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For the first time, diamond and graphite-like nanostructures in natural molybdenite and synthesized
2H-MoS; single crystals were studied using Raman spectroscopy, and a comparative study of carbon
nanostructures in synthesized MoS: (C) nanocrystallites with carbon 1,0 and 0.5% additives was performed.
Detailed numerical analysis of the shape of the observed D and G bands in the spectra at laser excitation AL =
632.8 and 488 nm, including their decomposition into constituent spectral components, allowed to establish the
presence of D(k), G(k) components corresponding to the edges of the Brillouin zones, and D(k'), G(k")
components, corresponding to the zones middle parts, which indicates the important role of the processes of
doubling the size of elementary quasi-cells. Record low frequencies of D lines 1284, 1295 - 1312 cm™* and high
frequencies of G(k) bands at 1387 and 1402 cm™ were established, that indicate the sizes of diamond- and
graphite-like nanostructures less than 1 nm and the narrowing of their phonon quasizones. A new approach has
been used to reliably separate close vibrational bands D ~ G(Kk): as the size decreases and the nanostructures are
rearranged, the frequencies D of the bands decrease and the frequencies of the G(k) bands increase. For the first
time, a significant effect of 632.8 nm resonant radiation on the formation of MoS2 + MoOs nanocomposite, which
activates the formation and ordering of carbon nanostructures, was established. The strengthening of the D bands
of the diamond-like nanostructure and the ordering of the graphite-like one with increasing carbon content in
MoS2(C) nanocrystallites have been established. The change of frequencies of D, G and G(k) bands at
strengthening of degree of disorder of diamond and graphite-like structures is considered.
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Introduction

The unique physico-chemical properties of inorganic
structural analogues of graphene and graphite — transition
metal dichalcogenides (TMD) 2H-MX,; (Me = Mo, W,
Ti, Nb, Zr, Ta, Hf, Re; X = S, Se, Ti) are determined not
only the peculiarities of their two-dimensional structure,
but also the presence of the band gap Eg ~1.5-2.5¢V,
which is due to their semiconductor properties and the
presence of exciton states, which are associated with
their resonant properties often manifested in Raman
spectra (RS). The properties of TMD can be significantly
changed as a result of the transition to the nanocrystalline
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state [1]. Recently, much attention has been paid to the
development of nanocomposites (hybrid nanomaterials)
involving semiconductor 2D graphene-like layers or
nanoparticles of d-transition metal dichalcogenides.
Physico-chemical properties of nanostructures, and
especially nanocomposite materials, are significantly
improved, up to unique properties, as a result of the
special properties of nanostructures, as well as the impact
of synergistic effects compared to those for individual
components. Such modern nanomaterials have great
prospects for the development of the novel technologies
and the creation of new multifunctional devices for
various purposes [2, 3]. Therefore, the development of
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the modern nanotechnologies for obtaining graphene-like
nanostructures and studying their physicochemical
properties, including the use of very informative spectral
techniques, is of particular importance, which is the basis
of this work.

A striking example of the effective use of
nanocomposites involving MoS; and MoOs is their use
for catalytic decomposition of water for alternative
energy using solar radiation and the resulting hydrogen
and oxygen [4, 5]. The photocatalytic activity of the
semiconductor catalyst on CdS after its coating only
0.01 wt.% MoS; increases 22 times, and at an optimal
MoS; content of ~ 0.2 wt.% The rate of H; increases 36
times, which exceeds the efficiency of precious metals
such as Pt , Ru, Au or Pd [4, 5]. Probably, the water
adsorbed in MoS; nanocomposites with its high-
frequency vibrational modes is also an active component
of such nanostructures. The developed system of low-
frequency vibrations of 2H-MoS; v1 (Eig) = 278 cm™, v
(Ezg) = 383 cm? and vs (Ayg) = 408 cm?, energetically
close to the average thermal energy of atom oscillations
of KT media, effectively is supplemented by collective
vibrational modes of the system of hydrogen bonds of
water [6], including higher-frequency libration,
deformation and band modes of water. This is the basis
for efficient pumping of thermal energy into higher-
frequency vibration-exciton (electronic) states due to
nonlinear-wave interactions of thermally excited low-
frequency vibrational modes. This mechanism can
promote not only the catalytic decomposition of water,
but also the synthesis of new nanostructures, such as
carbon nanostructures with the addition of carbon atoms.
The study of the obtained diamond and graphite-like
nanostructures in natural and synthesized single crystals,
micro- and nanocrystals of MoS; with small additions of
carbon atoms is the purpose of this article.

Methods for the synthesis of diamond-like structures
without the use of high pressure have long been
developed and discussed. In particular, in samples of
carbon onions (COs) containing 30 - 50 closed fullerene-
like shells, under electron irradiation, for example, in an
electron microscope, the distances between the carbon
shells in COs decrease from 0.36 nm for the outer layers
to 0.22 nm for the central parts of CO [7]. According to
[8], a pressure of ~ 100 GPa is required for such
compression of the inner fullerene-like layers of CO. Due
to the huge internal self-compression, COs can play the
role of a nanopress for the synthesis of nanodiamonds
(ND). In particular, at an electron energy of 1.2 MeV and
a dose of >10%cm?, as well as an increase in
temperature to 600 — 1100 K the DA up to 100 nm in size
have been obtained [7,9]. Nanodiamonds are also
formed from graphite under high-energy radiation effects
[10, 11]. When the fine-grained graphite layer was
bombarded with Kr ions (350 MeV, 6 x 10*? ions/cm?
[10]) or Ne ions (3 MeB, 4 x 10*° ions / cm? [11]), ND of
8 nm and 20 nm were formed. The effect of high-energy
laser irradiation on the formation of ND is well
demonstrated by irradiating graphite with femtosecond
pulses (800 nm, 100 fs) [12].

We observed a significant increase in the intensities
of the vibrational bands vz (Ezg), v (A1g) in the Raman
spectra (RS) of micro- and nanocrystallites 2H-MoS;
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with laser excitation A. = 488 nm, as well as a strong
increase in broadband electronic background (BEB).
These effects can be also associated with changes in
electronic states, the forces of chemical bonds and
internal self-compression. Even greater changes in the
properties of MoS; nanocrystallites (NCs) were observed
by us during the registration of Raman spectra using laser
radiation A = 632.8 nm, that is resonant with exciton
states. In this case, together with the manifestation in RS
of the properties of stimulated Raman scattering [13]
under natural atmospheric conditions, the transformation
of the MoS; structure into a more complex layered
structure of MoO3; was observed, which will be partially
discussed below.

Previously, we studied the occurrence and
amplification of BEB in Raman and IR spectra
associated with the emergence of new electronic states in
the band gap of 2H-MoS; crystals (Eg ~ 2.5eV) as a
result of strong vibrational-electron interaction (VEI)
[14-17]. This is consistent with the observed
compression up to 5 % of the distance between the layers
near the surface of 2H-MoS, crystals, as well as a
decrease in the distances between metal ions in TMD
MXz with increasing number of metal group M in the
periodic table (IV — V — VI) [18]. There are also
distortions of MX; TMD structures when M metal atoms
are displaced from the centers of structural octahedra.
This leads to the appearance of zigzag chains of metal
atoms with an abnormally close arrangement. In these
chains, electrons that do not participate in MX bonds
play an important role in the interactions between metal
atoms.

In tetrahedral and octahedral cavities between the X—
M-X layers can be intercalated not only carbon atoms C,
but also their complexes and even organic molecules. It
is important that the interlayer atoms can connect the
monolayers X-M-X. In  particular, in the
nonstoichiometric phases Mzi.yXy, the interlayer
chemical bonds with the participation of M atoms differ
little from the intralayer bonds MX [18]. As the
concentration of Y additives increases, the initial layered
structure is transformed into a more densely packed
spatial structure. The formation of chains of shorter M—
M bonds and the emergence of a spatially coordinated
system of chemical bonds can lead to sp® hybridization
for impurity C atoms and the emergence of diamond-like
nanostructures within MoS; crystallites. In this regard,
we have obtained and studied in detail the Raman spectra
of both natural and synthesized single crystals of
2H-MoS; and natural microcrystals (MC) of molybdenite
MoS; and synthesized nanocrystallites (NC) of MoS,(C)
with small carbon additives in order to identify the
formed internal carbon nanostructures.

I. Experimental part

The method of Raman light scattering is widely used
to study the vibrational spectra of TMD MX; [19 - 23].
This is due to the fact that the majority of the
fundamental vibrations of these compounds are
manifested in the Raman spectra. This is facilitated by
the low frequencies of the vibrational modes of TMD
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Table 1
The results of X-ray studies of nanocrystallites of MoS2(C)
Unit cell parameters Crystallographic directions
MoS(C) .
Unite [013] [110]
Concentration cell
a, nm ¢, nm volume
C, nm? reflex. h-w, average reflex. h-w, average
wt. % Hw, rad size, nm Hw, rad size, nm
0.5 0.3151(2) | 1.248(2) | 0.1073 0.0422 3.9(2) 0.0188 9.4(6)
1.0 0.3153(2) | 1.247(3) | 0.1074 0.0422 3.9(2) 0.0194 9.1(6)
MX, with the participation of relatively heavy atoms. For calculations WinCSD [26]), single crystals and
the spatial symmetry group Den* of the crystal structure microcrystals (MC) 2H-MoS;, under study are
2H-MoS; for 18 normal vibrational modes the vibrational homogeneous, and their crystallographic data and

representation I'vib = Ayg + 2Az + 2Byg + B1y + Eyg +
2E1, + 2Eyq + Ey, is performed [19]. For 2H-MoS;
exactly half of the vibrational modes are twice
degenerate. Moreover, the vibrations of the crystals
2H-Mo0S; v1 (E1g) = 287 cm, v, (Ezg) = 383 cm? and
vs (A1g) = 408 cm?, as well as low-frequency vibration
vo (Ez2g) = 32 cm'l, active in RS.

The vibrations corresponding to the irreducible
representations of Eqy ~ 379 cm™ and Ay, ~ 457 cm™ are
active in the IR spectra, and the longitudinal and
transverse acoustic modes LA, TA, which also belong to
the symmetry types Az, and Ei, respectively, in
qualitative 2H-crystals MoS, does not appear in the IR
spectra. Therefore, in the field of basic vibational modes
2H-MoS; the IR spectra are less informative. The
frequencies of inactive in the vibrational spectra modes
Eou ~ 285 cm?, By ~ 395 cm? and Byg ~ 460 cm? [24]
can be determined by the observed complicated bands or
additional bands appearing in the vibrational spectra as a
result of the broken of strict selection rules as due to
disorientation of the crystal structure, including under the
action of more powerful exciting laser radiation. From
the given values of frequencies it is seen that the
forbidden bands Ezy ~ 285 cm™?, By, ~ 395 cm™ and Byg ~
285 cm appear, respectively, near the Raman active
bands vi (Ei), v2 (Ez) and the overtone of the
longitudinal acoustic mode 2LA. But a key role for the
purposes of our work is played the fact that the scattering
lines of diamond structures in the RS near 1330 cm™ are
characterized by record-high intensities compared to the
most intense hydrocarbon lines (benzene, toluene, etc.),
which contributes to the detection of diamond- and
graphite-like nanostructures at low concentrations of
carbon additives.

