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RAMAN SPECTRA
OF GRAPHENE-LIKE NANOPARTICLES
OF MOLYBDENUM AND TUNGSTEN DISULFIDES

The Raman spectra obtained in the case of graphene-like 2H-MoS2 and 2H-WSs2 nanoparticles
and depending on their average sizes in the [013] and [110] crystallographic directions are
reported. It is established that the Raman spectra of graphene-like 2H-MoS> nanoparticles and
micron particles are closely related. Similarities of the Raman spectra point to the homogeneity
of graphene-like 2H-MoS> nanoparticles. The small shifts and the Raman spectrum line widen-
ing, for graphene-like 2H-MoSs and 2H-WSa2 nanoparticles, which are caused by the influence
of the sizes of nanoparticles and their anisotropy, have been observed. The dependence of Ra-
man spectra of graphene-like 2H-MoS2 nanoparticles on the their size in the crystallographic
direction [110] is first shown, i.e. the positions of bands in the spectrum depend not only on
the number of nanolayers S-Mo-S, but also on the size in the [110] direction.

Keywords: MoSz, WSy layered materials, graphene-like materials, Raman spectroscopy,
vibrational-electronic interaction.

1. Introduction

Due to their unusual electronic structures and ex-
ceptional physical properties, two-dimensional (2D)
layered nanomaterials have attracted much attention
in recent years [1-12]. Graphene, a single-layer 2D
carbon material with zero band gap, is the most
studied 2D nanomaterial and shows extensive ap-
plications because of its fascinating properties such
as the high electron mobility, good thermal conduc-
tivity, excellent elasticity, and mechanical stiffness
[4, 5, 7, 9]. Recently, the layered transition metal
dichalcogenides (2H-MX,, M = Mo, W, X = §,
Se) arosed also a considerable interest due to their
unique physical properties such as the ideal band
gap and a large in-plane electron mobility [1-3,
5, 6, §].

Raman spectroscopy has been very successful in
the study of phonons and their couplings to electrons
in 2D crystals like graphene in few-layer regime [13—
15]. The probing of interlayer phonons through Ra-
man spectroscopy is challenging, since these phonon
modes are usually of very low frequencies (several to
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tens of wavenumbers) and difficult to be distinguished
from the Rayleigh background scattering.

From the analysis of the numerous recent publica-
tions on graphene-like 2H-MX5, mainly 2H-MoS,, it
follows that the main attention of researchers was fo-
cused on the study of the Raman spectrum features as
functions of the number of nanolayers obtained, as a
rule, by the micromechanical exfoliation of 2H-MoS,
single crystals.

The results of Raman spectroscopy are widely
used as the evidence of the homogeneity of 2H-
MoSy and 2H-WSs nanostructures (nanolayers, na-
nosheets). Small shifts and the Raman spectrum line
widening depending on the number of layers for gra-
phene-like 2H-MoS, and 2H-WS, nanoparticles (na-
nolayers, nanosheets) have been observed in several
works (see, e.g., [16-25]). Nevertheless up to date, no
specific features of the Raman spectra of graphene-
like 2H-MoS,; and 2H-WS;, nanoparticles depending
on the number of layers and/or their average size
anisotropy (in [013] and [110] crystallographic direc-
tions) are studied. This limits the wider application of
Raman spectroscopy for the attestation of 2D nano-
materials based on graphene-like 2H-MX5, in particu-
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lar, in relation to the features of their real nanostruc-
tures and the surface states studied by other meth-
ods. It should be noted that the differences in the
Raman spectra of graphene-like layers of 2H-MoS,
and 2H-WSs nanoparticles described in the litera-
ture have been obtained by different methods. As a
result, the possible inconsistency of the spectra may
be due to the lack of the homogeneity of samples,
the influence of different dangling chemical bonds at
the edges of flat nanoparticles of different lengths and
thicknesses, especially in the real nanostructures (or-
dered nanostructures, partial or complete their disor-
der), and surface conditions, which requires a further
research.

In this connection, our purpose is to establish the
features of Raman spectra of graphene-like 2H-MoS,
and 2H-WSs nanoparticles depending on the aniso-
tropy of their average sizes in the crystallographic
directions [013] and [110].

