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Abstract: A comprehensive study of the nanostructured powders (graphite GSM-2; Taunit-M; thermally expanded
graphite (TEG)) by methods of transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray
diffractometry (XRD), reflection high-energy electron diffraction (RHEED), Raman spectroscopy, was carried out.
The experimental XRD halo was interpreted by superimposing theoretical diffraction maxima, and an X-ray amorphous
graphite phase was revealed. It was found that the X-ray amorphous phase is characterized by the limiting degree of
graphite nanostructuring. From the width of the diffraction rings, the maximum sizes of graphite nanocrystals were

estimated, which do not exceed 5 and 10 nm in the [0001] and [1010] directions, respectively. Carbon nanotubes and
plates of turbostratic graphene were revealed. The structural and morphological parameters of the nanostructured material
“Taunit-M” have been established — multi-walled nanotubes with a diameter of up to 10 nm are combined through an

interlayer of X-ray amorphous carbon into flat ribbons up to 40 nm wide. Dark-field TEM images (in reflections of 1010)
revealed moiré patterns that appear on overlapping graphene sheets due to double diffraction of the electron beam. It was
found that in thermally expanded graphite, the rotation of graphene sheets ranges from 3 to 4°. Within the graphene sheets,
complete dislocations with the Burgers vector b = 1/2 were revealed [1010]. The Fourier analysis of moiré images made it
possible to determine the mutual orientation of graphene sheets, to reveal regions of multilayer graphene, and to identify
turbostratic graphene. It is shown that the combination of RHEED, TEM, and Fourier transformations of periodic contrast
of electron microscopic images is a promising approach to the analysis of the substructure and morphology of nanoscale
carbon materials containing graphene and other allotropic modifications of carbon.
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AHHoTanus: Peann3oBaHO KOMIUIEKCHOE HCCIEIOBaHME METOJaMM IPOCBEUYMBAIOLICH 3IEKTPOHHOM MHKPOCKOIIUU
(IT9M), pactpoBoii anekTpoHHOH MuKpockonuu (POM), penrtrenoBckoit audppakromerpun (PJI), mudpaxiuum ObICcTphIX
anexTpoHoB (JIb3), PamaHOBCKOM CIIEKTPOCKOIIMM HaHOCTPYKTYPHUPOBaHHBIX MOpoInkoB (rpadgur 'CM-2; «TayHur-My;
tepmopactmpenssii  rpadur (TI)). OkcmepumentanpHOe Tano PJ mpeacTaBieHO HANOKEHHEM TEOPETUYCCKHUX
JU(paKIMOHHBIX MaKCHMYMOB, M HAEHTH(HUUUpOBaHa peHTreHoamopdHas asza rpadura. YCTaHOBIEHO, UTO
peHtreHoamopdHast (aza xapaxrepusyercs IpelesbHOM CTeNeHbI0 HAHOCTPYKTYpHpOBaHMS rpaduTa; W3 IMIMPHUHBI
T(PaKIMOHHBIX KOJEI[ OIEHEHbl MaKCHMAaJbHbIE pa3Mepbl HAHOKPHCTAUIOB TpaduTa, KOTOPHIE HE IPEBBHIMIAIOT
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5 u 10 am B HamparieHusx [0001] u [1010] cooTBeTcTBeHHO. BBISBICHBI YIiepOIHBIE HAHOTPYOKH ¥ IIACTUHBI
TypOocTpaTHOTO TpadeHa. YCTaHOBIEHBI CTPYKTYPHBIE W MOpP(OIOTHYECKHE IapamMeTphl HaHOCTPYKTYpPHUPOBAHHOTO
marepuasia «TayHUT-M», MHOTOCTEHHBIE HAHOTPYOKH AuamerpoM a0 10 HM uepe3 MPOCIOHKY peHTreHoaMop(HOro
yriaepona 0ObEIMHEHB! B TUIOCKHE JIEHTHI mupuHOi 10 40 HM. Ha TemHomonsHBIX [IOM m300paxeHnsx (B OTpaKeHHUIX