We studied Raman spectra of synthesized and
natural single crystals of layered molybdenum disulfide
(2H-Mo0S) with sizes of ~2 mm (# 234842 Sigma-
Aldrich, 99 %), micron powders of natural molybdenite
2H-MoS; (manufactured by Climax Molybdenum Co.,
USA; CAS 1317-33-5) with an average particle size
about 7 um, as well as synthesized nanocrystallites (NC)
with small additions of carbon — MoS2(C).

According to the high-precision X-ray investigations
(full-profile  method, use of computer structural
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parameters of elementary cells are consistent with
literature data [27]: soatial group is Peg3/mm c;
a=0.315956(2) nm, ¢ 1.22964(2) nm. Data from
quantitative chemical analysis correspond to the
stoichiometric composition: MoSi 99 + 0,01

For the synthesis of MoS (C) nanocomposites the
original concept of synthesis of graphene-like 2H-MX;
(M = Mo, W; X =S, Se) under conditions of low-
temperature chemical vapor deposition (CVD) and self-
oscillating temperatures was used. Synthesized MoS;
NCs with a carbon atom content of 0.5 and 1 wt.% have
characteristic  deviations from the stoichiometric
composition (CxMoS,: x = 0.067; x = 0.135) and broken
chemical bonds at the ends of flat nanoparticles [28].
According to the results of X-ray studies, NC MoS,(C)
have small sizes of ~ 4 and ~ 9 nm in the crystallographic
directions [013] and [110], which is shown in Table 1.
The estimated number of S—Mo—S monolayers in the
z-axis direction n ~ 3. It should be noted that without the
addition of carbon atoms NC 2H-MoS; reached the size
(4 - 5) x20 (40 - 50) nm and contained 6 - 8 monolayers
[29].

It is known that in the Raman spectra of fragments of
the "Chelyabinsk" meteorite (2013) with a carbon
content of 0.11% a narrow diamond line with a
frequency of 1332 = 1 cm™ and a FWHM &v = 3.5 cm'?
was clearly observed [30], that indicates on the prospects
of using Raman scattering spectroscopy. Radiation of an
Ar+ laser with a wavelength of A, = 488 nm (near the
electron absorption edge) and a He-Ne laser AL =
632.8 nm (resonant with the exciton states of 2H-MoS,)
were used. During numerical processing of the observed
spectra, the optimal numerical smoothing was performed
to increase the best signal-to-noise ratio. For a detailed
numerical analysis of the structure of the vibrational
bands, they were previously allocated to the BEB. When
decomposing the selected vibrational bands of carbon
nanostructures into constituent spectral components [31,
32], their shape, frequency position, FWHMs and
intensities were varied, and the correctness of such
decompositions was checked by matching the spectra of
the 2-nd derivatives dyl/dv? from the experimentally
observed vibrational bands and calculated ones.
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Fig. 1. The comparison of the observed carbon vibrational bands in the high-frequency region and lower-frequency
bands in the Raman spectra of natural MoS; crystals with sizes of ~ 2 mm and MC with sizes of ~ 7 um (insert)
under excitation of 632.8 nm (a) and synthesized 2H-MoS; single crystal under excitation 488 nm (b). The insert

shows the selection of vibrational bands of diamond- and graphite-like nanostructures on a broadband background.

. Observations of diamond- and
graphite-like states in Raman spectra
of natural and synthesized single
crystals of 2H-MoS;

2.1. General analysis of Raman spectra of
2H-MoS: single crystals

Figure 1a shows the Raman spectrum (RS) of natural
molybdenite crystals 2H-MoS, (# 234842 Sigma-
Aldrich) with sizes of ~2mm and in the insert a
fragment of RS of natural microcrystals (MC) (Climax
Molybdenum Co) with a particle size of ~7 pum
(spectrum 1) is located. In this case the spectra were
excitated by resonant radiation of 632.8 nm He-Ne laser.
In this spectrum, in addition to the vibrational bands of
2H-Mo0S; vz (E2g) = 383 cm'L, v3 (Asg) = 409 cm™t and the
overtone of the longitudinal acoustic mode 2LA ~
453 cm!, the wide vibrational bands in the regions of
well-known graphite are well manifested. (G = 1580 -
1590 cm?) and diamond (D = 1330 cm™) bands are well
manifested. The exact correspondence of the frequencies
of the observed lines v2 and vs to the reference value, as
well as their small FWHMs v indicates the high quality
of the studied natural single crystals 2H-MoS,, although
the maximum intensity has the line vy, not vs. Particularly
clear diamond D band is manifested in the Raman
spectrum of natural MK, which is illustrated by a
fragment of the spectrum 1 in the insert Fig. la.
Observations of the D and G bands of diamond- and
graphite-like nanostructures in natural crystals and MC
2H-MoS; are associated with the presence of carbon
impurities in them.

Figure 1b shows the Raman spectra of the
synthesized high-quality single crystal 2H-MoS,, D and
G bands of carbon nanostructures are recognized. In
these cases, the bands D and G are associated with the
presence in the studied crystals of uncontrolled
impurities of carbon, which, of course, more in natural
crystals. For more reliable separation of weak bands of
overlapping diamond- and graphite-like nanostructures,

the excitation A, = 488 nm was used, which will be
discussed in more detail below. In the synthesized single
crystal 2H-MoS,, as usual, the maximum intensity has
the line v3 (Ag) = 408 cm® (see Fig. 1b), although in this
spectrum there is a fairly intense BEB. The selection of
D and G bands on this background is shown by the insert
in Fig. 1b. The BEB was approximated by a cubic
polynomial using four basis points, as shown in the insert
(2 points on each side of the D and G bands). Note that in
natural 2H-MoS; single crystals in Fig. 1a the broadband
background is virtually absent, which characterizes their
good quality.

Thus in natural MC there is a rather strong BEB, the
intensity of which is almost three times higher than the
intensity of the D band near 1330 cm™ (see spectrum 1 in
the insert Fig. 1a). In the synthesized single crystal 2H-
MoS; there is an even higher intensity of the BEB, which
is approximately seven times higher than the peak
intensity of the selected D and G bands (see insert in Fig.
1b). In general, this characterizes the distortion in the
structure of the investigated 2H-MoS; single crystal and
the relatively high quality of natural molybdenite
crystals, which allows obtaining graphene-like MoS;
monolayers from them [33].

Note that for natural 2H-MoS; crystals, the
maximum intensity of carbon bands is 23.6 % from the
peak intensity of the vibrational line v; (Ezg) = 383 cm?,
that dominates the Raman spectrum (see Fig. 1a). In the
Raman spectra of natural MC, the intensity of D band is
6.2 % from the maximum intensity of the band v, (Ezg) =
377 cmt, which also exceeds the intensity of the shifted
line v3 (Axg) = 403 cm at excitation A = 632.8 nm. In
the Raman spectrum of the synthesized single crystal at
excitation A = 488 nm, the maximum of the carbon
bands allocated on the BEB is only 1.8% from the peak
intensity of the line va (Ayg) = 408 cm! due to the lower
content of carbon impurities. It should be noted that the
FWHMs of D and G bands of the studied carbon
nanostructures are hundreds of cm, which significantly
exceeds the typical FWHM dv=2-10cm? of the
fundamental lines of diamond and graphite. In the RS of
the studied single crystals with increasing excitation
power of 632.8 nm, the intensity of the broadband with a
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maximum at 463 cm in the region of overtone 2LA and
inactive vibration Byy ~ 460 cm* begins to significantly
exceed the intensity of fundamental lines vz 3.

For comparison, we also studied the Raman spectra
of synthesized NC MoS, without carbon additives and
with carbon additives ~ 1 wt.% under excitation at
632.8 nm. A fragment of the spectrum of NC MoS»(C) is
shown in the insert in Fig. la (spectrum 2). For this
spectrum, an increase in the BEB more than three times
and large variations in intensity have registered. This was
caused the large disorder of the structure in comparison
with the spectrum 1 of natural MC of MoS,. But the main
thing is that in spectrum 2 there is also the D band
analyzed by us. In the synthesized samples of MoS;
without carbon additives, this band was completely
absent, which is consistent with the evolving ideology.

2.2 Discussion of the results of numerical analysis
of the shape of vibrational bands of diamond- and
graphite-like nanostructures in the spectrum of
natural single crystals 2H-MoS:

The Raman spectra of natural and synthesized single
crystals of 2H-MoS;, as well as natural microcrystals
show in Fig. 1la, b. The observed carbon bands have a
rather complex structure, due to the overlap of the
vibrational bands of diamond- and graphite-like
structures and the fine structure of these bands, due to
both abnormally small size and unusual nanostructure of
the analyzed formations. Therefore, when they were
numerically decomposed into individual spectral
components, the minimum allowable number of
components was used, which convey the characteristic
features of the observed bands. And then a more detailed
decomposition of the most interesting fragments of
carbon bands into the required number of spectral
components was performed.

The results of numerical decomposition of wide
overlapping D and G bands in the region of 1000 -
1800 cm™ of Raman spectra of natural 2H-MoS; single
crystals into the minimum possible number of spectral
components of the Lorentz form are shown in Fig. 2a. It

is clear that with the use of a larger number of
components it is formally possible to achieve a better
approximation for the studied experimental band. But the
reliability of the used decomposition is confirmed by the
good agreement of the second derivatives d?I/dv? from
the experimental and calculated forms of vibrational
bands, that is shown in Fig. 2b. Note, that the negative
minima in the spectrum of d?l/dv? correspond to the
individual spectral components. From Fig. 2b it is seen
that the spectrum of 2-nd derivatives of the observed
contour of the vibrational bands allows better identify
individual spectral components strongly overlaped. It is
important that the 2-nd derivative of the calculated total
circuit well reproduces the basic minima of the 2-nd
derivative of the experimental spectrum, that
characterizes the good quality of decomposition in
Fig. 2a.

The main difficulty in the interpreting the selected
spectral components is due to the fact that the vibrational
states of the diamond structure in the center of the
Brillouin zone (BZ) are close to the positions of the
vibrational states of graphite at the edges of the BZ.

It is known that when the graphite structure is
disordered, for example, by doubling the size of unit cells
and the processes of "folding" of phonon curves w(Kk), the
states at the edge of the BZ are transformed into the
center of the zone and resolved in the vibrational spectra
approaching the allowed D bands of diamond-like
structure. Since the vibrational states with large wave
vectors k are at the edge of the BZ, we will denote the
corresponding bands of the graphite structure by G(k).
Note, that in many publications on the study of
disordered graphite, the band G(k) was denoted by the D
band due to their defect-induced nature. In this paper, the
bands of diamond-like structure are naturally called D
bands, including bands D(k) associated with diamond-
like states at the edge of the BZ in the region of large
values of k. As a result of the negative dispersion of the
phonon branches (k) of graphite- and diamond-like
structures (dw/dk < 0), inequalities for the frequencies of
the studied vibrational bands G(k) < G and D(k) < D are

4500(a) 2H-Mos, (a) (b)
632,8 nm
3000 1 1339,6 cm”,
=] Sv=148 cm 1
3 _
1500-
0- =
sv=67 cm* dv=72cm
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
v,cm? v, cm

Fig. 2. The results of numerical decomposition of the observed carbon band in the Raman spectrum (A= 632.8 nm)
of natural crystals of 2H-MoS; on the minimum allowable number of individual spectral components of the Lorentz
form (a) and comparison of 2-nd derivatives d?I/dv? from the experimental (thin lines) and calculated forms of
vibrational bands (b).
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always satisfied. Note that a certain contribution to the
observation of G(k) and D(k) bands can make a violation
of strict selection rules on the wave vector as a result of
defects in the structure and small nanoparticle size, as
well as the emergence of new polymorphic modifications
of carbon, including the presence clusters containing
deformed sp® bonds [34, 35].

