
 
 
 

HYDROGEN STORAGE CAPACITY OF NANOSYSTEMS: 
MOLECULAR –DYNAMICS SIMULATIONS 

 

 

 
 

A THESIS SUBMITTED TO 
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 
MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

BY 

 

 

AYTUN KOYUNCULAR ONAY 

 

 

 

 

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS 
FOR 

THE DEGREE OF MASTER OF SCIENCE 
IN 

PHYSICS 
 

 

 

 

MAY 2008 

 

 

 



                                                   Approval of the thesis: 
 
 

HYDROGEN STORAGE CAPACITY OF NANOSYSTEMS: 
MOLECULAR –DYNAMICS SIMULATIONS 

 
 
submitted by Aytun Koyuncular Onay in partial fulfillment of the requirements 
for the degree of Master of Science in Department, Middle East Technical 
University by, 
 
Prof. Dr. Canan Özgen                                                     _____________________ 
Dean, Graduate School of Natural and Applied Sciences  
 
Prof. Dr. Sinan Bilikmen                                                  _____________________ 
Head of Department, Physics Department 
 
Prof. Dr.Şakir Erkoç                                                         _____________________ 
Supervisor, Physics Department                                 
 
Examining Committee Members: 
 
Prof. Dr. Ramazan Sever                                                  _____________________ 
Physics Dept., METU 
 
Prof. Dr. Şakir Erkoç                                                        _____________________ 
Physics Dept., 
 
Prof. Dr. Lemi Türker                                                      _____________________ 
Chemistry Dept., METU 
 
Prof. Dr. Demet Gülen                                                     _____________________ 
Physics Dept., METU 
 
Assist. Prof. Dr. Hande Üstünel                                       _____________________ 
Physics Dept., METU 
 
 
                                                                                  Date:            27.05.2008 
 
 
 
. 
 

 

 
 



 
 
 
 
 

iii

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 “I hereby declare that all information in this document has been 

obtained and presented in accordance with academic rules and ethical 

conduct. I also declare that, as required by these rules and conduct, I have 

fully cited and referenced all material and results that are not original to the 

this work.” 

 

 

    Name Surname    : AYTUN KOYUNCULAR ONAY 

    Signature              : 

 

 

 

 

 
 



 
 
 
 
 

iv

 

ABSTRACT 

 

 

HYDROGEN STORAGE CAPACITY OF NANOSYSTEMS: 
MOLECULAR –DYNAMICS SIMULATIONS 

 

 

Koyuncular Onay, Aytun 

 

 

M.S., Department of Physics 

Supervisor : Prof. Dr. Şakir Erkoç 

 

May 2008, 70 pages. 

 

 

In recent decades, tremendous efforts have been made to obtain high hydrogen 

storage capacity in a stable configuration. In the literature there are plenty of 

experimental works investigating different materials for hydrogen storage and 

their storage values. In the first part of this thesis the available literature data have 

been collected and tabulated. In addition to the literature survey the hydrogen 

storage capacity of carbon nanotubes and carbon nanotubes doped with boron 

nitride (CBN nanotubes) with different chirality have been investigated by 

performing quantum chemical methods at semiempirical and DFT levels of 

calculations. It has been found that boron nitrite doping increases the hydrogen 

storage capacity of carbon nanotubes. Single wall carbon nanotubes (SWNT) can 

be thought as formed by warping a single graphitic layer into a cylindrical object. 

SWNTs attract much attention because they have unique electronic properties,  
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very strong structure and high elastic moduli. The systems under study include the 

structures C(4,4), H2@C(4,4), C(7,0), C(4,0), and the BN doped C(4,4), 

H2@C(4,4), 2H2@C(4,4), C(7,0), H2@C(7,0), 2H2@C(7,0). Also, we have 

investigated adsorption and desorption of hydrogen molecules on BN doped coronene 

models by means of theoretical calculations.  

 

Keywords: Hydrogen storage, carbon nanotubes, quantum chemical methods 
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ÖZ 

 

 

NANOSİSTEMLERİN HİDROJEN DEPOLAMA KAPASİTESİ:  
MOLECULAR –DİNAMİK SİMULASYONLARI 

 

 

Koyuncular Onay, Aytun 

 

 

Yüksek Lisans, Fizik Bölümü 

Tez Danışmanı : Prof. Dr. Şakir Erkoç 

 

 

Mayıs 2008, 70 sayfa. 

 

 

Son on yıldır, kararlı bir yapıda, hidrojen depolama kapasitesini arttırmak 

amacıyla çok sayıda çalışmalar yapılmaktadır. Literatür çalışması içerisinde, bol 

miktarda farklı materyallerin üzerinde yapılan deneysel çalışmaların sonucunda 

elde edilen hidrojen depolama değerleri yer almaktadır. Tez çalışmasının ilk 

kısmında mevcut literatür verileri toplanmış ve bunlar tablo halinde sırasıyla 

verilmiştir. Buna ek  olarak, farklı çap ve uzunluktaki karbon nanotüplerde ve 

boron-nitrat katkılı karbon nanotüplerde hidrojen depolama kapasitesi, kuantum 

kimyasal metotlardan yarı deneysel ve DFT yöntemleri kullanılarak araştırıldı. Bu 

çalışmanın sonucunda boron-nitrat katkısının karbon nanotüplerde hidrojen 

depolama kapasitesini arttırdığı gözlendi. Tek duvarlı karbon nanotüpler bir grafit 

tabakasının silindirik bir şekilde yuvarlanması olarak düşünülebilir. Tek duvarlı 
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karbon nanotüplerin büyük ilgi görmesinin nedeni elektronik özellikleri, güçlü 

yapısı ve yüksek esneklik katsayısıdır. Bu tez çalışmasında üzerinde durulan 

nanoyapılar C(4,4), H2@C(4,4), C(7,0), C(4,0), ve BN katkılı C(4,4), H2@C(4,4), 

2H2@C(4,4), C(7,0), H2@C(7,0), 2H2@C(7,0), ve C(4,4)’dır. Son olarak BN 

katkılı koronen modelinin hidrojen depolama ve geri bırakma özellikleri teorik 

hesaplamalar yardımıyla araştırıldı ve sonuçlar yorumlandı.  

 

Anahtar sözcükler: Hidrojen depolama, karbon nanotüpler, quantum kimyasal 

metotlar. 
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CHAPTER 1 
 
 

INTRODUCTION 
 

 

1.1 Introduction 

 

         Hydrogen is the most abundant element in the universe and is found less 

than 1% as molecular hydrogen gas H2. Because of its structure, the hydrogen 

atom which consists of one proton and one electron is most atractive. Hydrogen 

has a lot of  properities. First of all, it is the cleanest fuel and reduces carbon 

dioxide emission. The second  is to have chemical energy per mass of hydrogen 

(39.4 kWh/kg) that is three times larger than that of other chemical fuels, such as 

liquid hydrocarbons (13.1 kWh/kg). In other words, the energy content of 0.33 kg 

of hydrogen corresponds to the energy content of 1kg of oil. The third property  is  

its  re-creating feature [1]. As a result, it can be shown the energy carrier of the 

future. However, it has very considerable features, we do not use it  the major fuel 

of the world of today. Due to the fact that hydrogen is not a natural sourse, that is, 

it only can be in the form of water and hydrocarbons. Because of this, it has to be 

produced, which made it costing three times higher than petroleum [2]. For that 

reason, we want to develop any method to storage hydrogen that will be reducing  

the cost of hydrogen. Table 1.1 shows some important properties of hydrogen [3]. 

The volumetric and gravimetric density of hydrogen is important in storage 

material for many applications.  

 

 



 
 
 
 
 

2

Table 1.1:  Properties of hydrogen (data compiled from [1,2,3] ). 
  
