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PROPERTIES OF GRAPHENE
FLAKES OBTAINED BY TREATING
GRAPHITE WITH ULTRASOUND

A possibility to obtain graphene and graphene layers with the help of the ultrasound (US)
treatment of pyrolytic graphite in an N-methyl pyrrolidone (NMP) solution has been demon-
strated. Raman spectroscopy is confirmed to be an effective method for monitoring the graphite
transformation into graphene. By varying the time of the ultrasonic treatment of pyrolytic
graphite in the NMP solution, optimum regimes for the fabrication of graphene flakes with
various numbers of layers are determined. In particular, the US treatment for 5 h is shown
to be sufficient for producing a colloidal solution of graphene flakes, most of which are single-
layered. It is shown that the longer US treatment results in larger intensities of Raman bands
D and D', which testifies to a larger number of defects in the graphene layers. The average
distances between defects are estimated for various times of US treatment. The influence of
vacancy and edge defects on the intensity band ratio Ip/Ip, is analyzed. Vacancies are found
to be the prevailing type of defects in the graphene flakes.

Keywords: graphene, Raman spectroscopy, ultrasound treatment, vacancy and edge defects,

scanning electron microscopy.

1. Introduction

Nowadays, graphene is one of the most promising
materials for modern nanoelectronics [1-4]. Its fun-
damental properties differ drastically from the prop-
erties of 3D materials and find their manifestation in
the extreme graphene parameters. In particular, we
should mark an almost ballistic transport of charge
carriers at room temperature, the electric and ther-
mal conductivities that are the highest among all sub-
stances, the highest strength among crystalline mate-
rials, chemical stability, and so forth. The high trans-
parency of graphene allows it to be also used in op-
toelectronics.

After graphene was obtained in 2004 [5] by me-
chanically exfoliating separate layers from graphite,
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a boom in the research of its properties arose. Nu-
merous researches have already demonstrated the
future advantage of the use of graphene for so-
lar cells [6], supercapacitors [7], optoelectronic de-
vices [8], biosensors [9], SERS substrates [10], cat-
alysts [11], nanofluids [12], high-frequency transistors
[13], etc. The graphene properties can be substan-
tially different depending on the method of fabrica-
tion, because the size of graphene flakes, the num-
ber of defects in them (in particular, vacancy or edge
ones) change at that. Moreover, the graphene prop-
erties are considerably affected by the parameters
of a substrate, onto which graphene has been de-
posited [14].

Note that the research of graphene properties and
the manufacture of devices on its basis are not re-
stricted to single-layered specimens. Structures with
two and more layers (up to 10) are also of inte-
rest. Therefore, new data about graphene and ultra-
thin graphene films are important for the creation of
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Fig. 1. Schematic diagram of the fabrication of graphene flakes with the help of
the ultrasound treatment of graphite in the NMP solution

a general physical picture of its properties and for
the development of devices for nano- and optoelec-
tronics. Now, the main methods of graphene fabrica-
tion are the graphite intercalation [5], chemical va-
por deposition (CVD) epitaxy [15], high-temperature
graphitization of SiC [16], high-temperature sublima-
tion of polycrystalline SiC [17], and others. Each of
the mentioned methods has its advantages and short-
comings. In particular, graphene flakes obtained by
the intercalation have different sizes, the method of
CVD epitaxy is rather expensive, and the graphitiza-
tion of SiC does not allow the obtained layers to be
transferred onto other substrates.

All the aforesaid stimulates a permanent search for
efficient methods of production of graphene and ul-
trathin films on its basis. In work [18], a method of
graphene manufacture by centrifugating the graphite
solution in N-methyl-2-pyrrolidone (NMP) or in an
aqueous solution with the NaC surfactant was demon-
strated. Today, this is the most productive way of
graphene production.

