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Abstract: The purpose of the present work is to develop methods for assessing the quality of aqueous suspensions of few-
layered graphenes using Raman spectroscopy technique. Aqueous suspensions of few-layered graphene particles were
manufactured by direct exfoliation of natural graphite under with ultrasound in the presence of surfactants.
An experimental assessment of the effectiveness of different methods of Raman spectroscopy data analysis in order to
determine the average number of graphene layers and the defectiveness of few-layered graphene particles was carried out.
It is concluded that it is possible to determine the average number of graphene layers in aqueous suspensions of few-layer
graphene particles based on the ratio of integral intensities and the position of the G and 2D peaks. Additionally,
it is proposed to use the ratio of the peaks of the integrated intensities of peaks D and G as a parameter characterizing the
defectiveness of particles of few-layered graphenes. Examples are given of using this approach to assess the quality of
graphene samples obtained using various technologies via averaged distribution functions of the number of layers in
particles and the /p//¢ ratio. It was shown that samples with minimal amount of layers had minimal particle size and high
defectivity, while samples with higher number of layers had larger particle size with low defectivity.
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Annoramus: llens paboTel — pa3paboTka CIIOCOOOB OICHKH KadecTBa BOJHBIX CYCIICH3WH MAalOCIOHHBIX TpadeHOB
C TIPUMCHEHUEM METOJIa PAMaHOBCKOW CHEKTPOCKOIHMH. BOIHBIC CYCIICH3UH YacTHUI] MaJOCIONHBIX Tpad)eHOB MOTYYCHBI
MyTeM MpsIMOi 3Kc(hOIHAMU [TPUPOAHOrO rpadurTa MOA BO3JACUCTBUEM YJIBTPa3ByKa B MPUCYTCTBHH IOBEPXHOCTHO-
aKTHBHBIX BellecTB. [IpoBe/ieHa IKCIEpUMEHTANIbHASL OlleHKa (PPEKTUBHOCTH HEKOTOPHIX METOJIMK aHAlM3a JaHHBIX
PaMaHOBCKOW CIEKTPOCKOMUK JUIsi OMPEJACICHHUsS CPEAHEro KOJIMYecTBa clioeB TpadeHa U JIeeKTHOCTH YaCTHIL
MaJocioiHbIX rpadenoB. Clenan BbIBOJ O BO3MOXHOCTH OINPEICIICHUS] CPEHEr0 KOJIMUECTBa CJI0eB rpadeHa B BOJHbBIX
CYCIEH3HUX YaCTHIl MAIOCIONHBIX IPad)eHOB 110 COOTHOLICHUIO MHTETPAJIbHBIX HHTEHCUBHOCTEH U TOJIOKEHUIO THKOB G
u 2D. JIONOJHUTENBHO TPEIUIOKEHO MCIIONb30BaTh MapaMeTp COOTHOLICHHS WHTETrPalbHBIX MHTEHCUBHOCTEH MHUKOB D
u G B Ka4yecTBe MapaMeTpa, XapaKTepH3yomero Ae(eKTHOCTh YacTUI] MAJIOCIOWHBIX rpadeHoB. [IpuBeacHbI pUMEpHI
UCIIOJIb30BaHKs JIAHHOT'O TMOJXO0Ja JUIS OIIGHKH KauecTBa IpadeHOBBIX IIPErnaparoB, IOJYYSHHBIX 110 pPa3IMYHBIM
TEXHOJIOTUAM C UCIIOJIB30BAHUEM YCPECAHCHHBIX (l)yHKL[I/lﬁ pacnopeaciacHrs KOJINYECTBA CJI0CB B HaCTULIAX U COOTHOLICHUS
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Ip/lg. TlokazaHo, 4TO MpemapaThl ¢ MUHIMAJIbHBIM KOJHYSCTBOM CIIOCB HMEITH MUHUMAJBHBIN pa3Mep YacTHUI] U BBICOKYIO
Je(eKTHOCTh, B TO BpEMsI KaK Mpernaparhbl ¢ 00j1ee BHICOKUM KOJMYECTBOM CJIOCB — OOJIBIIUIN pa3Mep YacTHIl IPHU HU3KOMH

JIe(PESKTHOCTH.

Kaiouessie ciioBa: rpaden; rpadeHOBBIE CyCIICH3UN; MAJOCIONHBIHN rpadeH; paMaHOBCKas CIIEKTPOCKOINS; KOJUIOUIHBIC

pacTBOpBI; CTPYKTypa rpadeHa.
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1. Introduction

50 years ago, the British researchers Tuinstra
and Koenig first linked the parameters of Raman
spectroscopy of soot and pyrocarbon with the
diameter of crystallites [1], as determined by X-ray
diffraction. This marked the beginning of the
development of Raman spectroscopy as a structure-
sensitive method in relation to all classes of carbon
materials without exception. Among the “pioneers”
one cannot fail to mention the Brazilian researcher
Luis Conchado, who established the relationship
between the parameters of Raman spectroscopy and
the parameters of the crystal structure of graphite-like
materials determined by X-ray phase analysis [2].