1010) BbIsBIICHBI KapTHHBI Myapa, KOTOpPblE BO3HUKAIOT Ha TEPEKPBIBAIOIIMXCS JIUCTaX rpadeHa BCIEICTBHUE JABOMHON
JQpakIny 3JIEKTPOHHOTO MyYKa. Y CTaHOBIEHO, 4To B TI" pa3BopoT yimcToB rpadena cocraBiseT oT 3 1o 4°. B npenenax
JTUCTOB Tpad)eHa BBHISIBIICHBI ITOJIHBIC AWCIOKAIMu ¢ BekTopoM broprepca b =1/2 [1010]. Meroguka ®ypbe oOpa3oB
n300paXeHUH Myapa MO3BOJIMIIA OTIPENIEIIUTh B3aMMHYIO OPHEHTALNIO JINCTOB rpad)eHa, BEIIBUTH 00IaCTH MHOTOCIOHHOTO
rpadeHa W WACHTHPHUINPOBATH TypOocTpaTHEI rpadeH. [Tokazano, uto o0benmaenue meronoB B3, [IOM u dypre
TpaHchOpMaLUK NEPHOIUYECKOI0 KOHTPACTA JIEKTPOHHOMHKPOCKONINYECKUX H300paKeHHH — MEPCIEeKTHBHBIA MOIX0M
K aHaIu3y cyOCTPYKTYphl U MOP(OJIOTHMH HaHOMACIUTAOHBIX YIVICPOAHBIX MAaTEpPHAOB, COAEPIKAIIUX IpadeH U ApyrHe
QJUIOTPOITHBIE MOJU(DUKALH YIIIEpOoa.

KaioueBble ciioBa: TepMopacuiMpeHHbIH, TypOocTparHblii rpadur; rpadeH; cyOcTpykTypa; NpOCBeYMBaIOUIas W
pactpoBasi DJIEKTPOHHAsi MHKPOCKONHS; AU(QPaKius OBICTPBIX 3JIEKTPOHOB, PEHTIEHOBCKas AU(PAKTOMETPHS;
PamaHOBCKast CIEKTPOCKOTIHSL.
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1. Introduction

The increased interest in graphene is due to its
unusual physical properties and various options for its
practical application. Today, a large number of
methods for preparing graphene are known, but the
problem of producing defect-free graphene on
various substrates for practical use in commercial
quantities remains relevant.

In accordance with the terminology described
in [1], graphene is an ordered one-layer two-
dimensional hexagonal structure formed by bonded
carbon atoms in spz-hybridization. The graphene
derivatives are highlighted in the classification.
Turbostratic graphite (TG) is a two- or three-layer
graphene, in which individual layers can be
connected either by the type of a regular HCP lattice,
or unfolded relative to each other in an arbitrary
manner relative to an axis perpendicular to the
graphene layers. Multilayer graphene is a layered
carbon structure containing from 2 to 10 graphene
layers, in which the layers can be in the same mutual
orientations as in turbostratic graphite. Exfoliated
graphite is a material up to 100 nm thick obtained by
mechanical, thermal (thermo-expanded) or chemical
exfoliation of graphite. The distance between
graphene layers in graphite is approximately
0.335 nm, the sp2 carbon-carbon bond length in
graphene is 0.142 nm [2]. Graphene can exist on
substrates, such as sols, or in a free state.

Synthesis methods

There are two groups of graphene synthesis
methods [3]: descending and ascending. The first
group of methods includes: micromechanical

cleavage (using adhesive tape or an atomic force
microscope (AFM) tip), chemical cleavage and
chemical synthesis (using ultrasound and reduction of
graphene oxide). Micromechanical cleavage -
capture of thin graphite flakes or AFM tip by the
adhesive surface of an adhesive tape; allows
obtaining multiple layers and single-layer graphene
with multiple repetitions. The use of pyrolytic
graphite and adhesive polymer made it possible to
obtain single-layer graphene with transverse
dimensions up to 10 um [4].

The Hammer method (dispersion of graphene in
solvents) is characterized by a good yield and low
cost, based on the oxidation of graphite powders with
oxidants (H,SO4; KMnOy4; NaNO3) to graphite oxide,
followed by exfoliation of the graphene oxide by
ultrasound in water. Methods for the reduction of
graphene from oxide are: chemical [5, 6], thermal [7]
and microwave [8]. Microwave and thermal
approaches have a negative impact on the quality of
graphene due to the temperature gradient.
Modification of graphene with different functional
chemical groups can uncontrollably change its
properties and limit the scope of application.