In this work, we consider a method of graphene
fabrication, which combines two factors: the weak-
ening of the interaction between graphite layers by
introducing molecules of various substances therein,
and the following action of ultrasound with a certain
frequency and energy on graphite (Fig. 1). The ul-
timate exfoliation of graphene flakes from graphite
nanocrystallites was performed with the help of the
centrifugation. The work is aimed at the development
of an efficient method for producing the graphene
flakes and at the research of their properties. Raman
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Fig. 2. Raman spectra of graphite (1), graphene (2), SDBS
(3), and NMP (4). Bands induced by radiation of the discharge
plasma in an ArT-laser are marked by asterisks

spectroscopy is applied as a basic research method. It
is non-destructive, fast, and sensitive to disordering
effects in sp? carbon structures.

2. Experimental Technique

Highly oriented pyrolitic graphite was used as an ini-
tial material for the graphene production. Graphite
was put into an US bath with various solutions: N-
methyl pyrrolidone (NMP) and sodium dodecyl ben-
zene sulfonate (SDBS). The vibrational modes of or-
ganic solvents may manifest themselves in the Raman
spectra in the spectral region that are typical of just
graphite and graphene films (Fig. 2, curves 1 and
2). Therefore, it is important to verify that the sol-
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vent used for weakening bonds between graphite lay-
ers induces no such bands in the Raman spectrum.

In the Raman spectrum of SDBS (Fig. 2, curve 3),
a number of high-intensity bands are observed near
the graphene ones. Our researches showed that the
presence of SDBS molecules on graphene layers does
not allow the frequency position and the intensity
of graphene bands to be determined properly, which
is important for their correct interpretation. At the
same time, the aqueous solution of N-methyl pyrro-
lidone has only low-intensive bands with maxima at
1100 and 3080 cm~! in this spectral interval. That is
why the NMP solution was used further for elaborat-
ing the technology of graphene fabrication.

In order to prepare the working solution, 5 mg of
graphite were dissolved in 20 ml of NMP. Afterward,
the solution was treated with ultrasound with a fre-
quency of 21 kHz and a power of 250 W. The time of
the US treatment of graphite was varied from 30 min
to 5 h. To avoid the degradation of a solution owing
to its heating under the US action, the treatment
was interrupted every 30 min. The interaction be-
tween molecules of the NMP solution and graphite
is known to result in a weakening of the interac-
tion between separate graphite layers, whereas US
makes it possible to exfoliate separate graphene layers
with various thicknesses from graphite clusters. As
a result of this US treatment, a colloidal solution
was formed from carbon nanoparticles with different
masses. Their mass separation was carried out on a
centrifuge during 30 min at a rotational velocity of
about 8 x 103 min~!. The solutions of carbon nanos-
tructures obtained in such a way were deposited onto
glass substrates and heated during several seconds to
80 °C in air.

The obtained carbon films were studied using the
Raman spectroscopy on an installation Ranishaw-
1000. The spectra were excited with the help of ra-
diation emitted by an Art-laser with a wavelength
of 514.5 nm and focused on graphene structures
be means of an 50x objective. For Raman studies,
the concentration of graphene flakes in the solution
was selected rather low, which allowed us to obtain
graphene flakes on the glass surface without their mu-
tual superposition.

3. Results and Their Discussion

In Fig. 3, SEM images of micron-sized graphite par-
ticles before their treatment (a) and after the 60-min
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US treatments in the NMP solution (b and ¢) are
exhibited. The last two images allow us to draw a
conclusion that, after the ultrasound treatment, the
solution contains both micron-sized graphite crys-
tallites and graphene flakes. In Fig. 3, ¢, one can
observe graphene flakes on the surface of a gra-
phite crystallite; in particular, a light rectangle is
used to distinguish an almost rectangular graphene
flake. Figure 3, d demonstrates an SEM image of
graphene flakes after their separation on a centri-
fuge. The concentration of flakes in the solution for
SEM researches was rather high, so that they over-
lapped one another on the glass surface. It is rather
difficult to evaluate the number of layers in gra-
phene flakes by means of SEM. Therefore, Raman
spectroscopy was used for their quantitative charac-
terization.