 
                                                    GENERAL  
                      
                                  Chemical series                       Nonmetals           
                                  Appearence                             Colorless 
                                  Standart atomic weight           1.00794g/mol 
                                  Molecular weight                    2.016 amu 
                                  Electron configuration            1s1   
                                  Electron per shell                    1 
  
                                               PHYSICAL PROPERTIES 
 
                                  Phase                                       Gas 
                                  Density                                 (0 0C, 101.325 kPa) 0.08988 g/L 
                                       density as liquid                  70.8 kg/m3 
                                       density as gas                      36 kg/m3      
                                  Melting point                            
                                        temperature                        14.01 K (-259.14 0C) 
                                  Boiling point                                                                                               
                                        temperature                        20.28 K (-252.87 0C) 
                                  Triple  point   
                                        temperature                        13.8033 K 
                                        pressure                              7.042 kPa  
                                  Critical point                              
                                        temperature                        32.97 K 
                                        pressure                              1.293MPa 
                                        density                                31.40 kg/m3  
                                  Higher heating value                141.90 MJ/kg , 11.89 MJ/m3 
                                  Lower heating value                119.90 MJ/kg, 10.05  MJ/m3     
                                  Heat of fusion                          (H2) 0.117 kJ/mol       
                                  Heat of vaporization                (H2) 0.904 kJ/mol  
                                  Heat capacity                           (25 0C) (H2) 28.836 J/mol.K 
                                  Self-ignition temperature         858 K 
                                  Flame temperature in air          2.318 K 
                                  Diffusion coefficient                0.61 cm2/sn 
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1.2  Hydrogen Storage Methods 

 

         The improvement of energy carrier in the course of time from a solid to a 

gas state has been shown the series [1]: 

 

C (coal)  -CH2 – (oil)  CH4 (natural gas)  H2 (Hydrogen). 

 

Large amounts of hydrogen can be absorbed by many metals and alloys 

reversibly. Moreover, it can be stored indirectly in reactive metals such as Li, Na, 

Al, Zn. These metals liberate the hydrogen from the water by means of reacting 

with water to the corresponding hydroxide. Depending on storage size and 

application, several types of hydrogen storage methods are used. Due to 

hydrogen’s low density, its storage must have large volumes, high pressures, 

(heavy vessels), and low temperatures [2]. Hydrogen storage fundamentals have 

been focused on these methods,  physisorption, compression, liquefaction, 

chemisorption, metallic hydrides, and complex hydrides. 

         Before the hydrogen energy is used,  there are some demands technical and 

economic should be carried out. The technical demands are to store hydrogen 

safely and conveniently. Also, to burn hydrogen efficiently is needed. The 

economical  demand is the cost of hydrogen production. When the hydrogen is 

produced directly from solar light or indirectly via electricity from such renewable 

sources as wind-power and hydro-power, it can be a renewable fuel. 

 

 

 

 

 

 

 



1.2.1  Physisorption 
 

         Physisorption  fundamentally results from the van der Waals interaction 

between solids and gases. This method has been used the reversible hydrogen 

sorption process. Because of the interaction between the substrate (S) and the 

hydrogen molecul (H2 ), the interaction energy  appears that is calculated by the 

London-Dispersion forces [4]. Also, the theoretical hydrogen storage capacity 

(mads ) is calculated from the specific surface of the carbon (SSPEC ) (see Table 1.2) 

[4]. 

 

              

                  Table 1.2: The theoretical hydrogen storage capacity formula. 

 
The interaction energy, ES-H2 (the London-

Dispersion forces) 

ES-H2 
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 2
6

H s

R
α α  

α the polarizibility 

R the interaction distance 

The theoretical hydrogen storage capacity (mads ) 

           mads≈  Sspec  ×  2.27×  10-3 wt% 
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1.2.1.1 Properties of absorbing hydrogen with physisorption 
 
           

♦ There are two basic rules for the physisorption of supercritical gases; the 

monolayer adsorption mechanism and the exponential decrease of 

adsorption with the increasing temperature [2]. Higher temperatures will 

lower the adsorption capacity. 

♦ Only a monolayer is adsorbed above the boiling point of the adsorbant 

[4,5].  

♦ The adsorption capacity of hydrogen on a material depends on the specific 

surface area of the material [2]. Therefore, the the specific surface area of  

carbon nanotubes control the hydrogen uptake capacity. 

♦ Hydrogen is desorbed with increasing temperature [4]. 

♦ Hydrogen storage capacity on graphite takes its maximum value only at 

very low temperature [4]. 

♦ The hydrogen adsorption increases with decreasing temperature and 

increasing pressure [6]. 

♦ Carbon nanotubes and high surface area graphite that reversible 

            physisorption takes place [4]. 
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1.3 Molecular Dynamics Simulations of H2 Storage in Carbon Nanotubes and  

CBN Nanotubes 

 

         Storage of hydrogen in single wall carbon nanotubes (SWCNTs) has 

recently received much attention. Due to their incredible strength and electronic 

properties [7,8,9], these tiny carbon nanotubes have been used extensively. In this 

work, to obtain high hydrogen storage capacity in a stable configuration, carbon 

nanotubes (CNTs) [10,11] and carbon nanotubes substitutionally doped with 

boron nitride (CBN nanotubes) have been closely studied using various 

computational techniques. Hydrogen is an attractive energy source due to its high 

yield and the lack of environmental pollutants. Recently, five methods have been 

deviced for storing hydrogen. These are compression, liquefaction, physisorption, 

metallic hydrides, and complex hydrides [12,13]. H2 adsorption in CNTs [14] 

occurs by means of physisorption making it a promising method. Physisorption is 

based on the van der Walls interactions between adsorbed molecules and the host 

material, which in our case is a NT. A gas molecule interacts with several atoms 

on the surface of the host material during the physisorption process where it can 

be released reversibly. The present study has been conducted to search for ways to 

improve hydrogen storage in SWNTs and study how changes in the NT structure 

alter the storage capacity. For this aim, a boron-nitride ring has been substituted in 

carbon nanotubes and investigated within the density functional theory (DFT) 

[15]. CBN nanotubes have been studied because of their chemically stable 

structure. Then we can say that storage of hydrogen on undoped carbon nanotubes 

is less than that on CBN nanotubes. In this study, we have worked on various 

C(n,0) zigzag SWNTs, C(n,m) chiral SWNTs, and C(n,n) armchair SWNTs which 

have approximately the same length but different diameters. Also, molecular 

dynamics simulations (MD) have been used in order to get information about their 

structural properties and energetics [16]. For describing the electron properties of  



atoms and molecules, we have studied PM3 semi-empirical self-consistent field 

molecular orbitals (SCF MO) method [17]. Moreover, to investigate the electronic 

structure of molecules, DFT method has been used. After that results are 

compared with each other. 

 

1.4 Molecular Dynamics Simulations of H2 Storage in BN Doped Coronene 

Model 
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         Adsorption of hydrogen molecules on BN doped coronene  model  is 

investigated using  the density-functional theory (DFT) method, PM3 calculation, 

and molecular dynamics simulations (MD). We have studied the binding energy 

values of H2 molecules to  and 14H2@B3N3C18H12  by means 

of theoretical calculations. Firstly, BN doped coronene model was prepared and 

was doped by means of substitution of  BN. Next, different numbers of  H2  

molecules were placed  up position and down position of  BN doped coronene 

model which was parallel to the hydrogen distribution.  We observed that BN 

doped coronene  model  is a promising model for hydrogen storage. 

2 3 3 187H @ B N C H
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CHAPTER 2 
 
 

MATERIALS FOR HYDROGEN STORAGE AND THEIR CAPACITY 

 

 

2.1 Introduction 

 

         Hydrogen storage values and methods of  different materials have been  

combined with other scientific articles studied previously. There are a lot of  

studies about hydrogen storage which are both theoretical and experimental. This 

study provides an overview of  experimental works on such systems to estimate 

the practical limits  to the amount of hydrogen that could be stored per unit 

weight. Hydrogen storage values  of carbon materials, activated carbon, graphite, 

carbon nanostructures, fullerene, carbon nanofibers and graphite nanofibers, 

carbon nanotubes and alloys have been given. Hydrogen storage methods are 

physisorption, chemisorption, adsorption energy, and electrochemical adsorption. 

Summary of the reports of gaseous hydrogen storage capacity in carbon nanotubes 

and carbon nanofibers, electrochemical hydrogen storage in carbon materials, the 

hydrogen storage behavior of  alloys also have been given in the following tables.  

 

2.2 Tables of commersial materials for hydrogen storage 

 

         Gravimetric storage of H2 in SWNT samples was investigated near room 

temperature. Table 2.1a and Table 2.1b show hydrogen storage capacity of 

SWNTs under different conditions. All of the studies are experimental. Processing 



conditions effect on the hydrogen storage capacity in these work. Therefore, 

different processing conditions were used. ( Taken from [42]) 

 

Table 2.1a: MS: material structure; C: catalsysts; PAM: purification activation 

method; T: temperature; P: pressure; HSC: hydrogen storage capacity; R: 

references. 

