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Abstract 
 

The structure optimizations of all configuration of gases H2, H2O, N2O and CO 

molecules adsorbed on graphene and its doping derivatives with transition metals (Sc, Ti, Fe, 

Co, Ni, Zn and Au) were carried out using self-consistent charge density functional tight-

binding (SCC-DFTB) periodic calculations. Adsorption energies of gases H2, H2O, N2O and 

CO on  doping derivatives of graphene with different transition metal atoms (ScG, TiG, FeG, 

CoG, NiG, ZnG and AuG)  were obtained and reported. The strongest adsorption of H2, H2O, 

N2O and CO are found on FeG (DEads =-66.85 kcal/mol), TiG (DEads =-62.17 kcal/mol), CoG 

(DEads =-126.67 kcal/mol) and TiG (DEads =-52.09 kcal/mol) surfaces, respectively. AuG is 

suggested as the hydrogen gas sensor. FeG is suggested as the water, nitrogen dioxide, carbon 

monoxide gas sensor.  
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CHAPTER I 

INTRODUCTION 

1.1   Background and Literature review 

The surface graphene of transition metals doped on adsorptions of H2 [1], H2O [1], CO 

[1] and N2O [2]. Graphene doped with transition metal and heteroatoms has been reported as a 

useful method to tailor the physical and chemical properties of graphene, demonstrating that 

graphene doping improves the interaction with several molecules [3]. The doping of graphene 

with transition metals have been investigated by analyzing the geometric structure, adsorption 

energy, charge transfer, charge density, energy band, and density of states of each adsorption 

models [4]. As small gases adsorption on the graphene have been useful information for their 

adsorption abilities and reactions, the graphene of which the structure is a large surface area, 

superior mechanical flexibility, high chemical and thermal stability.  

Density-functional tight-binding (DFTB) is a semi-empirical method which based on 

density-functional theory (DFT). DFTB is therefore an appropriate method for calculations in 

large system compound with the DFT method. 

In the present work, small gas molecules (H2, H2O, N2O, CO) adsorbed on graphene  

and its transition metals (Sc, Ti, Fe, Co, Ni, Zn and Au) doping derivatives have been 

investigated by DFTB method.  

1.2 Theoretical background  

Computational chemistry is one of the most branches of chemistry that widely used to 

investigate the molecular structure, molecular properties, reactions mechanisms and energies. 

There are two types of computational chemistry namely quantum mechanics (QM) and 

molecular mechanics (MM). Quantum mechanical method is categorized into semi-empirical, 

ab initio and density functional theory (DFT) methods. Quantum chemical calculation has been 

used to calculate structures, properties and interaction of molecules [5]. Density-functional 

tight-binding (DFTB), one of quantum mechanics method based on DFT was employed to 

calculate in the present work.  
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1.2.1 Semi-empirical method 

Semi±empirical methods are based on the principle of quantum chemistry which 

derived from Hartree±Fock calculations by applying empirical corrections. The integrals are 

determined directly from experimental data. The advantage of semi±empirical calculations is 

reduced computation time, making them commonly used in the application for large molecules 

[6]. The methods in semi±empirical such as PM3, AM1 and MNDO are generally used for 

predicting various properties such as molecular structure, heats of formation, ionization 

potentials and electron affinities [7]. 

A semi-empirical can be introduced within the theoretical framework of DFT. The Self-

Consistent Charge Density Functional Tight Binding (SCC-DFTB) theory is obtained by 

replacing the quantum mechanical electron density by atomic partial charges [8]. These semi-

empirical DFT methods are computationally as ef¿cient as other semi-empirical models and 

have during recent years also been extended to study, for example, optical and excited-state 

properties [ 9 ] .  In contrast to other semi-empirical methods, DFTB is not based on ¿tting to 

experimental data but rather to DFT calculations. As for DFT and the other semi-empirical 

methods, SCC-DFTB has dif¿culties in describing dispersion forces, but inclusion of empirical 

dispersion corrections is found to improve agreement with experiments [10]. 

1.2.2 Density functional theory (DFT) method [11] 

DFT has become widely the popular method for calculating properties of many±

electron system. This methods are founded by the Hohenberg±Kohn (HK) theorems [12]. The 

HK theorems constructed the electronic density as variable to calculate electronic±structure 

and the energy of a molecule is come from the electron density replaced in a wave function. 

HK±DFT shows that electron density functional, F (p0) , can define the ground state properties 

functional, f (x) , e.g. energy, E0 of a many±electron system.  

E0 =F[U0]=E[U0]              (1.1)  

The total electronic energy of molecule to obtain from a trial electron density, Ut , is the 

energy of the electrons in motion under the nuclear potential called external potential, X(r). The 

energy functional of exact ground state electron density, Ev , was stated by the second HK±

DFT.  
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Ev[Ut ]t E[U0]                      (1.2)  

where U0 is exact ground state energy according to exact electronic density.  

1.2.2.1 The KS Equations  

The KS equations have theorem obtained from using the variation principle, which the 

second HK theorem convinces applies to DFT. We use the fact that the electron density of the 

reference system, which is the same as that of our real system, is given by  

22
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r i
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  ¦               (1.3) 

where the 𝜓
ௌare the KS spatial orbital. Replacing the above definition for the orbitals to the 

energy and fluctuating E0 with consideration to the point to the limitation that these remain 

orthonormal lead to the KS equations, algorithm is like to that used in deriving the HF 

equations,  
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where 𝜀
ௌare the KS energy levels and vxc (1) is the exchange±correlation potential, arbitrarily 

determined here for electron number (1), because the KS equations have a fix of one electron 

equations with where subscript i operate over all the 2n electron in the system from 1 to n,. The 

exchange±correlation energy is determined as the functional derivative from ȡ(r)  

 

(1.5) 

We require the derivative vxc for the KS equations, and the exchange±correlation functional 

itself for the energy equation. The following KS equations can be written as  
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                 (1.6) 

The KS operator        is determined by equation (1.6). The difference between DFT method is 

the selection of the functional from of the exchange±correlation energy. Functional of DFT 

forms are often created to obtain a confident restricting behavior, and fitting parameters to 

understand correct data. Which functional is the better will have to be solved by comparing the 

efficiency with experiments or high±level wave mechanics calculations.  

1.2.3 Density functional tight–binding (DFTB) method [12] 

Density functional tight±binding (DFTB) method, one of quantum mechanics method 

based on DFT was used to calculate molecular and material properties, which has an efficient 

and fast quantum mechanical simulation method. DFTB can be derived from a Taylor 

expansion of the KS±DFT density functional  

U(r) = U0(r) + GU(r)              (1.7)  

The exchange±correlation energy functional is described in a Taylor series and the total 

energy can be written as 

EDFTB3[ȡ+δȡ] = E0[ȡ0] + E1[ȡ0,δȡ] + E2 [ȡ0,(δȡ)
2] + E3 [ȡ0,(δȡ)

3]           (1.8)  

1.2.3.1 DFTB1  

DFTB1 or non–self–consistent DFTB (non–SCC) DFTB is involved only the two terms 

of equation (1.8), E0[ȡ0] and E1[ȡ0, δȡ]. DFTB1 is based on linear combination of atomic orbital 

(LCAO) of the KS orbitals.  

