
 

 

Density Functional Theory Study of Graphene 

 

 

Huang Lin 

 

School of Chemical and Biomedical Engineering 

 

A thesis submitted to the Nanyang Technological University 

in partial fulfilment of the requirement for the degree of 

Doctor of Philosophy 

2015



 I 

 

Abstract 

In this thesis we mainly focus on : (a) band gap manipulation of monolayer graphene 

by phenyl radical adsorption; (b) controlling armchair and zigzag edges in oxidative 

cutting of graphene with strain; (c) understanding of their photoluminescence (PL) 

mechanisms of graphene quantum dots (GQDs) using density functional theory (DFT) 

and time-dependent DFT (TDDFT) calculations. We observe that (a) the adsorption of 

single phenyl radical breaks the aromatic π-bond of graphene and generates an unpaired 

electron which is delocalized on ortho or para positions, (b) the adsorption of the second 

phenyl radical at ortho or para position saturates the generated unpair electron by electron 

pairing and results in semiconducting graphene, (c) adsorption of more even numbers of 

phenyl radicals on graphene by ortho-ortho and ortho-para pairings increases the band 

gap of graphene. We have also investigated the oxidation of graphene considering the 

adsorption at both sides of graphene sheet. We show that (1) the formation of armchair 

epoxy chain on graphene sheet is energetically favorable when the oxidation is occurred 

on both sides of graphene sheet, (2) whereas formation of zigzag epoxy chain is favorable 

when oxidation occurred on the same side of graphene, (3) when external strain is applied 

on graphene the zigzag epoxy chain formation on graphene sheet becomes energetically 

more favorable. We have also studied the PL properties of GQDs using both DFT 

TDDFT calculations to reveal the PL mechanism and also investigated the effect of size, 

edge configurations, shapes, attached chemical functionalities, heteroatom dopings and 

defects on PL properties of GQDs. 
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Introduction 

 

Modern semiconductor industry grows faster and faster, trying to achieve Moore’s 

law which is the observation that “over the history of computing hardware, the number of 

transistors in a dense integrated circuit has doubled approximately every two years”. To 

reach this target, new semiconducting materials such as graphene and related materials 
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attracted interests of many researchers. Graphene is an allotrope of carbon, which has a 

strictly two-dimensional structure of one-atom-thick planar sheet, made up of sp
2
 

hybridized carbon atoms that are densely packed in a honeycomb crystal lattice
1
 (see 

Figure 1.1). All sp
2
 hybridized carbon atoms, which forming graphene, have four bonds: 

three σ bonds connecting three neighboring carbon atoms and one π bond orienting 

perpendicular to the graphene plane. The lattice constant of graphene is 2.47 Å (See 

Figure 1.1a).
2
 Graphene has interesting geometric, optical and electronic properties 

because of its sp
2
 hybridized carbon atoms, honeycomb crystal lattice and one atom-thick 

layered structure,  

 

Since the first successful synthesis of graphene by regular adhensive tape stripping 

method in 2004
3
, a large number of methods have been reported for the synthesis of 

graphene including mechanical exfoliation
4
, chemical vapor deposition (CVD)

5
, arc 

discharge 
6
, epitaxial growth 

7
, chemical reduction of graphene oxide

8
, substrate-free gas-

phase synthesis 
9
, direct synthesis of graphene from graphite

10
, electrochemical synthesis 

11
, unzipping carbon nanotube for graphene nano-ribbon

12
, templated route to produce 

graphene
13

, total organic synthesis 
14

, etc. 
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Figure 1.1 DFT optimized (a) geometric and (b) electronic structure of intrinsic graphene.  

 

Theoretically, graphene is the thinnest structure human being can produce because 

of its one-atom-thick structure. Graphene has a large surface/volume ratio and 

experimental Young's modulus (elastic modulus) of graphene is 1.0 terapascals 

suggesting that graphene is one of the strongest material.
15

 

Graphene has numerous attractive electronic properties. Intrinsic graphene is a zero 

band-gap semi-metal material with its valence and conductive bands degenerate at K 

point (See Figure 1.1b). The resistivity of graphene sheet would be 10
-6

Ω·cm, which is 

10 times less than the lowest resistivity metal material known at room temperature – 

silver
16

. Graphene has remarkable ultra-high electron mobility (200,000 cm
2
V

-1
s

-1
), 

demostrated by experiment
17

. In graphene, electrons and holes (Dirac fermions) have zero 

effective mass near the six corners of the two-dimensional hexagonal Brillouin zone, 

behaving like spin 1/2 relativistic particles described by the Dirac equation
18

. The Dirac 

fermions should have nearly the same mobility due to the high symmetry of the 

experimentally measured conductance
19

. Graphene also has low Johnson noise, which 

appeared due to thermal agitation of Dirac points.
20

 Therefore, small modification in 
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carrier concentration (a surface molecular adsorption) leads to a sigficant variation of 

graphene conductivity.
20

 The comparison of some common semiconducting and graphene 

are listed in Table 1.1. 

 

Table 1.1 Electronic properties of commonly used semiconducting materials and 

graphene 

Materials Band gap (eV) 

Effective mass(me) Mobility (cm
2
/V s) 

Electron Hole Electron Hole 

Graphene 0 1/18
25

 1/18
25

 200,000
17

 200,000
17, 19

 

Si 1.10
21

 1.080
21

 0.560
21

 1500
21

 450
21

 

Ge 0.66
21

 0.550
21

 0.370
21

 3900
21

 1900
21

 

a
 me indicates the mass of a free electron (9.11x10-31 kg). 

Based on these amazing electronic and structural properties, graphene attracts wide 

applications in sensers
20, 22

, transparent electrodes and battery
23

, field emission (FE) 

displays
24

, field effect transistors (FETs) 
3
. Due to ultra-high surface/volume ratio and 

high conductive with low Johnson noise and low crystal defect, graphene is widely used 

in bio- and gas-sensor. Graphene has been proposed as an ideal material in photovoltaic 

applications such as transparent electrodes due to its high electron mobility, transparent
25

 

and lowest resistivity. FE displays emit electrons under a high electric field. The simplest 

method to achieve a high electric field is to enhance electric field at the tip of a sharp 

material. Because of the single-atom-layer thick, graphene is a perfect material to 

produce FE displays. Graphene is also a proposed material for use in FETs because of its 

high electron mobility and switching speed (on-off ratios of about 10
7
) 

12
.  
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Graphene quantum dots (GQDs) and Graphene nanoribbons (GNRs) are nanometer-

sized graphene, which can be produced by graphene oxidation cutting. GQDs are single-

layer or multi-layer fragments of graphene with a size from 1 to 50 nm and GNRs are 

strips of graphene with width thinner than 50 nm. GQDs have interesting elec-optical 

properties such as photoluminescence (PL). Due to the PL properties, GQDs can be used 

in bioimaging
26

 and detecting
27

 (sensers). GNRs have interesting electronic properties 

related to their edge shape and GNR width. Density functional theory calculation results 

showed that GNRs are semiconductings with band-gaps inverse of the GNR widths and 

armchair edge dominated GNRs always have larger band-gap than zigzag edge 

dominated GNRs. Due to the semiconducting properties, GNRs can be used to fabricate 

FETs with on-off ratios of about 10
6
. 

Although graphene has a lot of potential applications, we still face some challenges 

in real application. (a) First challenge is the zero band-gap of intrinsic graphene. If we 

want to use graphene in semiconducting industry, its band-gap should be opened. (b) 

Second challenge is the graphene cutting. GQDs and GNRs are used in sensors and FETs. 

The edge shape of GQDs and GNRs affect their electronic and optical properties. GNRs 

with dominant armchair edges have larger band-gap as compared to similar sized GNRs 

with dominant zigzag edges.
28

 Theoretical calculations also revealed that GQDs with 

armchair edges have different electronic and optical properties as compared to similar 

sized GQDs with zigzag edges.
29

 Thus, controlling the edges of GNRs and GQDs is 

important for their wider applications. (c) Third challenge is understanding the tunable 

photoluminescence (PL) properties of GQDs. GQDs can be employed as the universal 

fluorescent tags to specifically label the molecular targets and enable real-time imaging 
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of their trafficking dynamics in live cells.
30

 Better understanding of PL properties of 

GQDs can widen the applications of GQDs. My research projects are mainly focused on 

solving the above challenges. 

 

The goals of the present work are – 

(a) to study the structural  and electronic properties of graphene. 

(b) to study the band-gap opening of graphene by radicals adsorption. 

(c) to understand the edge shapes controlling of GQDs and GNRs by oxidative 

cutting of graphene. 

(d) to reveal the mechanism of photoluminescence (PL) properties of GQDs and to 

investigate the effect of size, edge configuration, shape, attached chemical functionalities, 

heteroatom doping and defects on PL properties of GQDs. 
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Chapter 2 

 

 

 

 

Literature Review 

 

In this chapter we briefly discsuss the repoted works on synthesis of graphene, 

properties, applications and challenges of graphene and theoretical calculations 

performed on graphene.  

 



 

 

8 

2.1. Synthesis of graphene 

In 2004, Geim and Novoselov used micromechanical exfoliation of bulk graphite to 

produce graphene
3
. It is the first successful method in which a one-atom-thin carbon flake 

was stripped using regular adhesive tape followed by deposition onto silicon substrates. 

After that a large number of graphene synthesis methods have been reported including 

mechanical exfoliation
4
, chemical vapor deposition (CVD)

5
, direct synthesis method from 

graphite
10

, arc discharge method
6
, epitaxial growth method

7
, chemical reduction of 

graphene oxide
8
, substrate-free gas-phase synthesis method

9
, electrochemical synthesis 

method
11

, unzipping carbon nanotube for graphene nano-ribbon
12

, templated route to 

produce graphene
13

, total organic synthesis method
14

, etc. Some of the graphene synthesis 

methods are briefly described below.  

2.1.1 Arc discharge method 

Wu et al. reported a method using hydrogen arc discharge to reach an 

instantaneously increased high temperature (up to 2000°C) to produce graphene sheets 

from graphite oxide.
6
 Because of the etching effect of hydrogen and in-situ defect-

elimination effect at high plasma temperature on undesirable amorphous carbon, the arc 

discharge method has advantages in producing high thermal stability and crystallinity 

graphene sheets. In 2009, Rao et al. found a way to produce nitrogen and boron doped 

graphene using arc discharge method with pyridine and diborane, respectively.
31

 The 

nitrogen and boron doped graphene sheets synthetized by arc discharge method exhibit 

high electrical conductivity and thermal stability. 
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2.1.2 Chemical vapor deposition (CVD) 

In CVD method, hydrocarbon gases (mostly a mixture gas of hydrogen and methane) 

act as graphene precursors to deposit on surface of transition metal at a high temperature. 

Li et al. reported a CVD method to produce large-area graphene using a gas mixture of 

hydrogen and methane deposited on surface of copper substrates at temperature up to 

1000°C.
5a

 Most area of the synthesized graphene sheets was dominated by monolayer 

graphene sheets with less than five percent of multilayer graphene sheets. Vanhulsel et al. 

showed a plasma-enhanced CVD method without using any catalyst to get micrometer-

wide multilayers graphene sheets by controlling a gas mixture of hydrogen and methane 

in microwave plasma at 700°C.
5f

 

2.1.3 Epitaxial growth method 

Epitaxial growth method is a way to synthesize wafer-size graphene film layers on 

silicon carbide (SiC) which is heated in vacuum to about 1400°C. Because the 

sublimation rate of carbon is higher than silicon, carbon atoms can be left from SiC 

substrates to form graphene sheets through rearranging. Shivaraman reported an epitaxial 

growth method to synthesize free-standing graphene in 2009, in which the 4H-SiC 

substrate was heated under vacuum condition to 1400°C for 1 hr.
7a

 Aristov et al. 

discovered a method to synthesize graphene sheets onto commercially available cubic 

SiC/Si substrates.
7b

 More recently, Emtsev et al. reported a method to synthesize 

graphene sheet in 1 bar argon atmosphere using polycrystalline SiC as substrates instead 

of single-crystal SiC.
7c

 But generally speaking, the epitaxial growth methods need strict 

conditions including high temperature (up to 1000°C), vacuum or argon atmosphere, 
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which may limit the commercialization of this method for large scale graphene 

production. 

2.1.4 Chemical reduction of graphene oxide 

There are two advantages to produce graphene using chemical reduction of graphene 

oxide. One is this method can be used to produce low-cost, large-scale graphene sheets. 

The other is that the synthesized monolayer graphene sheets can be easily deposited on 

any substrate, which is helpful to apply in biochemical and electrochemical devices. 

However, due to hydrophilicity of graphite oxide and the hydrophobicity of graphene 

sheets, the obtained graphene sheets easily agglomerate which makes the process and the 

application difficult. To improve graphene solubility and dispersibility in water, scientists 

try to control some experimental conditions. Li et al. reported that reduced graphene 

sheets obtained from graphite oxide can form stable aqueous colloid rapidly in a high pH 

condition.
8
 This can help to produce large-scale aqueous graphene dispersions without 

any surfactant stabilizers or polymeric materials. 

2.1.5 Substrate-free gas-phase synthesis 

Dato et al. presented a method to produce graphene sheets in atmospheric pressure 

without substrate. Graphene can be obtained continuously from a microwave plasma 

reactor using a mixture of argon gas and liquid ethanol droplets.
9
 When the input of 

ethanol was 164 mg min
-1

, the rate of graphene sheet production can reach to 2 mg min
-1

, 

which means this method may be a possible avenue to produce large-scale graphene. 
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2.2. Applications of graphene and its derived materials 

Based on the amazing electronic and geometric properties mentioned in Chapter 1, 

graphene attracts wide applications in sensors
20, 22

, transparent electrodes
23

, field emission 

(FE) displays
24

, field effect transistors (FETs)
24b, 32

. In this sub-section we will discuss the 

properties based potential applications of graphene and its derived materials. 