    
    MS 
 

 
C 

 
PAM T 

(K) 
P 

(MPa) 
HSC 

(wt%) R 

SWNT Co Raw 300 0.065 0.01 [18] 
SWNT Co Extrapolation 300 0.065 5-10 [18] 
SWNT Ni-Co HNO3/air 298 0.067 3.5-4.5 [19] 
SWNT Ni-Co-Fe-S HCI 298 10 2.5 [20] 
SWNT Ni-Co-Fe-S HCI/annealed 298 10 4.2 [20] 
SWNT 

 
Ni-Co HNO3/air/Ti alloy 

ultrasonic probe 
298 0.067 6.5 [21] 

SWNT - Ball milled 295 3.6 0.028 [22] 
SWNT - - 295 3.6 0.05 [22] 
SWNT - HNO3/Ti alloy 

ultrasonic 
probe(1h) 

298 0.08 0.04 [23] 

SWNT - HNO3 /  Fe alloy 
ultrasonıc probe 

298 0.08 <0.005 [23] 

SWNT Ni-Y Raw 295 0.1 0.932 [24] 
SWNT Ni-Y Ball milled in Ar 298 0.08 <0.1 [25] 
SWNT Ni-Y Ball milled in D2 298 0.9 ~1 [25] 
SWNT Ni-Co-S Row 298 11 2.6 [26] 
SWNT Ni-Co-S Annealed 298 11 4 [26] 
SWNT Co HCI 295 0.9 0.02 [27] 
SWNT Co HCI+ball milled 295 0.9 0.32 [27] 
SWNT Ni-Co H2O2/HCI/ 

NaOH 
298 9 0.3 [28] 

SWNT - Raw 300 10 <0.2 [29] 
SWNT - Raw 298 7 0.14 [30] 
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Table 2.1b: MS: material structure; C: catalsysts; PAM: purification activation 

method; T: temperature; P: pressure; HSC: hydrogen storage capacity; R: 

references. 

    
    MS 
 

 
C 

 
PAM T 

(K) 
P 

(Mpa) 
HSC 

(wt%) R 

SWNT  Raw 298 7 0.43 [30] 
SWNT Ni-Y Raw 295 10 2.9 [31] 
SWNT - Raw 298 4.8 0.29 [32] 
SWNT - HNO3/CO2/ 

annealed 
298 4.8 1.2 [32] 

SWNT Mo-Co Raw 298 12 0.45 [33] 
SWNT Ni-Y Air 300 14 0.2 [34] 
SWNT Ni-Y Air/HNO3 300 14 0.4 [34] 
SWNT Ni-Co Toluene/air/ 

HCI 
298 3 0.4 [35] 

SWNT - - 294 30 0.91 [36] 
SWNT - Raw 303 3.1 0.12 [37] 
SWNT - HNO3 303 3.1 0.25 [37] 
SWNT - Raw 295 0.1 0.06 [38] 
SWNT - - 295 0.1 0.1-0.2 [38] 
SWNT Ni-Y KOH 298 0.1 0.02 [39] 
SWNT Fe-Co Raw 298 4 0.07 [40] 
SWNT Fe-Co HCI 298 4 0.63 [40] 
SWNT Ni-Co Raw 253 6 0.4-1 [41]    

 

 

         Gaseous hydrogen storage capacity were investigated  in both SWNTs and 

MWNTs. Table 2.2a and Table 2.2b show hydrogen storage values between 0.05 

and 21 wt%. However, the high values have not been verified. We can say that the 

storage values are dependent on many parameters of the carbon nanotubes, such 

as structure, structure defects, geometry, storage pressure, temperature. All of the 

studies are experimental in Table 2.2a and Table 2.2b. ( Taken from [69]) 
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Table 2.2a: MS: material structure; C: catalsysts; PAM: purification activation    

method; T: temperature; P: pressure; HSC: hydrogen storage capacity; R: 

references. 

 
MS 

 
 

 
P 

(%) 

 
T 

(K) 

 
P 

(MPa) 

 
HSC 

(wt%) 

 
R 

SWNT Assumed  100 133 0.04 5-10 [43] 
SWNT High Ambient 0.067 3.5-4.5 [44] 
SWNT ~50 300 10.1 4.2 [45] 

Aligned SWNT Purified Ambient 11 4 [46] 
SWNT Purified 77-300 8 1-15 [47] 
SWNT High 80 ~7 8.25 [48] 
MWNT Purified ~300-700 Ambient 0.25 [49] 
SWNT Purified Ambient 4.8 1.2 [50] 
SWNT-

TiAl0.1V0.04 
Sonicated >98 Ambient 0.067 6 [51] 

SWNT-Ti-6Al-
4V 

Purified Ambient 0.08 1.7 [52] 

SWNT-Fe Purified Ambient 0.08 <0.005 [52] 
Ball-milled 

SWNT in Ar 
<50 Ambient 0.08 <0.1 [53] 

Ball-milled 
SWNT in D2 

<50 Ambient 0.9 0 [53] 

CNT Purified 298-773 0.1 0 [53] 
Doped CNT - - - 0.5-1.0 [54] 

Li-CNT Purified 473-673 0.1 20 [55] 
K-CNT Purified <313 0.1 14 [55] 
Li-CNT 
(wet H2) 

Purified 473-673 0.1 12 [56] 

Li-CNT 
(dry H2) 

Purified 473-673 0.1 2.5 [56] 

K-CNT 
(wet H2) 

Purified <313 0.1 21 [56] 

K-CNT 
(dry H2) 

Purified <313 0.1 1.8 [56] 

Li-CNT 10-40 473-663 0.1 0.7-4.2 [57] 
SWNT 80-90 273 0.04 7 [51] 
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Table 2.2b: MS: material structure; C: catalsysts; PAM: purification activation 

method; T: temperature; P: pressure; HSC: hydrogen storage capacity; R: 

references. 

 
MS 

 
 

 
P 

(%) 

 
T 

(K) 

 
P 

(MPa) 

 
HSC 

(wt%) 

 
R 

SWNT 90 vol% 298 - 0.63 [58] 
MWNT Unpurified 298 - 0.5 [59] 
MWNT Unpurified 293 6.5 2 [59] 

CNT - Ambient Ambient 0.5 [60] 
SWNT Purified 77 0.2 6 [61] 
Aligned 
MWNT 

High 298 10 3 [62] 

Aligned 
MWNT 

High 290 10 2.4 [63] 

Random 
MWNT 

High 298 10 0.68 [62] 

MWNT High 
untreated 

300 1.0 5-7 [64] 

MWNT High acid 
treated 

300 1.0 13.8 [64] 

MWNT High 300 7.0 0.7-0.8 [65] 
SWNT Unpurified 295 0.1 0.93 [66] 
SWNT Unpurified 77 0.1 2.37 [67] 

MER MWNT 10-15% 298 3.6 0.03 [67] 
Rice SWNT High 298 3.6 0.05 [67] 

CNT - 298 11.35 11.26 [68] 
 

    

          Hydrogen gas storage capacity are investigated in carbon nanofibers. Table  

2.3 shows values of H2 storage under different conditions in carbon nanofibers. 

Hydrogen storage values are between 0.1 and 67.55 wt%. 67.55wt% and 53.68 

wt% values are extraordinary. None of these high values has been reproduced in 

other laboratories. Both the synthesis and purification conditions and the 

pretreatment of the grafit nanofibers influence the storage hydrogen capacities.   

( Taken from [69]) 
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Table 2.3: MS: material structure; C: catalsysts; PAM: purification activation  

method; T: temperature; P: pressure; HSC: hydrogen storage capacity; R: 

references. 

  
 

MS 
 

      P 
(%) 

T 
(K) 

P 
(MPa) 

HSC 
(wt%) R 

GNF 
herringbone 

- 298 11.35 67.55 [68] 

GNF platelet - 298 11.35 53.68 [68] 
GNF - 77-300 0.8-1.8 0.08 [70] 
CNF - 300 12 6.5 [71] 
GNF - 300 10.5 0.7 [72] 
CNF - 293 10 1 [73] 
CNF - 298 12 1.4 [74] 

Ball milled 
GNF 

- Ambient 0.9 0.5 [53] 

GNF - 300 11 <0.1 [75] 
Vapor grown 
carbon fibers 

- 298 3.6 <0.1 [67] 

CNF - 300 12.5 1.6 [76] 
GNF 

Herringbone 
Purified 77-300 1.5 1-1.8 [76] 

GNF - 300 12 10 [77] 
GNF - 300 12 10 [78] 
CNF - 77 12 12.38 [79] 
CNF - 300 11 5.7 [80] 

 

 

          Electrochemical hydrogen storage was investigated in carbon materials. 

