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ABSTRACT 

 

 

The study has focused on the effects of different acids treatments on the 

nanostructure of MWCNTs; doping metal oxides (copper oxide (CuO), Iron (III) oxide 

(Fe2O3), nickel oxide (NiO) and cobalt oxide (Co3O4)) on MWCNTs and investigates 

their electrochemical hydrogen and energy storage capabilities. Fourier transform 

infrared (FTIR) confirmed the formation of functional groups on the surface of the 

acid treated MWCNTs. X-ray diffraction (XRD) showed that the graphitic structure of 

the MWCNTs was retained after treatment with mild acids (nitric acid (HNO3), 

hydrogen peroxide (H2O2), a mixture of the acids, hydrogen peroxide: nitric acid 

(H2O2:HNO3) and hydrogen peroxide: sulfuric acid (H2O2:H2SO4)). Transmission 

electron microscopy (TEM) confirms the removal of bamboo carbon structures inside 

the inner tubes of the MWCNTs after treatment with mild acids. Brunauer-Emmet-

Teller (BET) showed an increase in the surface area of mild acids treated MWCNTs. 

Thermogravimetric analysis (TGA) results demonstrated that the thermal stability of 

MWCNTs increases after treatment with mixtures of the acids. 

 

Different metal oxides treated at different temperatures were incorporated into 

MWCNTs (treated by a mixture of H2O2:HNO3). X-ray diffraction (XRD), scanning 

electron microscopy (SEM) and Transmission electron microscopy (TEM) confirmed 

the presence of different metal oxides inside/on the surface of the acid treated 

MWCNTs. 

 

The MWCNTs treated by H2O2:HNO3 gave both the highest discharge capacity 

(72.63 mAh/g) and capacitance (8.61 F/g), as compared to the other electrode 

materials. The improved hydrogen storage capacity and specific capacitance can be 

attributed to high surface area, wider pore size distribution and the amount of 

functional groups on the surface of H2O2:HNO3-treated MWCNTs; with the functional 

groups acting as electron transmitters. The 5wt.% CuO@300oC-MWCNTs composite 

showed the highest hydrogen storage capacity of 159 mAh/g. This capacity was 

further improved by addition of manganese oxide resulting in the highest discharge 

capacity of 172 mAh/g (which is equivalent to 0.64 wt.% of hydrogen stored). The 
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highest specific capacitance of 9.70 F/g was obtained on 5wt% Fe2O3@400oC-

MWCNTs composite. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

1.1. Background 

 

Fluctuations in the price of crude oil signal a major threat to the present fossil fuel 

dominated energy economy [1]. On the other hand public concerns about global 

environmental problems associated with the utilization of fossil fuels are also 

increasing. Fossil fuels are not infinitely available and this might be a major problem 

for future generations [2]. Therefore, the search for alternative energy sources is an 

extremely important issue. There are a number of alternative primary renewable 

energy sources currently available, such as thermonuclear energy, wind energy, 

hydropower, solar energy, geothermal energy, etc. A major problem with several of 

this renewable energy sources is that they are intermittent and their energy density is 

low [1]. 

 

Hydrogen has attracted attention as a possible alternative energy carrier, because of 

its high energy density, its efficiency and its role in the reduction of air pollution [3]. 

However, it has not been so far used in great extent, due to the existence of major 

scientific challenges, such as the lack of a safe, effective and affordable hydrogen 

storage system [4, 5]. There are three methods of storing hydrogen: Gasification, 

condensation and solidification. Liquefying hydrogen wastes at least 1/3 of the stored 

energy while the crucial issue connected with compressed gas is safety. 

Solidification is the widely accepted method for hydrogen storage [6]. Materials 

which have been traditionally used for hydrogen storage in the solid form are metal-

hydride, but the general weakness of all known metal hydrides is the low mass 

density, high weight and the lack of reversibility within the required range of 

temperature and pressure [2]. 

 

Carbon nanotubes (CNTs) have attracted considerable interest as possible hydrogen 

storage material due to their extraordinary properties such as light weight, high 
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electrochemically assessable surface area of porous nanotubes arrays, excellent 

electronic conductivity and useful chemical stability [2]. Hydrogen sorption in CNTs 

can be performed by physisorption and electrochemical methods [4, 7 and 8]. In 

physisorption, hydrogen is weakly held such that high pressures or low temperatures 

are often required. This makes physisorbed materials much less attractive for 

applications at ambient temperatures [9]. In the electrochemical method, there is no 

need to use high pressure and the hydrogen sorption process occurs directly on the 

electrode surface at ambient conditions. Hence, this method is very attractive for 

many applications [10]. 

 

Carbon nanotubes are also among the attractive materials for supercapacitors 

because of their superb properties [11]. Supercapacitors are energy storage systems 

that have received great attention due to their unique characteristics, such as high 

power density, fast charging/discharging rate and long term cyclability [12]. 

 

1.2. Electrochemical performance of metal oxide supported on carbon 

nanotubes 

 

CNTs alone have been reported to have low hydrogen and energy storage 

capacities [13, 14]. Liu et al. [15] reported a discharge capacity of 10.5 mAh/g, 

corresponding to an electrochemical hydrogen storage capacity of about 0.04 wt.% 

for acid treated multi-walled carbon nanotubes. However, this is far below the 

benchmark set for on-board hydrogen storage systems by the US Department of 

Energy [16]. They further demonstrated that MWCNTs can still be modified to store 

large amounts of hydrogen.  

 

Amongst other factors, the challenge for CNTs utilisation in energy storage is their 

relative low capacitance [14]. One approach to overcome this disadvantage is to 

dope the modified CNTs with metal oxides that have a high specific capacitance [14, 

17]. Nanostructured transition metal oxides possess the excellent properties such as 

high surface area, low toxicity and high specific capacitance [11, 12, 18-24]. They 

have been widely used for practical applications such as heterogeneous catalysis, 

sensing, photovoltaics, energy conversion and storage and optoelectronics. The 

integration of CNTs and nanostructured transition metal oxides could generate new 
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kinds of nanocomposites with multifunctional properties benefited from each kind of 

nanostructures [25]. Nam et al. [21] prepared nickel oxides on carbon nanotube 

electrodes (NiOX/CNT electrodes) by depositing Ni(OH)2 electrochemically onto CNT 

film followed by subsequent heating to 300 oC. The highest normalised specific 

capacitance of 1701 F/g was obtained for the NiOx/CNT electrode with 8.9 wt.% of 

NiOx. They demonstrated that the pseudocapacitance of NiOx/CNT electrodes in a 1 

M KOH solution originates from redox reactions of NiOx/NiOxOH and 

Ni(OH)2/NiOOH. Nickel oxide (NiO), iron (III) oxide (Fe2O3), manganese oxide 

(MnO2), copper oxide (CuO) and cobalt oxide (Co3O4) are among the transition metal 

oxides that have shown promising electrochemical activities [18-24]. 

  

1.3. Purpose of the study 

 

1.3.1. Aim 

 

The aim of the study is to investigate the electrochemical performance of acid-

treated MWCNTs and metal oxide doped MWCNTs for hydrogen and energy 

storage. 

 

1.3.2. Objectives 

 

The objectives of the study will be to:  

i. investigate the effects of acid treatment on the structure and electrochemical 

performance of multi-walled carbon nanotubes, 

ii. prepare different metal oxides (CuO, Fe2O3, NiO and Co3O4) nanoparticles by 

using different temperature pre-treatments,  

iii. modify the acid treated multi-walled carbon nanotubes with metal oxides 

nanoparticles, 

iv. investigate the influence of metal oxides on the electrochemical properties of acid 

treated multi-walled carbon nanotubes, for energy (supercapacitors) and hydrogen 

storage. 
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1.4. Dissertation outline 

 

The remaining chapters are organised as follows: The literature review is reported in 

chapter 2 as follows: (a) Structure, treatment and properties of carbon nanotubes, (b) 

general introduction to properties and synthesis of metal oxide nanoparticles, (c) 

general introduction to characterisation techniques such as: FTIR, XRD, SEM, TEM, 

TGA and RMS, (d) general applications of CNTs in electrochemical energy storage, 

(e) hydrogen economy, (f) supercapacitors and (g) application of carbon nanotubes 

for electrochemical hydrogen storage and supercapacitor applications.  

 

Chapter 3 describes the methodologies followed throughout the research project that 

includes the treatment of MWCNTs by different acids/oxidisers, the preparation of 

metal oxide nanoparticles, the incorporation of metal oxide nanoparticles into 

MWCNTs, the characterisation of the prepared materials and finally the 

electrochemical tests. The results of the study will be presented in chapter 4 and 5. 

The effect of each acid on the structural properties, and electrochemical 

performance of MWCNTs towards hydrogen storage and supercapacitors was 

studied and the results are presented in chapter 4. The results show that acid 

treatment of MWCNTs with mild acids improves both the structural and 

electrochemical properties of MWCNTs. 

  

The acid treated MWCNTs were modified by different metal oxides, CuO, Fe2O3, NiO 

and Co3O4, prepared at three different temperatures, 300 oC, 400 oC and 500 oC. The 

characterisation and electrochemical performance of the metal oxide-MWCNTs 

composites are presented in chapter 5.  The results show that metal oxides prepared 

at low temperature have smaller crystallite sizes and improves the electrochemical 

performance of MWCNTs. Chapter 6 gives the general conclusion of the results of 

the experiments conducted in this research project. Finally, in this dissertation, 

figures and tables are integrated within the text, followed by a listing of references at 

the end of each chapter. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1. Structural features of carbon nanotubes 

 

CNTs were reported in 1991 by Iijima [1] and are regarded as an inner hollow 

nanotube rolled with graphene sheets, having an inner diameter of 0.7 nm up to 

several nanometres and a length of 10-100 µm [2]. The ratio of length to diameter is 

above 1000 [8]. Tubes formed by only one single graphene sheet are called single-

walled carbon nanotubes (SWCNTs) and tubes containing multiple concentric 

graphene sheets are called multi-walled carbon nanotubes (MWCNTs) [3], as shown 

in figure 2.1. Double-walled carbon nanotubes (DWCNTs) also exist and are 

sometimes classified as MWCNTs [5] 

 

Figure 2.1: Structure of (a) SWCNTs and (b) MWCNTs [4]  

 

2.2. Treatment of carbon nanotubes 

 

Treatment of CNTs can be defined as a process that separates nanotubes from non-

nanotube impurities. Impurities include amorphous carbon, catalysts and carbon 

nanoparticles [5]. CNTs are close ended and the caps can also be removed during 

the treatment process depending on the treatment process [6, 7]. Although CNTs 

have attracted attention as possible energy storage medium, their application has 

been largely hampered by their poor dispersion in solvents or polymers. This is 
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caused by the strong intermolecular Van der Waals interactions that exist among the 

nanotubes, which lead to the formation of aggregates [8]. In order to improve the 

chemical reactivity and interaction of CNTs with foreign molecules, it is necessary to 

modify the surface of CNTs [9]. 

  

The introduction of surface oxides, carboxylic (-COOH), alcohol (-C-OH) and ketone 

(-C=O), is a widely used approach to overcome the above mentioned problem. By 

tailoring the structural and electronic properties, the surface oxides can act as 

anchoring sites for the active surface species (metal ions and oxide, organic 

molecules, etc.) for specific catalytic reactions [10]. Oxidation of CNTs is more widely 

carried out by treatment with aqueous solutions of acids or oxidising agents, such as 

H2SO4, HNO3, H2SO4/HNO3, H2O2, KMnO4, KMnO4/H2SO4, etc [11-16]. Usually the 

amount and type of surface groups depends strongly on the method of oxidation and 

the type of the oxidiser [17]. Treatments methods can generally be separated into 

two methods i.e., dry and wet methods [5].  

 

2.2.1. Dry methods 

 

This refers to methods that can selectively remove amorphous carbon species within 

the MWCNTs sample. Amorphous carbon species are highly reactive as compared 

to carbon nanotubes, hence are easily oxidised [5]. The simplest dry method is air 

oxidation at selected temperatures [18]. Oxidation is performed at temperatures 

between 300 oC and 500 oC, metal and carbon impurities are oxidised at these 

temperatures. Another dry method is annealing, where the nanotubes will be 

rearranged and defects will be consumed, due to high temperatures (873-1873 K) 

[19]. Reyhani et al. [21] studied the effects of multi-walled carbon nanotubes 

graphitisation by treating them at different atmospheres. They found that the 

graphitisation of the purified MWCNTs treated by various atmospheres, increased as 

follows: NH3<CO2<N2<H2. 

 

2.2.2. Wet methods 

 

Wet methods treat carbon nanotubes in aqueous solutions of strong acids or 

oxidising agents, such as H2SO4, HNO3, HNO3/H2SO4, H2O2, KMnO4, etc [5, 10]. 
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The method can be used alone or together with dry methods. Most dry methods are 

followed by a step of acid treatment to dissolve metal catalyst and/or metal oxides 

formed during the gas-phase oxidation step [5].  

 

2.2.2.1. Treatment using acids 

 

Dai et al. [23] treated MWCNTs with various HNO3 concentrations (1 M, 3 M, and 5 

M) at 200 oC. They reported that the MWCNTs treated by the highest concentration 

(5 M) show better surface properties in relation to the MWCNTs treated by 1 M 

HNO3. The characteristic peaks of –CO at IR bands 950-1300 cm-1 and –OH at 3440 

cm-1 functional groups are not well observed on the FTIR spectra of MWCNTs 

treated by low concentration of HNO3 (1 M), but they become more clearer as the 

HNO3 concentration increase. They further demonstrated that intensities of –CO and 

–OH functional groups increase with increase in the HNO3 concentration from 1 M 

HNO3 to 5 M HNO3. 

  

Naseh et al. [9] functionalised MWCNTs using two separate methods. One method is 

a chemical treatment which includes refluxing in HNO3 for 4 h and the other is done 

by dry treatment using dielectric barrier discharge (DBD) plasma under air 

atmosphere. They reported that both chemical and plasma functionalisation increase 

specific surface area of nanotubes. They suggested that functionalisation causes 

opening up of tube ends and generate defects on the sidewalls of nanotubes, 

therefore access into the cavity of the nanotubes can be achieved. 

 

2.2.2.2. Treatment using mixtures of acids 

 

Mazov et al. [22] oxidised multiwall carbon nanotubes (MWCNT) with three medium 

diameters (20-22, 9-13, and 6-8 nm) and different morphology chemically, using 

concentrated nitric acid, mixture of nitric and sulphuric acids (“mélange” solution) and 

mixture of sulphuric acid and hydrogen peroxide (“piranha” solution). They 

demonstrated that the amount of oxygen-containing groups on the surface of 

oxidised MWCNTs depends on the type of initial MWCNTs. Chiang Y et al. [10] 

investigated the variation in the nature of multi-walled carbon nanotubes (MWCNTs) 

subjected to different degrees of oxidation. Their results demonstrate that the 
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graphitic structure of nanotubes oxidised with a mild mixture of H2SO4/HNO3 was 

preserved. 

 

Shirazi et al. [24] oxidised CNTs by HNO3/H2SO4 (1/3) and 8 M HNO3 respectively. 

Their results demonstrated that the best acid treatment was performed using 8 M 

HNO3. Their Raman spectroscopy results revealed that acid treatment with 

HNO3:H2SO4 (1/3) could increase the degree of disordering of the MWCNTs. This 

was attributed to the destroying effect of this acid treatment method. 

  

2.3. Properties of carbon nanotubes 

 

Electronic, molecular and structural properties of CNTs are determined to a large 

extent by their structure [25]. The most important properties of CNTs are high 

chemical reactivity, high electrical conductivity, high optical activity and high 

mechanical stability. The chemical reactivity of CNTs, as compared with a graphene 

sheet, is enhanced as a direct result of the curvature of the CNT surface [26]. 

Depending on their chiral vector, CNTs with a small diameter are either semi-

conducting or metallic. The differences in conducting properties are caused by the 

molecular structure that results in a different band structure and thus a different band 

gap [27]. Theoretical studies have revealed that the optical activity of chiral 

nanotubes disappears if the nanotubes become larger [28]. Theoretical calculations 

and experimental results indicate that CNTs are stiffer than diamond and exhibit the 

highest Young’s modulus and tensile strength. For example, SWCNT has a Young’s 

modulus that is approximately five times larger and a tensile strength that is 

approximately 375 times larger than that of steel [29]. 

 

2.4. Properties of metal oxides nanoparticles 

 

Transition metal oxides play a very important role in many areas of chemistry, 

physics and material science [30]. Metals form a large diversity of oxide compounds 

that can adopt a vast number of structural geometries with an electronic structure 

that can exhibit metallic, semiconductor or insulator character. Metal oxide 

nanoparticles can exhibit unique physical and chemical properties due to their limited 

size and high surface to area ratio, different from those of the bulk [31]. They have 
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been widely used for practical applications such as heterogeneous catalysis, 

sensing, photovoltaics, energy conversion and storage, and optoelectronics [32]. 

Below follows a list of the metal oxides which we focused on in this research project. 

They were chosen mainly due to the wide range of literature available on first row 

transition metal oxides. Availability and low cost are also amongst the factors which 

were considered in choosing the different metal oxides. 

 

2.4.1. Iron oxide 

 

Iron oxide (Fe2O3) is considered as a promising electrode material due to its 

availability, low cost, environment friendly and high capacity [33,]. Fe2O3 has been 

widely used as an anode material in lithium ion batteries [33, 34]. Xie et al. [35] 

investigated highly ordered iron oxide nanotube arrays (fabricated by a simple and 

cost-effective anodisation method on iron foils) as electrodes for electrochemical 

energy storage. The α-Fe2O3 nanotube arrays exhibit high specific capacitance of 

138 F/g at 1.3 A/g. The high specific capacitance was attributed to the unique 

nanostructures of the α-Fe2O3 nanotube arrays, which provide high surface area, 

fast ion transport pathways and robust structures. Enhanced electrocatalysis is 

anticipated in Fe2O3-CNTs materials due to the electronic interaction between the 

Fe2O3 nanoparticles and CNTs [36].   