2. The Experimental Details

The laboratory nanotechnology of the preparation
of graphene-like 2H-MoSs; and 2H-WSs nanoparti-
cles was developed within the Chemical Vapor De-
position (CVD) method. This nanotechnology enable
one to prepare graphene-like 2H-MoS, or 2H-WSs
nanoparticles in sufficient amounts, which are homo-
geneous by the chemical composition (2H-MoSs or
2H-WS,), type of layered structure (2H-MoS; that
is characteristic of appropriate micron powders and
single crystals), form of nanostructures (2D, gra-
phene-like nanoparticles), average sizes of anisotro-
pic nanoparticles (extremely small sizes of the or-
der of 1 nm for the [013] crystallographic direc-
tion) and do not contain impurities of foreign phases
including X-ray amorphous ones and other nano-
structures. Average sizes of anisotropic 2H-MoS, na-
noparticles are adjusted effectively in wide ranges
(for [013] and [110] crystallographic directions; X-
ray and SEM data): djg13 = 2.7(2)-4.7(2) nm,
dji00) = 8.5(4)-53(3) nm. The minimum number of
S-Mo-S nanosheets (coaxial to the Z axis, i.e.,
the ¢ parameter of a unit cell) for 2H-MoS; nano-
particles is 4 — by evaluation data (nanosynthesis
“bottom-up”, layer-by-layer self-assembly of S—Mo—
S nanosheets). Average sizes of anisotropic 2H-WSy
nanoparticles are adjusted effectively in wide ranges
too (for [013] and [110] crystallographic directions; X-
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Fig. 1. SEM of graphene-like 2H-MoS> (left) and 2H-WS»
(right) nanoparticles

ray and electron microscopy data): djo13 = 2.8(2)~
75(5) nm, dpygo) = 7.9(4)-123(8) nm. The minimum
number of S-W-S nanosheets for 2H-WS; nanopar-
ticles is 4-12 by the evaluation of data. The samples
of graphene-like 2H-MoSs and 2H-WS, nanopartic-
les, which were taken for the investigations, are col-
lected in Table 1. The examples of SEM for graphene-
like 2H-MoS; and 2H-WS, nanoparticles are shown
in Fig. 1, a and b. Their micron powders were also
used for comparison.

Raman spectra were detected by an automated
double spectrometer DFS-24 (“LOMO”, Russia)
equipped with a cooled photomultiplier and a reg-
istration system that operates in a photon counting
mode. The backscattering geometry has been used in
the experiments. The light source was a linearly po-
larized, cylindrical focused 514.5-nm Ar*-laser and
a 633-nm He-Ne laser. A cylindrical lens was used
to focus light into a 10 x 0.1 mm? spot. It is worth
to mention that the larger illuminated area can effi-
ciently eliminate the local heterogeneity (more reli-
able data) and minimize the probability of the radia-
tion damage of a sample due to the resonance adsorp-
tion. In order to obtain a more reliable information,
the additional technique was applied to minimize the
noise. In particular, the relatively wide spectral win-
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Table 1. X-ray data of graphene-like 2H-MoS2 and 2H-WS2 nanoparticles

Unit cell Average sizes of nanoparticles for [013]
Compound Seq. parameters, nm and [110] crystallographic directions, nm Number
number of layers
a c d[013] d[110]

2H-MoSs 1 0.31601 (1) 1.22984 (6) =200 >200 -

2 0.31621 (4) 1.2294 (7) 4.2(2) 17(1) 6

3 0.31600 (5) 1.2255 (7) 4.7(2) 43 (3) 8

4 0.31622 (5) 1.2254 (8) 3.9(2) 53 (3) 6

2H-WS, 5 0.31521 (2) 1.2365 (1) >200 >200 -

6 0.31522 (2) 1.2374 (1) 7.1 (4) 27.8 (9) 10

7 0.31517 (2) 1.2359 (2) 57 (4) 76 (5) 92

8 0.3152 (2) 1.2540 (2) 2.8(2) 102 (9) 4

1 2
EZQ E29 19

E.
k ?
i} 4_{: é: @ = Mo, W

0=3S8e,S
Raman active
Fig. 2. Schematic drawing of four Raman active modes of the

transition metal dichalcogenides (2H-MX2, M = Mo, W and
X = Se, S)

c axis

dows of about 3-5 cm ™!, long acquisition time, and
optimized digital averaging of the spectra with a vari-
able spectral window were used for the amplification
of weak signals.