Table 2.4 shows the hydrogen storage capacity between 0.27wt% and 2.9wt% , 

with the exception of the 6.1wt% value of Liu. 6.1wt% has not been reproduced 

by other groups. Gold, nickel, copper, or palladium are used as the form of 

micrometer-sized powders or nanosized particles that were used for decorating the 

carbon surface like additives. The storage capacity is increased in the presence of 

metals. The catalyst, the electrolyte, the carbon material, the charge and discharge 

conditions, and the atmosphere influence the storage capacity. ( Taken from [69]) 
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Table 2.4: MS: material structure; EC: experimental conditions; T: temperature; 

P: pressure; HSC: hydrogen storage capacity; R: references. 

 

 

 
          MS 
 

EC T 
(K) 

P 
(atm) 

HSC 
(wt%) R 

SWNT-Pd 
powder(1:4) 

6M  KOH 
Idisch=2.5-5Ag-1 

Room 
temperature 

1 0.39 [81] 

Activated 
carbon(1200-

1500m2g-1 

6M KOH 
Idisch=100mAg-1 

Room 
temperature 

1 1.5 [82] 

  MWNT/Ni(1:10) 
 

6M KOH 
Idisch=200-1000 mAg-1 

Room 
temperature 

1 0.7 [83] 

CNT/Ni 
powder(4:5) 

6M KOH 
Idisch=0.4mAg-1 

Room 
temperature 

1 0.34 [84] 

SWNT/Cu (1:3) 
 

30% KOH 
Idisch=10-100mAg-1 

Room 
temperature 

1 2.9 [85] 

HNO3 treated 
CNF/Ni 

6M KOH 
Idisch=100mAg-1 

Room 
temperature 

1 0.27 [86] 

SWNT/Ni 
powder(1:3) 

6M  KOH 
Idisch=400mAg-1 

Room 
temperature 

1 1.2 [87] 

CNF/Ni-P 
particles+Ni 
powder(1:3) 

6N KOH 
Idisch=1000mAg-1 

Room 
temperature 

1 1.1 [88] 

CNF/Ni-P 
particles(<76) 

6M KOH 
Idisch=1000mAg-1 

Room 
temperature 

1 0.30 [89] 

MWNT 
(electrochem.) 

18M H2SO4 20 0C 
Cyclic voltammetry 

Room 
temperature 

1 1.61 [90] 

CNT/Ni powder 
(1:20) 

6N KOH 
Idisch=800mAg-1 

Room 
temperature 

1 1.0,0.25 [91] 

MWNT/Cu 
particles 

6M KOH 
Idisch=1500mAg-1 

Room 
temperature 

1 6.1 [92] 

SWNT pressed 
into Ni foam 

6M KOH 
Idisch=25mAg-1 

Room 
temperature 

1 1.84 [93] 

Electrochem. Ox. 
MWNT in HNO3 

 

6M KOH and 
0.3M H2SO4  CV and 

Idisch=20mAg-1 

Room 
temperature 

1 0.3 [94] 
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          Microstructure of Mg3La and Mg3LaNi0.1 alloys were studied for their 

hydrogen storage capacity under different conditions. X-ray diffraction and 

pressure–composition isotherm measurement were used  to investigate alloys. The 

Mg3La and Mg3LaNi0.1 alloys both exhibit rapid hydriding and dehydriding 

kinetics. Mg-based alloys are considered to offer significant potential on account 

of their high hydrogen storage capacity and their abundance. 

          Nanocrystalline Mg–x wt.% Cr2O3 (x = 5–20) composites were prepared by 

ball milling Mg and nanocrystalline Cr2O3 under toluene. Table 2.5 shows the 

absorption and desorption capacities of these composites. The absorption 

capacities decreased with decrease in temperature in each of the compositions. All 

of the studies in Table 2.5 are experimental. 

 

 

          

 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2.5: MS: material structure; T: temperature; P: pressure; HSC: hydrogen 

storage capacity; R: references. 
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MS 
 

T 
(◦C) 

 

P 
(Mpa) 

HSC 
 (wt%) 

R 

 
    Mg3La  (Alloy) 

  

 
      297 

 

 
(Max)   

3.8 

 
                   2.89 

 

 
 [95] 

 

Mg3LaNi0.1 

(Alloy) 

 

      257 

 

 
    (Max)       
       3.8 

 

  2.73 

 

 [95] 

Mg–5 wt.%  

Cr2O3 

(nanocomposite) 

T 

(◦C) 

Desorption 

Pressure 

(bar) 

Absorption 

Capacity 

(wt.%) 

Desorption 

Capacity 

(wt.%) 

 

300 1.36 6.01 3.19 [96] 

200 0.40 5.67 0.57  

100 0.10 0.31 0.01  

Mg–10 wt.% 

Cr2O3 

(nanocomposite) 

300 1.56 5.54 3.66 [96] 

200 0.50 4.91 0.76  

100 0.10 0.91 0.01  

Mg–15 wt.% 

Cr2O3 

(nanocomposite) 

300 1.85 5.45 4.02 [96] 

200 0.49 5.30 0.64  

100 0.51 3.80 0.64  

Mg–20 wt.% 

Cr2O3 

(nanocomposite) 

 

300 1.61 4.94 3.77  [96] 

200 0.63 4.61 1.02  

100 0.52 

 

3.27 0.69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



           Chemically activated carbons with a wide range of porosities were studied 

to investigate their hydrogen storage capacity under  different temperatures (298 

K and 77 K) and high pressure. Both the micropore volume and the micropore 

size distribution affect the hydrogen adsorption capacity at 298 K. The surface 

area and the total micropore volume of the activated carbon affect hydrogen 

adsorption at 77 K. Super activated carbons; samples of the series KUA which has 

surface areas higher than 3000 m2/g. All of the studies in Table 2.6 are 

experimental. Table 2.6 shows that highly activated carbons have a great potential 

as carriers of hydrogen. 

                                                                                        

Table 2.6: MS: material structure; T: temperature; P: pressure; HSC: hydrogen 

storage capacity; KUA5: A  chemically activated carbon; KUA6: Activated carbon 

R: references. 

 
MS 

 
 

T 
(K) 

P 
(Mpa) 

HSC 
(wt%) 

R 

        KUA5 298  20 1.2  

 

 

     [97] 

KUA5 298 50 2.7 

KUA5 77 4 5.6 

KUA5 298 20 3.2 

KUA5 298 50 6.8 

KUA6 77 4 8.0 

KUA5 77 4 7.1 

 

 

 

 

 

 

 

 

 

 

          Reactive ball milling (RBM) of a mixture of Mg and Ti1.0V1.1Mn0.9 alloy 

powders was used to obtain Mg-30 wt.% Ti1.0V1.1Mn0.9 composites. The catalyst  
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was Ti1.0V1.1Mn0.9 to improve the hydriding/dehydriding properties of Mg in this 

study. Mg was considered the main hydrogen absorbing material in this work.  

S-1, S-2, and S-3 were different samples under different preparation conditions of 

the Mg-30 wt.% Ti1.0V1.1Mn0.9 composites. The sample S-3 had the best hydrogen 

absorption/desorption kinetics and largest hydrogen storage capacity among the 

three samples. All of the studies are experimental in Table 2.7. 

 

Table 2.7: MS: material structure; T: temperature; P: pressure; S: samples ; R: 

references. 