In the method of liquid-phase exfoliation,
graphene exfoliates in liquid media using ultrasound
or shear forces of a different nature [9]. The growth
and subsequent destruction of bubbles during
exposure lead to the exfoliation of graphite to several
layers of graphene; the pressure drop also contributes
to the graphite cleavage.

The specific energy of surface interaction
between graphene layers is 4.67-10% Jm? [10].
For delamination, a liquid-phase medium should be
used, in which the surface tension energy is close to
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the surface interaction energy of the graphite layers
[11]; this requirement is met by N,N-dimethyl-
formamide (3.71-1072 J'mfz) and N-methyl-
pyrrolidone (4.01-1072 J-mﬁz) [12, 13], but they are
toxic, expensive and have a high boiling point.
The authors of [14, 15] use solvents with a low
boiling point (isopropyl alcohol, ethanol, acetone,
methanol, and acetonitrile). Water is also a good
solvent (surface tension 7211027 -mfz); surfactants
are added to water to reduce surface tension.

To obtain graphene in the form of a film on a
substrate, the method of electrochemical exfoliation
is used [16]. As a working electrode, graphite rods,
pyrolytic or natural graphite are used, and as
electrolytes, ionic liquids (LiCl, LiClO4 in propylene
carbonate, LiCl in dimethyl sulfoxide) or aqueous
solutions (H>SO4, (NH4)2SO4) [17]. As the second
electrode, foils of chemically resistant metals are
used, the electric potential is from —10 to +10 V.
The exfoliation process usually occurs on the positive
electrode, which is oxidized, and negative ions from
the solution are incorporated into the graphite layers.

Mechanical grinding of graphite is a simple,
effective method, with the process being controlled
by the main parameters [18]. To obtain a colloidal
dispersion of graphene, organic solvents (acetone,
formamide, and tetrahydrofuran) are used. In general,
when using top-down methods, it is difficult to obtain
graphene in the form of large-area films.

Basic bottom-up methods are epitaxial growth of
graphene on a substrate (surfaces with 60° symmetry
are used) by chemical vapor deposition; pyrolysis;
chemical vapor deposition. The most promising are
chemical vapor deposition and thermal decomposition
of silicon carbide in ultrahigh vacuum. In the thermal
decomposition of SiC, it is used both as a starting
material and as a substrate material. During the
thermal decomposition of SiC, carbon is already
present on the substrate, while during chemical
deposition it comes from the gas phase.
The properties of epitaxial graphene depend on the
size of the mismatch between the crystal lattices of
graphene and the substrate. At present, theoretical
and experimental studies of the graphene structure on
the surfaces of 111 FCC metals (Cu, Au, Ni, Pt, Rh,
Ir), on the surfaces of metals 0001 with a hexagonal
crystal lattice (Re, Co, Ru), and also on 0001 SiC are
known [19, 20]. A characteristic feature of the
structure of graphene obtained on metal surfaces is a
high density of defects at grain boundaries. In [19],
the mechanisms of nucleation (homogeneous,
heterogeneous) and growth of graphene islands were
considered. In the case of homogeneous nucleation,
the stability of graphene nuclei depends on the

temperature and concentration of migrating carbon
atoms. In the case of heterogeneous nucleation, an
increase in the growth rate is observed in the presence
of surface defects.

The review [21] considers the main results
obtained during the growth of graphene by chemical
vapor deposition. Low-defect graphene layers were
grown on a Si substrate with a Ni sublayer at a
temperature of 970 °C, on the surface of a Cu—Ni
alloy at a temperature of 750 °C. High quality
graphene was grown on copper foil in the
temperature range from 650 to 850 °C. The use of
methane CHs as a carbon source is usually
problematic as the density of the deposited graphene
increases with increasing layer thickness. The quality
of the obtained graphene on copper foil is higher than
on other metals due to the low solubility of carbon in
copper. The authors of [22] investigated the influence
of the topographic features of copper foil Cu
substrates, polycrystalline Cu films, and epitaxial Cu
films on the morphology of the resulting graphene
layers.