Because of the extreme high surface/volumn ration and the sensitive of electronic 

properties (mainly conductivity) to surface modification, graphene is widely used in 

sensors. The first graphene based sensor has been reported by Novoselov’s group
20

  and 

used to detect single molecules  e.g. NH3, CO, H2O and NO2.. A Hall-type 

configuration(see Figure 2.1) shows that when an electron-donor molecule such as NH3 

and CO adsorbed on graphene, the increase of conduction of graphene induced due to the 

electron; when an electron-withdrawing molecule such as NH3 and CO adsorbed on 

graphene, the decrease of conduction of graphene induced due to the holes. 
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Figure 2.1 The adsorption of NH3, CO, H2O and NO2, changes the resistivity of graphene. 

[Reprinted by permission from Nature Publishing Group: Nature Materials (ref 
20

), 

copyright 2007] 

 

Despite gas sensing, graphene has potential application in bio-sensing.
22a

  Shan et al. 

demonstrated an electrochemical biosensor based on polyvinylpyrrolidone-protected 

graphene/polyethylenimine-functionalized ionic liquid/ glucose oxidase (GOD). Direct 

electron transfer and up to 14 mM linear glucose response has been reported, which 

shows the potential application of graphene in glucose detecting. Alwarappan et al. 

employed graphene for electro-chemical detection of dopamine and serotonin.
22b

 

Compare to carbon nanotube, graphene performs much better in areas such as sensitivity, 

stability and signal/noise ratio when  used to detect dopamine and serotonin.
22b

  

Graphene also has potential application in Field emission (FE) displays. In FE 

displays a high electric field is applied to emit electrons from a material. A sharp tip is 

used to enhance the electric field in FE displays. Graphene is an ideal material to produce 

the sharp tip for field enhancement due to its one-atom-layer thin geometric structure. 

Eda et al. reported a field effect enhancement structure fabricated by graphene thin film 

erecting on silicon substrate.
24a

 This structure was synthesized by spin coating the silicon 

substrate using graphene oxide/polystyrene solution. The orientation of graphene thin 

film is controlled by the spin coating speed (see Figure 2.2). The low spin coating speed 

could erect graphene on substrates (see Figure 2.2B). The graphene based FE displays 

prepared by spin coating method showed a turn-on electric field of up to 4V/μm and a 

field enhancement factor of up to 1200. Wu et al. dispersed graphene sheet in isoprophyl 

alcohol and then deposited the solutions onto indium tin oxide coated glass substrate to 
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get erecting graphene on substrate.
24b

 The preapared graphene based FE displays showed 

a field enhancement factor of up to 3700 and a turn-on electric field of 2.3V/μm. 

 
Figure 2.2 Spin coating process at (A) high and (B) low spin coating speeds. Low spin 

coating speed could erect graphene on substrates [Reprinted by permission from AIP 

Publishing LLC: Applied Physics Letters (ref
24a

), copyright 2008] 

 

Due to the high electron mobility and switching speed, graphene can also be used to 

fabricate FETs. Novoselov et al. reported the field effect of graphene in 2004.
3
 In thier 

work, they found that graphene based FETs have extremely high electrons and holes 

concentration (10
13

 /cm
2
) with a mobility of up to 10000 cm

2
/V-s. The first graphene 

based FETs (graphene frake size around 1μm
2
) fabricated by e-beam lithography (See 

Figure 2.3) has been reported by Gilje et al, which demonstrated a response to gate 

voltage range between ±15 V.
24b

  Tung et al. have synthesized much larger (up to 20x40 

μm) graphene flakes.
32

 Based on the larger graphene flakes, multi-arrays of field effect 

transistors can be fabricated by conventional photolithography method. 
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Figure 2.3 FETs fabricated by graphene sheet with Au electrodes. [Reprinted with 

permission from ref 
24b

. Copyright (2007) American Chemical Society.] 

 

Currently the transparent electrodes in touch panels, solar cells, liquid crystal 

displays and flat panel displays are mainly made by indium tin oxide (ITO). However, 

ITO is limited supply and high cost, restricting its industrial applications. Graphene is an 

ideal alternative transparent electrode because of its high transparency, one-atom-layer 

thickness and extraordinary thermal and chemical stability. Wang et al. have synthesized 

novel dye-sensitized solar cells (DSSC) with graphene based transparent electrodes (See 

Figure 2.4).
23a

 The graphene films are synthesized from thermally reduced exfoliated 

graphite oxide, which shows a transparency of not less than seventy percent between 

wavelength range 1000−3000 nm and an excellent conductivity of 550 S/cm. Graphene 

electrodes based DSSC has a low energy conversion efficiency of 0.26% due to the low-

quality graphene sheet. Hong et al. reported a DSSC with graphene and 

polystyreneslufonate doped poly(3,4-ethylenedioxythiophene) composite films deposited 

on ITO substrates as transparent electrodes.
23b

 The energy conversion efficiency reaches 

to 4.5%. 
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Figure 2.4 Graphene as transparent electrode used in solar cell, 4 layers are  graphene 

film, compact TiO2, dye-sensitized heterojunction and gold from top to bottom. 

[Reprinted with permission from (Ref 
23a

). Copyright (2007) American Chemical Society.] 

 

2.3. Graphene band-gap manipulation  

One of the major challenge of graphene is the opening of its band gap as mentioned 

in Chapter 1. Intrinsic graphene is a zero band gap material. The band gap opening of 

graphene is neccessary to widen its applications in semiconductor industries. The 

technique used to open band-gap of graphene include strain-induced band-gap opening
33

, 

electron field induced band-gap opening on bilayer graphene
34

, cutting graphene into 

graphene nanoribbons and graphene quantum dots to open the band-gap
12

 and chem-

deposition on graphene surface to open band-gap
35, 41, 42

. 

Gui et al. first studied the band-gap opening of graphene under external strain.
33

 

Electronic structures of graphene under external strain in different directions have been 

studied using density functional theory (DFT) method. No band gap opening is observed 

when the symmetric strain is applied on graphene sheet. However, the band-gap opening 

of graphene at Fermi level is observed when the asymmetric strain is applied on graphene 

sheet. The band-gap opening of graphene is controlled by half diagonal lengths of 

../Thesis/Test%20(自动保存的).doc#_ENREF_41
../Thesis/Test%20(自动保存的).doc#_ENREF_42
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graphene primitive cells (Lx and Ly,see Figure 2.5a). The diagonal length, Lx can be 

controlled by applying the strain perpendicular to C-C bond (as shown in Figure 2.5a) 

while the diagonal length, Ly can be controlled by applying strain along C-C bond (as 

shown in Figure 2.5a). A maximum band-gap of 0.49 eV (0.17 eV) is obtained by 

inceasing the Ly (Lx) to 0.2396 nm (0.1323 nm) as shown in Figure 2.5b (2.5c).  

 

 
 

Figure 2.5 (a) Graphene sheet with two stress directions: paralled to the C-C bonds and 

perpendicular to the C-C bonds.(b) & (c) The graphene band-gap as a function of length 

of Ly and Lx. [Reprinted with permission from (Ref
33

). Copyright (2008) American 

Physical Society.] 

 

Applying an external electric field on bilayer graphene is an another approach to 

open the band-gap of graphene material.
34

 Both experimental (Hall conductivity) and 

theroretical results (using tight-binding method) showed that the band-gap of bilayer 

graphene can be turnably controlled from zero to mid-infrared energies by applying 

external electric field on bilayer graphene. Similar to monolayer graphene, the band-gap 

opening of bilayer graphene is observed near the K point in k-space (see Figure 2.6). 
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Figure 2.6 Band structure of bilayer graphene with no external electric field (dot line) 

and external electric field equals to 150 meV (solid line). The band-gap opening occurs at 

K point. [Reprinted with permission from (Ref
34

). Copyright (2007) American Physical 

Society.] 

 

Graphene nanoribbon is a quasi-one dimensional structure of graphene with narrow 

widths. Transforming graphene into graphene nanoribbon (GNR) can open the band-gap 

of graphene. Graphene based FET fabricated using GNRs showed that the  Ion/Ioff  ratio 

increases (see Figure 2.7) when the width of GNR decreases
12

. This indicates that the 

GNRs are semiconducting and their band-gaps can be tuned by tuning the width of GNRs. 

This is also supported by first principles theoretical calculations (see Figure 2.7 B).
12
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Figure 2.7 (A) On-off current switching ratio of GNRs vurses GNR width. (B) GNRs 

band-gap energy vurses GNR width. The black dashed line is a fit of empirical equation: 

Eg(eV) = 0.8/[W(nm)]. The purple, blue, orange and green solid lines are experiment data 

of three kinds of GNRs with armchair edges and one kind of GNR with zigzag edges 

vurses GNR width.  [From (reference 
12

). Reprinted with permission from AAAS] 

 

Chemical deposition on graphene surface is one of the most common methods to 

open band-gap of graphene. Atoms
35b, 41, 42

, radicals and noble-metal
35a

 can be chemically 

deposited on graphene surface to open its band-gap. Band-gap opening of graphene by 

hydrogen atoms adsorption are studied  both experimentally
35b

 and theoretically
36

 . First 

principles calculations show that when one hydrogen atom adsorbed on graphene sheet, 

the band-gap opens.
36b

 Balog et al. experimentally have showed the band-gap opening of 

hydrogen adsorbed graphene.
35b

 Angle-resolved photoemission spectroscopy (ARPES) 

was used to get the photoemission intensity. The photoemission intensity of graphene 

(see Figure 2.8c) shows a clear gap (about 0.3 eV), which theoretically should be larger 

than band-gap, can be observed with the top of π band below Fermi level (Ef). 

Varykhalov et al. found that some noble metal e.g. Ag and Cu doping on graphene can 

open band-gap of graphene, but Au doping can not open the band-gap.
35a
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Figure 2.8 Gap (from Fermi level to maximum valence band) opening in hydrogen atom 

adsorbed graphene. Photoemission intensity along the A–K–A’ direction of the Brillouin 

zone (see inset) for (a) pure graphene, (b) graphene with 30 percentage surface coverage 

of hydrogen atoms (c) graphene with 50 percentage surface coverage of hydrogen atoms. 

[Reprinted by permission from Nature Publishing Group: Nature Materials (ref 
35b

), 

copyright 2010] 

 

2.4. Graphene cutting 

Band-gap opening of graphene by cutting the graphene sheet is challenging jobs as 

uncontrolled cutting will results in GNRs, GQDs, etc with different shapes and edges 

which will strongly affect the electronic properties. GQDs and GNRs are widely used in 

sensors and FETs. GQDs, GNRs are produced mainly by cutting graphene sheets which 

include electron-beam lithography and plasma etching
37

, sonochemical and 

electrochemical etching
12, 38

, metal catalyzed cutting
39

, and reduction of exfoliated 
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graphene oxide (hydrothermal method)
40

 and oxidation unzipping
41

. In this subchapter we 

briefly describe the methods used to cut graphene sheets. 

Electron-beam lithography and plasma etching have been used to cut graphene into 

GNRs.
37

 Chen et al. used electron-beam lithography to pattern graphene, followed by 

using hydrogen silsesquioxane (HSQ) as etching mask and applying an oxygen plasma 

etching to get GNRs with different width ranging from 20 to 200 nm.
37a

 Here, electron-

beam lithography is used to prepare small pieces of graphene which has similar size of 

the HSQ mask and the oxygen plasma etching is used to etching unprotected graphene 

away. The produced GNRs have been fabricated into field effect transistors to study their 

electronic properties.  

Sonochemical and electrochemical etching is also widely used method to cut 

graphene.
12, 38

 Li et al. dispersed graphene into a 1, 2-dichloroethane (DCE) solution of 

poly (m-phenylenevinylene-co-2, 5-dioctoxy-p-phenylenevinylene) (PmPV) by 

sonication for 30 minutes.
 12

 After removing the large pieces of materials by 

centrifugation, GNRs have been systhesised. The widths of produced GNRs range from 

10 to 50 nm. Wu et al. produced GNRs with similar sonochemical method, but they 

dispersed graphene into 0.1 wt% sodium dodecyl sulphate and 0.1 wt% 

polyvinylpyrrolidone (PVP) mixed solution instead of DEC solution of PmPV.
51

 The 

reaction time is 1 hour and 85% of produced GNRs have widths range from 5 to 50 nm. 

Graphene can be cut into small pieces using metal nanoparticles as a knife.
39

 Datta et 

al. demonstrated the cutting of few layers graphene at 900 
o
C by Fe nanoparticle 

catalyst.
39b

 The proposed metal catalyzed graphene cutting mechanism is shown in 

Figure 2.9 b. Ci et al. further studied nickel catalyzed graphene cutting.
39a

 The nickel 
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nanoparticles deposited on highly-ordered pyrolytic graphite (HOPG) was heated with 

Ar/H2 mixed (volum ratio: 17:3) gas flow at high temperature at 1000 
o
C for 30 mins 

which produced 2µm long nanotrenches. The angles between nanotrenches are 60
o
 and 

120
o
, which means that the nickel catalyzed graphene cutting follows similar orientations 

in the graphene honeycomb lattice (see Figure 2.9 a). 

 

 



 

 

22 

Figure 2.9 (a) SEM figure of nanotrenches etched on nickel deposited graphene by 

thermal cutting. (b) Metal catalyzed graphene cutting. (Reprinted from ref
39a

 with kind 

permission from Springer Science and Business Media). 