𝜑i= �ȝ cȝiφȝ               (1.9) 

 The atomic orbitals (AOs) are received from DFT calculations of the corresponding 

atoms.  

|IP² = |IP² - Σbza ΣN|INb²¢INb|IP², PH^a`               (1.10)  



 5 

where |IP² is the valences AO ȝ at atom 𝑎 and |Ițb² is a core orbital at atom b, as obtained from 

the corresponding atomic calculations.  

  The atomic KS equations are usually solved applying an additional potential to the 

atomic KS equations.  

                (1.11) 

Then, with AO basis and initial density determined, the KS equation can be solved leading to 

the energy.  

E1= �i niεI                (1.12)  

where ni is an occupation number of KS orbital i.  

This is the electronic energy of the DFTB method. To find the total energy, the E0 is to be 

approximated. This term in DFTB is approximated by a sum of pair potentials called repulsive 

energy term.  

               (1.13) 

The total energy for DFTB1 is defined as  

    EDFTB1 =  6iniHi + 1
ଶ¦abvab

rep              (1.14) 

1.2.3.2 DFTB2  

DFTB2 approximates E2 term in equation (1.8) further. The density fluctuations are 

written as a superposition of atomic contributions.  

'U = ¦ a GUa               (1.15) 

By assessed assuming an exponentially decaying charge density  

                       (1.16) 
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E2 in (1.8) is defined as 

        (1.17) 

The Hartree term therefore explains the interaction of the charge density fluctuations 

δȡa and δȡb, which decreases to Coulomb interaction of partial charges ǻqa and ǻqb for large 

distances, i.e. Ȗab approaches 1/Rab for huge distances.  

1.2.3.3 DFTB3       

For E3 , the same approximations are started as for E2. The third±order terms explain  

the change of the chemical hardness of an atom with its charge state, a new parameter is 

introduced, the chemical hardness derivative. A function Ƚab results as derivative of the Ȗ±

function with point to charge by introducing the Hubbard derivative parameter.  

With all these approximations, the SCC±DFTB total energy in the third order is given 

by  

   EDFTB3 =  6iab6P�a 6v�b nicPiH0
Pv +  𝟏

𝟐¦ab'qa'qbJ
h

ab  +  𝟏
𝟑¦abq2

a'qb*ab +  𝟏
𝟐¦ab'Vab

rep (1.18)  

1.3 Objectives 
 

In this study, the adsorption energies, thermodynamic properties and charge transfer of 

gases H2, H2O, N2O and CO adsorbed on transition metals (Sc, Ti, Fe, Co, Ni, Zn and Au) 

doped graphene derivatives compared with pristine graphene have been assessed using the 

periodic SCC-DFTB method.  

 

 

 



CHAPTER II 

COMPUTATIONAL DETAILS 

2.1 SWUXcWXUe RSWLPL]aWLRQ  

 Full optimizations of adsorption structures of all configuration of gases  H2, H2O, N2O 

and CO molecules adsorbed on transition metals (Sc, Ti, Fe, Co, Ni, Zn and Au) doped and 

non-doped graphenes were carried out using self-consistent charge density functional tight-

binding (SCC-DFTB) periodic calculations. All SCC-DFTB calculations were performed with 

the code of DFTB+ version 1.3 [13]. PaUaPeWeU VeWV ³PLR-1-1´ fRU H, C aWRPV . All SCC-DFTB 

calculations, the SCC tolerance were smaller than 1.0u10-6 e.  

2.2 Adsorption of small gas on surface transition doped and non-doped graphene 

 The adsorption energies ('Eads) for small gas adsorbed on the surface doped and non-

doped graphene have been obtained using Equation (2.1). 

 

  'Eads (gas) = E(gas/graphene) ± [E(graphene) + E(gas)]            (2.1) 

where E(gas/graphene) is total energy of gas adsorbed on surface of G or MG (ScG, TiG, FeG, 

CoG, NiG, ZnG or AuG). E(gas) and E(graphene) are total energies of isolated gas and on 

surface of G or MG, respectively.  

2.3 Percentage of energy–gap change compared with clean MG 

Response: Sensor response represents the change in energy-gap of the gas sensor with 

respect to the initial energy gap of the graphene when exposed to various gases.  

'𝐸g  ൌ ሾ
 𝐸JሺJaVሻ – 𝐸JሺLQLሻ  

𝐸JሺLQLሻ
ሿ ൈ  100  

 
Where Eg(ini) is initial energy-gap of G or MG (ScG, TiG, FeG, CoG, NiG, ZnG or AuG) in 

ambient gas.  Eg(gas) is energy-gap of the sensor in the presence of adsorption gas  .



CHAPTER IOO 

RESULTS AND DISCUSSION 

3.1 The optimized structures of doped and non-doped graphene 

 The full optimization of graphene   in gas phase and periodic parameters x and y with 

fixed z dimension at 30.000 Å, computed by periodic the SCC-DFTB method were carried out 

and periodic parameters x = 19.8125 Å, y = 21.4576 Å were obtained by energy minimization 

with respect to parameters x and y. Optimized structures of pristine, Sc-, Ti-, Fe-, Co-,  Ni-, 

Zn- and Au-doped G are shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Optimized structures of (a) pristine, (b) Sc-doped G, (c) Ti-doped G, (d) Fe-doped 

G, (e) Co-doped G, (f) Ni-doped G, (g) Zn-doped G and (h) Au-doped G. Mülliken charges of 

selected atoms are labelled. 
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3.2 The optimized structures of metal doped and non-doped graphenes with H2 

The SCC-DFTB-optimized structures of H2 adsorbed on the transition metal doped 

graphene derivatives, Sc-, Ti-, Fe-, Co-,  Ni-, Zn- and Au-doped G are shown in Figure 3.2. It 

shows that H2  adsorbed on G, ScG, TiG and ZnG are physical adsorption and on FeG, CoG, 

NiG and AuG are dissociative chemisorption. Adsorption abilities on H2 of metal doped 

graphene derivatives are in order: FeG > AuG > CoG > NiG > TiG > ScG > ZnG > G.  

Adsorption energies of the SCC-DFTB-optimized structure of H2 adsorbed on the 

transition metal doped graphene derivatives compared with graphene and energy gaps of their 

adsorption structures and energy±gap changes (in %) compared with clean MG, are shown in 

Table 3.1. As AuG is able to strongly adsorb hydrogen molecule with high energy±gap change 

(¨Eg
 =65.71%), the AuG can therefore be performed as hydrogen gas sensor.  
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Figure 3 . 2 Adsorption of hydrogen molecule on (a) pristine, (b) Sc-doped G, (c) Ti-doped G, 

(d) Fe-doped G, (e) Co-doped G, (f) Ni-doped G, (g) Zn-doped G and (h) Au-doped G. 

Mülliken charges of related atoms and bond distances between hydrogen molecule and doped 

atom are shown. 
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Table 3.1Adsorption energies of H2 adsorbed on the transition metal doped graphene 

derivatives compared with graphene and energy gaps of their adsorption structures and energy±

gap change in percentage compared with clean MG, computed by the SCC-DFTB method.  

