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Spectroscopical study of natural
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The correlation between morphology, local structure and magnetic properties of the
different origin shungite material with nanocarbon content 25-40 wt. % was studied by
SEM, EPR, and Raman scattering methods. It was established that structure of the
shungite samples is formed by micron size agglomerations of carbon and silicon dioxide
clusters with impregnations of pyrite (FeS,), iron oxide and aluminium oxide particles. It
was found from the Raman data that nanocarbon fraction is formed from sp?-hybridized
well ordered carbon clusters, size of which increases from 9 nm up to 12 nm after
annealing of the samples. It was found for the first time that origin of L3 and L4 EPR
lines is due to oxy-deficiency centers in the silicon dioxide clusters.

Koppensanuu mexay mopdosornei, ocobeHHOCTAMU JOKATBLHON CTPYKTYPHI U 9JIeKTPOH-
HBEIMU TapaMarHUTHBEIMM CBOMCTBAMM O0pPABIOB NIYHTHUTA PAa3JINYHOTO TPOWCXOKAEHUSA C
comepskanveM HaHoyriepoma 25—40 mace. % wusyuanuen merogamu COM, OIIP u xomOuHa-
nunonHoro paccesHus cseta (KPC). YcramoBieHo, UTO CTPYKTypa NUIYHTUTA o0pasoBaHa cMe-
ChI0 aTJIOMepPaTOB KJACTEPOB YIJepoAa W AMOKCHUJIA KPEMHUA € BKPANJICHUAMU TTHUPUTA
(FeS,), oxcumon xemesa m amomunua. Hamasle KPC mOKashIBAaiOT, UTO HAHOYTJIEPOLHAS
COCTABJIAIONAA CTPYKTYPLI ITYHIUTA 0GPAZOBAHA M3 YIIOPSAZOUEHHBIX Sp2-THOPUIN30BAHHBIX
YTJAE€POIHBIX KJIACTEPOB, PA3MePhl KOTOPHIX YBEJWUYWBAIOTCA OT 9 HM 10 12 HM mocse oT:RHUra
obpasioB. BmepsBnie ycranosiena mpupoga L3 u L4 jgunuit cmextpa IIIP myHrmMTa Kak
KHUCJOpOAHO-TebUIUTHBIX E’ MEeHTPOB B KJAacTepax AMOKCUAA KPEeMHUI.

CoeKTpoCKOmiYHEe AOCTIIKEeHHS MPUPOTHOTO HAHOCTPYKTYPOBAHOTO BYIJIEEBOTO MaTe-
piaxy mynrity. A.A Kowuuyv, B J.Ilanina, M.A.Barnax, I.B.Anuyrx, B.O.IOxumuyk,
A.B.€gpanos, C.B.Epacnosud, M.A.Cropux.

Kopenanii misk Mmopdosaorieto, 0COBINBOCTAMU JIOKANBLHOI CTPYKTYPHU Ta €JTeKTPOHHUMU
napaMardHiTHUMM BJACTUBOCTAMMN 3pasKiB IIYHTITY pPiBHOTO TOXOMKeHHs 31 3MicToM HaHO-
pyraemnio 25—40 mac. % pocaimkeno metomamu CEM, EIIP i xomGimamiiinoro posciroBamms
ceita (KPC). BeranoBjeHno, 110 CTPYKTYpPa IIVHTITY YTBOPeHAa CYMITIIII0 arjJoMepaTiB KJiac-
Tepis Byrieuo i ploxkcuny kpemuiro is Bxpamnenmamu niputy (FeS,), oxcuxip saxisa rta
amiominiro. Jani KPC nokasyioTs, 110 HAaHOBYIJIEelleBa CKJIANOBA CTPYKTYPHU LIVHIITY yTBOpE-
Ha 3 YIOPAIKOBAaHUX Sp2—1‘16pI/I,ZLI/ISOBaHI/IX ByIJEIeBUX KJACTEepPiB, poaMipu arux 30iabmry-
oreed Bix 9 M go 12 mm micas siagmany spaskis. Buepure Beranosiaeno mpupoxy L3 i L4
aigiii cmexTpa EIIP myHrity ax kucHesBo-medinutHi E’ meHTpM y Kiaacrepax IioKcumy
KpeMHirio.
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1. Introduction

Within a class of disordered materials
with high conductivity, such as nanoporous
carbon, glassy carbon, thin carbon films
with sp? dominant hybridization of the elec-
tron orbitals, ete, shungite occupies a spe-
cial place, as natural heterogeneous nanos-
tructured material.