Vibrational D bands of nanodiamonds (ND) are
usually situated the range of 1322 - 1326 cm* [36], but
for abnormally small diamond-like nanostructures in
2H-MoS; crystals may have record lower frequencies.
Due to the dependence of the frequencies of the G(k)
bands in the RS of disordered graphite or the ends of
highly oriented pyrolytic graphite (HOPG) on the
frequency of laser excitation vy, they are characterized by
a more significant change in frequency. It is known that
as the energy of excitatory laser photons hev. increases
by 1 eV, the frequencies of G(k) bands of graphite-like
structures (including carbon nanotubes) increase by
approximately 50 cm1, and the frequencies of 2G(k)
overtones increase by ~ 100 cm™ [8 , 32, 33, 39-41]. In
particular, upon excitation at 514.5 nm in the RS from
the end of the HOPG single crystal, G(k) bands at
1352 and 1369 cm™ were observed [37], that allows to
clearly distinguish them from D bands of diamond-like
structures of the order or less than 1330 cm™. Similar
G(k) bands (1350 -1352 and 1368 - 1370 cm) are
observed in MC from the basal planes of disordered
HOPG samples implanted with carbon ions at energy of
100 keV and a dose of 10 ions/cm? (CHOPG) [38].
However, at laser excitation A_ = 632.8 nm, the observed
G(Kk) bands from the edge of graphite 1324 and 1346 cm™
[37] and from the CHOPG plane 1329 - 1331 cm™ and
1348 - 1350 cm™ [38] are partially superimposed on the
D band of ND, that complicates their identification.

In this regard, the most intense spectral component
1339.6 cm™® with a FWHM &v = 148 cm™ in Fig. 2a for
the carbon band in the RS of natural molybdenite at
excitation A = 632.8 nm, we refer to the vibrational D
and G(Kk) overlaping states. In this case, the presence of a
diamond-like structure is confirmed by the observation of
a fairly intense “shoulder” at 1231 cm™, which is absent
in the nanoporous graphite Raman spectra [42], that will
be discussed in more detail below. The presence of a
diamond-like phase is confirmed by the presence in the
spectrum in Fig. 2a of a narrower component
~ 1168 cm™ with a FWHM &v = 67 cm?, that belongs to
the D(k) band, corresponding to the edge of the BZ of
diamond structure. This is confirmed by the observation
in the IR spectrum of detonation ND after annealing at
1000 °C the intense vibrational D(k) band ~ 1160 cm™
[43 - 45] together with strong bands at 1065 and 1100
cm? associated with the inclusion of oxygen atoms in
diamond structure [46].

In Fig. 2a, the component at 1231 cm™ corresponds
to the vibrational states in the middle part of the phonon
zone of the diamond structure, which is manifested in the
RS as a result of repeated doubling of the size of the unit
cells and their reflection in the center of the BZ. In what
follows, we will denote this spectral component as D(k’)
(k' = k/2). Our results are confirmed by the observation
of similar vibrational D and D(K) bands with frequencies
at 1148 and 1239 cm* in the Raman spectra of thin CVD
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nanocrystalline diamond films with a grain size of 10 -
35 nm [47]. A similar G(k') component close to
1457 cm? in Fig. 2a is observed for the graphite-like
structure. It should be noted that the G(k') band is
approximately halfway between the bands G(k) ~
1340cm? and G at 1570 cm™. Two triades of the
vibrational components D(k) - D) -D and
G(Kk) - G(k") - G of diamond- and graphite-like structures
in natural crystals of 2H-MoS; are well manifested in the
spectrum of 2-nd derivatives d?I/dv? in Fig. 2b. We point
out that at excitation A = 632.8 nm, the negative minima
for the spectral components D and G(k) in Fig. 2b
actually coincide. The observed triades of spectral
components indicate that the appearance of additional
vibrational D(k), D(k') and G(k), G(k") bands is mainly
due to the processes of disorder of carbon structures
associated with the phenomenon of doubling their size
unit cells. The model of spatial restriction of phonons in
small crystals, including ND with a size of 3 - 10 nm [48]
leads only to the displacement of asymmetric vibrational
bands in the low-frequency region and their expansion
without the occurrence of the considered triple structure.
Other mechanisms of formation of bands of diamond
structures, which are often considered [34, 35], play a
less significant role also.

To separate the D and G(k) bands of diamond- and
graphite-like overlapping structures in the region of the
maximum of the low-frequency band in Fig. 2a, a more
detailed decomposition of this fragment of the Raman
spectra into separate spectral components was performed.
The obtained results of the decomposition of the
maximum of the D~G(k) bands into individual
Lorentzians are shown in Fig. 3a. Here, the D component
at 1314 cm™ with a FWHM v = 18 cm™, corresponding
to a diamond-like nanostructure, is clearly manifested.
And the components 1328, 1338 and 1352 cm™ should
belong to the graphite-like structure. All these
components G(k) have much smaller FWHM &v = 14 -
31 cm than the bands in Fig. 2a. The good quality of the
decomposition of the fragment of the RS of natural
crystals 2H-MoS; in Fig.3a is confirmed by the
agreement of the 2-nd derivatives d?I/dv® from the
experimental and calculated forms of the vibrational
bands shown in Fig. 3b. Here, well-defined minima of
2-nd derivatives d?I/dv? correspond to for all spectral D
and G(k) components in contrast to Fig. 2b.

Significantly, the selected components of the
graphite-like structure at 1328 - 1338 cm™* and 1352 cm
are similar to lines G1(k) and G2(k) with frequencies at
1324 and 1346 cm, respectively, in the RS from the
edge of the HOPG at the excitation 632.8 nm [37]. The
increase in the frequencies of the analyzed components at
1328 and 1352 cm™ in Fig.3a on 4 and 6 cm? in
comparison with the MC from the HOPG edge caused by
a decrease in the width of the phonon zones w(k) with
decreasing of graphite structure, which is manifested
primarily in the increase of G1,2(k) frequencies
corresponding to the edges of the BZ. The appearance of
the additional component at 1338 cm™* may caused by the
existence of even smaller sizes of graphite-like
nanostructure or additional folding of the phonon curves
(k). It should be noted that the components G1,2(k) at
1328 and 1352 cm* highlighted in Fig. 3a are very close
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to similar components in the RS from the CHOPG plane
at 1329 -1331 cm? and 1348-1350 cm™ [38]. This
assignment of G1,2(k) bands is confirmed both by the
ratio of their intensities (components G1(k) are weaker
than G2(k) [38]) and by the close frequency intervals
between them (Av = 19 - 24 cm™).

Taking into account the results of the theoretical and
experimental studies of the phonon dispersion w(k) of
different vibrational modes of graphite [49, 50], the
observed components G1,2(k) in natural single crystals
of 2H-MoS; we assigne to the transverse and longitudinal
optical modes TO (K) and LO (M) at points K and M on
the edge of the BZ respectively. This identification of the
vibrational bands G1,2(k) is shown in Fig. 3a, b.

In Fig. 2a, close to the component G ~ 1570 cm?, the
line G' at 1599 cm™ is placed, which corresponds to the
maximum frequency in the phonon zone ®(k) and the
maximum density of vibrational states of the graphite
structure [49 - 51]. The G'component is more intensive
than the G line, which is similar to nanoporous graphite
at a certain stage of electrochemical etching [42]. In the
IR spectrum of ND annealed at 1000°C, the
G'components at 1620 and 1632 cm™ also have a high
intensity, and the main component has a frequency of
1597 cm [43 - 45]. Note that in Raman spectrum from
the HOPG edge at the excitation 632.8 nm, two
G'components at 1616 and 1622 cm™ were also observed
[37].

The results of more detailed numerical
decomposition of the high-frequency maximum in
Fig. 2a in the region of the overlapping G and G' bands
into individual spectral components are shown in Fig. 3c.
It turned out that in this case the best results are given by
the decomposition into Gaussian components, which is
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associated with inhomogeneous expansion of the spectral
components and less deep minima in the spectrum of the
2-nd derivatives d?I/dv? (see the botton part of Fig. 3c).
Rather good agreement of the 2-nd derivatives d?I/dv?
from the experimental (round symbols) and the
calculated shapes of the oscillatory bands confirm the
good quality of the decomposition of the G and G' bands
into constituent components.

According to Fig. 3c in natural single crystals
2H-MoS; a pairs of G and G' components are manifested
in spectra. It is important to note that G component at
1567 cm corresponds exactly to the position of the G
line in the RS of the carbon ion-disordered CHOPG
crystal [38,52]. And the second G component at
1584 cm? in Fig. 3c should be attributed to a more
ordered state of graphite nanowires in natural crystals of
2H-MaoS;. This state of graphite should include the high-
frequency G' component at 1613 cm, that corresponds
to the maximum in the graphite phonon zone w(Kk) inside
the BZ. Note that in CHOPG with laser power
inhancement from 2 to 100 mW, the frequency of G' line
decreased from 1623 to 1606 cm™ [38, 52]. This should
also be due to the narrowing of the phonon zones ®(Kk)
during the desordering action of the laser radiation. The
registereded frequency at 1613 cm? (Fig. 3c) of
G'component indicates the average degree of disorder of
the analyzed graphite-like nanostructure. The spectral
components at 1584 and 1613 cm™, corresponding to the
more ordered graphite states, are highlighted in Fig. 3c
by thicker lines. Naturally, the second G' component at
1598 cm should be attributed to a more disordered
graphite-like nanostructure. Thus, we found that in
natural crystals of 2H-MoS, with sizes up to 2 mm
smaller and more disordered graphite-like nanostructures
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appear. Moreover, with increasing the degree of disorder,
along with a decrease in the frequency of G component
the frequency G' line significantly.

As a result of careful analysis of the structure of
vibrational bands of diamond- and graphite-like
nanostructures formed in natural 2H-MoS; single
crystals, it was found that by reducing of crystallite size
and disordering of structure of these unique
nanostructures, the width of the corresponding phonon
zones ®(k) decreases with simultenious a decrease in the
frequencies of the D and G bands and an increase in the
frequencies of the vibrational D(k) and G(k) bands
corresponding to the edges of the BZ. These effects have
other clear experimental evidence. In particular, in [53]
the frequencies of optical phonons Eyg and Ey, (1582 and
1590 cm?) active in Raman and IR spectroscopy
decrease by 66 cm™ when the temperature of graphite
increases to 700 K. And in the RS (532 nm) of double-
walled carbon nanotubes with increasing temperature up
to 2800 °C, the frequency of the G band decreases by
10.5 cm™®, and the frequency of the G(k) band increases
by 22.6 cm? [54]. Thus, the narrowing of the phonon
zones of graphite-like structures is manifested, first of
all, in the increase of the lower limiting G(k) frequencies
corresponding to the borders of the BZ. The described
approach is consistent with the reduction of the D bands
frequencies of ND by approximately 10 cm™ [36]. It
should be noted that the laser radiation used to excite the
RS can affect the structure of the studied material [55]. In
particular, an increase in the radiation power at 514.5 nm
from 2 to 100 mW leads to a decrease in the frequency of
the G band even in HOPG 1582 — 1578 cm® [38, 52]. In
this case, in the disordered by implantation of C ions
CHOPG the frequency decrease of G band is much
greater (1582 — 1567 ecm™), that is exactly equal to the
minimum frequency of G band in Fig. 3c.

