
JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS                      Vol. 23, No. 1-2, January – February 2021, p. 72-78  

   

Electronic structure and optical properties of B- or 

N-doped graphene adsorbed methanol molecule: 

first-principles calculations 
 

 
WEN WANGa, XIUWEN ZHAOb, JUNFENG RENb,*   
aCNGC Institute 53, Jinan, 250031, China 
bSchool of Physics and Electronics, Shandong Normal University, Jinan, 250014, China 

 

 

 

Comprehensive calculations of the various geometrical structures, band structures and the optical properties for B, N-doped 

graphene adsorbed methanol molecule are performed by means of first-principles calculations. It is found that the band gap 

appears and the optical parameters change as well. The maximum values of the dielectric constants, the refractive index and 

the reflectivity increase after the doping and the adsorption. The effects of N doping on the optical properties are bigger than 

that of B doping because of the more π electrons. Methanol molecule adsorption has obvious impact on the optical 

properties of N-doped graphene, which shows that the interaction between N-doped graphene and methanol is relatively 

strong, so N-doped graphene can be used to adsorb and detect methanol molecule. 
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1. Introduction 

 

It is well known that graphene was stripped from 

graphite in the year of 2004. Graphene is a magical 

two-dimensional material with a variety of remarkable 

functions based on its single layer honeycomb lattice 

which is formed by sp2 hybrid of carbon atoms. [1-3]. 

Graphene has excellent conductivity, large specific surface 

area, outstanding thermal conductivity and perfect 

quantum tunneling effect, etc. Optical properties of 

graphene have been extensively studied in both theory and 

experiments and the interests in the study of graphene in 

photonic and optoelectronics are also rising which is 

shown by its various applications, such as solar cells, 

lighting-emitting and touch screen, etc [4-11]. Pristine 

graphene has zero band gap, its electrons and holes obey 

the two-dimensional Dirac equation and energy band 

structure near the Fermi level shows linear dispersion 

relation [12-14]. Zero band gap structure limits the 

development of pristine graphene in the field of 

nanoelectronics and optoelectronic devices. In recent years, 

the electronic and optical structures of graphene and its 

derivatives have been studied and significant 

modifications of graphene were noted [15-19].  

There are various methods to optimize the band 

structure and modify the optical properties of graphene 

which are related to band structures directly. One method 

is doping foreign atoms such as N and B, whose atomic 

radii are close to that of carbon atoms, which will not 

induce big lattice distortion. In addition, foreign atoms 

usually have different electronic configuration comparing 

with C atom, so charge transfer will occur after the doping, 

then the electronic and optical properties of graphene will 

be significantly optimized [20-22]. Another method is 

adsorbing atoms or molecules, such as CO, NO, NO2 and 

thiophene molecule, etc. As graphene has only one atomic 

layer thickness and is easily exposed to the outside world, 

the atoms and molecules adsorbed on the surface of 

graphene can change the structure of the graphene by 

perturbing the π-electron network [23-25]. For example, 

Wang et al. studied the adsorption of CO molecules on 

doped graphene, which suggested that doped graphene is 

more sensitive than pristine graphene to the adsorption of 

CO [26]. Besides, the topological disorders like ripples 

and Stone-Wales defects are also important in optimizing 

the properties of graphene as well [27-28]. 

Gas sensors based on graphene adsorbed different 

molecules especially pollutants have attracted many 

researcher’s interests. Methanol is one of the basic organic 

raw materials, its toxicity has great impact on body's 

nervous system and blood systems, and it needs to be 

detected. The adsorption of methanol molecule on pristine 

graphene have been studied and it shows that no obvious 

effect occurs on the electronic structure and the optical 

properties. However, the sensitivity of graphene can be 

enhanced by doping techniques, so as a candidate for gases 

sensor, graphene plays an important role in gas detection 

[26]. It is worth mentioning that the modeling works of 

graphene and graphene-like systems in relation to B and N 

have been studied widely [29-32]. In order to improve the 
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sensitivity for methanol molecule in graphene, we also 

choose B and N atoms as dopants to study the changes of 

the electronic structures and the optical properties, which 

corresponds to the widely used p-type and n-type doping 

methods, respectively. The structure of the article is as 

follows: the theoretical calculation methods are shown in 

Section 2, the results analysis are given in Section 3, and a 

conclusion is listed in Section 4. 