3. Results and Discussion

It is known that layered 2H-MX,; (M = Mo, W;
X =8, Se) are composed of hexagonal close-packed
weakly bonded S—-Mo—S single layers. Each layer,
henceforth referred to as “trilayer”, consists of three
atomic layers (two hexagonal planes of S atoms and
an intercalated hexagonal plane of Mo atoms bound
with S atoms in a trigonal prismatic arrangement)
covalently bonded to one another, and the adjacent
trilayers are coupled via the weak van-der-Waals in-
teraction. The investigated 2H-MXs compounds (2H-
MoS; and 2H-WSs) are of the most common 2H
type. The crystal structure of 2H-MX, is described
by P6m1l (D¢, point group). There are 18 lattice vi-
brational modes at the point ' of the center of the
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Brillouin zone. The distribution of fundamental vi-
brational modes over the irreducible representations
of zone center (k = 0) phonons are as follows [26, 27]:
I'= Alg+2A2u+B1u+232g+Elg+2E1u+E2u+2E293
among which only A4, F14, and 2E5, are Raman ac-
tive modes. The atomic displacement of these four
Raman active modes is shown in Fig. 2.

The A4 mode is an out-of-plane (breathing) vibra-
tion involving only the chalcogen atoms in the direc-
tion along the c-axis, while the two-fold degenerate
E-symmetry modes involve the in-plane (shear) dis-
placement of M and chalcogen atoms [20, 21]. The
Egg mode is a shear mode corresponding to the vi-
bration of two rigid layers against each other and ap-
pears at very low frequencies (<50 cm~1) [20, 21, 23,
25-27].

The space group of a 2H-MXs monolayer is P6m2
(point group Dsj, [X]. There are 9 modes at the Bril-
louin zone center [25, 28]. The I' phonons can be
expressed by the irreducible representations: I' =
=2A0+ A +2E'+ E”, where A} and E’ are acoustic
modes, A} is IR active, A} and E” are Raman active,
and another F’ is both Raman and IR active. The
rigid layer shear mode Egg is absent in monolay-
ers [29].

The unpolarized Raman spectrum of bulk 2H-WS,
obtained with the 473-nm excitation shows the char-
acteristic A1, and Eglg peaks that are clearly sepa-
rated and have similar intensities. In contrast, only
one prominent peak can be clearly seen in the bulk
2H-WSs spectrum in the frequency region, where we
expect Ay, and Ej, peaks [23].
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Fig. 3. Raman spectra of graphene-like 2H-MoSs nanopar-
ticles (curves 2-4) and micron particles of natural 2H-MoSs
(curve 1) according to Table 1 (samples 1-4) (a) and Raman
spectra of graphene-like 2H-WSs nanoparticles (curves 6-8)
and micron particles of natural 2H-WS> (curve 5) according
to Table 1 (samples 5-8) (b)

The Raman spectra of graphene-like 2H-MoS, and
2H-WS; nanoparticles (see Table 1) and their micron
powders for comparison are presented in Figs. 3, a
and 3, b. The spectra are normalized and vertically
offset for clarity.

Both in-plane E219 at 383 cm~! and out-of-plane
Aig at 409 cm~! modes have been observed for a
micron 2H-MoS, powder (see Fig. 3, a, curve 1) in
good agreement with the previous studies [30-34].

For a micron 2H-MoS; powder, the shifts of the
spectral positions of these modes to 376 cm~! and
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Fig. 4. The spectral positions of lines in the Raman spectra
of graphene-like 2H-MoS2 nanoparticles and micron particles
of natural 2H-MoS» (a) and the FWHM of corresponding lines
(b) depending on the particle sizes in the bazal plane

402 cm™!, respectively, are detected. Indeed, some
low-intensity bands in the spectral interval 240—
450 cm~! with bands at 281 cm ™! and 402 cm ™!, re-
spectively, (curve 1, Fig. 3, a) are found. These bands
shift to 283 cm™! (curve 8, Fig. 3, a) and 285 cm™!
(curves 2 and 4, Fig. 3, a), by depending on the aver-
age sizes of graphene-like 2H-MoSs nanoparticles. As
an example, the experimental data on the spectral po-
sitions and the full widths at half-maximum (FWHM)
of Raman bands in the Raman spectra of graphene-
like 2H-MoS, nanoparticles as functions of their sizes
in bazal plane d[;1¢) are collected in Table 2 and il-
lustrated in Fig. 4.

559



A. Naumenko, L. Kulikov, N. Konig

Table 2. Dependence of the Raman
shifts and the FWHM for graphene-like 2H-MoS2
nanoparticles on their sizes in bazal plane d[11¢]

Raman shift/FWHM

Raman mode

17 nm 53 nm 200 nm
A1g 407.3 (5.9) | 406.7 (5.7) | 402 (3.8)
E1g 381.6 (6.8) | 380.9 (4.7) | 376.2 (5.4)
E3, 284.9 (5.6) | 284.7 (4.1) | 280.8 (3.6)

Thus, in the case of graphene-like 2H-MoSs; na-
noparticles, the dependence of Raman shifts on the
nanoparticle size in the crystallographic direction
[110] has been investigated for the first time, i.e. the
shifts of the Raman spectra of nanoparticles 2H-MoSs
depend not only on the number of nanolayers S—Mo—
S, but also on the size in the [110] direction.