2.3 Discussion of the results of numerical analysis
of the shape of carbon oscillating bands in the Raman
spectrum of the synthesized 2H-MoS: single crystal

Similar to the numerical analysis of the fine structure
of vibrational bands in the Raman spectrum (RS) of
natural single crystals 2H-MoS,;, we provided
sequentially in two stages the numerical decomposition
of carbon bands in the spectrum of the synthesized single
crystal 2H-MoS;. The obtained results in the
decomposition of the selected vibrational bands of
diamond- and graphite-like nanostructures in the
synthesized 2H-MoS; single crystal (see the insert in Fig.
1b) into the minimum allowable number of spectral
components are shown in Fig. 4a. And the results of a
more detailed analysis of the selected fragments of RS at
excitation of 488 nm in the region of the vibrational D
and D(k) bands are shown in Fig. 4b, c.

Due to the low content of uncontrolled carbon
impurities in the synthesized 2H-MoS; single crystal in
Fig. 4a, the bands D and D(k") have a lower intensity
compared to the corresponding bands in Fig. 2a and a
more complex structure, which complicates their
decomposition into individual spectral components. /]
For simpler separation of the close D and G(k) bands in
this case, the excitation of 488 nm was used, at which the
band G(k) has a higher frequency and “moves away”
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from the D band. Naturally, the band G (k) at a higher
energy laser excitation of 488 nm, has a higher frequency
of 1365 cm™ and increased intensity compared to the
high-frequency G and G' bands with frequencies of 1560
and 1602 cm™, respectively.

The presence of a diamond-like structure, as in Fig.
2a, is confirmed by the presence of well-defined low-
frequency shoulders close 1175, 1224 and 1289 cm'?, that
belong to the D(k), D(k") and D bands (see Fig. 4a). Such
shoulders are virtually absent in the RS in disordered
samples of pyrolytic graphite, from the edges of graphite
crystals, CHOPG or graphite whiskers, where there are
only very weak T bands with frequencies of 1072 -
1083 cm?, as well as bands 810, 867 cm™ [37, 52 , 56,
57], which are significantly shifted in the low-frequency
side of the D(k) and D(k") bands considered by us.
Spectral bands or shoulders of D(k) and D(K’) type are
also absent in the RS of nanoporous graphite obtained by
electrochemical etching of high-performance single
crystals of HOPG [42].

The low-frequency component D(k) at 1175 cm™ in
Fig. 4a, that corresponds to the vibrational states of the
diamond-like nanostructure at the border of the BZ, is
shifted toward high frequencies compared to the
corresponding component at 1168 cm™ in Fig. 2a.
Moreover, the low-frequency wing in Fig. 4a breaks off
more sharply in comparison with the long wing in Fig.
2a. This is due to the lower content of carbon impurities
and the narrowing of the width of the phonon zone w(k)
in the synthesized single crystal 2H-MoS; compared to
the natural analogue. The frequency of D component
according to Figs. 3a and 4a decreases (1314 —
1289 cm?), and the frequency of D(k) component
increases (1168 — 1175 cm™), that is strong evidence of
the presence of diamond-like nanostructure. If these
components were the longitudinal acoustic modes LA of
graphite-like structure, then as the width of their phonon
zones decreased, the frequencies of the LA modes would
have to decrease. This is confirmed by the data of RS of
CHOPG in [37], where the low-frequency T band with
increasing energy of exciting photons shifts to the low-
frequency side: at excitation . = 632.8 nm there is an
vibrational line at 1115 cm™, and at A_ = 488 nm its
frequency decreases to 1072 cm™, and in less disordered
pyrolytic graphite its frequency is 1083 cm™ [56]. It is
clear that the so-called T band [34, 35, 37] in graphite
structures should be associated with the LA mode, the
frequency of which decreases with the narrowing of the
acoustic phonon zone. This further confirms the idea of
the narrowing of the phonon zones w(k) during the
disordering of carbon nanostructures and the weakening
of their collective vibrational properties, which we are
developing.

In the vicinity of the graphite G band in Fig. 4a,
similarly to Fig. 2a, two components G and G' with
frequencies 1560 and 1602 cm™ and comparable FWHM
dv~=60-70 cm? are also manifested. Characteristically,
here, as in Fig. 2a, the additional component G' has a
greater intensity, that characterizes the significant
disorder of the structure. Note that in the bulk samples of
disordered graphite CHOPG [38, 52], as well as from the
edges of HOPG [37] line G' are observed in the range
1616 - 1624 cm™ and have a much lower intensity
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compared to the main G line 1581 - 1582 cm™. But with
the increasing laser excitation power up to 100 mW and
increasing the temperature of the CHOPG ~ 815 K, the
frequency of G' components decreases to 1606 cm™ [38].
Note that in nanoporous graphite, the frequency of the
line G 'is 1605 cm™ and its intensity increases sharply
[42].

In contrast to the RS in Fig. 2a with one G(k") band
at 1457 cm?, in Fig. 4a there are two less intense G(k')
bands with frequencies at 1438 and 1502 cm™. Their
frequencies are on different sides of the component at
1457 cm* in natural crystals. As mentioned above, the
appearance of the G(k)component at 1365 cm?, that
corresponds to the border of the BZ, is associated with
doubling the size of the elementary quasi-cells of
graphite-like nanostructures. And the appearance of the
G(k") components (approximately in the middle between
the lines G(k) and G) is associated with the re-doubling
of the size of graphite-like quasi-cells. In the more
complex case we are considering, the appearance of two
bands of type G(k) at 1438 and 1502 cm™ can be
explained by the repeated tripling of the sizes of
elementary quasi-cells, which is associated with a
stronger disorder of graphite-like nanostructure in the
synthesized 2H-MoS; single crystal.

The results of a more detailed numerical
decomposition of the selected fragment of the RS in
Fig. 4a in the area of diamond-shaped D bands are shown
in Fig. 4b. Here on the low-frequency wing of the more
intense G(k) band four D components of the Lorentz
form with frequencies at 1276, 1284, 1295 and 1312 cm*!
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spectral components of the Lorentz form (a) and
the results of more detailed decompositions of
the selected fragments of this spectrum in bands
D(b) and D(K) (c) on the individual components
with the Lorentz form.

appears. In our opinion, the most intense high-
frequency components at 1295 and 1312 cm? are
associated with diamond-like nanostructures of small
size. Note that their frequencies are significantly lower
than in detonation ND with sizes of ~5nm. And the
lower-frequency components at 1276 and 1284 cm can
be caused by repeated multiplication of the sizes of
elementary quasi-cells in diamond-like nanostructures of
smaller sizes, which leads to additional folding of
phonon-like curves (k) and manifestation in the
vibrational spectra the states inside BZ. This is consistent
with a decrease in the FWHMs of the spectral
components at 1280 cm™ (5v = 8 cm!) compared to the
higher-frequency components at 1295 and 1312 cm™ (&v
= 14-19 cm™), due to the larger values of the slope
|dv/dk| for phonon-like branches in the middle part of the
BZ.

Similarly, the fine structure of the vibrational bands
in the region of diamond-like states D(k) near the BZ
border is illustrated in Fig. 4c. Here three bands of the
Lorentz form with frequencies at 1147, 1159 and
1174 cm* are clearly shown. We can assume that the two
most intense components at 1147 and 1174 cm?, as in
the region of D lines, belong to the D(k)states near the
border of the BZ of diamond-like nanostructures,
respectively, with a decrease in their size. A less intense
component at 1159 cm? is associated with the reflection
of the adjacent parts of the phonon-like branches in the
center of the BZ as a result of successive multiplication
of the sizes of the elementary quasi-cells during the
disordering of the diamond-like nanostructure.
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Figures 5a and 5b show the results of a more detailed
analysis of RS fragments of the synthesized 2H-MoS;
single crystal in the regions of intensity maxima (see Fig.
4a) corresponding to the G1,2(k) and G, G' vibrational
bands. In the top of Fig. 5a, the arrows indicate the
positions of the vibrational bands G1(k) at 1359 cm* and
G2(k) at 1376 cm™ in the RS of the ionically disordered
CHOPG crystal also at excitation and 488 nm [38]. It is
seen that the most intense vibrational lines in Fig. 5a at
1360 and 1373 cm® are very close to the components
G1,2(k) in CHOPG and naturally must have the same
origin. In accordance with the above and Fig. 3a, these
components relate to the transverse and longitudinal
optical modes TO (K) and LO (M) at points K and M at
the bordes of the BZ. The higher-frequency components
at 1385 and 1391 cm™ may be due to the re-assembly of
the phonon branches ®(k) of the graphite-like
nanostructure as a result of further multiplication of the
dimensions of the spatial quasi-cells. This is consistent
with a decrease in their FWHMSs &v = 9 cm™ compared
with the FWHMs of G1,2(k) components év = 12 -
17 cL. But they can also be associated with abnormally
small sizes of graphite-like nanostructures with smaller
widths of the corresponding phonon quasizones.

The lower frequency components at 1335 and
1345 cm™ in Fig. 5a should also refer to the G(k) bands
of the graphite-like structure, although their frequencies
are lower than the frequencies of the G(k) bands 1357 -
1359 cm in Raman spectrum of pyrolytic graphite and
CHOPG [38, 56]. However, the reduction of the
frequencies of G(k) in this case to a value 1335 cm™ may
indicate a strong effect of excitation laser radiation on
some graphite-like nanostructures. As a result, the
chemical bonds C-C became weaker and the
frequencies of the G(k) and G bands reduce. This is
confirmed by the results of [58], where in the RS of
multiwall carbon nanotubes with increasing power of
excitation laser radiation 514.5 nm from 0.1 mW to
10 mW, the frequency of GKk) band decreases from 1360
to 1346.5cm?, and the the frequency of G band
decreases from 1599 to 1577.5 cm™. Thus, in the studied
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carbon nanostructures in the synthesized 2H-MoS; single
crystal with a slight carbon additives, an even stronger
disordering effect of laser radiation AL = 488 nm was
actually detected, as a result of which the frequency of
G(K) band decreased up to 1335 cm™. Note that a similar
decrease in the frequency of G(k) band was observed in
the RS from the edges of the graphite crystal at excitation
of 780 nm [37].

Figure 5b shows the results of numerical analysis of
vibrational bands of graphite-like nanostructures in the
region of their main bands G and G'. In full agreement
with the discussion of Fig. 5a, there is a significant shift
of the frequencies of G bands at 1564 and 1576 cm™
towards lower frequencies compared to the reference
value of 1582 cm?! for HOPG and CHOPG
[37, 38, 51, 52]. This value is indicated by an arrow in
Fig. 5b. The frequencies of G' bands at 1595 and
1607 cm? are also shifted to the low-frequency side
relative to their position 1616 -623 cm? in the
disordered crystals of CHOPG or in the RS from the
edges of HOPG [37, 38, 51, 56]. The spectral
components at 1564 and 1595 cm™ should be attributed
to a more disordered nanostructure (they are highlighted
in Fig. 5b by thicker curves), and a pair of spectral
components at 1576 and 1607 cm, which are close to
the frequencies of G and G' bands with increasing
excitation power up to 100 mW [38, 52] attributed to the
more ordered nanostructures.

