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Zusammenfassung 

Kohlenstoffnanoröhren stellen ein interessantes Allotrop von Kohlenstoff dar, die eine breite Palette 

von Anwendungen haben können, da sie außergewöhnliche mechanische, elektrische und thermische 

Eigenschaften aufweisen. Dies macht CNTs zu einem interessanten Nanomaterial für verschiedene 

Anwendungen, von mechanischen Sensoren bis hin zu elektrischen Mikroelektroden und sogar 

biologischen Anwendungen aufgrund ihrer biologischen Kompatibilität. 

Neben den hervorragenden Materialeigenschaften ist die Verwendung einer speziellen 

Strukturierung dieser Materialien definierter Orientierung von großer Bedeutung. Damit kann man 

morphologisch reproduzierbare Materialien erhalten, die für Anwendungen besser geeignet ist. 

Daher wird in dieser Arbeit das kontrollierte Wachstum von vertikal ausgerichteten 

Kohlenstoffnanoröhren (VACNTs) betrachtet. 

VACNTs werden auf Si/SiO2-Substraten unter Verwendung einer wasserunterstützten chemischen 

Dampfabscheidungstechnik synthetisiert. Durch diese Technik werden hochkristalline, reine und 

mehrwandige CNTs mit weniger Schichten und einer vertikalen Orientierung zum Substrat erhalten. 

Die Parameter für das Wachstum wurden optimiert, um auch VACNTs mit unterschiedlichen Höhen 

in einem Syntheseschritt zu ermöglichen. Diese Strukturierung dient dazu, einen nano-

mikrostrukturierten haarzellartigen Sensor zu erhalten, der beispielsweise als ein mechanischer 

Sensor dreidimensionale Kräfte durch den wechselnden Kontaktwiderstand zwischen benachbarten 

CNT-Bündeln unterschiedlicher Höhe messen kann. 

Wegen der hervorragenden elektrischen Eigenschaften zusammen mit der stark erhöhten Oberfläche 

der vertikal ausgerichteten VACNTs wurden sie mit ungeordneten CNTs für 

Mikroelektrodenanwendungen verglichen. Dabei wird der Vorteil der vertikalen Ausrichtung in der 

dramatischen Abnahme der elektrischen Impedanz und der enormen elektrischen 

Kapazitätserhöhung gegenüber planaren Elektroden deutlich. Diese Mikroelektroden wurden in 

Hinblick auf biologische Anwendungen getestet. Speziell wurde das Wachstum kortikaler Neuronen 

untersucht. 

Während CNTs eindimensionale Systeme darstellen, wurden auch zweidimensionale 

kohlenstoffbasierte Materialien, wie Graphenoxid und reduziertes Graphenoxid, untersucht und 

sowohl für die Gasadsorption als auch als Flüssigkeitsabsorptionsmittel in Kombination mit 

bakterieller Cellulose in Form von Aerogelen verwendet. 

Zum Schluss wurde Phosphoren, als Beispiel für ein zweidimensionales Material, das eng mit 

Graphen in seiner Struktur verwandt ist, synthetisiert. Phosphoren, obwohl strukturell ähnlich mit 

Graphen, besitzt im Gegensatz zu Graphen eine Bandlücke, die es zu einem interessanten Material 

für Feldeffekt-Transistoren macht, wie in dieser Arbeit ebenfalls gezeigt wird. 
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Abstract 

Carbon nanotubes (CNTs) are an interesting allotrope of carbon which can have a wide range of 

applications as they have extraordinary mechanical, electrical and thermal properties. All this makes 

CNTs an interesting nanomaterial for different applications ranging from mechanical sensors to 

electrical microelectrodes and even biological applications due to their biological compatibility. 

Beside the excellent material properties, the use of special structuring of these materials is of great 

importance. The random orientation of CNTs cannot be controlled which usually leads to 

irreproducible material which is not suitable for real world applications. Therefore, the controlled 

growth of vertically aligned carbon nanotubes (VACNTs) is considered in this work. 

