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Influence of edge defects on Raman spectra of graphene
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The effect of the vacancy edge defect (bonds breaking between carbon atoms) of a graphene sheet on the Raman spectrum
was studied. The spectra were calculated using the density functional theory (DFT) using the Gaussian-09 program.
Modeling of a graphene sheet fragment with a break of one bond between carbon atoms at the edge showed that changes in
the Raman spectrum were common for the presence of nitrogen and oxygen atoms. In this case, the strongest D lines appear
in functionalized graphene with oxygen atoms, and the D’ lines — in nitrogen-doped graphene. This is confirmed by the
experimental Raman spectra as well as calculated ones. The strongest 2D line is characteristic of the graphene model without
impurities; the presence of other oxygen or nitrogen atoms leads to a decrease in its intensity. Modeling of a graphene sheet
fragment with a break of one bond between carbon atoms at the edge showed that changes in the spectrum are common for
both cases of graphene nitrogen-doping and functionalization with oxygen atoms. A comparison of the experimental data
with the simulation results showed good agreement between the data. Moreover, the vibrations of hydrogen atoms linked
by covalent bonds with neighboring carbon atoms moved towards each other in disturbed hexagonal structures located
on the edge of the graphene sheet. Such a steric effect led to a decrease in the frequency of the stretching vibration q(CH),
which appeared in the region of ~2700 cm™ and corresponded to the 2D vibration. The results of the vacancy edge defect
modeling for the graphene sheet fragment being nitrogen-doped and functionalized by oxygen atoms were compared with
experimental data.
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Brusinue kpaeBbIX fepeKTOB Ha CIEKTP KOMOMHAIMOHHOTO
paccesnusa rpageHa
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VccmenoBaHo BIUAHME BaKaHCMOHHOTO KpaeBOro jedekra (paspbIB CBA3el MEXAY aTOMaMM YITIEpofa) MMCTa TpadeHa
Ha CIeKTp KoM6mHanyonHoro paccesHus (KP). Pacyer crekTpoB ObLI BBINOTHEH C IOMOIIBIO Teopuy (PyHKIMOHAIa
mrotHocty (DFT) mo mporpamme Gaussian-09. MopenupoBaHye gparMeHTa nmmucTa rpadeHa ¢ paspbIBOM OfHON CBA3U
MeXJ[y aTOMaMJ YIJIepofia Ha Kpalo II0Ka3asio, YTO M3MEeHeHMA B CIIeKTpe ABJIAITCA OOLIMMU IS CIy4YaeB JeTYPOBAaHNUA
rpadeHa aToMaMy a3oTa ¥ (PYHKIMOHA/IM3AIMU aToMaMy Kucmopopa. ITpu 3ToM Kak B 9KCIEPUMEHTAIbHBIX CIEKTpax
KP, Tak 1 B paccunTaHHBIX HaubojIee CYIbHbIE TMHUM D IpoABIA0TCA B QYHKIVOHAIN3MPOBAaHHOM IpadeHe ¢ aToMaMu
KUCTIOpoa, a muHuu D' — B jlermpoBaHHOM asoroM rpadene. Ilpu sToMm Hambonee cunbHasg nuHuA 2D xapakrepHa
mna mopenu rpadeHa 6e3 ImpuMeceit, a TeTMpoBaHMe TpadeHa a30TOM MIN (QYHKIVOHAMM3AIVA KUCTTOPOIOM TIPUBORUT
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K IIOHJDKEHMIO €€ MHTEHCMBHOCTU. Takoe CpaBHEHME pe3y/NbTaTOB MOZEIMPOBAHMA C YIETOM BAKAaHCMOHHOTO KPaeBOTO
medekTa ma GparmenTa nucra rpadeHa B BUje IapanTeorpaMMa ¢ aTOMaMy BOJIOPOJIa, TeTMPOBAHHOTO aTOMaMM a30Ta
1 QYHKIVIOHA/IM3MPOBAHHOIO aTOMaMM KIC/IOPOJia € 9KCIIePUMEHTA/IbHBIMY JAHHBIMY IIOKa3a/I0 XOpolllee COOTBETCTBIE
maHHbIX. [IpM 3TOM B HAPYIIEHHBIX TE€KCATOHAIBHBIX CTPYKTYpPaX, PACIIONIOXEHHBIX HA €r0 Kpaw, KOIeOaHMs aTOMOB
BOJIOPOJIA, CBA3aHHBIX KOBAJIEHTHON CBA3BIO C COCEIHMMU aTOMaMM YIZIEpOZQ, ABVDKYTCA HAaBCTpedy ApYyT Apyry. Takoit
creprrdaecknit 3 PeKT MPUBOFUT K IIOHIDKEHNIO YacTOThI BaseHTHOro Konmebanust g(CH), kotopoe mposiBisieTcst B 06/macTu
~2700 cm™' n otBevaer Konmebanmio 2D. IIpousBeeHO cpaBHEHIE Pe3y/IbTATOB MOJEINPOBAHNS BAKAHCUOHHOTO KPAeBOro
nedekra 1A pparMenra micra rpadeHa, 1erMpoOBaHHOIO ATOMaMy a30Ta U QYHKIMOHATU3MPOBAHHOTO aTOMaMI KJCTIOPOJia