 

2.4.2. Cobalt oxide 

 

Cobalt oxides (Co3O4) possess advantages such as low cost, natural abundance and 

environment safety [37]. Co3O4 is also known to be highly reactive and has been 

employed in processes such as energy storage, electrochromic thin films, magneto 

resistive devices and heterogenous catalysis. Co3O4 continue to attract considerable 

interest due to the excellent electrocatalytic activity [38], its high theoretical 

capacitance and defined redox behaviour [39]. Deng et al. [40] prepared Co3O4 by a 

one-step solution combustion process by adjusting the molar ratio of citric acid (fuel) 

and Co(NO3)2.6H2O (oxidiser). A specific capacitance of 179.7 F/g was obtained 

when the citric acid/Co(NO3)2.6H2O molar ratio was 7:27. Lang et al. [37] reported 

the highest specific capacitance of 263 F/g for Co3O4 prepared by ultrasonic 

treatment using CoCl2.6H2O as the Co3O4 precursor. 
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2.4.3. Nickel oxide 

 

Nickel oxide (NiO) has generated great interest as a possible electrode material for 

supercapacitors due to its low cost of raw materials, its low toxicity and non-

flammable properties making it safe to handle. NiO has also exhibited excellent 

cycling abilities [41]. Inamdar et al. [42] studied the electrochemical supercapacitor 

properties of nickel oxide in two different electrolytes, namely, NaOH and KOH. A 

specific capacitance of ~ 129.5 F/g and 69.8 F/g was obtained in NaOH and KOH 

electrolyte, respectively. The porous nickel oxide film was synthesised by means of a 

chemical bath deposition technique from an aqueous nickel nitrate solution. 

 

2.4.4. Copper oxide  

 

Copper oxide (CuO) is an attractive candidate for electrode material due to its low 

cost, abundant resources and non-toxicity [43]. Copper oxide has recently indicated 

a promising capacitance value [44]. Pendashteh et al. [43] reported a specific 

capacitance of 125 F/g for CuO nanoparticles prepared through a sonochemical 

assisted precipitation followed by thermal treatment. Gao et al. [45] synthesised CuO 

for use as a hydrogen storage electrode material, by a dehydration reaction. They 

reported that the cycle life of CuO electrode, remained over 70 mAh/g after being 

cycled 50 times at the charge-discharge current density of 10 mA/g. They further 

demonstrated that this indicates that the as-prepared CuO products have a strong 

resistance against oxidation and corrosion. 

 

2.4.5. Manganese oxide  

 

Among the studied metal oxide, manganese oxide (MnO2) is also an attractive 

candidate for supercapacitors due to its availability, low cost, none-polluting effects 

and high specific capacitance [46, 47]. Donne et al. [48] obtained the specific 

capacitance of 150 F/g for MnO2 prepared by a hydrothermal decomposition of 

permanganate in 0.01 M H2SO4 solution. Staiti and Lufrano [49] reported the highest 

specific capacitance of 267 F/g for a manganese oxide material synthesised by the 

reduction of potassium permanganate (VII) with manganese chloride. The best 

capacitive performance was obtained with the material treated at 200 oC.  
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2.5. Method of synthesising metal oxides nanoparticles 

 

The preparation methods of metal oxide nanoparticles may be grouped into two main 

streams as liquid-solid and gas-solid transformations [50]. Regardless of the 

technique, the goal of particle synthesis generally focuses on minimising and 

controlling particle size, maintaining a narrow size distribution, control of particle 

morphology and control of crystallinity. The ability to control size enables the 

variation of particle properties, while the narrow size distribution allows greater 

precision and is required for studies of size dependent effects. Particle shape and 

crystal structure can also influence material properties. For example, the crystalline 

structure of a particle may affect its stability and adsorption properties [51]. 

 

2.5.1. Liquid-solid transformation 

  

A number of specific methods in the liquid-solid transformation have been developed 

among which those broadly in use are listed below.  

 

2.5.1.1. Co-precipitation methods 

 

This involves dissolving a salt precursor (chloride, nitrate, etc) in water (or other 

solvent) to precipitate the oxo-hydroxide form with the help of a base [50]. Staiti and 

Lufrano [49], synthesised a manganese oxide material by precipitation from an 

aqueous solution of potassium permanganate (vii) and manganese (ii) chloride at 25 

oC. This method resulted in the formation of a mixed oxide materials having the 

general formula MnOα. The prepared MnOα was then used as an electrode material 

for electrochemical supercapacitor. Dubal et al. [44] prepared different 

nanostructures of the CuO by changing complexing agents in a chemical bath 

deposition (CBD) method. The prepared CuO nanostructures showed better surface 

properties like uniform pore size distribution and improved high rate 

pseudocapacitance. Pendashteh et al. [43] synthesised copper oxide nanoparticles 

using a sonochemical assisted precipitation followed by thermal treatment. 
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2.5.1.2. Sol-gel processing 

 

The method prepares metal oxides via hydrolysis of precursors, usually alkoxides in 

alcoholic solution, resulting in the corresponding oxo-hydroxide. Condensation of 

molecules by giving off water leads to the formation of a network of the metal 

hydroxide. Hydroxide-species undergo polymerisation by condensation and form a 

dense porous gel. Appropriate drying and calcinations lead to ultrafine porous oxides 

[52]. 

 

2.5.1.3. Microemulsion technique 

 

Microemulsion or direct/inverse micelles represent an approach based on the 

formation of micro/nano-reaction vessels under a ternary mixture containing water, a 

surfactant and oil. Metal precursors on water will precede precipitation as oxo-

hydroxides within the aqueous droplets, typically leading to monodispersed materials 

with size limited by the surfactant-hydroxide contact [53]. 

 

2.5.1.4. Solvothermal methods 

 

In this case, metal complexes are decomposed thermally either by boiling in an inert 

atmosphere or using an autoclave with the help of pressure. A suitable surfactant 

agent is usually added to the reaction media to control particle size growth and limit 

agglomeration [50]. 

 

2.5.1.5. Template/Surface derivative methods 

 

Template techniques are common to some of the previous mentioned methods and 

use two types of tools; soft-templates (surfactants) and hard-templates (porous 

solids as carbon or silica). Template- and surface-mediated nanoparticles precursors 

have been used to synthesise self-assembly systems [50]. 

 

 

 



16 
 

2.5.2. Gas-solid transformations 

 

Several gas-phase synthetic techniques have been used to prepare nanoparticles. 

These methods use both inert and reactive atmospheres at a variety of pressures. 

Gas phase nanoparticle synthesis methods include electrospray, flame pyrolysis, 

vaporisation and condensation using lasers and other heat sources, laser ablation 

and plasma synthesis. These methods feature the rapid cooling of evaporated 

material to induce nucleation and growth of nanoparticles, typically within a confined 

region. Particle size depends on material properties as well as the evaporation 

conditions [51]. 

 

2.6. Reactivity of metal oxides modified carbon nanotubes  

 

Nanostructured transition metal oxides (MO’s) possess excellent properties such as 

high surface area and enhanced chemical/electrochemical activities. They have 

been widely used for practical applications such as heterogeneous catalysis, 

sensing, photovoltaics, energy conversion and storage, and optoelectronics. Recent 

efforts have been suggested that the integration of CNTs and nanostructured 

transition metal oxides could generate new kinds of nanocomposites with 

multifunctional properties benefited from each kind of nanostructures [36]. 

 

The formation of CNTs-MO hybrids involves the absorption of MO’s to the CNT 

surface or through organic fragments in the case of chemically functionalised CNTs. 

In general, there are two main pathways for the preparation of CNT-MO hybrids [54]. 

In the first strategy, pre-formed MO’s can be linked to the CNT surface via covalent 

or weaker bonds. The linkers can be of two types: either functional groups, which 

may form covalent bonds with functional groups present on the surface [54] or 

linkers that simply stick to the CNT surface through weak intermolecular interactions 

such as π-π stacking [55] and/or electrostatic attractions [56], the most common 

method being incipient-wetness impregnation method [57]. The incipient-wetness 

impregnation is a well-known technique for preparing heterogenous catalysts-metal 

precursor dissolved in a volume of solvent equal to the total pore volume of the 

support is used, and after capillary filling the sample is calcined. 
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An alternative pathway for the formation of CNT-MO hybrids involves the direct 

reduction/deposition of the suitable precursor to CNT [58]. Yan et al. [59] employed 

microwave irradiation to synthesise CNT/MnO2 composites by reduction of 

potassium permanganate in the presence of CNTs. The method resulted in 

homogenous dispersion of MnO2 on the surface of CNT. Lang et al. [37] prepared 

cobalt oxide/MWCNTs composites by a facile chemical co-precipitation method for 

supercapacitors using CoCl2.6H2O as the cobalt oxide precursor. They demonstrated 

that the electrical conductivity of the material was improved as a result of the 

interaction between the two materials. Su et al. [60] synthesised a hierarchical 

porous architecture consisting of NiO nanoflakes and MWCNTs composite by 

refluxing and post-annealing as advanced pseudocapacitor materials. The material 

showed excellent stability after 300 cycles. 

  

Xu et al. [61] prepared NiO/MWCNTs nanocomposites using a large scale direct 

thermal decomposition method using Ni(NO3)2·6H2O as the NiO precursor. The 

authors demonstrated that the as prepared NiO nanoparticles are uniformly coated 

onto the surface of MWCNTs. They further showed that the direct thermal 

decomposition method is a versatile route for preparing carbon nanotube-inorganic 

hybrid electrode materials. Abbas et al. [62] anchored functionalised CNTs with 

mesoporous Co3O4 nanoparticles by a facile chemical co-precipitation method. They 

demonstrated that CNTs not only enhance the conductivity of Co3O4 nanoparticles 

but also improve the structure stability of Co3O4 nanoparticles. Furthermore, the 

mesoporous structure of Co3O4 nanoparticles is available for electrolyte transfer. 

 

Ball milling is another method to make CNT metal oxide composites. It can be simply 

explained as the process where a powder mixture placed in a ball mill is subjected to 

high-energy collision from the balls. It was found that this method, termed 

mechanical alloying, could successfully produce fine, uniform dispersions of oxide 

particles. This innovation has changed the traditional method in which production of 

materials is carried out by high temperature synthesis. During the high-energy ball 

milling process, the powder particles are subjected to high energetic impact [56].  
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2.7. Structural characterisation of carbon nanotubes and metal oxides 

nanoparticles 

 

2.7.1. X-ray diffraction  

 

X-ray diffraction (XRD) is a technique that is used to provide information about the 

atomic structure of crystalline substances. X-rays focused on a sample fixed on the 

axis of the spectrometer are diffracted by the sample. The changes in the diffracted 

X-ray intensities are measured, recorded and plotted against the rotation angles of 

the sample. Computer analysis of the peak positions and intensities associated with 

this pattern enables qualitative analysis, lattice constant determination and/or stress 

determination of the sample. Qualitative analysis may be conducted on the basis of 

peak height or peak area. The peak angles and profiles may be used to determine 

particle diameters and degree of crystallinity [63].  

 

The Scherrer formula (eq. 2.1) below can be used to determine the crystallite size of 

materials: 

          (Equation 2.1) 

 

Where; 

t is the crystallite size in nm, λ is the wavelength of the X-ray radiation (CuKα = 

0.15406 nm), k is a constant taken as 0.94, θ is the diffraction angle in degrees and 

B is the line width at half maximum height (degrees). The Scherrer equation explains 

peak broadening in terms of incident beam divergence which makes it possible to 

satisfy the Bragg condition for non-adjacent diffraction planes. Crystallite size can 

also cause peak broadening. The crystallite size is easily calculated as a function of 

peak width (specified as the full width at half maximum peak intensity (FWHM)), 

peak position and wavelength [63]. 

 

2.7.2. Transmission electron microscopy 

 

Transmission electron microscopy (TEM) is used to characterise the structure of 

materials with very high spatial resolution. Information about the morphology, crystal 
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structure and defects, crystal phases, composition and magnetic microstructure can 

be obtained by a combination of electron-optical imaging, electron diffraction and 

small probe capabilities. It uses a high energy electron beam transmitted through a 

very thin sample to image and analyse the microstructure of materials with atomic 

scale resolution [64]. 

 

2.7.3. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) is used to reveal information about the sample 

including external morphology, chemical composition, crystalline structure and 

orientation of materials making up the sample. It uses a focused beam of high-

energy electrons to generate a variety of signals at the surface of the solid sample. 

Secondary electrons are most valuable for showing morphology and topography on 

samples and backscattered electrons are most valuable for illustrating contrasts in 

composition in multiphase samples (i.e. for rapid phase discrimination) [65].  

 

2.7.4. Fourier transform infrared spectroscopy 

 

Fourier-transform infrared spectroscopy (FTIR) is used to obtain information on the 

molecular structure of all type of samples (solid, liquid or gas). It is the absorption 

measurement of different IR frequencies by a sample positioned in the path of an IR 

beam [66]. IR radiation causes the excitation of the vibrations of covalent bonds 

within the molecule, these vibrations include the stretching and bending modes. The 

main goal of IR spectroscopic analysis is to determine chemical functional groups in 

samples. Different functional groups absorb characteristic frequencies of IR radiation 

[67]. IR absorption information is generally presented in the form of a spectrum with 

wavelength or wavenumber as the x-axis and absorption intensity or percent 

transmittance as the y-axis [66]. 

 

2.7.5. Raman spectroscopy 

 

Raman spectroscopy (RMS) is a spectroscopic technique based on inelastic 

scattering of monochromatic light, usually from a laser source. Inelastic scattering 

means that the frequency of photons in monochromatic light changes upon 
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interaction with a sample. Photons of the laser light are absorbed by the sample and 

then re-emitted. Frequency of the re-emitted photons is shifted up or down in 

comparison with original monochromatic frequency, which is called the Raman 

effect. This shift provides information about vibrational, rotational and other low 

frequency transitions in molecules. Raman spectroscopy can be used to study solid, 

liquid and gaseous samples [68]. 

  

The vibrational states probed by Raman spectroscopy are similar to those involved 

in infrared spectroscopy. However, the two vibrational spectroscopy techniques are 

complementary, in that vibrations that are strong in an infrared spectrum (those 

involving strong dipole moments) are typically weak in a Raman spectrum. Likewise, 

non-polar functional group vibrations that give very strong Raman bands usually 

result in weak infrared signals [69]. Raman spectroscopy provides key information 

about the structure of molecules. The position and intensity of features in the 

spectrum reflect the molecular structure and can be used to determine the chemical 

identity of the sample. Spectra may also show subtle changes depending on the 

crystalline form [70].  

 

A typical Raman spectra of as-received and acid-treated CNTs is shown in figure 

2.2. The Raman spectroscopy is very sensitive to variation of structural disorder in 

graphitic materials [71, 72]. The Raman spectra of graphite are compounded by four 

main bands, designed: D (∼1352 cm−1), G (∼1582 cm−1), D′ (∼1600 cm−1) and G′ 

(∼2700 cm−1), when excited by the 514.5 nm wavelength of an Ar laser [73]. The 

intensity of band D represents the existence of defects and other effects induced by 

any type of carbon [74]. Generally, a ratio between the intensities of G and D bands 

(ID/IG) is used to evaluate the disorder degree of graphitic materials. An increase in 

ID/IG corresponds to a higher proportion of sp3 carbon that is usually attributed to the 

presence of more structural defects [75]. G′ band with high intensity is an indicative 

of high ordered nanographites, compounded by few graphene sheets or 3D 

structures with defects on lattice parameter by curvature effect [76, 77]. All bands 

become narrower after oxidation on figure 2.2 which emphasizes the total corrosion 

of any amorphous carbon. 
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Figure 2.2: Raman spectra of CNT treated at different acidic conditions in 

comparison to as-obtained CNT [78]. 

    

2.7.6. Brunauer-Emmett-Teller analysis 

 

Brunauer-Emmett-Teller (BET) analysis provides precise specific surface area 

evaluation of materials by nitrogen multilayer adsorption measured as a function of 

relative pressure. The technique encompasses external area and pore area 

evaluations to determine the total specific surface area in m2/g yielding important 

information in studying the effects of surface porosity and particle size in many 

applications. Barrett-Joyner-Halenda (BJH) analysis can also be employed to 

determine pore area and specific pore volume using adsorption and desorption 

techniques. This technique characterises pore size distribution independent of 

external area due to particle size of the sample [79]. 
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2.7.7. Thermogravimetric analysis 

 

Thermogravimetric analysis (TGA) measures weight changes in a material as a 

function of temperature (or time) under a controlled atmosphere. A TGA analysis is 

performed by gradually raising the temperature of a sample in a furnace as its weight 

is measured on an analytical balance that remains outside of the furnace [80]. The 

measurement is normally carried out in air or in an inert atmosphere, such as helium 

or argon [81]. In TGA, mass loss is observed if a thermal event involves loss of a 

volatile component.   

 

The weight of the sample is plotted against temperature or time to illustrate thermal 

transitions in the material, such as loss of solvent and plasticizers in polymers, water 

of hydration in inorganic materials, and finally, decomposition of the material [80]. A 

plot of mass change versus temperature (T) is referred to as the thermogravimetric 

curve (TG curve). For the TG curve, we generally plot mass (m) decreasing 

downwards on the y axis, and temperature (T) increasing to the right on the x axis. 

Sometime time (t) is plotted in place of T. TG curve helps in revealing the extent of 

purity of samples and in determining the mode of their transformations within 

specified range of temperature [82].  
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2.8. Hydrogen economy 

  

Fluctuations in the price of crude oil are a major strain to the fossil fuel dominated 

economy [83]. On the other hand environmental problems (air pollution) associated 

with the burning of fossil fuels are rapidly increasing [84]. It is widely hoped that the 

use of carbon-free energy carriers could reverse or decelerate the “greenhouse” 

phenomenon. The utilisation of sustainable energy resources is predicted to increase 

exponentially in the coming years [85]. New renewable energy systems include solar 

energy, wind energy and tidal energy. A major problem associated with several of 

this renewable energy sources is that they are intermittent and their energy density is 

low [83]. However, hydrogen has been increasingly recognised as the fuel of the 

future, due to cleanest and efficient energy carrier with a significantly reduced impact 

on the environment [86]. Hydrogen is considered as an ideal alternative fuel for 

many energy converters because of its clean-burning nature, high conversion 

efficiency, lightweight, zero pollutant emission and potentially abundant production 

from other renewable resources. One of the main proposed applications of hydrogen 

is its use as ecologically clean fuel in power transport vehicles and portable 

electronic devices such as, mobile phones and chargeable/dischargeable electrolytic 

cells of high energy density [87]. 

