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CHAPTER I 

 

INTRODUCTION 
 

1.1 Background and Literature reviews 

 

The structures and optoelectronic properties of unsaturated ZnO and ZnS 

nanoclusters were studied using density functional theory (DFT) and their optical gap 

were computed using TDDFT (Time–Dependent DFT) [1] and they have been 

investigated by means of Car–Parrinello molecular dynamics [2]. The growth pattern 

and electronic properties of Zn12O12–assembled material were studied using DFT and 

its phases were found to be semiconductor with large gap value [3]. The impact of 

hydrogen and water molecules on zinc oxide clusters (ZnO)n =3–6 was investigated 

using DFT calculation [4]. The structural, electronic, magnetic properties and relative 

stabilities of fully and partially hydrogenated ZnO nanosheets were investigated by 

DFT method and it was found that full hydrogenation is more favorable energetically 

for thinner ZnO nanosheets, whereas semihydrogenation at O sites is favored for 

thicker ones [5].  There are three types of ZnO crystal structure such as rocksalt, 

hexagonal and wurtzite structure as shown in Figure 1.1 [6]. 

 

 
Figure 1.1 Structures of ZnO clusters (a) rocksalt, (b) zinc blende and (c) wurtzite. 

Black balls denote Zn and O atoms, respectively.  
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DFT structures of (ZnO)n (n = 1–12) clusters as ring and three–dimensional 

structures were found but their ring structure of  n > 10 does not exist [7].  The 

structural and electronic properties of (ZnO)n n = 2–18) clusters were studied using 

gradient–corrected DFT method [8]. The energetics, stable configurations and 

electronic structures of the (ZnO)n clusters for n ranging from 9 to 64 were studied by 

using first–principles calculations [9]. The atomic structures of small zinc oxide 

clusters (ZnO)n n ≤ 6 using ultrasoft pseudopotential method and the generalized 

gradient approximation for the exchange–correlation energy were studied [10].  The 

structures and electronic properties of ZnO single crystals obtained by means of both 

conventional hydrothermal and microwave–hydrothermal synthesis methods were 

studied [11]. The structures and electronic properties of zinc oxide (ZnO) one–

dimensional (1D) nanostructures, including nanowires with hexagonal or triangular 

cross sections, faceted nanotubes, and conventional single–walled nanotubes, were 

investigated using DFT method [12]. ZnO nanosheets were synthesized by a 

sonochemical method and characterized by powder X–ray diffraction (XRD) and 

scanning electron microscopy (SEM) [13]. Hydrogen adsorptions on large (ZnO)60 

cluster models using AM1 semi–empirical method. [14] and on ZnO (101 0 ) surface 

has been investigated by means of ab initio embedded cluster method [15].  

As hydrogen using for fuel cell is the most promising alternative to fossil fuel, 

numerous works of finding materials for hydrogen storage have been widely 

investigated [16–42].  Since hydrogen–terminated ZnO graphene–like nanosheets 

(ZnOGLNSs) as novel materials were proposed as high ability for small gases 

adsorptions [43–45], their ability for hydrogen molecules storage in their molecules 

have interested many scientists including us to study their adsorption and release 

hydrogen for using in fuel cell. 

The faces of several ZnO crystals have been studied by several theoretical and 

experimental methods and their strong adsorptions of H2O [46–48] and NH3 [49] were 

found to be high. Nevertheless, H2O and NH3 adsorptions [50] on hydrogen–

terminated ZnO graphene–like nanosheets (ZnOGLNSs) materials were early studied. 
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1.2 Objective 

 

From literature reviews, it is seen that there was still no research about 

hydrogen storage and adsorption on multiple Zinc oxide graphene–like nanosheets 

(ZnOGLNS). In this study, stabilities of three sizes of Zinc oxide graphene like 

nanosheets such as pyrene–like (PRL–ZnONS, Zn8O8H10), coronene–like (CNL–

ZnONS, Zn12O12H12), circumcoronene–like (CCL–ZnONS, Zn27O27H18), their 

double–, triple– and quadruple–layer forms compared with their dehydrogenated 

forms and have been studied. Hydrogen molecular up–take for all studied compounds 

have been determined. The coronene–like ZnO graphene–like nanosheet (CNL–

ZnOGLNS) and its double–, triple– and quadruple–layer species have been studied of 

adsorption. Their electronic properties have also been investigated. Adsorption 

abilities of H2O and NH3 on these nanosheets have been expected to be useful 

information for sensor application of these materials.  
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CHAPTER II 

 

THEORETICAL BACKGROUND 
 

Quantum chemistry is a basis of physical chemistry which consists of    semi–

empirical, Hartree–Fock (HF) and DFT methods. Both are mainly functional methods 

for using behavioral anticipation and description. Especially, during chemical 

reaction, quantum chemical investigated conduct of individual atoms and molecules 

in ground state, excited state and transition state. 

  

2.1 The HF method 

 

Ab initio methods are the integral associated with Schrödinger equation and 

unused the empirical parameters [51].  

 

 EĤ                                                                (2.1) 

 

E   is the total energy of the system  

              is the n–electron wave function  

           Ĥ   is Hamiltonian operator 

 

The HF method [52–55] is approximated method for using described and 

determinate on ground state wave function and ground state energy of a quantum 

many body system [53]. 

The Hamiltonian Ĥ  function was described that assigned the formula as 

specifying the kinetic and potential energies for each of the particles: 
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The Ĥ operator in equation (2.2) represent to ground state energy. 

 

2.2 DFT method  

 

The basis of DFT [56–57] is determination of ground state electronic energy 

by electron density (  ). DFT is depended not upon the wavefunction, although it is 

more related on the electron probability density function or electron density function, 

called simply the electron density or charge density. The HF model is commonly and 

understanding as DFT. The density function is assumed that depended on availability 

of right solution for an idealized many–electron problem, especially the uniformed 

density of electron gas. From the section of this, it associates with only to the 

exchange, moreover it is correlated contributions is extracted and in addition this is 

exactly included into the SCF formalism that similar with HF formalism. 

The HF energy is presented as a combination following below. The all of them 

is components of the electron-electron interaction energy: 

 

                                               KJVT
HF EEEEE                                            (2.3) 

 

Where   ET is kinetic energy 

EV is the electron-nuclear potential energy 

EJ is coulomb’s energy  

EK is exchange’s energy  

 

 From the three energy part in first of these terms take hold from to density 

functional models of the HF exchange energy. In equation (2.3) is substituted by so–

called exchange/correlation energy, EXC which the form follows from the pattern of 

the idealized electron gas problem: 

 

                                        XCJVT
DFT EEEEE                                                (2.4) 
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Although, it is excepted in ET, all operation in this formula based on the total electron 

density, )(r : 

                                                2)(2)( 
orbitals

i
i rr                                                    (2.5) 

The iψ are orbitals that it is exactly like to molecular orbitals in HF theory. 

 

 2.2.1 Hybrid methods 

 

 Hybrid functional increase the DFT exchange–correlation energy with a term 

calculated from Hartree–Fock theory. The Kohn–Sham orbitals are quit similar to the 

HF orbitals give an expression for the HF exchange energy [57–58].  
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2.3 Gaussian basis sets  

  

 The basis sets [57] are a set of mathematical functions, which are expanded by 

means of linear combination of atomic orbitals (LCAO). These function was not cost 

effective, and early numerical calculations were carried out using Slater–type orbitals 

(STOs), 
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Further work showed that the cost of calculations can be further reduced if the AOs 

are expanded in terms of Gaussian functions, which have the form 

 

                                               
2

)( rkji
ijk ezyxNrg                                              (2.8) 
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2.3.1 Minimal basis sets  

 

 Minimal basis sets were shown the lowest sum of basis function necessary for 

every atom, which used permanent size atomic type orbitals. The minimal basis sets 

base on STO–3G [56].  
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2.3.2 Effective core potentials 

 

 For the core potential study, effective core potentials (ECP) have been the 

highly performance in the molecular orbital calculations that use suitable with 

transition metals. From many researches, the LanL2DZ basis set [53] was selected for 

investigated in geometry optimization. It contains effective core potential 

representations of electrons near the nuclei for post–third–row atoms.  

 

2.4 The chemical indices 

 

 DFT is easy visualization and big advantage. The electron number N has a 

central place. After all, much of chemistry is about the transfer of electrons from one 

place to another [59].  