Adsorption ¨Eads
a Eg

b ¨Eg
c  

G - 1.71 -  

H2 + G       ĺ H2/G  -1.73 1.71 0.00  

Sc-G   - 0.87 -  
H2 + Sc-G  ĺ H2/Sc-G -6.74 0.86 -1.15  
Ti-G    - 0.89 -  

H2 + Ti-G   ĺ H2/Ti-G -11.16 0.88 -1.12  

Fe-G    - 0.21 -  
H2 + Fe-G  ĺ H2/Fe-G -66.85 0.25 19.05  
Co-G    - 0.54 -  
H2 + Co-G ĺ H2/Co-G -29.02 0.65 20.37  
Ni-G    - 0.62 -  

H2 + Ni-G  ĺ H2/Ni-G -16.32 0.84 35.48  

Zn-G    - 0.66 -  
H2 + Zn-G  ĺ H2/Zn-G -4.66 0.68 3.03  
Au-G    - 0.35 -  
H2 + Au-G ĺ H2/Au-G -59.03 0.58 65.71  

 
a At 298.15 K, in kcal/mol. 
b In eV. 
c Percentage of energy±gap change compared with clean MG. 

 

Mülliken charges of related atoms of clean and H2 molecule adsorbed surfaces are 

shown in Table 3.2. It shows that electron transfer from metal to H2 which is adsorbed on MG 

surfaces. Charges of metals of MGs were found to be in order: Fe (Z=2.14) > Ni (Z=1.54) ~ 

Co (Z=1.53) > Au (Z=1.10) > Sc (Z=0.46) > Zn (Z=0.34) > Ti (Z=0.19). The electron transfer 

on metals correspond to the adsorption abilities of their MGs on hydrogen molecule. 

The shortest bond-distances between atoms of H2 and surface atoms of the transition 

metal doped and non-doped graphenes are shown in Table 3.3. It shows that shortest bond-

dLVWaQceV Rf adVRUSWLRQ cRQfLJXUaWLRQV aUe LQ RUdeU: CÂÂÂH2 > ScÂÂÂH1 (ScÂÂÂH2) > ZQÂÂÂH1 > 

TLÂÂÂH1 (TLÂÂÂH2) > AXÂÂÂH1 (AXÂÂÂH2) > CoÂÂÂH2 > FeÂÂÂH1 > NLÂÂÂH2. AOLJQPeQWV Rf adVRUbLQJ 

hydrogen molecule adsorbed on the Sc-G, Ti-G and Au-G surfaces were found to be parallel 

to the surface. Nevertheless, alignments of adsorbing hydrogen molecule adsorbed on the Ni-

G and Zn-G surfaces were found to be approximately parallel to the surface. 
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Table 3.2 Mülliken charges of related atoms of clean and H2 molecule adsorbed surfaces. 

Compound 
Adsorbent partial charge a   

Clean   H2 adsorbed surfaces 
C1 C2 C3   Metal C1 C2 C3 

pristine 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Sc-doped G -0.23 -0.25 -0.25  0.46 -0.22 -0.24 -0.24 
Ti-doped G -0.20 -0.19 -0.19  0.19 -0.21 -0.21 -0.21 
Fe-doped G -0.28 -0.28 -0.28  2.14 -0.39 -0.38 -0.34 
Co-doped G -0.25 -0.24 -0.24  1.53 -0.32 -0.35 -0.32 
Ni-doped G -0.27 -0.26 -0.26  1.54 -0.26 -0.35 -0.31 
Zn-doped G -0.18 -0.24 -0.19  0.34 -0.18 -0.24 -0.19 
Au-doped G -0.15 -0.19 -0.13  1.10 -0.11 -0.27 -0.27 

a In e. 

 

 

Table 3.3 The shortest bond-distances between specific atoms of H2 and surface atoms of the 

transition metal doped and non-doped graphenes. 

Configuration/bonds Bond distances (Å)     

H2/G 
 

       CÂÂÂH1 3.43 
       CÂÂÂH2 3.18 
H2/Sc-G 

 

       ScÂÂÂH1 2.45 
       ScÂÂÂH2 2.45 
H2/Ti-G 

 

       TLÂÂÂH1 2.40 
       TLÂÂÂH2 2.40 
H2/Fe-G 

 

       FeÂÂÂH1 1.53 
       FeÂÂÂH2 1.58 
H2/Co-G 

 

       CRÂÂÂH1 1.59 
       CRÂÂÂH2 1.56 
H2/Ni-G 

 

       NLÂÂÂH1 1.52 
       NLÂÂÂH2 1.51 
H2/Zn-G 

 

       ZQÂÂÂH1 2.44 
       ZQÂÂÂH2 2.45 
H2/Au-G 

 

       AXÂÂÂH1 1.67 
       AXÂÂÂH2 1.67 
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Plot of adsorption energy (∆𝐸𝑎ௗ௦, eV) of hydrogen molecule on pristine and metal-

doped graphenes are shown in Figure 3.3. It shows that hydrogen molecule adsorbed on the 

Fe-doped graphene is obviously the highest strength of which adsorption energy is -66.85 

kcal/mol. 

 

 
Figure 3.3 Plot of adsorption energy (∆𝐸𝑎ௗ௦, 𝑒𝑉) of hydrogen molecule on pristine and 

metal-doped graphenes. 
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3.3 The optimized structures of metal doped and non-doped graphenes with H2O 

The SCC-DFTB-optimized structures of H2O adsorbed on the transition metal doped 

graphene derivatives, Sc-, Ti-, Fe-, Co-,  Ni-, Zn- and Au-doped G are shown in Figure 3.4. It 

shows that H2O adsorbed all configurations are physical adsorption.  Adsorption abilities on 

H2O of metal doped graphene derivatives are in order: TiG > FeG > CoG > ScG > ZnG > NiG 

> AuG > G. 

Adsorption energies of the SCC-DFTB-optimized structure of H2O adsorbed on the 

transition metal doped graphene derivatives compared with graphene and energy gaps of their 

adsorption structures and energy±gap changes (in %) compared with clean MG, are shown in 

Table 3.4. As FeG is able to strongly adsorb water molecule with high energy±gap change (¨Eg
 

=66.67%), the FeG can therefore be performed as water sensor.  
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Figure 3.4 Adsorption of H2O molecule on (a) pristine, (b) Sc-doped G, (c) Ti-doped G, (d) 

Fe-doped G, (e) Co-doped G, (f) Ni-doped G, (g) Zn-doped G and (h) Au-doped G. Mülliken 

charges of related atoms and bond distances between H2O molecule and doped atom are shown. 
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Table 3.4 Adsorption energies of H2O adsorbed on the transition metal doped graphene 

derivatives compared with graphene and energy gaps of their adsorption structures, computed 

by the SCC-DFTB method.  

Adsorption ¨Eads
a Eg

b ¨Eg
c  

G - 1.71 -  

H2O + G       ĺ H2O/G  -3.14 1.70 -0.58  

Sc-G   - 0.87 -  
H2O + Sc-G  ĺ H2O/Sc-G -32.11 0.83 -4.60  
Ti-G    - 0.89 -  

H2O + Ti-G   ĺ H2O/Ti-G -62.17 0.86 -3.37  

Fe-G    - 0.21 -  
H2O + Fe-G  ĺ H2O/Fe-G -51.15 0.35 66.67  
Co-G    - 0.54 -  
H2O + Co-G ĺ H2O/Co-G -34.85 0.14 -74.07  
Ni-G    - 0.62 -  

H2O + Ni-G  ĺ H2O/Ni-G -11.63 0.11 -82.26  

Zn-G    - 0.66 -  
H2O + Zn-G  ĺ H2O/Zn-G -29.70 0.70 6.06  
Au-G    - 0.35 -  
H2O + Au-G ĺ H2O/Au-G -9.25 0.26 -25.71  

 
a At 298.15 K, in kcal/mol. 
b In eV. 
c Percentage of energy±gap change compared with clean MG. 