 

2.8.1. Production of hydrogen 

 

Hydrogen is the most abundant element in the universe [88]. Although it appears to 

be a possible replacement for fossil fuels, it does not occur as fuel in nature. Rather 

it occurs in the form of chemical compounds like water or hydrocarbons that must be 

transformed to yield hydrogen. Unlike petroleum, hydrogen can be easily generated 

from renewable energy sources with no pollution of any kind. Once produced 

hydrogen can be stored and used as an energy carrier for both mobile and stationary 

applications [89]. The following methods are used for the production of hydrogen. 

 

2.8.1.1. Hydrogen from fossil fuels 

 

Hydrogen can be produced from coal (Eq. 2.2), natural gas (Eq. 2.3) and oil (Eq. 2.4) 

as follows: 
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C + H2O        CO + H2        (Equation 2.2) 

CH4 + 2H2O         CO2 + 4H2      (Equation 2.3) 

C12H24 + 6O2        12CO + 12H2      (Equation 2.4) 

The production of hydrogen from fossil fuels does not reduce the use of fossil fuels 

but rather shifts them from end use to an earlier production step and it still releases 

CO2 to the environment. Thus to achieve the benefits of the hydrogen economy, one 

must produce hydrogen from non-fossil resources, such as water [83]. 

 

2.8.1.2. Hydrogen from water 

 

Methods of producing hydrogen from water includes, among others, electrolysis, 

photochemical and biochemical processes [83]. Production of hydrogen from water 

electrolysis is one of the most promising methods, where hydrogen and oxygen are 

obtained at a theoretical reversible applied potential of 1.23 V, without evolution of 

any green-house gas [83]. Photocatalytic and photochemical splitting of water are 

also other possible routes used for the production of hydrogen where sustained 

energy sources i.e sunlight are used [90]. Microorganisms are used to produce H2 

via either fermentation [89] or photosynthesis, the former being generally preferred 

because it does not rely on the availability of light sources [83]. Hydrogen can be 

produced from water as follows:  

2H2O         2H2 + O2        (Equation 2.5) 

 

2.8.2. Methods of storing hydrogen 

  

One of the major technical obstacles in the transition to hydrogen economy is the 

absence of an affordable and efficient hydrogen storage system. Thus on-going 

research is focused on the development of advanced hydrogen storage materials 

[85]. For stationary systems, the weight and volume of the system used for hydrogen 

storage is not a key factor. However, for mobile applications, hydrogen storage 

system has to be compact, lightweight and affordable. Stored hydrogen can be used 

as a fuel in various applications ranging from Proton Exchange Membrane (PEM) 

fuel cells to rechargeable batteries, used in laptops and cell phones [90]. The 
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desirable storage capacity for viable commercial exploitation of hydrogen as energy 

source is at least 6.5 wt.% as postulated by the US Department of Energy (DOE) 

[91]. Bellow follows the three major technologies for hydrogen storage. However, 

these technologies either cannot reach the benchmarks just mentioned and/or have 

significant disadvantages [83].  

 

2.8.2.1. Gaseous hydrogen storage 

 

High pressures are required for the storage of hydrogen in the gas phase. However, 

the potential risk associated with very high-pressure system is the procedure of 

compressing hydrogen. This raises important practical problems as there is currently 

no practical solution to refilling cylinders in a domestic situation to such high 

pressures rapidly and safely [83]. 

 

2.8.2.2. Liquid hydrogen storage 

  

Liquid hydrogen has been used in space technology for several years. This method 

has less potential risks as compared to the compressed gas in terms of storage 

pressure. The problem associated with the use of stored liquid hydrogen is the loss 

of most of the hydrogen due to evaporation since hydrogen liquefies at very low 

temperatures (20.25 K) [92]. 

 

2.8.2.3. Solid hydrogen storage 

 

At present, storage of hydrogen in solid matrices appears to be the appropriate 

option. This method offers more safety and comfort for transport applications. Solid 

materials are used to store hydrogen in atomic or molecular form, where hydrogen 

becomes part of the solid materials through some physicochemical bonding. Metal 

hydrides; have been traditionally used to store hydrogen in the solid state [83]. 

Hydrogen forms metal hydrides with some metals and alloys, leading to solid-state 

storage under moderate temperature and pressure. Hence, the method has 

important safety advantage over the gas and liquid-storage methods. Metal hydrides 

have higher hydrogen storage density than hydrogen gas or liquid hydrogen [93]. 

However, metal hydrides possess the disadvantages of low gravimetric storage 
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capacity, large weight, and excessive cost of manufacture and high temperatures of 

decomposition [94-96].  

 

Storage by gas compression, hydrogen liquefaction, or in the form of metal hydrides, 

possesses severe disadvantages. These drawbacks have induced the study of new 

storage materials. Adsorption of hydrogen on the surface of porous materials of high 

surface area is one of the most promising techniques to store hydrogen, with the 

potential to meet the capacity goals, set by the US Department of energy (DOE) as 

well as the advantages of low weight and ease of desorption [85]. Materials at 

nanoscale especially novel carbon materials, such as graphite, activated carbon and 

carbon nanotubes proves to be promising hydrogen storage materials as they exhibit 

novel physical and chemical properties and possess nanosize structure. Figures up 

to 67 wt.% have been claimed as possible storage capacity in carbon materials 

especially carbon nanotubes [25]. 

 

Hydrogen can be adsorbed on carbon nanotubes by physisorption and/or 

chemisorption [97]. Physisorption (molecular adsorption) takes place when hydrogen 

maintains its molecular structure and is based on weak van-der-Waals forces that 

carbon exerts on hydrogen molecules [98]. In physisorption, hydrogen is weakly held 

and often very high pressures or low temperatures are required. This makes 

physisorbed materials less attractive for practical applications at ambient 

temperature [100]. In chemisorption (atomic adsorption) atoms of hydrogen create 

chemical bonds with the carbon of the nanotubes. The amount of hydrogen stored 

on/in carbon nanotubes originate from covalent C-H interaction [199]. In 

chemisorption there is no need to use high pressure and the hydrogen sorption 

process occurs directly in the electrode material at ambient conditions [100]. 

 

2.9. Supercapacitors 

 

Supercapacitors, also called ultracapacitors or electrochemical capacitors, are 

energy storage devices that continue to attract attention due the their primary 

advantages of high specific power, high specific capacitance, high charge/discharge 

rate, excellent reversibility and long cycle life [101-103]. Their specific capacitance 

and energy density is higher than that of conventional capacitors and they have 
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greater power densities than batteries [101]. Supercapacitors have been and are 

further developed for a variety of applications such as in mobile electronic devices, 

backup power supplies and hybrid electric vehicles [102]. 

 

Based on the charge storage mechanism, supercapacitors can be categorised as 

electrical double-layer capacitors (EDLC’s) and pseudocapacitors. EDLC’s stores 

energy using ion adsorption/desorption at the electrode/electrolyte interfaces while 

the capacitance of pseudocapacitors arises from the fast and reversible Faradaic 

reactions of electro-active materials in the electrode [103]. The materials for EDLC’s 

usually include carbonaceous materials (carbon nanotubes, graphite, carbon black, 

etc), that are characterised of high power density but suffer from low capacitance. 

The transition metal oxides and conducting polymers can offer relatively higher 

pseudocapacitance but accordingly suffer from low conductivity and poor cyclability 

[104]. 

 

2.10. An overview of electrochemistry 

 

Electrochemistry can be defined as the branch of chemistry that deals with the 

chemical action of electricity and the production of electricity by chemical reactions. It 

involves the measurements of potential (potentiometry) or current response 

(voltammetry). In a cyclic voltammetry experiment, an external potential is applied to 

the cell and the current response is measured. Precise control of the external applied 

potential is required and this can be achieved by using a potentiostat and a three 

electrode system [105].  

 

In a three electrode system, the potential of one electrode (the working electrode) is 

controlled relative to the reference electrode and the current passes between the 

working electrode and the third electrode (the auxiliary electrode). A working 

electrode acts as a source of electrons for exchange with molecules in the solution 

adjacent to the electrode surface, and must be an electronic conductor. It must also 

be electrochemically inert over a wide potential range [105]. 
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2.10.1. Two types of electrochemical energy storage in carbon nanotubes 

 

2.10.1.1. Electrochemical hydrogen storage 

 

Because of their cylindrical, hollow geometry and nanometer-scale diameters, 

carbon nanotubes have been predicted to store atomic hydrogen through 

chemisorption. Since the report by Dillon et al. [106] of a possible 60 wt.% hydrogen 

storage capacity, much effort has been focused into this material. The cylindrical 

structures of CNTs led to suggestions that they would be ideal energy storage 

materials. The large empty space inside the nanotube, the low mass density and 

their chemical stability opens a new application for the hydrogen storage with high 

capacities [83]. 

 

Haiyan et al. [107] studied the electrochemical hydrogen storage of pure MWCNTs 

with different diameters and obtained the highest hydrogen capacity of 480.6 mAh/g 

for 60-100 nm CNTs. They demonstrated that hydrogen storage has close 

connection with the structure of CNTs. The hydrogen molecules can be stored both 

in the porous hole and between the layers of CNTs. Liu et al. [108] studied the 

electrochemical hydrogen storage of multi-walled carbon nanotubes decorated by 

TiO2 nanoparticles by the galvanostatic charge and discharge method. The highest 

discharge capacity of 540 mAh/g was obtained. The improved discharge capacity of 

MWCNTs was attributed to the increased effective area for adsorption of hydrogen 

atoms in the presence of TiO2 nanoparticles on MWCNTs and the preferable redox 

ability of TiO2 nanoparticles. 

 

Reyhani et al. [109] studied the hydrogen storage capacity of raw, oxidised, purified 

and Fe-doped multi-walled carbon nanotubes by electrochemical method. The 

highest hydrogen storage capacity of 510 mAh/g was obtained for the Fe-doped 

MWCNTs. Yang et al. [110] investigated the electrochemical hydrogen storage 

properties of Ni nanoparticles coated SWCNT electrodes. The highest 

electrochemical discharge capacity of 1404 mAh/g was obtained for the SWCNT 

electrode coated with 8 wt.%Ni nanoparticles. This enhancement of electrochemical 

hydrogen storage capacity was ascribed to the fact that Ni nanoparticles act as a 

redox site, thus leading to an improved electrochemical hydrogen storage capacity. 
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2.10.1.3. Charge storage in supercapacitors 

 

Supercapacitors have a high capacitance and potentially applicable in electronic 

devices. Typically, they are comprised of two electrodes separated by an insulating 

material that is ionically conducting in electrochemical devices. The capacity of an 

electrochemical supercapacitor inversely depends on the separation between the 

charge on the electrode and the counter charge in the electrolyte. Because this 

separation is about a nanometre for nanotubes in electrodes, very large capacities 

result from the high nanotube surface area. In this way, a large amount of charge 

injection occurs if only a small voltage is applied. This charge injection is used for 

energy storage in nanotube supercapacitors [25]. 

 

Dai et al. [23] performed the CV studies of the prepared materials in a 0.1 M H2SO4 

electrolyte. They found that the specific capacitance increases from 8.9 F/g to 22.6 

F/g after treatment (an enhancement of approximately 43.5 %). The reason for the 

increase in the specific capacitance was attributed to the activated MWCNTs 

possessing functional groups on the surface which act as active sites for electron 

transmission. Yan et al. [59] studied the electrochemical properties of CNT/MnO2 by 

cyclic voltammetry and galvanostatic charge/discharge and obtained the highest 

specific capacitance of 944 F/g at a scan rate of 1 mV/s. They showed that CNTs 

provide a direct conductive path for MnO2 particles, due to their high electric 

conductivity, thus reducing the internal resistance within the composite itself. They 

further demonstrated that the inner-tube pores among CNTs also facilitate the rapid 

transport of the electrolyte ions from bulk solution to the surface of MnO2. 

  

Ma et al. [111] studied the electrochemical properties of MnO2/CNTs nanocomposite 

in an organic electrolyte. The birnessite-type MnO2 was coated uniformly on the 

CNTs by employing a spontaneous direct redox reaction between the CNTs and 

MnO4. The initial specific capacitance of the MnO2/CNTs nanocomposite was found 

to be approximately 250 F/g. Fan et al. [112] investigated the capacitive behaviour of 

nickel-cobalt oxides/CNTs electrode by cyclic voltammetry and gavanostatic charge-

discharge method in 1 M KOH aqueous solution. Nickel-cobalt oxides/CNTs 

composites were prepared by adding and thermally decomposing nickel and cobalt 
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nitrates directly onto the surface of carbon nanotube/graphite electrode. The highest 

specific capacitance of 569 F/g was obtained at Ni/Co molar ratio = 1:1. 

 

Su et al. [60] uses NiO and commercial carbon nanotubes as electrode materials for 

electrochemical capacitors. The specific capacitance of the electrode materials for 

10wt.%, 30wt.% and 50wt.% CNTs are 279, 242 and 112 F/g, respectively in an 

aqueous 1 M KOH electrolyte. Lang et al. [37] investigated the electrochemical 

properties of cobalt oxide/MWCNTs by cyclic voltammetry, galvanostatic 

charge/discharge and electrochemical impedance spectroscopy. The highest specific 

capacitance of 418 F/g at a current density of 0.625 A/g was reported for the Co3O4-

5%MWCNT composite in 2 M KOH electrolyte. 

 

2.10.2. The solvents and salts appropriate for an electrolytic solutions 

 

The medium must be conducting and this can be achieved by using either a molten 

salt or an electrolyte solution. An electrolyte solution is made by adding an ionic salt 

to an appropriate solvent. The salt must become fully dissociated in the solvent in 

order to generate a conducting solution. The electrolyte solution must also be 

electrochemically inert over a wide potential range and must be pure. It must also be 

chemically inert, so that it will not react with any reactive species generated in the 

experiment. If the temperature is to be varied, the electrolyte solution must have an 

appropriate liquid range [105]. 

 

2.10.3. Voltammetric techniques 

 

In a voltammetric experiment, a potential is applied to a system using 

two electrodes (a working electrode and a reference electrode), and the current 

response is measured using the working electrode and a third electrode, the auxiliary 

electrode. The current arises from transfer of electrons between the energy levels of 

the working electrode and the molecular energy levels of the system under study. 

This current is often referred to as the faradaic current. Transfer of electrons from 

filled electrode orbitals to vacant molecular orbitals is referred as reduction and 

transfer of electrons from filled molecular orbitals to vacant electrode orbitals is 

referred to as oxidation [105]. 



31 
 

Varying the applied potential changes the oxidising/reducing ability of the electrode. 

For example, more negative potentials increase the reducing ability of the electrode. 

Therefore, a common approach in voltammetry experiments is to vary the applied 

potential, and to record the potential at which a current response is detected. 

Molecules for which a redox potential can be measured are referred to as 

electrochemically active. Examples of electrochemically active molecules include 

organic molecules with extended p-systems (e.g., aromatic molecules) and transition 

metal complexes. In this study three voltammetric techniques i.e cyclic voltammetry 

(CV), chronopotentiometry (CP) and controlled potential electrolysis (CPE), were 

employed [105]. 

 

2.10.3.1. Cyclic voltammetry  

 

Cyclic voltammetry (CV) is one of the most commonly used electrochemical 

techniques, and is based on a linear potential waveform; that is, the potential is 

changed as a linear function of time. The rate of change of potential with time is 

referred to as the scan rate. The simplest technique that uses this waveform is linear 

sweep voltammetry (LSV). The potential range is scanned starting at the Initial 

potential and ending at the Final potential. CV is an extension of LSV in that the 

direction of the potential scan is reversed at the end of the first scan (the 

first switching potential), and the potential range is scanned again in the reverse 

direction. The potential can be cycled between the two switching potentials for 

several cycles before the experiment is ended at the final potential [105]. 

 

2.10.3.2. Chronopotentiometry 

 

The galvanostat uses a three electrode configuration, in which a current is applied 

between the auxiliary and working electrodes, and the potential of the working 

electrode (measured with respect to the reference electrode) is monitored. The basis 

of controlled current experiments is that a redox (electron transfer) reaction must 

occur at the surface of the working electrode in order to support the applied current. 

Chronopotentiometry (CP) is the most basic constant current experiment. In CP, a 

current step is applied across an electrochemical cell without stirring and the 

potential is monitored. [105]. 
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2.10.3.3. Controlled potential electrolysis  

  

The principle behind the controlled potential electrolysis (CPE) experiment is very 

simple. If only the oxidized species is initially present, then the potential is set at a 

constant value sufficiently negative to cause rapid reduction and is maintained at this 

value until only the reduced species is present in solution. The total charge passed 

during the CPE experiment (Q) is calculated by integrating the current and is related 

to the number of electrons transferred per molecule (n) and the number of moles of 

the oxidized species initially present (N) through Faraday's law [105]: 

                                                                           (Equation 2.6) 

 

2.10.4. Mass transport processes 

 

In an electrochemical cell, mass transport is a process which governs the net 

movement of ions, charge or neutral species across the electrode-electrolyte 

interface [113]. Below follows the three mass transport processes. 

 

2.10.4.1 Diffusion 

 

Diffusion is a spontaneous movement under the influence of concentration gradient, 

i.e., the process in which there is movement of a substance from an area of high 

concentration, aimed at maintaining concentration differences. If the potential at an 

electrode oxidises or reduces an analyte, its concentration at the electrode surface 

will be lowered and therefore, more analyte moves to the electrode from bulk of the 

solution, which makes it the main current-limiting factor in voltammetric process 

[114]. 

 

2.10.4.2. Migration 

 

Migration is the type of charge transport involving movement of charged particles 

along an electrical field (i.e., the charge is carried through the solution by ions 

according to their transference number). Controlled-potential experiments require a 

supporting electrolyte to decrease the resistance of a solution and eliminate electron-

migration effects to maintain a constant ionic strength [114].  

nFNQ 
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2.10.4.3. Convection 

  

It is the transport of changes to the electrode by a gross physical movement, such as 

fluid flow occurs by stirring or flowing the solution and by rotating or vibrating the 

electrode (i.e. forced convection) or because of density gradient (i.e. natural 

convection). The effect is eliminated during voltammetry experiment by maintaining 

the cell under quiet and stable condition [114].  

