate, and the shielding efficiency tends to 100%. 

Penographytitic and foamed materials are used to increase absorp
tion because porosity of the material plays an important role in the 
absorption of electromagnetic radiation [2]. Shungite carbon has 
nanoscale porosity [34], which can improve absorption. Additionally, 
the multilayer stacked graphene exhibits increased absorption due to the 
total sheet resistance [35]. However, microscale inclusions of 
non-conducting minerals (primarily quartz) probably play the main role 
in absorption (Fig. 8). 

The almost uniform distribution of quartz among carbon is due to the 
peculiarities of the geological origin of this rock. We call this phenom
enon “sand impregnated with liquid” [26]. During the shungites for
mation the rock consisting mainly of quartz with the inclusions of pyrite, 
chalcopyrite and some other minerals was uniformly saturated with a 
hydrocarbon fluid. This fluid was formed from the original carbona
ceous matter (presumably algae) under the influence of heat and 
(possibly) pressures during volcanic activity in the area about 2 billion 
years ago. The carbon content in a rock is mainly determined by its 
porosity. “Pure” shungite carbon was formed in large cracks and cav
erns. In Fig. 9, we present a very simplified (artificially averaged) model 
of the distribution of quartz in shungite. 

The comparison of theoretical and experimental absorption co
efficients shows that with a carbon content of over 35%, the approxi
mating experimental curve is qualitatively similar to the theoretical one. 
In this case, the curves differ in absolute values. The theoretical ab
sorption is substantially more than that obtained in the experiment. It is 
likely that substantially lower reflection efficiency was expected for 
samples in this range of carbon contents. For large carbon content, for 
our samples, the Maxwell approximation is correct, since the sizes of 
non-conductive inclusions are small and shungite plates can be consid
ered as a pure carbon. Despite this, the experimental reflection values 
significantly exceed those expected for the measured values of conduc
tivity. Experimental reflection from high carbon shungite exceeds 
reflection from metal films of comparable thickness [27,30]. Previously, 
multiple excess of the shielding effectiveness was found for a multi-layer 
graphene compared to the films of gold at the nanoscale [36]. In theo
retical calculations, we did not take into account the microstructure of 
the shungite plate (Figs. 8 and 9). We believed that an electromagnetic 
wave fell on a chemically and structurally homogeneous plate. Equation 
(13) was applied for shungites in Ref. [26], which was obtained using 
the intragranular current model, according to which the behavior of the 
reflection coefficient for cubic granules is determined by the conduc
tivity of the granules (conducting regions) σg, sample thickness d, 
granule sizes g and distances between them p [37]: 

R =

⎡

⎢
⎢
⎣

exp (− p/g) g Z0(

Z0 +
2 (g+p)
σg d g

)

(g + p)

⎤

⎥
⎥
⎦

2

(20) 

The relation (13) can be obtained from (20) by performing an 
approximation for dimensions, i.e. the use of the averaging method in 
experimental conditions is fully justified. 

However, for samples with carbon content below 35%, both quali
tative and quantitative deviations from the theoretical curve occur. This 
suggests that in this range of contents, additional absorption and 
reflection mechanisms begin to play a key role. These mechanisms are Fig. 7. The dynamic conductivity for the effective thickness deff of the carbon 

layer in shungite plates vs carbon content. 
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not described by Maxwell equations for homogeneous systems, and they 
are associated with the microstructure of shungites [26]. 

The molecular graphene-containing structure of shungite carbon 
affects the reflection efficiency, which is superior to the reflection effi
ciency from metals with a conductivity that is orders of magnitude 
higher than that of shungite. The microstructure of shungite controls 
absorbing properties. In order for the reflection from high-carbon sam
ples to match the calculated reflection (Fig. 6), their static conductivity 
must be significantly (several times) higher than the conductivity 
measured in the experiment. However, both our results of measurements 
of static conductivity, and the results of other authors [32,33], show that 
the conductivity of the pure carbon of shungite rocks of Karelia varies 
within 1500–8000 S/m. Therefore, even if we take the maximum value 
of conductivity, we will not get the required microwave conductivity to 
match Maxwell theory. 

The representation of the shungite structure as a two-phase system 
“conducting carbon regions – non-conducting mineral regions” [26] 
made it possible to use the model of intragranular currents described for 
thin composite films in Ref. [37] to understand the reflection mecha
nism. This model is based on the currents circulation within the 
conductive components of the structure. An incident electromagnetic 

wave in microwave conductive regions produces localized microwave 
currents that create magnetic fields of the same frequency, and these 
fields can be considered a source of secondary waves. Due to the currents 
circulating in the conducting regions, the wave is re-emitted by these 
regions. The re-radiation occurs in both directions relative to the sur
face, therefore the reflected and transmitted waves are formed. Thus, 
isolated conductive regions increase the reflection coefficient of micro
wave radiation. When the size of such conductive regions increases, the 
reflection becomes stronger. 