Shungites are carbon-rich rocks of Pre-
cambrian age widespread over Karelia (Rus-
sia). They are heterogeneous materials con-
sisting predominantly of amorphous silicon
dioxide and carbon with nanocarbon content
from 5 % up to 98 % .The organic matter of
shungite is represented by non-crystalline and
non-graphitized form of carbon [1, 2].

Shungite has a wide application area due
to its abundance and specific properties.
The unusual physicochemical and structural
properties of shungite are used in diverse
industrial and environmental applications
including metallurgy, water purification,
thermolysis, organosynthesis of cyclic hy-
drocarbons, etc. Shungite is an effective
sorbent for removal of organic and inor-
ganic substances, pathogenic bacteria and
heavy metals from contaminated water [1], as
well as hydrogen storage in porous shungite
[3, 4]. Unlike to raw coal, shungite is charac-
terized by stability of its properties. Shungite
shows unique electrochemical properties due
to high resistance to acids as well [5].

Useful practical properties of shungite
are known for a long time, but there is not
clear scientific evidence for healing proper-
ties of shungite. It remains unknown what
special features emerge in shungite in a
contact with organic material. The contro-
versial is the presence of fullerenes in
shungites, which is considered as promising
for some medical applications [1, 6-8].

First of all, we need to understand con-
nection between the microstructure of
shungite and its physical properties,
namely, electron structure, conductivity,
magnetic properties, and formation of dif-
ferent defects with temperature and pres-
sure treatment.

In this work, the shungite samples [Sh-II
(Zazhogino deposit) and shungite from com-
mercial filter (ShF)] were studied by scan-
ning electron microscopy (SEM), elemental
analysis, electron paramagnetic resonance
(EPR) and Raman scattering (RS) methods.
The aim is to establish a correspondence
between the morphology and composition of
heterogeneous material shungite, on the one
hand, and its electron paramagnetic proper-
ties, on the other. On the conceptual stage
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the SEM images about 10 samples were ob-
tained. During of experiments was proved
the fundamental difference between the
electronic properties of the samples with a
uniform (homogeneous mixing of phases)
and non-uniform distribution of phases
(presence of extended interfaces between
phases). For further studies were selected
two “typical” samples, in which there are
both areas of dominant phases (carbon or
silica) and areas of approximately uniform
distribution ( mixing). Properties of sam-
ples with non-uniform distribution of
phases will subject of a separate study.

2. Experimental

Samples of Sh-II and ShF varieties with
nanocarbon content 25-40 wt. % were cut
to size of ~3x2x2 mm3 from a single Sh-II
lump, as well as from acceptable samples
from a shungite commercial filter. Samples
were subjected to heat treatment and pump-
ing out during the experiments.

Electron microscopy of the heterogeneous
shungite samples was carried out using
high-resolution SEM TescanMira 3 MLU;
the elemental composition was determined
with energy dispersive X-ray spectrometer
X-max Oxford Instruments. EPR spectrome-
ter "Radiopan” SE/X-2244 with 100 kHz
modulation of the magnetic field was used to
measure g-factor values, line width AH pp? and
spin concentration N ;. Raman spectra were
produced by Ar-Kr laser with A =405 nm
wave-length and registered at the room tem-
perature by means of spectral complex
Jobin Ivon T64000.

3. Results and discussion

3.1. Scanning electron microscopy

Fig. 1 shows an SEM image of the sam-
ple Sh-II-1 and indicated areas on the sur-
face of which was carried out the elemental
analysis. It is seen from Fig. 1, surface of
the sample consists of micron size aggre-
gates of clusters. Data of the elemental
analysis (Table 1) shows that basically it is
the clusters of carbon and silica, as well as
pyrite (FeS,), iron and aluminum oxides.
There are areas with high carbon content
(~81% and ~96% for areas 4 and 5, accord-
ingly) and small amount of silicon and alu-
minum. At the same time there are areas
with a high content of silica (~22 % Si for
area 3). On Fig. 1 silica, carbon, and iron
clusters have gray, black, and bright colors,
accordingly. Sample ShF1 also investigated
by SEM/EDX and showed results similar to
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Table 1. Element composition on surface of the shungite Sh-II-1 sample (at.%).

No. Spectrum C 0 Si Fe S Al
Spectrum 1 10.89 40.86 4.95 17.64 22.89 1.22
Spectrum 2 25.50 32.49 9.64 14.42 15.87 1.10
Spectrum 3 22.78 54.19 22.28 <0.01 0.05 0.43
Spectrum 4 81.46 14.22 3.64 <0.01 0.03 0.44
Spectrum 5 96.13 3.30 0.38 0.07 0.05 0.04
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Fig. 1. Surface of the shungite Sh-II-1 sample
with the allocated characteristic areas.

the sample Sh-II-1, but with a low content
of iron.