 

 2.4.1 Electronic chemical potential  

 

The chemical potential of the DFT [59] variational the principle of equation 

(2.9) is a very small one-electron energy that is smaller than the totalelectronic energy 

E which gets into the variational principle of traditional quantum chemistry. 
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                                                  0 rNrE                                               (2.9) 

  

Where μ is a electronic chemical potential, η is a chemical hardness and N is a 

electron molecular system.  

It has to solve this equation for every μ and then choosing the μ value that 

takes the correct number of electrons for the system of interest. According to the 

Lagrange multipliers, μ measures how sensitive the extremum E is to a change in N. 

 

                                               
)(rVN

E












                                                          (2.10) 

 

 This equation (2.8) shows how to approximate of μ, ionization potential  IP 

and electron affinity EA in the differential way. 

 

                                                 EAIP 
2
1

                                                    (2.11)                                                                                

 

 2.4.2 Mulliken electronegativity 

 

 This equation is shown about the mulliken electronegativity (χ) [59–60] that is 

a negative of chemical potential in DFT. 

 

                                                                                                                     (2.12) 

 

 2.4.3 Chemical hardness-softness  

 

 The hardness [60–69] can be thought of as a resistance to charge transfer. The 

softness measures relieve of transfer; softness is associated with high polarizability. 

 E versus N plots are not straight lines but are generally convex upward. Their 

curvatures define another property of substantial importance, the hardness. 
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The finite-difference approximation is shown in equation [67]   

 

                                                  )(
2
1 EAIP                                                      (2.14) 

 

To merge the site reactivity index f(r) with the global softness measure (S), the 

local softness is an important quantity. 

                                     
EA)(IP

S



1       or      

2
1

S                                        (2.15)                                                                                 

 

 2.4.4 Electrophilicity 

 

The electrophilicity (ω) index [69–73] is a reliable property of a chemical 

system and may be used as quantum chemical descriptor, the operational definition of 

electrophilicity index may be written as: 
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                                                                (2.16) 

 

 

 

 
 
 
 
 
 
 
 
 
 



10 
 

CHAPTER III 

 

DETAILS OF THE CALCULATIONS 
 

3.1 Computational method 

 

 The structure optimizatios are pyrene–like (PRL–ZnONS, Zn8O8H10), 

coronene–like (CNL–ZnONS, Zn12O12H12), circumcoronene–like (CCL–ZnONS, 

Zn27O27H18), their double–, triple– and quadruple–layer forms were carried out using 

density functional theory method. The hybrid density functional B3LYP, the Becke 

three–parameter hybrid functional [51] combined with the Lee–Yang–Parr correlation 

functional [52], using the Los Alamos LanL2DZ split–valence basis set [53–55] have 

been employed in calculations. All calculations were performed with the Gaussian 03 

program [55–57]. 

The B3LYP/LanL2DZ–optimized structures of non– and hydrogen–terminated 

forms of the PRL–ZnONS, CNL–ZnONS and CCL–ZnONS were obtained as shown 

in Figure 3.1. It shows the molecular symmetries for non– and hydrogen–terminated 

structures of the PRL–ZnONS, CNL–ZnONS and CCL–ZnONS. 

 

3.2 Definitions of reaction terms 

 

3.2.1 Binding of multi–layer ZnOGLNSs 

 

Binding of single–layer ZnOGLNS to be double–, triple– and quadruple–layer 

ZnOGLNSs is defined as following equations. 

For stepwise processes of PRL–ZnONS as representative compound:  

 

PRL–ZnONS  + PRL–ZnONS → (PRL–ZnONS)2                                   (3.1) 

(PRL–ZnONS)2 + PRL–ZnONS → (PRL–ZnONS)3             (3.2)                 

(PRL–ZnONS)3 + PRL–ZnONS → (PRL–ZnONS)4             (3.3)               
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where PRL–ZnONS, (PRL–ZnONS)2, (PRL–ZnONS)3 and (PRL–ZnONS)4 are 

single–,  double–, triple– and quadruple–layer ZnOGLNSs, respectively. The stepwise 

( step

bindingE ) and overall ( overall

bindingE ) binding energies are therefore defines by equations 

(3.4) and (3.7). 

 
step

bindingE = E[(PRL–ZnONS)4]– {E[(PRL–ZnONS)3] + E[PRL–ZnONS]}              (3.4)                        

 

where E[PRL–ZnONS], E[(PRL–ZnONS)3]  and E[(PRL–ZnONS)4] are total energies 

of single–,  triple– and quadruple–layer ZnOGLNSs, respectively. 

For their overall binding processes are defined as equations (3.5) and (3.6). 

 

3 PRL–ZnONS →   (PRL–ZnONS)3                          (3.5)  

4 PRL–ZnONS  →   (PRL–ZnONS)4                                                (3.6)

                       

Therefore,  
overall

bindingE  =  E[(PRL–ZnONS)4] – 4 E[PRL–ZnONS]                                   (3.7)                              

 

3.3 Adsorption of ammonia and water on CNL-ZnONS' 

 

Adsorption energy (ΔEads) of adsorbate (NH3 and H2O) on CNL–ZnONS' and 

multiple–layer CNL–ZnONS's are defined by equations (3.8). 

 

ΔEads    =  Eadsorbate/CNL–ZnOGLNS' – (ECNL–ZnOGLNS' + Eadsorbate)                                    (3.8)                    

 

where Eadsorbate/CNL–ZnOGLNS', ECNL–ZnOGLNS' and Eadsorbate are total energies of gas 

adsorption form, CNL–ZnOGLNS' sheet and isolated adsorbate, respectively.   

Several chemical indices such as electronic chemical potential [μ] [58–59], 

chemical hardness [η] [60], global softness [S] [60–61] can measure the reactivity of 

molecular systems. These Chemical indices η and S are derived from local hardness 

[62–63], local softness [64] and Fukui function [65–66].  For the N electron molecular 

system with a total energy (E) and external potential ( )(r ), μ and η can be computed 
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by equations: 
)(N

E
r

 











 and 

)(N
E

r
2

2



 











  which can be approximate from the 

ionization potential (IP) and electron affinity (EA) of the system as )(
2
1 EAIP  

and )(
2
1 EAIP , respectively. S can be computed by equation: 

EA)(IP
S




1  or 

2

1
S .  IP and EA can be computed from energies of the N (EN) and N±1 electron 

(EN–1 and EN+1) systems by equations: IP = EN–1 – EN and EA = EN – EN+1 [67].  

Mulliken electronegativity (χ), electrophilicity (ω) and the maximum 

electronic charge transfer (∆Nmax) can be derived from μ and η as follows:   , 






2

2
  and  




 maxN  [68–69]. According to the Koopmans [70–73] theorem, 

IP and EA were computed from the HOMO and LUMO energies using the relations:     

IP = –EHOMO and EA = –ELUMO.  
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Figure 3.1 The B3LYP/LanL2DZ–optimized structures of the (a) PRL–ZnONS' 

(left), PRL–ZnONS (right), (b) CNL−ZnONS' (left), CNL−ZnONS (right) and (c) 

CCL−ZnONS' (left), CCL−ZnONS (right) nanosheets and their molecular symmetries 

are demonstrated. Atomic numberings for their representative atoms are defined. 
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CHAPTER IV 

 

RESULTS AND DISCUSSION 
 

4.1 Structures of ZnOGLNSs 

 

The single−layer ZnOGLNS structures obtained from DFT optimizations at 

the B3LYP/LanL2DZ level. It shows Figure 4.1 non− and hydrogen−terminated 

nanosheets of ZnOGLNS namely of as PRL–ZnONS, CNL−ZnONS and 

CCL−ZnONS.  These pairs of ZnOGLNSs structure are in the same symmetrical 

group but their hexagonal rings are differently distorted from the perfect ring.  