 

 
MS S 

 
T 

(K) 
P 

(MPa) 

Hydrogen 
absorption 

capacity 
(wt%) 

Hydrogen 
desorption 
capacity 
(wt%) 

R 

 
 
 
 
 
 
 

Mg-30 wt.% 
Ti1.0V1.1Mn0.9 

S-1 

606 0.2 2.73 2.73  
 
 

[98] 
 

573 0.2 2.29 2.29 
528 0.2 2.01 0.10 
483 0.2 1.16 0.07 
377 0.2 0.43 0.10 

 
 
 

S-2 
 
 
 

606 0.4 3.41 3.24 
573 0.4 3.03 1.59 
528 0.4 2.56 0.08 
483 0.4 1.76 0.06 

377 0.4 0.62 0.09 

S-3 

606 0.4 4.46 4.32 
573 0.4 4.44 4.23 
528 0.4 4.33 0.25 
483 0.4 3.99 0.06 
377 0.4 1.77 0.08 
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          Reactive mechanical alloying (RMA) was used to prepare Mg–20 wt% Ni–

Y composite. The hydrogen storage capacity of Mg–20 wt% Ni–Y composite is 

higher than 5.2 wt% under different temperatures.  Mg–20 wt% Ni–Y composite 

exhibits a high hydrogen storage capacity and excellent hydrogen sorption 

kinetics. All of the studies are experimental in Table 2.8. 

 

 

Table 2.8: MS: material structure; T: temperature; P: pressure; HSC: hydrogen 

storage capacity; R: references. 

 
MS T 

(K) 

 
P 

(MPa) 
 

HSC 
(wt%) 

 
R 

 
 

   
Mg– 

20 wt% Ni–Y 
(nanocomposite) 
 

 
Purity  
(%) 

 
    Mg   >99.8 
 
    Ni     >99.9 
 
     Y     >99.5 
 
 

  
 
 

Absorption 
Pressure 
(MPa) 

 

Desorption 
Pressure 
(MPa) 

 

Absorption 
Capacity 
(wt.%) 

 

Desorption 
Capacity 
(wt.%) 

 

 
 

[99] 

 
 

293 
 
 

 
 

3.0 

  
 

4.16 

 

 
 

473 
 
 

 
 

3.0 

  
 

5.59 

 

 
 

573 

 
 
 
 

 
 

0.1 

  
 

4.75 

 

          

         Mechanical  milling Mg–Ce hydrides and nano-sized Ni powder was used to 

prepare Mg–Ce/Ni composite. The addition of Ni and Ce improve the activation 

properties of Mg-based hydrogen storage material. Mg–Ce/Ni composite showed 
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significant hydriding/dehydriding performance. All of the studies in this work are 

experimental in Table 2.9. 

 

Table 2.9: MS: material structure; T: temperature; P: pressure; HSC: hydrogen 

storage capacity; R: references. 

 
            MS 

 
 

 
          S 

 
T 

(K) 

 
P 

(MPa) 
 

 
HSC 

(wt%) 

 
REF.

 

 

 

 

 

 

Nanocrystalline 

Mg–Ce/Ni 

composite 

 

 

 

(Mg–10.9wt.%Ce/ 

10.0 wt.% Ni) 

 

  At different 
temperatures 

Absorption 
Pressure 
(MPa) 

Absorption 
Capacity 
(wt.%) 

 
 
 
 

[100] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            

 
 
 

Pure 
Mg 

 
 
 

393 4 0.57 

413 4 2.85 

433 4 3.76 

453 4 4.40 

473 4 5.39 

 
 

Mg/ 
10.0 wt.% Ni 

 
 
 

393 4 2.16 
413 4 2.88 
433 4 3.18 
453 4 4.12 
473 4 5.33 

 
 
 

 
 

 
Mg– 

10.9 wt.%  Ce/ 
10.0 wt.% Ni 
 

393 4 2.92 

413 4 4.05 

433 4 4.94 

453 
 

4 5.30 

473 
 

4 - 

  
Desorption 

Pressure 
(MPa) 

 
Desorption 
Capacity 
(wt.%) 

        453        0.1      2.12 
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           Physical activation with CO2 and chemical activation with KOH  were used 

as activation systems in this study. Table 2.10 shows that to increase hydrogen 

storage capacity, an increase in BET surface area does not work some of the 

systems. All of the studies are experimental in Table 2.10. 

          The mechanical alloying process was used to obtain nanostructured 

composite materials  Mg–Ni, Mg–Ni–La,Mg–Ni–Ce and Mg–LaNi5. The purity 

and particle size are 99.5% and 100µm. All of the studies are experimental in 

Table 2.11. 

          Hydriding combustion synthesis was used to prepare Mg1.95Ag0.05Ni, 

Mg1.9Ag0.1Ni, Mg1.5Ag0.5Ni  investigated by pressure–composition isotherms, X-

ray diffraction and scanning electron microscopy. All of the studies are 

experimental in Table 2.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2.10: MS: material structure; AM: activation method; AC: activation 

condition; BET: surface area of samples; T: temperature; P: pressure; HSC: 

hydrogen storage capacity; R: references. 

 
MS 

 
 

 
AM 

 
AC 

 
BET 

(m2g-1) 

 
T 

(0C) 

 
P 

(MPa) 

 
HSC 

(wt%) 

 
R 

 

 

Carbon 

Nanofibers 

from 

Cu20Ni80 

 

( Cu20Ni80 

CNF) 

 

 

Activated 

by CO2 

(Physical 

activation) 

As prepared   475 30 10 0.35  
 
 
 
 
101 

900 0C    15 min 472 30 10 - 
900 0C    30 min 465 30 10 0.26 
900 0C    45 min 458 30 10 0.22 
800 0C    30 min 476 30 10 0.28 
800 0C  120 min 488 30 10 - 
825 0C    30 min 478 30 10 0.31 
825 0C  120 min 517 30 10 0.30 
825 0C  480 min 678 30 10 - 
850 0C    30 min 482 30 10 0.33 
850 0C  120 min 521 30 10 - 
875 0C    30 min 477 30 10 0.27 
875 0C  120 min 542 30 10 - 

Activated 

by KOH 

(Chemical 

activation) 

As prepared 475 30 10 0.35 
900 0C   30 min 1000 30 10 0.42 
900 0C   60 min 725 30 10 0.34 
900 0C   90 min 674 30 10 - 
900 0C 120 min 689 30 10 - 

 

Carbon 

Nanofibers 

from 

Fe20Ni8 

 

( Fe20Ni8 

CNF) 

 

Activated 

by CO2 

(Physical 

activation) 

As prepared 150 30 10 0.07  
 
 
 
101 

900 0C    15 min 171 30 10 - 
900 0C    30 min 194 30 10 0.05 
900 0C    45 min 169 30 10 <0.04 
1000 0C   15min 143 30 10 - 
1000 0C   15min 158 30 10 0.06 
1000 0C   15min 144 30 10 <0.04 

Activated 

by KOH 

(Chemical 

activation) 

As prepared 150 30 10 0.07 

500 0C   30 min 144 30 10 - 

700 0C   30 min 227 30 10 <0.04 

900 0C   30 min 230 30 10 0.05 
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Table 2.11: MS: material structure; T: temperature; P: pressure; HSC: hydrogen 

storage capacity; R: references. 

 
 

MS 
 

 
 

T 
(0C) 

          
                       HSC  
                      (wt%) 

 
 

  REF. 
Absorption 

capacity  
(wt.%) 

at 3MPa 

Desorption 
capacity  
(wt.%) 

at vacuum 
 

Mg 70 wt.%– 

Ni 20 wt.%– 

La 10 wt.% 

25 1.8 1.0  
 
 
 
    
 
  [102] 

100 1.9 1.0 
200 4.0 1.0 

300 5.4 4.5 

 

Mg 60 wt.%– 

Ni 30 wt.%– 

La 10 wt.% 

25 1.0 0.7 

100 1.7 1.0 

200 2.1 3.0 

300 5.2 4.6 
 

Mg 80 wt.%–

LaNi5 20 wt.% 

25 1.9 1.7 

100 2.4 1.9 

200 2.9 2.3 

300 5.5 4.2 
 

Mg 75 wt.%–

LaNi5 25 wt.% 

25 0.6 0.4 

100 0.7 0.7 

200 1.7 0.7 

300 4.9 4.5 
 

Mg 60 wt.%–

LaNi5 40 wt.% 

25 1.1 0.3 

100 1.1 0.4 

200 1.3 0.5 

300 3.6 3.3 
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Table 2.12: MS: material structure; T: temperature; P: pressure; HSC: hydrogen 

storage capacity; R: references. 