 

Mülliken charges of related atoms of clean and H2O molecule adsorbed surfaces are 

shown in Table 3.5. It shows that electron transfer from metal to H2O which is adsorbed on 

MG surfaces. Charges of metals of MGs were found to be in order: Ni (Z=0.95) > Fe (Z=0.77) 

> Co (Z=0.65) > Au (Z=0.57) > Sc (Z=0.33) > Zn (Z=0.28) > Ti (Z=0.03). The electron transfer 

on metals correspond to the adsorption abilities of their MGs on water molecule. 

The shortest bond-distances between atoms of H2O and surface atoms of the transition 

metal doped and non-doped graphenes are shown in Table 3.6. It shows that shortest bond-

dLVWaQceV Rf adVRUSWLRQ cRQfLJXUaWLRQV aUe LQ RUdeU: CÂÂÂH2 > NiÂÂÂO > AuÂÂÂO > ScÂÂÂO  > TiÂÂÂO 

~ ZnÂÂÂO > FeÂÂÂO > CoÂÂÂO. Alignments of adsorbing water molecule adsorbed on the Sc-G, Ti-

G, Fe-G, Zn-G and Au-G surfaces were found to be parallel to the surface. Nevertheless, 

alignments of adsorbing water molecule adsorbed on the Ni-G surfaces were found to be 

approximately parallel to the surface. 
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Table 3.5 Mülliken charges of related atoms of clean and H2O molecule adsorbed surfaces 

Compound 
adsorbent partial charge a   

Clean   H2O adsorbed surfaces 
C1 C2 C3   Metal C1 C2 C3 

pristine 0.00 0.00 0.00  0.00 -0.01 -0.01 -0.01 
Sc-doped G -0.23 -0.25 -0.25  0.33 -0.22 -0.22 -0.22 
Ti-doped G -0.20 -0.19 -0.19  0.03 -0.18 -0.18 -0.18 
Fe-doped G -0.28 -0.28 -0.28  0.77 -0.26 -0.25 -0.25 
Co-doped G -0.25 -0.24 -0.24  0.65 -0.22 -0.23 -0.23 
Ni-doped G -0.27 -0.26 -0.26  0.95 -0.28 -0.27 -0.27 
Zn-doped G -0.18 -0.24 -0.19  0.28 -0.24 -0.18 -0.19 
Au-doped G -0.15 -0.19 -0.13  0.57 -0.13 -0.19 -0.19 
                  

 

a In e. 
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Table 3.6 The shortest bond-distances between specific atoms of H2O and surface atoms of the 

transition metal doped and non-doped graphenes 

Configuration/bonds Bond distances (Å)     
H2O/G  

       CÂÂÂH1 3.26 
       CÂÂÂH2 3.01 
       CÂÂÂO 3.44 
H2O/Sc-G  
       ScÂÂÂH1 2.76 
       ScÂÂÂH2 2.76 
       ScÂÂÂO 2.17 
H2O/Ti-G  
       TLÂÂÂH1 2.62 
       TLÂÂÂH2 2.62 
       TLÂÂÂO 2.10 
H2O/Fe-G  
       FeÂÂÂH1 2.55 
       FeÂÂÂH2 2.55 
       FeÂÂÂO 1.96 
H2/Co-G  
       CRÂÂÂH1 2.60 
       CRÂÂÂH2 2.58 
       CRÂÂÂO 1.92 
H2O/Ni-G  
       NLÂÂÂH1 3.32 
       NLÂÂÂH2 3.31 
       NLÂÂÂO 2.91 
H2O/Zn-G  
       ZQÂÂÂH1 2.55 
       ZQÂÂÂH2 2.55 
       ZQÂÂÂO 2.09 
H2O/Au-G  
       AXÂÂÂH1 3.25 
       AXÂÂÂH2 3.25 
       AXÂÂÂO 2.83 
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Plot of adsorption energy (∆𝐸𝑎ௗ௦, eV) of water molecule on pristine and metal-doped 

graphenes are shown in Figure 3.5. It shows that water molecule adsorbed on the Ti-doped 

graphene is obviously the highest strength of which adsorption energy is -62.17 kcal/mol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Plot of adsorption energy (∆𝐸𝑎ௗ௦, 𝑒𝑉) of  water molecule on pristine and metal-

doped graphenes. 
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3.4 The optimized structures of metal doped and non-doped graphenes with N2O 

pointing with N-end 

The SCC-DFTB-optimized structures of N2O pointing with N-end adsorbed on the 

transition metal doped graphene derivatives, Sc-, Ti-, Fe-, Co-,  Ni-, Zn- and Au-doped G are 

shown in Figure 3.6. It shows that N2O pointing with N-end adsorbed all configurations are 

physical adsorption. NiG is only configuration of not adsorption. Adsorption abilities on N2O 

pointing with N-end of metal doped graphene derivatives are in order: CoG > ZnG > FeG > 

ScG > TiG > AuG > G. 

Adsorption energies of the SCC-DFTB-optimized structure of N2O pointing with N-

end adsorbed on the transition metal doped graphene derivatives compared with graphene and 

energy gaps of their adsorption structures and energy±gap changes (in %) compared with clean 

MG, are shown in Table 3.7. As FeG is able to strongly adsorb nitrogen dioxide molecule 

pointing with N-end with high energy±JaS cKaQJe (¨Eg
 =285.71%), the FeG can therefore be 

performed as nitrogen dioxide gas sensor.  
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Figure 3.6 Adsorption of N2O molecule as [M· · ·N=N=O], configuration I on (a) pristine, (b) 

Sc-doped G, (c) Ti-doped G, (d) Fe-doped G, (e) Co-doped G, (f) Zn-doped G and (g) Au-

doped G. Mülliken charges of related atoms and bond distances between N2O pointing with N-

end molecule and doped atom are shown. 
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Table 3.7 Adsorption energies of N2O molecule pointing with N-end adsorbed on the transition 

metal doped graphene derivatives compared with graphene and energy gaps of their adsorption 

structures, computed by the SCC-DFTB method.  

Adsorption ¨Eads
a Eg

b ¨Eg
c  

G - 1.71 -  

N2O + G       ĺ N2O/G  -4.00 1.71 0.00  

Sc-G   - 0.87 -  
N2O + Sc-G  ĺ N2O/Sc-G -19.06 1.02 17.24  
Ti-G    - 0.89 -  

N2O + Ti-G   ĺ N2O/Ti-G -15.07 1.14 28.09  

Fe-G    - 0.21 -  
N2O + Fe-G  ĺ N2O/Fe-G -20.29 0.81 285.71  
Co-G    - 0.54 -  
N2O + Co-G ĺ N2O/Co-G -54.64 0.92 70.37  
Ni-G    - 0.62 -  

N2O + Ni-G  ĺ N2O/Ni-G - - -  

Zn-G    - 0.66 -  
N2O + Zn-G  ĺ N2O/Zn-G -36.72 0.76 15.15  
Au-G    - 0.35 -  
N2O + Au-G ĺ N2O/Au-G -14.16 0.13 -62.86  

 
a At 298.15 K, in kcal/mol. 
b In eV. 
c Percentage of energy±gap change compared with clean MG. 