VACNTs have been grown on Si/SiO2 substrates using a water-assisted chemical vapor deposition 

technique. By this technique highly crystalline, pure, low-layer multiwalled CNTs with a vertical 

orientation to the substrate are obtained. The parameters for the growth are optimized and even 

structuring of the VACNTs is possible obtaining VACNTs with different heights in one synthesis 

step. This structuring is the used to construct a nano-microstructured artificial-hair-cell-type sensor 

as an example for a mechanical sensor which can measure three-dimensional forces by the changing 

contact resistance between neighboring CNT bundles of different heights. 

Because to the excellent electrical properties together with the highly-increased surface area due to 

the vertical alignment of VACNTs, they are compared to randomly oriented CNTs for 

microelectrode applications. In this, the advantage of vertical alignment becomes clear in the 

dramatic decrease in impedance and enormous increase in capacity. These microelectrodes are then 

tested for biological applications for which the compatibility and growth pattern of cortical neurons 

on VACNTs is studied. 

While CNTs represent one-dimensional systems, also two-dimensional materials related to carbon 

such as graphene oxide and reduced graphene oxide are studied and used for gas-adsorption as well 

as liquids absorbents in combination with bacterial cellulose in the form of aerogels. 

Finally, phosphorene as an example of a two-dimensional material closely related to graphene is 

synthesized. Phosphorene, although structurally similar to graphene, it has a band gap in contrast to 

graphene which makes it an interesting material field-effect transistor devices as shown in this work. 
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I  INTRODUCTION 

This chapter starts with an introduction to carbon nanotubes. Then various synthesis methods, and 

characterizations carbon nanotubes are discussed. 

 

I.1 Carbon nanotubes 

Carbon nanomaterials are found useful in variety of applications due to their unique properties. 

Figure I.1 shows different types of carbon nanomaterials. Carbon nanotubes (CNTs) are one of the 

allotropes of carbon. They have cylindrical structures with at least a single closed end. CNTs are 

classified as single-walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes 

(DWCNTs) and multi-walled carbon nanotubes (MWCNTs) based on the number walls present in 

it [1]. Depending on the diameter and chirality of the helical CNTs, they can be either metallic or 

semiconducting [2-4].  

 

 

 

Figure I.1 Different kinds of carbon nanomaterials (Graphite, Diamond, Fullerene [5], Graphene [6], 

Carbyne [7], Carbon nanohorn [8], Carbon nanobelts [9]). 
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The tubular structures of carbon atoms (CNTs) are hundred times stronger than stainless steel and at 

the same time six times lighter (normalized to its weight). The current-carrying capacity of CNTs 

are 1000 times higher than that of copper and their thermal stability is up to about 4000 K. CNTs 

are hard as diamond but their thermal conductivity is two times that of the diamond [10]. CNTs have 

a Young’s modulus of ~1TPa and a tensile strength of ~63GPa [10]. Current research has not offered 

best cost effective methods of producing CNTs with well-defined superlative properties in large 

scale quantities. This problem emanates from the limited understanding of how these carbon 

nanotubes grow. There are pending answers in regards to the CNTs growth mechanisms [11].  

CNTs have unique mechanical, electrical, thermal, optical and other properties, which are suitable 

for various applications. The properties of CNTs depend on their structure in terms of diameter, 

number of walls, chiral angle and length. CNTs are widely applied in solar cells [12] , conductive 

films [13] , sensors [14-15], purification systems [16] , transistors [17-18] , fuel cells [19], displays [20], 

memories [21], super capacitors [22], separation membranes and filters [23] etc.  

Graphene has densely organized carbon atoms which take the form of a regular sp2 – bonded and 

hexagonal pattern like honeycomb, which forms the basic pattern for other allotropes, CNTs 

inclusive. Understanding of collective mechanism for the growth of CNT forests have led to wafer-

scale production of vertically aligned carbon nanotubes (VACNTs) and there is an anticipation of 

large-scale production of the same [24]. VACNTs arrays are interestingly being used in a wide variety 

of applications such as energy storage devices [25-26], solar cells [27], field emission device [28], 

electrical interconnects [29], membranes [30] and thermal interface materials [31].  