 

Hydrothermal method is also commonly used to synthesize both GNRs and GQDs 

from graphene. Deng et al. synthesized blue-luminescent GQDs using hydrothermal 

method.
40

 Concentrated sulfuric acid and nitrate acid mixed solution was used to oxidize 

graphene sheet (GS). The hydrophilic groups such as hydroxyl, carbonyl/carboxyl and 

epoxy will appear both on the basal plane and at the edge of graphene. The oxidized GSs 

were then hydrothermally treated at 200 
o
C. The cutting mechanism has been proposed as 

the epoxy chain formation on graphene sheet. Then, the hydrothermal deoxidation leads 

to the unzipping of graphene sheet (see Figure 2.10). 

 

 

Figure 2.10 Mechanism for hydrothermal cutting of oxidized graphene sheet. [Reprinted 

with permission from ref40. Copyright 2009, John Wiley and Sons] 

 

Fujii et al. unzipped graphene by a pure oxidation method.
41

 Concentrated sulfuric 

acid and potassium permanganate mixed solution was used to oxidize the graphene. 

During the oxidation, stirring is applying for 1 hour to the solution to form thick paste. 

Water is added to the thick paste and stirred for another 30 mins. After that, more water is 
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added followed by slow addition of hydrogen peroxide. The oxidized samples has been 

filtered and washed and dried at 80 
o
C for 20 hours to get the purified nanosized graphene 

pieces.  

 

2.5. Theoretical studies of graphene 

In this subchapter we briefy describe the theoretical works on chemical modification 

of graphene to open graphene band-gap, oxidative unzipping of graphene and 

photoluminescence properties of GQDs. 

2.5.1 Chemical modification on graphene surface 

2.5.1.1 Interaction of graphene with molecules 

Thierfelder et al. reported the interaction of graphene with methane, using DFT 

complemented with a semiempirical dispersion correction scheme (DFT-D).
42

 The 

adsorption configuration is shown in Figure 2.11, the absorption energy of methane is 

0.17 eV, which is close to experimental data. 
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Figure 2.11 Top and side views of methane adsorbed on graphene. [Reprinted with 

permission from ref 
42

. Copyright 2011, Elsevierr] 

 

Shigeaki et al. presented interaction of graphene with ethylene carbonate (EC) by 

DFT calculations.
43

 EC preferred to bindat the edge region of graphene which is 4.2 

kcal/mol stronger than the binding at hexagonal position of graphene. The theretical study 

shows that the EC can move freely on graphene surface before down into edge region. 

Liu et al. studied the interaction between graphene nanodot and CO, using first-

principles DFT calculations.
44

 It has been found that when CO comes close to the 

vacancy defect in graphene, CO and vacancy recombination remerge instantaneously. In 

addition, application of external electric field can enhance the CO adsorption on the 

defective graphene nanodot. 

 

Figure 2.12 Energy profile of vacancy defect of graphene healed with CO adsorption and 

CO2 desorption. [Reprinted with permission from Ref
44

. Copyright (2012) American 

Chemical Society.] 
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2.5.1.2 Interaction of graphene with Atoms/ Radicals 

Dzhurakhalov et al. studied the interaction of single layer graphene with hydrogen 

atoms, using atomistic simulations with the second generation of reactive empirical bond 

order Brenner inter-atomic potential.
45

 When single H atom adsorbed, it prefers to attach 

on the top of carbon atom. However, when two or more atoms attaching, ortho hydrogen 

pair is formed. Theoretical binding energy calculation results also proved that H atoms 

prefer to form ortho pair, ortho-para pair configuration and para pair configuration at 

different of graphene sheet. 

 

 

Figure 2.13 Top and side views of geometric structure of H atoms adsorbed graphene. 

[Reprinted with permission from ref
45

. Copyright 2011, Elsevier] 

 

Ijas et al. investiagted the interaction of graphene with chlorine using DFT 

calculations.
46

 Chlorine prefers to bind on graphene basal plane near the edges. In 
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addition, the ab initio thermodynamics calculation shows that high concentration of 

chlorine breaks the C-C bond in pristine graphene. 

Denis et al. studied nitrene radicals adsorption on graphene using DFT calculations 

with LDA and PBE functionals.
47

 The result showed that the perfect graphene had high 

reactivity with nitrene radicals. But it is difficult to open the band-gap of graphene with 

nitrene radical adsorption. Even one NH group per 32 carbons cannot open the band-gap 

of graphene. 

 

 

Figure 2.14 Top and side views of geometric structure of NH radicals adsorbed graphene. 

Left: C-C bonds unbroken, right: C-C bonds broken. [Reprinted with permission from 

Ref
47

. Copyright (2011) American Chemical Society.] 

 

http://pubs.acs.org/action/showImage?doi=10.1021/jp107057e&iName=master.img-006.jpg&type=master
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2.5.1.3 Interaction of graphene with Metals 

The calculated adsorption energies of Ag, Pd and Au with graphene are 2.3, 19.7, 

and 4.2 kcal/mol, respectively
48

 using the single and double electron excitations with 

perturbative evaluation of the contributions of triple excitations (CCSD(T)). It was 

obserbed that the nature of Ag, Pd and Au adsorption with graphene is different. 

Dispersion interactions dominate for the adsorption of Ag with graphene while the 

adsorption of Au involves charge transfer, dispersion interactions and relativistic effects. 

Pd adsorption can form covalent bond with carbon atoms of graphene. 

 

2.5.2 Theoretical studies on oxidative unzipping of graphene 

Oxidative unzipping of graphene can form GQDs and GNRs with different shapes 

and edges. Since, the electronic properties of GQDs and GNRs strongly depend on the 

shapes and edges configurations, thus it is neccessary to understand the oxidative cutting 

mechanism of graphene to control the shapes and edges of GQDs and GNRs. Numerous 

theoretical studies have been performed on oxidation of graphene. Je-Luen Li et al. 

observed the occurrence of line defect on partially oxidized graphite on the dark field 

optical microscope image.
49

 The formation of epoxy groups on coronene (C24H12) and 

C54H18 was invesitaged using DFT calculations to understand the mechanism of 

formation of observed line defects.. The calculations show that the formation of epoxy 

chain along zigzag orientation on same side of coronene (C24H12) and C54H18 break the 

underlying C-C bonds.  
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Figure 2.16 Epoxy groups adsorbed on graphene (C24H12 and C54H18). (a) One epoxy 

group on C24H12. (b) Two epoxy groups on C24H12. (c) Three epoxy groups on C54H18. (d) 

Four epoxy groups on C54H18.[Reprinted with permission from (Ref 
49

). Copyright (2006) 

American Physical Society.] 

 

However, Paci et al. showed that the occurrence of epoxy chain does not strongly 

affect the mechanical strength of graphene sheet using molecular dynamics (MD) 

simulations.
50

 There is less than 17% weakening in the fracture stress due to epoxy chain 

defect as compared to a pristine sheet, which indicates that although epoxy chain breaks 

the underlying C-C bonds, it does not lead to the breakage of the graphene sheet itself.  

 



 

 

29 

Figure 2.17 Stress versus strain figure of graphene, epoxide line-defect graphene,  heated 

graphene and graphene oxide with holes. [Reprinted with permission from Ref
50

. 

Copyright (2007) American Chemical Society.] 

 

Experimental study shows that there are carbonyl groups on graphene oxidation,
51

 

and solid state nuclear magnetic resonance (SSNMR) spectra show the carbonyl groups 

are spatially separated from the sp
2
 carbon atoms, C-OH, and epoxide carbons.

52
 These 

results indicate that the carbonyl groups on graphene oxide mainly appear at the graphene 

edge, closely related to the graphene cutting. Based on these findings, Zhen-Yn Li et al. 

further invesitaged the mechanism of oxidative cutting of graphene using DFT 

calculations.
53

 They found that oxygen atoms can form epoxy pairs (ep) on both side of 

graphene sheet and these eps can transform into more stable carbonyl pairs (cp), and 

break the graphene sheet. Based on their calculations they have proposed a two steps 

mechanism - first: the formation of epoxy lines, second: the formation of epoxy pairs (ep) 

on both sides of graphene plane which is transformed into carbonyl pairs (cp).  

Ma et al. studied the oxidation of graphene under applied external tensile strain 

using DFT.
54

 The tensile strain breaks the high symmetry of graphene lattice and the 

epoxy groups prefer to align perpendicular to the strain direction. The applied strain 

significantly lowers the reaction energy barrier and enthalpy of ep→cp. It was proposed 

that the applied tensile strain can control zigzag edge formation. 

 

2.5.3 Theoretical study on Photoluminescence (PL) properties of GQDs 

Schumacher studied the photophysics of GQDs using TDDFT calculations and 

found that in  excited GQD the bright transition path is from S0 to S3 or S4.
55

 Zhao et al. 
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also showed that the maximum adsorption wavelength λmax corresponding to S0 to S3 or 

S4 transition energies
56

 and the absorption wavelength red-shifted in prsesence of solvent. 

The functional groups present at the edge of GQDs also are attributed to the cause of red-

shifting. 

Jin et al. studied the band-gap of GQDs with amino groups using DFT 

calculations.
57

 The GQD consisting of 13 aromatic rings with no amino group has a band-

gap of 2.508 eV, which is highly agreed with the experimental data of the PL peak energy 

of GQD (2.480 eV). The gradual narrowing of band-gap is observed with more amino 

group attachment on GQDs due to electron donating nature of amino group. 

 

Figure 2.18 Band-gaps of GQDs versus number of attached amino groups. [Reprinted 

with permission from Ref
57

. Copyright (2013) American Chemical Society.] 
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Chapter 3 

 

 

 

 
Theory and Computational Details 

 

In this theoretical research, density functional theory (DFT) is used in all the 

calculations. The theory of DFT (including local density and generalized gradient 

approximations) is briefly discussed below. The computational models, calculations of 
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band structures and Bader charge analysis method are also briefly introduced in the 

following section. 

The density functional theory (DFT) is a quantum mechanical modeling method 

used to investigate the geometric and electronic structure of many-body systems such as 

particular atoms and molecules. DFT method has its conceptual roots in the Thomas–

Fermi model, but is originally derived from the Hohenberg–Kohn (HK) theorems
58

, 

which state that the ground-state electron probability density ρ0(x,y,z) uniquely 

determines both ground-state molecule energy, wave function, and other electronic 

properties of a molecule
59

. The ground-state electronic energy E0 is a functional of ρ0  

represented as . The HK theorem does not include how to calculate E0 from 

 or how to find  without first finding the wave function
59

. Fortunately, with the help 

of Kohn-Sham (KS) method, one can get  and E0 practically. The electron density can 

be expressed by a linear combination of basic functions. The electron density obtained 

from Kohn-Sham orbitals, which are determinant formed from those basic functions, can 

be used to compute the ground-state electronic energy. In principle, KS theory allows one 

to solve the Schrodinger equation to obtain the exact ground-state energy. Unfortunately, 

the exact form of the exchange-correlation potential of KS theory is not known. Thus, the 

different approximations e.g., local density approximation (LDA), generalized gradient 

approximation (GGA) have been used. 

3.1. Computational Details 

All the calculations were performed mainly by density functional theory (DFT).
60

 

For periodic graphene systems, all the calculations were performed within generalized 

gradient approximation Perdew-Burke-Eznerhof (GGA-PBE)
61

 as implemented in Vienna 
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ab initio simulation package (VASP)
62

. We used projector augmented wave method 

(PAW)
63

 to describe the interaction between the atomic cores and electrons. The energy 

cutoff of 450 eV was used for all the calculations. We have used 2x2x1 Monkhorst-Pack 

k-point
64

 for our studies on graphene. The molecular structures and bondings of graphene 

quantum dots (GQDs) were studied by DFT/B3LYP (Becke's three-parameter hybrid 

function
65

 with the non-local correlation of Lee-Yang-Parr
66

) methods with 6-31g(d) 

basis set. The absorption and emission spectra of GQDs were studied by TDDFT/B3LYP 

method with 6-31g(d) basis set. All the calculations were carried out using Gaussian 09 

suite of program
67

.  

3.2. Models 

Periodic model of graphene was used to study the interaction between graphene and 

phenyl radical(s), oxygen atom(s) as shown in Figure 3.1a. To investigate the band-gap, 

absorption and emission of GQDs, the polyaromatic hydrocarbons are used as GQD 

models (see Figure 3.1b). The detailed descriptions of graphene models used for our 

studies were mentioned in the individual chapters. 
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Figure 3.1. (a) Periodic model of graphene and. (b) polyaromatic hydrocarbons model of 

GQD. 

3.3. Electronic Band Structures  

Based on electronic conductivity, materials are classified as metal, semi-conductor 

and insulator. The energy band and band-gap are important concepts of semiconductor. In 

a solid, there are theoretically infinite numbers of bands. In the metal, the bands are partly 

empty and partly filled regardless of temperature. The almost fully occupied band is 

called valence band (bands below Fermi level) and almost unoccupied band is called 

conductance band (bands above the Fermi level). The valence band and conductance 

band are overlapped in a metal. Band-gap is the difference between valence band and 

conductance band energies. Insulators have larger band-gap than semi-conductors. 

The band structure plot gives the energies of electronic orbitals for each point in the 

wave vector k called Brillouin zone (BZ) corresponding to the crystal lattice. The k-space 
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describes the bonding nature of orbitals, not a physical space. There are three dimensions 

(kx, ky, kz) in a 3D crystal k-space. Γ represents the point where k = 0, M represents the 

point where k = π/a. k = 0 in some directions and k = π/a in some other directions is 

designated as X, Y, K and A depending on the symmetry of the crystal. 

The electronic band structure can be calculated by any methods yielding orbital 

energies. In recent years, with the developing of ab intio and DFT methods, the tendency 

to use these methods is incraesing. For band structure calculation, the plan wave basic 

functions are proposed because they reflect the infinite symmetry of the crystal. Unit cell 

vectors and crystallographic angles must provide to calculate the band structure. The 

band-gap can be simply got through the band structure.  