I11. Study of diamond-like and graphite-
like states in Raman spectra of
synthesized nanocrystallites of MoS>
with small carbon additives

3.1. General analysis of Raman spectra of
synthesized MoS: nanocrystallites with carbon
additives and their structural changes

In connection with the detection of diamond-like
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Fig. 6. The comparison of overview RS of MoS;(C) NC with carbon content of 0.5 wt.% (Spectra 1,2) and 1 wt.%
(spectrum 3) at excitation 488 nm (1) and 632,8 nm (2,3), comparison of the fragments of observed RS in the
region of the main vibration bands of laser-induced nanostructures a-MoQs (b), as well as the allocation of broad
carbon bands on a broadband background at excitation 488 nm (insert in Fig.6a) and 632.8 nm (c) and comparison
of selected D and G bands of diamond-like and graphite-like nanostructures (d).

inclusions in natural and synthesized single crystals of
2H-MoS;, natural microcrystals and nanocrystallites
(NCs) with carbon additives — MoS, C), we provided a
more thorough study of Raman spectra (RS) of
synthesized NCs with more precise control of carbon
additive concentrations. and a detailed numerical analysis
of the observed carbon bands. In contrast to our previous
publication [59], in this article, in addition to the first
study of carbon nanostructures in 2H-MoS; single
crystals, the fine structure of complex vibrational bands
of diamond- and graphite-like nanostructures in
synthesized MoS,(C) NCs with small carbon additives
was studied in more detail. In addition to the 632.8 nm
He-Ne laser excitation (resonant with exciton states), we
also used 488 nm Ar+ laser radiation. The obtained
results are partially presented in Fig. 6a. Here is a
comparison of the overview RS of Mo0S,(C) with a
carbon content of 0.5 wt.% (Spectra 1 and 2) and 1 wt.%
(Spectrum 3). At 488 nm, a simpler Raman spectrum
(spectrum 1) is observed, in which narrow vibrational
lines v2 (Ezg), vs (A1g) and wider overtone bands of
longitudinal acoustic vibrations 2LA near 450 cm™, as
well as weak bands of total and difference tones,
including with the participation of LA mode at 232 cm™.
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At resonant excitation of 632.8 nm, the RS of
MoS,(C) nanocristallites are significantly complicated,
that is illustrated by spectra 2 and 3 in Fig. 6a. They
significantly enhance the BEB, especially strong in the
low-frequency region v <103 cm?, where the main
vibrational bands of MoS,, overtones and total tones of
the second order of spectra. It should be noted a
significant redistribution of the intensities of vibrations v
and vs: the bands v; are significantly enhanced, and the
bands vz are abnormally weakened [13]. This indicates a
significant change in the properties of NC MoS; as a
result of the influence of resonant laser radiation of
632.8 nm. This is most pronounced in the amplification
of D and G bands — the characteristic for carbon
materials in the region of 1200 - 1700 cm?, which are
less intense and with high noise compared with those
studied in 2H-MoS; single crystals. Significantly, these
bands are amplified by changing the excitation
wavelength 488 nm — 632.8 nm (see spectra 1 and 2)
and by increasing the content of carbon additives
(0.5wt.% — 1 wt.%; See spectra 2 and 3). We also
indicate the growth of the BEB in the high-frequency
region of the analyzed spectra, that is also observed in
the IR reflection spectra of the MoS; NC. This proves the
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reliability of the induction of new electronic states in the
MoS; band gap as a result of strong VEI [14 - 17] and
their amplification with increasing carbon content.

Of particular interest is the observation in the RS of
MoS2(C) NC the anomalous amplification of lines 662,
818 and 991 cm under resonant excitation at 632.8 nm
and with increasing the content of C atom additives, as
illustrated in Fig. 6b. Smaller changes in the MoS;
Raman spectrum at 632.8 nm excitation pointed by other
publications (see, for example, [21]) are associated with
the use of larger MoS; samples. These lines are very
close to the calculated values of the frequencies of the
overtone of MoS; 2v; = 816 cm™ and the sum tones v; +
v2 =~ 670 cm, 2v+LA = 998 cm™. Such differences
between the observed and calculated frequencies are
quite acceptable taking into account the existing
anharmonic frequency shifts, which can be both negative
and positive under conditions of strong VEI [14 - 17].
Indeed, in [60], the peak observed in MoS; at 820 cm
refers to the overtone 2vs (Aig), that may be due to the
development of forced Raman scattering [13]. This is
consistent with a significant increase in the overtone 2Aq
and the weakening of the main band Ay during
ultraviolet excitation of the RS by laser lines 354 nm and
266 nm in the region of strong electron resonance [61].

Interestingly, the strong lines 662, 818 and 991 cm!
are also associated with the formation of the
orthorhombic phase of a-MoOs, which increases with
increasing temperature [23], as well as with increasing
power of resonant radiation of 632.8 nm [23, 62, 63]. It
was found that at laser power above 1-5 mW MoS;
powders are partially oxidized to molybdenum trioxide
MoOs;. Moreover, MoS; crystals do not oxidize with the
formation of MoOs even at high laser power, while the
microcrystalline MoS, powder is easily oxidized [62].
This is due to the presence in MC and NC a large number
of polar edge regions and structural defects available for
oxidation. The laser-induced transformation of MoS, —
MoOs; was also observed during the excitation of RS by
532 nm laser radiation with a power of 3 mW (intensity
in the focal region ~ 100 kW/cm?) [63]. It should be
noted that a-MoO3 nanoplates are usually obtained by
prolonged heating of MoS; nanoshell clusters in air at
350 °C during 5 hours [64].

From Fig. 6b it is seen that at the excitation of
488 nm lines 818 and 991 cm* are virtually absent. And
for the resonant laser excitation of 632.8 nm there is a
partial transformation of MoS; — MoQs, that is
consistent with the weakening of the lines v, and vz in
MoS; (spectra 2 and 3). Significantly, this process is
enhanced by increasing of carbon content in MoS(C)
(05% — 1%). This forms large nanoregions of
molybdenum trioxide MoOs, which is confirmed by the
strengthening of the lines at 818 and 991 cm™ in the
transition from spectrum 2 to spectrum 3 in 39 and 51
times, respectively (see Fig. 6b). In addition, the FWHM
of the main line at 818 cm™ decreases from the value
8v =245 cm™ to 20.9 cm’. Note that under the action of
continuous laser radiation of 632.8 nm, the conversion of
monoclinic m-MoO; into orthorhombic o-MoOs also
occurs [65,66]. Moreover, 1D nanorods of MoO; are
more easily and more strongly oxidized than bulk 3D
MoO, powder [65]. The nanobranched structure of 1D
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MoO; nanorods is easily oxidized under the influence of
532 nm laser radiation with a power of 15 mW (diameter
1 um). However, an array of similar MoO, nanorods of
large area and 3D MoO; crystals are not oxidized by the
laser even at a power of 150 mW for an hour [66], which
explains the large scatter of data in the observed RS of
NC and MC MoS(C). In conclusion, we note that the
reverse conversion of thin layers of MoOs into
nanoplates 2H-MoS; was carried out by sulfurization of
MoO:; at a temperature of 650 — 1000 °C in the presence
of sulfur vapor [67, 68].

Importantly, both MoS; [4, 5, 60, 69 - 71] and MoOs
[72, 73] exhibit excellent catalytic properties and great
potential for photocatalytic fission of water and hydrogen
production in solar energy, as well as decomposition of
various organic pollutants. For the purposes of hydrogen
energy, a composite with a MoOj3 core and a MoS; shell
is promising [74]. Of particular interest is observed by us
the partial transformation of MoS; — MoO3 induced by
low-power laser radiation of 632.8 nm. Finally, it should
be noted that photothermal therapies using MoS, and
MoOj3 nanostructures provide a powerful new alternative
treatment for lung and breast cancer [75, 76].

Zr-doped MoS; nanosheets showed excellent
catalytic and antibacterial activity compared to undoped
MoS; [60]. Significant amplification of D and G bands
with a higher content of carbon additives in NC of MoS;
(C =1 %) (see spectra 2 and 3 in Fig. 6a) and changes in
structure under the action of resonant radiation of
632.8 nm indicates an increase in the activity of MoS;
nanostructure (C) to the formation of graphene-like and
diamond-like nanostructures. We attribute this to the
increase in wave nonlinearity, which promotes the
nonlinear interaction of thermally excited low-frequency
vibrational modes with the generation of higher
vibrational states. The latter approach the exciton and
electronic states, which leads to the amplification of
strong VEI, changes in these states and the induction of
new electronic states [14 - 17]. In this regard, a special
role belongs to the emerging heterostructure of MoS,—
MoO3. This is due to both the significant enrichment of
the spectrum of vibrations in the RS of a-MoOs in the
region v < 280 cm [23, 62, 63], and the manifestation
here the acoustic vibrational modes of NC MoS»(C) as a
result of the regulating action of radiation 632.8 nm,
caused by the coagulation of phonon zones due to the
complexity of the spectra in the field of optical modes,
that was considered in the previous section. The enriched
low-frequency spectrum (see spectra 2 and 3 in Fig. 6a),
as well as the vibration resonances of MoOQs in the region
of 600 - 1000 cm™* (see Fig. 6b) and the higher-frequency
D and G carbon bands contribute to the conversion of
thermal energy into high-frequency region and the
manifestation of the effects of strong VEI [14 - 17].

For a more detailed numerical analysis of the
observed D and G bands, they were decomposed on the
BEB, that is illustrated by the insert in Fig. 6a for the
case of 488 nm excitation and in Fig. 6c for the case of
excitation by 632.8 nm radiation. The BEB sections in
the region of the analyzed D and G bands, as in Fig. 1b,
were approximated by polynomials of the 3-rd degree
using two reference points on the low- and high-
frequency sides of the selected bands, as shown in Fig.
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6¢. Comparison of the selected D and G vibrational
bands in the three spectra considered by us is shown in
Fig. 6d, where for better separation the bands 2 and 3 are
shifted up by 20 and 40 a.u. It is seen that in all cases the
intensities of the D and G bands are approximately equal
to each other. The intensities of the D and G bands for
NC MoS,(C) with a concentration of C = 0.5 wt.% and
the excitation change of 488 nm — 632.8 nm (see bands
1 and 2), that additionally shows a significant structure-
forming role of the continuous laser radiation used in RS
registration. Upon excitation of 632.8 nm and an increase
in the concentration of carbon content in the NC
MoS,(C) from 0.5 % to 1 wt.% the intensity of the D and
G bands increase more than 1.5 times (see bands 2
and 3).

3.2 Discussion of the results of numerical analysis
of the shape of diamond and graphite-like vibrational
bands in the Raman spectra of synthesized MoS2(C)
nanocrystals

Numerical decomposition of D and G Raman bands
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of synthesized Mo0S,(C) into individual spectral
components was performed. Due to the fact that the
selected vibrational bands in Fig. 6d are characterized by
excessive variations in intensity and a more complex
structure, we still performed their numerical
decomposition into individual spectral components in
two stages. Initially, they were decomposed into the
minimum allowable number of spectral components,
which on average reflect the characteristic structure of
these bands. And then in addition the overlapping D,
G(k) and G,G' bands were analyzed in more detail taking
into account their complex structure.