 

4.1.1 PRL–ZnONS' and PRL–ZnONS 

 

The optimized structures of single−layer PRL−ZnOGNS', double−layer 

(PRL−ZnOGNS')2, triple−layer (PRL−ZnOGNS')3, quadruple−layer 

(PRL−ZnOGNS')4 for non−terminated forms and single−layer PRL−ZnOGNS, 

double−layer (PRL−ZnOGNS)2, triple−layer (PRL−ZnOGNS)3, quadruple−layer 

(PRL−ZnOGNS)4 for hydrogen−terminated forms are shown in Figure 4.2. All 

interlayer distances (the shorted Zn∙∙∙O distance) for non−terminated forms of 

double−, triple− and quadruple−layer PRL−ZnOGNS are shorter than that of 

non−terminated forms. The reason is that repulsive interactions of hydrogen 

terminated atoms are taking place along the rim of cluster. The two interlayer 

distances (2.17 and 2.20 Å) for (PRL−ZnOGNS)3, and three interlayer distances 

(2.12, 213 and 2.17 Å) for (PRL−ZnOGNS)4 are not equal and not equivalent, see 

Figure 4.2(g) and 4.3(h). 
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Figure 4.1 The B3LYP/LanL2DZ–optimized structures of single−layer (a) PRL–

ZnONS' (left), PRL–ZnONS (right), (b) CNL−ZnONS' (left), CNL−ZnONS (right) 

and (c) CCL−ZnONS' (left), CCL−ZnONS (right) nanosheets and their molecular 

symmetries are demonstrated. Atomic numberings for their representative atoms are 

defined. 
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Figure 4.2 Optimized structures of (a) single−layer, PRL−ZnOGNS', (b) 

double−layer,   (PRL−ZnOGNS')2, (c) triple−layer, (PRL−ZnOGNS')3, (d) 

quadruple−layer, (PRL−ZnOGNS')4 for non−terminated forms, (e) single−layer, 

PRL−ZnOGNS, (f) double−layer, (PRL−ZnOGNS)2, (g) triple−layer, 

(PRL−ZnOGNS)3, (h) quadruple−layer, (PRL−ZnOGNS)4 for hydrogen−terminated 

forms.  Side (top) and top (bottom) views are shown. Bond distances are in Å. 

 

 

 

 

 

 



17 
 

4.1.2 CNL–ZnONS' and CNL–ZnONS 

 

The optimized structures of single−layer CNL−ZnOGNS', double−layer 

(CNL−ZnOGNS')2, triple−layer (CNL−ZnOGNS')3, quadruple−layer 

(CNL−ZnOGNS')4 for non−terminated forms and single−layer CNL−ZnOGNS, 

double−layer (CNL−ZnOGNS)2, triple−layer (CNL−ZnOGNS)3, quadruple−layer 

(CNL−ZnOGNS)4 for hydrogen−terminated forms are shown in Figure 4.3. All 

interlayer distances for non−terminated forms of double−, triple− and 

quadruple−layer CNL−ZnOGNS are much shorter than that of non−terminated 

corresponding forms. The two interlayer distances (2.25 and 2.65 Å) for 

(CNL−ZnOGNS)3, and three interlayer distances (2.14, 2.84 and 2.18 Å) for 

(CNL−ZnOGNS)4 are not equal and not equivalent, see Figure 4.3(g) and 4.3(h).  

 

4.1.3 CCL–ZnONS' and CCL–ZnONS 

 

The optimized structures of single−layer CCL−ZnOGNS', double−layer 

(CCL−ZnOGNS')2, triple−layer (CCL−ZnOGNS')3, quadruple−layer, 

(CCL−ZnOGNS')4 for non−terminated forms, single−layer CCL−ZnOGNS and 

double−layer (CCL−ZnOGNS)2, for hydrogen−terminated forms are shown in Figure 

4.4. Only double−layer (CCL−ZnOGNS)2 which has  interlayer distance was 

obtained. The interlayer distance for (CCL−ZnOGNS)2 is slightly shorter than 

(CCL−ZnOGNS')2. Triple−layer (CCL−ZnOGNS)3 and quadruple−layer, 

(CCL−ZnOGNS)4 seem to be not quite stable and their structure optimizations are 

therefore not carried out. 

Nevertheless, interlayer distances of each non–terminated double−layer, 

triple−layer, quadruple−layer for either PRL−ZnOGNS or CNL−ZnOGNS or 

CCL−ZnOGNS are quite equal and equivalent. Plots of hydrogenation energies (per 

molecule of H2) of ZnONS's against their layer numbers for PRL−ZnONS', 

CNL−ZnONS' and CCL−ZnONS' are shown in Figure 4.5. It shows that 

hydrogenation energies of ZnONS's are decreased when numbers of their layers  are 

increased. Thus, hydrogenation energies for large layer numbers of ZnONS's may be 

converted to a single value.  
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Figure 4.3 Optimized structures of (a) single−layer, CNL−ZnOGNS', (b) 

double−layer,   (CNL−ZnOGNS')2, (c) triple−layer, (CNL−ZnOGNS')3, (d) 

quadruple−layer, (CNL−ZnOGNS')4 for non−terminated forms, (e) single−layer, 

CNL−ZnOGNS, (f) double−layer, (CNL−ZnOGNS)2, (g) triple−layer, 

(CNL−ZnOGNS)3, (h) quadruple−layer, (CNL−ZnOGNS)4 for hydrogen−terminated 

forms.  Side (top) and top (bottom) views are shown. Bond distances are in Å. 
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Figure 4.4 Optimized structures of (a) single−layer, CCL−ZnOGNS',                        

(b) double−layer,   (CCL−ZnOGNS')2, (c) triple−layer, (CCL−ZnOGNS')3,                     

(d) quadruple−layer, (CCL−ZnOGNS')4 for non−terminated forms, (e) single−layer, 

CCL−ZnOGNS, (f) double−layer (CCL−ZnOGNS)2, for hydrogen−terminated forms.  

Side (top) and top (bottom) views are shown. Bond distances are in Å. 
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Figure 4.5 Plots of hydrogenation energies (per molecule of H2) of ZnONS's against 

their layer numbers for PRL−ZnONS' (   ), CNL−ZnONS' (   ), and CCL−ZnONS'         

(    ). 

 

4.2 Binding energies for multi–layerizations 

 

Binding energies for multi–layerization of non–terminated ZnO graphene–like 

nanosheets (ZnOGLNS's) are shown in Table 4.1. The stepwise binding energies        

( step

bindingE ) of PRL–ZnONS's, CNL–ZnONS's and CCL–ZnONS's systems are the 

same sequences and their 1st:2nd:3rd ratios are –332.23:–287.47:–322.03,–402.89:–

360.39:–390.83 and –848.16:–507.12:–779.76, respectively. The 1st, 2nd and 3rd 

stepwise binding energies for ZnONS's systems are in the same orders: PRL–ZnONS' 

(–332.23 kcal/mol) >CNL–ZnONS' (–402.89 kcal/mol) > CCL–ZnONS' (–848.16 

kcal/mol), PRL–ZnONS' (–287.47 kcal/mol) >CNL–ZnONS' (–360.39 kcal/mol) > 

CCL–ZnONS' (–507.12 kcal/mol) and PRL–ZnONS' (–322.03 kcal/mol) >CNL–

ZnONS' (–390.83 kcal/mol) > CCL–ZnONS' (–779.76 kcal/mol), respectively. 
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Table 4.1 Binding energies for multi–layerization of non–terminated ZnO graphene–

like nanosheets (ZnOGLNS's). 
 

Reactions step

bindingE a,b overall

bindingE  a,c 

 

Pyrene–like  system:     

2 PRL–ZnONS'  →   (PRL–ZnONS')2 –332.23 –332.23 

(PRL–ZnONS')2 + PRL–ZnONS'  →  (PRL–ZnONS')3 –287.47 –619.69 

(PRL–ZnONS')3 + PRL–ZnONS'  →  (PRL–ZnONS')4 –322.03 –941.72 

Coronene–like system:   

2 CNL–ZnONS' →   (CNL–ZnONS')2 –402.89 −402.89 

(CNL–ZnONS')2 + CNL–ZnONS'  →  (CNL–ZnONS')3 –360.39 –763.28 

(CNL–ZnONS')3 + CNL–ZnONS'  →  (CNL–ZnONS')4 –390.83 –1154.10 

Circumcoronene–like system:    

2CCL–ZnONS'  →   (CCL–ZnONS')2 –848.16 –848.16  

(CCL–ZnONS')2 + CCL–ZnONS'  →  (CCL–ZnONS')3 –507.12 –1406.95 

(CCL–ZnONS')3 + CCL–ZnONS'  →  (CCL–ZnONS')4 –779.76  –2186.71 

 

 

a Computed at B3LYP/LanL2DZ level, in kcal/mol. 

b Stepwise binding energy. 

c Overall binding energy. 
 

Binding energies for multi–layerization of hydrogen–terminated ZnO 

graphene–like nanosheets (ZnOGLNSs) are shown in Table 4.2. The stepwise binding 

energies of PRL–ZnONSs and CNL–ZnONSs systems are the same sequences and 

their 1st:2nd:3rd ratios are –134.37:–89.49:–99.11 and –181.67:–143.74:–176.35, 

respectively. As structures of (CCL–ZnONS)3 and (CCL–ZnONS) are no existing, no 

the 2nd and 3rd stepwise binding energies of CCL–ZnONSs system is obtained.  
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Nevertheless, the 1st stepwise binding energies for PRL–ZnONS, CNL–ZnONS and 

CCL–ZnONS are in the same order: PRL–ZnONS (–134.37 kcal/mol) >CNL–

ZnONS' (–181.67 kcal/mol) > CCL–ZnONS' (–449.26 kcal/mol) which are the same 

orders of all non–terminated ZnOGLNS's. 