 

3.4. Bader Charge Analysis 

Richard Bader developed Quantum Theory of Atoms in Molecules (QTAIM) which 

can be used to divide atoms in molecules.
68

 The QTAIM method uses zero flux surfaces, 

where the charge density is a minimum perpendicular to the surface, to definite the 

volumn of an atom. QTAIM can be used for atoms charge analysis, called Bader Charge 

Analysis. 
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Chapter 4  

 

 

 

 
Theoretical study on the band-gap manipulation of 

graphene  

 

Since the first discovery of graphene in 2004
3
, a single atomic layer of graphite 

consisting of sp
2
-hybridized carbon atoms, attracts a great deal of interest due to its 

unique properties, which can be widely applied in various fields such as field-effect 

transistors (FETs)
69

, transparent conducting electrodes
70

, optical modulators
71

, solar 

cells
72

, ultracapacitors
73

, and bio-applications
74

. Graphene is widely accepted as a zero 

band-gap semi-metal. The major challenge for wider applications of graphene in 

electronic devices is to open its band-gap. However, there are limited reports on being 

successful in opening graphene’s bandgap.
35b, 75
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Chemical surface modification is a possible way to open graphene’s band-gap. 

Experimental observations showed that hydrogenation of graphene prefers to react on 

the single layer graphene rather than double layers, and the process can be controlled 

reversibly.
76

 Hornekær et al. presented that atomic hydrogen preferentially stick on 

ortho and para sites on graphite using DFT method.
77

 An ortho-ortho position 

hydrogen pairing (see below) on graphene was confirmed by first principles scanning 

tunneling microscopy (STM) simulations.
78

 DFT calculations showed that hydrogen 

dimers chemisorbed on ortho and para positions are the most stable.
79

 Atomistic 

simulations showed that when there are two or more hydrogen atoms chemisorbed on 

graphene sheet, the most stable configurations on monolayer graphene are hydrogen 

atoms adsorbed on ortho-ortho position on both sides of the graphene sheet, while 

ortho-para position combinations are less stable.
45

 It has been showed theoretically 

that fully hydrogenated graphene sheet is a semiconductor with a band-gap larger than 

3.5eV,
80

 and 50% hydrogenated graphene sheet has a band-gap of ~ 0.43eV.
81

 Wu et 

al. showed that graphene can be functionalized by chlorine using plasma reaction with 

much slower reaction kinetics indicating the controllable reaction.
82

 A band-gap 

opening of chlorine functionalized graphene is observed by both ultraviolet visible 

(UV-vis) absorption spectroscopy
75c

 and DFT calculations.
83

 Sodium azide can be 

used to introduce nitrene group on graphene and to exfoliate graphene layers.
84

 

Theoretical calculations showed that high level of nitrene and nitrene derivative 

(perfluorophenylazide by cycloaddition reaction) functionalization is needed to open 

the band-gap.
47, 85

 However, more nitrene radicals attachment on graphene damaged 

the graphene sheet by breaking the C-C bond of graphene. 
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Diazonium chemistry is a common and facile approach to functionalize the 

surface of graphene.
86

 Bekyarova et al. reported that 4-nitrophenyl functionalized 

graphene is a semi-conductor.
87

 Hossain et al. reported formation of covalent bond 

between 4-nitrophenyl group and graphene by STM study.
88

 Covalent 

functionalization of graphene with 4-tert-butylphenyl groups (TBP) has been studied 

by Peizhe Tang et al. using first-principles calculations combined with the model 

Hamiltonian analysis.
89

 Phenyl radical functionalized multiple-layer graphene has 

been reported.
90

 However, there are limited reports on the adsorption of phenyl 

radicals with monolayer graphene sheet and their effects on electronic properties of 

graphene. 

In this article, we report a systematic study of phenyl (Ph·) radical adsorption on 

monolayer graphene and their electronic properties using DFT calculations. First we 

investigate the adsorption of phenyl radical on graphene with different number of radicals 

to find the most favorable binding sites. Then, by analyzing the band structures of 

functionalized graphene we address the band-gap opening of monolayer graphene. We 

found that the even number of phenyl radical adsorptions on monolayer graphene open 

the graphene’s band-gap when there is ortho-ortho or ortho-para pairings. 

4.1. Computational methods 

We use (6x6) graphene sheet for our current study. We generate the (6x6) 

graphene sheet from the graphite structure. All the calculations are performed within 

the frame work of DFT with the generalized gradient approximation (GGA) method 
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using Perdew-Burke-Eznerhof (PBE) functional
91

 as implemented in Vienna ab initio 

simulation package (VASP).
92

 To describe the interaction between the atomic cores 

and electrons the projector augmented wave method (PAW)
93

 is used. For geometry 

optimization, a 2x21 Monkhorst-Pack k-point
94

 mesh and an energy cut of 400 eV 

are used for all the calculations. The structure optimization is continued until the 

maximum forces acting on each atom become less than 0.01 eV Å
-1

. The monolayer 

graphene is a 2D-structure. In our model the x- and y-axes are the periodic directions 

of graphene sheet. We apply vacuum in z-direction. We keep the distance ~ 1.0 nm 

between the two nearest supercells along z-axis to prevent the interactions between 

the neighboring atoms. 

 

The binding energy of the 1st and nth phenyl radical on graphene is calculated 

using following equations – 

EBE(1
st
)=Egraphene+Ph•-Egraphene-EPh•        (1) 

EBE(nth)=Egraphene+nPh•-Egraphene+(n-1)Ph•-EPh•       (2) 

Where, EBE(1st) and EBE(nth) is the binding energy of 1st and nth Ph· with graphene, 

Egraphene+ Ph· is the total energy of Ph· radical adsorbed graphene, Egraphene is the total 

energy of pure graphene, Egraphene+ n Ph· is the total energy of n number of Ph· adsorbed 

graphene, Egraphene+ (n-1) Ph· is the total energy of (n-1) number of Ph· adsorbed graphene 

and EPh· is the total energy of Ph·. The negative binding energy indicates favorable 

adsorption. 



 

 

40 

4.2. Results and Discussion 

4.2.1. Pure Graphene. 

We use (6x6) graphene sheet as shown in Figure 4.2a for our current study. The 

optimized lattice constant, a is 2.470 Å, agreed well with reported experimental lattice 

constant of graphene a = 2.454 Å at 300°K
95

 and graphite a = 2.4589 Å at 297°K
96

. 

Lindsay and Broido calculated the lattice constant of graphene a = 2.460 Å with Brenner 

empirical optimization and a = 2.492 Å with Tersoff empirical optimization.
97

 The 

calculated band-gap of (6x6) graphene sheet is zero in agreement with band structure of 

pure graphene reported by Zhou et al
98

. The calculated band structures of (3x3), (4x4), 

(5x5), (6x6), (7x7) and (8x8) graphene are shown in Figure 4.1. All these structures are 

zero band-gap semi-metal. The zero band-gap point of graphene (6x6) is at Γ point. We 

have calculated the band structure of graphene (6x6) along high symmetry K-K'-Γ-M-K 

paths (see Figure A1 and Table A1, Appendix A) to make sure the Γ point is the lowest 

(0) band-gap point. 

We choose 6x6 cell because the (3x3), (4x4) and (5x5) cells are small for our phenyl 

radicals adsorption especially when there are four radicals in consideration while 

graphene (7x7) and (8x8) are relatively large which are computationally more costly. 

Thus, the graphene model we have chosen here represents pure semi-metal graphene and 

is sufficient for our current study. 
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Figure 4.1 Band structures of grephene (3x3), (4x4), (5x5), (6x6), (7x7), (8x8) cell 

 

 

Figure 4.2 (a)Single phenyl radical adsorbed graphene with a. phenyl ring’s plane 

parallel to one of the C-C bond on graphene; b. phenyl ring’s plane perpendicular to that 

C-C bond on graphene. Grey spheres – C; black sphere – C attached with phenyl group; 

white sphere – H. (b)band structure of optimized (6x6) monolayer graphene sheet 

 

4.2.2. Adsorption of Single Phenyl Radical on Graphene. 

We start with adsorption of single phenyl radical on monolayer graphene. We 

consider two initial configurations for single Ph· radical adsorption on graphene: (a) 

the plane of the phenyl ring is parallel to one of the C-C bond on graphene and (b) 
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perpendicular to that C-C bond on graphene (see Figure 4.2). The Ph· radical 

interacts with graphene by forming C-C single bond with bond length of ~ 1.60 Å. 

The adsorption of Ph· radical introduces defect in pure graphene by changing the 

hybridization of the graphene’s C atom attached with radical from sp
2
 to sp

3
.  

The calculated binding energy of phenyl radical with parallel and perpendicular 

configuration is -0.23 eV and -0.22 eV, respectively (see Table 1). This indicates that the 

parallel configuration is of comparable stability. Jiang et al.
90

 calculated the binding 

energy of single Ph· radical with graphene sheet to be -0.25 eV using DFT-GGA method. 

Recent work of Tang et al.
89

 showed the binding energy of 4-tert-butylphenyl with 

graphene is -0.29 eV using GGA-PBE method. Our results show that after single Ph· 

adsorbed on graphene, the magnetic moment becomes ~0.8 μB suggesting the presence of 

an unpaired electron. The reason is that adsorption of Ph· radical breaks one of π-bond of 

graphene and generates an unpaired electron. This motivate us to study the adsorption of 

two Ph· on graphene. 
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Table 4.1 Calculated Binding Energy, Net Magnetic Moment and Band-gap of Phenyl 

Adsorbed Graphene 

Radicals n
th

 EBE (eV) Band-gap (eV) Net magnetic 

moment (μB) 

one Ph· radical 
Parallel -0.23 0.00 0.80 

Perpendicular -0.22 0.00 0.80 

Two Ph· radicals 

ortho-s -1.05 0.05 0.00 

meta-s -0.15 0.00 1.95 

para-s -1.29 0.07 0.00 

ortho-d -1.58 0.08 0.00 

meta-d -0.12 0.00 1.96 

para-d -0.97 0.06 0.00 

Three Ph· radicals 

ortho-s -0.72 0.00 0.88 

meta-s -0.21 0.00 0.84 

para-s -0.81 0.00 0.52 

ortho-d -0.57 0.00 0.88 

meta-d -0.18 0.00 0.87 

para-d -0.48 0.00 0.49 

Four Ph· radicals 

1-s -0.77 0.09 0.00 

2-s -1.14 0.06 0.00 

3-s -0.09 0.06 0.00 

4-s -1.01 0.05 0.00 

5-s -0.90 0.09 0.00 

1-d -1.50 0.09 0.00 

2-d -1.21 0.06 0.00 

3-d -0.93 0.06 0.00 

4-d -1.38 0.07 0.00 

5-d -1.16 0.09 0.00 
a
 For definition see the text and Figure 4 

 

4.2.3. Adsorption of Two Phenyl Radicals on Graphene. 

We investigated the adsorption of two Ph• on graphene by attaching another Ph• to 

the ortho, meta and para site with respect to the initial adsorbed Ph• (see Figure 4.2). We 

also consider the adsorption of second radical in same (denoted as –s, i.e., ortho-s, meta-s 

and para-s) and different (denoted as –d, i.e., ortho-d, meta-d and para-d) sides of 

graphene plane (see Figure 4.3). 
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Figure 4.3 Optimized structure of two phenyl radical adsorbed graphene. The number is 

the corresponding calculated Buckling Energy of Second Phenyl Radical Adsorbed 

Graphene. Black sphere indicates C atom bonded to phenyl group, and pink sphere 

indicates the binding sites for second radical adsorption. 

The binding energy of Ph· on ortho-s, meta-s and para-s position of pre-adsorbed 

Ph· graphene, is -1.05, -0.15 and -1.29 eV, respectively. The binding energy of second 

Ph· on graphene on para-s position calculated by Jiang et al.
90

 is -1.27 eV. The binding at 

meta site is the least stable compared to ortho and para sites. The reason is that once the 

first radical is adsorbed, the generated unpaired electron is delocalized at ortho or para 

position due to the mesomeric effect.
30

 Boukhvalov et al. first showed the mesomeric 

effect on hydrogen absorbed graphene.
99

 The calculated local magnetic moments of 

single Ph· radical adsorbed graphene shows that localization of the unpaired electron is 

large at ortho and para sites as compared to meta site. When the second Ph· radical is 
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attached on ortho or para position it saturate the single Ph· adsorbed graphene by 

electron pairing and hence the calculated magnetic moment become zero for both ortho-s 

and para-s. However, the adsorption at meta position breaks another aromatic π-bond and 

generates one more unpaired electron, and the functionalized graphene remains as radical 

with two unpaired of electrons with calculated magnetic moment of ~1.95 μB. These are 

in agreement with the theoretical report by Ferro et al. for H adsorption on graphene with 

magnetic moment of about 2 μB.
100

 

 When the second Ph· is attached to the ortho-d, meta-d and para-d sites, (see 

Figure 4.2), the binding energy increases from -1.05 to -1.58 eV for ortho-d position, 

decreases from -0.15 to -0.12 eV for meta-d position and decreases from -1.29 to -0.97 

eV for para-d position. Our results show large difference in binding energy for ortho and 

para positions with second radical adsorption on different side of graphene plane. This 

may be due to different factors e.g. steric repulsion between the two phenyl groups and 

structure buckling of graphene. We have calculated the steric repulsion energy between 

two phenyl groups adsorbed on same side of graphene plane. The calculated repulsive 

interaction energies of two phenyl groups at ortho, meta and para positions are ~0.53, 

~0.34 and ~0.32 eV. Thus, the increase of binding energy of second Ph· radical for ortho 

position and on different side of graphene plane, may be due to vanishing of the steric 

repulsion. However, in case of meta and para positions instead of increase, the binding 

energy decreases. This suggests that the steric repulsion is not the main factor which 

affects the binding energy of second Ph· adsorptions. The difference in binding energy of 

two Ph· adsorption on different sides of graphene plane not only come from the steric 

repulsion but also from the structural changes of graphene near the adsorption sites, 
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which include buckling and dimerization of carbon atoms on graphene sheet.
101

 Buckling 

is defined as the deformation of graphene plane due to radical adsorption. We have 

calculated the buckling energy (i.e., deformation energy) of graphene is 1.40 eV for 

single radical adsorption. The calculated buckling energy for second radical adsorption is 

1.76 (1.41), 1.42 (1.45) and 1.31 (1.49) eV for ortho, meta and para position on the same 

(different) side (see Figure 4.2). The larger buckling energy on the same side of ortho 

position indicates that binding on the same side of ortho position is more difficult than 

different side, which explains the smaller binding energy on same side of ortho position. 