As was indicated above, solutions with insignificant
concentrations of graphene flakes were used for Ra-
man researches. In Fig. 4, Raman spectra of an ini-
tial graphite film (1) and graphene films with various
numbers of layers (2 to §) obtained by the US treat-
ment with the following separation on a centrifuge
are shown. The power and frequency of the US treat-
ment of specimens were identical in all cases, and the
treatment time was varied from 0.5 to 5 h.

In order to make the further analysis convenient,
all spectra were normalized to the G band inten-
sity. From the figure, one can see how the Raman
spectra change in time, when graphite (curve 1)
transforms into graphene flakes (curves 2 to ) under
the US treatment in the NMP solution. Note that, af-
ter each 1-h interval of the US treatment, a large num-
ber of spectra were measured for various graphene
flakes (Fig. 5). As one can see from the figure, most
of the spectra are rather similar to one another with
identical ratios between the band intensities. Howe-
ver, there are spectra that differ a little from the oth-
ers (see spectrum 4 with the enhanced intensity of the
D band). Figure 4 illustrates the most typical spec-
tra for the majority of graphene flakes obtained after
each treatment stage.

It is known that, for graphene and graphite, the Ra-
man spectrum of the first order always contains the
so-called G band (at 1582 cm™1). It is related to the
doubly degenerate symmetry mode Es, of the Bril-
louin zone center and is a manifestation of stretching
vibrations of all pairs of carbon atoms that are sp?-
hybridized and are located in benzene rings [19,20]. If
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Fig. 3. SEM images of graphite areas before (a) and after the 60-min US treatment without
centrifugation (b and c¢). A light rectangle marks one of the graphene flakes on the graphite
surface. (d) Graphene flakes after deposition on a glass substrate from the solution subjected to
the centrifugation and, sequentially, US treatment for 60 min (d)

carbon structures contain defects, their spectra reveal
the so-called D (at 1350 cm~!) and D’ (at 1620 cm 1)
bands. The D band is a manifestation of A;, breath-
ing modes at point K at the boundary of the Brillouin
zone of sp?-hybridized carbon atoms in the benzene
rings. It is registered in Raman spectra only for spec-
imens with defects, being forbidden by selection rules
in defect-free structures [19, 20]. It is known that if
the size of carbon crystallites diminishes, the inten-
sity ratio for the D and G bands grows [21]. This is
a consequence of the fact that a reduction of crystal-
lite dimensions increases the number of surface de-
fects, whereas the number of modes connected with
stretching vibrations (they give a contribution to the
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G band) decreases, because the total number of atoms
in crystallites becomes smaller.

We would like to attract attention to some other
features in those bands, because their knowledge is
important both when the Raman spectra of carbon
structures are measured and when they are inter-
preted. The D band is characterized by a strong dis-
persion dependence on the exciting radiation energy
(about 50 cm~!/eV). This dependence is a result of
the so-called Kohn anomaly located near point K in
the Brillouin zone [22]|. Therefore, if the energy of
exciting laser radiation increases, the D band shifts
to the high-frequency region, and its intensity de-
creases. This fact is important to be taken into con-

435



V.O. Yukhymchuk, M.Ya. Valakh, O.M. Hreshchuk et al.

D 2D
G NMP
D D+D’ l 20
5

Intensity (a.u.)
%§

2000 2500 3000

Raman shift (cm™)

1500

Fig. 4. Raman spectra of initial pyrolytic graphite (1) and
graphene layers obtained after various times of the US treat-
ment in the NMP solution: 30 (2), 60 (3), 120 (4), and 300 min
(5). The spectra are normalized to the G band intensity
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Fig. 5. Raman spectra of five different graphene flakes ob-
tained after the 60-min US treatment (1-5) and the averaged
spectrum (6). The spectra are normalized to the G band in-
tensity

sideration, when choosing laser radiation for the ex-
citation and when analyzing the Ip /I ratio. As was
marked above, for the D’ band (1620 cm™!) to mani-
fest itself in Raman spectra, the presence of defects is
also required. This requirement is related to the ne-
cessity to obey the momentum conservation law for
phonons. At the same time, vibrations that are re-
sponsible for the D’ band have certain distinctions
from vibrations in the D mode, which will be dis-
cussed below.
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A specific feature of Raman spectra for graphene
in comparison with those for graphite is that the in-
tensity of the 2D band is higher than the intensity of
the G band, and, if the number of graphene layers in-
creases, the ratio Iop /I decreases [20,23]. This fea-
ture is a result of the fact that only graphene is char-
acterized by a large cross-section of Raman scattering
due to the double resonance of exciting and scattered
radiation with optical transitions in its electron struc-
ture. However, if the number of defects in graphene
increases, the ratio Iop /I decreases [24].