 

 
 

           MS 
 

 
 

T 
(K) 
 

 
P 

(MPa) 

 
HSC  

(wt%) 

 
 

 R 
Absorption 

Pressure 
(MPa) 

Desorption 
Pressure 
(MPa) 

Absorption 
Capacity 
(wt.%) 

Desorption 
Capacity 
(wt.%) 

 
 
 
 
 

Mg1.95Ag0.05 Ni 
 

573 
 

1 
 

0.1 
 

3.62 
 

3.47 
 

 
 
 
 
 
 
 
 
 
 
 

103 

553 
 1 0.1 3.49 3.31 

 

523 
 1 0.1 3.47 3.30 

 
 
 
 
 

Mg1.9Ag0.1Ni 
 
 

 
 
 

573 1 0.1 3.48 3.36 

553 1 0.1 3.43 3.18 

523 1 0.1 3.28 3.16 

 
 
 
 

Mg1.5Ag0.5Ni 
 
 
 
 

 

573 1 0.1 2.31 - 

553 1 0.1 - 1.87 

523 1 0.1 1.97 - 
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CHAPTER 3 
 
 

METHOD OF CALCULATION 
 

 

3.1.1 Computational  Methods  

 

         Molecular mechanics method has been used to obtain the stable 

configurations of the molecules that minimizes the interaction energies between 

the atoms of a system. One of the optimization method is a conjugate gradient 

method (the Polak-Ribiere algorithm) used in this study that finds the local 

minimum of the systems. 

         To describe the electron properties of atoms and molecules, the semi-

empirical methods have been used that solve the Schrödinger equation, with 

certain approximations. The electronic Schrödinger equation is:  

 

                                  , , ,
ˆ ˆ ˆ ˆ( )e e k e p e e p n e e e eH H H H E− −Ψ = + + Ψ = Ψ

 

where k,p,n,e show by turns the kinetic energy, the potential energy, the nucleus 

and the electrons.  Parametric method number 3 (PM3) used in the study is one of 

the semi-empirical methods.  
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( )r

        The main idea of density functional theory  (DFT) is that instead of solving 

the Schrödinger equation for the wavefunction describes an interacting system of 

any particle via its density ρ r . From DFT calculations, total energy (ET in 

Hartree), HOMO-LUMO gap (∆E in eV), dipole moment (in Debye) was obtained 

in the study. 

         Molecular Dynamics used in the study simulates molecular movement that 

provides to find equilibrium properties and kinetic behavior of molecules.  

 

3.1.2 DFT Studies for Carbon Nanotubes and CBN Nanotubes 

 

         Many theoretical studies have been performed recently to predict the 

hydrogen storage capacity of carbon nanostructures by means of theoretical 

calculations. In the present work, we have studied various structures of carbon 

nanotubes, and CBN nanotubes. Firstly, CNTs were prepared and some were 

doped by means of substitution of a BN ring. Next, different numbers of H2 

molecules were placed inside the bare carbon nanotube and the substitutionally 

doped carbon nanotube structures to compare the electronic properties. The 

systems under study were obtained from the geometries of C(4,4), C(4,0), C(7,0), 

H2@C(4,4), and substitutionally BN doped structures CBN(4,4), H2@CBN(4,4), 

2H2@CBN(4,4), CBN(7,0), H2@CBN(7,0), 2H2@CBN(7,0), CBN(4,0). In all of 

these calculations carbon atoms at the ends of the tubes were saturated by 

hydrogen atoms to remove the dangling bonds and make the coordination number 

of all the carbon atoms the same. 

        The structures of the models were optimized by applying the molecular-

mechanics (MM) method using MM+ force field [104], which makes easier to 

perform full optimization by extended methods. The semi-empirical self -

consistent-field molecular orbital (SCF-MO) method at PM3 level within the 

restricted Hartree-Fock (RHF) formalism [104] has been applied to optimize fully 

the geometry of the models considered. These calculations have been carried out 
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with HyperChem 7.5 program package [105]. Also, Polak-Ribiere optimizer [106] 

was used in geometry optimizations .The SCF convergence criterion was taken to 

be 0.001 kcal /A.mol. Single point electronic calculations were performed using 

DFT with the B3LYP exchange-correlation functional [107,108] in the 3-21G 

basis set [109]. We used both HyperChem 7.5 package and Gaussian 03 package 

[110] for DFT calculations. We calculated total energy, HOMO-LUMO gap, 

dipole moment, binding energy, and heat of formation for the systems studied. 

More details about DFT with the B3LYP can be found in Ref. [111, 112, 113]. 

 

3.1.3 Molecular Mechanics Method Studies for Carbon Nanotubes and CBN 

Nanotubes 

 

         In this work, the hydrogen distribution inside the carbon nanotubes having 

more than 9H2 has been predicted by molecular mechanics method. For 

comparing results to be taken different carbon nanotubes, we have studied C(n,0) 

zigzag SWNTs, C(n,m) chiral SWNTs, and C(n,n) armchair SWNTs having 

approximately the same length and the same radius. First, four carbon nanotubes 

were prepared in vacuum. Next, all four models, 14H2@C(7,7), 20H2@C(8,8), 

16H2@C(14,0), and 10H2@C(11,2), were geometry optimized using molecular 

mechanics method considering the MM+ force field. Similarly CBN nanotubes 

were investigated. When the number of H2 molecules placed inside exceeded 9, 

the CBN(4,4) and CBN(7,0) were observed to break using molecular mechanics 

method considering MM+ force field. 
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3.1.4 Molecular Dynamics Simulation Studies for Carbon Nanotubes and 

CBN Nanotubes 

 

        H2@CBN(7,0), H2@C(7,0), H2@CBN(4,4), 2H2@C(4,2), H2@C(4,2), H2 

@C(6,2), 2H2@C(7,5), 3H2@C(11,2) were prepared. We calculated energies from 

molecular dynamics at a constant temperature of 300K using molecular mechanics 

method with MM+ force field. Molecular dynamics averages were taken between 

0 and 1 picosecond. Results are presented as a graph in section 4.1.3. 

 

3.2.1 DFT Studies for BN Doped Coronene Model 
 
 
         The structure of the BN doped coronene model was optimized by applying 

the molecular mechanics (MM) method using MM+ force field. The semi-

empirical self-consistant –field molecular orbital (SCF-MO) method at PM3 level 

within the restricted Hartree-Fock (RHF) formalism has been applied to optimize 

fully the geometry of the models considered. Polak-Ribiere optimizer was used in 

geometry optimizations. The SCF convergence limit was set to 0.001 kcal/mol to 

get sufficient structural optimization. Single point electronic calculations were 

performed using density functional theory (DFT) considering B3-LYP exchange-

correlation functional in 3-21G basis set. We investigated the binding energy of 

H2 molecules to B3N3C18H12  and calculated HOMO-LUMO gap, dipole moment, 

and heat of formation for 7H2@ B3N3C18H12 . To investigate total energy and the 

binding energy of H2 molecules to 14H2@B3N3C18H12 , we used  PM3 calculation.  

 
 

 

 

 

 



3.2.2 Molecular Dynamics Simulation Studies for BN Doped Coronene Model 

 

         We have investigated MD simulation at room temperature to test  the 

stability of 7H2@ B3N3C18H12 and 14 H2@ B3N3C18H12 using molecular 

mechanics method with MM+ force field. Run time were taken 1 picosecond (ps) 

and step size were taken 1×10-3 ps at constant temperature of 300K. Results are 

presented graphically in section 4.2.2. 
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CHAPTER 4 
 
 

RESULTS AND DISCUSSION 

 

 

4.1.1 DFT Study Results for Carbon Nanotubes and CBN Nanotubes  
 

         Using DFT calculations, we calculated the binding energy of stored 

hydrogen. The binding energy of H2 molecules in CBN nanotubes is greater than 

that of undoped nanotubes. In addition to this, a stable system is defined to have a 

negative binding energy in this study. The binding energy calculated per H2 

molecule for H2@C(4,4) (in Hartree ) is defined as follows : 

 

                           ∆Ebind =E(H2@C(4,4))-E(H2)-E(C(4,4))                         (1) 

 

where E(H2@C(4,4)), E(C(4,4)), and E(H2) are the total energies of fully op-

timized H2@C(4,4) structure, the nanotube alone, the hydrogen molecule, respec-

tively. From this calculation, a positive binding energy was obtained. For this rea-

son, H2@C(4,4) is not a stable system. To obtain a stable system, a boron-nitride 

ring was substituted in carbon nanotubes.  