In both cases, as in Fig. 2a, 3a, 4a, b, c and 5a, b
good results gives the decomposition into individual
components of the Lorentz form, which well reflect the
rather intense distant wings of the analyzed bands. The
obtained results for D and G carbon bands in Raman
spectra of NC MoS(C) at excitation of 632.8 nm and
carbon concentrations of 0.5 and 1wt% when
decomposed into a small number of generalized spectral
components are shown in Fig. 7a, b. A more detailed
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decomposition of the selected fragments of the
vibrational bands D, G(k) and G, G' at C = 0.5 wt.% are
presented in Fig. 8a, b, and in the case of C = 1 wt.% — in
Fig. 9a, b. The frequency positions and spectral FWHM
Sv of the components are shown in thethe these figures.

The high-frequency spectral bands G at aproximatly
1590 cm? in Fig. 7a, b belong to graphite-like carbon
nanostructures. With increasing content of carbon
additives in NC MoS,(C) from 0.5 to 1wt.% the
intensity of the G bands increase approximately twice, as
expected. Their large FWHMs (3v =90 -95 cm?) are
due to their small size and large disorder of graphite-like
nanostructures. According to the data of [77], this value
of dv corresponds to the size of nanostructures ~ 1 nm.
The lower-frequency bands G(k) at 1370 cm™ in Fig. 7a
and 1349 and 1392 cm™ in Fig. 7b correspond to the
vibrational modes of the graphite-like nanostructure at
the edge of the BZ, that are manifested in the vibrational
spectra when doubling the size of the elementary quasi-
cells of nanographite, which will consist of 8 carbon
atoms instead of 4 C atoms.

In Fig. 7a between G(k) and G bands the additional
band at 1481 cm™ with a FWHM &v = 120 cm™ is well
shown. Its position well corresponds to the frequency of
TO mode in the middle point of the BZ according to the
studied phonon dispersion of graphene and graphite
[49, 50]. This region of BZ is transformed into the center
of the zone during the formation of the lattice by re-
doubling the size of the elementary quasi-cells of
nanographite, and as in Fig. 2a denotes G(k'), where
k' ~ k/2. With increasing of carbon concentration in the
NC MoS;(C) to 1 wt.%, together with an increase in the
intensity of the G bands approximately twice, markedly
increase the intensity of the bands G (k) (compare Fig.7a,
b). However, the intensity of the middle band G(k')
practically does not change, and its contribution to the
spectrum in Fig. 7b is significantly reduced, due to the
ordering of the graphite-like structure at a higher content
of carbon additives. It should be noted that along with the
transformation into the center of the BZ of the middle
state of the TO mode (k'), a similar transformation occurs
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for the middle state of the LO mode (k). However, the
frequency of LO(k") mode according to the data [49, 50]
is ~ 1595 cm* and its reflection to the center of the BZ
leads to a shift of the G band towards high frequencies
and its expansion, that is observed in Fig.7a, b. It should
be noted that when disorganizing the structure and
violating of the selection rules the IR active mode E1, =
1588cm! [51] can contribute to the observed G band too.

The spectral lines at 1302 and 1309 cm™ in Fig. 7a, b
correspond to the D lines of nanodiamonds (ND). The
increase in the intensity of the D band more than twice,
as well as a decrease in its FWHM Jv from 129 cm™ to
62 cm?, ie approximately twice, with increasing content
of C atoms in NC MoS3(C) 0.5—1 wt. .%, due to the
increase in size and ordering of the diamond-like
nanostructure. At the same time, the sharp component
1335 cm™ in Fig. 7a at excitation of 632.8 nm in full
agreement with components 1328 and 1338 cm™ in Fig.
3a in the RS of natural 2H-MoS; single crystals should
correspond to graphite-like states.

In Fig. 7a similarly to the component at 1687 cm™ on
the high-frequency wing of G band, on the low-
frequency wing of D band shows a sharp component at
1180 cmt. Previously, this component was associated
with sp® hybridization, although a deep understanding of
this phenomenon was lacking and this band was
designated the T band [34, 35]. According to the analysis
performed in section 3 (see Fig. 2a and 4a), it is natural
to identify the line at 1180 cm™ with the state D(k). This
component in comparison with the bands at 1168 and
1178 cm! detected in 2H-MoS; single crystals indicates
a further narrowing of the phonon zones (k) of the
diamond-like structure in MoS,(C) NC.

In Fig. 8a, b the results of detailed numerical
decomposition of the fragments of the Raman spectra of
NC MoS3(C) in the region of D and G bands at a carbon
content of 0.5wt% and excitation 632.8 nm are
presented. The bands D of the diamond-like structure in
Fig. 8a include components 1297 and 1312 cm™, and the
components 1327 - 1342 cm™ undoubtedly belong to the
components of the band G1(k) of the graphite-like
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structure corresponding to the states TO(K) at point K on
the BZ border. And close components 1357 and
1362 cm™ belong to the band G2(k), that corresponds to
the states LO(M) near the point M of BZ, as shown
above. This structure of the vibrational bands G1,2(k)
may be due to the heterogeneity of the studied samples of
agglomerates of synthesized NC MoS,(C). It should be
noted that the diamond-like components at 1297 and
1312 cmt are very close to lines at 1295 and 1312 cm™
in RS of synthesized single crystal 2H-MoS; (see
Fig. 4b). The appearance of high-frequency components
at 1377 and 1386 cm in Fig. 8a is associated with a
stronger disordering of the graphite-like nanostructure of
the NC MoS;(C) as a result of further multiplication of
the sizes of quasi-cells. We will denote such spectral
components by G(k").

Figure 8b shows clear lines G and G' with
frequencies of 1585 and 1610 cm? and FWHM
dv =13 cm?, that characterizes a fairly high quality of
graphite-like formations. There are also additional
components at 1596 and 1629 cm, which are associated
with the inhomogeneity of the nanostructure. Similarly to
the band G(k") in Fig. 8a on the low-frequency side of
the band G in Fig. 8b, similar components at 1546 —
1559 cm* are also observed, which we will denote by G
(k™). For these bands in Fig. 8a, b, the values of the wave
vectors k" are close to the values of 3k 4 and k/4,
respectively, where the wave vector k refers to the BZ
border. In the region of the generalized middle
component G(k') at 1481 cm? in Fig. 7a in the range
1450 - 1490 cm™ a thin band structure, which
characterizes the inhomogeneity of the disordered
graphite-like nanostructure also observed.

In Fig. 9a, b the results of detailed numerical
decomposition of the fragments of the RS of NC
MoS,(C) in the region of diamond- and graphite-like
bands at a concentration of C = 1 wt.% and laser
excitation at A_=632.8 nm are shown. It is very
important that with the content of C atoms increase
twice, the intensity of the diamond D band at 1304 cm™
in Fig. 9 in comparison with the component at 1297 cm!
in Fig. 8a increased more than 4 times. On the low-
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frequency wing of the D band, the weak components at
1250, 1266, and 1274 cm™ of the D(k")band appear, that
are shown in detail in the insert in Fig. 9a. Adjacent to
the D band in Fig. 9a, the graphite-like bands G1,2(k)
with frequencies of 1336 and 1355 cm are observed. In
comparison with similar bands in Fig. 8a, they are shifted
towards lower frequencies, that is due to the expansion of
the graphite-like phonon zone. It should be noted that
they are about twice in intense and do not contain a fine
structure, that indicates greater homogeneity of the
structure at C = 1 wt.%.

Figure 9b shows the detailed structure of the
graphite-like band in the RS of synthesized NC MoS»(C)
at C = 1 wt.% and excitation 632.8 nm. Here also the
main components G and G' with frequencies 1584 and
1602, 1621 cm™ are well shown, but there are also
additional lines at 1567 and 1638 cm™. Figure 9b, in
contrast to Figure 8b, shows a wider area in the vinicity
of G band, including components 1452 and 1491 cm of
the complex middle band G(k). In addition, Fig. 9a, b
shows quite intense components of the bands G(k").
Their frequencies 1377 - 1410 cm™ and 1545 cm™ are
close to similar components in Fig.8a, b, that confirms
their reliability.

At the excitation of 488 nm for the isolated carbon
band of the synthesized NC MoS,(C) at C = 0.5 wt.%
(see spectrum 1 in Fig. 6d), the maximum intensity is
observed for the middle part of the spectrum, where one
can select components at 1453 and 1502 cm™ of G(k')
band. This is the difference from the vibrational bands in
Fig. 7a, b at excitation of 632.8 nm, where the maximum
intensities are observed for the spaced D and G bands.
We think that the high energy of photons (2.54 eV) of
excitation radiation at 488 nm also gives an additional
contribution to such disorder of the carbon structure at
C= 0.5 wt.%. The frequency position of G band at
1579 cm™? also indicates a significant disorder of the
nanostructure. The large FWHM &v ~ 130 cm™ of the
analyzed G band indicates the size of graphite-like scales
less than 1 nm.

The results of a more detailed numerical analysis of
the low-frequency wing of the G(k) band, where the
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Fig. 10. The results of detailed numerical decomposition of Raman spectra fragments for NC MoS»(C) at
C = 0.5 wt.% and excitation of 488 nm in the region of diamond-shaped D bands (a) and graphite-like G bands (b)
on the spectral components of the Lorentz form.
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contributions of the diamond-like nanostructure should
be, are shown in Fig. 10a. Here, the diamond-like D
component at 1302 cm™ is shifted in the low-frequency
direction compared to the more intense line at 1304 cm™
in Fig. 9a, due to the smaller size of the diamond-like
nanostructure. And the component D(k") at 1280 cm in
Fig. 10a relative to the corresponding components at
1266 and 1274 cm™ in the spectrum of NC at C = 1 wt.%
and excitation 632.8 nm (see insert in Fig. 9a) is offset in
the high frequency direction. This clearly indicates a
smaller width of the phonon band w(k) of the diamond-
like nanostructure at C = 0.5 wt.% under the action of
higher-energy radiation of 488 nm.

The insert of Fig. 10a shows the structure of the
complicated band G(k), where the spectral components
G1,2(k) are distinguished, respectively, with the
frequencies 1363 cm™ and 1387, 1402 cm™. Note that in
RS of HOPG at excitation of 488 nm the frequency of the
G1,2(k) lines are respectively 1359 and 1376 cm™ [38].
Thus, due to the smaller size and greater disorder of the
studied graphite-like structure in the NC MoS,(C) at C =
0.5 wt.% the frequency of the G1,2(k) bands are
additionally shifted towards high frequencies. Figure 10b
shows the results of a detailed analysis of the structure of
the RS fragment in the graphite bands G and G' for NC
MoS,(C) at C = 0.5 wt.% and excitation 488 nm. Here,
the observed lines G and G' have frequencies of 1571,
1583 cm? and 1607 cm?, that relative to similar
components at 1584.7 cm™ and 1610 cm™ at excitation of
632.8 nm (see Fig. 8b) are shifted in the low frequency
direction. This is confirmed by the shift of the
components at 1531 and 1553 cm™ of the G(k") band in
Fig. 10b in the direction of lower frequencies relative to
the corresponding components at 1546 and 1559 cm in
Fig. 8b at excitation of 632.8 nm. These facts clearly
prove the narrowing of the phonon zones for the
graphite-like structure in the NC MoS,(C) at C=
0.5 wt.% and A = 632.8 nm.

Thus, for all decomposed bands in the Raman
spectra of synthesized NC MoSy(C) with carbon
additives 0.5 and 1 wt.% the spectral components of
diamond and graphite-like nanostructures revealed. Their
changes with increasing content of C atoms and the
action of laser radiation at 488 and 632.8 nm were
studied.