 

 

2. Methods  

 

All our theoretical calculations are done through 

VASP (Vienna ab-initio Simulation Package) [33]. A 

4×4×1 supercell (32 atoms) of pristine graphene is chosen 

as the sheet [18-19]. One carbon atom in the graphene 

sheet is substituted by B or N atom, which are called BG 

and NG systems. A methanol molecule is adsorbed on the 

surface of BG and NG, which are named as BGM and 

NGM systems, respectively. The modified electronic and 

optical properties of NG, BG, NGM and BGM systems 

have been explored with respect to the two different kinds 

of impurities. PAW pseudopotential is used to describe the 

interaction between ions and electrons [34]. For the energy 

exchange correlation energy function, the generalized 

gradient approximation (GGA) in the form of 

Perdew-Burke-Ernzerhof (PBE) are used [35]. The cut-off 

energy is 400 eV in the process of structural optimizations 

and calculations. A 7×7×1 Monkhorst-Pack grid is chosen 

when calculate integral in Brillouin zone. Energy 

convergence is set to less than 10-4eV and the convergence 

accuracy of the nuclear motion is set to less than 0.2 eV/Å. 

The thickness of the vacuum layer is set to 15 Å in order 

to avoid the interlayer interference. The van der Waals 

interactions DFT-D3 are included in the calculations.  

The optical properties are general evaluated by the 

dielectric function, which is the sum of the real and the 

imaginary parts,
 
𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔). The imaginary 

part is calculated by the summations of the empty band 

states using the following equation [36],  
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where ω represents the frequency of electromagnetic (EM) 

radiation in energy unit. Ω represents the volume, v and c 

correspond to the valence and the conduction bands 

respectively, α and β indicate the Cartesian components, 

𝑒𝛼 and 𝑒𝛽 are the vacuum dielectric constants, ∈ck and 

∈𝑣𝑘 refer to the energy of the conduction and the valence 

band respectively, 𝑢𝑐𝑘  is the cell periodic part of the 

orbitals at the k-point. The real part of the dielectric tensor 

is calculated by the Kramers-Kronig relation, 
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where P denotes the principle value. According to the 

values of the real and the imaginary part of dielectric 

tensor, the optical properties such as the absorption 

coefficient α(ω), the refractive index n(ω), the reflectivity 

R(ω) and the electron energy loss spectroscopy L(ω) can 

be given by [37-38],  

      𝛼(𝜔) =
√2𝜔

𝑐
{[𝜀1

2(𝜔) + 𝜀2
2(𝜔)]

1

2 − 𝜀1(𝜔)}

1

2
,  (3) 

      𝑛(𝜔) =
1

√2
{[𝜀1

2(𝜔) + 𝜀2
2(𝜔)]

1

2 + 𝜀1(𝜔)}

1

2
,   (4) 

           𝑅(𝜔) = |
√𝜀1(𝜔)+𝑖𝜀2(𝜔)−1

√𝜀1(𝜔)+𝑖𝜀2(𝜔)+1
|
2

,          (5) 

          𝑳(𝝎) =
𝜺𝟐(𝝎)

𝜺𝟏
𝟐(𝝎)+𝜺𝟐

𝟐(𝝎)
.            (6) 

 

 

3. Results and discussion 

 