Back in the 2000s, European scientists
undertook extensive research into a wide variety of
classes of carbon materials. In the studies by Ferrari
and his coworkers, the data from [1, 2] were
confirmed and refined, and the possibility of
determining not only the size of crystallites, but also
the concentration of defects in graphene layers was
established [3, 4]. Raman spectroscopy has become
one of the main methods for identifying graphene
[3—11], and a recognized method for studying carbon
nanostructures such as fullerenes [12, 13] and carbon
nanotubes [14, 15].

However, the main advantage of Raman
spectroscopy remains the possibility of non-
destructive testing of two-dimensional nanomaterials
and in particular graphenes, while intensive research
is aimed at finding ways to use Raman spectroscopy
for quality control of ready-to-use structures [3—10].

The most important figure of merit for the
quality of graphene structures, in addition to
defectiveness, is the number of graphene layers.
The aim of this study was to develop methods for
estimating the number of layers in particles of few-
layer graphenes using Raman spectroscopy.

2. Materials and Methods
2.1. Materials preparation

In order to develop a technique for determining
the number of layers in particles of few-layer
graphenes and studying them, liquid-phase exfoliated

samples were used. The initial raw material was
natural graphite of the GSM-2 or GE-2 grades, which
had previously undergone gas-thermal refining in
a Freon atmosphere at a temperature of 2000 °C and
processing on a cup vibrating grinder for 30-240 min.
An aqueous suspension was prepared from a sample
of natural graphite (300 mg), distilled water (50 mL)
and a surfactant (polyglycidyl ether 1H,1H,11H-
eicosofluoro-1-undecanol with a gross formula of
Ca6H34011F20) (30 mg).

The resulting suspension in a container was
treated with ultrasound with a submersible (horn-
type) concentrator on a MELFIZ MEF
391 installation with a frequency of 22.5 kHz and
an acoustic power of 200 W for 6 hours.

After removing the container from the ultrasonic
unit, a sample (at least 0.1 mL) was taken and placed
in liquid form on a single-crystalline silicon wafer,
then dried with hot air and submitted for Raman
assessment (series 1). Series 2 was obtained
in a similar way, with a sonication time of 4 hours.

Series 3 and 4 of suspension samples of few-
layered graphenes were obtained using a similar
method, however, before ultrasonic treatment, the
samples were crushed on a roller vibrating grinder
with a predominant abrasion-crushing action for
30 minutes (series 3) and 2 hours (series 4).

Samples of series 5 and 6, provided by GoldKG,
Bishkek (Kyrgyzstan), were obtained by circulating
a water-alcohol graphite-containing suspension
in a disintegrator with a rotor diameter of 200 mm,
at different speeds and process durations.

2.2. Raman spectroscopy

Raman spectroscopy is based on inelastic
scattering of photons. Light scattering occurs when
an electromagnetic wave interacts as it passes through
a crystal lattice. When a light wave interacts with the
surface of a material, the vast majority of photons
(>99.999 %) are elastically scattered without
changing wavelength (Rayleigh scattering), but
a small fraction of photons (<0.001 %) undergo

Goncharova N.N., Samoilov V.M., Elchaninova V.A., Nakhodnova A.V., Danilov E.A., Tarasov K. A. 85



Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 2

inelastic (Raman) scattering with respective change
in energy and wavelength photons. The resulting
photon spectrum is passed through a filter that separates
the inelastically scattered photons. Said scattered
photons are amplified and directed to a detector, which
records their frequency change with respect to incident
photons (Raman shift) [16].

A Renishaw inVia Reflex confocal Raman
microspectrometer was used to study samples of
aqueous graphene suspensions. Suspensions were
applied onto a silicon wafer substrate with 300 nm
thermal oxide layer. The microspectrometer is
equipped with an optical microscope and a cooled
CCD detector. The laser radiation power did not
exceed 1 mW, and the laser spot had a diameter of
approximately 0.55 pum.

3. Results and Discussion

Figure 1 shows optical microphotographs and
Raman spectra of the studied samples of suspensions
of few-layered graphenes. It is obvious that the
applied coatings were very heterogeneous in their
particle size distributions (see Figs. la—e).
The Raman spectra of few-layered graphene samples
contained three main lines: D, G and 2D (see
Figs. 1f~/). In addition, the intense line (1000 cmﬁl)
inherent to silicon was clearly visible in the spectra.
The intensity of this line varied, decreasing as the
amount of graphene in the applied coating increased.
In this case (see Figs. 1/~/), it is obvious that the high
variation of the line intensity (1000 cmﬁl) indicated
the inhomogeneity of the applied coating.