 

2.10.5. Working electrodes commonly used in electrochemistry 

 

Carbon electrodes such as the glassy carbon and pyrolytic graphites electrode have 

long been recognised as versatile and supporting platforms, for electrocatalysis and 

electrochemical sensing. They both have numerous advantages such as low cost, 

chemical inertness and wide potential window in most electrolyte solutions over the 

precious metal electrodes such as gold, platinum, aluminium, silver and copper. 

Glassy carbon is an amorphous form of carbon and is mechanically more durable 

than pyrolytic graphite. Pyrolytic graphite has a more ordered structure, with distinct 

planes, the basal plane and the edge plane. The edge plane is considerably more 

conducting than the basal plane [105]. 

 

2.10.6. Electrode modification techniques 

 

Various techniques can be used to modify working electrodes, these techniques 

include; Electrodeposition, electropolymerisation, dip-dry, drop-dry, spin coating and 

composite technique. Electrodeposition is a plating process that uses electrical 

current to reduce cations of a desired material from a solution and a conductive 

object with a thin layer of the material, such as a metal. Both the anode and the 

cathode components are immersed in an electrolyte containing one or more 

dissolved metal salts as well as other ions that permit the flow of electricity [83]. 

 

Electropolymerisation is the most efficient method of depositing polymer films on 

electrodes. The process involves the repetitive voltammetric scanning of the solution 

of the modifier monomers at the electrode surface within a specific potential window 

[69]. The dip-dry method involves the immersion of an electrode in solution of a 
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catalyst or a modifier for a period of time to allow the surface adsorption of the 

material. The electrode is later withdrawn and the solvent is allowed to dry [115]. 

During the drop-dry method the electrode is modified by placing few drops of the 

catalyst or modifier on its surface and allowing the solvent to dry off [116]. Spin 

coating involves evaporation of solution of a modifier from electrode surface by high 

speed rotations using centrifugal force [117]. Composite technique is a process of 

impregnating the bulk electrode material with a chemical modifier [118]. 
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CHAPTER 3 

 

 

RESEARCH METHODOLOGY 

 

3.1. Introduction 

 

This chapter provide the methodologies followed throughout the study. Different 

acids/oxidisers (i.e., nitric acid (HNO3), sulfuric acid (H2SO4), hydrogen peroxide 

(H2O2) and their mixtures; H2O2:HNO3, H2O2:H2SO4 and HNO3:H2SO4) were used to 

investigate the effect of each acid or acid mixtures on the structural and 

electrochemical properties of MWCNTs. Metal oxides treated at different 

temperatures were deposited on the surface of the acid-treated MWCNTs (A-

MWCNTs) to investigate the effect of thermal treatment of metal oxides on the 

electrochemical activity of metal oxide functionalised MWCNTs. 

 

3.2. Chemicals and reagents 

 

All chemicals were generally of reagent grade and were used as received except 

where mentioned. Distilled water was used for all the preparations of materials in this 

study. Multi-walled carbon nanotubes (MWCNTs, > 98% purity and diameter of 3-7 

nm), manganese chloride (MnCl2), cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O), 

N, N-Dimethylformamide (N, N-DMF, 55%), nafion, potassium hydroxide (KOH), 

sodium sulphate (Na2SO4) and aluminium oxide nanopowder were purchased from 

Sigma Aldrich. Sulfuric acid (H2SO4, 98%) and iron (III) nitrate nonahydrate 

(Fe(NO3)3.9H2O) were purchased from Unilab. Potassium Permanganate (KMnO4) 

and copper nitrate trihydrate (Cu(NO3)2.3H2O) were purchased from Saarchem. 

Nickel nitrate hexahydrate (Ni(NO3)2.6H2O) was purchased from Astrolabs. Nitric 

acid (HNO3, 55%) and hydrogen peroxide (H2O2, 30%) were purchased from Ace-

associated Chemical Enterprises and Rochelle Chemicals respectively. 
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3.3. Preparation of acid-treated MWCNTs 

 

Acid treatments of the MWCNTs were used to generate a library of samples with 

different physical and chemical properties. Approximately 0.3 g of MWCNTs mixed 

with 200 mL of each of the following acids: H2SO4 (95%), HNO3 (55%), H2O2 (30%) 

and a mixture of the acids, H2O2:H2SO4, H2O2:HNO3 and HNO3:H2SO4 in a ratio of 

1:3 (v/v) were sonicated, using an ultrasound bath with a frequency of 35 kHz. After 

3 h of sonication, the acid-treated MWCNTs was diluted with 200 mL of distilled 

water and filtered through a 0.45 µm pore sized Nylon Membrane (Sigma Aldrich). 

The acid-treated MWCNTs (A-MWCNTs) were then washed thoroughly with distilled 

water until a neutral pH is reached and left to dry at room temperature overnight [5]. 

 

3.4. Preparations of metal oxides 

 

3.4.1. Manganese oxide 

 

Manganese oxide was synthesised by precipitation from an aqueous solution of 

KMnO4 and MnCl2 at room temperature, following a method described by Staiti and 

Lufrano [4]. Briefly, a 100 mL solution containing 0.03 moles of MnCl2 was added 

dropwise to a 200 mL solution containing 0.02 moles of KMnO4 under stirring for 30 

min. The obtained suspension was stirred for 6 h during which a dark-brown 

precipitate was formed. After stirring, the suspension was left in the atmosphere for 

16 h. Two distinct layers were formed consisting of fine precipitate and supernatant 

liquor. The liquor was removed by a pipette and the precipitate was washed with 

distilled water in the beaker before filtering. The formed precipitate was finally dried 

at 70 oC for 16 h after which a fine powder of manganese oxide was obtained. 

 

3.4.2. Cobalt oxide 

  

Cobalt oxide (Co3O4) samples were prepared by heating 20 g of (Co (NO3)2.6H2O), 

under no specific controlled atmosphere, at different temperatures i.e, 300 oC, 400 oC 

and 500 oC. The heating apparatus used is a Carbolite, Bamford Sheffield England, 

S302AU. High temperature treatment results in decomposition of nitrate from the 

complex. The typical chemical reaction for preparation of cobalt oxide is as follows:     
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    300 oC, 2h 

    400 oC, 2h 

    500 oC, 2h 

                              Co(NO3)2                                  Co2+ + 2NO3 (Equation 3.1) 

           

3.4.3. Preparation of CuO, NiO and Fe2O3 

 

Similar method as described in section 3.4.2, above was used to prepare, CuO, NiO 

and Fe2O3, from their respective precursors. 

 

3.5. Preparation of the manganese oxide/metal oxide composites 

 

The manganese oxide/metal oxide (MnO2/MO) composite was prepared by mixing 

0.1 g of MnO2 with metal oxide precursor to give a 1:1 mass ratio (i.e., the 

preparation of MnO2/CuO composite, 0.1 g of MnO2 was mixed with 0.9 g of Cu 

(NO3)2.3H2O). The mixture was then calcined at 400 oC for 2 h. The composites were 

prepared in a 20 mL beaker. 

 

3.6. Incorporation of metal oxide into the acid-treated MWCNTs 

 

About 5 % of the prepared metal oxides were incorporated into the acid treated-

MWCNTs (treated with H2O2:HNO3). Approximately 0.01 g of the metal oxide was 

mixed (in a 20 mL beaker) with 0.2 g MWCNTs (as to give 5 wt.% metal 

oxide/MWCNTs) and 4 ml of N, N-Dimethylformamide as the binder. The 

nanocomposites were sonicated for 15 min to allow the metal oxides to be well 

coated/dispersed on the surface of A-MWCNTs. The mixture of metal oxides-multi 

walled carbon nanotubes (MO-MWCNTs) nanocomposites was left to dry at room 

temperature for overnight to allow the solvent to evaporate. 

 

3.7. Incorporation of MnO2/metal oxide into the acid treated MWCNTs 

 

The MnO2/MO-MWCNTs was prepared by the same method employed for the 

preparation of MO-MWCNTs in section 3.6 above. Approximately 0.01 g of the 



48 
 

MnO2/MO was mixed with 0.2 g acid treated-MWCNTs and 4 ml DMF. The mixture 

was sonicated for 15 min and was left to dry at room temperature for overnight. 

 

3.8. Characterisation techniques 

 

3.8.1. Fourier transform infrared spectroscopy  

 

Fourier transform infrared (FT-IR) Spectroscopy was used to identify the functional 

groups present on the surface of the raw- and acid-treated MWCNTs. The 

instrument used is an Agilent Cary 600 series FTIR spectrophotometer (with 

resolution of 4 cm-1 and 4 scan numbers at room temperature). The crystal area was 

cleaned with acetone and the background was then collected. A small portion of the 

finely ground powder sample (the tip of a spatula and enough to cover the crystal 

area of the instrument) was placed onto the small crystal area and analysed.  

    

3.8.2. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) was undertaken on a Supra 55 variable 

pressure field emission scanning electron microscope. The surface morphology 

analysis of the metal oxides and metal oxide-MWCNTs nanocomposites was 

investigated, about 0.0002 g of the finely ground sample was mounded on aluminium 

stubs, care was taken to obtain a very thin layer of the material. A double sided 

carbon tape was used to immobilise the powder samples. The samples on the 

aluminium stubs were then loaded onto sample holders for analysis. The samples 

were not coated with any conductive film. The images were captured at 2kV, WD= 

2.8 – 4.7 mm and using a SmartSEM® (Carl Zeiss, Germany) software. 

 

3.8.3. Transmission electron microscopy 

 

The morphology and microstructure of the acid-treated MWCNTs and metal oxides-

MWCNTs samples were analysed using JEOL JEM-2100 electron microscope 

operating at an accelerating voltage of 200 kV. Sample specimens for TEM studies 

were prepared by ultrasonic dispersion of a small amount (the tip of a spatula) of 

MWCNTs samples in ethanol. The suspensions were coated onto a holey carbon 
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grid by dipping the carbon grid inside the MWCNTs/ethanol suspension. The carbon 

grids were then allowed to dry at room temperature and loaded onto sample holders 

for analysis. 

 

3.8.4. X-ray diffraction 

 

Approximately 1 g of the finely ground sample was placed into the aluminium sample 

holder using a glass slide assuring a flat upper surface. Special care was taken to 

create a flat upper surface. X-ray diffraction (XRD) patterns of the nanocomposite 

materials were determined on a Philips PW 1380 X-Ray diffractometer with high 

intensity of Cu-Kα radiation (λ = 1.54 Å, 40 kV and 40 mA) and a graphite 

monochrometer at a scanning rate of 0.02 s-1 ranging from 5 to 65o 2-theta (2θ), 

where θ is the diffraction angle. The raw count data was captured using Phillips APD 

(Automatic Powder diffraction) software, it was then converted into ASCII format and 

imported into Microsoft excel spread sheet. Data was then transferred from Microsoft 

excel spread sheet to origin 6.1 for plotting, 5 smoothing points were considered. 

 

3.8.5. Brunauer-Emmett-Teller 

 

The surface area and pore volume of the MWCNTs samples were determined by N2 

physisorption at -195.8 oC using a Micrometrics TRISTAR II surface area analyser. 

About 0.03 g of the sample was loaded in a glass tube sample holder. The samples 

were degassed at 60 oC overnight under vacuum to evacuate any atmospheric 

contaminants. The samples were then loaded onto the Micromeritics Tristar II 3020 

surface area and porosity analyser. The surface area and pore volume were 

determined by the Brunauer-Emmett-Teller (BET) method. Pore size distribution of 

the MWCNTs samples was obtained by using Barrett-Joyner-Halenda (BJH) 

equation using the adsorption isotherm. 
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3.8.6. Thermogravimetric analysis 

 

The TGA analysis was undertaken on a Perkin Elmer STA 4000 analyser. About 5 to 

10 mg of sample was placed in a ceramic pan and placed in the instrument furnace. 

The temperature of the sample was increased from room temperature to 900 oC at 

10 oC/min under an oxidative atmosphere (air, 50 mL/min). The TGA profile obtained 

gives information on the sample composition (including % metal loading in the case 

of a catalyst), thermal stability (under a specific atmosphere) and the purity. The 

derivative (DTG) curve can be used to identify the decomposition temperature 

maxima.  

 

3.9. Electrochemical studies 

 

All electrochemical hydrogen storage experiments and supercapacitor studies were 

performed in nitrogen-saturated potassium hydroxide and sodium sulfate 

electrolytes, respectively. The experiments were carried out on a Bioanalytical 

Systems Inc. (BASI) potentiostat driven by the epsilon EC (version 1.60.70), using a 

three-electrode system consisting of a glassy carbon electrode (GCE, 3.0 mm 

diameter) as working electrode, Ag/AgCl (saturated NaCl solution) as reference 

electrode and platinum wire as auxiliary electrode. This ensured that the potential 

between the working electrode and the reference electrode is minimized. The 

electrochemical performance of raw, acid treated and metal oxide-MWCNTs were 

measured using cyclic voltammetry (CV) and chronopotentiometry technique. The 

electrochemical measurements were performed at room temperature. 

 

3.9.1. Electrode cleaning 

 

Prior to each measurement the electrode was polished with a polishing pad with 

aluminium oxide (0.05 µm) and rinsed with distilled water. The electrode was then 

dried using a house hold hairdryer for about 30 s.  
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3.9.2. Preparation of electrodes and their electrochemical measurements 

 

3.9.2.1. Electrochemical hydrogen storage 

 

The raw, acid-treated and metal oxide-MWCNTs were used to fabricate the 

electrode as follows: Approximately, 4 mg of nanocomposites materials was added 

into a solution of nafion (0.1 mL) and distilled water (3 mL). Nafion was used to 

prevent loss of the materials from the electrode surface. Nafion, a 

perfluorosulfonated derivative of Teflon, is a cation-exchange polymer whose films 

are highly permeable to cations but almost impermeable to anions [6]. The mixture 

was sonicated for 15 min and then drop-dried on the surface of the GCE. Finally the 

electrodes were dried in an oven at 80 oC for 2h. The mass of the electrode was 

recorded before and after the fabrication using a 0.0001 g precision balance, to 

determine the amount of the material on the electrode. The amount of the material 

on the surface of the GCE electrode ranged between 0.30-0.35 mg.  

 

Electrochemical hydrogen storage capacities of fabricated electrodes were studied 

using a three electrode system (BASi epsilon) at room temperature in a 6 M solution 

of KOH as the electrolyte. Cyclic voltammetric (CV) measurements were carried out 

in a potential window of -1.4 to 0.2 V at a scan rate of 50 mV/s. The experiments of 

charging and discharging were carried out under the following conditions: The 

electrodes were charged for 120 s in a constant current of 3 mA and discharged 

under the same constant current [7]. 

 

3.9.2.2. Electrochemical supercapacitor 

 

The fabrication of working electrodes was carried out as follows: The as-prepared 

nanocomposites, carbon black (to improve the conductivity of the material) and the 

binder, poly (tetrafluoroethylene) (PTFE) were mixed in a mass ratio of 75:20:5 and 

dispersed in ethanol. The resulting mixture was dropped on the surface of the 

working electrode and dried at 100 oC for 2 h in an oven. The measurements were 

carried out in a 1 M Na2SO4 aqueous electrolyte at room temperature. CV tests were 

carried out using a potential window ranging between -0.1 and 0.9 V at a scan rate of 

50 mV/s [8]. 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

  

ELECTROCHEMICAL STUDIES OF MWCNTs TREATED WITH DIFFERENT 

ACIDS/OXIDISER 

 

4.1. Introduction 

 

Herein, the study focused on the investigation of the effect of acids treatment on the 

structure, electrochemical hydrogen storage and supercapacitor performance of 

MWCNTs. The study hoped to develop an efficient method for the treatment of 

MWCNTs without compromising the structure of the material. The method should not 

only decrease the hydrophobicity of MWCNTs but also increase the electrochemical 

reactivity of the material towards hydrogen storage and supercapacitors. 

 

4.2. Characterisation 

 

4.2.1. Fourier transform infrared analysis 

 

The data in figure 4.1 shows the FTIR spectra of raw and acid-treated MWCNTs. 

The spectra of raw MWCNTs show the absence of –CO and –OH functional groups, 

similar results have been reported by Dai et al. [1]. However on acidification, the 

peak at 2985 cm-1 due to –CH stretch and 1064 cm-1 due to C-O, becomes clearer. 

Interesting to note is an increase in intensity of the C-O and CH stretch, when acids 

were changed from H2SO4, to HNO3, and lastly H2O2. The intensity of this peaks 

became prominent on the H2O2 treated MWCNTs, with an emergence extra peaks at 

3673 cm-1, due to an –OH stretch. Two weak peaks also emerged at 1401 and 1241 

cm-1, which are due to the O-H bending deformation of carboxylic acid group and 

acidic C-O bonds, respectively [2, 3]. 
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Figure 4.1: FTIR spectra of raw- and acid-treated MWCNTs. 

 

The intensity of peaks (1064, 1241, 1401, and 2984 cm-1), as shown in figure 4.2 

become more prominent when the MWCNTs was treated by mixture of acids. Dai et 

al. [1] reported an increase in the intensities of –CO and –OH functional groups on 

the surface of the acid-treated MWCNTs with an increase in the HNO3 concentration 

from 1 M to 5 M. Almost similar intensity of the functional groups has been 

introduced on the surface of MWCNTs from both nitric and sulphuric acid 

(HNO3:H2SO4) and hydrogen peroxide and nitric acid (H2O2:HNO3) mixtures. The 

data clearly reveals some interesting findings, especially on the mixture of 

H2O2:HNO3. This mixture is not a mixture of choice in all or most of the previous 

acids treatments of MWCNTs, [1, 4] yet it shows almost the same functional groups 

as the mixture of HNO3:H2SO4. Moreover, the H2O2:HNO3 acid mixture does not 

cause damage to the walls of MWCNTs, as confirmed by XRD results [Figure 4.4].  
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Figure 4.2: FTIR spectra of acid-treated MWCNTs. 