Mülliken charges of related atoms of clean and N2O molecule pointing with N-end 

adsorbed surfaces are shown in Table 3.8. It shows that electron transfer from metal to N2O 

molecule pointing with N-end which is adsorbed on MG surfaces. Charges of metals of MGs 

were found to be in order: Co (Z=1.20) > Fe (Z=1.08) > Au (Z=0.57) > Sc (Z=0.38) > Ti 

(Z=0.36) > Zn (Z=0.28). The electron transfer on metals correspond to the adsorption abilities 

of their MGs on N2O molecule pointing with N-end. 

The shortest bond-distances between atoms of N2O molecule pointing with N-end and 

surface atoms of the transition metal doped and non-doped graphenes are shown in Table 3.9. 

It shows that shortest bond-distances of adsorption configurations are in order: CÂÂÂN1 > TLÂÂÂN2 

> AXÂÂÂN2 > ScÂÂÂN2  > ZnÂÂÂN2 > FeÂÂÂN2 > CRÂÂÂN2. Alignments of adsorbing N2O molecule 

adsorbed on the G, Sc-G, Ti-G, Zn-G and Au-G surfaces were found to be approximately 

parallel to the surface. An adsorbing N2O molecule aligns by pointing its N-end toward the 

metal of the Fe-G and Co-G surfaces and  approximately perpendicular to the surface. 
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Table 3.8 Mülliken charges of related atoms of clean and N2O molecule pointing with N-end 

adsorbed surfaces 

Compound 
adsorbent partial charge a   

Clean   N2O adsorbed surfaces 
C1 C2 C3   Metal C1 C2 C3 

pristine 0.00 0.00 0.00  0.00 -0.01 -0.01 0.00 
Sc-doped G -0.23 -0.25 -0.25  0.38 -0.22 -0.23 -0.23 
Ti-doped G -0.20 -0.19 -0.19  0.36 -0.21 -0.21 -0.21 
Fe-doped G -0.28 -0.28 -0.28  1.08 -0.28 -0.29 -0.29 
Co-doped G -0.25 -0.24 -0.24  1.20 -0.30 -0.32 -0.31 
Ni-doped G - - -  - - - - 
Zn-doped G -0.18 -0.24 -0.19  0.28 -0.18 -0.25 -0.18 
Au-doped G -0.15 -0.19 -0.13  0.57 -0.20 -0.13 -0.17 
                  

a In e. 
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Table 3.9 The shortest bond-distances between specific atoms of N2O molecule pointing with 

N-end  and surface atoms of the transition metal doped and non-doped graphenes 

 
Configuration/bonds Bond distances (Å)     

N2O/G 
 

       CÂÂÂN1 3.39 

       CÂÂÂN2 3.64 

       CÂÂÂO 3.51 
N2O/Sc-G  
       ScÂÂÂN1 3.14 
       ScÂÂÂN2 2.25 
       ScÂÂÂO 4.19 
N2O/Ti-G  
       TLÂÂÂN1 4.07 
       TLÂÂÂN2 3.28 
       TLÂÂÂO 5.03 
N2O/Fe-G  
       FeÂÂÂN1 3.05 
       FeÂÂÂN2 1.89 
       FeÂÂÂO 4.23 
N2O/Co-G  
       CRÂÂÂN1 2.80 
       CRÂÂÂN2 1.66 
       CRÂÂÂO 3.79 
N2O/Ni-G  
       NLÂÂÂN1 - 
       NLÂÂÂN2 - 
       NLÂÂÂO - 
N2O/Zn-G  
       ZQÂÂÂN1 2.86 
       ZQÂÂÂN2 2.00 
       ZQÂÂÂO 3.90 
N2O/Au-G  
       AXÂÂÂN1 4.16 
       AXÂÂÂN2 3.26 
       AXÂÂÂO 5.18 
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Plot of adsorption energy (∆𝐸𝑎ௗ௦, eV) of N2O molecule pointing with N-end on pristine 

and metal-doped graphenes are shown in Figure 3.7. It shows that nitrogen dioxide molecule 

adsorbed on the Co-doped graphene is obviously the highest strength of which adsorption 

energy is -54.64 kcal/mol. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7  Plot of adsorption energy (∆𝐸𝑎ௗ௦, 𝑒𝑉) of N2O molecule as [M· · ·N=N=O] on 

pristine and metal-doped graphenes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 28 

3.5 The optimized structures of metal doped and non-doped graphenes with N2O 

pointing with O-end  

The SCC-DFTB-optimized structures of N2O pointing with O-end adsorbed on the 

transition metal doped graphene derivatives, Sc-, Ti-, Fe-, Co-,  Ni-, Zn- and Au-doped G are 

shown in Figure 3.8. It shows that N2O pointing with O-end adsorbed on G, ScG, TiG, FeG, 

ZnG and AuG are physical adsorption and CoG is dissociative chemisorption. NiG is only 

configuration of not adsorption. Adsorption abilities on N2O pointing with O-end of metal 

doped graphene derivatives are in order: CoG > TiG > FeG > ZnG > ScG > AuG > G. 

Adsorption energies of the SCC-DFTB-optimized structure of N2O pointing with O-

end adsorbed on the transition metal doped graphene derivatives compared with graphene and 

energy gaps of their adsorption structures and energy±gap changes (in %) compared with clean 

MG, are shown in Table 3.10. As FeG is able to strongly adsorb nitrogen dioxide molecule 

pointing with O-end with high energy±JaS cKaQJe (¨Eg
 =238.10%), the FeG can therefore be 

performed as nitrogen dioxide gas sensor.  
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Figure 3.8 Adsorption of N2O molecule as [M· · ·O=N=N], configuration II on (a) Sc-doped 

G, (b) Ti-doped G, (c) Fe-doped G, (d) Co-doped G, (e) Zn-doped G and (f) Au-doped G. 

Mülliken charges of related atoms and bond distances between N2O pointing with O-end 

molecule and doped atom are shown. 
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Table 3.10 Adsorption energies of N2O molecule pointing with O-end adsorbed on the 

transition metal doped graphene derivatives compared with graphene and energy gaps of their 

adsorption structures, computed by the SCC-DFTB method.  

Adsorption ¨Eads
a Eg

b ¨Eg
c  

G - 1.71 -  

N2O + G       ĺ N2O/G  -4.00 1.71 0.00  

Sc-G   - 0.87 -  
N2O + Sc-G  ĺ N2O/Sc-G -23.79 1.11 27.59  
Ti-G    - 0.89 -  

N2O + Ti-G   ĺ N2O/Ti-G -50.82 1.13 26.97  

Fe-G    - 0.21 -  
N2O + Fe-G  ĺ N2O/Fe-G -43.60 0.71 238.10  
Co-G    - 0.54 -  
N2O + Co-G ĺ N2O/Co-G -126.67 1.15 112.96  
Ni-G    - 0.62 -  

N2O + Ni-G  ĺ N2O/Ni-G - - -  

Zn-G    - 0.66 -  
N2O + Zn-G  ĺ N2O/Zn-G -26.06 0.76 15.15  
Au-G    - 0.35 -  
N2O + Au-G ĺ N2O/Au-G -13.16 0.16 -54.29  

 
a At 298.15 K, in kcal/mol. 
b In eV. 
c Percentage of energy±gap change compared with clean MG. 