There are several adsorption configurations both for 

BGM and NGM systems, i.e. top, hollow and bridge site 

adsorptions, which correspond to the top of B and N 

dopants, the center of the hexatomic ring including the 

dopants, the center of the bond between carbon atom and 

the dopants. For each configuration, the oxygen atom or 

the hydrogen atom connected to it in the methanol 

molecule is placed on the corresponding sites. After fully 

relaxed, it is found that the energy will be the minimum 

when H atom is adsorbed on the top of B or N atom, and 

the fully relaxed structures are shown in Fig.1. For these 

two cases, the distances between the H atom and the B or 

N atom are 2.37 Å and 2.54 Å, which is defined as the 

adsorption distance, respectively. The bond lengths of 

C1-C2 in the graphene sheet and C3-O in the methanol 

molecule keep almost unchanged after the adsorptions. 

The adsorption energy is also calculated for the two 

systems. The adsorption energy is used to reflect the 

strength of the adsorption, which is generally negative, i.e., 

the greater absolute value of the adsorption energy means 

the more stable system. The adsorption energy Ead is 

calculated as Ead=Etot-Eg-Em, where Etot, Eg and Em are the 

total energy of the whole system, the energy of B- or 

N-doped graphene and the energy of methanol molecule, 

respectively. The adsorption energies are -0.05 eV and 

-0.17 eV for BGM and NGM systems, respectively, which 

means that the NGM system is more stable than BGM 

system. 
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(a) 

 

(b) 

 

Fig.1. Top and side views of the relaxed structures. (a) BGM 

system (b) NGM system. Red, white, brown, green and gray 

spheres represent O, H, C, B and N atoms, respectively. 

 

To further study the effects of methanol molecule 

adsorption on the electronic properties of graphene, the 

band structures are calculated. For comparison, we also 

calculate the band structure of pristine graphene, BG, NG, 

BGM and NGM systems. It can be found that the band 

gap of pristine graphene is zero, which is consistent 

with previous works [12-14]. And the adsorption 

distance is bigger than 3 Å, which means that the effect 

of methanol molecule adsorption is weak. The band 

structure of BG, NG, BGM and NGM systems are shown 

in Fig. 2. It is found from Fig. 2(a) that the NG system has 

a band gap of about 0.18 eV, and the Fermi level elevated 

to the conduction band, these results are originated from 

the fact that the N atom has one more electron than that of 

the C atom, so N atom in graphene acts as an n-dopant. 

For BG system, the results are shown in Fig. 2(c), the band 

gap is similar to that of N-doped graphene, while the 

Fermi level descended to the valence band, so B in 

graphene acts as a p-dopant, these results are consistent 

with previous reports [39]. By doping B or N atoms, the 

band structure of graphene changes, but the effect of 

methanol molecule adsorption is not significant, the band 

structures of NGM and BGM systems are similar to NG 

and BG systems, respectively, which means that the 

molecule adsorption has little impact on band gap of NG 

and BG systems. 
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Fig. 2. Band structures of different systems. (a) NG,  

(b) NGM, (c) BG, (d) BGM 

 

The projected density of states (PDOS) for NG, NGM, 

BG, BGM systems have also given, which are shown in 

Fig. 3. Fig. 3 shows that the PDOS are in line with the 

band structures in Fig. 2. Fermi level moves to the 

conduction band for NG system and the Fermi level moves 

to the valence band for BG system. After introducing the 

dopant and methanol molecule to the graphene system, the 

PDOS changed. From the Fig. 3(a) and (b), it can be seen 

that the density of states are mainly composed of the p 

orbit of carbon atoms. While for BGM and NGM systems, 

there are hybridization of the p orbital between oxygen 

and carbon atoms, and the hybridization is more prominent 

for NGM system, which means that N-doped graphene is 

more suitable to adsorb methanol molecule. In addition, 

file:///D:/Program%20Files%20(x86)/Dict/6.3.69.8341/resultui/frame/javascript:void(0);
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the charge transfers (ΔQ) from methanol molecule to 

graphene are also given of BGM and NGM systems. It is 

clear that the NGM system has a bigger value of 2.63e 

than 0.72e for BGM system, which means that the 

methanol molecule and graphene system has the most 

distinct interaction for NGM systems. 
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Fig. 3. Projected density of states (PDOS) for different  

doping systems. (a) BG, (b) NG, (c) BGM, (d) NGM 

 