C OKCIEPMMEHTATbPHBIMI JaHHDBIMMI.

KnroueBbie cnoBa: rpa(beﬂ, Teopusa (1)yHKLH/IOHaTIa INIOTHOCTY, CIIEKTPOCKOINA KOM6I/IHaLH/IOHHOI‘O pacceanns, MOJIEKYIAPHOE

MOJIe/IIPOBaHNe, BAKAHCHOHHBII /ieheKT.

1. Introduction

The use of graphene requires quality control of their
manufactureand, veryimportantly, the diagnosis of structural
changes in almost all areas of science and technology. One of
the most effective methods for such analysis is the Raman
scattering method.

The Raman spectra of graphene have several characteristic
bands, which are usually denoted as D, G, D" and 2D bands
[1-4]. The presence of the D band indicates certain defects that
canbe caused by both imperfection of the crystallattice and the
presence of impurities [5]. Usually the ratio of the intensities
of G and D bands is determined for quality control [2].
The D band intensity is several orders of magnitude lower
than the G band intensity for samples with a low number of
defects [6]. If the intensities of these bands are proportional,
the samples have a rather large number of defects.

The nature of the D band origin is explained by resonance
Raman scattering (RRS) at the optical phonon near the
K-point of the Brillouin zone [7,8]. In defect-free graphene,
the resonance scattering process is forbidden by the selection
rule, and the D band is not observed. However, it can be
observed in the presence of an additional scattering channel
on defects. The calculation and comparison of the D and
2D bands intensities performed in [9] by the Raman scattering
method showed that the intensities of these bands were
comparable in the case of defects in the grapheme structure,
but the intensities of the G and D’ bands were very low.

Of great interest is the relationship of D, D’, and 2D bands
with each other and with the type of structural defects. In [10],
the influence of three types of graphene defects on the ratio
of the D and D’ bands intensities was examined, namely: a
change in hybridization from sp? to sp®, observed due to
functionalization or incorporation of atoms into the lattice
structure; a change in the shape of graphene edges; creation
of vacancies inside the lattice. Pure defective graphene was
studied by atomic force microscopy (AFM), and micro Raman
spectra were measured using a confocal spectrometer. It has
been found that the D and D’ peaks intensity coefficient is
maximum (~13) for sp*>-defects, decreases for vacancy defects
(~7), and reaches a minimum for defects at the graphite
boundary (~3.5). Raman spectroscopy is one of the most
sensitive methods for determining disorder in sp* carbon
materials, since the presence of disorder in sp* hybridized
carbon systems leads to resonance in Raman spectra [5].

In this work, the Raman spectrum, based on the data
of computer simulation of a graphene sheet fragment in
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the presence of a vacancy edge defect (bonds breaking
between carbon atoms), is calculated. This made it possible
to obtain a significant value of the 2D band intensity, which
confirms the effect of this particular defect on the band.
The vibrational spectra were calculated by the DFT method
at the B3LYP/6-31g(d,p) level using the Gaussian-09
program [11].