Note that the number of graphene layers also sub-
stantially affects the shape and the frequency posi-
tion of the 2D band [20, 24]. Single-layered graphene
is characterized by the intense symmetric 2D band
(Fig. 2, curve 2). If the number of graphene layers
increases to two, the 2D band becomes a superposi-
tion of four bands with different intensities [20,24], as
was observed in our spectra as well (Fig. 4, curve 4).

Note also that the ratio Iyp/Ig strongly depends
on the energy of exciting laser radiation and the
graphene doping. In the latter case, if the doping
is low, the position of the G band equals about
1580 cm~! [25], and the 2D band is 2 to 5 times
more intense than the G band, depending on excit-
ing radiation. At a high doping level, the G band is
located at about 1600 cm ™, and Irp /I ~ 1 [25].

Let us analyze our experimental Raman spectra
exhibited in Fig. 4. As was indicated above, for the
more convenient interpretation, all spectra were nor-
malized to the G band intensity. Its frequency po-
sition (at 1581-1582 cm™1!) for initial graphite and
graphene flakes testifies that the specimens are un-
doped [25]. Curve 1 corresponds to initial pyrolytic
graphite. In this spectrum, the D band has a low in-
tensity, and the D’ band does not manifest itself at
all, which testifies that initial graphite contains few
defects. From Fig. 4, one can see that, as the time of
the treatment by US increases, the relative intensity
of the D and D’ bands also grows. This behavior may
testify that either the average size of carbon films de-
creases [21] or the number of non-edge defects in the
graphene films grows [26, 27].

In order to determine the parameters of separate
bands, the experimental spectra were resolved into
Lorentzian components, as is shown in Fig. 6 for spec-
imen No. 5. Using the formula [2§]

Lp(nm) = 560E(Ip/Ig) ™", (1)
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Parameters of the bands

No. | t, min | vp, cm™?! Ip I'p,ecm™! | vg, cm™1! I I'g,ecm™' | Ip/Ig | Ip/Ips | Lp, nm | D, cm~!
1 0 1355 2399.1 30.0 1581 18714.7 15.7 0.13 — 130.0 —
2 30 1350 14810.4 31.1 1581 14618.4 16.2 1.01 7.1 16.4 1621.1
3 60 1350 41589.7 31.9 1582 23169.6 18.9 1.80 7.6 9.2 1619.5
4 120 1350 92008.8 30.7 1582 47380.8 21.3 1.94 8.6 8.6 1620.5
5 300 1347 95004 29.0 1582 41425 27.3 2.29 10.09 7.2 1621.9
we evaluated the average distance between the defects 2000

in graphene flakes. In formula (1), the energy of excit-
ing laser radiation Ej is reckoned in electronvolt units
(eV). The obtained Lp values are quoted in Table.

The analysis of Raman spectra 2 to 5 in Fig. 4 and
the parameters of their bands (Table) testifies that
the graphene flakes had from 1 to 4 layers. Really, as
is seen from the spectra, the intensity of 2D bands is
comparable or higher than that of G bands. However,
one can also see that those bands in spectra 2 to
4 consist of a few components. The resolution of
those bands into separate components testifies that
spectrum 2 corresponds to four-layer, spectrum & to
three-layer, and spectrum 4 to two-layer graphene.