The same picture was observed for graphene-like
2H-WS;, nanoparticles, but band shifts are not such
illustrative, as in case of 2H-MoSs nanoparticles,
possibly, due to the larger atomic masses. Two ma-
xima in the high-frequency region, whose position
changes from 421 cm™' to 417 cm™' and 352—
349.5 cm~! with the average sizes of graphene-like
2H-WS, nanoparticles are found. The spectra in the
region 150—300 cm ™! are much richer than in the case
of 2H-MoS; nanoparticles. As is seen from Fig. 3, b,
the maxima at 349.6 and 419.6 cm ™! (sample 5 in Ta-
ble 1, curve 1 in Fig. 3, b), 351.6 and 420.7 (sample 6
in Table 1, curve 2 in Fig. 3, b), 351.7 and 417 cm~!
(sample 7 in Table 1, curve 3 in Fig. 3, b) have been
observed for micron powder of 2H-WS,.

The closeness of the Raman spectra of micron and
nano graphene-like 2H-MoSs and 2H-WS, shows the
homogeneity of the latter, by confirming the results
of our previous X-ray and electron microscopic stud-
ies. It should be emphasized that, according to X-ray
diffraction studies, 2H-MoS, and 2H-WS, are char-
acterized as structures sorted according to the coor-
dinates of a transition metal.

In general, the results of Raman studies indicate
a significant impact of the anisotropy of sizes of
graphene-like nanoparticles 2H-MoSs and 2H-WS,,
namely in the [110] direction, among nanolayers of
S—Mo (W)-S. This blocks the formation of structure-
sensitive optical properties and accordingly, affects
the characteristics of the semiconductor as a whole.
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4. Conclusions

It is established that the Raman spectra of graphene-
like 2H-MoS; and 2H-WS, nanoparticles and their
micron particles are closely related. Similarities of the
Raman spectra show the homogeneity of graphene-
like 2H-MoS> and 2H-WS, nanoparticles. Small shifts
and the Raman spectrum line widening have been
observed for graphene-like 2H-MoS; and 2H-WS,
nanoparticles, which are caused by the influence of
nanoparticles’ sizes. The shifts of Raman bands as
functions of the nanoparticle size in the [100] crystal-
lographic direction at equal dimensions in the [013]
direction for the 2H-MoSs graphene-like nanoparti-
cles, i.e. with the same number of layers of S—-Mo—S,
have been investigated for the first time. The results
of Raman spectroscopy are used for the additional
structural certification and the study of vibrational
and electronic properties of graphene-like 2H-MoS,
and 2H-WSs nanoparticles.

We thank L.G. Akselrud from Ivan Franko National
University of Lviv for X-ray studies of the samples.
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PAMAHIBCBKA CIIEKTPOCKOIIIA
I'PAOEHO-IIOAIBHUX HAHOYACTHNHOK
JUNCYJIbPIAIB MOJIIBAEHA I BOJIb®PAMA

Pesmowme

IIpencraByieHO pe3ysbTaTH JOC/IAXKEHHSI PAMaHIBCHBKUX CIIe-
KTpiB rpadeHo-noaibuux nanodactuHok 2H-MoS2 ta 2H-WSs,
IO PI3HATBCH po3MipaMu B KpuCTAJIOrpadidyHuX HAIPAMKAX
[013] i [110]. TTokazaHno, w0 pamMaHiBCBKI crekTpu rpadeHo-
NOAiOHMX HAHOYACTHHOK Ta MIKDOHHHX YACTHHOK AUCYJIb(Ii-
oy MouiibjeHy sikicHO mozibni. XapakTepHi 0COOGIMBOCTI muX
CIIEKTPIB BKa3yIOTh Ha TI'OMOIEHHICTb rpadeHO-NOAIOHUX Ha-
noyacTuHok 2H-MoS2. Brmepure nmokasana 3ajexHicCTb pama-
HIBCbKUX CHEKTPiB rpadeno-nogibanx gactunok 2H-MoSs2 Bix
IXHBOTO Po3Mipy B KpucTranorpaditaomy nanpsamky [110], To6-
TO TIOJIOXKEHHS CMYT y CHEKTPI 3aJIe2KUTH He TiJIbKH BiJ KiJTbKO-
cri mapis S-Mo-S, a it jiHiiHUX po3MipiB 6a3aJIbHOT IJIOIUHU.
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