2. Modeling of a graphene sheet fragment
with an edge vacancy defect

For computer modeling, a graphene sheet fragment of a
parallelogram shape was chosen (Fig. 1a). This fragment was
characterized by Raman spectrum (Fig. 1¢) with the G band
intensity that was much higher than the D and D’ bands
intensities [6]. Hexagon and rhombus shapes are shown in
Fig. S1 (Supplementary Material).

To identify the effect of the vacancy edge defect (bonds
breaking between carbon atoms), modeling of the other
types of defects was performed. Namely, the vacancy defect
inside the graphene sheet and the boundary defect due to the
absence of hydrogen atoms (Fig. S2, Supplementary Material).
In case of the topological defect such as vacancy defect in
the hexagonal structure inside graphene, the intensities of
both D and D’ bands increased in Raman spectrum, but the
D’ band intensity was stronger than the D band intensity. The
absence in hydrogen atoms at the boundary of the graphene
sheet (Fig. 1b) led to a strong decrease in the intensities of
G and D’ bands in Raman spectrum, where practically only
one D band remained (Fig. 1d). It should be noted that the
2D band in the region of 2700 cm™" did not appear in all the
above cases.

The main attention in this paper is paid to the vacancy
violation of the hexagonal structure, which is located on the
edge of the graphene sheet. Fig. 2 shows the region of the
defect and the results of computer simulation, which made it
possible to study the evolution of the atomic and molecular
structures in time and space with different numbers of
hydrogen atoms in the environment.

Depending on the environment, which was arbitrary
(for example, Fig. 2b), different variants of the structure
formation and the CH bonds formation were obtained
(Fig. 2c-d). Note that the diversity of the resulting
structural fragments can be quite large due to the fact
that the hydrogen and carbon atoms can be located
unevenly and in different quantity along the edges of the
graphene sheet.
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Fig. 1. Molecular model of a graphene sheet in the form of parallelogram with (a) and without hydrogen atoms (b). Their Raman spectra in

the presence of hydrogen (c) and without it (d).

Fig. 2. The initial area of the defect (a); example of its environment
with hydrogen atoms (b) and results of structure optimization (c,d),
which were obtained for different positions of hydrogen atoms near
the defect.

3. Raman spectra of graphene
with an edge vacancy defect

In order to take into account the influence of the presence
of nitrogen and oxygen atoms, the Raman spectra were
calculated with the presence of at least one vacancy defect
in the hexagonal structure, which is located on the edge of
the graphene sheet, as well as the presence of nitrogen and
oxygen atoms. This fragment was modeled (Fig. 3a), doped
with nitrogen atoms (Fig. 3b) and functionalized with oxygen
atoms (Fig. 3 ¢). As experimental Raman spectra, we used the
digitized data from published works in which a monolayer of
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graphene membrane [3], nitrogen-doped graphene [11], and
reduced graphene oxide [12] were studied. The theoretical
spectrum was calculated in accordance with the fragment
models (Fig. 3d-f).

Common to all structures were steric obstacles that arise
during vibrations of hydrogen atoms covalently bonded to
neighboring carbon atoms (Fig. 4). In this regard, a decrease
in the frequency of the stretching vibration q(CH) was
observed, which for all molecular fragments appeared in the
region of ~2700 cm™'. On the whole, the theoretical Raman
spectra agreed quite well with the experimental spectra.
The difference that can be detected was associated with
finding several defects with different nature of real graphene
at once in the studied field. As well as experimental Raman
spectra, the calculated spectra showed the strongest D bands,
which appeared in graphene functionalized by oxygen atoms
(Fig. 3f), and D’ bands — in graphene doped with nitrogen
atoms (Fig. 3e). On the contrary, the strongest 2D band
was characteristic of model graphene without impurities
(Fig. 3d), and doping and functionalization of the graphene
sheet led to a decrease in its intensity.