 

Table 4.2 Binding energies for multi–layerization of hydrogen–terminated ZnO graphene–

like nanosheets (ZnOGLNSs). 
 

Reactions step

bindingE a,b overall

bindingE  a,c 

 

Pyrene–like  system:    

2 PRL–ZnONS  →   (PRL–ZnONS)2 –134.37 –134.37 

(PRL–ZnONS)2 + PRL–ZnONS  →  (PRL–ZnONS)3 –89.49 –223.86 

(PRL–ZnONS)3 + PRL–ZnONS  →  (PRL–ZnONS)4 –99.11 –322.97 

Coronene–like system:    

2 CNL–ZnONS  →   (CNL–ZnONS)2 –181.67 –181.67 

(CNL–ZnONS)2 + CNL–ZnONS  →  (CNL–ZnONS)3 –143.74 –325.41 

(CNL–ZnONS)3 + CNL–ZnONS  →  (CNL–ZnONS)4 –176.35 –501.77 

Circumcoronene–like system:    

2 CCL–ZnONS  →   (CCL–ZnONS)2 –449.26 –449.26 

(CCL–ZnONS)2 + CCL–ZnONS  →  (CCL–ZnONS)3 –d –d 

(CCL–ZnONS)3 + CCL–ZnONS  →  (CCL–ZnONS)4 –e –e 

   

 

a Computed at B3LYP/LanL2DZ level, in kcal/mol. 

b Stepwise binding energy. 

c Overall binding energy. 

d No B3LYP/LanL2DZ–optimized structure of (CCL–ZnONS)3 is carried out. 

e No B3LYP/LanL2DZ–optimized structure of (CCL–ZnONS)4 is carried out 
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4.3 Hydrogenations of ZnOGLNS's 

 

Hydrogenations of ZnO graphene–like nanosheets to form multi–layer 

nanosheets and their corresponding energies are shown in Table 4.3. Hydrogenation 

energies of PRL–ZnOGLNS's,  are in the same orders: PRL–ZnONS' –40.48 kcal/mol 

< (PRL–ZnONS')2 –20.69 kcal/mol < (PRL–ZnONS')3 –14.09 kcal/mol < (PRL–

ZnONS')4 –9.54 kcal/mol , CNL–ZnONS' –37.78 kcal/mol < (CNL–ZnONS')2 –19.33 

kcal/mol < (CNL–ZnONS')3 –13.45 kcal/mol < (CNL–ZnONS')4 –10.60 kcal/mol and 

CCL–ZnONS' –44.11 kcal/mol < (CCL–ZnONS')2 –21.94 kcal/mol, respectively. As 

numbers of hydrogen molecules per one layer of PRL–ZnONS's, CNL–ZnONS's and 

CCL–ZnONS's systems are 5, 6 and 9, respectively, therefore hydrogen molecules 

weight–percentage uptake unit of these clusters are in order: PRL–ZnONS's (1.55%) 

> CNL–ZnONS's (1.24%) > CCL–ZnONS's (0.83%). 
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Table 4.3 Hydrogenations of ZnO graphene–like nanosheets to form multi–layer 

nanosheets and their corresponding energies.  

Reactions/systems overall

ionhydrogenatE a ionhydrogenatE b 

   

Pyrene–like  system:   

PRL–ZnONS' + 5H2 → PRL–ZnONS –202.40 –40.48 

(PRL–ZnONS')2 + 10H2 → (PRL–ZnONS)2 –206.94 –20.69 

(PRL–ZnONS')3 + 15H2 → (PRL–ZnONS)3 –211.36 –14.09 

(PRL–ZnONS')4 + 20H2 → (PRL–ZnONS)4 –190.83 –9.54 

Coronene–like system:   

CNL–ZnONS' + 6H2 → CNL–ZnONS –226.68 –37.78 

(CNL–ZnONS')2 + 12H2 → (CNL–ZnONS)2 –232.15 –19.33 

(CNL–ZnONS')3 + 18H2 → (CNL–ZnONS)3 –242.18 –13.45 

(CNL–ZnONS')4 + 24H2 → (CNL–ZnONS)4 –254.39 –10.60 

Circumcoronene–like system:   

CCL–ZnONS' + 9H2 → CCL–ZnONS –396.95  –44.11 

(CCL–ZnONS')2 + 18H2 → (CCL–ZnONS)2 –395.01  –21.94  

(CCL–ZnONS')3 + 27H2 → (CCL–ZnONS)3 – – 

(CCL–ZnONS')4 + 36H2 → (CCL–ZnONS)4 – – 

   
 

a In kcal/mol. 
b In kcal/mol per hydrogen molecule. 
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4.4 Energy gaps and chemical indices of ZnOGLNS's and ZnOGLNSs 

 

Orbital energies, HOMOs, LUMOs, energy gaps and chemical indices of non– 

(ZnONS's) and hydrogen–terminated ZnO graphene–like (ZnONSs) nanosheets and 

nanosheets are shown in Table 4.4.  In all cases, energy gaps of each ZnONS's are 

lower than their corresponding hydrogen–terminated nanosheets by at least 0.52 eV as 

shown in Figure 4.6.  Figure 4.6 shows also plots of orbital energies, HOMOs and 

LUMOs of ZnONS's against their layer numbers (n) for PRL−ZnONS', PRL−ZnONS, 

CNL−ZnONS', CNL−ZnONS, CCL−ZnONS' and CCL−ZnONS. It means that all 

terminal hydrogen atoms cause reduction of reactivity of hydrogen–terminated 

nanosheets.  The electrophilicity indices for single layer non–terminated nanosheets 

are remarkably high as ω[PRL–ZnONS'] = 25.71 eV, ω[CNL–ZnONS'] = 7.34 eV and 

ω[CCL–ZnONS'] = 46.40 eV. This indicates that electron changes on these 

nanosheets are large. 
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Table 4.4 Orbital energies, HOMOs, LUMOs, energy gaps (in eV) and chemical 

indices of non– and hydrogen–terminated ZnO graphene–like nanosheets. 
 

Species ELUMO
a EHOMO

a Egap
a  b  c  d ωe 

        

Pyrene–like  system:        
PRL–ZnONS' –4.36 –5.26 0.90 0.45 –4.81 4.81 25.71 
(PRL–ZnONS')2 –3.09 –6.50 3.41 1.71 –4.80 4.80 6.74 
(PRL–ZnONS')3 –3.55 –5.69 2.14 1.07 –4.62 4.62 9.97 
(PRL–ZnONS')4 –3.13 –6.27 3.14 1.57 –4.70 4.70 7.04 
PRL–ZnONS –2.21 –6.47 4.26 2.13 –4.34 4.34 4.42 
(PRL–ZnONS)2 –2.58 –7.12 4.54 2.27 –4.85 4.85 5.18 
(PRL–ZnONS)3 –2.71 –7.00 4.29 2.15 –4.86 4.86 5.49 
(PRL–ZnONS)4 –2.74 –7.33 4.59 2.30 –5.04 5.04 5.52 
Coronene–like system:               
CNL–ZnONS' –3.27 –6.56 3.29 1.65 –4.92 4.92 7.34 
(CNL–ZnONS')2 –3.08 –6.52 3.44 1.72 –4.80 4.80 6.70 
(CNL–ZnONS')3 –3.15 –6.36 3.21 1.61 –4.76 4.76 7.04 
(CNL–ZnONS')4 –3.10 –6.40 3.30 1.65 –4.75 4.75 6.84 
CNL–ZnONS –2.14 –6.98 4.84 2.42 –4.56 4.56 4.30 
(CNL–ZnONS)2 –2.81 –7.11 4.30 2.15 –4.96 4.96 5.72 
(CNL–ZnONS)3 –3.00 –7.17 4.17 2.09 –5.09 5.09 6.20 
(CNL–ZnONS)4 –3.13 –7.32 4.19 2.10 –5.23 5.23 6.52 
Circumcoronene–like system:               
CCL–ZnONS' −4.49 −4.97 0.48 0.24 −4.73 0.24 46.40 
(CCL–ZnONS')2 –3.05 –6.54 3.53 1.77 –4.78 4.78 6.46 
(CCL–ZnONS')3 –3.48 –5.76 2.28 1.14 −4.62 1.14 9.38 
(CCL–ZnONS')4 –f –f –f –f –f –f –f 
CCL–ZnONS –2.54 –6.29 3.75 1.88 –4.42 4.42 5.20 
(CCL–ZnONS)2 –3.02 –7.07 4.05 2.03 –5.05 5.05 6.28 
(CCL–ZnONS)3 –g –g –g –g –g –g –g 
(CCL–ZnONS)4 –h –h –h –h –h –h –h 
        