Spectrum 5 corresponds to one-layer graphene. Re-
ally, the 2D band has a symmetric shape, a consid-
erable intensity (Iop/Ig = 1.45), and a frequency of
2694 cm~!. It should be noted that even after the
30-min US treatment, the solution contained one-
layer graphene flakes; however, the figure exhibits
only the spectra that correspond to the majority of
available flakes. From the spectra, one can see that
all 2D bands have a larger halfwidth; in particu-
lar, for monolayer graphene, this parameter equals
58 cm~!. This is a result of a significant number of
defects inserted into graphene layers during the US
treatment and the centrifugation. Bands with similar
parameters were observed in works [14, 18], and the
corresponding band shapes and halfwidths correlate
well with the parameters of our bands.

In order to estimate which defects dominate in the
graphene flakes produced by the proposed method,
we have analyzed the obtained Raman spectra. It is
clear that the increase of the time of the treatment by
US results not only in a better exfoliation of graphene
flakes from graphite crystals, but also in a reduction
of flake dimensions. The number of edge defects grows
at that. On the other hand, as one can see from Table,
a longer US treatment decreases the average distance
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Fig. 6. Raman spectrum of carbon film No. 5 in the spectral
interval of the D and G bands, and its resolution into separate
components

between defects from 16.4 nm at 30 min to 7.2 nm
at 5 h, which testifies to the growth in the number of
vacancy and other structural defects.

As is seen from Fig. 4 (curve 1), the Raman spec-
trum of initial graphite contains the low-intensity D
band located at a frequency of 1350 cm~' and as-
sociated with the presence of defects. However, this
fact does not mean that the nanolayers exfoliated
from graphite also contain defects in their planes. The
edges of those nanolayers can manifest themselves as
defects that make or do not make contribution to
the D band, because the result depends on the edge
quality [23]. In particular, it was shown in work [29]
that the “armchair” graphite edge gives a substan-
tial contribution to the D band, unlike the “zigzag”
edge, which is associated with different directions
of the wave vectors of defects connected with those
edges. At the same time, the defects of both edge
types contribute to the D’ band intensity. It is so be-
cause the process of D’ mode activation occurs in one
valley of the Brillouin zone near point K or K'. This
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is in contrast to the D mode, which allows defect’s
wave vector to connect any two points at the circle on
the cone-like energy surface in the Brillouin zone [30].

Another basic difference between the D and D’
modes manifests itself, if the defect concentration in
graphite or graphene is high. If the average distance
between defects diminishes to 5 nm or less, the D
band intensity starts to drastically decrease [24, 26|,
because the number of defect-free benzene rings that
take part in the Raman scattering diminishes. At the
same time, the D’ band intensity continues to grow
under those conditions. Such distinctions in the be-
haviors of those two modes allow them to be used not
only for the quantitative characterization of available
defects, but also for the establishment of their domi-
nating type.

This possibility was demonstrated in work [31],
where it was shown that the intensity ratio for the
D and D’ bands can be used to characterize defects
in graphene layers with moderate imperfection. If the
number of defects is significant, the ratio Ip/Ip/ can
be used until the G and D’ bands do not overlap, and
the the intensity of the latter can be determined ac-
curately. Really, as was shown in works [24, 31], the
dependences of the intensities of those bands on the
number of defects are different. In work [31], it was
pointed out that Ip = A xn and Ip, = B X n, where
n is the number of defects, and A and B are pro-
portionality coefficients with different values, which
is associated with different origins of those defects.

In works [18, 31], it was shown that the value of
ratio Ip/Ips between the intensities of Raman bands
for graphene flakes, when falling within an interval
from 3 to 4.5, means that the flakes contain only edge
defects. The Ip/Ips values from 4.5 to 7.5 determine
the limits typical of graphene flakes with vacancy and
edge defects. The ratios from about 7.5 to about 13
characterize graphene, in which defects of the vacancy
type dominate. As one can see from Table, the values
of ratio Ip/Ip: for the carbon nanostructures ana-
lyzed by us vary from 7 to 10. It is clear that graphene
flakes have edge defects in any case. However, on the
basis of the values of Ip/Ip/, we may assert that de-
fects of the vacancy type prevail in the graphene flakes
in our case.