Moreover, on the meta and para positions, the buckling energy is larger on the different 

side compared to those on the same side, which lead to the smaller binding energy of the 

second radical adsorption on the different side. Thus, the buckling effect plays an 

important role to determine the binding energy of Ph· radical adsorption on same and 

different sides of graphene plane. In conclusion, our calculations show that the adsorption 

of two Ph· on different side of graphene plane and at ortho position is more favorable as 

compared to meta and para positions. 

4.2.4. Adsorption of Three and Four Phenyl Radicals on Graphene. 

We use two Ph· adsorbed graphene with highest binding energy (i.e., ortho-d 

configuration) to investigate the adsorption of third Ph· on graphene sheet. Since, the two 

sides of two Ph· radicals adsorbed graphene sheet is symmetric, we use one of the phenyl 

group on graphene as reference to add the third Ph· radical. We consider the adsorption 

of third radical at ortho, meta and para positions (see Figure 4.4) and also on same and 

different sides of graphene plane. When the third radical is attached at para position and 

on same side of the reference phenyl group we observe the highest binding energy of -
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0.81 eV (see Figure 4.4 and Table 4.1). The binding energies vary from -0.18 to -0.72 

eV for other configurations (see Table 4.1). All the three Ph· adsorbed graphene systems 

have net magnetic moment varies from 0.49 to 0.88 μB (see Table 4.1). Similar to single 

Ph· radical adsorption, these net magnetic moments suggest that the adsorption of third 

Ph· radical on graphene breaks an aromatic π-bond and generate an unpaired electron. 

To investigate the adsorption of fourth Ph· radical on graphene we choose three 

radical adsorbed on graphene having highest binding energy. For fourth radical 

adsorption we consider 5 binding sites based on symmetry (see Figure 4.4, for ease of 

discussion we have denoted these binding sites by numerical) and adsorption at both sides 

of graphene plane i.e., total 10 configurations. Three radical adsorbed graphene we have 

selected has two phenyl groups at one side of graphene sheet and another one is at 

opposite side of graphene sheet. For ease of discussion the adsorption of fourth radical on 

graphene side containing two phenyl groups is denoted as same side and adsorption on 

graphene side containing one phenyl group is denoted as different side. As, the three 

radicals adsorbed graphene contains an unpaired of electron, this electron will be 

delocalized at ortho and para positions due to mesomeric effect (see Figure 4.5).  Thus, 

for adsorption of fourth radical we only consider ortho and para sites. Adsorption of 

fourth Ph· radical on graphene at binding sites 1, 2, 3, 4, 5 (see Figure 4.4) saturates the 

graphene by forming electron pairings which is shown by calculated net magnetic 

moment of zero (see Table 4.1). 
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Figure 4.4 Binding sites for (a) third and (b) fourth radical adsorption on graphene. Black 

spheres indicate C atoms bonded to phenyl group, and pink spheres indicate the binding 

sites for next radical adsorptions 

The calculated binding energy shows that when the fourth radical is adsorbed at 

binding sites 1, 2, 3, 4 and 5 at same side of graphene plane have comparable binding 

energy varies from -0.77 to -1.14 eV (see Table 4.1) expect for 3-s configuration, which 

have a very small binding energy of -0.09 eV due to the large steric repulsion. In addition 

the adsorption at binding site 1 at different side has highest binding energy of -1.50 eV. 

In addition, adsorption of fourth radical at same side has much lower binding energy as 

compared to different side. This indicates that the adsorption at same side is energetically 

not favorable due to large steric repulsion. 
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Figure 4.5 Possible delocalization sites of unpaired electron in three Ph radicals 

adsorbed graphene. 

In summary, investigation of Ph· adsorption on monolayer graphene shows that the 

adsorption of phenyl groups in pair-wise fashion is energetically more favorable than 

adsorption of odd number of Ph· adsorption since odd number of Ph· adsorption turns the 

graphene into radical by generating unpaired of electron. For pair-wise adsorption of Ph· 

radical on graphene, the ortho-ortho pairing at different side of graphene plane is more 

favorable for binding, than ortho-para pairing. 
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4.2.5. Electronic Properties of Modified Graphene. 

We have calculated the band structures of pure and modified graphene sheet in two-

dimensional Brillouin zone (BZ). The calculated band structures of pure and single Ph• 

radical adsorbed graphene are shown in Figure 4.2 and 4.6. The pure graphene has a 

band-gap of zero. The adsorption of single Ph· radical on graphene push the valence band 

maximum (VBM) of graphene towards valence bands and similarly push the conduction 

band minimum (CBM) of graphene towards conduction bands and generates energy gap 

between VBM and CBM of graphene (see Figure 4.6). The reason is that the adsorption 

of Ph· radical formed C-C bond and breaks one of aromatic π-bond of graphene. Thus, 

changes the hybridization of C atom (attached with Ph·) of graphene from sp
2
 to sp

3
 i.e., 

introduces defect to sp
2
 hybridized graphene system. However, breaking of the aromatic 

π-bond of pure graphene generates an unpaired electron. This generated unpaired electron 

generates electronic band near the Fermi level as shown in red line (see Figure 4.6). The 

generated electronic band cut cross the Fermi level and turn the graphene to metallic. Our 

results suggest that the saturation of this unpaired electron will results in semiconducting 

graphene. 

 

Figure 4.6 Band structures of (a) pure graphene and (b-c) single phenyl radical adsorbed 

graphene for different configurations 
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Here, we discuss the effect of second Ph· adsorption on electronic properties of 

graphene. The adsorption of second Ph· radical at ortho and para positions results in 

semiconducting graphene while the adsorption at meta position results in metallic 

graphene (see Figure 4.7). The reason is that upon adsorption of first radical on graphene 

the unpaired electron is delocalized at the ortho and para postions due to so-called 

mesomeric effect
100

. Thus, the adsorption of second Ph· on graphene at ortho and para 

positions saturates the graphene system by electron pairing and results in semiconducting 

graphene. However, adsorption of second Ph· on graphene at meta position breaks 

another aromatic π-bond and generates one more unpaired electron. Thus, the graphene 

with second Ph· adsorbed at meta position has two unpaired electrons with triplet spin 

configuration which is supported by net magnetic moment of ~1.95 and 1.96 μB. These 

two unpaired electrons generate two electronic bands near Fermi level. The generated 

electronic bands cut cross the Fermi level and results in metallic graphene (see Figure 

4.6). However, the adsorption of second Ph· on graphene at ortho-s (ortho-d) and para-s 

(para-d) open a band-gap of 0.05 eV (0.08 eV) and 0.07 eV (0.06eV), respectively. 

Moreover, the adsorption of second Ph· on graphene at ortho position at different side of 

graphene plane has highest binding energy and highest band-gap (0.08 eV). Adsorption 

of third radical on graphene makes graphene metallic. As discussed above, the adsorption 

of third Ph· radical will break another aromatic π-bond and will generate an unpaired 

electron which is supported by calculated net magnetic moments (see Table 4.1). This 

unpaired electron will generate electronic band and cut cross the Fermi level and results 

in metallic graphene (see Figure 4.9). 
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Adsorption of fourth radical on graphene at ortho and para sites leads to 

semiconducting graphene with band-gap varies from 0.05 eV to 0.09 eV. (see Figure 4.8 

and Table 4.1).  As discussed above the unpaired electron of three radicals adsorbed 

graphene can be delocalized to ortho and para binding sites thus, the adsorption at these 

binding sites will saturates the graphene system by electron pairing and resulted in 

semiconducting graphene at the site 1 and 5 on either same side or different site, both on 

the ortho positions to the already adsorbed carbon sites, the band-gaps are all 0.09 eV, 

which is a litter larger than the largest band-gap of two radicals adsorbed graphene, 

0.08eV. While at the rest sites, the band-gaps are a little smaller, from 0.05 eV to 0.07 eV. 

 

 

Figure 4.7 Band structures of two phenyl radicals adsorbed graphene 

In summary, adsorption of odd number of Ph· leads to metallic graphene by 

generation of unpaired electron. This leads to electronic band near Fermi level and 

crossing the Fermi level. Adsorption of even number of Ph· leads to semiconducting 

graphene for ortho-ortho and ortho-para pairings. Our, current study shows that ortho-

ortho pairing of Ph· radicals are energetically more favorable and leads to 

semiconducting graphene. 
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Figure 4.8 Band structures of four phenyl radicals adsorbed graphene. 

 

Figure 4.9 Band structures of three phenyl radicals adsorbed grapheme 
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4.3. Conclusion 

We have used DFT calculations to investigate the adsorption of phenyl radicals on 

monolayer graphene sheet and effects of phenyl radical adsorption on electronic band-gap 

of graphene. We find that adsorption of single radical on graphene breaks one of the 

aromatic π-bond of graphene and generate unpaired electron. The unpaired electron 

generates electronic band which cuts cross the Fermi level and leads to metallic graphene. 

Binding of second radical with graphene is more favorable at ortho position as compared 

to para and meta positions. Binding at ortho or para positions saturate the graphene by 

electron pairing with unpaired electron generated by single radical adsorption and obtain 

semiconducting graphene with band-gap varying from 0.05 to 0.08 eV. However, 

adsorption at meta position breaks another aromatic π-bond of graphene and leads to 

metallic graphene. We find that adsorption of third radical on graphene leads to metallic 

graphene similarly to single radical adsorption. For adsorption offourth radical on 

graphene, the ortho-ortho pairing is more favorable for binding, than ortho-para pairing 

similar as two radical adsorbed graphene. The ortho-ortho and ortho-para pairings lead to 

semiconducting graphene. We reveal here that (a) the adsorption of phenyl radicals on 

graphene occurs in pair-wise fashion, (b) the ortho-ortho pairing at different side of 

graphene plane has stronger effects on band-gap opening as compared to ortho-para 

pairing, and (c) the adsorption of more of phenyl radicals on graphene by ortho-ortho or 

ortho-para pairings, in general, increases the band-gap of graphene. Thus in conclusion 

our study shows promise of band-gap manipulation of monolayer graphene by phenyl 

radical adsorption. 
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Chapter 5  

 

 

 

 
Theoretical study on graphene edge controlling by 

oxidation cutting 

 

Graphene-based materials e.g., graphene nanoribbons (GNRs) and graphene 

quantum dots (GQDs), have attracted great attention of researchers after experimental 
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report of graphene sheet by Novoselov et al. in 2004.
3
 GNRs have potential applications 

in field effect transistors
102

, gas- and bio- sensors
20, 103

 and memory cells
104

. On the other 

hand GQDs have great potential in various applications such as bio-imaging and display
30, 

105
, sensing

106,107
, energy storage

108
 and photovoltaics

109
. It has been reported that GNRs 

with dominantly armchair edges have larger band gap as compared to similar sized GNRs 

with dominantly zigzag edges.
28

 The origin of band gap in GNRs with armchair edges is 

attributed to both quantum confinement and crucial edge effect. However, the appearance 

of band gap in GNRs with zigzag edges is attributed to the staggered sub-lattice potential 

on hexagonal lattice due to edge magnetization.
110

 Recent, theoretical calculations
29

 from 

our group revealed that GQDs with armchair edges have different electronic and optical 

properties compared to similar sized GQDs with zigzag edges. It is evident that the edges 

of GNRs and GQDs control their electronic and optical properties. Therefore, it is 

essential to develop synthetic tools to control the edges of GNRs and GQDs to tailor for 

their applications. 

The synthetic methods used for the production of GNRs and GQDs includes 

electron-beam lithography and plasma etching
37, 111

, sonochemical and electrochemical 

etching
38, 112

, metal catalyzed cutting
39

, and reduction of exfoliated graphene oxide 

(hydrothermal method)
12, 40

 and oxidation unzipping
41, 113

. However, no methods have 

been reported to be able to selectively produce GNRs and GQDs with either zigzag or 

armchair edge. Therefore, it is meaningful to understand the cutting mechanism of 

graphene to control the edges of GNRs and GQDs. Numerous studies have been 

performed to explore the mechanism of oxidative unzipping of graphene both 

experimentally
49, 51

 and theoretically
49, 105a, 109a, 114

. Li et al.
49

 reported the occurrence of 
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line defects on partially oxidized highly oriented pyrolytic graphite (HOPG) by 

examining the dark field optical microscope image. The strain generated by the 

cooperative alignment of epoxy groups is attributed to be the cause of cracking on 

graphite oxide (GO) using density-functional theory (DFT) calculations
49

. The formation 

of epoxy chain along zigzag orientation on same side of graphene sheet breaks the C-C 

bonds which are demonstrated by DFT calculations. This led to conclusion that the 

breaking of C-C bonds by formation of epoxy chain is responsible for the cutting of 

graphene sheet. In contrast, molecular dynamics simulations reported that breaking of 

underlying C-C bonds does not lead to cutting of the graphene sheet.
50

 A two-steps 

mechanism of oxidative cutting of graphene sheet was proposed using DFT calculations 

by Li et al.
53

 – (a) oxygen (O) atoms form epoxy pairs on both sides of graphene sheet 

and (b) then transformed to more stable carbonyl pairs which results in the breaking of 

graphene sheet. DFT calculations
54

 also predicted that the oxidative cutting of graphene 

can form GNRs with large and controllable aspect ratios by applying external tensile 

strain. 