 

a In eV. 
b Chemical hardness,   = Egap/2. 
c Electronic chemical potential,  = ( EHOMO + ELUMO)/2. 
d The Mulliken electronegativity index,  = –( EHOMO + ELUMO)/2. 
e The electrophilicity index, ω = μ2/2η 
g No B3LYP/LanL2DZ optimized structure of (CCL–ZnONS)3 is carried out. 
h No B3LYP/LanL2DZ optimized structure of (CCL–ZnONS)4 is carried out. 
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Figure 4.6 Plots of orbital energies (HOMOs and LUMOs) of ZnONSs against their 

layer numbers (n) for (a) PRL−ZnONS' (left) and PRL−ZnONS (right), (b) 

CNL−ZnONS' (left) and CNL−ZnONS (right) and (c) CCL−ZnONS' (left) and 

CCL−ZnONS (right). Their energy gaps (Egap) are indicated.  
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4.5 Adsorption of molecule gaseous on CNL-ZnOS' nanosheets 

 

4.5.1 Structures of CNL–ZnONS' and its multiple sheets 

 

The B3LYP/LanL2DZ–optimized structures of the CNL–ZnONS' and its 

double–, triple– and quadruple–layer species were obtained as shown in Figure 4.7. 

Energy gaps for the single–, double–, triple– and quadruple–layer CNL–ZnONS's are 

3.29, 3.44, 3.21 and 3.30 eV, respectively and plot of their energy gaps of related with 

values of their layers (n) is shown in Figure 4.8. It seems to be that the odd layer 

numbers of CNL–ZnONS's clusters are less value than the next even layer number. 

This may suggest that odd–layer clusters trends to more reactive than their next even–

layer clusters. It can predict that either odd– or even–layer cluster at high layer–

number may approach to single value which is the lowest value of energy gap. 

 

 
 
Figure 4.7 The B3LYP/LanL2DZ–optimized structures of (a) single–, (b) double–, 

(c) triple– and (d) quadruple–layer CNL–ZnONS's. Top and side views are at top and 

bottom, respectively. 
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4.5.1.1 Energy gap 

  

 The energy gap of multilayer of CNL-ZnONS's were shown in Figure 4.8.  

 

 
Figure 4.8 Plot of energy gaps of CNL-ZnONS' nanosheets against of their layers 

(N). 

 

  4.5.1.2 Atomic charge distribution 

 

  NBO charges (in e) on single–, double–, triple– and quadruple–layer CNL–

ZnONS's are shown in Figure 4.9. The average partial charges for Zn (qZn) and O (qO) 

atoms in hexagonal at the center of CNL–ZnONS's are qZn = 1.63 e, qO = –1.65 e for 

single–layer and qZn = 1.67 e, qO = –1.68 e for double–layer, respectively. The 

average partial charges of triple–layer CNL–ZnONS's are (qZn = 1.68 e, qO = –1.67 e) 

for the outer (the first and third) layers and (qZn = 1.65 e, qO = –1.71 e) for the middle 

(the second) layer, respectively. The average partial charges of quadruple–layer CNL–

ZnONS's are (qZn = 1.68 e, qO = –1.66 e) for the outer (the first and forth) layers and 

(qZn = 1.66 e, qO = –1.71 e) for two middle (the second and third) layers, respectively. 

Charges for Zn and O atoms in each layer of various CNL–ZnONS' clusters are not 

homogeneously distributed. 
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Figure 4.9 NBO charges (in e) on atoms in (a) single–, (b) double–, (c) triple– and (d) 

quadruple–layer CNL–ZnONS's. The layer numbers for each cluster are specified. 
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4.5.1.3 Energies of HOMO and LUMO orbitals 

 

The B3LYP/LanL2DZ–energies of HOMO and LUMO orbitals of single–, 

double–, triple– and quadruple–layer CNL–ZnONS's and their density of state are 

shown in Figure 4.10. The HOMOs of single–layer CNL–ZnONS' are located over 

atoms at layer edge but LUMOs are somewhat located on both sides of the layer 

plane. The HOMOs and LUMOs of multi–layer CNL–ZnONS's are quite similar 

which HOMOs and LUMOs are located over atoms at layer edge. 
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Figure 4.10  B3LYP/LanL2DZ–energies of HOMO and LUMO orbitals of (a) single, 

(b) double–, (c) triple– and (d) quadruple–layer CNL–ZnONS's and their density of 

state, located on their top. 
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4.5.2 Adsorption of ammonia molecule 

 

The B3LYP/LanL2DZ–optimized structures of adsorption configurations of 

NH3 on single– and multi–layer CNL–ZnONS's are shown in Figure 4.11 and their 

adsorption energies are shown in Table 4.5. The adsorption configurations of NH3 

adsorption on the single–, double–, triple– and quadruple–layer CNL–ZnONS's are 

composed of two configurations for each. All adsorption configurations are non–

dissociative adsorption except one of the NH3 on the single–layer CNL–ZnON'S 

which is dissociative. There are two types of NH3 adsorptions on multi–layer CNL–

ZnONS's. One adsorption site is at edge of outer layers and another is in between 

outer and the next inner layers. The adsorption energies of NH3 on the edge of outer 

layer are slightly higher than of the inner layer. Their adsorption energies are within 

the range of –28.25 to –21.52 kcal/mol. 

 

 

 



34 
 

 

 

Figure 4.11  B3LYP/LanL2DZ–optimized structures of ammonia adsorption on 

CNL–ZnONS's  as  (a) H.NH2/CNL–ZnONS' (1), (b) NH3/CNL–ZnONS' (2), (c) 

NH3/(CNL–ZnONS')2 (1), (d) NH3/(CNL–ZnONS')2 (2), (e) NH3/(CNL–ZnONS')3 

(1), (f) NH3/(CNL–ZnONS')3 (2), (g) NH3/(CNL–ZnONS')4 (1) and (h) NH3/(CNL–

ZnONS')4 (2). Top and side views are shown on top and bottom, respectively. Bond 

distances are in Å. 
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4.5.3 Adsorption of water molecule 

 

The optimized structures of adsorption configurations of water on single– and 

multi–layer CNL–ZnONS's are shown in Figure 4.12 and their adsorption energies are 

shown in Table 4.5. The adsorption configurations of water adsorption on the single–, 

double–, triple– and quadruple–layer CNL–ZnONS's are composed of two, two, three 

and four configurations, respectively. The adsorption energies of water on the single–

layer CNL–ZnONS' are –40.18 kcal/mol for dissociative adsorption and –28.52 

kcal/mol for non–dissociative adsorption. The adsorption energies for two adsorption 

configurations of water on double–layer CNL–ZnONS' are –27.04 kcal/mol at the 

edge within two layers and –28.24 kcal/mol at edge of outer layer. Three adsorption 

configurations of water on triple–layer CNL–ZnONS' are one dissociative and two 

non–dissociative adsorptions. The first two adsorption configurations, water 

molecules are located at the edge of outer layer and the third configuration, water is 

located at the edge within outer and the first inner layers. For water adsorption on the 

quadruple–layer CNL–ZnONS', two adsorption configurations of which water 

molecules are located at the edge of outer layer were found and their adsorption 

energies are –30.01 and –29.12 kcal/mol. For adsorption energies of water adsorption 

configurations of which water molecules are located at the edge within outer and the 

first inner layers and within the first and the second inner layers are –12.03 and –

13.72 kcal/mol, respectively. It can be concluded that the adsorption abilities of water 

adsorption on multiple–layer CNL–ZnONS's at the edge of outer layer are higher than 

their inner layers. The water adsorptions on the single–, triple– and quadruple–layer 

CNL–ZnONS's at the edge of outer layer were found to be dissociative adsorptions of 

which adsorption energies are –40.18, –30.24 and –30.01 kcal/mol, respectively. 
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Figure 4.12 B3LYP/LanL2DZ–optimized structures of water adsorption on CNL–

