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The graphene-like structures are investigated by methods of electron microscopy, EMR, and
Raman spectroscopy. They were obtained by the chemical treatment and the sonication in dif-
ferent reagents. As a source for obtaining the graphene-like structures, the thermoexfoliated
graphite was used. The number of graphite layers in the graphene-like structures, the shapes of
individual particles, structural-morphological characteristics, and the homogeneity of the sizes
of particles for specimens of the graphene-like structures obtained with different methods are

estimated.
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1. Introduction

Significant interest to graphene is due to the spec-
trum of its unique electrophysical, electrodynamic,
mechanical, and optical properties. Graphene is char-
acterized by extremely high electrical conductivity
[1]. The conductivity of graphene has a ballistic char-
acter that is caused by extremely high values of
charge carrier’s mobility even in comparison with
single-wall carbon nanotubes (CNTs) and monocrys-
talline graphite [2]. For graphene and graphene-like
structures, there are a number of quantum effects,
in particular, the quantum Hall effect and quantum
linear magnetoresistance [3]. Graphene, as well as
CNTs, is considered as a basis for the creation of fu-
ture nanoelectronic devices [4]. Moreover, graphene is
characterized by the high mechanical stiffness, ther-
mal conductivity, and specific surface, the value of
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which is even slightly higher than for CNTs [5, 6,
7]. All these properties in combination with high elec-
trical conductivity determine the prospect of using
graphene and graphene-like structures as fillers for
polymeric composites [8, 9]. One of the most rapidly
developing areas is the creation of polymer compos-
ites with graphene-like fillers for the use for electro-
magnetic shielding [10].

One of the priority tasks of modern nanotechnolo-
gies is the development of methods that would al-
low graphene-like structures (GLSs) with a high de-
gree of structural perfection to be obtained in signif-
icant quantities. One of the most productive meth-
ods to obtain GLSs is the chemical treatment of
layer carbon materials by strong oxidizers with the
following dispersion. Usually, sonication is used for

1 The paper was presented at the XXIII Galyna Puchkovska
International School-Seminar “Spectroscopy of Molecules
and Crystals”.
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Features of Microstructure of Chemically Obtained Graphene-Like Particles

Table 1. Methods to produce specimens of GLSs

Stages of treatment

Method and
corresponding Reagent
specimen No.
No. 1 1.5M solution of KMnQO4 in HoSO4
No. 2 Mixture of HoSO4 (95%) and HNO3
(65%), volume ratio is 3:1
No. 3 Mixture of 62.5% vol.fr. ethanol
and 37.5% vol.fr. toluene
No. 4 Ethanol
No. 5 Ethanol
No. 6 Acetone
No. 7 Water

1) Preparing a suspension of TEG in the corresponding reagent.
Dispersion of the suspension in a magnetic stirrer for 1 h

2) Impregnation for 24 h

3) Repeated dispersion of the suspension in a magnetic stirrer for 1 h
4) Filtration and washing with a distilled deionized water to remove
a sediment until neutral pH

5) Drying a powder at 390 K up to a constant mass (8 h)

1. Sonication of TEG in the corresponding medium during 1.5 h
(No. 5), 3 h (No. 6) and 20 h (No. 7)
2. Drying a powder at 390 K up to a constant mass

the dispersing. The treatment of a source graphite
by strong oxidizers, on the one hand, leads to the
destruction of a lamellar graphite structure and the
formation of graphene-like sheets. But, on the other
hand, it stimulates the appearance of a significant
number of defects in graphite layers. The chemical
treatment of graphite with strong oxidizers results
in the destruction of the delocalized m-electron sys-
tem of a graphite layer and in the partial o-bond
rupture in the layer. This causes the deterioration of
electrical transport properties of obtained graphene-
like structures [11]. Thus, it is necessary to select
optimum chemical reagents and methods of disper-
sion to obtain GLS with a small number of imperfect
graphite layers.

The work presents the results of studies of a change
in the surface morphology of nanocarbon particles
and in a microstructure after the chemical treatment
with strong oxidizers and after the sonication.

2. Experimental

For obtaining a GLS, thermoexfoliated graphite
(TEG) was used as a source. The detailed description
of the method to produce TEG is presented in [12].

Table 1 presents the methods that were used to
obtain chemically treated specimens (Nos. 1-4) and
sonicated specimens (Nos. 5-7) of GLS.

As is seen from the table, the strong unorganic and
organic oxidizers were used in order to obtain GLSs.
In addition, for comparison, the specimens were pre-
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pared by the sonication of source TEG in different
media.