In work [32], it was demonstrated that the point-
like and linear defects of various types can substan-
tially change the physical, magnetic, and chemical
properties of graphene. The analysis of the number
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of defects and their type is also important, when
graphene is used in nanocatalysis. This statement is
confirmed by a growing number of works devoted ex-
actly to this scope of applications of graphene [33].

4. Conclusions

To summarize, a possibility to enhance the efficiency
of the fabrication of graphene and graphene-based
layers by applying the US treatment to the solution
of pyrolytic graphite in N-methyl pyrrolidone (NMP)
is demonstrated. Raman spectroscopy is confirmed to
be an efficient method for the diagnostics of the trans-
formation of graphite into graphene. The variation
of the time of the ultrasonic treatment of pyrolytic
graphite in an NMP solution allowed us to determine
the optimum regimes for the production of graphene
flakes with various numbers of layers. In particular,
the US treatment of graphite for 5 h with following
centrifugation is shown to be enough for the manu-
facture of a colloidal solution of graphene flakes, the
majority of which are single-layered. It is shown that
the longer times of the US treatment increase the in-
tensity of Raman bands D and D’, which testifies
to a growth of the number of defects in graphene lay-
ers. The average distances between the defects are es-
timated for various times of the US treatment. They
are found to vary from 16.4 nm at the 30-min treat-
ment to 7.2 nm at the 5-h one. The influence of va-
cancy and edge defects on the ratio Ip/Ip/ is an-
alyzed. It is found that the vacancy defects prevail
in the produced graphene flakes. Since the defects
of different types in graphene can stimulate different
changes of its physico-chemical properties, the deter-
mination of the defect type could be useful in the
future, while tuning the graphene parameters in ac-
cordance with the requirements of a specific task.
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the Marie Curie International Research Staff Ez-
change Scheme “TelaSens” project, Research FExec-
utive Agency Grant No. 269271, Programme: FP7-
PEOPLE-2010-IRSES.
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BJIACTUBOCTI T'PA®EHOBUX ®JIEMKIB, OTPUMA-
HUX YJIBTPABBYKOBOIK OBPOBKOIO I'PA®ITY

Peszowme

B pobGoti npojieMoHCTpOBaHA MOXKJIUBICTH OTpUMaHHs rpade-
HYy Ta IIapiB Ha HOro OCHOBI 3a JOIIOMOIOIO YJIBTPa3ByKOBOI
(Y3) 06pobku miposituanoro rpadirty B po3unsi N-merin mipo-
sgigony (NMP). Iligreeppkeno, mo edeKTUBHIM METOLOM Jia-
THOCTHUKY IIporecy TpancdopmMariil rpadiry B rpadeH € pama-
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HIBCbKa CIIeKTpocKomisa. BapioBanuaMm uacy Y3 06pobku mipo-
gitugHoro rpadiry B po3undi NMP BcraHoBJIeH] onTuMaIbHI
peKUMU OTPUMAaHHs IpadeHOBUX (DJIEHKIB 3 PI3HOIO KiIbKiCTIO
mapis. 3okpema, MoKa3aHo, Mo Y3 06pobKa IpOTAroM 5 TrOAuH
JOCTATHS JIjIsi OTPUMAaHHS KOJIOITHOINO PO3YMHY TI'padeHOBUX
uteiikis, 6libLIiCTD 3 AKUX € ogHOomapoBumu. [lokazaHo, 1o 31
301IbIIeHHAM Yacy Y3 o6pobKu 3pocTae iHTEHCUBHICTH paMa-
HiBcbKkHX cMyT D Ta D’ 1110 CBiTYUTH PO 3pOCTAHHSA KITLKOCTI
nedekTip B rpadenosux mapax. OuiHeHo cepeiHi BiacTani MixK
nedekTamu mpu pizHux dacax Y3 ob6pobku. [IpoanasizoBano
BILJINB BaKaHCIMHUX Ta KpailoBUX JedeKTiB Ha BEJIMYUHY CIIiB-
BigHomennst Ip/Ip, cMyr Ta BCTAHOBJIEHO, IO TIEPEBAXKAIOTHM
TunoM gedekTiB B rpadeHoBux ¢iieikax € BaAKaHCIl.
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