Characterization methods

Graphene is identified by AFM and Raman
spectroscopy [23, 24]. AFM allows the determination
of layers in multilayer graphenes. Problems with this
method arise due to the high adsorption capacity of
graphene.  Single-layer  graphene is  usually
characterized by a thickness of 0,6 — 1 nm, but the
measured thickness of single-layer graphene on
a Si0; substrate using AFM exceeds the expected one
by a factor of 2 —3 [25]. In addition, the accuracy of
the results depends on the type of substrate and the
method of sample preparation [26]. RS is used to
characterize hybridized sp2 and sp3 carbon atoms.
This method is commonly used for studies of single-
layer, double-layer and multilayer graphene and can
be used to determine the number of graphene layers.
In [27], typical Raman spectra of single-layer
graphene, graphite, nanostructured graphite, single-
wall carbon nanotube, and amorphous carbon were
considered. The Raman spectrum is sensitive to
deformation of the sp2 bond and can be used to
determine the modifications of graphene [28].
Defects in the graphite lattice lead to resonance
spectra, which makes the Raman method sensitive to
disorder in carbon materials [29].

There are a few studies of graphene structures by
scanning tunneling microscopy (STM) [30], X-ray

diffractometry (XRD) [31], scanning electron
microscopy (SEM), and transmission electron
microscopy (TEM) [15, 31]. One-layer and
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multilayer graphene can be observed using STM, but
such studies require a rather complex experiment in
an ultrahigh vacuum and are not often used to verify
graphene. The XRD is used for phase analysis and
control of interplanar expansion in graphite and
graphene oxide. The XRD allows us to conclude that
graphene is present if the 0002 peak of graphite
broadens and shifts to the left. The SEM is used to
study the morphology of graphene and detect
impurities, folds, and damage to graphene layers
[15, 32]. The SEM method is ineffective for resolving
ultrathin layers.

The results of TEM visualization of graphene
layers presented to date are few. The main advances
in graphene visualization obtained by TEM are
presented in [15] and review [33]. The degree of
damage to the sample by the electron beam can be
noticeable, but the damage to graphene is not so
significant because of its good conductivity.

Sample preparation for TEM

Samples for TEM are prepared by applying a
solution (suspension) of dispersed graphene to an
electron microscopic grid and subsequent drying.
Other methods are also used: mechanical exfoliation
of the graphene layer from pyrolytic graphite, natural
graphite or graphene on silicon carbide; separation of
graphene layers by etching followed by transfer to the
grid; electrochemical separation method; method of
exothermic reaction with intensive formation of gas
bubbles; method of ultrasonic dispersion of graphene
suspension.

In order to identify effective approaches to
characterizing the substructure, structure, and
morphology of nanoscale materials containing
graphene and other allotropic modifications of
carbon, a comprehensive study of nanostructured
carbon materials by TEM, SEM, XRD, reflection
high-electron diffraction (RHEED), and Raman
scattering methods has been carried out.

2. Materials and methods
2.1. Materials

The following powders were used as objects of
research: special low-ash graphite GSM-2 (ZAO
“Graphiteservice”, Chelyabinsk, Russia); carbon
material “Taunit-M” and thermally expanded graphite
(TEG) (LLC “NanoTechCenter”, Tambov, Russia).

2.2. Characterization methods

The phase composition of carbon nanomaterials
was monitored by XRD on an ARL X'TRA
diffractometer (Thermo Fisher Scientific,

Switzerland), a wavelength of 0.15406 nm and
RHEED on an EG-100M electronograph (SZEM,
Sumy, USSR). The study of the surface morphology
and the elemental composition of the powder was
carried out by the SEM method on a JSM-6380
scanning electron microscope (JEOL, Japan) with an
INCA Energy 250 X-ray energy dispersive analysis
system. The analysis of the substructure of the
samples was carried out by the TEM method on a
Libra-120 transmission electron microscope (Carl
Zeiss; Germany). For TEM, the samples were
prepared by ultrasonic dispersion on an UZDN-2T
device (Amtorg LLC, Belgorod, Russia) of the test
material in distilled water until a suspension was
formed, then the suspension was placed on an
electron microscopic grid covered with an amorphous
carbon film transparent to the electron beam.