          From DFT calculations that gives total energy value for systems, it can be 

observed that a boron-nitride ring increases storage capacity in CNT. In the same 

way, the binding energy per H2 molecule for 2H2@C(4,4) substitutionally doped  
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with BN was calculated as follows: 

 

                     ∆Ebind = E(H2@CBN(4,4))-E(H2)-E(CBN(4,4))                   (2) 

 

         The total energies taken from Table 4.1, E(H2), E(CBN(4,4)), 

E(H2@CBN(4,4)), show that Ebind per H2 molecule for 2H2@CBN(4,4) is -0.27 

eV. Therefore, we conclude that 2H2@CBN(4,4) is a stable system. Table 4.2 and 

Table 4.3 gives information about total energies of the molecules under study. 

H2@C(4,4) and H2@CBN(4,4) have the same length and the same radius, which 

is shown in Table 4.4-4.6.  

         Before calculating the total energy, we placed one H2 molecule inside the 

CBN(4,4). After puting each H2 molecule, we calculated total energy of the 

system. This procedure was continued in the same way until the CBN(4,4) was 

not able to store any additional H2 molecule in it (using molecular mechanics 

method considering MM+ force field); in other words, a CBN(4,4) was not able to 

store 3H2 molecules in it. Finally, Ebind per H2 molecule for 2H2@CBN(7,0) was 

obtained the same way that shows 2H2@C(7,0) is a stable system. We make an 

additional observation that Ebind per H2 molecule for 2H2@CBN(7,0) is larger than 

Ebind per H2 molecule for 2H2@CBN(4,4). We thus conclude that a boron-nitride 

ring in the CBN nanotubes enhances the hydrogen storage capacity. 

         3D plots of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO), electrostatic potential (ESP), and electron 

density (ELDEN) figures,  and optimized geometries optained from PM3 results 

of the systems studied are shown in Figure 4.1-4.5, respectively. ELDEN plots for 

all molecules show a uniform distribution. From ESP figures, positive ESP plots 

for all molecules except for CBN(4,0) show a homogeneous distribution. In 

addition to this, while negative ESP is found to be in the vicinity of the boron-

nitride ring for CBN(4,0), positive ESP is found over the rest of the molecules. 
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HOMO and LUMO can give some information about chemical reactivity and 

kinetic stability of the CNTs and CBN nanotubes. The systems with a small 

HOMO-LUMO gap has a high chemical reactivity and low kinetic stability [114]. 

It can be seen from Table 4.1 that C(7,0) is chemically more reactive than others. 

On the other hand, CBN(4,4) is more stable than the others. CBN nanotubes have 

a greater HOMO-LUMO gap compared to undoped CNTs. While the HOMO and 

LUMO plots for C(4,4), and H2@C(4,4) display a uniform distribution, the 

HOMO and LUMO plots for CBN nanotubes are found to be in a certain region. 

         Formation of all the models are endothermic except CBN(7,0), 

H2@CBN(7,0), 2H2@CBN(7,0) which are exothermic. Table 4.1 shows the 

calculated dipole moment values. The CNT and CBN nanotubes have dipole 

moments due to non-uniform distribution of charges on the various atoms. 

CBN(7,0), H2@CBN(7,0), 2H2@CBN(7,0), and CBN(4,4) have dipole moments 

that greater than the rest of the NTs considered. When the molecules become 

greater dipole moment, intermolecular forces such as boiling  point, melting point, 

become stronger. This gives us information about stability of the structures that 

has been used for molecular dynamics simulation in this work. 

 

 

 

 

 

 

 

 

 

 

 



Table 4.1: Calculated total energy (ET in Hartree), HOMO-LUMO gap (∆E in 

eV), dipole moment (in Debye), binding energy per H2 (∆Eb, in eV) (from 

DFT/B3LYP/3-21G calculations (*)) and binding energy (Eb in kcal/mol), heat of 

formation (HoF in kcal/mol) (from PM3 calculations (**)). 
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Table 4.2: Calculated energies from geometry optimization using molecular 

mechanics method considering MM+ force field for single-wall carbon nanotubes. 

NC: number of carbon atoms; R: radius in ˚A; L: length in ˚A; TE: total energy in 

kcal/mol. 

                             

                            

       

 

Table 4.3: Same as Table 2 but for different nanotubes.    
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Table 4.4: Calculated energies from molecular dynamics with constant 

temperature 300K using molecular mechanics method considering MM+ force 

field for C(n,m) nanotubes. PE: potential energy in kcal/mol; KE: kinetic energy 

in kcal/mol; TE: total energy in kcal/mol; T: temperature in Kelvin.   

  
 

 

Table 4.5: B-N ring doped single-wall carbon nanotubes and calculated energies 

from geometry optimization using molecular mechanics method considering 

MM+ force field. R: radius in ˚A; L: length in ˚A; TE: total energy in kcal/mol. 
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Table 4.6: Calculated energies from molecular dynamics with constant 

temperature 300K using molecular mechanics method considering MM+ force 

field for B-N ring doped single-wall carbon nanotubes. L: length in ˚A; PE: 

potential energy in kcal/mol; KE: kinetic energy in kcal/mol; TE: total energy in 

kcal/mol; T: temperature in Kelvin. 

 
     

4.1.2 Molecular Mechanics Method Study Results for Carbon Nanotubes and 

CBN Nanoubes 

         When the CNT has a radius larger than 4.7 ˚A, the H2 molecules distribute 

on a helix-like path using molecular mechanics method considering MM+ force 

field. 

          Table 4.2 lists the dependence of H2 distribution on system parameters of 

the NTs studied. In addition to this, as seen from Figure 4.6, H2 molecules do not 

distribute uniformly in a tube with a radius larger than 4.7 ˚A, although they keep 

helix-like path formation. 
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4.1.3 Molecular Dynamics Simulation Study Results for Carbon Nanotubes 

and CBN Nanotubes 

 

         Tables 4.3–4.6 display the total energies of several nanotubes with varying 

length and radius. Table 4.3 shows total energy values for 2H2@C(7,5), 

H2@C(6,2), and 3H2@C(11,2). It has been found that the radius and the length of 

CNTs and number of carbon atoms in CNTs affect total energy values of the 

CNTs. From the data of Tables 4.5 and 4.6 we can deduce the following: In static 

calculations (MM/MM+) it was found that the NTs CBN(7,0) and CBN(4,4) can 

store 2H2 molecules. However, in molecular dynamics simulations at 300 K it was 

found that the same NTs can store only one H2 molecule. On the other hand, the 

NT CBN(4,2) can store two H2 molecules in both cases. Although the NTs 

CBN(7,0) and C(7,0) have the same length and radius, H2@C(7,0) have higher 

total energy value than that of H2@CBN(7,0). Therefore, we can say that the 

substitutional boron-nitrite doping reduces the total energy value in CNTs. 

Figures 4.7-4.9 give, respectively, potential, kinetic, and total energy change of 

NTs at 300 K that energy values reduce to a constant value in graphs from 0 to 1 

picosecond. 

 

 

 

 

 

 

 

 



 
         Figure 4.1: 3D HOMO, LUMO, ESP and ED plots of C(4,4), 

H2@C(4,4) obtained from DFT/B3LYP/3-21G results and their 

optimized geometries obtained fromPM3 results.   
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         Figure 4.2: 3D HOMO, LUMO, ESP and ED plots of CBN(4,4), 

2H2@CBN(4,4) obtained from DFT/B3LYP/3-21G results and their 

optimized geometries obtained from PM3 results. 
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Figure 4.3: 3D HOMO, LUMO, ESP and ED plots of C(7,0), CBN(7,0), 

         2H2@CBN(7,0) obtained from DFT/B3LYP/3-21G results.                                               
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Figure 4.4: C(7,0), CBN(7,0) and 2H2@CBN(7,0) optimized 

geometries obtained from PM3 results.                                                   
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    Figure 4.5: 3D HOMO, LUMO, ESP and ED plots of C(4,0),   

CBN(4,0) obtained from DFT/B3LYP/3-21G results and their 

optimized geometries obtained from PM3 results. 
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            Figure 4.6: Hydrogen distribution inside of the carbon nonotubes 

having   more than 9H2. 
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     Figure 4.7:  Molecular dynamics averages to be taken between 0 and 1 pico  

     second for H2@CBN(7,0), H2@C(7,0), and H2@C(4,4) systems.  
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          Figure 4.8: Molecular dynamics averages to be taken between 0 and 1 pico             

second for 2H2@CBN(4,2), H2@C(4,2), and H2@C(6,2) systems.             
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         Figure 4.9:  Molecular dynamics averages to be taken between 0 and 1 pico 

second for 2H2@C(7,5), and 3H2@C(11,2) systems. 
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4.2.1 DFT Study Results for BN Doped Coronene Model  

 

         The binding energies  of stored hydrogen were calculated from DFT 

calculations. A stable system is defined to have negative binding energy in this 

study. The binding energy calculated per H2  molecule for 7H2@ B3N3C18H12  ( in 

kcal/mol) is defined as follows: 

 

               2 3 3 18 12 2 2 3 3 18 12(7H @ B N C H   ) - E( H ) - E( 6H @ B N C H )bindE EΔ =
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12

12

where , , and  are the total 

energies of fully optimized  structure,  

structure, the hydrogen molecule, respectively. Calculations shows that Ebind  per 

H2  molecule is -0.41 eV for 7H  structure that is a stable system. 