Alignments of epoxy chain on same side of graphene sheet along the zigzag 

orientation are considered (see Figure 5.1) in most of the theoretical calculations. In 

present study, we have performed systematic DFT calculations for the adsorption of O 

atoms to form epoxy groups on both sides of graphene planes. Our study reveals that the 

formation of epoxy chains along armchair orientation (see Figure 5.1) is energetically 

most favorable considering oxidation on both sides. The formation of zigzag epoxy chain 

becomes more favorable when external strain is applied on graphene sheet. 
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Figure 5.1 The structural model of (a) 2D graphene; and 1D graphene with (b) armchair 

and (c) zigzag edges. The edge of graphene is terminated with H. Grey sphere – C atom, 

white sphere – H atom, solid arrow - zigzag epoxy chain and dotted arrow - armchair 

epoxy chain. 

 

 

5.1. Computational methods 

All the calculations are performed in the frame work of density functional theory 

(DFT) within the generalized gradient approximation (GGA) method using Perdew-

Burke-Eznerhof (PBE) functional (GGA-PBE)
91

 as implemented in Vienna ab initio 

simulation package (VASP).
92

 The projector augmented wave method (PAW)
93

 is used to 

describe the interaction between the atomic cores and electrons. A 221 Monkhorst-

Pack k-point
94

 mesh and an energy cut of 450 eV are used for all calculations. The 

structure optimization is continued until the maximum forces acting on each atom 

become less than 0.01 eV Å
-1

. 
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5.2. Results and Discussion 

5.2.1. Oxidation cutting on graphene center 

The oxidation of graphene is often done by treating graphene with oxidizing agents 

(e.g. solution of KMnO4 in H2SO4). The generated oxygen leads to oxidation of graphene. 

Due to large size of graphene sheet, the oxidation process can initiate either from edge or 

middle of the graphene sheet. To model the oxidation at the middle part of graphene we 

have considered 2D periodic (x and y-directions) model of graphene (6x6) as shown in 

Figure 5.1a. To study the oxidation at both armchair (Figure 5.1b) and zigzag (Figure 

5.1c) edges of graphene, we used a 1D periodic (y-direction) models. The armchair and 

zigzag edges of graphene are passivated with H atoms (Figure 5.1b-c) for edge-models. 

Adsorption of O atoms with graphene is used to model graphene oxidation. For the 

adsorption of O atom at middle part of graphene, only possible adsorption site is the 

carbon atoms at basal plane. The calculated binding energy of O atom on graphene is -

2.41 eV in agreement to the reported value of -2.4 eV
49

 on coronene molecule by Li et 

al.
49

 They have studied the epoxy chain formation on the same side of coronene because 

one side of graphene sheet is usually accessible to oxidation due to experimental 

conditions e.g., usually one side of graphene is accessible for oxidation in graphite
41, 115

. 

This is likely the reason that the subsequent theoretical studies focused on same side 

oxidation of graphene.
54, 110

 However, Schniepp et al. reported that it is possible to obtain 

epoxy functional groups on both sides of graphene by treating graphite in an oxidizing 

solution.
116

 Here, we use the adsorption of O atoms on both sides of graphene sheet as the 

model for the formation of epoxy groups on both sides of graphene sheet
53

 as reported by 

Schniepp et. al
116

. We also consider the binding sites near to the pre-adsorbed O atom for 
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subsequent O atoms adsorption (see Figure B1-B3, Appendix B) as the adsorption of O 

atom on oxidized graphene prefers carbon atoms with nearby oxygen
49

.  

 

 

Figure. 5.2 Epoxy chain formation along armchair and zigzag orientation at (a) middle 

and (b-c) edge part of graphene. The value in eV is the relative energy. Grey stick – C 

atom and blue stick – H atom. 

To study the formation of second epoxy group on graphene, we have considered five 

binding sites (Figure B2, Appendix B). Our calculations show that the formation of 

second epoxy group along armchair orientation but on opposite side of the pre-adsorbed 

O atom is energetically most favorable (Figure B2d, Appendix B). Our result is 

consistent with the previously reported works
117

. The reason is that the calculated 

buckling energy (deformation energy) for this configuration is less than other considered 

configurations (Figure B2, Appendix B). Lower buckling energy means less energy is 

needed to distort the graphene plane. Bader charge analysis of oxidized graphene shows 

more negative charge on O atoms bound to same side of graphene sheet (Figure B2, 

Appendix B). This indicates that the oxidized graphene with O atoms bound to same side 

of graphene sheet will be less stable due to charge repulsion between neighboring O 

atoms. In contrast, the O atoms are separated by graphene layer in oxidized graphene 
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with O atoms bound to opposite sides of graphene sheet. It is evident that there will be 

less charge repulsion between O atoms which makes this configuration more stable. We 

have also studied the third O atom adsorption based on the most favorable adsorption 

sites for the second O atom adsorption. The calculated highest binding energy for third O 

atom adsorption is -3.18eV and preferred armchair orientation (Figure B3i, Appendix B). 

The calculated relative energy of graphene with epoxy chair (four epoxy groups are 

considered here) along armchair (both sides), armchair (same side) and zigzag (same side) 

orientations is 0.00, 0.44, and 0.88 eV, respectively. This suggests that the formation of 

epoxy chain is energetically most preferred along the armchair orientation but on 

different sides of graphene sheet (Figure 5.2a). We also observe that the formation of 

two epoxy groups on the same side of graphene sheet prefers armchair orientation as 

compared to zigzag one (Figure B2c, Appendix B). However, the formation of armchair 

epoxy chain on the same side of graphene sheet is energetically less favorable as 

compared to the zigzag orientation (Figure 5.2a). 

In addition, we have investigated the oxidative cutting of graphene via formation of 

carbonyl pair for armchair epoxy chain (Figure 5.3) based on the mechanism proposed 

by Li et al
53

. The formation of epoxy pair breaks the C-C bond and forms a four-member 

ring (Figure 5.3b) which is under high strain. The epoxy pair is converted to carbonyl 

pair to stabilize the oxidized graphene by releasing the high ring strain. The binding 

energy of O atom to form an epoxy pair along armchair (Figure 5.3a-b) and zigzag 

orientations (Figure B4a-b, Appendix B) is -2.75 and -3.32 eV, respectively. This 

suggests that the graphene with epoxy pair along armchair orientation is energetically less 

stable than zigzag orientation. This is the reason that the conversion of armchair epoxy 
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pair to carbonyl pair is much easier than zigzag epoxy pair (see Figure 5.3 and B4c, 

Appendix B). Our theoretical calculations show that experimental design which allows 

the oxidation of graphene to happen at both sides of graphene sheet can generate GNRs 

and GQDs with dominantly armchair edges. However, to achieve oxidation at both sides 

of graphene experimentally one should use free graphene sheet. The both sides oxidation 

of single layer graphene has already been demonstrated experimentally by Liu et al
118

. 

 

Figure 5.3 Structure of graphene with (a) armchair epoxy chain, (b) epoxy pair, ep and (c) 

carbonyl pair, cp. 

 

Ma et al. in 2014 have proposed a potential experimental route to apply external 

tensile strain to graphene sheet and showed that external tensile strain on graphene makes 

the formation of epoxy chain energetically more favorable depending on the direction of 

applied strain.
54

 The applied strain breaks the symmetry of graphene and allows epoxy 

chain to form in a particular orientation. To investigate the effect of external strain on 

epoxy chain formation on graphene sheet we have applied both compressive and tensile 

strains. The applied strain is calculated according to the expression   00 / LLL , where L 

is the lattice constant of strained graphene along the strain direction, and L0 is the 

equilibrium lattice constant of relaxed graphene along the strain direction. By convention, 

the tensile strain is positive and compressive strain is negative. We have applied strain in 
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four directions with θ = 0, 30, 60 and 90° as shown in Figure 5.4 (θ is the angle between 

epoxy chain and strain direction). The formation of epoxy chain on graphene sheet 

becomes more favorable when applying both tensile and compressive strains (Figure 5.5). 

This can be explained by the elongation or contraction of C-C bonds oriented along 

applied strain directions. The formation of armchair epoxy chain becomes more favorable 

(indicated by more negative binding energy) when the compressive strain is applied at θ 

= 30° direction as compared to three other directions. In contrast, the formation of zigzag 

epoxy chain becomes more favorable when the strain is applied at θ = 90° as compared to 

other directions. This is because the application of compressive strain will contract the C-

C bonds (along the applied strain directions) and thus will increase the C-C repulsion. To 

overcome this C-C repulsion the plane of graphene will be more susceptible to deform. 

Thus, less buckling energy is required to deform the graphene plane when the O atom is 

adsorbed on strained graphene and makes the formation of epoxy chain more favorable 

than on unstrained graphene. Our calculations reveal that when compressive strain is 

applied along armchair direction of graphene sheet, the formation of epoxy chain is 

preferential along zigzag orientation. However, the formation of epoxy chain is observed 

along armchair orientation (θ = 30°) when compressive strain is applied along zigzag 

direction of graphene sheet. In addition, formation of zigzag epoxy chain under 

compressive strain is energetically most favorable as compared to armchair epoxy chain. 

We conclude here that by engineering the strain on graphene the orientation of epoxy 

chain formation can be controlled i.e., the edges of GNRs and GQDs. Since single-walled 

carbon nanotubes (SWNTs) can be seen as graphene sheet applied with higher strain, 
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Guo et al. also found the similar result using oxidation cutting on SWNTs to get zigzag 

edges.
119

 

 

 

Figure. 5.4 Applied strain direction and epoxy chain formation direction. 

 

 

Figure. 5.5 Average binding energy of O atoms adsorption on graphene as a function of 

applied compressive and tensile strain. 
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5.2.2. Oxidation cutting on graphene edge 

We now consider the oxidation of graphene sheet at graphene edge considering both 

armchair (Figure 5.1b) and zigzag (Figure 5.1c) types. Binding energy of O atom at 

zigzag and armchair edge is -3.19 and -3.61 eV, respectively, which is much greater than 

binding at middle part of graphene sheet (-2.41 eV). For subsequent oxidation we have 

considered both edge and basal plane near the graphene edge for O atoms adsorption 

(Figure 5.6). We observe that the epoxy pair formation at edge is more favorable than 

middle part of graphene sheet (Figure 5.6). Similar to the oxidation at middle part of 

graphene the formed epoxy pair is converted to carbonyl pair as shown in Figure 5.6. We 

conclude that the oxidation of graphene sheet at edge is most favorable, when the edges 

of graphene are fully oxidized then the oxidation proceeds at the basal planes near edges. 

Similar to middle part of graphene, epoxy chair formation near graphene edge along 

armchair orientation is energetically more favorable (Figure 5.2b-c) as compared to 

zigzag orientation irrespective of graphene edge type (graphene with armchair or zigzag 

edge). The formation of zigzag epoxy chain become most favorable when compressive 

strain is applied along armchair direction of graphene sheet (Figure B6, Appendix B). 

We reveal here that whether the oxidation of graphene sheet initiated at middle or edge of 

graphene, the formation of epoxy chain along armchair orientation is most preferable. 

Moreover, formation of zigzag epoxy chain becomes energetically most favorable when 

compressive strain is applied along the armchair direction of graphene sheet. 
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Figure. 5.6 Structure of armchair graphene edge with (a) epoxy group, (b) epoxy pair, ep 

and (c) carbonyl pair, cp; zigzag graphene edge with (a) epoxy group, (b) epoxy pair, ep 

and (c) carbonyl pair, cp 

 

Both oxidation of substrate bound graphene and free graphene sheet have been 

demonstrated experimentally. In our present study we have modelled the oxidation of 

graphene sheet on same and both sides of graphene sheet. The results obtained from the 

oxidation on same side of graphene can be used to understand the oxidation mechanism 

of substrate bound graphene while the oxidation on both sides of graphene can be used 

for the oxidation of free graphene sheet. We reveal that the oxidation on same side of 

strained graphene is energetically favorable than both sides and preferred to form epoxy 

chain along zigzag orientations. Our study shows that zigzag edges can be controlled by 

oxidizing substrate bound graphene under application of strain while the armchair edges 

can be controlled by oxidizing free graphene sheets. 
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5.3. Conclusion 

In summary, we have performed systematic study of graphene oxidation using DFT 

calculations. The oxidation at graphene edge is energetically more favorable as compared 

to middle part of graphene. Irrespective of binding sites on graphene, adsorption of O 

atoms leads to formation of armchair epoxy chain considering oxidation at both sides of 

graphene, which can be used to understand the oxidation cutting of graphene on substrate 

free condition. However, zigzag epoxy chain is formed when oxidation is considered on 

same side of graphene sheet. In addition, application of strain on graphene increases the 

binding affinity of O atoms with graphene. The orientation of epoxy chain formation on 

graphene changes from armchair to zigzag under applied compressive strain along 

armchair orientation of graphene sheet. Our calculations reveal that by manipulating the 

experimental conditions and strain on graphene, the edges of GNRs and GQDs can be 

engineered. 
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Chapter 6  

 

 

 

 
Theoretical study on photoluminescence properties of 

GQDs 

 

Graphene is a single-atom-thin two-dimensional sheet consisting of hexagonally-

packed carbon atoms (or a giant polycyclic aromatic molecule from chemist’s point of 
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view). It has been recently discovered that, when graphene shrinks to zero-dimension 

(nanoscale lateral dimensions), it fluoresces.
120

 These so-called graphene quantum dots 

(GQDs) have quickly received much attention due to their unique structural and 

optoelectronic properties, and their great potentials in various applications such as bio-

imaging
26

 and display, photovoltaics,
121

 energy storage,
122

 and sensing.
27

 Particularly, 

these glowing carbon nano-crystals can serve as new guiding lights for cell biologists. As 

Chen et al. have shown recently, GQDs can be employed as the universal fluorescent tags 

to specifically label the molecular targets and enable real-time imaging of their 

trafficking dynamics in live cells.
26e

 GQDs are expected to outperform the current 

fluorescent reporters (fluorescent proteins, organic dyes, and semiconductor quantum 

dots) in many applications because of the unique combination of several key merits 

including tunable photoluminescence (PL) properties, excellent photo-stability, bio-

compatibility, molecular size, and ease to be chemically paired with any biomolecule 

without compromising its functions. 