 

4.2.2. X-ray diffraction analysis 

 

Figure 4.3 and 4.4 shows the XRD profiles of raw MWCNTs and acid-treated 

MWCNTs. The intense diffraction at 26 o two theta, in all samples is indexed to the C 

(002) plane reflection of the graphite [1, 5]. The sharpness of the peak for the 

MWCNTs treated by HNO3, H2O2, H2O2:H2SO4 and H2O2:HNO3 (Figure 4.3 and 4.4), 

indicates that the graphitic structure of the MWCNTs remained intact without 

significant damage [5]. A decrease in the sharpness of the peak is observed when 

the MWCNTs are treated by H2SO4 (Figure 4.3), this could be attributed to the 

damaging effect that this strong acid can have on the structure of the MWCNTs. This 

finding is clearly visible when the MWCNTs are treated by a mixture of two stronger 

acids HNO3:H2SO4 (Figure 4.4). This is attributed to the destroying effect of this acid 

treatment method [2]. However, the use of a mixture of an oxidiser (H2O2) and HNO3 

or H2SO4 gave sharp and more intense peak (Figure 4.4). This shows the formation 

of more ordered MWCNTs [6]. 
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Figure 4.3: XRD spectra of raw- and acid-treated MWCNTs. 
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Figure 4.4: XRD spectra of MWCNTs treated by mixture of acids. 

 

4.2.3. Transmission electron microscopy analysis 

 

4.2.3.1 Low magnification TEM micrographs of the raw and acid-treated 

MWCNTs 

 

The microstructure of the raw- and acid-treated MWCNTs was characterised by TEM 

which provides sufficient resolution for direct visualisation of the MWCNTs length 

and surface. Figure 4.5 and 4.6 illustrates the low magnification TEM micrographs of 

the raw and acid-treated MWCNTs. It can be clearly seen from the images that some 

tubes were open at one end and some were open at both ends (shown by black 

circles on Figure 4.5 and 4.6). Tubes length were not measured before and after 

treatment, but from the images it looks like the length of MWCNTs remains almost 

the same after treatment suggesting that the treatment with mild acids does not 

cause any significant damage to the structure of the MWCNTs. Chiang et al. [5] 

reported similar results when they treated MWCNTs with 4 M H2SO4/HNO3 for 

different days (0.5, 1, 2, 4, or 7 days). They reported that 4 M H2SO4/HNO3 reflux 
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retained the long-tube structure of MWCNTs but, prolonged refluxing would cut some 

of the nanotubes. According to TEM data the overall morphology of the MWCNTs 

remains almost intact after mild acid treatments (HNO3, H2O2, H2O2:HNO3 and 

H2O2:H2SO4).  

 

 

Figure 4.5: Low magnification TEM images of (a) raw MWCNTs, MWCNTs treated 

by (b) H2O2 (c) HNO3 and (d) H2SO4. 
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Figure 4.6: Low magnification TEM images of MWCNTs treated by (a) H2O2:HNO3 

(b) H2O2:H2SO4 and (c) HNO3:H2SO4. 

 

4.2.3.2 High magnification TEM micrographs of the raw and acid-treated 

MWCNTs 

 

The high magnification micrographs of the MWCNTs treated by single acid and 

mixture of acids are shown on figure 4.7 and 4.8. From the TEM images it shows 

that the samples exhibit a narrow tubular morphology. The walls are often parallel to 

the main axis of the tubes and seem to be well organised: Single graphene sheets 

propagate over hundreds of nanometres. However, hollow fishbone-like structures 

with prismatic edges on both the external and internal surfaces of the tubes were 
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also often observed (Figure 4.8 (a)). For the raw MWCNTs (Figure 4.7(a)), a more 

unusual observation was made: different numbers of walls presents defective sides 

were the tubes are bent from each side of the nanotube (shown by black circles). We 

also observe bamboo carbon structures inside the inner hollow nanotube. The tubes 

become thinner when they are treated with H2O2, with the removal of some of the 

bamboo carbon structures observed on the raw MWCNTs. The structures inside the 

tubes are completely removed when the MWCNTs are treated by HNO3 (Figure 

4.7(c)). The walls of some of the thin MWCNTs are damaged after treatment with 

H2SO4 (Figure 4.7(d)), which is consistent with the results obtained from XRD.  

   

  

Figure 4.7: High magnification TEM images of (a) raw MWCNTs, MWCNTs treated 

by (b) H2O2 (c) HNO3 and (d) H2SO4.  
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The treatment of MWCNTs with HNO3 + H2SO4 (Figure 4.8(c)) results in a 

destruction of tubular structure of MWCNTs and formation of bamboo carbon 

structures inside the tube, similar results have been reported by Mazov et al. [4] and 

Shirazi et al. [2]. The surface of treated nanotubes remains relatively smooth with 

less significant topological damage to the walls after treatment with mild acids. The 

treatment using mild acids results in the removal of bamboo carbon structures inside 

the inner tubes of the MWCNTs and results in the formation of thinner MWCNTs, 

similar results have been reported elsewhere [4]. For the MWCNTs treated by mild 

acids the inner channel of the MWCNTs is empty and accessible. 

   

  

Figure 4.8: High magnification TEM images of MWCNTs treated by (a) H2O2:HNO3 

(b) H2O2:H2SO4 and (c) HNO3:H2SO4. 
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4.2.4. Brunauer-Emmett-Teller analysis 

 

Nitrogen adsorption represents the most widely used technique to determine 

materials surface area and to characterise its porous structure [7]. The nitrogen 

adsorption-desorption isotherms of the MWCNTs samples are shown in figure 4.9 

and 4.10. The hysteresis loop of MWCNTs are close to the type-IV isotherm and 

show a sharp capillary condensation step at a relative pressure of P/P0 ~ 0.40-0.99, 

indicating a typical mesoporous structure. The surface and volume characteristics of 

MWCNTs samples calculated according to the isotherm data are summarised in 

table 4.1. The total BET surface area of the samples ranges from 223.72 m2/g to 

736.58 m2/g. The BET surface area of the MWCNTs increases after treatment with 

mild acids and remains almost the same after treatment with H2SO4. However the 

surface area of the MWCNTs treated by HNO3:H2SO4 decreases to 223.72 m2/g 

compared to 251.48 m2/g of the raw MWCNTs. The decrease in the surface area is 

due to the structural changes caused by the use of a mixture of two strong acids, as 

it was observed on the XRD spectra and TEM images (Figure 4.4 and 4.8 (c)).  

 

The surface area increases to 343.09 m2/g for the MWCNTs treated by H2O2+HNO3 

compared to 251.48 m2/g of the raw MWCNTs. The highest BET surface area of 

736.58 m2/g was recorded on MWCNTs treated by H2O2:H2SO4. De-bundling of 

MWCNTs and breakage/removal of bamboo carbon structures observed inside the 

inner tubular channel of the raw MWCNTs (Fig 4.7 (a)) after treatment with mild 

acids contributed to the higher surface area observed. Dai et al. [1] and Naseh et al. 

[8] also reported an increase in the specific surface area of MWCNTs after treatment 

with acids. Naseh et al. suggested that the increase in the specific surface area 

might be due to opening of the tube ends and the generation of defects on the 

sidewall of nanotubes, creating access into the cavity of the nanotubes. The pore 

size distribution of the MWCNTs samples are shown as inserts in figure 4.9 and 

4.10. The pore size distribution calculated from the desorption branch of the isotherm 

using the BJH method shows a bimodal distribution: Small pores between 2-5 nm in 

diameter, which correspond to the inner channel of the nanotubes. Longer pores, 

with maxima ranging between 42 and 87 nm are formed between the entangled 

nanotubes. The MWCNTs treated by H2O2:HNO3 (Figure 4.10, insert) showed much 

higher pore volume and wider pore size distribution between the nanotubes.  
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The major peak of distribution for the raw MWCNTs is observed at around 87 nm 

(Figure 4.9 and 4.10, insert). The H2O2:HNO3 treated MWCNTs shows two major 

distribution peaks at 43 and 87 nm (Figure 4.10, insert). The major peak of 

distribution for the MWCNTs treated by H2O2:H2SO4 (Figure 4.10, insert) is observed 

around 43 nm. From the pore distribution curves (Figure 4.10, insert) it can be clearly 

seen that the MWCNTs treated by H2O2:H2SO4 have smaller average diameter 

between the nanotubes as compared to the other MWCNTs samples. This indicates 

that the H2O2:H2SO4 treated MWCNTs are more entangled as compared to 

H2O2:HNO3 treated MWCNTs. 

Figure 4.9: N2 adsorption and desorption isotherms and BJH pore size distribution of 

the (a) raw MWCNTs (black line), MWCNTs treated by (b) H2O2 (red line) (c) HNO3 

(green line) and (d) H2SO4 (blue line). 
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Figure 4.10: N2 adsorption and desorption isotherms and BJH pore size distribution 

of the (a) raw MWCNTs (black line), MWCNTs treated by (b) H2O2:HNO3 (red line) 

(c) H2O2:H2SO4 (green line) and (d) HNO3:H2SO4 (blue line). 
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Table 4.1: Surface characteristics of raw- and acid-treated MWCNTs determined 

from nitrogen physisorption at -195.8 °C 

 

Sample 

name 

 

BET surface 

area (m2g-1) 

 

Pore volume 

(cm3g-1) 

 

 

 

 

Pore 

sizes 

(nm) 

MWCNTs 

treated by 

HNO3:H2SO4 

 

223.72 

 

1.06 

  

18.97 

MWCNTs 

treated by 

H2SO4 

 

250.59 

 

2.09 

  

33.30 

 

Raw 

MWCNTs 

 

251.48 

 

1.95 

  

30.98 

MWCNTs 

treated by 

H2O2 

 

313.61 

 

1.99 

  

25.46 

MWCNTs 

treated by 

HNO3 

 

328.25 

 

2.03 

  

24.74 

MWCNTs 

treated by 

H2O2:HNO3 

 

343.09 

 

2.91 

  

33.96 

MWCNTs 

treated by 

H2O2:H2SO4 

 

736.58 

 

4.94 

  

26.83 

 

4.2.5. Thermogravimetric analysis 
 

Thermogravimetric analysis (TGA), coupled with a derivative curve of the weight loss 

(DTG), is often used to investigate the thermal stability as well as the composition 

and purity of carbon materials. The TGA profiles measured in flowing air for the raw- 
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and acid-treated MWCNTs are shown in figure 4.11. All the samples exhibited only 

one weight loss step. Thermal stability of MWCNTs treated by HNO3:H2SO4 

decreases in comparison to the other electrode material. The material start 

decomposing at low temperatures around  400 oC, in relation to the other electrode 

materials, which starts decomposing at around 550 oC. This can be attributed to the 

damaging effect that this acid mixture had on the walls of MWCNTs decreasing the 

thermal stability of the MWCNTs.  

 

Figure 4.11: TGA profiles for the raw- and acid-treated MWCNTs under air 

atmosphere. 

 

Derivative curves directly reflect the variation in the weight as a function of 

temperature by occurrence of thermal events. The DTG profiles measured in flowing 

air for the raw- and acid-treated MWCNTs are shown in figure 4.12. It is observed 

that DTG curves of the samples has only one peak which belongs to the oxidation of 

MWCNTs. This is evidence of low/no amorphous carbon content on the samples. 

DTG curves consist of broad peaks in different positions, suggesting an influence of 

the different acids treatment on the thermal stability of MWCNTs. The maximum 
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weight losses of the MWCNTs samples are observed at 630 oC, 651 oC,  662 oC and 

680 oC for the raw MWCNTs, MWCNTs treated by HNO3:H2SO4, MWCNTs treated 

by H2O2:HNO3 and MWCNTs treated by H2O2:H2SO4 respectively. 

  

Oxidation with mild acids mixtures increase the thermal stability of the MWCNTs, 

however the thermal stability of the MWCNTs treated by HNO3:H2SO4 is lower than 

the other acid-treated MWCNTs samples. This results demonstrate that the acid-

treatment with mild acid mixtures did not damage the structure of MWCNTs, but the 

oxidant started to attack active sites already existing on the nanotubes such as the –

CH2 and –CH groups, improving the thermal stability of the MWCNTs [5]. 

 

Figure 4.12: DTG profiles for the raw- and acid-treated MWCNTs under air 

atmosphere. 
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4.3. Electrochemical measurements 

 

4.3.1. Electrochemical hydrogen storage  

 

4.3.1.1. Cyclic voltammetric characteristic of raw and acids-treated MWCNTs 

electrode 

 

Figure 4.13 shows the cyclic voltammogram of raw-, and acids-treated MWCNTs 

electrodes. Measurements were studied using a three electrode system in a 6 M 

solution of KOH as the electrolyte. Runs were carried out in a potential window of -

1.4 to 0.2 V at a scan rate of 50 mV/s. The results show the current respond peak at 

-450 mV, due to the hydrogen uptake by raw MWCNTs during the electrode charging 

process. Its discharge process occurred at -350 mV. The current responds of both 

H2SO4 (red line) and HNO3 (green line) acid treated MWCNTs, showed an increase 

and slight shift of peak position (towards more negative overpotential), as compared 

to raw MWCNTs. However, a decrease in current response accompanied by a peak 

shift (towards less negative overpotential) was observed on H2O2 treated MWCNTs 

(Figure 4.13, blue line). It shows that the oxidative overpotential of hydrogen at this 

electrode is lower. The reduction reaction of hydrogen is more easy [9]. This 

behaviour is also observed for the MWCNTs treated by a mixture of H2O2:HNO3 

(Figure 4.14), with the electrodes showing an increase in current response. 
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Figure 4.13: CV curves of (a) raw MWCNTs (black line), MWCNTs treated by (b) 

H2SO4 (red line) (c) HNO3 (green line) and (d) H2O2 (blue line). 

 

The results in figure 4.14 shows cyclic voltammogram of raw MWCNTs (black line), 

mixture of H2O2:H2SO4 (red line), H2O2:HNO3 (green line) and HNO3:H2SO4 (blue 

line) treated MWCNTs electrodes. The mixture of H2O2:HNO3 treated MWCNTs 

electrode gave higher current response, and a more prominent rectangular shape 

compared to all other electrodes. This clearly shows that H2O2:HNO3 treated 

MWCNTs contain some interesting properties as confirmed by FTIR, XRD, TEM and 

BET results. 
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Figure 4.14: CV curves of (a) raw MWCNTs (black line), MWCNTs treated by (b) 

H2O2:H2SO4 (red line) (c) H2O2:HNO3 (green line) and (d) HNO3:H2SO4 (blue line). 

 

4.3.1.2. Charge-discharge capacity studies of raw and acids-treated MWCNTs 

electrode 

 

The charge-discharge capacity studies revealed that H2O2:HNO3 treated MWCNTs 

electrode gave the discharge capacity of 73 mAh/g, relative to that of H2O2:H2SO4 

and HNO3:H2SO4, which gave 52 mAh/g and 3 mAh/g, respectively. It is well known 

in electrochemistry that high surface area is one of the prerequisites for the good 

performance of electrode materials, because electric energy is stored in aggregated 

charges at the surface of electrode materials [10]. It can be clearly seen from BET 

results that H2O2:H2SO4 treated MWCNTs show the highest BET surface area 

(736.58 m2g-1) compared to the H2O2:HNO3 treated MWCNTs (343.09 m2g-1). 

However these MWCNTs (H2O2:HNO3 treated MWCNTs) in turn shows the highest 

hydrogen storage capacity and capacitance.  
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Figure 4.15: Discharge curves of (a) raw MWCNTs (black line), MWCNTs treated by 

(b) H2O2:H2SO4 (red line) (c) H2O2:HNO3 (green line) and (d) HNO3:H2SO4 (blue 

line). 

 

The major reason for these findings has to do with the pore size distribution curves 

of BET, seen in figure 4.10. It was observed that the H2O2:HNO3 treated MWCNTs 

consist of a combination of both small and large channels while H2O2:H2SO4 treated 

MWCNTs consist mainly of small channels [Figure 4.8(b)] between the MWCNTs. 

Since large pore channels permit rapid electrolyte transport, while the small pores 

provide more active sites for chemical reactions [11], a combination of both small 

and large channels results in a good material for energy applications. Furthermore, 

the BET data shown in table 4.1, agrees with the decrease of hydrogen storage 

capacity of the MWCNTs treated by HNO3:H2SO4. Hydrogen could be stored 

between the graphene layers, however due to the damage of graphite structure 

(Figure 4.4 and 4.8(c)) of MWCNTs, the amount of hydrogen stored would be 

reduced. 
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Table 4.2: Electrochemical hydrogen storage data for the MWCNTs samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aAll data were repeated three times. b The amount of hydrogen stored was calculated as follows: 

((discharge capacity x 2.02 wt.%)/540 mAh/g). 

 

4.3.1.3. Charging-discharging mechanism of hydrogen oxidation 

 

The major research demonstrates that the main way of MWCNTs hydrogen 

adsorption is physical and reversible adsorption, (i.e, hydrogen is adsorbed as 

molecule and deposited on MWCNTs tubes). In addition, a little amount of hydrogen 

is likely to form bond with carbon atom [9]. The electrochemical reaction mechanism 

of the MWCNTs electrode can be expressed as follows: 

MWCNTs + xH2O + xe- ↔ (MWCNTs + xH) + xOH-        (Equation 4.1) [12]  

The experimental results indicate that through proper acid treatment, the hydrogen 

discharge capacity of MWCNTs improve by a factor of 8.82. The significant increase 

in hydrogen storage performance due to acid treatment can be attributed to two 

 

Sample 

no. 

 

Sample name 

Discharge 

capacity 

(mAh/g)a 

Hydrogen 

storage 

(wt%)b 

 

1 

MWCNTs treated 

by HNO3:H2SO4 

 

2.98 

 

0.01 

 

2 

 

Raw MWCNTs 

 

8.23 

 

0.03 

 

3 

MWCNTs treated 

by H2O2 

 

15.15 

 

0.06 

 

4 

MWCNTs treated 

by H2SO4 

 

41.97 

 

0.17 

 

5 

MWCNTs treated 

by HNO3 

 

50.51 

 

0.19 

 

6 

MWCNTs treated 

by H2O2:H2SO4 

 

52.36 

 

0.20 

 

7 

MWCNTs treated 

by H2O2:HNO3 

 

72.63 

 

0.27 
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factors: (i) since the bamboo carbon structures inside the inner hollow nanotube of 

the as- prepared MWCNTs were removed, the active hydrogen adsorption sites on 

the surface can be effectively increased, (ii) Because the acid treated MWCNTs are 

thin, the electrolyte can easily penetrate inside the tubes, which is beneficial for 

electrochemically gathering hydrogen (via eq. 4.1) [12]. The hydrogen storage 

capacities reported in our study are low in comparison to what has been reported in 

the literature. The possible reasons behind this are: the smaller electrodes surface 

that were used (3.0 mm diameter), the small amount of the material on the 

electrodes (0.3 - 0.35 mg). However an improvement by a factor of 8.82 is quite 

satisfying. 