As a result, Sh-II-1 and ShF1 are the
heterogeneous shungite samples, which have
as areas with a predominant content of one
of the phases (carbon or silica), as well
areas with nearly homogeneous mixing of
these phases (Fig. 1, Spectrum 4).

3.2. Raman Scattering

To further detailing of the shungite
structure, the Raman spectra of the sample
Sh-II-1 was explored in the range from 300
to 8300 cm'l. It is known that the bands
associated with silicon dioxide can be de-
tected in the range of 300 - 600 cm'l. We
could not observe such bands, supposedly
because of the SiO, clusters disordering and
defects due to presence of impurities, for
example, atoms of carbon. But in the range
from 1100 to 1800 cm! were observed accu-
rate D and G-bands (Fig. 2) resulted from
oscillations of carbon sp2-hybridized atoms.
It is known that band G ( 1583 cml) is
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Fig. 2. RS spectra of the Sh-II-1 sample be-
fore (1) and after annealing at temperature
550°C (2).

related to the two-fold-degenerated mode of
Eyy symmetry in center of the Brillouin
zone. D band ( 1850 cm1) [9], is a breathing
mode of Alg symmetry that involves LO
phonons near the K-point of Brillouin zone
[10, 11]. There also observed a high-fre-
quency shoulder at a G band - so-called D’
band.

Spectrum in the range of 2400 cml-
3300 cm! shows the presence of the second
order line 2D and the combinations of lines
D + @G. The general view of spectrum and
its parameters (Table 2) confirm that
shungite is formed with well-ordered sp2-
hybridized carbon nanoclusters. From the
ratio of integral intensities of bands D and
G, by using the empirical formula to esti-
mate of the cluster size [12]:

Ly(nm) =560/E$(I,/15)71,

where E; - Raman spectrum excitation en-
ergy, we find that the size of nanoclusters of
about 9.3 nm. This is the first estimation of
the size of carbon nanoclusters in shungite
based on Raman data.

After vacuum annealing of this sample
at T= 550 9C, narrowing of D and G bands
and redistribution of their intensities were
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Table 2. Spectral characteristics of the Sh-II-1 sample before and after annealing

n/n Vp, em ! Ip, em™! Vg, cm ! [, em™! Inp\lIg L,, nm Vpe, em !
Initial 1355.8 75.7 1583.4 59.2 1.47 9.3 1612.8
Annealed 1357.0 49.0 1578.3 34.1 1.09 12.5 1614.8
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Fig. 3. a). EPR spectra of the ShF1 sample at different conditions: I — initial, 2 — 1 h pumping
at RT, 3 — 0.5 h pumping at 130°C, 4 — after 24 h storage in air. Insert: shape of the initial

spectrum at higher scan. v = 9380 MHz. T

meas.

spectrum. The dotted line indicates to the position H,

observed (Fig. 2). The G-band width de-
creased almost twice (Table 2), indicating to
a decrease in disordering of the angles be-
tween carbon atoms in benzene rings. Such
behavior is fairly typical for sp2-hybridized
carbon structures when annealing promotes
structure ordering. We found that cluster
size increased from 9.3 nm to 12.5 nm after
annealing. This is a typical process of con-
solidation of carbon clusters where the
number of defects decreases and the struc-
ture becomes more perfect.

With this in mind, one can conclude that
the presence of silicon dioxide clusters does
not affect significantly the processes of the
temperature transformation of the shungite
carbon structure.

3.3. Electron paramagnetic resonance

EPR measurements of a number of
shungite samples show that in general its
EPR spectrum consists of four resonance
signals with different line widths and inte-
gral intensities. Fig. 3a presents the EPR
spectra of the sample ShF1, registered in
various conditions. Lines L1, L3 and L4
were observed earlier in [13, 14]. Line L2 is
registered for the first time and there is
only in part of the samples (~20%), mainly
after vacuum annealing at T = 120 — 300°0C.
Let us consider in detail the origin and
characteristics of these EPR lines.
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= 300 K; b) Theoretical analysis of the experimental

for conduction electrons.

The line L1. This is the most intense line
in the shungite samples, including in the
sample ShF1 (Fig. 3a). It has asymmetrical,
so called Dysonian shape of the EPR signal,
which establishes its connection with elec-
tronic conductivity and indicates the high
conductivity of the samples formed due to
nanocarbon. The nature of this line un-
doubtedly proved in [13, 14]. The authors
[18,14] made the phenomenological descrip-
tion of this signal and have received the
value of some parameters.

Here we present first rigorous theoreti-
cal description of the line shape L1, which
takes into account the conductivity of the
sample (Fig. 3b). For this purpose we used
the theoretical expression given in [15, 16]
for the conditions d >> 3, §,, where d is the
thickness of the carbon cluster, & - skin
layer thickness determined by the conduc-
tivity and the microwave field frequency of
the sample, and §, - electron diffusion path
for spin relaxation time T,.