IV. Discussion of the results

Detection of manifestations of diamond- and
graphite-like structures in Raman spectra (RS) of natural
and synthesized single crystals of 2H-MoS,,
microcrystals (MC) of molybdenite, and synthesized
nanocrystallites (NC) of MoS2(C) with small carbon
additives indicates the ability of layered structures of
transition metal dichalcogenides (TMD) to include
carbon in its structure. Moreover, the special structure-
forming ability of 2H-MoS; structures from nano to
macro sizes to form diamond-like and graphite-like
nanostructures with previously little-studied properties
has been established. It is known that by thermal
annealing in air of nanodiamonds (ND) at a temperature
about 500 °C it is possible to clean them from the non-

613

diamond shell and reduce their size [77]. It turned out
that the purified and reduced crystalline ND remained
stable up to 1.1 nm, and at sizes less than 1 nm they
amorphized. Our spectral studies allowed us to establish
the existence of diamond-like structures with low
frequencies of 1284, 1295 - 1312 cm™ and sizes less than
1 nm. Probably, their presence in the synthesized single
crystals and agglomerates of NC MoS,(C) enhances their
stability, as well as the stability of graphite-like
structures with vibrational G lines had FWHM 6v ~
10 cm?, that is comparable or even smaller than in single
crystals of HOPG. The evolution of diamond- and
graphite-like nanostructures to quasi-molecular sizes
opens new perspectives for research and applications
from nonlinear quantum physics to biomedicine [78, 79].

We found a change in the electronic states of NC
MoS,(C) under the action of resonant with exciton states
radiation of 632.8 nm, including amplification of the
broadband electron background, anomalous amplification
of overtones and sum tones and formation of
molybdenum trioxide a-MoO3 with characteristic strong
lines at 818 and 991 cm™ (see Fig. 6b), as well as a
significant enrichment of the spectrum of low-frequency
vibrations (Fig. 6a) opens a new direction for changing
and controlling the electronic properties of nanoparticles.
The manifestations in the Raman spectra the acoustic
modes of NC MoS;(C), the appearance in this region the
low-frequency vibrations of a-Mo0Os, as well as the
presence of higher-frequency vibrational resonances of
carbon nanostructures and adsorbed water contributes to
efficient pumping of thermal energy associated with
strong VEI [14 - 17]. In particular, it was shown in [80]
that diamond-like carbon and thermally annealed
diamond thin films exhibit SERS activity without any
metal nanostructures on their surfaces, which is
undoubtedly associated with changes in electronic states.

The observation of three characteristic spectral
features of diamond-like states, namely spectral
components D, D(k) and D(k') with frequencies v =
1285-1315 cm?; 1224-1280 cm? and 1168 -
1180 cm, respectively, are strong evidence of the
formation of nanostructures with sp3-hybridization and
manifestations of their collective nature, including the
formation of diamond-like phonon zones. It should be
noted that onion-like structures are also formed for MoS;
NCs [21, 81, 82], that due to internal self-compression
can play the role of nanopresses for HA synthesis [7]. To
convince the conclusion about the emergence of
diamond- and graphite-like structures in the synthesized
NC MoSy(C), we compared our selected spectral
components with the position of the bands G(k) in the RS
of single-walled (SWNT) and multiwall (MWNT) carbon
nanotubes, from the edges of HOPG and implanted with
C+ ions graphite (CHOPG). We used experimental data
obtained in [38, 52, 83]. Figure 11 shows the change in
the frequencies of the G(k)bands in the RS in such
sequence of carbon materials: SWNT, HOPG, MWNT
and CHOPG at excitation of 632.8 nm (curve 1) and
488 nm (curve 2). The minimum values of the
frequencies of G(k)bands in the case of excitation at
632.8 nm equal to 1323 and 1324 cm™ are achieved in
the Raman spectrum of SWNT and from the HOPG
edge, ie they can overlap with the D lines of ND. In more
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disordered samples of MWNT and CHOPG, the
frequencies of G(k) bands increase to 1335 and
1352 cm?, respectively, and are well separated from the
D lines by ND. In the case of using excitation of 488 nm
for all considered carbon materials G(k) bands are
located above 1350 cm™.

Figure 11,a shows the change in the frequency of D
lines of diamond-like structures in NC MoSy(C) with
increasing carbon concentration from 0.5 to 1 wt.% and
the excitations of 488 and 632.8 nm. It is seen that the
decrease of the frequencies of D lines to the values of
1297 and 1304 cm™ allows us to confidently separate
them from the components of the graphite-like
nanostructures analyzed by us. The insert in Fig. 1la
shows the change in the frequencies of the components
G1(k) and G2(k) corresponding to the optical modes of
graphite TO (K) and LO (M) at points K and M at the
edges of BZ, with increasing carbon content in NC
MoSy(C ) from 0.5 to 1 wt.% and A = 632.8 nm. As the
concentration of C atoms increases, the frequencies of
G1,2 (k) decrease at ~ 4 -5 cm™, and the frequencies of
D lines, on the contrary, increase at ~7cm?, that
confirms their correspondence to different structures.
This change in the frequencies of the components D and
G1,2(k) is due to the expansion of the corresponding
phonon zones w(k), for which the D line is top of zone
and the bands G1,2(Kk) are in the bottom.

Significant ordering of graphite- and diamond-like
structures at a carbon content of 1 wt.% follows from the
weakening of G(k') band in Fig. 7b and the strengthening
of the D component more than 4 times, as well as
reducing its FWHM &v more than 2 times. In addition,
the vibrational frequencies of diamond-like structures are
practically independent of the photon energy of the
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excitation radiation. Thus, for NC MoS,(C) with a
carbon content 0.5 wt.%, the frequency of D line is 1297
cm? at excitation 632.8 nm, and at 488 nm — 1302 cm™
(see the lower left edge of Fig. 11a). At the same time,
for all graphite-like materials, the frequencies of the G(k)
bands increase significantly when using laser radiation
with higher photon energy, that is illustrated in Fig. 11a.
In particular, the frequencies of the components G1,2(k)
at excitation 488 nm increase by 10 and 35 cm?, as
shown by the arrows in the insert of Fig. 1la. The
increase in the frequencies of G1,2(k) bands from 1359
and 1376 cm™ at A = 488 nm [38] to the values of 1363,
1387 and 1402 cm in NC MoS; (C = 0.5 wt.%) (See the
insert in Fig. 10a) indicates a record increase in the lower
edges of graphite-like phonon zones. In fact, the
independence of the frequencies of the D lines from the
values of A, the observation of D(k) and D(k") bands, as
well as the opposite dependences of the frequencies of
components D and G1,2(k) on the concentration of
carbon additives in NC MoS,(C) are convincing evidence
of the existents of diamond-like states.

The strict separation of the D lines of nanodiamond
(ND) in the center of BZ and its graphite-like shell at the
edge of the BZ G(k), which overlap, was previously
performed using IR spectroscopy [43 - 45]. The use of IR
spectra, in addition to achieving a good signal-to-noise
ratio, also has the advantage that the position of the G(k)
bands in the IR spectra does not change, as in the Raman
spectra. It is significant that the IR absorption of the
diamond core and its graphite shell increases abnormally
with increasing annealing temperature of detonation ND
to ~ 1000° [43 - 45], that is especially evident for D(k)
band. The observed frequencies of G1,2(k) lines 1353
and 1372 cm? correspond to the oscillating modes
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TO(K) and LO(M) at points K and M at the edges of BZ.
These frequencies are very close to the results of [37, 38]
at excitation of 515.5 nm for CHOPG (1350, 1368 cm™)
and the edge of HOPG (1352 and 1369 cm), where
there is no identification of the observed bands. But it is
important that these frequencies are higher than the
frequencies of these modes for HOPG samples under
normal conditions, which are determined by the inelastic
scattering of X-rays TO(K) = 1265 cm™ and LO(M) =
1323 cm® [49]. Thus, the effect of 514.5 nm laser
radiation leads to the same high-frequency displacements
of the vibrational bands G1,2(k) as the thermal annealing
of ND at a temperature of 1000 °C.

The formation of diamond-like and graphite-like
nanostructures with record low values of D components
and high frequencies of G1,2(k) bands in NC MoS;(C)
opens the prospect of analyzing changes in the
frequencies of different vibrational states of diamond and
graphite structures at their maximum disorder, that is
illustrated in Fig. 11b, c. Figure 11b shows a significant
increase in the frequencies of the vibrational components
G1(k) and G2(K), corresponding to the modes TO(K) and
LO(M), with sequential disordering of the structure from
the edge of the HOPG and CHOPG [37, 38 ] to the NC
MoS,(C) with a carbon content of 1 and 0.5 wt.%. In this
case the frequencies of G1,2(k) increase by 15 - 18 cm?,
that is much larger than their change when changing the
excitation 514.5 nm to 488 nm (8 - 9 cm™). This example
shows the feasibility of studying the low concentrations
of C atoms ~ 0.5 wt.% and the chose of such a sequence
of carbon structures, for which the frequencies of the
bands G1,2 (k) are approximately equidistant.

Figure 11c shows the frequency changes of the main
graphite line G (1582 cm™ in HOPG), as well of the
fundamental diamond D line 1332 ¢cm? and the high-
frequency satellite G' of line G (1623 cm™ from the edge
of HOPG] [37]) in similar series of materials with the
disorganization of the structure. In particular, the
frequency of the fundamental line G during the
disordering of graphite initially increases and reaches a
maximum value of 1584 - 1585 cm™ in NC MoS3(C)
under study and nanoporous graphite [42]. The strong
decrease in the frequencies of G lines under the action of
514.5 nm laser radiation with increased power to
100 mW is very interesting [38, 52]. The change in the
excitation frequency is insignificant here when the
frequency G of the line is reduced by 38 cm™, since it is
assumed that these lines are not shifted when changing
AL According to the ratio of the intensities of the Stokes
and anti-Stokes components of the G lines, the authors
[38, 52] determined the temperatures of 647 and 815 K in
HOPG and CHOPG, that is not entirely correct, because
according to our data in resonant Raman scattering in
graphite and graphene, as in NC samples MoS3(C)
[13, 84] the processes of stimulated scattering begin to
develop even at lower laser radiation powers. This is
confirmed by a significant difference in the frequencies
of the Stokes and anti-Stokes components G1.2(k) ~
7 cm! at excitation of both 632.8 nm and 488 nm [38]. In
addition, the intense laser radiation leads to significant
changes in the structure and properties of matter [12,
55, 85].

The insert in Fig. 11c shows approximately the same
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anomalous decrease in the frequency of the diamond-like
D line ~ 35cm? in the diamond-like nanostructures
observed by us in the MoS,(C) NC. For component G'
there is also a decrease in frequency by more than
20 cm? in NC MoS,(C) with low carbon additives. In
contrast to the increase in frequencies G1,2(k) in Fig.
11b, that are associated with the bottom of the graphite-
like phonon band w(k), the frequencies of the
components D, G and G' associated with the upper edges
of the corresponding phonon bands decrease; that should
be when the width of the phonon zones reduces.