ZnONS's  as  (a) H.OH/CNL–ZnON'S (1), (b) H2O/CNL–ZnON'S (2), (c) 

H2O/(CNL–ZnONS')2 (1), (d) H2O/(CNL–ZnONS')2 (2), (e) H.OH/(CNL–ZnONS')3 

(1), (f) H2O/(CNL–ZnONS')3 (2), (g) H2O/(CNL–ZnONS')3 (3), (h) H2O/(CNL–

ZnONS')4 (1), (i) H2O/(CNL–ZnONS')4 (2), (j) H2O/(CNL–ZnONS')4 (3) and (k) 

H2O/(CNL–ZnONS')4 (4). Top and side views are shown on top and bottom, 

respectively. Bond distances are in Å. 
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4.5.4 Energy gaps and chemical indices of adsorption complexes with CNL–

ZnONS's 

 

The energy gaps, chemical indices and electronic charge transfer of CNL–ZnON'S, of 

its multiple layers and their adsorption configurations are shown in Table 4.6. The table 

shows that all the adsorption configurations of NH3 on single– and multiple–layer CNL–

ZnONS's have lower energy gaps compared to bare clusters of their corresponding CNL–

ZnONS's. All the adsorption configurations of water on single– and multiple–layer CNL–

ZnONS's have lower energy gaps compared to bare clusters of their corresponding CNL–

ZnONS's except the adsorptions of which water molecule adsorbed at the edge within the 

outer and first inner layers. All chemical indices of bare single– and multiple–layer CNL–

ZnONS's and their NH3 and water adsorption configurations are not much difference except 

NH3 dissociative adsorption on the single–layer CNL–ZnONS', H.NH2/CNL–ZnONS' (1). 

Due to H.NH2/CNL–ZnONS' (1) has very low energy gap (Egap=1.318 eV) as compared with 

its bare CNL–ZnONS' (Egap=3.290 eV), the single–layer CNL–ZnONS' may be applied as 

NH3 sensor; its maximum electronic charge transfer is very high (ΔNmax= 6.175).  The energy 

gap of dissociative adsorption configuration of water on the single–layer CNL–ZnONS', 

H.OH/CNL–ZnONS' (1) is somewhat low (Egap=2.635 eV) and its adsorption energy is very 

high (ΔEads=–40.18 kcal/mol). Nevertheless, the single–layer CNL–ZnONS' can be used as 

water vapor absorber. 
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Table 4.5 Adsorption energies (∆Eads in kcal/mol) of NH3 and H2O on CNL–ZnONS' 

and its multiple sheets, computed at the B3LYP/LanL2DZ level of theory. 

 
Adsorption ∆Eads 

 
NH3 adsorbate  
Single layer cluster:  
NH3 + CNL–ZnONS' → H.NH2/CNL–ZnONS' (1) –21.52 
NH3 + CNL–ZnONS' → NH3/CNL–ZnONS' (2) –28.25 
Double layer cluster:  
NH3 + (CNL–ZnONS')2 → NH3/(CNL–ZnONS')2 (1) –27.86 
NH3 + (CNL–ZnONS')2 → NH3/(CNL–ZnONS')2 (2) –24.54 
Triple layer cluster:  
NH3 + (CNL–ZnONS')3 → NH3/(CNL–ZnONS')3 (1) –27.25 
NH3 + (CNL–ZnONS')3 → NH3/(CNL–ZnONS')3 (2) –22.18 
Quadruple layer cluster:  
NH3 + (CNL–ZnONS')4 → NH3/(CNL–ZnONS')4 (1) –28.25 
NH3 + (CNL–ZnONS')4 → NH3/(CNL–ZnONS')4 (2) –21.59 

H2O adsorbate 
 

Single layer cluster:  
H2O + CNL–ZnONS' →  H.OH/CNL–ZnONS' (1) –40.18 
H2O + CNL–ZnONS' →  H2O/CNL–ZnONS' (2) –28.52 

Double layer cluster: 
 

H2O + (CNL–ZnONS')2 → H2O/(CNL–ZnONS')2 (1) –27.04 
H2O + (CNL–ZnONS')2 → H2O/(CNL–ZnONS')2 (2) –28.24 

Triple layer cluster: 
 

H2O + (CNL–ZnONS')3 → H.OH/(CNL–ZnONS')3 (1) –30.24 
H2O + (CNL–ZnONS')3 → H2O/(CNL–ZnONS')3 (2) –29.11 
H2O + (CNL–ZnONS')3 → H2O/(CNL–ZnONS')3 (3) –25.32 

Quadruple layer cluster: 
 

H2O + (CNL–ZnONS')4 → H2O/(CNL–ZnONS')4 (1) –30.01 
H2O + (CNL–ZnONS')4 → H2O/(CNL–ZnONS')4 (2) –29.12 
H2O + (CNL–ZnONS')4 → H2O/(CNL–ZnONS')4 (3) –12.03  

H2O + (CNL–ZnONS')4 → H2O/(CNL–ZnONS')4 (4) –13.72 
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Table 4.6 HOMO–LUMO gaps (Egap), chemical indices and electronic charge transfer 

of adsorption configuration of multiple layer CNL–ZnONS' species. 
 

Species Egap
a  a,b S c  a,d  a,e ω a,f Nmax

g 

 
Bare clusters:        

CNL–ZnONS' 3.290 1.645 0.304 –4.916 1.645 7.345 2.988 
(CNL–ZnONS')2 3.447 1.724 0.290 –4.800 1.724 6.683 2.785 
(CNL–ZnONS')3 3.210 1.605 0.312 –4.755 1.605 7.042 2.962 
(CNL–ZnONS')4 3.300 1.650 0.303 –4.755 1.650 6.851 2.882 

NH3 adsorption 
              

H.NH2/CNL–ZnONS' (1) 1.318 0.659 0.759 –4.068 0.659 12.561 6.175 
NH3/CNL–ZnONS' (2) 3.044 1.522 0.329 –4.536 1.522 6.759 2.980 
NH3/(CNL–ZnONS')2 (1) 3.298 1.649 0.303 –4.517 1.649 6.185 2.739 
NH3/(CNL–ZnONS')2 (2) 3.145 1.573 0.318 –4.460 1.573 6.325 2.836 
NH3/(CNL–ZnONS')3 (1) 3.115 1.557 0.321 –4.532 1.557 6.595 2.910 
NH3/(CNL–ZnONS')3 (2) 3.031 1.516 0.330 –4.528 1.516 6.764 2.988 
NH3/(CNL–ZnONS')4 (1) 3.206 1.603 0.312 –4.558 1.603 6.480 2.843 
NH3/(CNL–ZnONS')4 (2) 3.204 1.602 0.312 –4.595 1.602 6.588 2.868 

H2O adsorption 
              

H.OH/CNL–ZnONS'(1) 2.635 1.318 0.379 –4.756 1.318 8.583 3.609 
H2O/CNL–ZnONS' (2) 3.293 1.646 0.304 –4.768 1.646 6.905 2.896 
H2O/(CNL–ZnONS')2 (1) 3.444 1.722 0.290 –4.690 1.722 6.386 2.724 
H2O/(CNL–ZnONS')2 (2) 3.488 1.744 0.287 –4.705 1.744 6.347 2.698 
H2O/(CNL–ZnONS')3 (1) 3.116 1.558 0.321 –4.766 1.558 7.288 3.059 
H2O/(CNL–ZnONS')3 (2) 3.218 1.609 0.311 –4.671 1.609 6.780 2.903 
H2O/(CNL–ZnONS')3 (3) 3.068 1.534 0.326 –4.594 1.534 6.879 2.995 
H2O/(CNL–ZnONS')4 (1) 3.228 1.614 0.310 –4.771 1.614 7.053 2.956 
H2O/(CNL–ZnONS')4 (2) 3.309 1.654 0.302 –4.685 1.654 6.633 2.832 
H2O/(CNL–ZnONS')4 (3) 2.996 1.498 0.334 –4.518 1.498 6.813 3.016 
H2O/(CNL–ZnONS')4 (4) 3.269 1.634 0.306 –4.669 1.634 6.670 2.857 
        

 
a In eV. 
b Chemical hardness,  = Egap/2. 
c Chemical softness, S = 1/Egap, in eV–1. 
d Electronic chemical potential,  =  (EHOMO + E LUMO)/2. 
e The Mulliken electronegativity,  = –(EHOMO + E LUMO)/2. 
f The electrophilicity, ω = μ2/2η. 

g The maximum electronic charge transfer, 



 maxN . 
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CHAPTER V 

 