Most of the experimental results indicate that the carbonaceous 
material must be doped on the surface with magnetic particles to have a 
strong absorption. Shungites already contain nanoscale inclusions and 
clusters of iron-containing particles with magnetic properties, in addi
tion, shungite carbon structures have diamagnetism properties [9]. 

In addition, the absorption properties of the material are improved 
even with a small content of heteroatoms (H, O, N, S). Heteroatoms 
produce polarization centers and enhance absorption properties 
[38–41]. Shungite carbon contains several (2–4) percent of heteroatoms 
in the carbon structure [10,42], which are predominantly localized at 
the edges of stacks of graphene layers (Fig. 8). These residues of 
oxygen-containing functional groups and defects in the graphene 

Fig. 8. Typical microstructure of shungite with medium carbon content. Inserts show basic mineral inclusions (quartz and pyrite) as well as the structure of 
shungite carbon. 

Fig. 9. Schematic representation of quartz-carbon composite microstructure of shungite and typical graphene-containing structure of shungite carbon.  
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networks can act as dipolar centers, creating dipolar polarization [40, 
41]. 

Thus, the main mechanisms of reflection in shungites are associated 
with stacks and ribbons of graphene layers with high conductivity, the 
main factors of absorption are the porous structure of carbon itself and 
non-conductive or weakly conductive mineral inclusions with di
mensions of the first micrometers covered with graphene carbon layers. 
Since the porosity of high-carbon and medium-carbon samples is com
parable, we think that the main absorption mechanism in shungites is 
the multiple interfacial polarization at the interface of phase with 
different dielectric constants, such as mineral inclusions/shells from 
graphene layers and pores in the carbon structure. This does not 
contradict the estimates that interphase polarization should be one of 
the main mechanisms of relaxation weakening at frequencies of several 
tens of GHz [38]. 

The results of this study show that the production of shielding and 
absorbing materials based on conductive carbon matrices with non- 
conductive filler contributes to obtaining substantially thinner coat
ings with comparable shielding effectiveness. Some applications require 
obtaining very thin (first tens of micrometers) and flexible shielding and 
absorbing materials. It is therefore important to study of composite 
systems similar to natural shungites. In this work, thin plates of natural 
shungite have been fabricated, completely preserving their original 
microstructure and applied properties (strength and durability, high 
chemical stability and fire resistance). A thickness of 10–20 μm and an 
electromagnetically transparent substrate allows the plates to be very 
flexible and retain their protective properties under many bends. Thus, it 
becomes possible to combine reflective and absorbing properties by 
selecting raw material with different carbon content. To achieve such 
shielding effectiveness, materials with a thickness of several millimeters 
are now mainly used. Shungites can be considered as a raw material for 
the manufacture of shielding materials, and as a model system for 
studying the interaction of electromagnetic radiation with a substance, 
the microstructure of which can be described as “sand impregnated with 
liquid” with a carbon conducting matrix. 

Natural materials are interesting because the synthesis of such ma
terials is difficult. In nature, the processes of their formation take mil
lions of years, and almost all chemical reactions are completed. There is 
no such amount of time in the laboratory; it is necessary to use catalysts 
to speed up chemical reactions. This leads to possible changes in the 
structure of the material and additional costs for the search of catalysts. 

5. Conclusion 

Flexible ultrathin (with a thickness of 10–20 μm) shielding plates 
with a wide variation of the reflection and absorption effectiveness of 
microwave radiation were successfully prepared by polishing from 
natural graphene-containing shungites. The reflection coefficient of 
shungites with an increase in carbon content from 2 to 40–50 at. % is 
dramatically increased from almost zero to 0.8. With a further increase 
in carbon content, the reflection coefficient grows weakly, down to 
about one at C = 64%. For successful reflection of microwave radiation, 
the use of shungites with carbon content in the range of 64–95% is 
optimal. For shielding with the absorption of a significant part of the 
radiation, the optimum range of carbon contents is 5–34%. Absorption is 
most effective when the plate thickness is in the range of about 10–20 
μm. When the plate thickness increases to 100 μm, the reflection effec
tiveness increases to 100% even at a low carbon content (about 5%). The 
molecular structure determines the reflective properties of shungite 
carbon that are superior to the reflective properties of high-conductivity 
metals. The microstructure controls absorption ability of shungite. Thus, 
shungites, as natural graphene-containing carbon, are classic green 
materials for effective protection from microwave radiation. The 
advantage of shungite plates as shielding materials is their low cost, 
thermal and chemical resistance, very small thickness (10–20 μm), 
flexibility and lightweight, high absorption coefficient along with a high 

reflection coefficient at different carbon content. The research results 
show that the development of shielding systems, based on conductive 
carbon matrices with the introduction of non-conductive filler, can 
improve the efficiency of shielding, especially absorption, at small 
thicknesses of such systems. 
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