The widespread use of GQDs, however, is currently hindered by the lack of 

controllable synthesis methods and the poor understanding of their tunable 

photoluminescence (PL) properties. Contradictory hypotheses sometimes arise from 

inconsistent experimental observations because of the large heterogeneity of GQDs 

synthesized by the current methods and the fact that the PL properties of GQDs are 

intriguingly determined by a number of parameters. Using density functional theory 

(DFT) and time-dependent density functional theory (TDDFT), we herein provide 

systematic theoretical investigations to show that the emission of GQDs can be widely 
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tuned from deep ultraviolet to near infrared by its size, edge configuration, shape, 

functional groups, defects, and heterogeneous hybridization of carbon network.  

Pristine graphene is known as a zero band-gap material with infinite exciton Bohr 

radius due to the linear energy dispersion of the charge carriers.
123

 Therefore, quantum 

confinement arises in a graphene sheet with finite size and becomes prominent in GQDs. 

Hence, band-gap opening (and related PL emission) of GQD should be highly size-

dependent, i.e., the larger its diameter the longer wavelength it emits. Such expected size-

dependent emission, however, has not been unambiguously demonstrated experimentally. 

The synthesized GQDs (ranging from 1.5 to 60 nm) can emit different PL colors 

(including deep UV, blue, green, yellow and red) without obvious size dependence
120a

. 

The large GQDs (~60 nm) synthesized by pyrolysis of hexa-peri-hexabenzocoronene 

(HBC) molecules emit blue fluorescence.
124

 However, the small GQDs (1.5 – 5 nm) 

hydrothermally cropped from graphene oxide (GO) sheets are green fluorescent.
125

 With 

similar size (2 – 3 nm), the GQDs oxidatively exfoliated from carbon black are green
26e

 

while the GQDs electrochemically cut from defect-free CVD-grown graphene are blue.
27b

 

These observed discrepancies are because of the large and uncontrolled heterogeneity of 

GQDs synthesized by the current approaches and the fact that the optical properties of 

GQDs sensitively depend on a number of parameters (e.g., size, chemical moieties, and 

defects). Theoretical modeling and calculations allow us to specifically investigate the 

influences of any particular parameter (computational methods are described in Appendix 

C).  
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6.1. Computational methods 

All the calculations are carried out using Gaussian 09 suite of program.
67

 The 

ground-state geometries of GQDs were firstly optimized by DFT
126

 B3LYP (Becke's 

three-parameter hybrid function
65

 with the non-local correlation of Lee-Yang-Parr
66

 ) 

method with the Pople 6-31G(d) basis set (B3LYP/6-31G(d)). The dangling carbon bonds 

are passivated by hydrogen atoms. The absorption spectra of GQDs were calculated using 

TDDFT method (at the B3LYP/6-31G(d) level) based on optimized ground-state 

geometries. The first excited state was optimized using TDDFT method to calculate the 

emission energy (wavelength) which is the energy difference between the ground and the 

first excited state. 

6.2. Results and Discussion 

6.2.1. Size-dependent photoluminescence properties of GQDs 

To reveal the size-dependent PL of GQD, we calculated the emission wavelength of 

pristine zigzag-edged GQDs with different diameters (Figure C1, Appendix C). As 

shown in Figure 6.1, these GQDs (G1- G6) fluoresce from deep UV to near infrared 

while varying the size from 0.46 to 2.31 nm. Specifically, the smallest GQD (benzene) 

emits at 235.2 nm while 2.31 nm GQD emits at 999.5 nm. The observed linear and steep 

size-dependence indicates that by varying the diameter of GQD from 0.89 to 1.80 nm its 

emission covers the entire visible light spectrum (400 - 770 nm). The calculated emission 

wavelengths in vacuum (235.2, 399.5, 492.3 nm) of G1-G3 (defect- and functionality-

free small sp
2
-carbon clusters known as benzene, coronene, ovalene) correlates well with 

the experimental measurements (~278 nm in water,
127

 ~427 nm in dimethyl 
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sulphoxide,
128

 ~484 nm in tetrabutylammonium sulfonate salt,
129

 respectively). The red-

shift of emission wavelength with increasing size is due to decrease of band-gap resulting 

from π-electron delocalization (Table C1, Appendix C). Similar size-dependent emission 

has also been observed in various spherical semi-conductor QDs 
130

. But it is much more 

prominent in GQDs due to their small size.  

 

 

Figure 6.1 Calculated emission wavelength (nm) using TDDFT method in vacuum as a 

function of the diameter of GQDs. The solid line is the linear fitting of zigzag-edged 

GQDs (G1 – G6). The indicated diameter is the average of the horizontal and vertical 

dimensions. 
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6.2.2. Edge-dependent photoluminescence properties of GQDs 

Graphene can have either zigzag or armchair edges which exhibit distinct quantum 

confinement properties. It has been shown that graphene nanoribbons (GNRs) with 

dominant zigzag edges have a smaller band-gap (0.14 eV) as compared to similarly-sized 

GNRs with dominant armchair edges (0.38 eV),
131

 because of localized states on zigzag 

edges.
132

 Consistently, we observe that the localized states in zigzag-edged GQD are 

pushed to the edge sites while similarly-sized armchair-edged GQD has localized states 

scattered in the center (Figure C2, Appendix C). Distinct to armchair-edged counterparts, 

the localized states at zigzag edge sites lower the energy of conduction band and thus 

reduce the band-gap. Thus, it is expected that the armchair edge would widen the band-

gap of GQD and consequently blue-shift the emission. Indeed, our calculations show that 

1.27 nm and 2.06 nm armchair-edged GQDs (G7 and G8 in Figure 6.1) emit at 450.5 and 

678.2 nm while the predicted emission wavelengths of their zigzag-edged counterparts 

are ~551 and ~872 nm, respectively. 

As we have shown, the pristine GQD of ~2 nm in size is red-fluorescent. But most 

GQDs of similar size synthesized by top-down exfoliation of larger-sized carbon 

materials are green or blue,
26e, 27b, 125

 presumably because of the disruption of the 

crystalline sp
2
-hybridized carbon network of graphene caused by the exfoliation 

processes. Using a bottom-up strategy, a pristine armchair-edged GQD (consisting of 132 

conjugated carbon atoms, approximately arranged in rectangle shape) has been 

synthesized by conjugating benzene derivatives (Figure 6.2a, G9).
133

 Such GQD (a 

polycyclic aromatic hydrocarbon) emits red fluorescence (670 nm) in toluene,
134

 which is 

close to our calculated emission wavelength of 667.4 nm in vacuum and calculation by 
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Zhao et al
135

. The adsorption spectrum of this GQD peaks at ~535 nm attributed to the 

transition from ground-state S0 to excited singlet state S3 (S0→S3).
134

 Consistently, our 

calculations also predict the S0→S3 transition at 542.96 nm. Another pristine armchair-

edged GQD (Figure 6.2b, G10: 168 carbons approximately arranged in triangle shape) 

synthesized by a bottom-up method shows the absorption maximum at ~591 nm
136

. Our 

calculated absorption peak in vacuum (594.6 nm) is in good agreement with the 

experimental observation and the values calculated by Zhao et al
135

 and Schumacher.
137

 

We predict that this GQD emits red fluorescence at 747.0 nm which is consistent with the 

calculated emission wavelength of 748.60 nm in toluene by Zhao et al.
135
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Figure 6.2 The structure of pristine (a) armchair-edged GQD (C132H38), (b) armchair-

edged GQD (C168H42), (c) armchair-edged GQD (C170H42), formed by inserting two 

additional carbons (marked by blue rectangle) on C168H42 GQD, (d) zigzag-edged GQD 

(C100H256) and (e) zigzag-edged GQD (C132H30). 

 

It is experimentally found that inserting two additional carbon atoms to create 6 

zigzag edge sites on G10 (Figure 6.2c, G11) red-shifts the absorption peak
133

 from ~591 

to ~604 nm which perfectly matches with our calculated value of 603.86 nm. We 

attribute this red-shift to band-gap reduction of 0.06 eV. We also predict that G11 

(Figure 6.2c) emits red fluorescence at 755.1 nm which agrees with the calculation by 

Zhao et al.
135

 Furthermore, we find that transforming G9 and G10 to zigzag-edged by 

removing some carbon atoms at the edges (G12, G13 in Figure 6.2d and e) renders them 

non-fluorescent because of large reduction of band-gap (from 2.34 to 0.19 eV, 2.14 to 

0.25 eV, respectively). Clearly, optoelectronic properties of GQDs are highly sensitive to 

the edge configurations. Moreover, hexagonal zigzag-edged GQDs (G5 with 96 carbons 

and G6 with 150 carbons) exhibit much larger band-gap as compared with similarly-sized 

and also zigzag-edged G12 (100 carbons arranged in rectangle shape) and G13 (132 

carbons and triangle shape).  Evidently, in addition to size and edge configuration, shape 

also plays an important role in determining the optoelectronic properties of GQDs. 

 

6.2.3. Functional-groups-dependeet photoluminescence properties of GQDs 

The synthesized GQDs often bear functional groups (e.g., oxygenated groups 

resulting from the oxidative exfoliation processes). We show here that oxidation of GQDs 
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by –OH or –COOH functional groups red-shifts the emission peaks due to band-gap 

reduction, in a coverage dependent manner (Figure 6.3a). Attaching –OH groups to the 

edge carbon atoms (varying from 0 - 100% coverage) continuously tunes G4 from green 

(572.4 nm) to red (732.3 nm). Edged -COOH groups also red-shift the fluorescence 

emission (Figure 6.3a). Compared to the edge functionalization, -OH groups conjugated 

on the basal plane of GQD cause more drastic red-shift because of disruption of graphitic 

carbon lattice. Specifically, two -OH groups on the basal plane of G4 makes it to emit red 

fluorescence at 746.1 nm. The predicted red-shift of oxidized GQDs is in line with 

experimental observations. For example, the GQDs (2-7 nm) exfoliated by acid oxidation 

emit greenish yellow-luminescence (~500 nm) and they become blue-luminescence 

(~450 nm) after reduction by NaBH4.
138

 GQDs synthesized by top-down methods usually 

bear defects. Our calculations show that creating single or double vacancy defects on 

green G4 largely red-shifts the emission peak to 1787.3 or 1217.0 nm, respectively 

(Figure 6.3b and c). It indicates the strong influence of vacancy defects.  
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Figure 6.3 (a) Emission wavelength of oxidized GQD (G4) as a function of the coverage 

of –OH and –COOH groups. (b) and (c) are G4 with single or double vacancy defect, 

respectively. 

 Heteroatom doping is another way to alter the optoelectronic properties of graphene 

materials.
139

 For example, it has been shown by Li et al that nitrogen-doping (with 

pyridinic and pyrrolic N atoms; N/C atomic ratio of ca. 4.3%) causes blue-shift of GQD 

emission.
140,121a

. To understand this phenomenon, we investigate the effects of three 

different N-doping configurations (graphitic, pyridinic, and pyrrolic). Graphitic N-doping 

(at edge or center) on the green G4 GQD drastically lowers the band-gap, thus rendering 

it non-fluorescent (Figure 6.4a). In contrast, graphitic N-doping in large graphene sheet 

opens band-gap near Dirac point by suppressing the density of state.
139,141

 On the other 

hand, pyridinic N-doping on GQD causes slight blue-shift in a concentration dependent 
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manner (i.e., 12.5 at% N-doping shifts the G4 emission from 572.4 to 550.3 nm) (Figure 

6.4b). Pyrrolic N-doping usually forms at the edged five-membered rings of GQD. To 

simulate its effect, we modify G4 GQD by attaching six cyclopentadiene at the edges. 

The resultant N-free GQD emits red fluorescence at 624.4 nm (Figure 6.4c). It is 

observed that introduction of pyrrolic N atoms at the edges significantly blue-shifts the 

emission in a concentration dependent manner. Specifically, 9.09 at% pyrrolic N-doping 

transforms the red GQD to green (emission at 575.5 nm). Our calculations suggest that 

the blue-shift observed by Li et al is mainly due to pyrrolic N-doping. 

 

Figure 6.4 N-doped GQDs with (a) graphitic, (b) pyridine-like and (c) pyrrolic nitrogen. 