 

Mülliken charges of related atoms of clean and N2O molecule pointing with O-end 

adsorbed surfaces are shown in Table 3.11. It shows that electron transfer from metal to N2O 

molecule pointing with O-end which is adsorbed on MG surfaces. Charges of metals of MGs 

were found to be in order: Co (Z=1.67) > Fe (Z=0.82) > Au (Z=0.56) > Sc (Z=0.46) > Zn 

(Z=0.31) > Ti (Z=0.17). The electron transfer on metals correspond to the adsorption abilities 

of their MGs on N2O molecule pointing with O-end. 

The shortest bond-distances between atoms of N2O molecule pointing with O-end and 

surface atoms of the transition metal doped and non-doped graphenes are shown in Table 3.12. 

It shows that shortest bond-distances of adsorption configurations are in order: AuÂÂÂO > CÂÂÂN1 

> ScÂÂÂO = TiÂÂÂO  > ZnÂÂÂO >  FeÂÂÂO > CRÂÂÂO. It was found that an adsorbing N2O molecule 

aligns by pointing its O-end toward a metal of all the surfaces, except Co-G which N2O is 

dissociative adsorbed on Co atom. 



 31 

Table 3.11 Mülliken charges of related atoms of clean and N2O molecule pointing with O-end 

adsorbed surfaces 

Compound 
adsorbent partial charge a   

Clean   N2O adsorbed surfaces 
C1 C2 C3   Metal C1 C2 C3 

pristine 0.00 0.00 0.00  0.00 -0.01 -0.01 0.00 
Sc-doped G -0.23 -0.25 -0.25  0.46 -0.25 -0.23 -0.23 
Ti-doped G -0.20 -0.19 -0.19  0.17 -0.20 -0.19 -0.19 
Fe-doped G -0.28 -0.28 -0.28  0.82 -0.25 -0.25 -0.27 
Co-doped G -0.25 -0.24 -0.24  1.67 -0.40 -0.40 -0.35 
Ni-doped G - - -  - - - - 
Zn-doped G -0.18 -0.24 -0.19  0.31 -0.19 -0.25 -0.18 
Au-doped G -0.15 -0.19 -0.13  0.56 -0.12 -0.18 -0.18 
                  

a In e. 
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Table 3.12 The shortest bond-distances between specific atoms of N2O molecule pointing with 

O-end  and surface atoms of the transition metal doped and non-doped graphenes 

 
Configuration/bonds Bond distances (Å)     

N2O/G  

       CÂÂÂN1 3.39 
       CÂÂÂN2 3.64 
       CÂÂÂO 3.51 
N2O/Sc-G  
       ScÂÂÂN1 3.13 
       ScÂÂÂN2 4.09 
       ScÂÂÂO 2.35 
N2O/Ti-G  
       TLÂÂÂN1 3.25 
       TLÂÂÂN2 4.27 
       TLÂÂÂO 2.35 
N2O/Fe-G  
       FeÂÂÂN1 2.61 
       FeÂÂÂN2 3.51 
       FeÂÂÂO 2.01 
N2O/Co-G  
       CRÂÂÂN1 2.79 
       CRÂÂÂN2 3.70 
       CRÂÂÂO 1.59 
N2O/Ni-G  
       NLÂÂÂN1 - 
       NLÂÂÂN2 - 
       NLÂÂÂO - 
N2O/Zn-G  
       ZQÂÂÂN1 2.88 
       ZQÂÂÂN2 3.81 
       ZQÂÂÂO 2.18 
N2O/Au-G  
       AXÂÂÂN1 4.68 
       AXÂÂÂN2 5.74 
       AXÂÂÂO 3.65 
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Plot of adsorption energy (∆𝐸𝑎ௗ௦, eV) of N2O molecule pointing with O-end on pristine 

and metal-doped graphenes are shown in Figure 3.9. It shows that nitrogen dioxide molecule 

adsorbed on the Co-doped graphene is obviously the highest strength of which adsorption 

energy is -126.67 kcal/mol. 

 

 
Figure 3.9 Plot of adsorption energy (∆𝐸𝑎ௗ௦, 𝑒𝑉) of N2O molecule as [M· · ·O=N=N], on 

pristine and metal-doped graphenes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 34 

3.6 The optimized structures of metal doped and non-doped graphenes with CO 

pointing with C-end 

The SCC-DFTB-optimized structures of CO pointing with C-end adsorbed on the 

transition metal doped graphene derivatives, Sc-, Ti-, Fe-, Co-,  Ni-, Zn- and Au-doped G are 

shown in Figure 3.10. It shows that CO pointing with C-end adsorbed all configurations are 

physical adsorption.  Adsorption abilities on CO pointing with C-end of metal doped graphene 

derivatives are in order: TiG > CoG > FeG > AuG > NiG > ZnG > ScG > G. 

Adsorption energies of the SCC-DFTB-optimized structure of CO pointing with C-end 

adsorbed on the transition metal doped graphene derivatives compared with graphene and 

energy gaps of their adsorption structures and energy±gap changes (in %) compared with clean 

MG, are shown in Table 3.13. As FeG is able to strongly adsorb carbon monoxide molecule 

pointing with C-end with high energy±JaS cKaQJe (¨Eg
 =333.33%), the FeG can therefore be 

performed as carbon monoxide gas sensor.  
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Figure 3.10 Adsorption of CO molecule as [M· · ·C=O], configuration I on (a) pristine, (b) Sc-

doped G, (c) Ti-doped G, (d) Fe-doped G, (e) Co-doped G, (f) Ni-doped G, (g) Zn-doped G 

and (h) Au-doped G.  Mülliken charges of related atoms and bond distances between CO 

pointing with C-end molecule and doped atom are shown. 
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Table 3.13 Adsorption energies of CO molecule pointing with C-end adsorbed on the transition 

metal doped graphene derivatives compared with graphene and energy gaps of their adsorption 

structures, computed by the SCC-DFTB method.  

Adsorption ¨Eads
a Eg

b ¨Eg
c  

G - 1.71 -  

CO + G       ĺ CO/G  -3.01 1.71 0.00  

Sc-G   - 0.87 -  
CO + Sc-G  ĺ CO/Sc-G -14.99 1.07 22.99  
Ti-G    - 0.89 -  

CO + Ti-G   ĺ CO/Ti-G -48.21 1.08 21.35  

Fe-G    - 0.21 -  
CO + Fe-G  ĺ CO/Fe-G -33.67 0.91 333.33  
Co-G    - 0.54 -  
CO + Co-G ĺ CO/Co-G -35.30 0.58 7.41  
Ni-G    - 0.62 -  

CO + Ni-G  ĺ CO/Ni-G -27.52 0.41 -33.87  

Zn-G    - 0.66 -  
CO + Zn-G  ĺ CO/Zn-G -27.32 0.78 18.18  
Au-G    - 0.35 -  
CO + Au-G ĺ CO/Au-G -33.18 0.38 8.57  

 
a At 298.15 K, in kcal/mol. 
b In eV. 
c Percentage of energy±gap change compared with clean MG. 