As a rule, two characteristic bands are observed
in graphene, like many other carbon materials, in the
first-order Raman spectrum (1000-2000 cm ') (see
Fig. 1). One of them is the Raman-allowed band at
1580 cmﬁl, corresponding to the ideal graphite
vibrational mode with Ep, symmetry, often referred
to as the G-mode or G band, which is determined by
the vibrations of carbon atoms in the plane of the
“graphene” layers and is associated with carbon
atoms in the state of sp2 hybridization [2—4]. Another
active Raman band at 1360 cm ' is induced by
disordered carbon atoms, corresponds to lattice
vibrations with A4;, symmetry, and is called the
D-mode. Band D is associated with carbon atoms also
in the state of both sp2 and sp3 hybridization,
localized in the area of defects and the periphery of
“graphene” layers [2—8]. The D band may be absent
in highly perfect graphites: single-crystalline

graphite, highly oriented samples of pyrolytic
graphite (HOPG), some samples of natural graphite,
and an increase in its intensity is considered to be the
result of an increase in the amount of disordered
carbon or peripheral atoms [2—-6].

In this regard, discussions continue on the origin
of the main second-order spectrum feature, the
2D line [4], since it was initially assumed that it is
a 2nd order mode with respect to the D line.
However, recent theoretical research has indicated
a different nature of the generation of this line
associated with the crystal structure of the material
under study, in particular with the influence of
graphene layers located under the main layer [3-5].

According to the results of numerous works
[2-10], the ratio of the integral intensities of these
bands, the Ip/l; parameter is determined by the
average distances between defects in the case of
amorphized, in particular irradiated, graphene-like
structures, and the sizes of L, crystallites for natural
graphites and various carbon materials after high-
temperature processing at the graphitization stage
[3-5]. For graphitized materials, the parameters of
Raman spectroscopy can be used to determine other
parameters of the crystal structure, such as the
interlayer distance dygp and the height of crystallites

L. [2]. Numerous studies have shown the
applicability of Raman spectroscopy for determining
the number of graphene layers in various graphene
like structures [3—11].

The most sensitive to the number of graphene
layers is the Ipp/l; parameter. This parameter that
was used in works [4-11] for demonstrating the
spectral differences between graphite and graphene.
Figure 2 shows experimental data obtained by Holmi
[10], who performed more than 2000 measurements
on graphene samples (see Fig. 1a) obtained by the
CVD method, and the calibration dependence for
determining the average number of layers,
n, proposed based on the results of work [10], is as
follows (see Fig. 2b):

B / b
(Iyp/Ig)-a ,

where b=1.667, a=0.238. Subsequently, this
dependence was used to determine the number of
graphene layers on samples of dried suspensions.
Figure 3 shows the distribution functions by the
number of graphene layers for the studied
suspensions of few-layered graphenes, calculated

using the I»p/lg ratio.
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Fig. 1. Optical micrographs (e¢—e) and Raman spectra (f~/) of the studied few-layered graphenes suspensions
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Fig. 3. Distribution functions by the graphene layers number for studied few-layered graphene suspensions
calculated using the />p/I parameter

Additionally, the Ip/l; parameter was used to
characterize the quality of suspensions. Since the
degree of graphitization of all starting materials —
natural graphites — is almost the same, an increase in
the intensity of the I peak relative to the intensity of
the I; peak shows a change in the degree of
defectiveness of the material during the exfoliation
process. The results representing the distribution
functions of the Ip/l; parameter for the studied
suspensions are presented in Fig. 4.

4. Conclusion

Based on the data obtained, it should be
concluded that exfoliation under the effect of
ultrasound in the presence of a surfactant makes it
possible to obtain suspensions of few-layered
graphenes with a minimum number of layers, while
the graphene layers have minimal defects. Reducing
the ultrasonic treatment time leads to an increase in
the average number of layers. The use of preliminary
mechanical treatment does not lead to a decrease
in the number of layers in the resulting suspensions,
but the defectiveness of the layers greatly increases.
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Fig. 4. Ip/I; distribution functions for investigated suspensions

When using a disintegrator, it was not possible
to obtain suspensions with very few graphene layers,
but the defectiveness of graphene layers in the
suspensions remained quite low. It should be noted
that the latter method for producing few-layered
graphenes has an undoubted advantage, since it has
a productivity of about 0.5-1.0 kg of dry powder of
few-layer graphene per hour, while the productivity
of an ultrasonic installation, even at a power of 1 kW,
does not exceed 0. 3-0.5 g-hﬁl.

In general, the study results are consistent with
the results of the extensive study of various
commercial graphene samples performed by the
authors of [17], where a general trend was
established: samples with a minimal number of layers
had a minimal particle size and maximum
defectiveness, while preparations with a higher
number of layers had a larger particle size with low
defectiveness.

Thus, the results obtained will allow further
research in the development of effective technologies
for producing few-layered graphenes in the form of
suspensions using Raman spectroscopy parameters,
striving to obtain materials with maximum valuesof

the Irp/lg parameter and minimum values of the

Ip/lG parameter, in parallel using other developed we
previously described control methods.
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