Conclusions 
 

The structures of non− (ZnOGLNS's) and hydrogen–terminated ZnO 

graphene–like nanosheets (ZnOGLNSs) and their multi–layers (PRL–ZnONS)n, 

(CNL–ZnONS)n, (n = 2 to 4) and (CCL–ZnONS)n, (n = 2) were obtained using 

B3LYP/LanL2DZ calculations. Three pairs of structure comparisons between non− 

and hydrogen−terminated nanosheets as PRL–ZnONS' vs PRL–ZnONS, 

CNL−ZnONS' vs CNL−ZnONS and CCL−ZnONS' vs CCL−ZnONS are in the same 

symmetrical groups but their hexagonal rings are differently distorted from the perfect 

ring. All interlayer distances for non−terminated forms of double−, triple− and 

quadruple−layer ZnOGNSs are much shorter than that of non−terminated 

(ZnOGNS's) corresponding forms. For interlayer distances of each non–terminated 

double−layer, triple−layer, quadruple−layer for either PRL−ZnOGNS or 

CNL−ZnOGNS or CCL−ZnOGNS are quite equal and equivalent. The stepwise 

binding energies of PRL–ZnONS's, CNL–ZnONS's and CCL–ZnONS's systems are 

the same sequences. The first, second and third stepwise binding energies for 

ZnONS's and ZnONSs systems are in the same orders: PRL–ZnONS' > CNL–ZnONS' 

> CCL–ZnONS and PRL–ZnONS > CNL–ZnONS > CCL–ZnONS', respectively. 

The adsorption configurations of NH3 adsorption on the single–, double–, 

triple– and quadruple–layer CNL–ZnONS's are composed of two configurations for 

each. All adsorption configurations are non–dissociative adsorption except one of the 

NH3 on the single–layer CNL–ZnONS' which is dissociative. The adsorption 

configurations of water adsorption on the single–, double–, triple– and quadruple–

layer CNL–ZnONS's are composed of two, two, three and four configurations, 

respectively. Adsorption energies of CNL–ZnOGLNS' and its multi–layers species 

are within –28.25 to –21.52 kcal/mol for NH3 and –40.18 to –12.03 kcal/mol for H2O, 

respectively. All chemical indices of bare single– and multiple–layer CNL–ZnONS's 

and their NH3 and water adsorption configurations are not much difference except 

NH3 dissociative adsorption on the single–layer CNL–ZnONS', H.NH2/CNL–ZnONS' 
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(1).  Due to H.NH2/CNL–ZnONS' (1) has very low energy gap (Egap = 1.318 eV) as 

compared with its bare CNL–ZnONS' (Egap = 3.290 eV), the single–layer CNL–

ZnONS' may be applied as NH3 sensor. The energy gap of dissociative adsorption 

configuration of water on the single–layer CNL–ZnONS', H.OH/CNL–ZnONS' (1) is 

somewhat low (Egap = 2.635 eV) and its adsorption energy is very high (ΔEads =          

–40.18 kcal/mol). Therefore, the single–layer CNL–ZnONS' can be used as water 

vapor absorber.  
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Figure A-1. NBO charges of water adsorption on CNL–ZnONS' (left) H.OH/ CNL–

ZnONS' and (right) H2O/ CNL–ZnONS'. 

 

 
 
Figure A-2 NBO charges ammonia adsorption on CNL–ZnONS' (left) H.OH/ CNL–

ZnONS' and (right) H2O/ CNL–ZnONS'. 
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Figure A-3 NBO charges water adsorption on (CNL–ZnONS')2 (left) H.OH/ CNL–

ZnONS' and (right) H2O/ CNL–ZnONS'. 

 

 
 

Figure A-4 NBO charges ammonia adsorption on (CNL–ZnONS')2 (left) H.OH/ 

CNL–ZnONS' and (right) H2O/ CNL–ZnONS'. 
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Figure A-5 NBO charges water adsorption on (CNL–ZnONS')3 (top) H.OH/ CNL–

ZnONS', (middle) H2O/ CNL–ZnONS' (1) and (bottom) H2O/ CNL–ZnONS' (2). 
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Figure A-6 NBO charges ammonia adsorption on (CNL–ZnONS')3 (top) NH3/ CNL–

ZnONS' (1), (middle) NH3/ CNL–ZnONS' (2) and (bottom) NH3/ CNL–ZnONS' (3). 
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Figure A-7 NBO charges water adsorption on (CNL–ZnONS')4(1) top line, (left): 

first layer, (right): second layer, bottom line, (left): third layer, (right): fourth layer. 
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Figure A-8 NBO charges water adsorption on (CNL–ZnONS')4(2) top line, (left): 

first layer, (right): second layer, bottom line, (left): third layer, (right): fourth layer.  
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Figure A-9 NBO charges water adsorption on (CNL–ZnONS')4(3) top line, (left): 

first layer, (right): second layer, bottom line, (left): third layer, (right): fourth layer. 
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Figure A-10 NBO charges ammonia adsorption on (CNL–ZnONS')4 (1) top line, 

(left): first layer, (right): second layer, bottom line, (left): third layer, (right): fourth 

layer. 
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Table A-1 Selected geometrical parameters of non– and hydrogen–terminated 

structures for PRL–ZnONSsa. 

 

Data/Species PRL–ZnONS' PRL–ZnONS Difference 
 
Bond length (Å) 

 
 

 

O1–Zn1 1.85 1.99 0.14 
O2–Zn1 1.86 1.96 0.10 
O2–Zn2 2.05 1.92              –0.13 
O2–Zn3 1.90 1.93 0.03 
O3–Zn2 1.88 1.98 0.10 
O3–Zn4 2.11 1.89              –0.22 
O4–Zn3 1.79 2.05 0.26 
O4–Zn4 1.93 1.96 0.03 
O5–Zn4 1.88 1.96 0.08 
O5–Zn5 1.83 1.99 0.16 
Bond angle(o)    
O1–Zn1–O2 136.98 108.13            –28.85 
Zn1–O1–Zn1' 100.78 136.98              36.20 
Zn1–O2–Zn2 119.34 118.66              –0.68 
Zn1–O2–Zn3 141.57 110.13            –31.44 
O2–Zn2–O3 126.69 115.29            –11.40 
O2–Zn3–O4 145.53 108.22            –37.31 
Zn2–O3–Zn4 121.68 119.50              –2.18 
Zn3–O4–Zn4 114.89 120.05                5.16 
O3–Zn4–O5 120.70 117.33              –3.37 
O4–ZN4–O5 127.19 120.98              –6.21 
Zn4–O5–Zn5 108.98 129.97              20.99 
    

  

a PRL–ZnONS'  and PRL–ZnONS denote non– and   hydrogen–terminated PRL–

ZnONSs. 
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Table A-2 Selected geometrical parameters of non– and hydrogen–terminated 

structures for CNL–ZnONSsa. 

 

Data/Species CNL–ZnONS' CNL–ZnONS Difference 
 
Bond length (Å) 

 
 

 

O1–Zn1 1.91 1.93 0.02 
O1–Zn2 1.80 2.03 0.23 
O2–Zn1 2.10 1.89              –0.21 
O2–Zn3 1.95 1.94                  –0.01 
O3–Zn2 1.86 1.94 0.08 
O3–Zn3 2.02 1.92                  –0.10 
O3–Zn4 1.86 1.94 0.08 
O4–Zn3 1.95 1.93                  –0.02 
O4–Zn5 2.10 1.89                  –0.21 
O4–Zn6 1.95 1.93                  –0.02 
O5–Zn4 1.80 2.03 0.23 
O5–Zn5 1.91 1.93 0.02 
O6–Zn6 2.02 1.92                  –0.10 
O6–Zn7 1.86 1.94 0.08 
O7–Zn5 1.91 1.93 0.02 
O7–Zn7 1.80 2.03 0.23 
Bond angle(o)    
O1–Zn1–O1' 125.66 123.18 –2.48 
O1–Zn1–O2 117.17 118.42 1.25 
O1–Zn2–O3 144.58 109.19 –35.39 
Zn1–O1–Zn2 109.46 127.31 17.85 
Zn1–O2–Zn3 124.12 118.35 –5.77 
Zn2–O3–Zn3 108.79 125.04 16.25 
Zn2–O3–Zn4 142.43 109.85 –32.58 
O2–Zn3–O4 128.25 116.71 –11.54 
O3–Zn3–O4 115.87 121.59 5.72 
O3–Zn4–O5 144.59 109.21 –35.38 
Zn3–O4–Zn5 124.12 118.37 –5.75 
    

 

 a CNL–ZnONS'  and CNL–ZnONS denote non– and   hydrogen–terminated CNL–

ZnONSs. 
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Table A-3 Selected geometrical parameters of non– and hydrogen–terminated 

structures for CCL–ZnONSsa. 