 

Mülliken charges of related atoms of clean and CO molecule pointing with C-end 

adsorbed surfaces are shown in Table 3.14. It shows that electron transfer from metal to CO 

molecule pointing with C-end which is adsorbed on MG surfaces. Charges of metals of MGs 

were found to be in order: Fe (Z=1.20) > Ni (Z=0.92) > Co (Z=0.76) > Au (Z=0.53) > Sc 

(Z=0.26) > Zn (Z=0.24) > Ti (Z=-0.02). The electron transfer on metals correspond to the 

adsorption abilities of their MGs on CO molecule pointing with C-end. 

The shortest bond-distances between atoms of CO molecule pointing with C-end and 

surface atoms of the transition metal doped and non-doped graphenes are shown in Table 3.15. 

It shows that shortest bond-dLVWaQceV Rf adVRUSWLRQ cRQfLJXUaWLRQV aUe LQ RUdeU: CÂÂÂO > ScÂÂÂC 

> TiÂÂÂC > ZnÂÂÂC  > FeÂÂÂC > CoÂÂÂC > AuÂÂÂC > NiÂÂÂC. Alignment of adsorbing CO molecule 

adsorbed on the G surface was found to be approximately parallel to the surface. An adsorbing 

CO molecule aligns by pointing its C-end toward the metal of all the surfaces. 
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Table 3.14 Mülliken charges of related atoms of clean and CO molecule pointing with C-end 

adsorbed surfaces 

Compound 
adsorbent partial charge a   

Clean   CO adsorbed surfaces 
C1 C2 C3   Metal C1 C2 C3 

pristine 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Sc-doped G -0.23 -0.25 -0.25  0.26 -0.21 -0.21 -0.21 
Ti-doped G -0.20 -0.19 -0.19  -0.02 -0.17 -0.17 -0.17 
Fe-doped G -0.28 -0.28 -0.28  1.20 -0.30 -0.31 -0.31 
Co-doped G -0.25 -0.24 -0.24  0.76 -0.23 -0.29 -0.23 
Ni-doped G -0.27 -0.26 -0.26  0.92 -0.24 -0.32 -0.24 
Zn-doped G -0.18 -0.24 -0.19  0.24 -0.18 -0.23 -0.18 
Au-doped G -0.15 -0.19 -0.13  0.53 -0.18 -0.18 -0.19 
                  

a In e. 
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Table 3.15 The shortest bond-distances between specific atoms of CO molecule pointing with 

C-end  and surface atoms of the transition metal doped and non-doped graphenes 

 
Configuration/bonds Bond distances (Å)     

CO/G  
       CÂÂÂC 3.94 

       CÂÂÂO 3.40 
CO/Sc-G  
       ScÂÂÂC 2.35 
       ScÂÂÂO 3.45 
CO/Ti-G  
       TLÂÂÂC 2.25 
       TLÂÂÂO 3.35 
CO/Fe-G  
       FeÂÂÂC 1.98 
       FeÂÂÂO 3.12 
CO/Co-G  
       CRÂÂÂC 1.95 
       CRÂÂÂO 3.06 
CO/Ni-G  
       NLÂÂÂC 1.79 
       NLÂÂÂO 2.93 
CO/Zn-G  
       ZQÂÂÂC 2.00 
       ZQÂÂÂO 3.05 
CO/Au-G  
       AXÂÂÂC 1.93 
       AXÂÂÂO 3.07 
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Plot of adsorption energy (∆𝐸𝑎ௗ௦, eV) of CO molecule pointing with C-end on pristine 

and metal-doped graphenes are shown in Figure 3.11. It shows that carbon monoxide molecule 

adsorbed on the Ti-doped graphene is obviously the highest strength of which adsorption energy 

is -48.21 kcal/mol. 

 
Figure 3.11 Plot of adsorption energy (∆𝐸𝑎ௗ௦, 𝑒𝑉) of CO molecule as [M· · ·C=O] on pristine 

and metal-doped graphenes. 
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3.7 The optimized structures of metal doped and non-doped graphenes with CO 

pointing with O-end 

The SCC-DFTB-optimized structures of CO pointing with O-end adsorbed on the 

transition metal doped graphene derivatives, Sc-, Ti-, Fe-, Co-,  Ni-, Zn- and Au-doped G are 

shown in Figure 3.12. It shows that CO pointing with O-end adsorbed all configurations are 

physical adsorption. NiG is only configuration of not adsorption. Adsorption abilities on CO 

pointing with O-end of metal doped graphene derivatives are in order: TiG > FeG > CoG > 

ScG > ZnG > AuG > G. 

Adsorption energies of the SCC-DFTB-optimized structure of CO pointing with O-end 

adsorbed on the transition metal doped graphene derivatives compared with graphene and 

energy gaps of their adsorption structures and energy±gap changes (in %) compared with clean 

MG, are shown in Table 3.16. As FeG is able to strongly adsorb carbon monoxide molecule 

pointing with O-end with high energy±JaS cKaQJe (¨Eg
 =328.57%), the FeG can therefore be 

performed as carbon monoxide gas sensor.  
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Figure 3.12 Adsorption of CO molecule as [M· · ·O=C], configuration II on (a) Sc-doped G, 

(b) Ti-doped G, (c) Fe-doped G, (d) Co-doped G and (e) Zn-doped G. Mülliken charges of 

related atoms and bond distances between CO pointing with O-end molecule and doped atom 

are shown.  
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Table 3.16 Adsorption energies of CO molecule pointing with O-end adsorbed on the transition 

metal doped graphene derivatives compared with graphene and energy gaps of their adsorption 

structures, computed by the SCC-DFTB method.  

Adsorption ¨Eads
a Eg

b ¨Eg
c  

G - 1.71 -  

CO + G       ĺ CO/G  -3.01 1.71 0.00  

Sc-G   - 0.87 -  
CO + Sc-G  ĺ CO/Sc-G -21.62 1.10 26.44  
Ti-G    - 0.89 -  

CO + Ti-G   ĺ CO/Ti-G -52.09 1.10 23.60  

Fe-G    - 0.21 -  
CO + Fe-G  ĺ CO/Fe-G -45.06 0.90 328.57  
Co-G    - 0.54 -  
CO + Co-G ĺ CO/Co-G -31.23 0.50 -7.41  
Ni-G    - 0.62 -  

CO + Ni-G  ĺ CO/Ni-G - - -  

Zn-G    - 0.66 -  
CO + Zn-G  ĺ CO/Zn-G -21.32 0.80 21.21  
Au-G    - 0.35 -  
CO + Au-G ĺ CO/Au-G -14.38 0.17 -51.43  

 
a At 298.15 K, in kcal/mol. 
b In eV. 
c Percentage of energy±gap change compared with clean MG. 

 

Mülliken charges of related atoms of clean and CO molecule pointing with O-end 

adsorbed surfaces are shown in Table 3.17. It shows that electron transfer from metal to CO 

molecule pointing with O-end which is adsorbed on MG surfaces. Charges of metals of MGs 

were found to be in order: Fe (Z=1.04) > Co (Z=0.73) > Au (Z=0.48) > Sc (Z=0.36) > Zn 

(Z=0.32) > Ti (Z=0.06). The electron transfer on metals correspond to the adsorption abilities 

of their MGs on CO molecule pointing with O-end. 

