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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 Dʹ 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−1 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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Исследовано влияние вакансионного краевого дефекта (разрыв связей между атомами углерода) листа графена 
на  спектр комбинационного рассеяния (КР). Расчет спектров был выполнен с  помощью теории функционала 
плотности (DFT) по  программе Gaussian-09. Моделирование фрагмента листа графена с  разрывом одной связи 
между атомами углерода на краю показало, что изменения в спектре являются общими для случаев легирования 
графена атомами азота и функционализации атомами кислорода. При  этом как  в  экспериментальных спектрах 
КР, так и в рассчитанных наиболее сильные линии D проявляются в функционализированном графене с атомами 
кислорода, а  линии Dʹ  — в  легированном азотом графене. При  этом наиболее сильная линия 2D характерна 
для  модели графена без примесей, а легирование графена азотом или функционализация кислородом приводит 
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к понижению её интенсивности. Такое сравнение результатов моделирования с  учетом вакансионного краевого 
дефекта для фрагмента листа графена в виде параллелограмма с атомами водорода, легированного атомами азота 
и функционализированного атомами кислорода с экспериментальными данными показало хорошее соответствие 
данных. При  этом в  нарушенных гексагональных структурах, расположенных на  его краю, колебания атомов 
водорода, связанных ковалентной связью с  соседними атомами углерода, движутся навстречу друг другу. Такой 
стерический эффект приводит к понижению частоты валентного колебания q(CH), которое проявляется в области 
~2700 см−1 и отвечает колебанию 2D. Произведено сравнение результатов моделирования вакансионного краевого 
дефекта для фрагмента листа графена, легированного атомами азота и функционализированного атомами кислорода 
с экспериментальными данными.
Ключевые слова: графен, теория функционала плотности, спектроскопия комбинационного рассеяния, молекулярное 
моделирование, вакансионный дефект.

1. Introduction

The use of graphene requires quality control of their 
manufacture and, very importantly, 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, Dʹ and 2D bands 
[1– 4]. The presence of the D band indicates certain defects that 
can be caused by both imperfection of the crystal lattice 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 Dʹ bands were very low.

Of great interest is the relationship of D, Dʹ, 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 Dʹ bands intensities was examined, namely: a 
change in hybridization from sp2 to sp3, 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 Dʹ peaks intensity coefficient is 
maximum (~13) for sp3-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 sp2  carbon 
materials, since the presence of disorder in sp2  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 

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. 1c) with the G band 
intensity that was much higher than the D and Dʹ  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 Dʹ bands increased in Raman spectrum, but the 
Dʹ 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 Dʹ 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−1 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.  2 b), 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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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. 3 a), doped 
with nitrogen atoms (Fig. 3 b) and functionalized with oxygen 
atoms (Fig. 3 c). As experimental Raman spectra, we used the 
digitized data from published works in which a monolayer of 

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−1. 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. 3 f), and Dʹ bands — in graphene doped with nitrogen 
atoms (Fig.  3 e). On the contrary, the strongest 2D  band 
was characteristic of model graphene without impurities 
(Fig. 3 d), 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, Dʹ, 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 Dʹ  band over the D  band (Fig.  S2) 
(Supplementary Material). Therefore, in the case of the ratio 
IDʹ / ID >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 

      a              b

      c              d
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).

           a     b

           c     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.
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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 Dʹ 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 Dʹ  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-O-C), hydroxyl (C-OH), carbonyl (C=O) 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.

The ratio of the intensities of the G  and 2D  bands 
(Fig.  3 d) 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. 3 f) 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 Dʹ 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 Dʹ band intensities.

  a                b             c

 
 d                  e              f

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).

Fig.  4. The region of the defect with hydrogen atoms in the 
environment, explaining the vibrations.
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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 
Dʹ 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−1 
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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