  

4.3.2. Supercapacitor studies 

 

4.3.2.1. Cyclic voltammetric characteristic of MWCNTs electrode 

 

The CV curves of the MWCNTs treated by mixtures of acids are shown in figure 

4.16. Measurements were carried out in a 1 M Na2SO4 aqueous electrolyte at room 

temperature. CV tests were carried out using a potential window ranging between 

0.1 and 0.9 V at a scan rate of 50 mV/s. The CV curves (Figure 4.16 and Appendix 

1) are relatively rectangular in shape without any obvious redox peaks, indicating an 

ideal capacitive behaviour [13]. The specific capacitance (Cs) of the composites was 

calculated from the CV measurements using equation 4.2. 

 

             [Equation 4.2] 

Equation 4.2 represents the area of current against voltage curve, with V1 and V2 

being the switching potential in cyclic voltammetry, v is the scan rate (mVs-1), m is 

the mass of the material on the electrode (g) and I (V) denotes the current response 

(A) [14].  

 

The area of the CV curve [Figure 4.16] for MWCNTs treated by H2O2:HNO3 is larger 

than all the other MWCNTs samples which imply that more numbers of charges are 

involved in this electrode [13]. The raw MWCNTs show the lowest capacitance value 

of 4.9 F/g, probably due to the lack of functional groups on the MWCNTs surface, the 
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presence of bamboo structures inside the tubes and low surface area [15]. The 

capacitance reached a maximum of 8.61 F/g for the MWCNTs treated by 

H2O2:HNO3. Thus it appears that acid treatment modifies the MWCNTs and hence 

improves the electrode performance. The increase of capacitance was due to the 

MWCNTs after the activated treatment possessing functional groups, wider pore size 

distribution and higher surface area [1].  

 

Figure 4.16: CV curves of (a) raw MWCNTs (black line), MWCNTs treated by (b) 

H2O2:H2SO4 (red line) (c) H2O2:HNO3 (green line) and (d) HNO3:H2SO4 (blue line). 

 

Oxidation of MWCNTs introduces many functional groups such as hydroxyl (-OH) 

and carboxyl (-CO) on the surface of MWCNTs. These functional groups act as the 

active sites which help the MWCNTs serve as electron transmitters [1]. This is 

evidenced by the increase in the specific capacitance when the intensity of these 

functional groups increases on the surface of the MWCNTs treated by a mixture of 

the acids (Figure 4.2). This shows that surface properties of electrode materials 

affect the performance of materials in energy storage applications. A distorted 

rectangular CV curve is observed for the MWCNTs treated by HNO3:H2SO4, due to 
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the delay in current responses. This behaviour is caused by the fact that the graphitic 

structure of these MWCNTs was destructed after treatment, as confirmed by XRD 

and TEM results (Figure 4.4 and 4.8(c)). The specific capacitance values for the raw 

and MWCNTs treated by the different acids were calculated using eq. 4.2 and they 

are presented in table 4.3. 

 

The specific capacitance values presented in our study are low in comparison to 

what is reported in the literature [1]. The major reasons for the low capacitance 

values besides those mentioned in the hydrogen storage studies are still unknown. 

However, the specific capacitance (8.6 F/g) obtained increased by a factor of 1.76 as 

compared to the raw MWCNTs (4.9 F/g), which is quite interesting. 

 

Table 4.3: Specific capacitance values of the MWCNTs samples 

Sample 

no. 

Sample name Specific 

capacitance 

(F/g) 

1 Raw MWCNTs 4.90 

2 MWCNTs treated 

by H2SO4 

6.45 

3 MWCNTs treated 

by  HNO3:H2SO4 

6.50 

4 MWCNTs treated 

by HNO3 

7.36 

5 MWCNTs treated 

by H2O2 

8.49 

6 MWCNTs treated 

by H2O2:H2SO4 

8.60 

7 MWCNTs treated 

by H2O2:HNO3 

8.61 
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4.3.2.2. Life cycle stability tests of MWCNTs treated by H2O2:HNO3 

 

The long term cycle stability is a very important requirement for supercapacitor 

applications [16]. The cycling stability of the electrode fabricated from MWCNTs 

treated by H2O2:HNO3 was tested by CV at a scan rate of 50 mVs-1 for 200 life-

cycles. Figure 4.17 shows the voltammograms recorded for the 1st, 100th and 200th 

cycles. The CV curves initially exhibit essentially rectangular-shaped profiles, with 

increasing cycle number, and a deviation from the original rectangular shaped curve 

was later observed. The specific capacitance decreased by 20% of the original value 

after 100 cycles and a slight drop of 26% of the original value after 200 cycles (see 

figure 4.18). The specific capacitance loss is about ~ 20 % between the 1st and 100th 

cycle and only about ~ 6 % between the 100th and 200th. The cause for the initial 

quicker capacitance loss is still unknown, but may be associated with morphological 

changes in the MWCNTs resulting from repeated charging-discharging [17] 

accompanied by the adsorption-desorption of the counter ions, i.e. H+ and/or Na+ 

ions [18]. In addition, the respective variations on the CVs in figure 4.17 also suggest 

compositional and/or structural changes in the nanocomposite [18-21]. 
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Figure 4.17: CVs of MWCNTs treated by H2O2:HNO3 electrode recorded during 

different cycles, (a) 1st cycle (black line) (b) 100th cycle (red line) and (c) 200th cycle 

(green line). 
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Figure 4.18: Capacity retention from MWCNTs treated by H2O2:HNO3 electrode as a 

function of cycling number. 
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CHAPTER 5 

 

 

RESULTS AND DISCUSSIONS 

  

ELECTROCHEMICAL STUDIES OF METAL OXIDES DOPED MULTI-WALLED 

CARBON NANOTUBES 

 

5.1. Introduction 

 

Although many studies have been conducted on the effect of metal catalysts on the 

electrochemical performance of CNTs, few studies have been conducted on the 

electrochemical performance of metal oxides/CNTs especially towards hydrogen 

storage. The dissertation objectives were focused mainly on the effect of different 

metal oxides on the electrochemical performance of acid-treated MWCNTs. The 

study involves the investigation of the effect of preparation temperature on the 

electrochemical performance of the metal oxide-MWCNTs nanocomposites. The 

study hoped to obtain a hybrid material that will show better electrochemical 

activities. MWCNTs treated with H2O2:HNO3 were used to make the composites. All 

the SEM images of the metal oxide containing MWCNTs were obtained from 

samples treated at 300 and 500 oC, to study the effects of two different 

temperatures. 

 

5.2. Characterisation of CuO and 5wt.% CuO-MWCNTs nanocomposite 

 

5.2.1. SEM analysis of CuO nanoparticles 
 

Figure 5.1 show the SEM images of CuO prepared at different temperatures. CuO 

was prepared by heating Cu(NO3)2.3H2O at different temperatures for 2 h. The CuO 

of clusters of varying amounts of thin nanosheets were observed (Figure 5.1(a)). 

Similar morphology was observed by Dubal et al. [1] when they prepared CuO via 

Chemical bath deposition (CBD) method using CuSO4 as a source of copper. They 

demonstrated that the clusters of small nanosheets generate abundant pores, which 

ensures an easier electrolyte ion transport and more superficial electro-active sites. 
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The nanosheets formed agglomerates at high preparation temperatures which 

resulted in the formation of thick sheets (Figure 5.1(c)).  

 

Figure 5.1: SEM images of CuO prepared at (a) 300 oC (b) 400 oC and (c) 500 oC. 

  

5.2.2. SEM analysis of 5wt.% CuO-MWCNTs nanocomposite 

 

Figure 5.2 show the SEM images of 5wt.% CuO-MWCNTs nanocomposites. The 

SEM images show clusters of various lengths and diameters of MWCNTs. The 

MWCNTs are highly curved and bunched together in a random and disordered 

manner. The images show the presence of the CuO nanosheets among the 

MWCNTs. Some big CuO sheets are visible on the CuO@500 oC-MWCNTs 

composites in relation to the CuO@300 oC-MWCNTs composite.  
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Figure 5.2: SEM images of (a) CuO@300 oC-MWCNTs and (b) CuO@500 oC-

MWCNTs. 

 

5.2.3. TEM analysis of 5wt.% CuO@300 oC-MWCNTs 

 

The TEM images of the 5wt.% CuO@300 oC-MWCNTs at low- and high 

magnification are shown in figure 5.3. The TEM images show that some of the CuO 

nanoparticles were embedded inside the walls of MWCNTs [Figure 5.3(a) and (b)].  

This shows that most of the CuO particles are within the inner diameters of 
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MWCNTs, although occasionally some few large particles are observed as well. 

Lower magnification TEM images of the CuO@300 oC-MWCNTs composites do not 

show formation of any noticeable aggregates [Figure 5.3(a)]. It should however be 

noted that some of the CuO deposits blocked the inner tubes of the three 

dimensional entangled structure of the MWCNTs. The diameter of the CuO particles 

measured from the high magnification TEM image was found to be 6.8 nm [Figure 

5.3(b)]. 

   

Figure 5.3: TEM images of 5wt.% CuO@300 oC-MWCNTs at (a) low- and (b) high 

magnification. 

 

5.2.4. XRD analysis of CuO and 5wt.% CuO-MWCNTs nanocomposite 

 

Figure 5.4 shows the XRD patterns of CuO and the corresponding 5wt.% CuO-

MWCNTs nanocomposite. The XRD pattern of the CuO can be well indexed as the 

monoclinic copper oxide (CuO) phase [2]. No characteristic peaks assigned to 

impurities such as Cu(OH)2 or Cu2O were detected (Figure 5.4(a)). The average 

crystallite size calculated using the Scherrer’s equation from the (-111) peak was 

found to be 25.06 nm and 19.73 nm for CuO@300 oC and CuO@300 oC-MWCNTs, 

respectively. The crystallite size of CuO increased with treatment temperature (27.1 

nm at 500 oC, (Figure 5.4(c)), however they remain the same inside MWCNTs. This 

clearly suggests that the CuO nanoparticles were restricted to a specific size as soon 

as they are attached to or within the MWCNTs structure. The CuO-MWCNTs 
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composites, showed additional peak (002) at around 2θ = 26 o, which is due to the 

graphitic characteristic of MWCNTs structure (Figure 5.4(c)).  

 

Figure 5.4: XRD pattern of (a) CuO@300 oC and (b) 5wt.% CuO@300 oC-MWCNTs 

and (c) 5wt.% CuO@500 oC-MWCNTs. 

 

5.3. Characterisation of Fe2O3 and 5wt.% Fe2O3-MWCNTs nanocomposite 

 

5.3.1. SEM analysis of Fe2O3  

 

Figure 5.5 show the SEM images of Fe2O3 prepared at different temperatures. Fe2O3 

was prepared by heating Fe(NO3)3.9H2O at different temperatures for 2 h. 

Nanotubular structures of Fe2O3 can be observed at 300 oC. There is formation of 

round blobs among the Fe2O3 nanotubes at pre-treatment temperature of 400 oC. 

The observed blobs became bigger at 500 oC pre-treatment temperature. Xie et al. 

[3] reported a similar tabular morphology, when they prepared α-Fe2O3 through an 

anodization method on iron films. They demonstrated that the unique nanostructures 

of α-Fe2O3 nanotube arrays provide high surface area, fast ion transport pathways 
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and robust structures. They further demonstrated that these features made the α-

Fe2O3 nanotube array electrode very attractive for supercapacitor applications. 

 

Figure 5.5: SEM images of Fe2O3 prepared at (a) 300 oC (b) 400 oC and (c) 500 oC. 

 

5.3.2. SEM analysis of Fe2O3-MWCNTs nanocomposites 

 

Figure 5.6 show the surface morphology of Fe2O3-MWCNTs nanocomposites. The 

images show the presence of the Fe2O3 nanoparticles among the MWCNTs 

samples. Distribution of various particle sizes of Fe2O3 are observed on the surface, 

with clear visibility on Fe2O3@300 oC-MWCNTs compared to CuO@300 oC-

MWCNTs nanocomposite. The Fe2O3 nanoparticles on the Fe2O3@500 oC-MWCNTs 

nanocomposite form a bundle of agglomerate on the top left corner.  
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Figure 5.6: SEM images of (a) Fe2O3@300 oC-MWCNTs and (b) Fe2O3@500 oC-

MWCNTs. 
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5.3.3. TEM analysis of 5wt.% Fe2O3@300 oC-MWCNTs 

 

The TEM images of the 5wt.% Fe2O3@300 oC-MWCNTs at low- and high 

magnification are shown in figure 5.7. The TEM images show the presence of Fe2O3 

nanoparticles on the surface of the MWCNTs, which is consistent with the SEM 

images (Figure 5.6). The Fe2O3 particles are big, however small Fe2O3 nanoparticles 

are occasionally observed. The diameter of the Fe2O3 particles measured from the 

high magnification TEM image was found to be 11.5 nm. 

   

Figure 5.7: TEM images of 5wt.% Fe2O3@300 oC-MWCNTs at (a) low- and (b) high 

magnification. 

 

5.3.4. XRD analysis of Fe2O3 and 5wt.% Fe2O3-MWCNTs nanocomposite 

 

Figure 5.8 show the XRD pattern of Fe2O3 and corresponding 5wt.% Fe2O3-

MWCNTs nanocomposite. The iron oxide was confirmed to be Fe2O3 [4] and no 

impurities were detected. The average crystallite size calculated using the Scherrer’s 

equation from the (104) peak was found to be 30.2 nm, and 25.8 nm for Fe2O3@300 

oC and Fe2O3@300 oC-MWCNTs respectively, with some high crystallite sizes 

obtained at high temperature treatments. For the Fe2O3-MWCNTs composites, in 

addition to the Fe2O3 peaks, the characteristic graphitic (002) peak of the MWCNTs 

is observed at around 2θ = 26 o.  
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Figure 5.8: XRD pattern of (a) Fe2O3@300 oC and (b) 5wt.% Fe2O3@300 oC-

MWCNTs and (c) 5wt.% Fe2O3@500 oC-MWCNTs. 

 

5.4. Characterisation of NiO and 5wt.% NiO-MWCNTs nanocomposite 

 

5.4.1. SEM analysis of NiO  

  

Figure 5.9(a) shows the NiO nanoparticles with a combination of small and large 

octahedral-like geometry. NiO was prepared by heating Ni(NO3)2.6H2O at different 

temperatures for 2 h. The formation of bigger nanoparticles is observed at high pre-

treatment temperature (Figure 5.9 (c)). However, this shape of NiO nanoparticles 

differs from the flake-like morphology reported by Su et al. [5] who prepared the NiO-

MWCNTs composites by refluxing a mixture of nickel nitrate hexahydrate, urea and 

MWCNTs, which was followed by calcination at 300 oC. The flake-like morphology 

was also obtained by Inamdar et al. [6] when they synthesised a porous nickel oxide 

film by a chemical bath method deposition technique from an aqueous nickel nitrate 

solution. They demonstrated that the flakes provide easy access for ions to access 
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the electrode/electrolyte interface, which is a very important factor for faradaic 

surface reactions. 

 

Figure 5.9: SEM images of NiO prepared at (a) 300 oC (b) 400 oC and (c) 500 oC. 

 

5.4.2. SEM analysis of 5wt.% NiO-MWCNTs nanocomposite 

 

The data in figure 5.10 shows the surface morphology of the NiO-MWCNTs 

nanocomposite. The images show the presence of the NiO lumps with distinct 

shapes among the MWCNTs clusters. Some agglomerates of NiO particles on 

NiO@500 oC-MWCNTs composite [Figure 5.12 (b)], are visibly clear as compared to 

NiO@300 oC-MWCNTs composite. 
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Figure 5.10: SEM images of (a) NiO@300 oC-MWCNTs and (b) NiO@500 oC-

MWCNTs. 
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5.4.3. TEM analysis of 5wt.% NiO@300 oC-MWCNTs 

 

The TEM images of the 5wt.% NiO@300 oC-MWCNTs at low- and high magnification 

are shown in figure 5.11. The TEM images show that some of the NiO nanoparticles 

were embedded inside the walls of MWCNTs. Lower magnification TEM images of 

the NiO@300 oC-MWCNTs composites do not show formation of any noticeable 

aggregates. It should however be noted that some of the NiO deposits blocked the 

inner tubes of the three dimensional entangled structure of the MWCNTs. The 

diameter of the NiO particles measured from the high magnification TEM image was 

found to be 4.2 nm. 

   

Figure 5.11: TEM images of 5wt.% NiO@300 oC-MWCNTs at (a) low- and (b) high 

magnification. 

 

5.4.4. XRD analysis of NiO and 5wt.% NiO-MWCNTs nanocomposite 

 

Figure 5.12 shows the XRD patterns of NiO and the corresponding 5wt.% NiO-

MWCNTs composites . The diffraction pattern obtained, confirms the formation of 

rock-like polycrystalline structure of NiO [5, 7], as seen on the SEM images in figure 

5.9. The average crystallite size calculated from the (111) peak using the Scherrer’s 

equation was found to be 26.5 nm, and 20.2 nm, for NiO@300 oC and NiO@300 oC-

MWCNTs respectively. Small NiO crystallite sizes were obtained inside MWCNTs, 

due to walls restrictions, however their sizes increased at 500 oC treatments (Figure 
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5.12(c)). Additional peak (002), due to graphitic structure of MWCNTs is observed at 

around 2θ = 26 o. 

 

Figure 5.12: XRD pattern of (a) NiO@300 oC and (b) 5wt.% NiO@300 oC-MWCNTs 

and (c) 5wt.% NiO@500 oC-MWCNTs. 