3. Results and Discussion

Figure 1 shows the results of XRD study of
crystalline graphite GSM-2 and nanostructured
carbon material “Taunit-M”. It was found that
GSM-2 crystallites have an atomic structure of a
hexagonal lattice P63 / mmc with @ = b =0.2456 nm
and ¢ = 0.6709 nm. A slight broadening was observed
only for peaks 0002 and 0004 (see Fig. la); the
degree of graphitization is 0.98 — 1, i.e. the graphite
structure is perfect.

The diffractogram for “Taunit-M” (see Fig. 1b)
has a halo characteristic of an X-ray amorphous
material. The profile of the experimental halo can be
theoretically depicted by adding (superimposing) two
diffraction maxima, one of which corresponds to the
crystal lattice of perfect graphite, and the second is a
broad peak 0002 of graphite shifted “to the left”, i.e.
indicating an increase in parameter c. Thus, the XRD
results indicate the presence of a substantial fraction
of X-ray amorphous graphite in the Taunit-M
composition, in which the distance between the
atomic planes (0002) is increased, which can lead to
the formation of graphene flakes.

Figure 2 shows the results of TEM studies of the
nanostructured  carbon  material = “Taunit-M”.
The same figure shows electron diffraction patterns
(microdiffraction mode) obtained in the aperture of
the selector diaphragm from the selected area of the
sample. The morphology and substructure of
the material is characterized by a disordered
conglomeration of filamentous, ribbon-like, and leaf-
like fragments, as a rule, substantially deformed.
Fragment of a microdiffraction pattern (see Fig. 2a)
indicates an X-ray amorphous phase of filament and
ribbon-like fragments, i.e. Taunit-M is characterized
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Fig. 1. Fragments of diffraction patterns of the graphite GSM-2 (a) and “Taunit-M” (b):
1 — experimental halo profile; 2 — diffraction maximum of perfect graphite; 3 — broad 0002 graphene peak

by the extreme degree of nanostructuring. Based on
the widths of the diffraction rings 0002, 1012, and

1120 , one can estimate the maximum sizes of
nanocrystals, which do not exceed 5 and 10 nm in the

[0001] and [1010] directions, respectively.In the
TEM image, ribbons and filaments are no more than
40 nm wide, 10 nm thick and unlimited in length. In
the direction of the length of the tape, there is a
continuous contrast with the morphology of the
filaments. From the established morphological
parameters, it can be assumed that the observed
filaments are multi-walled nanotubes up to 10 nm in
diameter, and several nanotubes are combined
through an interlayer (amorphous carbon) into flat
ribbons. A fragment of the microdiffraction pattern
(see Fig. 2b) characterizes the phase composition and
spatial  orientation of thin carbon crystals.
The indexing of the electron diffraction pattern
unambiguously indicates the location of the (0001)

Fig. 2. TEM image of the “Taunit-M” carbon material:
a — electron diffraction pattern from section /,
b — electron diffraction pattern from section 2

plane of graphite in the plane of observation of the
sample in transmission in the RHEED mode.
Obviously, extended (with lateral dimensions of
1 um and more) flat fragments are graphene sheets.
Since the microdiffraction pattern from a region
(region 2 in Fig. 2) with an area of no more than
7-10* nm® shows several RHEED patterns for the
[0001] zone axis of the graphite lattice, it can be
concluded that, in addition to large graphene sheets,
the studied region of the sample contains smaller
flakes with the zone axis [0001], but arbitrarily
deployed in azimuth. Thus, TEM and RHEED
showed that Taunit-M contains a noticeable fraction
of carbon nanotubes and turbostratic graphene sheets.
Figure 3 shows the general (from the sample
area more than 10 umz) electron diffraction pattern,
which gives an integral estimate of the TEG phase
composition. Analysis of the general diffraction
patterns obtained by the RHEED method and the data
on the elemental composition made it possible to
identify, in the main, two phases in the TEG powder:
crystalline graphite; X-ray amorphous graphite.
At the same time, the integral assessment of the
diffraction maxima in the electron diffraction pattern
(see Fig. 3) showed that the intensities of the 1010

and 1120 peaks 1010 are extremely high, and the
0002 peak is absent. This is possible only under the
condition that the overwhelming proportion of the
flakes transparent to the electron beam of the electron
diffraction device is located by the (0001) plane in the
plane of the electron microscopic grid. Note that the
diffraction maxima are extremely narrow, which
indicates a crystalline perfection at a large distance in
the lateral directions of the crystal planes 1010 and