It is evident from the previous calculations that the 

electronic structures of graphene change, so the optical 

properties will also be modified. Fig. 4 shows the 

dielectric function of the pristine graphene. As we all know, 

the dielectric tensor in the hexamer lattice has two 

independent components, εxx(ω) along a-axis and εzz(ω) 

along c-axis. From our calculations, we found that the 

doping and adsorption have little impact on εzz(ω), so the 

optical constants along a-axis εxx(ω) are mainly considered. 

From Fig. 4(a), it is found that the real part ε1 along a-axis 

of the dielectric function of pristine graphene has values 

less than zero when the energy is about 4 eV, the 

maximum of ε1 around zero energy is 6.41. From table 1, 

it is found that the maximum for BG and BGM systems 

are similar to that of the pristine graphene. However, for 

NG and NGM systems, the maximum of ε1 increases 

drastically, which is 19.24 and 14.70, respectively. Fig. 4(d) 

represents the imaginary part ε2 of the dielectric function. 

It is obvious that ε2 of pristine graphene have significant 

peaks at small energy region (0-5 eV) and high energy 

region (near the 14 eV), these peaks are attributed to 

π→π* and σ→σ* interband transitions, respectively [41]. 

The maximum of ε2 for pristine graphene is 4.10, and it has 

little change in BG system compared with pure graphene, 

however, it increases significantly in NG system, which 

are shown in Table 1. In addition, after adsorbed the 

methanol molecule, the maximums for both ε1 and ε2 

decrease. It can be concluded that the dielectric function of 

NGM system is significantly different from pristine 

graphene and BGM system, the interaction between 

methanol molecule and N-doped graphene has certain 

enhancement. 
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Fig. 4. Optical properties of pristine graphene. (a) real 

part of dielectric function, (b) refractive index, (c) 

reflectivity, (d) imaginary part of dielectric function, (e) 

adsorption coefficient, (f) energy-loss function 

 

The refractive index n(ω) and reflectivity R(ω) of 

pristine graphene are shown in Fig. 4(b) and (c), 

respectively. It is found that the maximum of the refractive 

index n(ω) for pristine graphene is 2.63, this value is 
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consistent with previous theoretical calculations but is 

smaller than experimental value [6, 18]. It is obvious that 

for the BG and BGM systems, no noticeable change of the 

n(ω) maximum value has been observed compared with 

that of pristine graphene. For NG and NGM systems, the 

maximum value increases significantly, they are about 

4.57 and 4.00, and it can be seen that the methanol 

molecule adsorption reduced the maximum value of n(ω) 

for both BG and NG systems as well. It is noticeable from 

Fig. 4(c) that the prominent peaks of the reflectivity can 

been observed around at 4.5 eV and 15.0 eV, and it is very 

small or almost zero in the region of 7.0 eV-10.0 eV. The 

value of ε2(ω) is very small in the region of 7.0 eV-10.0 eV 

as shown in Fig. 4(d), therefore a very small value of 

reflectivity is expected in this region accordingly. 

Compared with pristine graphene, the maximum of R(ω) 

for BG and BGM systems decreases, however, it increases 

for NG and NGM systems, all these results are shown in 

Table 1. The maximum value of R(ω) for NG and NGM 

systems are lying within the visible to infrared region. Due 

to the addition of extra π electrons in the NGM system by 

N doping, an obvious peak occurs at about 0.5 eV, which 

is different from pristine graphene and BGM system [18]. 