4. Discussion

The effect of vacancy defects inside and at the edge of a
graphene sheet on the intensities of the D, D’, and 2D bands
is considered in the paper. A feature of the topological
defect in the form of vacancies inside the graphene sheet
is the excess of the D’ band over the D band (Fig. S2)
(Supplementary Material). Therefore, in the case of the ratio
I/I,>1, the analysis allows one to make a conclusion about
the presence of such defects. The 2D band, as shown in this
paper, is associated with the presence of a defect caused by
the absence of a carbon atom at the edge of the graphene
sheet. Using it, it is possible to obtain qualitative and
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Fig. 3. (Color online) Molecular models of graphene sheets with a vacancy defect in the hexagonal structure, which is located on the edge:
fragment with the parallelogram shape (a); nitrogen-doped (b) and functionalized by oxygen atoms (c). The following are the theoretical
and experimental Raman spectra, respectively: fragment with the parallelogram shape (d); nitrogen-doped (e) and functionalized by oxygen

atoms (f).
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Fig. 4. The region of the defect with hydrogen atoms in the
environment, explaining the vibrations.

quantitative information on the process of graphene oxide
reduction [13], treatment with ultraviolet radiation [14] or
the local number of graphene monolayers [3,15]. An analysis
of both D’ and 2D bands is useful in studying the purity of
graphene during dehydrogenation [16]. This is possible,
since the partial or complete absence of hydrogen atoms
at the boundary of the graphene sheet leads to the almost
disappearance of G and D’ bands in the Raman spectrum
(Fig. 1d), and the presence of nitrogen and oxygen atoms
causes a decrease in the intensity of the 2D band (Fig. 2).
In case of graphene oxide, the functional groups, such as epoxy
(C-0-C), hydroxyl (C-OH), carbonyl (C=0) and carboxyl
(COOH), can be contained in different quantities [17]. Their
presence leads to a decrease in the intensity of the 2D band,
and the intensity of the D band at the same time increases
greatly compared to the G band.
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The ratio of the intensities of the G and 2D bands
(Fig. 3d) in the case of an experimental study of graphene
can be different depending on the number of monolayers,
which is clearly shown by the map of their distribution [17].
After doping with nitrogen (Fig. 3 e), the D band can exceed
G [18]. This can be explained by a different number of
defects inside the sheet or by the partial absence of hydrogen
atoms at its edges (Fig. S2, Supplementary Material). During
the oxidation of graphene or graphite oxide, not only the
contribution from functionalization by oxygen atoms
(Fig. 3f) can be observed in Raman spectrum, but also from
other groups of atoms with the participation of oxygen and
nitrogen, and different concentration of components also
affects the Raman spectrum [19]. The quantitative ratio of
oxygen and carbon atoms increases the D/G band intensity
ratio [20]. Studies of nanoribbons from graphene oxide show
that the ratio of these bands is higher than 1, which also
confirms the effect by the shape of the sheet [21].

The data obtained as a result of the Raman spectra
analysis can be confirmed by high resolution transmission
electron microscopy (TEM) [22]. The image clearly shows
vacancy defects located inside the graphene sheet. Moreover,
the diversity of the resulting structural fragments can be
quite large due to the fact that the hydrogen and carbon
atoms, as seen on the TEM, are located unevenly and in
different quantity along the edges of the graphene sheet [23].
Edge defects caused by the absence of carbon atom are also
clearly visible.

5. Conclusions

It was established that the shape of the graphene sheet effects
the Raman spectrum, namely, the D and D’ band intensities.
The smallest defect effect is observed in the case of the
parallelogram shape. In this case, the G band intensity is
much higher than the D and D’ band intensities.
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The strongest increase in the D band intensity compared
to the G band is observed in the case of partial or complete
absence of hydrogen atoms at the boundary of the graphene
sheet, which leads to the practical disappearance of G and
D’ bands in the Raman spectrum.

The Raman spectra of one of the most common graphene
defects, namely, the breaking of carbon bonds at its edge,
were calculated taking into account the possibility of uneven
accumulation of carbon and hydrogen atoms.

The molecular modeling shows that a steric obstacle
is common for all structural defects on the edge of the
grapheme sheet. Such an obstacle occurs during vibrations
of neighboring hydrogen atoms moving towards each
other. This leads to a decrease in the frequency of stretching
vibration q(CH), which manifests in the region of ~2700 cm™
and corresponds to the 2D vibration.

Thus, the nature of the 2D band origin was confirmed
by the Raman calculations taking into account edge defects
and their coincidence with experimental data for graphene
was shown. The existence of such defects in the topological
structure is known from the literature [22,23] in accordance
with the TEM data.

Supplementary Material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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