The surface morphology and microstructure of
GLSs after the chemical treatment and the sonication
were investigated with electron microscopy including
high-resolution electron microscopy (electron micro-
scope JEOL 200). The EMR method was used for the
analysis of the order degree and defects in graphite
layers. Room-temperature EMR measurements were
conducted with the use of a Bruker EMX-220 X-band
(v ~ 9.4 GHz) spectrometer equipped with an Ox-
ford Instrument ESRI00 and/or a Bruker ER 4121
VT. For the determination of the deficiency degree of
graphene-like sheets, Raman spectroscopy was used
(Horiba LabRAM ARAMIS Raman spectrometer).

3. Results and Discussion

Figure 1 presents the fragments of SEM- and TEM-
images of the GLSs obtained by the treatment with
potassium permanganate in a sulfuric acid solution
(No. 1) and with a mixture of sulfuric and nitric acids
(No. 2).

As it follows from the presented figures, the shape
and the edge state of GLSs are different for speci-
mens obtained with different agents. In a case of GLS
treated according to method No. 1, the elongated par-
ticles with a distinctive smooth edge are observed. In
a case of GLSs obtained by method No. 2, the par-
ticles of rounded shape and partially ragged edges
are observed. The linear defects are visualized on the
GLS surface treated by both methods as plane faults,
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Fig. 1. Fragments of SEM (a, b) and TEM (¢, d)-images of
nanographite platelets obtained with methods No. 1 (a, ¢) and
No. 2 (b, d)

v=9.467 GHz

0 250 500 750
BmT
Fig. 2. RTEMR spectrum of specimen No. 1

lines of twinning, and outcrop of inner planes. The
essential difference between particles’ shapes treated
with different methods is observed also on the TEM
images. Separate particles of GLSs treated with us-
ing the solution of potassium permanganate in sulfu-
ric acid have the shape of flat scales with smooth
edges. Scales sizes ~80 nm. Scales can be bended
twice along the lines of defects, and the bending line
remains straight. Another kind of a scale shape is ob-
served for GLSs treated with method No. 2. Flakes
have twisted ribbon structure with the width less
than 40 nm and the length less than 100 nm. Thus,
there is a direct relation between the chemical agent
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Fig. 3. RTEMR spectrum of a specimen functionalized with
a mixture of sulfuric and nitric acids: full spectrum (a) and
the region in the vicinity of g = 2.00 (b)

and the structural-morphological state of obtained
GLSs.

To determine the degree of structural ordering in
GLSs and to reveal carbon defects in graphite planes
(dangling bonds), the EMR investigation of the ob-
tained GLSs was carried out.

Figure 3 presents the RTEMR spectrum of a speci-
men treated with a mixture of sulfuric and nitric acids
(No. 2): full spectrum (a) and the region in the vicin-
ity of g = 2.00 (b).

Evidently, this specimen absorbs the electric com-
ponent of MW less than specimen 1. For this spec-
imen, the quite intense narrow signal due to car-
bon inherited defects is observed (Fig. 4, b): g =
= 2.003 £ 0.001 and the line width AH,, = 1.2+
4+0.1 mT. Thus, the given specimen is more defec-
tive in the graphite layer plane in comparison with
specimen No. 1. This correlates with the data of elec-
tron microscopic studies.

Figure 4 presents the general view of RTEMR spec-
tra for specimens obtained by the sonication of TEG
in ethanol (No. 5) (a) and acetone (No. 6) (b).

As is seen from Figures for both specimens,
the weak signal due to carbon inherited defects is
observed.
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Thus, according to RTEMR studies, the GLSs ob-
tained by the chemical treatment of TEG with a mix-
ture of acids are most defective.

In order to reveal the peculiarities of the nanocar-
bon structure changes upon chemical and ultrasonic
treatments, the obtained specimens of the GLSs were
studied by the Raman spectroscopy method. To esti-
mate the degree of uniformity of the structure of GLSs
obtained with different methods, the Raman spectra
were obtained from several points for each specimen
of GLSs.