The shortest bond-distances between atoms of CO molecule pointing with O-end and surface 

atoms of the transition metal doped and non-doped graphenes are shown in Table 3.18. It shows 

that shortest bond-dLVWaQceV Rf adVRUSWLRQ cRQfLJXUaWLRQV aUe LQ RUdeU: CÂÂÂO > AuÂÂÂC > ScÂÂÂO 

> ZnÂÂÂO  > TLÂÂÂO > FeÂÂÂO > CoÂÂÂO.  
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Table 3.17 Mülliken charges of related atoms of clean and CO molecule pointing with O-end 

adsorbed surfaces 

Compound 
adsorbent partial charge a   

Clean   CO adsorbed surfaces 
C1 C2 C3   Metal C1 C2 C3 

pristine 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Sc-doped G -0.23 -0.25 -0.25  0.36 -0.22 -0.22 -0.22 
Ti-doped G -0.20 -0.19 -0.19  0.06 -0.18 -0.18 -0.18 
Fe-doped G -0.28 -0.28 -0.28  1.04 -0.28 -0.28 -0.28 
Co-doped G -0.25 -0.24 -0.24  0.73 -0.23 -0.23 -0.28 
Ni-doped G - - -  - - - - 
Zn-doped G -0.18 -0.24 -0.19  0.32 -0.19 -0.25 -0.18 
Au-doped G -0.15 -0.19 -0.13  0.48 -0.20 -0.19 -0.10 
                  

a In e. 
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Table 3.18 The shortest bond-distances between specific atoms of CO molecule pointing with 

O-end  and surface atoms of the transition metal doped and non-doped graphenes 

 
Configuration/bonds Bond distances (Å)     

CO/G  
       CÂÂÂC 3.94 

       CÂÂÂO 3.40 
CO/Sc-G  
       ScÂÂÂC 3.35 
       ScÂÂÂO 2.25 
CO/Ti-G  
       TLÂÂÂC 3.23 
       TLÂÂÂO 2.13 
CO/Fe-G  
       FeÂÂÂC 3.00 
       FeÂÂÂO 1.87 
CO/Co-G  
       CRÂÂÂC 2.92 
       CRÂÂÂO 1.81 
CO/Ni-G  
       NLÂÂÂC - 
       NLÂÂÂO - 
CO/Zn-G  
       ZQÂÂÂC 3.21 
       ZQÂÂÂO 2.17 
CO/Au-G  
       AXÂÂÂC 2.83 
       AXÂÂÂO 3.93 
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Plot of adsorption energy (∆𝐸𝑎ௗ௦, eV) of CO molecule pointing with O-end on pristine 

and metal-doped graphenes are shown in Figure 3.13. It shows that carbon monoxide molecule 

adsorbed on the Ti-doped graphene is obviously the highest strength of which adsorption energy 

is -52.09 kcal/mol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Plot of adsorption energy (∆𝐸𝑎ௗ௦, 𝑒𝑉) of CO molecule as [M· · ·O=C] on pristine 

and metal-doped graphenes. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



CHAPTER IV 

CONCLUSION 

 
A theoretical study on the adsorption of small molecules such as H2, H2O, N2O and CO 

molecules on graphene and its doping derivatives with transition metals (Sc, Ti, Fe, Co, Ni, Zn 

and Au) using SCC-DFTB method at 298K.  It was found that the highest adsorption of the H2, 

H2O, N2O and CO are on the FeG, TiG, CoG and TiG, respectively. It was suggested that the 

FeG, TiG and CoG can be developed  as H2, CO and N2O storage materials and the TiG can be 

used as desiccating material for adsorption of water in the system without CO.  

Based on electrical conductivity, the AuG and NiG can be developed as H2 and H2O 

sensors, respectively. The FeG can be developed as N2O and CO sensors  in systems without 

CO and  N2O, respectively. 
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APPENDIX 
 

 The binding energies of transition metal on single-vacancy defected in graphene using 

SCC-DFTB method.  

 

Table S1. The binding energies of transition metal on single-vacancy defected in graphene 

 

Reaction ¨Ebinding, eV ¨Ebinding, kcal/mol 
[Vc + G] + Sc ĺ Sc-G -5.70 -131.56 
[Vc + G] + TL ĺ TL-G -14.09 -324.97 
[Vc + G] + Fe ĺ Fe-G -9.49 -218.76 
[Vc + G] + CR ĺ CR-G -9.52 -219.65 
[Vc + G] + NL ĺ NL-G -5.90 -135.94 
[Vc + G] + ZQ ĺ ZQ-G -3.00 -69.21 
[Vc + G] + AX ĺ AX-G -1.67 -38.43 
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Figure S1. Mülliken charges of related atoms on (a) pristine, (b) Sc-doped G, (c) Ti-doped G 

and (d) Fe-doped G. Left and right views are clean and hydrogen molecule adsorbed surfaces. 
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Figure S2. Mülliken charges of related atoms on (a) Co-doped, (b) Ni-doped G, (c) Zn-doped 

and (d) Au-doped G. Left and right views are clean and hydrogen molecule adsorbed surfaces. 
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Figure S3. Mülliken charges of related atoms on (a) pristine, (b) Sc-doped G, (c) Ti-doped G 

and (d) Fe-doped G. Left and right views are clean and H2O molecule adsorbed surfaces. 
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Figure S4. Mülliken charges of related atoms on (a) Co-doped, (b) Ni-doped G, (c) Zn-doped 

and (d) Au-doped G. Left and right views are clean and H2O molecule adsorbed surfaces. 
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Figure S5. Mülliken charges of related atoms on (a) pristine, (b) Sc-doped G, (c) Ti-doped G 

and (d) Fe-doped G. Left and right views are clean and N2O molecule as [M···N=N=O] 

adsorbed surfaces. 
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Figure S6. Mülliken charges of related atoms on (a) Co-doped, (b) Zn-doped and (c) Au-doped 

G. Left and right views are clean and N2O molecule as [M···N=N=O] adsorbed surfaces. 
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Figure S7. Mülliken charges of related atoms on (a) Sc-doped G, (b) Ti-doped G and (c) Fe-

doped G. Left and right views are clean and N2O molecule as [M···O=N=N] adsorbed 

surfaces. 

 

 

 

 

 

 

 

 

 



 57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Mülliken charges of related atoms on (a) Co-doped G, (b) Zn-doped G and (c) 

Au-doped G. Left and right views are clean and N2O molecule as [M···O=N=N] adsorbed 

surfaces. 
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Figure S9. Mülliken charges of related atoms on (a) pristine, (b) Sc-doped G, (c) Ti-doped G 

and (d) Fe-doped G. Left and right views are clean and CO molecule as [M· · ·C=O] 

adsorbed surfaces. 
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Figure S10. Mülliken charges of related atoms on (a) Co-doped, (b) Ni-doped G,  

(c) Zn-doped G and (d) Au-doped G. Left and right views are clean and CO molecule as  

[M· · ·C=O] adsorbed surfaces. 
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Figure S11. Mülliken charges of related atoms on (a) Sc-doped G, (b) Ti-doped G and (c) Fe-

doped G. Left and right views are clean and CO molecule as [M· · ·O=C] adsorbed surfaces. 
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Figure S12. Mülliken charges of related atoms on (a) Co-doped, (b) Zn-doped G and (c) Au-

doped G. Left and right views are clean and CO molecule as [M· · ·O=C] adsorbed surfaces. 
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