 

Data/Species CCL–ZnONS' CCL–ZnONS Difference 
 
Bond length (Å) 

 
 

 

O1–Zn1 1.93 1.97 0.04 
O2–Zn1 1.93 1.91 –0.12 
O2–Zn2 1.95 2.07 0.12 
O3–Zn1 2.16 1.89 0.27 
O3–Zn3 2.00 1.93 –0.07 
O3–Zn4 1.98 1.96 –0.02 
O4–Zn2 1.91 1.93 0.02 
O4–Zn4 2.10 1.91 –0.19 
O4–Zn5 1.92 1.93 0.01 
O5–Zn3 2.00 1.91 –0.09 
O5–Zn6 2.00 1.92 –0.08 
O6–Zn4 2.00 1.93 –0.07 
O6–Zn6 2.00 1.92 –0.08 
O6–Zn7 2.00 1.93 –0.07 
O7–Zn5 1.92 1.98 0.06 
O7–Zn7 2.10 1.91 –0.19 
O7–Zn8 1.91 1.93 0.02 
O8–Zn6 1.99 1.92 –0.07 
O8–Zn9 2.00 1.91 –0.09 
O9–Zn7 1.98 1.96 –0.02 
O9–Zn9 2.00 1.93 –0.07 
O9–Zn10 2.16 1.89 –0.27 
O10–Zn8 1.95 2.07 0.12 
O10–Zn10 1.93 1.91 –0.02 
O11–Zn10 1.93 1.97 0.04 
Bond angle(o)    
Zn1–O1-Zn1' 127.90 121.61 –6.29 
O1–Zn1–O2 126.19 121.49 –4.70 
O1–Zn1–O3 113.19 117.54 4.35 
Zn1–O2–Zn2 119.60 126.09 6.49 
Zn1–O3–Zn3 120.13 121.91 1.78 
Zn1–O3–Zn4 120.23 116.74 –3.49 
O2–Zn2–O4 128.79 107.58 –21.21 
Zn2-O4-Zn4 112.49 127.85 15.36 
Zn2-O4-Zn5 128.27 110.83 –17.44 
O3–Zn3–O5 119.91 120.26 0.35 
O3–Zn4–O4 119.55 120.73 1.18 
O3–Zn4–O6 121.16 116.98 –4.18 
Zn3–O3–Zn4 119.40 121.35 1.95 
Zn4–O4–Zn5 112.53 121.31 8.78 
Zn3–O5–Zn6 120.22 119.22 –1.00 
Zn4–O6–Zn6 119.42 121.38 –1.96 
Zn4–O6–Zn7 121.04 117.20 –3.84 
O4–Zn5–O7 128.48 115.60 –12.88 
    

 

 a CCL–ZnONS'  and CCL–ZnONS denote non– and   hydrogen–terminated CCL–

ZnONSs. 
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Table A-4 Selected geometrical parameters of bond distances (Å) between non– and   

hydrogen–terminated PRL–ZnONSs a. 

 

Bond distances/Species 
Double Triple Quadruple 

1/2 1/2 2/3 1/2 2/3 3/4 
 
PRL–ZnONS': 
O1–Zn5 2.07 2.05 2.05 2.07 1.99 2.08 
O2–Zn4 2.87 2.29 2.29 2.35 2.05 2.23 
O3–Zn2 2.25 2.26 2.26 2.18 2.35 2.15 
O4–Zn3 2.03 2.04 2.04 2.04 2.06 2.05 
O5–Zn1 2.04 2.05 2.05 2.03 2.07 2.01 
PRL–ZnONS: 
O1–Zn5 2.11 2.23 2.41 2.38 2.22 4.13 
O2–Zn4 2.31 2.15 2.16 2.15 2.35 2.18 
O3–Zn2 2.09 2.17 2.15 2.21 2.12 2.28 
O4–Zn3 2.27 2.88 2.17 2.12 2.90 2.17 
O5–Zn1 2.32 2.20 3.03 3.11 2.14 2.82 
       
 

a PRL–ZnONS'  and PRL–ZnONS denote non– and   hydrogen–terminated PRL–

ZnONSs. 
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Table A-5 Selected geometrical parameters of bond distances (Å) between non– and   

hydrogen–terminated CNL–ZnONSsa. 

 

Bond distances/Species 
Double Triple Quadruple 

1/2 b 1/2 b 2/3 c 1/2 b 2/3 c 3/4 d 
 
Non–terminated CNL–ZnONS: 
O1-Zn7 2.02 2.05 2.04 2.05 2.05 2.05 
O2-Zn6 2.23 2.27 2.27 2.22 2.25 2.20 
O3-Zn5 3.05 2.30 2.31 2.30 2.07 2.21 
O4-Zn3 2.25 2.27 2.27 2.23 2.25 2.20 
O5-Zn4 2.02 2.05 2.05 2.05 2.05 2.06 
O6-Zn1 3.05 2.30 2.31 2.31 2.08 2.21 
O7-Zn2 2.03 2.05 2.04 2.05 2.05 2.05 
Hydrogen–terminated CNL–ZnONS: 
O1-Zn7 2.30 2.25 2.67 2.16 2.87 2.20 
O2-Zn6 2.38 2.22 2.20 2.24 2.14 2.25 
O3-Zn5 2.09 2.15 2.15 2.18 2.32 2.21 
O4-Zn3 2.39 2.22 2.20 2.24 2.14 2.24 
O5-Zn4 2.28 2.27 2.63 2.16 2.84 2.21 
O6-Zn1 2.09 2.15 2.15 2.19 2.32 2.21 
O7-Zn2 2.28 2.25 2.67 2.14 2.91 2.19 
       
 

a CNL–ZnONS'  and CNL–ZnONS denote non– and   hydrogen–terminated CNL–

ZnONSs. 
b Bond distances between the first and second layers. 
c Bond distances between the second and third layers. 
d Bond distances between the third and fourth layers. 
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Table A-6 Selected geometrical parameters of bond distances (Å) between non– and   

hydrogen–terminated CCL–ZnONSsa. 

 

Bond distances/Species Double Triple Quadruple 

1/2 b 1/2 b 2/3 c 1/2 b 2/3 c 3/4 d 
 
Non–terminated CCL–ZnONS: 
O1-Zn14 1.98 2.08 2.08 2.01 2.22 2.02 
O2-Zn15 2.03 2.07 2.07 2.06 2.07 2.05 
O3-Zn12 2.30 2.04 2.05 2.28 2.25 2.26 
O4-Zn13 2.97 2.39 2.39 2.28 2.09 2.35 
O5-Zn11 2.28 2.27 2.27 2.29 2.39 2.28 
O6-Zn9 2.22 2.31 2.30 2.45 2.22 2.35 
O7-Zn10 2.98 2.40 2.40 2.27 2.08 2.35 
O8-Zn6 2.28 2.27 2.27 2.29 2.39 2.28 
O9-Zn7 2.30 2.05 2.05 2.27 2.22 2.26 
O10-Zn8 2.03 2.07 2.07 2.05 2.10 2.06 
O11-Zn5 1.98 2.08 2.07 2.05 2.25 2.03 
O12-Zn4 2.30 2.05 2.05 2.05 2.10 2.06 
O13-Zn3 2.22 2.40 2.40 2.27 2.22 2.27 
Hydrogen–terminated CCL–ZnONS: 
O1-Zn14 3.81 – – – – – 
O2-Zn15 2.24 – – – – – 
O3-Zn12 2.27 – – – – – 
O4-Zn13 2.09 – – – – – 
O5-Zn11 2.30 – – – – – 
O6-Zn9 2.37 – – – – – 
O7-Zn10 2.09 – – – – – 
O8-Zn6 2.30 – – – – – 
O9-Zn7 2.27 – – – – – 
O10-Zn8 2.24 – – – – – 
O11-Zn5 3.82 – – – – – 
O12-Zn4 2.27 – – – – – 
O13-Zn3 2.36 – – – – – 
       

 

a CCL–ZnONS'  and CCL–ZnONS denote non– and   hydrogen–terminated CCL–

ZnONSs. 
b Bond distances between the first and second layers. 
c Bond distances between the second and third layers. 
d Bond distances between the third and fourth layers. 
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