As is known, Raman spectroscopy is a powerful
nondestructive method for the characterization of
carbon-based materials such as carbon nanotubes,
graphene, graphene-like structure, and graphites
with different degrees of structure perfection [13-17].
There is only one intense band in the spectrum of
monocrystalline ideal graphite. This is the so-called
G-band (v—! = 1580 cm ™! and the half-width Ay =
= 12,5+ 0.5 cm™!) [13]. In the Raman spectra of
less ordered graphites, an additional line appears in
the region ~1350 cm~!. This band (D-band) is as-
sociated with the violation of selection rules due to
a disorder, finite size of crystallites, defects, and re-
hybridization of carbon atoms from the sp?- to sp>-
state. The intensity of the D-band increases with
the defectiveness of a graphite structure. Herewith,
the position of the G-band line is shifted from
1570 cm ™! to 1585 cm ™, and its halfwidth increases
to 25 cm™! [13]. With an increase in the D-band in-
tensity, the D’-band appears, often as the shoulder
of the G-band. Raman spectroscopy also is used to
identify graphene and graphene-like structures. With
a decrease in the number of graphite layers in the
graphene-like structure, the G-band is shifted to the
short-wave region. Raman spectroscopic studies of
graphene also have revealed very interesting phenom-
ena. For example, the single sharp second-order Ra-
man G’-band has been widely used as a simple ef-
ficient way to confirm the presence of single-layer
graphene [16]. The G’-band of multilayer graphene
can be fitted with multiple peaks due to the split-
ting of the electronic band structure of a multilayer
material [16].

Figure 5 presents the typical Raman spectra for
source TEG (Fig. 5, a) and specimens of GLSs
(Figs. 5, b—g), and Table 2 presents the data of the
profile analysis of the Raman spectra of the source
TEG and obtained GLSs: center-of-gravity positions
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Fig. 4. RTEMR spectra of specimens No. 5 (a) and No. 6 (b)

of the D- and G-bands, half-width of the G-band, the
ratio of integral intensities Ag/Ap, position of the
D’-band, positions of the overtones of the G’-band
(G} and GY), and ratio of their integral intensities
Agn/Agra.

As is clearly seen from the figures, the general views
of Raman spectra for all specimens are similar. There
are the intense G-line assigned to the in-plane vibra-
tions of the C—C bond, weakly intense D-line acti-
vated by the presence of a disorder in the carbon sys-
tems and overtones, and G’-line for all specimens, but
the exact position of each line, the shapes of lines, as
well as the ratios of the integral intensities of the lines
for each specimen are significantly different.

Let us consider the more detailed spectra for each
of the studied specimens.

For source TEG, the intense G-line is observed,
whereas the D-line intensity is very small. The ra-
tio of integral intensities Ag/Ap is ~0.11 for all
points of a specimen, which indicates a small defect-
ness and a high uniformity of the specimen struc-
ture. The half-width of the G-line is 15 cm™! that is
close to the G-line half-width for high oriented py-
rolytic graphite. The Raman spectrum also exhibits
the band around 2700 cm™! called the G’-band and
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Fig. 5. The fragments of Raman spectra for source TEG (a) and for specimens of GLSs: No. 1
(b), No. 3 (¢), No. 4 (d), No. 5 (e), No. 6 (f), No. 7 (g9)
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Table 2. The profile analysis of the Raman spectra of the source TEG and GLSs specimens

No. zp,em™ 1 | zg,em™! | wg,em™! | zp,em™! | Ag/Ap | zgn,cm™l | xgrg, em™ | Agi/Agis
TEG 1 1347 1579.6 15.11 - 11.11 2683 2722 1.33
2 1351 1580.0 14.31 - 11.11 2685 2721 0.98
No. 1 1 1350 1581.0 18.12 1623 4.76 2689 2721 1.53
2 1350.4 1580.7 18.94 1622 6.70 2692 2723 1.98
No. 3 1 1349.8 1580.8 17.47 1622 4.76 2691 2722 2.05
2 1356.3 1580.7 14.09 - 11.11 2683 2721 0.98
No. 4 1 1350 1581.1 17.5 16.23 2.86 2696 2723 2.48
2 1351 1580.5 19 1622 4.54 2694 2722 2.47
No. 5 1 1346 1582.2 14.6 1623 3.12 2692 2724 2.62
2 1349 1580.5 15.4 - 5.55 2687 2721 1.36
No. 6 1 1348.9 1581.3 21.89 1622 1.64 2692 2723 1.98
2 1353.8 1580.5 15.03 - 11.11 2686 2722 1.17
No. 7 1 1349 1580.4 14.6 - 9.03 2685 2721 1.14
2 1347 1579.8 20.49 1622 5.5 2690 2722 1.95

attributed to the overtone of the D-band. This band
is essentially asymmetric for all specimens and is
a combination of two lines (G} and G%). The ex-
act position of the G} line is 2684 cm~!. The pres-
ence of an intense second line (rge = 2722 cm™!,
Agi1/Ag2 ~ 1) points out on a multilayer structure
of TEG.