Also, we obtained 4.45 wt % H storage for  structure. In 

addition to this work, we put another 7H2 molecules on the system of 

. When 7H2 molecules were placed to down position of , 

we observed  that 7H2 molecules (up position) and 7H2 molecules (down position) 

were adsorbed by the system of  from PM3 calculation ; in other 

words, when the system of  adsorbed 14H2 molecules, it can be stable. 

Ebind  per H2  molecule calculated from the same way is -0.18 eV for 

 structure and 8.53 wt % H storage for  

structure was obtained  from PM3 calculation. According to the electronic 

structures of B3N3C18H12  and 7H2@B3N3C18H12 , 3D plots of the highest occupied 

molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), 

electrostatic potential (ESP), and electron density (ELDEN) figures are shown in 

Figure 4.10. 

2 3 3 18 12(7H @ B N C H   )E

18 12C H

3B N

2 3 3 18 12@ B N C H

2 3 3 18 12E( 6H @ B N C H )

2 3 3 18 127H @ B N C H

2 3 3 18 12@ B N C H

7H @ 

3 3 18 12B N C H

3 18 12C H

2E( H )

6H @ B

3 18 12C H
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2 3 3 18N C H

3 3 18 12B N C H

2 3 3 18N C H

2 3B N
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2

12

12 2

ESP and ED plots for the systems show a uniform distribution. From ESP figures, 

positive ESP plot for and negative ESP plot for  3 3 18 12B N C H 2 3 3 18 17H @ B N C H

show a homogeneous distribution.  

         Table 4.7 shows the number of atoms in the systems under studying. Also, it 

gives total energy values calculated from geometric optimization using molecular 

mechanics method considering MM+ force field. Table 4.8 gives energies of the 

systems obtained from PM3 calculation for B3N3C18H12, 6H2@ B3N3C18H12 , 

7H2@ B3N3C18H12. It can be seen from Table 4.9, HOMO-LUMO gap for 

, a stable system, is 3.30 eV. Also, while formation of 

 and  is exothermic,  is 

endothermic.  The calculated dipole moment values are also shown in Table 4.9. 

In addition to this, Table 4.10 gives energies of the systems obtained from PM3 

calculation for 13H2@B3N3C18H12, 14H2@ B3N3C18H12. Figure 4.11 shows PM3 

optimized geometries of the systems. It can be observed that the distance between 

hydrogen molecules and the system of is about 3.16A which is a 

suitable distance to store H2 molecules. Figure 4.12 gives some information about 

HOMO, LUMO, HUMO, LOMO. 

2 3 3 187H @ B N C H

2 3 3 186H @ B N C H 2 3 3 18 17H @ B N C H

3B N

3 3 18 12B N C H

3 18 12C H

 

4.2.2 Molecular Dynamics Simulation Study Results for BN Doped Coronene 

Model 

         Table 4.11 displays potential energy, kinetic energy, and total energy values 

of the systems under study. Molecular dynamics simulations were run under the 

constant temperature of 300K. Figure 4.13 shows molecular dynamics averages to 

be taken from 0 to 1 pico second. We observed that the systems under study is 

stable at the room temperature. During the molecular dynamics simulations, H2 

molecules were leaving from the system of   in  the  course of time,  3 3 18 12B N C H

which means that BN doped coronene model can absorb H2 molecules and desorb 

them at the room temperature. 



Table 4.7: 7H2@B3N3C18H12 and 14H2@B3N3C18H12 calculated energies from 

geometry optimization using molecular mechanics method considering MM+ 

force field. R: radius in ˚A; L: length in ˚A; TE: total energy in kcal/mol.  

 
 

 

 

Table 4.8: Calculated energies (in kcal/mol) from PM3, for B3N3C18H12,  

6H2@ B3N3C18H12 , 7H2@ B3N3C18H12 .        
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Table 4.9: Calculated total energy (ET in kcal/mol), HOMO-LUMO gap (∆E in 

eV), dipole moment ( in Debye), binding energy per H2 (∆Eb, in eV) (from 

DFT/B3LYP/3-21G calculations (*)) and binding energy (Eb in kcal/mol), heat of 

formation (HoF in kcal/mol) (from PM3 calculations (**)). 

 
 

 

Table 4.10: Calculated energies (in kcal/mol) from PM3, for 13H2@B3N3C18H12,  

14H2@ B3N3C18H12 . Binding energy per H2 (∆Eb, in eV) (from PM3 calculation). 
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Figure 4.10: 3D HOMO, LUMO, ESP and ED plots of B3N3C18H12 and 

7H2@B3N3C18H12 obtained from DFT/B3LYP/3-21G results and their optimized 

geometries obtained from PM3 results. 
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Figure 4.11:  7H2@B3N3C18H12  and 14H2@B3N3C18H12  optimized geometries 

obtained from PM3 results. The distance from B3N3C18H12  to 7H2  is about 3.16A. 
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B3N3C18H12 (a) 7H2@ B3N3C18H12 (b) 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Molecular orbital eigenvalue spectra of  the BN doped coronene 

model     considered (DFT results). (a) HOMO: -4.928 eV; LUMO: -1.627 eV; 

HUMO: 80.098 eV; LOMO: -388.795 eV (b) HOMO: -4.940 eV; LUMO: -1.639 

eV; HUMO: 80.849 eV; LOMO: -388.858 eV.  
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Table 4.11: Calculated energies from molecular dynamics with constant 

temperature 300K using molecular mechanics method considering MM+ force 

field for C(n,m) nanotubes. PE: potential energy in kcal/mol; KE: kinetic energy 

in kcal/mol; TE: total energy in kcal/mol; T: temperature in Kelvin. 
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                                     7H2@ B3N3C18H12     
 

 
                                    14 H2@ B3N3C18H12                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
       Figure 4.13: Molecular dynamics averages to be taken between 0 and 1 

         picosecond for 7H2@B3N3C18H12 and 14 H2@B3N3C18H12  systems.             
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CHAPTER 5 
 
 

                                                CONCLUSIONS 

 

 
         We have presented DFT calculation results of hydrogen adsorption on the 

CNTs doped with BN and investigated bare and CNTs doped with BN of various 

lengths and radii. Enhancement of hydrogen storage capacity of carbon nanotubes 

via BN doping has been observed and the resulting configurations were found to 

be stable. We have observed that the H2 storage capacity of CNTs increase with 

increasing radii. Table 4.5, C(7,0) and C(4,4) are able to store only one H2 

molecule, CBN(7,0) and CBN(4,4) having the same length and radius with C(7,0) 

and C(4,4) are able to store two H2 molecules. The binding energies of H2 

calculated for CNTs substitutionally doped with BN are 0.27 eV and 0.54 eV 

which are suitable for absorption hydrogen molecules at room temperature and for 

desorption them upon heating. Furthermore, from molecular dynamics studies 

(Table 4.6), the hydrogen storage capacity reduces with increasing temperature. 

Moreover, again from molecular dynamics simulations, we observe that the 

molecular construction of CNTs doped with BN does not break with increasing 

temperature. Therefore, CNTs substitutionally doped with BN is more convenient 

to desorp hydrogen, and such systems can be considered as potential materials for 

hydrogen storage purposes.         
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          Because of the hydrogen storage capacity, BN doped coronene model is a 

promising hydrogen storage system. We observed that B3N3C18H12 can store H2 

molecules both up position and down position of it. Also, hydrogen molecules 

have distributed on the system symmetrically. In addition, from MD simulations, 

it can be seen that the system of B3N3C18H12 is not breaking when it is heated.  
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