1120. Thus, the RHEED results indicate the presence
of a significant fraction of graphene flakes in the TEG
composition.

Figure 4 shows a TEM image of TEG particles,
which was obtained in the “dark field” mode, namely,

in a diffracted beam 1010.
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Fig. 3. TEG electron diffraction pattern
(general diffraction)

The corresponding TEM image in the “bright
field” mode (in a strong transmitted beam) has a
weak contrast due to the small atomic scattering
factor of carbon. According to light- and dark-field
TEM images, TEG consists of deformed graphene
sheets and contains well-faceted graphite single
crystals with sizes ranging from 100 to 150 nm.
The revealed submicron graphite single crystals are
of separate methodological interest; perfect crystals
of graphite of submicron size, apparently, remnants
of blocks of initial graphite, in which the intercalation
of ions did not take place upon interaction with acids.
According to [34], the introduction of anions into
a graphite layer occurs through surface defects of
a single crystal of graphite; therefore, defect-free
regions are the most resistant to the intercalation
process.

Within the overlapping crumpled graphene
sheets are distributed particles of carbon and
crystalline graphite with a size of dispersion from 2
nm to 250 nm. The most significant fraction is
hexagonal prismatic graphite particles with
crystallographic faceting along the planes (0001),

(1010), (1011) and (1122). Comparing the results
of SEM and TEM, we can conclude that the sizes of
graphite TEG particles are in the range from 20 nm to
10 pm. It is most likely that larger particles can
consolidate smaller ones. Regular moiré patterns in
active reflections 1010, resulting from double
diffraction on overlapping blocks, are well
manifested in dark-field images (Figure 4), which
indicates a fairly perfect hexagonal structure of
graphene blocks.

Within individual graphene sheets, the moiré
period ranges from 3 to 4 nm, which corresponds to
the mutual rotation of sheets by 4° and 3°,
respectively.

Moiré patterns within graphene sheets reveal
single complete dislocations with the Burgers vector
b=1/2 [1010], lying in the basal plane (0001).
The contrast inhomogeneity is apparently caused by
extinction (bending and deformation), as well as by
the presence of nanocrystalline and X-ray amorphous
phases (based on carbon), which are distributed over
graphene sheets.

Fig. 4. TEM image of the TEG
(“dark field” mode in a 1010beam): arrows indicate
the boundaries of graphene sheets; the inset shows a
fragment of a moiré image showing the directions of the
lines, the moiré period, and the position of dislocations (D)

Moiré patterns were analyzed using the Fourier
transform of TEM images. Fig. 5 shows the Fourier
transforms of the TEM image fragments designated
as 1, 2, and 3 in Fig. 4. The Fourier images of the
moire patterns in Fig. 4 illustrate a TEM image of
moiré, revealing the substructure of a graphene-based
material in exfoliated graphite. The Fourier transform
(Fig. 5a) shows the hexagonal regions of multilayer
graphene, i.e. identify turbostratic graphene sheets.
The turbostratic graphene manifests itself in RHEED
patterns and Fourier patterns by a deviation from the
60-degree symmetry of reflections, when, instead of
6 reflections (for AB packing of the HCP lattice) of
graphene, several orders of magnitude appear (6, 12,
etc.), and the angle of rotation of the reflections
corresponds to the angle of mutual orientation of
graphene layers (see Figs. 5b, ¢).

The misaligned arrangement of layers can arise
due to the repackaging of layers with different
orientations in the processes of flake exfoliation and
compaction of nanopowder. It should also be noted
that the surface of the flakes is inhomogeneous and
the X-ray amorphous phase of carbon is also
constantly present.

Figure 6 shows SEM images (in the mode of
registration of secondary electrons) of TEG. At low
magnifications (Fig. 1a), the image contrast reveals
the spontaneous compaction of individual particles of
the carbon conglomerate into granules up to 50 um
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Fig. 5. Fourier transforms of TEM moiré images formed at the boundaries of graphene sheets:
a, b, c — correspond to the fragments of Fig. 3, designated /, 2, 3, respectively

in size with developed open porosity. Energy
dispersive microanalysis revealed that the fraction of
C in the powder does not exceed 80 at. %.
The content of O, N, S (up to 6 at.% Each) and traces
of Ca, Ni, Cu, Zn. Fig. 6b illustrates the morphology
of an individual powder particle.The contrast reveals
multiple crumpled sheets of carbon, which, taking
into account the results of the RHEED (see Fig. 3),
are very likely turbostratic graphene.