Let's analyze the possible physical mechanisms of
formation of diamond-like nanostructures in MoS,(C). It
is known that in thin layers and nanoparticles of many
substances can be stable structures that are metastable for
massive samples, including the structures characteristic
for high-pressure phases [86]. The unique properties of
NC MoSy(C), including the excitation of higher
vibrational states, due to the nonlinear resonant
interaction of thermally excited vibrational modes and
amplification of VEI [14 - 17], significantly activate the
substance, contributing to favorable conditions for high
pressure phase synthesis. In particular, this is manifested
in the transformation of nanostructures MoS; — MoOs
under the influence of low-power 632.8 nm laser
radiation (see Fig. 6b). An anomalous increase in the
intensity of the overtones of the valence vibrations of
water nvon and the strongest dipole mode of quartz nvs
(F2) was observed earlier in our papers [79, 87, 88]. The
presence of carbon, as well as the additional formation of
various defects in the structure of the NC MoS»(C) leads
to an increase in wave nonlinearity. As a result of the
spatiotemporal accumulation of nonlinear wave effects,
even weak wave nonlinearity leads to significant
phenomena (for example, complete conversion of laser
radiation into harmonics or Stokes radiation with
stimulated Raman scattering).

In the monograph [86] it is reported the obtaining of
stable clusters of carbon and metal atoms MgCi2 (M = Ti,
V, Zr, Nb, Hf, Cr, Mo) with symmetry close to Tq. In the
IR spectra of such clusters, strong absorption bands were
observed in the region of D bands of diamond and G(k)
of graphite. In particular, an infrared band at ~ 1300 cm*
was observed for ZrsCi clusters. It is possible that in the
MoS2(C) NC, molybdenum atoms can form chemical
bonds not only with sulfur atoms, but also with impurity
carbon atoms, giving rise to the formation of sp?
hybridization and synthesis of diamond-like inclusions.
In another paper [42], devoted to the production and
study of nanoporous graphite, it is believed that sp®
bonds can be formed between graphite planes at the
edges of nanoparticles.

It should be noted the work on the controlled
production of diamond- or graphite-like nanostructures
using SiC superstructures [89]. The crystallization
processes in initially amorphous multilayer SiC
superlattices with a layer thickness of 1.6 and 3.2 nm,
alternating with spraying with carbon layers with a
thickness of 0.8 and 1.34 nm, were studied. The
thicknesses of the carbon layers were selected as
multiples of the interplanar distances in diamond in the
direction (111) (a = 0.205 nm) and graphite in the
direction (002) (a 0.335 nm). Depending on the
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geometric parameters of the superlattice, diamond-like or
graphite-like structures were formed during high-speed
annealing, controlled by Raman and photoluminescence
spectra.

MoS; monolayers with a thickness of 0.32 - 0.35 nm
and with distances between monolayers of 0.67 nm [23]
also represent a short-period superlattice, in which in the
presence of carbon the conditions for the formation of
diamond- and graphite-like nanostructures can be
created. Significant low-frequency displacements of the
observed D components relative not only to the diamond
line 1332 cm®, but also to the lines of ND 1322 -
1326 cm™ are associated with the very small size of the
formed diamond-like nanostructures. This is confirmed
by the similarity of the structure of the Raman spectra in
Fig. 6a, b and in [85], where the diamond-like phase
synthesis under the influence of femtosecond laser pulses
(25 fs) on polycrystalline graphite realized, that was
confirmed by high resolution electron microscopy and
electron diffraction.

At the end of the discussion of the problem of
synthesis of diamond-like nanostructures, it should be
noted that this discussion is not about obtaining an
equilibrium bulk phase of matter, but about metastable
nanostructured formations, for which the possible phase
transitions are realized at several discrete stages
distributed over a wide temperature range [90, 91]. The
substances in intermediate states in these discrete
transformations of the structure can obtain special unique
properties that are not realized in equilibrium conditions,
such as increased strength characteristics or abnormally
high intensities in the vibrational spectra [45, 90, 91].
The versatility of the considered phenomena in NC
MoS(C) is associated with the effects of nonlinear
quantum self-compression of matter [92], as well as the
effect of laser radiation on the structure and properties of
matter when recording Raman spectra [38, 52, 55, 93],
which was partially analyzed. above. In [92], the collapse
of the wave functions of an anharmonic oscillator during
excitation of higher vibrational states (vibrational
quantum level v > 4.5) was established for the first time,
that explains the universal mechanism of internal self-
compression.

All this facts indicates the need for further studies of
the conditions for the synthesis of diamond-like states of
carbon in various nanostructures and superlattices
without the explicit use of high pressures and
temperatures, which is both fundamental and practical
importance.

Conclusions

1. The existence of diamond-like and graphite-like
nanostructures in crystals of natural molybdenite and
synthesized 2H-MoS; single crystal with uncontrolled
small carbon impurities was shown for the first time.
These  carbon  nanostructures in  synthesized
nanocrystallites of MoS,(C) with 0.5 and 1 wt.%
C-content were studied in detail. In Raman spectra (RS)
at laser excitation of 488 nm for diamond-like
nanostructures the record low frequencies of D lines
1284, 1295-1312 cm? (weakly dependent on the
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frequency of excitation radiation) were observed, and for
graphite-like nanostructures the high frequencies of G
(K)bands 1387 and 1402 cm? were recorded,
corresponding to the vibrational states at the borders of
the Brillouin zone and dimensions less than 1 nm. The
record values of the frequencies of D and G(k)
components of carbon nanostructures are associated with
the narrowing of the corresponding phonon zones. Both
the direct chemical bond of Mo and C atoms and the
special  cooperative  properties  of  short-period
superlattices can be important for the formation of these
nanostructures [89].

2. A new method for separating the spectral
components of overlapping diamond-like and graphite-
like structures D = G(K) is proposed and used, taking into
account the shifts of these components toward lower and
higher frequencies while decreasing the size and
increasing the disorder of the substance. It is shown that
these frequency changes are caused by a decrease in the
widths of the corresponding phonon zones.

3. The gain of D bands of diamond-like structure ~ 4
times and significant ordering of graphite-like structure
with increasing of carbon content in NC MoS,(C) from
0.5 to 1 wt.%. Observation in the Raman spectra of sets
of discrete spectral components G(k), G(k) and G(k") of
graphite-like structures and D(K) and D(k) components
of diamond-like structures proves that their disorientation
is mainly by a sequence of processes doubling the size of
elementary quasi-cells.

4. For the first time, a significant change in the
electronic states of the MoS,(C) NC under the action of
resonant with excitonic states laser radiation of 632.8 nm
was established. This is manifested in the strengthening
of the broadband electronic background, oxidation of the
structure of NC MoS,(C) with the formation of
molybdenum trioxide o-Mo0Os, that leads to the
activation of the formation and ordering of diamond-like
and graphite-like nanostructures with the participation of
nanocomposite MoS; + MoOs. The change of electronic
states is largely associated with the excitation of higher
vibrational states and the effects of strong vibrational-
electronic interaction [14-17], that shows the way to
control the electronic properties of hanoparticles.

5. It is established that the increased values of the
frequencies of the G(k) spectral components in the
Raman spectra of graphite-like structures and even
HOPG, differ significantly from the data of inelastic
X-ray scattering. This is due to changes in the structure
and properties of the substance under the action of
intense laser radiation. In particular, the laser radiation of
5145nm leads to the same high-frequency
displacements of the TO (K) and LO (M) vibrational
bands of the graphite structure, as well as the thermal
annealing of nanodiamonds at a temperature of 1000 °C.
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N.E. Kornienko, A.P. Naumenko, L.M. Kulikov

M.€. Koprienko?, A.I1. Haymenko?, J.M. Kynukos?

Cnocrepexenns: rpairo- i aiMa30n01i0HUX HAHOCTPYKTYP B CIIEKTPax
PaMaHIBCHKOI'0 PO3CisIHHSI IPUPOAHUX i CHHTe30BaHUX KpucTaaiB MoS;
3 MaJIMMHM 100aBKAMM BYTJIeLI0

Kuigcoxuii nayionanvhuil ynisepcumem imeni Tapaca Illesuenxa, Kuis, Yxpaina, nikkorn@univ.kiev.ua,
a_naumenko@univ.kiev.ua
2 [ncmumym npobnem mamepianoznaécmea imeni @panyesuua HAH Ypainu, Kuis, Yipaina, leonid.kulikov.2402@gmail.com

Briepie 3 BUKOpHCTaHHSIM paMaHIBCEKOI CHEKTPOCKOIIT BUBYEHI ajiMa3o- i rpadiTononiOHi HAHOCTPYKTYpH
B IMPUPOJHOMY MOMiOMIeHITI i cuHTe30BaHOMYy MoHOKpucTami 2H-MO0Sz, a Takox HpOBeneHO MOPiBHSUIBHE
BUBYCHHS BYIJICLIEBUX HAHOCTPYKTYp B CHHTE30BaHMX HaHOKpHcTaniTax MoS2(C) 3 mobaBkamu Byriento 0,5 i
1,0 mac.%. JleranpHuil uncensHUi aHai3 GOPMH cHOCTepexXy-BaHUX B crekrpax D i G cmyr mpu nasepHOMYy
30ymkeHHi AL = 632,8 i 488 HM, BKIIOYAOYH X PO3KIAJaHHSA HA CKIAIO0BI CHEKTPaIbHI KOMIOHEHTH, JO3BOJIHB
BcTaHoBHUTH HasBHICTH KommoHeHT D(k), G(k), BimnoBigaux kpasm 30H bpimmoena, i D(k'), G(k') BigmoBinarounx
X cepemHiM YacTHHAM, IO CBIIYUTH IPO BAXKIMBY POJIb IPOLECIB IMOABOEHHS PO3MIPIB elIeMEHTapHUX
KBa3iKOMipoK. BCTaHOBIEHO peKOpAHO HU3bKI yacToTH D mimiit 1284, 1295 - 1312 cm i BUCOKI YacTOTH cMYT
G(k) 1387 i 1402 cm’, sxi BKa3yloTh Ha PO3MipH aiMa3o- i rpadiToNoAiOHMX HAHOCTPYKTYp MeHie | HM i
3BYXEHHS 1X (OHOHHHMX KBa3i3oH. [ HagiHOrO pO3IiNeHHs OJM3BKMX KomuBambHHX cMyr D = G(K)
BUKOPUCTAHO HOBHH MiAXiA: MpH 3MEHIIEHHI PO3MIpiB 1 PO3yMOpsAKYBaHHI HAaHOCTPYKTYp dactotd D cmyr
3MeHIIyoThCs, a dacToTH G(k) cMyr - 3pocraroTh. Brepmie BCTaHOBICHO 3HAYHHMH BIUIMB PE30HAHCHOTO
BUNIPOMiHIOBaHHA 632,8 HM Ha YTBOpPEeHHS HaHOKOMIO3UTY MoS2+MoOs3, Mo akTHBye YTBOPEHHS Ta
BIIOPSIIKYBAaHHS BYTJICLIEBUX HAHOCTPYKTYp. BeTaHoBIeHO miacuieHHs D cMyr aaMa3ononiGHOi HAHOCTPYKTYpH
1 BOOpsAKyBaHHS rpadiTononiOHOI MpW 3pocTaHHI BMICTy Byruento B HaHokpuctamitax MoS2(C). Posrisnyro
3MiHy 4actor cMyr D, G i G(k) nmpu HOCHWIIEHHI CTyIeHs pO3YNOPSIKYBaHHS aiMas3o- i rpadiTomogiOHux
CTPYKTYP.

Kawuosi cioBa: mnpupomHi i cuHTe30BaHi MoHOKpuctamu 2H-MO0S;, HaHOkpucTamitTh 3 a00aBKamMu
BYIJICIIIO, PAMAHIBCHKI CIIEKTPH, CTpYKTypa D i G cmyr, rpadito- i anmMa3onoaiOHI HAHOCTPYKTYPH.
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