For the specimen obtained by the treatment of
source TEG with a KMnOy solution in sulphuric acid
(specimen No. 1, Fig. 5, b) the ratio of integral inten-
sities Ag/Ap is essentially decreased in comparison
with source TEG (~4.76 for the first point and ~6.7
for the second one). Such increase in the D-line inten-
sity with respect to the G-line reflects a significant
increase in the graphite layer structure defectness
and a possible re-hybridization of carbon atoms. The
some extension of the G-line (up to 18 cm™!) in com-
parison with source TEG also indicates the growth
of the structure defectness. The G-line is somewhat
shifted to the long wave region, that is a result of
the reduction in the number of layers in the GLSs
obtained with method No. 1. The shape of a broad
G’-band also significantly differs from the shape of
the corresponding line for source TEG. The position
of the first from two lines forming a broad G’-band
essentially shifts to the right. The ratio of the inte-
gral intensities of the lines Agr1/Ag/o increases up to
2. Thus, all the data from the Raman spectra for the
specimen obtained by the treatment of source TEG
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with a KMnQy solution in sulphuric acid unambigu-
ously point out on a decrease in the number of layers
in GLSs and an increase in the defectness of graphite
layers. The similarity of the values of the parameters
at different points of the specimen shows a sufficient
uniformity of the specimen structure.

Based on the Raman spectral view, the structure
of the two specimens (No. 3 and No. 4) is less ho-
mogeneous. So, for the specimens obtained with the
treatment of source TEG with a mixture of ethanol
and toluene (specimen No. 3, Fig. 5, ¢) for different
points, the ratio of the integral intensities Ag/Ap
varies from 4.76 to 11.11. The last value of Ag/Ap
is the same as for source TEG. Thus, in this speci-
men, there are practically defect-free parts of graphite
planes with crystallite sizes, which are similar to those
in source TEG. However, there are areas with signifi-
cant defects. In addition, such differences are present
in the values of the G-line extension. For the first
specimen point, the G-line extension is 15 cm™?! that
coincides with the extension of the G-line in source
TEG. For another specimen point, this line is more
broadened (up to 18 cm™1). The same significant dif-
ferences are observed for G’-lines obtained from differ-
ent points of the specimens. For the G’-line obtained
from a specimen point with a significant defect, the
ratio of integral intensities Agr1/Ago is 2, and the G
line is substantially shifted as compared with source
TEG up to a position of 2691 cm~'. The G’-line ob-
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tained from another specimen point has the form,
which is similar to the G’-line form of TEG. The ra-
tio of the integral intensities Ag/1/Ag2 at this spec-
imen point is 0.98, and the position of the G-line
exactly corresponds to the position of this line in the
Raman spectrum of source TEG (2683 cm™!). Thus,
this specimen has a pronounced heterogeneity. In this
specimen, there are areas with a smaller number of
graphite layers and a significant amount of defects in
comparison with source TEG, as well as areas with a
structure of source TEG.

A more homogeneous structure according to Ra-
man spectra is observed for the specimen obtained
with the treatment of source TEG with ethanol (spec-
imen No.4, Fig. 5, d). For this specimen, the ratios
Ag/Ap are 2.86 and 4.55, correspondingly, for dif-
ferent specimen points. Both G-lines obtained from
different points are somewhat shifted to the long-
wave range as compared to source TEG. This indi-
cates a decrease in the number of graphite layers in
GLSs. The positions of the G)-lines are also iden-
tical in the Raman spectra obtained from different
specimen points. G-lines for both Raman spectra
are shifted to the right in comparison with source
TEG (2695 cm™!). The ratios of integral intensi-
ties Agr1/Ag2 are equal for two different specimen
points.

Thereby, the chemical treatment of TEG on the
whole results in the formation of GLSs with a small
number of significantly defective graphite layers. Ho-
wever, such characteristics of the structure as homo-
geneity and defectness are very sensitive to the type of
a chemical reagent that was used for such treatment.

The following specimens were obtained by the ul-
trasonic dispersion of source TRG in a chemical
medium.

A slightly larger deviation of the spectral param-
eters is observed for a GLS obtained by the sonica-
tion of TEG in ethanol (specimen No. 5, Fig. 5, ¢)
compared to the GLSs obtained with the treatment
of TEG by ethanol in a magnetic stirrer (No. 4). The
G-line wavelengths are somewhat shifted (1582 cm™1)
for both Raman spectra. The ratio of the integral
intensities Ag/Ap are 3.12 and 5.55 for different
points of the specimen. The G’-line is also dou-
ble. The Gj-lines are shifted to the right in both
Raman spectra. The ratios Ag/1/Age are 2.62 and
1.31, correspondingly. In general, the structure pa-
rameters of this specimen are similar to those of spec-
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imen No. 4, but the former is somewhat more hete-
rogeneous.