 

5.5. Characterisation of Co3O4 and 5wt.% Co3O4-MWCNTs nanocomposite 

 

5.5.1. SEM analysis of Co3O4  

 

Figure 5.13 show the SEM images of Co3O4 prepared at different temperatures. 

Co3O4 was prepared by heating Co(NO3)2.6H2O at different temperatures for 2 h. 

The pure Co3O4 product is composed of nanoparticles with the sizes of dozens of 

nanometers with a grain-like morphology, these particles arrange randomly and form 

a relatively loose packed microstructure. When pre-treatment temperature increased 

up to 400 oC, the particles became obviously aggregated. After 500 oC pre-treatment, 
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most of the aggregates of small particles have transformed into large ones with a 

smooth surface, forming fluffy sheets. In general the size of particles is determined 

by the rates of collision and coalescence. At high temperatures coalescence occurs 

almost on contact resulting in large particles and hence small surface area. At low 

temperatures, the collision rate is faster than the rate of coalescence, leading to 

fractal-like agglomerates consisting of very small particles and thus large surface 

area [29]. The sizes of the Co3O4 crystallite were identified by scherrer’s formula 

(55.3 nm by XRD) to be higher than 30 nm, this is not in line with the grain sizes of 

cubic Co3O4 [8]. Abbas et al. [9] prepared nanosized Co3O4 with an average grain 

size of 25 nm. The pure Co3O4 was prepared by in-situ chemical co-precipitation of 

Co2+/3+ ions in alkaline solution using Co(NO3)2.6H2O as the precursor. They 

demonstrated that the nanosized, mesoporous and high surface area structure of 

Co3O4 can provide ion-transport pathways for electrochemical reactions. 

 

Figure 5.13: SEM images at 200nm of Co3O4 prepared at (a) 300 oC (b) 400 oC (c) 

500 oC at high magnification. 
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5.5.2. TEM analysis of 5wt.% Co3O4@300 oC-MWCNTs 

 

The TEM images of the 5wt.% Co3O4@300 oC-MWCNTs at low- and high 

magnification are shown in figure 5.14. Lower magnification TEM images of the 

Co3O4@300 oC-MWCNTs composites do not show formation of any noticeable 

aggregates. It should however be noted that some of the Co3O4 deposits blocked the 

inner tubes of the three dimensional entangled structure of the MWCNTs. The 

diameter of the Co3O4 particles measured from the high magnification TEM image 

was found to be 4.9 nm. 

   

Figure 5.14: TEM images of 5wt.% Co3O4@300 oC-MWCNTs at (a) low- and (b) 

high magnification. 

 

5.5.3. XRD analysis of Co3O4 and 5wt.% Co3O4-MWCNTs nanocomposite 

 

Figure 5.15 shows the XRD patterns of Co3O4 and the corresponding 5wt.% Co3O4-

MWCNTs composites. All sharp diffraction peaks in the Co3O4 are indicative of 

nanosized Co3O4, which is in good agreement with the cubic phase of Co3O4 [9]. The 

average crystallite size calculated from the (311) peak using the Schererr’s equation 

was found to be 55.3 nm, and 42.5 nm for Co3O4@300 oC and Co3O4@300 oC-

MWCNTs, respectively. The crystallite size of Co3O4 increased at high preparation 

temperature (Figure 5.15(c)), but remained low once attached to MWCNTs or inside 

the walls of MWCNTs structure. Similar graphitic (002) peak noted in other 

composites was observed at around 2θ = 26 o.  
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Figure 5.15: XRD patterns of (a) Co3O4@300 oC and (b) 5wt.% Co3O4@300 oC-

MWCNTs and (c) 5wt.% Co3O4@500 oC-MWCNTs. 

 

5.6. Characterisation of 5wt.% (MnO2/CuO)-MWCNTs and 5wt.% (MnO2/Fe2O3)-

MWCNTs 

 

5.6.1. SEM analysis of MnO2, MnO2/CuO and Fe2O3/CuO 

 

The SEM image in figure 5.16(a) shows pure MnO2 that appears to have spherical 

spongy-like morphology and appears to have formed agglomerates. The MnO2/CuO 

in figure 5.16(b) shows a mixture of nanosheets of CuO and spherical grains of 

MnO2. The Fe2O3/CuO sample in figure 5.16(c) shows a mixture of agglomerates of 

both MnO2 and Fe2O3 nanoporous particles. 
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Figure 5.16: SEM image of (a) MnO2 (b) mixture of CuO/MnO2 and (c) mixture of 

Fe2O3/CuO. 

 

5.6.2. XRD analysis of 5wt.% (MnO2/CuO)-MWCNTs and 5wt.% (MnO2/Fe2O3)-

MWCNTs 

 

Figure 5.17 shows the XRD pattern of 5wt.% (MnO2/CuO) on MWCNTs and 5wt.% 

(MnO2/Fe2O3) on MWCNTs. The characteristic graphitic (002) peak of the MWCNTs 

is observed around 2θ = 26 o. The MnO2 reflections (211) and (220) are observed at 

around 2θ = 38.4 o and 44.6 o respectively. The (111) peak of the CuO is observed at 

around 2θ = 35.4 o on the 5% (MnO2/CuO)-MWCNTs nanocomposite. The (104) and 

(110) peaks of the Fe2O3 are observed at around 2θ = 32.9 o and 35.5 o, respectively, 

on the 5% (MnO2/Fe2O3)-MWCNTs nanocomposite. The sharp intensity of the MnO2 

peaks might be due to inaccuracies with the measurements or the mixing was 

insufficient. 
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Figure 5.17: XRD patterns of (a) 5wt.% (MnO2/Fe2O3)-MWCNTs and (b) 5wt.% 

(MnO2/CuO)-MWCNTs. 
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5.7. Brunauer-Emmett-Teller analysis 

 

Figure 5.18 depicts N2 adsorption-desorption isotherm of the metal oxides-MWCNTs 

composites. The isotherms indicate the adsorption hysteresis behaviour in the P/P0 ~ 

0.4 to 0.99. The BET isotherms indicate that all the composites were mainly 

mesoporous. The BET surface area and porosity of the metal oxides-MWCNTs as 

shown in table 4.1, indicates that the CuO@300 oC-MWCNTs (558.04 m2/g) had an 

increase in the surface area and porosity as compared the acid treated MWCNTs 

(343.09 m2/g),. The porosity enhancement is attributed to the coating of CuO 

nanoparticle (prepared at low temperature) onto the MWCNTs surface, resulting in 

surface roughness for adsorption of N2. 

  

The surface area and total pore volume of most nanocomposites are slightly lower 

than that of acid-treated MWCNTs. This may be due to the blocking effect on some 

of the tubes by the metal oxides and thus results in a decrease in surface area. 

Similar findings were reported by Yang et al. [10], on the BET surface area of 

SWCNTs when coated with different percentages of Ni nanoparticles. The surface 

area decreased from 584.8 m2/g for the as-prepared SWCNTs to 436.0 m2/g for the 

SWCNT + 12wt.%Ni. Zhang et al. [11] also reported a decrease in the BET surface 

area for acid-treated CNTs from 122.41 to 7.41 m2/g for 80wt.% MnOx/CNTs. 

  

MWCNTs modified with metal oxides prepared at 500 oC showed lower surface area 

as compared to metal oxides prepared at 300 oC. This is due to particles 

agglomerations which led to blockages of MWCNTs inner tubes. Hence a decrease 

in the N2 adsorption volume is observed on the adsorption isotherms (Figure 5.18). 
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Figure 5.18: N2 adsorption and desorption isotherms and BJH pore size distribution 

of (a) acid-treated MWCNTs (black line) (b) 5wt.% CuO@300 oC-MWCNTs (red line) 

(c) 5wt.% Fe2O3@300 oC-MWCNTs (green line) (d) 5wt.% NiO@300 oC-MWCNTs 

(blue line) and (e) 5wt.% Co3O4@300 oC-MWCNTs (magenta line).  
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Table 5.1: Surface characteristics of the metal-MWCNTs samples determined from 

nitrogen physisorption at -195.8 oC 

Sample 

name 

BET surface 

area (m2g-1) 

 Pore 

volume 

(cm3g-1) 

 

 

 

Pore 

sizes 

(nm) 

A-MWCNTs 343.09  2.91  33.96 

CuO@300°

C-MWCNTs 

558.04  4.11  29.48 

Fe2O3@300

°C-

MWCNTs 

330.27  2.38  28.87 

Co3O4@300

°C-

MWCNTs 

281.78  2.41  34.20 

NiO@300°C

-MWCNTs 

237.58  1.97  33.11 

CuO@500°

C-MWCNTs 

230.42  1.91  33.06 

NiO@500°C

-MWCNTs 

228.31  2.05  35.83 

Co3O4@500

°C-

MWCNTs 

212.23  2.03  38.23 

Fe2O3@500

°C-

MWCNTs 

192.40  1.55  32.27 
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5.8. Thermogravimetric analysis 

 

The TGA and DTG profiles measured in flowing air for the metal oxides-MWCNTs 

composites are shown in figure 5.19. All metal oxide-MWCNTs composites exhibited 

one weight loss step. The TGA (figure 5.19 (a)) curves show that the presence of 

metal oxides reduces the stability of MWCNTs. The metal oxide-MWCNTs samples 

demonstrated the residual weights of between 5.8 - 8wt.% metal oxides. These 

results demonstrate the presence of an intended metal oxides loading of 5wt.% on 

MWCNTs. DTG curves (figure 5.19 (b)) consists of broad peaks at different positions 

and  the maximum weight losses occurred at 529 oC, 619 oC, 644 oC and 653 oC for 

the MnO2/CuO-MWCNTs, CuO@300 oC-MWCNTs, NiO@300 oC-MWCNTs and 

Fe2O3 oC-MWCNTs nanocomposites, respectively. This suggests a clear influence of 

the attachment of different metal oxides on the thermal stability of metal oxide-

MWCNTs nanocomposites. Maximum weight loss for the acid treated MWCNTs 

occurs at 662 oC. This shows that metal oxides decrease the thermal stability of acid 

treated MWCNTs. 
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Figure 5.19: The (a) TGA and (b) DTG profiles of metal oxides-MWCNTs 

nanocomposites, measured in flowing air. 
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5.9. Electrochemical measurements 

 

5.9.1. Hydrogen storage 

 

5.9.1.1. Cyclic voltammetric characteristics of acid treated MWCNTs and metal 

oxides doped MWCNTs electrodes  

 

The shape of the CV curve of the acid-treated MWCNTs (treated by H2O2:HNO3), 

(Figure 5.20-5.23) is roughly rectangular in shape, indicating a typical double-layer 

capacitive behaviour [12, 13]. In this case, the dissolved ions are accumulated at the 

MWCNT/electrolyte interface by electrostatic attraction forces. The negative current 

reflects the number of hydrated potassium ions that accumulated during the cathodic 

polarization of the MWCNTs, while the positive current during anodic polarization 

corresponds to desorption of hydrated potassium ions [14]. Interestingly several 

humps are observed on the CV curves (Figure 5.20-5.23) of the metal oxide-

MWCNTs nanocomposites, suggesting that, in addition to capacitive behaviour, the 

faradaic reaction also contributes to the measured discharge capacity [15]. 

  

5.9.1.2. Effects of pre-treatment temperature on the current response of 5wt.% 

CuO-MWCNTs electrodes 

 

For comparison, the CV curves of the acid-treated MWCNTs and 5wt.% CuO-

MWCNTs electrodes are shown in figure 5.20. Measurements were studied using a 

three electrode system in a 6 M solution of KOH as the electrolyte. Runs were 

carried out in a potential window of -1.4 to 0.2 V at a scan rate of 50 mV/s. Two pairs 

of redox peaks are observed on the 5wt.% CuO-MWCNTs nanocomposites which 

can be related to the sequential transitions of Cu+ to Cu. The curve shows a cathodic 

peak around -0.58 V (vs Ag/AgCl), upon reversal of the scan direction a 

corresponding oxidation peak is observed around 0.02 V (vs Ag/AgCl) [2]. The 

possible mechanism is based on the adsorption of the H+ ions on the surface of the 

5wt.% CuO-MWCNTs composite. The primary reaction involved can be represented 

as: 

2CuO + 2H+ + 2e-↔ Cu2O + H2O      (Equation 5.1) 
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The CuO@300 oC-MWCNTs nanocomposite showed a higher BET surface area 

(558.04 m2/g) in comparison to 230.42 m2/g of the CuO@500 oC-MWCNTs 

nanocomposite. Therefore, the current response of the CuO@300 oC-MWCNTs 

nanocomposite was expected to be higher, followed by the CuO@400 oC-MWCNTs 

nanocomposite and lastly the CuO@500 oC-MWCNTs nanocomposite. However the 

composite with CuO at 300 oC shows the lowest current response. The CV 

measurements on this electrode were performed about 3 times and the same curve 

was obtained. 

 

Figure 5.20: CV curves of (a) A-MWCNTs (b) 5wt.% CuO@300 oC-MWCNTs (c) 

5wt.% CuO@400 oC-MWCNTs  and (d) 5wt.% CuO@500 oC-MWCNTs.  
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5.9.1.3. Effects of pre-treatment temperature on the current response of 5wt.% 

Fe2O3-MWCNTs electrodes 

 

Figure 5.21 shows the CV curves of the 5wt.% Fe2O3-MWCTs nanocomposites. 

Measurements were studied using a three electrode system in a 6 M solution of KOH 

as the electrolyte. Runs were carried out in a potential window of -1.4 to 0.2 V at a 

scan rate of 50 mV/s.  Similarly redox peaks are observed which can be related to 

the transitions of Fe3+ to Fe2+. The CV curves show a cathodic peak at around -1.30 

V (vs Ag/AgCl) and a corresponding oxidation peak is observed at around -0.62 V 

(vs Ag/AgCl). The reaction involved can be represented as: 

Fe2O3 + 2H+ + 2e- ↔ 2 Fe(OH)2 + 2H2O     (Equation 5.2) 

The 5wt.% Fe2O3 @300 oC-MWCNTs shows the highest current response as 

expected. This electrode material showed the highest BET surface area of 330.27 

m2/g and small average crystallite size of 25.8 nm in comparison to 192.40 m2/g and 

63.8 nm of Fe2O3 @500 oC-MWCNTs.  
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Figure 5.21: CV curves of (a) A-MWCNTs (b) 5wt.% Fe2O3@300 oC-MWCNTs (c) 

5wt.% Fe2O3@400 oC-MWCNTs and (d) 5wt.% Fe2O3@500 oC-MWCNTs. 

 

5.9.1.4. Effects of pre-treatment temperature on the current response of 5wt.% 

NiO-MWCNTs electrodes 

 

The shapes of the CV curves of the 5wt.% NiO-MWCNTs (Figure 5.22) reveal that 

the adsorption/desorption mechanism is very similar to that of electric double-layer, 

in which the shape is normally close to an ideal rectangular shape. However, these 

results are not in agreement with the results that were reported previously [5, 13, 16, 

17-19] since the proposed mechanism in NiO-MWCNTs composites is mainly from 

faradaic redox between NiO particles and KOH electrolyte according to the following 

electrochemical reaction:  

NiO + OH- ↔ NiOOH + e-       (Equation 5.3) 
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The main factor contributing toward this behaviour may be the octahedral geometry 

of the NiO obtained, since in most or all previous papers, the NiO nanoparticles 

usually have the flake like morphology [5, 6]. Su et al. obtained the flake-like 

morphology of nickel oxide by the direct deposition of NiO onto the surface of CNTs, 

through refluxing a mixture of nickel nitrate hexahydrate, urea and MWCNTs, 

followed by calcination at 300 oC. They demonstrated that the flake-like morphology 

of NiO results in an open and porous structure of the NiO-CNT composites. Such an 

open hierarchical porous structure of NiO could permit easy access for solvated ions 

to the electrode/electrolyte interface, which is crucial for surface Faradaic reactions 

[5, 6]. The observed result suggests that the octahedral structure of NiO does not 

provide easy access for ions to the electrolyte/electrode interface, hence a decrease 

in surface area of NiO containing MWCNTs. This results in the dissolved ions being 

accumulated at the MWCNTs/electrolyte interface. 

 

Comparing the three metal oxides/MWCNTs electrode materials it can be clearly 

observed that the NiO@300 oC-MWCNTs nanocomposite shows higher current 

response followed by NiO@400 oC-MWCNTs and lastly NiO@500 oC-MWCNTs. 

These results are consistent with the BET surface area of the composites which was 

found to be 237.58 and 228.31 m2/g for the NiO@300 oC-MWCNTs and NiO@500 
oC-MWCNTs, respectively. The calculated crystallite size of NiO@300 oC-MWCNTs 

nanocomposite is also lower (20.2 nm) in comparison to 24.9 nm of the NiO@500 
oC-MWCNTs. Based on the size of NiO treated at 500 oC, the results suggests that 

the crystallite size influences the current response of the nanocomposites.
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Figure 5.22: CV curves of (a) A-MWCNTs (b) 5wt.% NiO@300 oC-MWCNTs (c) 

5wt.% NiO@400 oC-MWCNTs and (d) 5wt.% NiO@500 oC-MWCNTs. 

 

5.9.1.5. Effects of pre-treatment temperature on the current response of the 

Co3O4-MWCNTs electrodes 

 

From the CV curves of the 5wt.% Co3O4-MWCNTs shown in figure 5.23, it can be 

clearly seen that there are two strong distinct pairs or redox peaks during the anodic 

and cathodic sweeps. Measurements were studied using a three electrode system in 

a 6 M solution of KOH as the electrolyte. Runs were carried out in a potential window 

of -1.4 to 0.2 V at a scan rate of 50 mV/s. These redox peaks correspond to 

conversion between different cobalt oxidation states. The pair of broad redox peaks 

can be seen at -0.35 V and -0.76 V respectively. The possible mechanism is as 

follows [13]: 

Co3O4 + H2O + OH- ↔ 3CoOOH + e-      (Equation 5.4)  
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CoOOH + OH- ↔ CoO2 + H2O + e-     (Equation 5.5)  

The Co3O4@300 oC-MWCNTs nanocomposite show the highest current response 

followed by Co3O4@400 oC-MWCNTs and lastly Co3O4@500 oC-MWCNTs. This is in 

good agreement with the BET surface area and the calculated crystallite sizes. The 

Co3O4@300 oC-MWCNTs showed the highest BET surface area of 281.78 m2/g and 

average crystallite of 42.5 nm. The Co3O4@500 oC-MWCNTs nanocomposite 

showed the BET surface area of 212.23 m2/g and average crystallite size of 59.8 nm, 

which is an increase of crystallite size with temperature. 