Blue spheres represent N atoms 
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6.3. Conclusion 

In summary, we for the first time have systematically studied the mechanisms 

underlying the tunable PL properties of GQDs using DFT and TDDFT calculations. It is 

revealed that the emission of zigzag-edged pristine GQDs can cover the entire visible 

light spectrum by varying the diameter from 0.89 to 1.80 nm. Armchair edge and pyrrolic 

N-doping blue-shift the GQD PL emission whereas chemical functionalities and defects 

cause red-shift. As shown, GQDs can be tailored to emit a wide range of wavelengths.  
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Chapter 7  

 

 

 

 
Summary 

 

 To achieve Moore’s law, new semiconducting materials such as graphene and 

related materials attracted interests of many researchers. Graphene and related materials 

are proposed for various applications e.g., sensors, transparent electrodes and battery, 



 

 

81 

field emission (FE) displays, field effect transistors (FETs). However, intrinsic graphene 

is a zero band-gap semi-metal. To use graphene in semiconducting industry, its band-gap 

should be opened. GQDs and GNRs are commonly used graphene related materials. The 

edge shapes of GQDs and GNRs affect their electronic and optical properties. Thus, 

controlling the edges of GNRs and GQDs is important for their wider applications. GQDs 

can be employed as the universal fluorescent tags to specifically label the molecular 

targets and enable real-time imaging of their trafficking dynamics in live cells. Better 

understanding of PL properties of GQDs can widen the applications of GQDs. In this 

thesis using density functional theory (DFT) calculations, we investigated the structure 

and electronic properties of phenyl radical adsorbed graphene to investigate the graphene 

band-gap opening. We also investigated the structure and banding energies of epoxy 

group adsorbed graphene to obtain the fundamental understanding about the graphene 

oxidation cutting mechanism. Using DFT and TDDFT calculations, we systematically 

studied the mechanisms underlying the tunable photoluminescence (PL) properties of 

GQDs.In Chapter 4, we have used DFT calculations to investigate the adsorption of 

phenyl radicals on monolayer graphene sheet and effects of phenyl radical adsorption on 

electronic band-gap of graphene. We find that adsorption of single radical on graphene 

breaks one of the aromatic π-bond of graphene and generate unpaired electron. The 

generated unpaired electron generates electronic band which cut cross the Fermi level and 

leads to metallic graphene. Binding of second radical with graphene is more favorable at 

ortho position as compared to para and meta positions. Binding at ortho or para positions 

saturate the graphene by electron pairing with unpaired electron generated by single 

radical adsorption and obtain semiconducting graphene with band-gap varying from 0.05 
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to 0.08 eV. However, adsorption at meta position breaks another aromatic π-bond of 

graphene and leads to metallic graphene. We find that adsorption of third radical on 

graphene leads to metallic graphene similarly to single radical adsorption. For adsorption 

of fourth radical on graphene, the ortho-ortho pairing is more favorable for binding, than 

ortho-para pairing similar as two radicals adsorbed graphene. The ortho-ortho and ortho-

para pairings lead to semiconducting graphene. We reveal that (a) the adsorption of 

phenyl radicals on graphene occurs in pair-wise fashion, (b) the ortho-ortho pairing at 

different side of graphene plane has stronger effects on band-gap opening as compared to 

ortho-para pairing, and (c) the adsorption of more of phenyl radicals on graphene by 

ortho-ortho or ortho-para pairings, in general, increases the band-gap of graphene. Thus 

in conclusion our study shows promise of band-gap manipulation of monolayer graphene 

by phenyl radical adsorption. 

In Chapter 5, we have performed systematic study of graphene oxidation using DFT 

calculations. The oxidation at graphene edge is energetically more favorable as compared 

to middle part of graphene. Irrespective of binding sites on graphene, adsorption of O 

atoms leads to formation of armchair epoxy chain considering oxidation at both sides of 

graphene. However, zigzag epoxy chain is formed when oxidation is considered on same 

side of graphene sheet. In addition, application of strain on graphene increases the 

binding affinity of O atoms with graphene. The orientation of epoxy chain formation on 

graphene changes from armchair to zigzag under applied compressive strain along 

armchair orientation of graphene sheet. Our calculations reveal that by manipulating the 

experimental conditions and strain on graphene, the edges of GNRs and GQDs can be 

engineered. 
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In Chapter 6, we for the first time have systematically studied the mechanisms 

underlying the tunable PL properties of GQDs using DFT and TDDFT calculations. We 

reveal that the emission of zigzag-edged pristine GQDs can cover the entire visible light 

spectrum by varying the diameter from 0.89 to 1.80 nm. We show that the armchair edge 

and pyrrolic N-doping blue-shift the GQD PL emission whereas chemical functionalities 

and defects cause red-shift. As shown, GQDs can be tailored to emit a wide range of 

wavelengths. 

 In conclusion, we achieved the following objectives set out at the beginning of this 

thesis – 

(a) We demonsrated the band-gap opening of graphene by phenyl radicals 

adsorption 

(b) We proposed a method to engineer the edges of GNRs and GQDs by controlling 

experimental conditions and strain on graphene. 

(c) We revealed the photoluminescence (PL) mechanism of GQDs and contributed 

to understand the effect of size, edge configuration, shape, attached chemical 

functionalities, heteroatom doping and defects on photoluminescence (PL) properties of 

GQDs.
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Appendix A  

 
Supplementary materials for theoretical study on band-gap 

manipulation of graphene 

 

Table A1. Calculated energy gap (in eV) at K, K’, Γ, M point of graphene (6x6) and two 

phenyl radical adsorbed graphene. 

 Energy gap (eV) 

 Graphene (6x6) ortho-s ortho-d para-s para-d 

K 2.46 1.46 1.39 1.46 1.44 

K’ 2.46 1.46 1.39 1.46 1.44 
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Г 0.00 0.05 0.08 0.07 0.06 

M 2.64 1.54 1.47 1.23 1.22 

 

 

Figure A1. Band structures of graphene (6x6) and two phenyl radical adsorbed graphene 

along high symmetry K-K'-Γ-M-K paths 
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Appendix B  

 
Supplementary materials for theoretical study on graphene 

edge controlling by oxidation cutting 

 

Binding energy of first and nth O atom adsorption is calculated according to 

equations 1 and 2, respectively. The average binding energy of O atoms with pure 

graphene is calculated according to equation 3. The average binding energy of O atoms 

on strained graphene is also calculated according to equation 3; the only difference is that 

the total energy of pure graphene (Egraphene) and graphene-oxygen complexes (Egraphene + (n) 

oxygen) is calculated including strains (-5% to +5% with a increment of 1). 

EBE(1
st
) = Egraphene+oxygen - Egraphene - Eoxygen      (1) 

EBE(n
st
) = Egraphene + (n) oxygen - Egraphene + (n-1) oxygen - Eoxygen    (2) 

EBE(average) = [Egraphene + (n) oxygen - Egraphene – n* Eoxygen]/n     (3) 

Where, EBE is the binding energy, Egraphene + (n) oxygen is the total energy of graphene 

adsorbed with n O atoms, Egraphene is the total energy of graphene, Eoxygen is the total 

energy of O atom. 
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Figure B1. Structure and binding energy (EBE) of of oxidized graphene with one epoxy 

group. 

 

 

Figure B2. Structure, binding energies (EBE) and buckling energies (EBuckling) of oxidized 

graphene with two epoxy groups. The red color text indicates the charge on O atom.  
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Figure B3. Structure and binding energies (EBE) of oxidized graphene with three epoxy 

groups. 
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Figure B4. Structure of oxidized graphene with (a) zigzag epoxy chain, (b) epoxy pair, 

ep and (c) carbonyl pair, cp. 

 

 

Fig. B5. Top view and side view of structure of graphene with strain (from -5% to +5%). 
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Figure B6. Average binding energy of O atoms adsorption on graphene edge as a 

function of applied compressive and tensile strain. AE, ZE, AMC and ZZC indicate 

armchair, edge zigzag edge, armchair epoxy chain and zigzag epoxy chain, respectively. 



 

 

91 

 

Appendix C  

 
Supplementary materials for theoretical study of 

photoluminescence properties of GQDs 

 

Table C1. Calculated Ground-state Band-gap (Egap), Emission Energy, and Emission 

Wavelength of GQDs 

GQDs  Egap (eV)
a
 Eemission (eV) Wavelength (nm) Color 

G1: Benzene 0.46 nm 6.81 5.27 235.2 DUV 

G2: Coronene 0.92 nm 4.04 3.10 399.5 Violet 

G3:Ovalene 1.05 nm 2.93 2.52 492.0 Green 

G4: Cir-coronene 1.39 nm 2.82 2.17 572.4 Green 

G5 1.85 nm 2.12 1.62 765.2 Red 

G6 2.31 nm 1.64 1.24 999.5 Near IR 

G7: HBC 1.27 nm 3.59 2.75 450.5 Blue 

G8 2.06 nm 2.37 1.83 678.2 Red 

a.band gap means HOMO-LUMO gap here. 
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Figure C1. Structure of hexagonal GQDs with zigzag edge (G1-G6) and armchair edge 

(G7-G8). 
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Figure C2. Molecular orbitals for HOMO and LUMO of zigzag and armchair-edged 

GQDs.Molecular orbitals are concentrated on edge sites in zigzag-edged GQDs but 

scattered in the center in armchair-edge GQDs. G-S1 is 2.87 nm armchair-edged GQD. 

Values in the parentheses are orbital energies in eV 



 

 

94 

 

List of Publications 

Journal Publications 

(1) Lin Huang, Mahasin Alam Sk, Peng Chen, Kok Hwa Lim. Controlling armchair and 

zigzag edges in oxidative cutting of graphene. 2015, submitted. 

 

(2) Mahasin Alam Sk, Arundithi Ananthanarayanan, Lin Huang, Kok Hwa Lim and 

Peng Chen. Revealing the tunable photoluminescence properties of graphene 

quantum dots. Journal of Materials Chemistry C, 2014, 2, 6954-6960 

 

(3) Lin Huang, Mahasin Alam Sk, Peng Chen and Kok Hwa Lim. Band-Gap 

Manipulations of Monolayer Graphene by Phenyl Radical Adsorptions: A Density 

Functional Theory Study. ChemPhysChem, 2014, 15, 2610-2617 

 

(4) Mahasin Alam Sk, Man-Fai Ng, Lin Huang and Kok Hwa Lim. Modulating the 

electronic properties of germanium nanowires via applied strain and surface 

passivation. Physical Chemistry Chemical Physics, 2013,15, 5927-5935 



 

 

95 

 

Reference 

1. Geim, A. K.; Novoselov, K. S., The rise of graphene. Nat. Mater. 2007, 6 (3), 

183-191. 

2. Alpha, T. N. D.; Johann, C.; Tim, N. P.; Carsten, B.; Thomas, M., Structure 

of epitaxial graphene on Ir(111). New J. Phys. 2008, 10 (4), 043033. 

3. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, 

S. V.; Grigorieva, I. V.; Firsov, A. A., Electric field effect in atomically thin 

carbon films. Science 2004, 306 (5696), 666-669. 

4. Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. 

J.; Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S., Graphene-based 

composite materials. Nature 2006, 442 (7100), 282-286. 

5. (a) Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, 

A.; Jung, I.; Tutuc, E.; Banerjee, S. K.; Colombo, L.; Ruoff, R. S., Large-

Area Synthesis of High-Quality and Uniform Graphene Films on Copper 

Foils. Science 2009, 324 (5932), 1312-1314; (b) Malesevic, A.; Vitchev, R.; 

Schouteden, K.; Volodin, A.; Zhang, L.; Van Tendeloo, G.; Vanhulsel, A.; Van 

Haesendonck, C., Synthesis of few-layer graphene via microwave plasma-

enhanced chemical vapour deposition. Nanotechnology 2008, 19 (30); (c) 

Dervishi, E.; Li, Z.; Watanabe, F.; Biswas, A.; Xu, Y.; Biris, A. R.; Saini, V.; 

Biris, A. S., Large-scale graphene production by RF-cCVD method. Chemical 

Communications 2009,  (27), 4061-4063; (d) Reina, A.; Jia, X.; Ho, J.; Nezich, 



 

 

96 

D.; Son, H.; Bulovic, V.; Dresselhaus, M. S.; Kong, J., Large Area, Few-Layer 

Graphene Films on Arbitrary Substrates by Chemical Vapor Deposition. 

Nano Lett. 2008, 9 (1), 30-35; (e) Sutter, P. W.; Flege, J.-I.; Sutter, E. A., 

Epitaxial graphene on ruthenium. Nat Mater 2008, 7 (5), 406-411; (f) 

Srivastava, A.; Galande, C.; Ci, L.; Song, L.; Rai, C.; Jariwala, D.; Kelly, K. 

F.; Ajayan, P. M., Novel Liquid Precursor-Based Facile Synthesis of Large-

Area Continuous, Single, and Few-Layer Graphene Films. Chem. Mat. 2010, 

22 (11), 3457-3461. 

6. Wu, Z.-S.; Ren, W.; Gao, L.; Zhao, J.; Chen, Z.; Liu, B.; Tang, D.; Yu, B.; 

Jiang, C.; Cheng, H.-M., Synthesis of Graphene Sheets with High Electrical 

Conductivity and Good Thermal Stability by Hydrogen Arc Discharge 

Exfoliation. ACS Nano 2009, 3 (2), 411-417. 

7. (a) Shivaraman, S.; Barton, R. A.; Yu, X.; Alden, J.; Herman, L.; 

Chandrashekhar, M. V. S.; Park, J.; McEuen, P. L.; Parpia, J. M.; Craighead, 

H. G.; Spencer, M. G., Free-Standing Epitaxial Graphene. Nano Lett. 2009, 9 

(9), 3100-3105; (b) Aristov, V. Y.; Urbanik, G.; Kummer, K.; Vyalikh, D. V.; 

Molodtsova, O. V.; Preobrajenski, A. B.; Zakharov, A. A.; Hess, C.; Hänke, 
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