The heterogeneity of the structure of the specimen
obtained with the ultrasonic dispersion in acetone
(specimen No. 6, Fig. 5, f) is even more pronounced
according to the Raman spectrum. The Raman spec-
tra obtained for different parts of the specimen are
very different. For some parts of the specimens, the
Raman spectrum is similar to the Raman spectrum of
source TEG. The ratio Ag/Ap is 11.11, as for source
TEG. The positions of the G- and G-lines corre-
spond to the positions of these lines in source TEG,
and the value of ratio (Ag/1/Ag2 = 1.17) indicates a
significant number of graphite layers in a platelet. For
other parts of the specimen, the ratio Ag/Ap is the
smallest for all the investigated specimens, Ag/Ap is
1.64. That is, the integral intensities of the G- and
D-lines are almost equal. Such increase in the inten-
sity of the D-line arising from the activation of the
first-order scattering process of sp-carbon indicates
a growth in the number of defects in graphite lay-
ers or reducing the size of the crystallites along the
graphite planes. The G/-line is essentially shifted to
the right, and Agr1/Agr2 is 2. These data indicate
a very small number of graphite layers in GLSs. So,
specimen No. 6 is the most heterogeneous from all in-
vestigated specimens. However, it contains individual
particles with the smallest number of graphite layers
in GLSs.

The specimen obtained with the ultrasonic treat-
ment of source TEG in water (No. 7, Fig. 5, g) is
quite homogeneous from Raman spectral data. The
integral intensity ratios Ag/Ap for different specimen
points are 9.03 and 5.50. These values are slightly
smaller than for source TEG, but they are bigger,
than for other specimens. The positions of the G-
and G -lines are shifted to high frequencies. The ra-
tio Agi1/Ag/2 is in range from 1.14 to 1.95. Thus,
this specimen is less defective than other investigated
specimens, but the number of graphite layers in the
GLS obtained with method No.7 is larger, than in the
GLSs obtained with other methods.

4. Conclusions

As the carried out investigations showed, all methods
allow one to obtain GLSs from source TEG. Howe-
ver, the number of layers in the GLS, the shape of
individual particles, structural-morphological charac-
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teristics, and the homogeneity of the sizes of particles
are determined by the chemical substance, in which
the dispersion took place and by the method of dis-
persion of particles.

It is revealed that the treatment of source TEG
with a strong oxidizer (KMnO, solution in sulfuric
acid or ethanol) lets one to get the planar graphene-
like sheets with a small number of graphite lay-
ers. The treatment of source TEG with less strong
oxidizers leds to the formation of highly defective car-
bon structures or structures those are very heteroge-
neous in size and number of graphite layers.

The use of the sonication for a dispersion of source
TEG results in the formation of GLSs with a strongly
expressed defects in graphite layers. However, the use
of the sonication for a dispersion allowed us to ob-
tain the GLSs with a small number of graphite layers
even for the dispersion in water. When the sonica-
tion of TEG is carried out in acetone and ethanol,
the formed GLSs are not very uniform in size and the
number of layers. But the sonication of source TEG
in acetone leads to the formation of GLSs with the
smallest number of graphite layers.
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OCOBJIMBOCTI MIKPOCTPYKTYPU XIMIYHO
OTPUMAHUX I'PA®EHOITIOAIBHUX YACTMHOK

Peszmowme

B po6ori merogamu esekrponnoi mikpockorii, EMP ta Pawma-
HIBCBKOI CIIEKTPOCKOIIT JOC/TIZKYIOThCs rpadeHONoAiOH] cTpy-
krypu. I'padenononibui crpykrypu O6yau orpuMani ximitHOIO
0O6pOOKOI0 Ta YIBTPA3BYKOBUM JUCIIEPI'YBaHHSIM BHXIJHOI'O
TEPMOPO3IINPEHHOr0 rpadity B pisHHX XIMIUYHHX cepemoBU-
max. B pesynbraTi jgociiizkenb 6yiau onjiHeHi KiabKicTb rpa-
diToBux mapis B rpadeHONOAIOHNX CTPYKTYpax, hopMa OKpe-
MHX 9YaCTHHOK Ta 11 CTpyKTypHO-MOpdOJsoridni ocobamBocTi,
a TaKOXK OJIHOPIJHICTH PO3MIpiB YACTHHOK TI'padeHONOMIOHNX
CTPYKTYP, OTPUMAHUX PI3HUMH METOJ[aMU 3 BUKOPUCTAHHSIIM
pi3HUX XiMIiYHUX peareHTiB.
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