 

Table 1. Maximums of the optical parameters for different 

systems 

 

Systems graphene BG BGM NG NGM 

ε1 6.41 6.65 6.50 19.24 14.70 

ε2 4.10 3.98 3.76 118.77 15.98 

n(ω) 2.63 2.59 2.50 4.57 4.00 

R(ω) 0.39 0.21 0.21 0.48 0.46 

α(ω)/105 2.32 2.00 1.70 1.56 1.40 

 

The absorption coefficient α(ω) is directly connected 

to the imaginary part of the dielectric function, which is 

depicted in Fig. 5. It can be seen that the adsorption index 

is zero when energy is near the zero and there are two 

peaks at about 4.2 eV and 14.5 eV respectively, the results 

are agreement with the previous works [6, 18]. It can be 

observed that the highest peaks decrease significantly for 

BG, BGM, NG and NGM systems. The absorbance is 

almost zero within the energy interval 7.0 eV-9.0 eV, 

which is consistent with the reflectivity. It is clear that the 

pristine graphene as well as BG, NG, BGM and NGM 

systems are highly transparent around the energy range 7.0 

eV-9.0 eV. In other words, compare reflectivity and 

absorbance, it can be found that if one system can strongly 

adsorb the light in a spectral range, they can reflect the 

light in the same spectral range effectively. In addition, the 

peak position of α(ω) for N-doped systems move to high 

energy range compared with B-doped systems and pristine 

graphene, and after adsorbed methanol molecule, the peak 

position shift a lot. 
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Fig. 5.Adsorption index of different systems. (a) BG,  

(b) NG, (c) BGM, (d) NGM 

 

The electron energy loss spectrums L(ω) have been 

depicted for different systems, which are shown in Fig. 6. 

For the L(ω) of pristine graphene, two prominent peaks 

have been observed at 4.8 eV and 15.8 eV. Experimental 

and theoretical in-plane plasmon excitation peaks have 

been observed at 4.7 eV and 14.6 eV due to π and (π + σ) 

plasmons, respectively [41]. For BG, NG, NGM and BGM 

systems, the peaks decrease obviously compared with 

those of pristine graphene, and the peaks of NGM system 

drop more than BGM system. In addition, compared with 

BG, BGM and pristine graphene, a new peak around 1.4 

eV has been observed in NG and NGM systems. And in 

the energy range of 14 to 17eV, the peaks of NGM system 

is different from other systems.  
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Fig. 6. Electron energy loss spectrums of different systems.  

(a) BG, (b) NG, (c) BGM, (d) NGM, respectively 

 

 

4. Conclusions   

 

In summary, we studied the structural, electronic and 

optical properties of B- and N-doped graphene adsorbed 

methanol molecule through first principles calculations. 

After doping and adsorption, it can been observed that 
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band gap appears and the dielectric function, adsorption 

coefficient, refractive index, reflectivity and electron 

energy loss spectroscopy change significantly compared 

with pristine graphene. For NG and NGM systems, the 

maximum of the real and imaginary parts of the dielectric 

constant, refractive index and the reflectivity increase 

significantly than those of the BG, BGM systems and 

pristine graphene. The peaks of adsorption coefficient for 

NG and NGM systems shift slightly compared with BG, 

BGM systems and pristine graphene. The transparency is 

high around the energy range of 7.0 eV-9.0 eV for all 

systems. A sharp electron energy loss spectroscopy peak 

arises for NG and NGM systems around 1.4 eV, and the 

peaks of NGM system is different from other systems in 

the energy range of 14 to 17eV. All these calculations 

show that NGM system has more significant impact on the 

optical properties, which can be used to adsorb and detect 

methanol molecule. Optical properties such as adsorption 

index and electron energy loss spectrums of graphene are 

affected by the molecule adsorption, so graphene could be 

used as sensors to detect molecules based on the changes 

of the optical properties of the system. All these results can 

help to understand the properties of optoelectronic 

materials involving graphene. 
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