In this case the EPR line shape is deter-
mined only by a single parameter
R2=Tp,/T5=(8/8,)?. The resonance field H,,,
does not coincides with position at magnetic
field axis H, where amplitude of the deriva-
tive of absorption signal is equal zero, as
soon as a signal is a combination of absorp-
tion and dispersion. Consequently, g-factor

263



A.AKonchits et al. / Spectroscopical study of ...

of free electron can be found only after the
fitting the calculated spectrum to the ex-
perimental one. By this reason H,, is deter-
mined only after the fitting as a point at
the H axis, which corresponds to point zero
at the upper dimensionless axis for the cal-
culated spectrum in Fig. 8b. As a result, we
find: g=2.0030 + 1-104; R=1; AH;= 16.5 G.
Comparison of the theory of spin resonance
of conduction electrons with experiment for
a number of other shungite samples (data
not given) showed that the parameter R var-
ies widely from 0.8 to 5.

The line L2. Origin of the symmetrical
line L2 is connected, most likely, with iso-
lated (not included in the aggregates) carb-
on clusters (d<< 3, §,), for which the line
shape is not Dysonian but Lorentzian
shape. Its parameters are: go= 2.0029;
Hy= 0.76 G. Sensitivity of the line L2 to
pumping out (like coal [17]) shows that
clusters are in contact with molecular oxy-
gen due to the presence of open pores in a
part of shungite sample. From the ratio of
integral intensities I1o/I1; can evaluate the
relative concentration of isolated clusters as
~ 2% in the sample ShF1.

Lines L3 and L4. These lines show corre-
lated behavior as lines of separate spin sys-
tem. Their intensity increases with pumping
out of the sample at T > 120 9C (Fig. 3a,
curves 3, 4). The spin concentration is Ny =
21016 cm3 estimated by comparing with ref-
erence sample MgO: Cr3*. Parameters of
these lines (g3= 2.0019, AHg= 1.0 G;
g4=2.00055, AH,=0.4 G) and their kinetics
during annealing are very similar to the
behavior of EPR signal formed in silica at
oxygen deficiency [18]. This means that
lines L3 and L4 are the components of the
spectrum so called E.” centers with anisot-
ropic g-factor and, therefore, the absorption
peaks in the orientation gy and g,. Moreover,
we found that line 4 resolutions into two
narrow lines with effective g-factors of
2.0006 and 2.0004 at significant decreasing
of the modulation amplitude. These findings
coincide with precisely defined parameters
of EY’ centers, what are induced in silica by
y-irradiation [18, 19]. Finally the lines L3 and
L4 (Fig. 3a) belong to the oxygen deficiency
centers formed in silicon dioxide fraction of
shungite under global geclogical factors.

In [14] the lines L3 and L4 were observed
in shungite at the first time, but their in-
terpretation was linked mistakenly to the
impurities of fullerene in shungite without
the necessary evidence.
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The general spectrum in Fig. 3b is calcu-
lated as a sum of the derivative of the
Dyson function for L1, the derivative of the
Lorentz function for signal L2, and the de-
rivative of the Lorentz function with an-
isotropic g-factor averaged over angles for
signals L3 and L4, with lines parameters
listed above.

Finally the shungite EPR spectrum origi-
nates from three separate spin systems that
are localized in both carbon (lines L1 and
L2), and silicon dioxide (lines L3 and L4)
fractions of shungite.

4. Conclusions

According to SEM/EDX data structure of
the shungite samples studied is composed of
mixture of aggregates of carbon and silica
clusters, with inclusions of pyrite (FeS,),
iron and aluminum oxides. In areas of phase
coexistence there is observed approximately
uniform distribution of carbon and silica
clusters.

Analysis of the Raman data shows that the
carbon component of the shungite structure
is formed by the sp2-hybridized, well ordered
carbon clusters with size about 9 nm. Anneal-
ing of the samples leads to enlargement of
carbon clusters up to 12 nm and their struc-
ture becomes more perfect.

The spin subsystem of free carriers is
generated in nanocarbon part of shungite
and gives a broad asymmetrical (with the
Dyson shape) spin resonance signal L1 from
carbon mesoclusters (aggregates), and the
first reported narrow symmetric signal L2
from isolated clusters. Their characteristics
are strongly determined based on the theory
of spin resonance of conduction electrons.

For the first time the nature of the L3
and L4 lines of the shungite EPR spectrum
is proved as oxygen-deficient E.’ centers, in
contrast to previous studies, where these sig-
nals are linked with fullerene molecules.
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