Figure 7 shows the results of the study of carbon
nanostructured materials TEG and “Taunit-M” by
Raman spectroscopy. It was found that all revealed
Raman peaks (except for G) are combined.
The survey Raman spectra for TEG and “Taunit-M”
have a similar appearance (see Fig. 7a).

The G-peak characterizes sp2 carbon bonds in
graphite and graphene. Peak D (1350 cm_l) confirms
the high imperfection of the graphite lattice for TEG
and Taunit-M. The 2D peak (2680 crn_l) for single-
layer graphene, as a rule [28, 29], is more intense and
sharper in comparison with multilayer graphene, and
is also slightly shifted relative to the peak
characteristic of defective graphite. A detailed
analysis of the Raman spectrum profile (compare
curves / and 2 in Fig. 7b) allows us to conclude that
there is a significant proportion of graphene and
turbostratic graphite in TEG and Taunit-M.

(@) (b)
Fig. 6. SEM images of the TEG;

overview image of the surface of a self-compacted powder (a)
and morphology of an individual particle (b)

G
J o
graphite
4 D 2D [2720

graphene

0 1000 2000 3000cm ' 2700 cm
(a) (b)

Fig. 7. Overview Raman spectrum
of the TEG suspensions (a)
and fragments of spectra (b):
I — thermally expanded graphite; 2 — “Taunit-M”

The RHEED techniques in combination with
TEM studies in weak beams, as well as the Fourier
transform of periodic contrast (moiré pattern) on
TEM images, have shown high efficiency in
identifying and analyzing the substructure of X-ray
amorphous and nanocrystalline  carbon-based
materials containing multilayer graphene and other
allotropic modifications of carbon.

4. Conclusions

An integrated approach (TEM, SEM, RHEED,
XRD, Raman spectroscopy) to characterization of the
substructure of materials containing graphene and
other allotropic modifications of carbon allows us to
formulate a conclusion about the high efficiency and
resolution of TEM and RHEED. According to the
XRD data, an X-ray amorphous graphite phase
was identified in the Taunit-M composition.
The efficiency of the XRD technique can be
enhanced by analyzing the profile of the experimental
halo by superimposing theoretical diffraction maxima
corresponding to the crystal lattice of perfect graphite
and possible variations in the nanocrystalline and
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X-ray amorphous phases. According to TEM data,
carbon nanotubes and turbostratic graphene were
identified in the Taunit-M composition. The TEG
contains a significant proportion of graphene flakes.
The efficiency of the TEM technique can be
enhanced by analyzing in 1010 reflections dark-field
images (in weak beams) of moiré patterns of
overlapping graphene sheets. By measuring the moiré
period, it was found that in the TEG the unfolding of
graphene sheets is 3—4°. Within the graphene sheets,
complete dislocations with the Burgers vector b = 1/2
[1010] were revealed. A highly efficient approach —
the use of Fourier images of TEM images of moiré,
allows one to determine the mutual orientation of
graphene sheets; to reveal the hexagonal regions of
multilayer graphene, i.e. identify turbostratic
graphene. RHEED in combination with TEM and
Fourier transformation of periodic contrast in TEM
images is the most promising approach to
identification and analysis of the substructure of
materials based on various allotropic modifications of
carbon. SEM and Raman spectroscopy methods act
as auxiliary ones. The results of studying “Taunit-M”
carbon nanostructured material and TEG by Raman
spectroscopy confirmed the data obtained by TEM
and RHEED.

The results of this work will be useful to
developers of technologies for creating graphene and
ultrathin graphite layers for electrodes of lithium-ion
power sources. At the stages of manufacture and
operation, electrochemical separation of electrodes
occurs due to the intercalation of anions into defects
in graphite crystallites. This fact makes us look for
reliable, high-resolution and reliable methods for
controlling the structure and substructure of composite
(crystalline and X-ray amorphous) materials based on
various allotropic modifications of carbon.
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