 

Figure 5.23: CV curves of (a) A-MWCNTs (b) 5wt.% Co3O4@300 oC-MWCNTs (c) 

5wt.% Co3O4@400 oC-MWCNTs and (d) 5wt.% Co3O4@500 oC-MWCNTs. 

 

5.9.1.6. Hydrogen discharge capacity characteristics of the electrodes 

 

Figure 5.24 show the discharge capacity curves of the MWCNTs electrodes and the 

corresponding hydrogen storage capacities calculated from the curves are shown in 

table 5.2. From the calculated discharge capacities it can be clearly observed that 
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the 5wt.% CuO-MWCNTs shows higher hydrogen storage capacities as compared to 

the other electrode materials (See Appendix 2 to 4). The main factors contributing to 

the high discharge capacity are; (1) higher specific surface area obtained for the 

CuO-MWCNTs nanocomposites, (2) the nanosheet-like structure of CuO which 

provide suitable porosity for easy insertion/de-insertion of ions into/from the 

electrode matrix and lastly small crystallite sizes (19.73 nm at a pre-treatment 

temperature of 300 oC) obtained for the CuO-MWCNTs which shortens the ion 

diffusion paths within the active material. 

 

Figure 5.24: Discharge curves of (a) A-MWCNTs (b) 5wt.% CuO@300 oC-MWCNTs 

(c) 5wt.% CuO@400 oC-MWCNTs and (d) 5wt.% CuO@500 oC-MWCNTs. 
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Table 5.2: Electrochemical hydrogen storage data for the metal oxides-MWCNTs 

samples nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aAll data were repeated three times. 

 

5.9.1.7. Cyclic voltammetric characteristics of CuO, CuO-MWCNTs, MnO2/CuO-

MWCNTs electrodes 

 

Since the 5wt.% CuO-MWCNTs electrode showed the highest hydrogen storage 

capacity as compared to all nanocomposites electrodes. MnO2 was mixed with CuO 

(MnO2/CuO molar ratio = 1:1) following the method described in chapter 3. The 

5wt.% of MnO2/CuO mixture was mixed with the acid-treated MWCNTs (treated by 

H2O2:HNO3) using the method described in chapter 3. Figure 5.24 show the CV 

curves of CuO, 5wt.% CuO-MWCNTs and 5wt.% (MnO2/CuO)-MWCNTs electrodes. 

Measurements were studied using a three electrode system in a 6 M solution of KOH 

as the electrolyte. Runs were carried out in a potential window of -1.4 to 0.2 V at a 

scan rate of 50 mV/s. A distorted, featureless CV curve is observed for the CuO 

electrode (see an insert). The main reason for this behaviour is the lack of electrical 

MWCNTs samples  Discharge capacity (mAh/g)a 

CuO  -16.65 

A-MWCNTs 72.63 

5% (MnO2/CuO)-

MWCNTs 

172.27 

  @300°C @400°C @500°C 

5% CuO-MWCNTs 158.84 109.45 120.88 

5% Fe2O3-MWCNTs 112.78 95.90 69.71 

5% Co3O4-MWCNTs  90.13 63.16 54.39 

5% NiO-MWCNTs 89.91 79.25 52.39 
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conductivity for the CuO electrode [2]. The MnO2/CuO-MWCNTs showed high 

current response, as compared to 5wt.% CuO-MWCNTs; with distinct oxidation and 

reduction peaks at around -0.66 V and 0.03 V, respectively. These results 

demonstrated that the current response of CuO-MWCNTs nanocomposite can be 

improved by addition of manganese oxide.  
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Figure 5.25: CV curves of (a) CuO (b) 5wt.% CuO-MWCNTs (c) 5wt.% (MnO2/CuO)-

MWCNTs and an insert of expanded CuO. 

 

5.9.1.8. Concluding remarks on hydrogen storage capacities of metal oxides 

doped MWCNTs electrodes 

 

The order of discharge capacity values of different nanocomposites is as follows: 

5wt.% CuO-MWCNTs > 5wt.% Fe2O3-MWCNTs > 5wt.% Co3O4-MWCNTs > 5wt.% 

NiO-MWCNTs, at 300 oC pre-treatment of metal oxides. The characteristics of 

electrochemical reactions are strongly dependent on the shape and dimensionality of 

the electrode material at the nanoscale level [1]. The possible main factor that 
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contributed to low discharge capacity for the 5wt.% NiO-MWCNTs electrode is due 

to the cube-like morphology of the NiO nanoparticles obtained, which is not providing 

enough facilitation of the ion transport paths. 

The discharge capacity decreased with an increase in pre-treatment temperature of 

the metal oxides except for 5wt.% CuO-MWCNTs electrode. The relation between 

the discharge capacity (DC) values and the calcination temperature for the 

electrodes is as follows: DC300
 o

C >DC400
 o

C >DC500
 o

C. Smaller average crystallite 

sizes, higher BET surface area and porosity enhancement are the major factors 

contributing to the high discharge capacity at lower metal oxide pre-treatment 

temperature (300 oC). Pure CuO nanoparticles (Appendix 5) showed -16 mAh/g of 

discharge capacity, indicating that the pure CuO nanoparticles have no hydrogen 

oxidation in the discharge process.  

 

The highest discharge capacity of 172 mAh/g corresponding to an electrochemical 

hydrogen storage capacity of 0.64 wt% was obtained using the 5wt.% (MnO2/CuO)-

MWCNTs electrode. Particle size and morphology of metal oxide nanoparticles plays 

an important role in the electrochemical performance of metal oxides-MWCNTs 

nanocomposites. High crystallite sizes (19.73-63.80 nm) of metal oxides, might be 

the major factors that contributed to low hydrogen storage capacities; as compared 

to the values reported in the literature [20, 21]. 

 

5.9.2. Supercapacitor studies 

 

5.9.2.1. Cyclic voltammetric characteristics of A-MWCNTs, 5wt.% Fe2O3@300 
oC-MWCNTs, 5wt.% Fe2O3@400 oC-MWCNTs and 5wt.% Fe2O3@500 oC-

MWCNTs 

 

The prepared nanocomposites were subjected to typical cyclic voltammetric tests in 

a 1 M Na2SO4 solution. The measurements were carried out in a 1 M Na2SO4 

aqueous electrolyte at room temperature. CV tests were carried out using a potential 

window ranging between -0.1 and 0.9 V at a scan rate of 50 mV/s It is well known 

that cyclic voltammetric measurements are helpful in understanding the microscopic 

electrochemical surface reactions at the electrode of the supercapacitor during the 
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charging and discharging process [22]. The studies was undertaken at a potential 

ranging between -0.1 to 0.9 V (versus Ag/AgCl) at a scan rate of 50 mV / s.  

 

Figure 5.27 show the CV curves of the acid treated MWCNTs (treated by 

H2O2:HNO3) and Fe2O3 (treated at different temperature) on-MWCNTs. These CVs 

are relatively rectangular in shape and exhibit near mirror image current response on 

voltage reversal indicating a reversible reaction and ideal capacitive behaviour for all 

the nanocomposites [7]. It can be clearly seen that the CV curves do not exhibit 

those clear peaks observed in the hydrogen storage case, indicating the absence or 

little redox activity in this case [23]. The main reason for the lack of redox activity is 

the change of the applied potential since varying the applied potential changes the 

oxidising/reducing ability of any electrode [24]. For example, more negative 

potentials increase the reducing ability of the electrode and vice versa. 

 

The 5wt.% Fe2O3-MWCNTs (Figure 5.27) nanocomposites show higher enclosed 

area as compared to all the other electrode materials (See Appendix 6 to 8). This 

consequently mean higher specific capacitance, which implies that more number of 

charges are involved in the 5wt.% Fe2O3-MWCNTs nanocomposites in relation all 

the other nanocomposites. The major contributing factor to high specific capacitance 

is the tubular morphology of Fe2O3, which was reported by Xie et al. [3]. The highest 

specific capacitance was obtained for the nanocomposite with metal oxides prepared 

at high temperatures (400 oC and 500 oC). The Fe2O3@400 oC-MWCNTs 

nanocomposite showed the highest specific capacitance, followed by the 

Fe2O3@500 oC-MWCNTs nanocomposite. The Fe2O3@300 oC-MWCNTs 

nanocomposite showed the lowest specific capacitance. 
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Figure 5.26: CV curves of (a) A-MWCNTs (b) 5wt.% Fe2O3@300 oC-MWCNTs (c) 

5wt.% Fe2O3@400 oC-MWCNTs and (d) 5wt.% Fe2O3@500 oC-MWCNTs. 

 

5.9.2.2. Cyclic voltammetric characteristics of Fe2O3, 5wt.% Fe2O3-MWCNTs 

and 5wt.% (MnO2/Fe2O3)-MWCNTs electrodes 

 

When a thick- and compact metal oxide film is used alone for electrode fabrication, 

the charge-transfer-reaction kinetics is limited tremendously due to its poor electronic 

conductivity and difficulty in the penetration of electrolyte [25]; this is evidently shown 

by the CV curve of Fe2O3 electrode shown on figure 5.28. Measurements were 

carried out in a 1 M Na2SO4 aqueous electrolyte at room temperature. CV tests were 

carried out using a potential window ranging between -0.1 and 0.9 V at a scan rate of 

50 mV/s.  However, the incorporation of Fe2O3 on MWCNTs, gave high capacitance. 

Surprisingly, the capacitance decreased when MnO2 was added into the Fe2O3-

MWCNTs composites. The reason behind these is still unknown. The specific 
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capacitance values for the MWCNTs samples calculated from the CV curves are 

presented in table 5.3. 

 

Figure 5.27: CV curves of the (a) Fe2O3 (b) 5wt.% Fe2O3-MWCNTs  (d) 5wt.% 

(MnO2/Fe2O3)-MWCNTs.  
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Table 5.3: Specific capacitance of the metal oxides-MWCNTs nanocomposites 

  

5.9.2.3 Concluding remarks on supercapacitance characteristics of metal 

oxides doped MWCNTs electrodes 

 

It is well known that the larger enclosed area of the CV curves, the greater the 

specific capacitance of the nanocomposites [26]. A slight increase in the area of the 

curves was observed when the different metal oxides are introduced into the acid-

treated MWCNTs (Figure 5.27 and Appendix 6-8). The increase in specific 

capacitance can be attributed to the unique coaxial nanostructure of the metal 

oxides. During the charge storage process the ultrathin metal oxide nanocoatings 

provide short ion/electron transport pathways while the porous interwoven network 

structure enables fast electrolyte penetration and facilitate continuous ion/electron 

transport throughout the electrode [27]. In other words the synergetic interaction 

between the metal oxides and MWCNTs results in improved electronic conductivity 

and ionic accessibility in the samples.  

MWCNTs samples  Specific capacitance (F/g) 

Fe2O3  0.00 

A-MWCNTs  6.39 

5% (MnO2/Fe2O3)-

MWCNTs 

 8.10 

  @300 oC @400 oC @500 oC 

5% Fe2O3-MWCNTs  9.26 9.70 9.46 

5% CuO-MWCNTs 7.97 7.29 8.04 

5% NiO-MWCNTs 7.77 8.30 8.87 

5% Co3O4-MWCNTs 5.20 8.66 8.21 



120 
 

A slight increase in the specific capacitance for all the metal oxide-MWCNTs 

composites, as compared to the acid treated MWCNTs is possibly due to the small 

amount of the metal oxides inside the composite. No particular pattern is observed in 

terms of capacitance in relation to the calcination temperature for the metal oxides. 

The temperature dependence varies with each material but the values are almost 

similar. 
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CHAPTER 6  

 

 

GENERAL CONCLUSION 

 

Treatment of MWCNTs with different acids/oxidiser results in the formation of 

different functional groups on the surface of MWCNTs as confirmed by FTIR 

spectroscopy. Amount of surface groups depends on the type of acid/oxidiser, with 

the amount increasing when the MWCNTs are treated by a mixture of the acids. All 

the acid-treated MWCNTs samples show better sedimentation stability in distilled 

water than the raw MWCNTs, which is due the interaction between solvent 

molecules and the surface groups produced after acid treatments. TEM and XRD 

results show that treatment with mild acids removes bamboo carbon structures 

inside the hollow nanotube and the walls remain intact, with formation of thin 

MWCNTs walls.  

 

Treatment of MWCNTs with strong acid mixtures (HNO3:H2SO4) results in the 

formation of carbon structures inside the tubes. This resulted in a decrease in the 

surface area, hydrogen storage capacity and capacitance of the materials. The 

structural stability of the acids/oxidiser treated MWCNTs, as shown by TGA was as 

follows: HNO3:H2SO4 < H2O2:HNO3 < H2O2: H2SO4. The electrochemical studies 

demonstrated that under the same testing conditions, the MWCNTs treated by 

H2O2:HNO3 (1:3) had the highest hydrogen storage capacity as compared with the 

other treated MWCNTs. The highest discharge capacity obtained is 72.63 mAh/g 

(MWCNTs treated by H2O2:HNO3), which is higher by a factor of 8.82 as compared 

with the raw MWCNTs (8.23 mAh/g). The specific capacitance increased from 4.9 

F/g (raw MWCNTs) to 8.9 F/g (MWCNTs treated by H2O2:HNO3), an increase by a 

factor of 1.8. Thus, the modification of the MWCNTs with acids/oxidiser improves 

their surface properties, which leads to an increased electrochemical hydrogen 

storage capacity and capacitance. 

 

A successful incorporation of metal oxides (CuO, Fe2O3, NiO, and Co3O4) into the 

inner/surface structure of acid-MWCNTs was confirmed by XRD, SEM and TEM 
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results. The electrochemical hydrogen storage and capacitance of MWCNTs was 

improved by the presence of metal oxides. The metal oxides nanoparticles acted as 

redox sites for hydrogen storage, thus leading to a better electrochemical hydrogen 

storage capacity. The hydrogen storage capacity decreased with an increase in pre-

treatment temperature of metal oxides, however the capacitance values varied. The 

structural stability of metal oxides doped MWCNTs, as shown by TGA was as 

follows: CuO@300 oC-MWCNTs < NiO@300 oC-MWCNTs < Fe2O3@300 oC-

MWCNTs. 

 

The hydrogen storage capacities were crystallite size and surface area dependent, 

with smaller crystallite size related to higher hydrogen storage. The 5wt.% 

CuO@300 oC-MWCNTs electrodes gave the highest discharge capacity of 159 

mAh/g (which is related to 0.59 wt.% hydrogen storage). This value increased to 172 

mAh/g, when MnO2 was added. The 5wt.% Fe2O3@400 oC-MWCNTs electrodes 

gave the highest specific capacitance of 9.70 F/g as compared to all the other 

electrode materials. However, the addition of MnO2 decreased the above stated 

capacitance value. 
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FUTURE WORK AND RECOMMENDATIONS 
 

The study demonstrated that treatment of MWCNTs with mixtures of acids has 

effects on the structural properties of MWCNTs which results in the decrease or 

increase of hydrogen and energy storage capacities of MWCNTs. The study has 

also shown that metal oxides (CuO, MnO2, Fe2O3) with an average crystallite size of 

less than 20 nm have the potential to enhance electrochemical performance of 

MWCNTs. Future studies will include the following: 

 Further characterisation of MWCNTs treated by mixtures of acids by Raman 

spectra and XPS to have a clear understanding of the factors affecting the 

electrochemical performance of MWCNTs towards hydrogen and energy 

storage. 

 SEM analysis of MWCNTs after different life cycle to study morphological 

changes associated with charging and discharging. 

 Synthesize metal oxides with average particle sizes of less than 15 nm. 

 Synthesize NiO with the flake like morphology using the method described in 

chapter 5, section 5.4.  
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APPENDICES 

  

 

1. The discharge capacity and hydrogen weight percentage were calculated 

as follows: 

 

MnO2/CuO-MWCNTs nanocomposite, 

 

 

 

 

 

 

 

 

 

2. The specific capacitance was calculated as follows: 

 

Fe2O3@400 oC-MWCNTs nanocomposite, 
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Appendix 1: CV curves of the (a) raw MWCNTs (black line), MWCNTs treated by 

(b) H2SO4 (red line) (c) HNO3 (green line) and (d) H2O2 (blue line). 
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Appendix 2: Discharge curves of (a) A-MWCNTs (b) 5wt.% Fe2O3@300 oC-

MWCNTs (c) 5wt.% Fe2O3@400 oC-MWCNTs and (d) 5wt.% Fe2O3@500 oC-

MWCNTs. 
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Appendix 3: Discharge curves of (a) A-MWCNTs (b) 5wt.% NiO@300 oC-MWCNTs 

(c) 5wt.% NiO@400 oC-MWCNTs and (d) 5wt.% NiO@500 oC-MWCNTs. 
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Appendix 4: Discharge curves of (a) A-MWCNTs (b) 5wt.% Co3O4@300 oC-

MWCNTs (c) 5wt.% Co3O4@400 oC-MWCNTs and (d) 5wt.% Co3O4@500 oC-

MWCNTs. 
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Appendix 5: Discharge curves of (a) CuO (b) 5wt.% CuO-MWCNTs  and (c) 5wt.% 

(MnO2/CuO)-MWCNTs. 
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Appendix 6: CV curves of (a) A-MWCNTs (b) 5wt.% CuO@300 oC-MWCNTs (c) 

5wt.% CuO@400 oC-MWCNTs and (d) 5wt.% CuO@500 oC-MWCNTs. 
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Appendix 7: CV curves of (a) A-MWCNTs (b) 5wt.% NiO@300 oC-MWCNTs (c) 

5wt.% NiO@400 oC-MWCNTs and (d) 5wt.% NiO@500 oC-MWCNTs. 
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Appendix 8: CV curves of (a) A-MWCNTs (b) 5wt.% Co3O4@300 oC-MWCNTs (c) 

5wt.% Co3O4@400 oC-MWCNTs and (d) 5wt.% Co3O4@500 oC-MWCNTs.	
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