Carbon nanotubes are the rolled form of a single layer of graphite.  Sumio Iijima of NEC is 

remembered for discovering carbon nanotubes in 1991 as a byproduct of fullerene (C60) synthesis 

by electron microscopy [32]. Carbon nanotubes are nowadays prepared through various methods such 

as arc-discharge technique [33], laser ablation [33-34], plasma enhanced chemical vapor deposition 

technique [35-36] and chemical vapor deposition [37]. Denser and thicker linear nanotube arrays are 

grown through chemical vapor deposition technique [36]. Particular applications demand these 

carbonic nanomaterials to be extracted in certain forms (non-aggregated or in strands). The 

commonly used separation methods include electrophoresis [38] , centrifugation [39] , chromatography 

[40] etc.  

 

I.2 Hybridization of carbon 

Carbon has the electronic configuration 1s2, 2s2, 2p2. In graphite, one of the 2s electrons hybridize 

with two 2p electrons to give three sp2 orbital at 120° to each other in a plane. The remaining pz 

orbital arranged at 90° to this plane. The sp2 orbitals form the strong σ bonds between carbon atoms 
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in the graphite planes, while the pz or π-orbitals provide the weak van der Waals bonds between the 

planes. The overlap of π orbitals on adjacent atoms in a given plane provides the electron bond 

network which gives graphite its relatively high electrical conductivity [11]. Figure I.2 shows the 

schematic of the sp2 hybridization in graphene.  

 

 

 

Figure I.2 sp2 hybridized crystal structure of graphene. 

 

I.3 Structure of carbon nanotubes 

 

 

Figure I.3 Armchair, zigzag and chiral carbon nanotube specified using (n,m).  

 

Carbon nanotube can be specified in terms of the tube diameter, dt and chiral angle, θ. The chiral 

vector can be expressed in terms of the integers (n,m) and the basis vectors a1,a2 of the honeycomb 

lattice. 
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ܐ۱ ൌ ૚܉ܖ ൅܉ܕ૛                                                                                                                        (I.1) 

(n, 0) represents zigzag carbon nanotubes, (n, n) for armchair carbon nanotubes and all other (n, m) 

represents chiral carbon nanotubes (figure I.3). 

The expression for the tubule diameter and chiral angle is provided below 

 

݀௧ ൌ
|ܐ۱|

஠
ൌ

௔೎ష೎ඥଷሺ୬మା୬୫ା୫మሻ

஠
                                                                              (I.2) 

 

θ ൌ tanିଵ √ଷ	୫

ଶ୬ା୫
                                                                                                                      (I.3) 

 

where ac-c is the distance between nearest carbon atoms, which is 1.42 Å in graphite, |۱ܐ| is the 

length of the chiral vector.  

Most of the experimentally observed carbon nanotubes are multiwalled consist of capped concentric 

layers and the interlayer spacing is ~3.5 Å. Each tube can be specified using chiral vector in terms 

of (n, m) or by tube diameter and chiral angle. Because of the different number of carbon atoms in 

each layer, ABAB stacking cannot be observed in carbon nanotubes like graphite [1, 4]. 

 

I.4 Methods of preparation 

Various methods used for the synthesis of carbon nanotubes are arc-discharge, laser ablation, 

chemical vapor deposition and floating catalyst method. 

I.4.1 Arc-discharge method 

The arc discharge setup consists of a furnace, a stainless steel vacuum chamber, graphite electrodes, 

a water cooled trap and high voltage power supply. Initially, carbon arc discharge method was used 

to produce C60 fullerenes [41]. CNTs were first synthesized through arc-vaporization of two graphite 

rods placed end to end, separated by approximately 1mm, in an enclosure that is usually filled with 

inert gas at low pressure (figure I.4). A direct current of 50 to 100 A, driven by a potential difference 

of approximately 20 V, creates a high temperature arc discharge between the two electrodes. The 

arc provides high temperature which is needed to vaporize carbon atoms into a plasma (>3000°C) 

[10]. Graphite rods doped with iron [42] and cobalt [43-44] are used for the production of single walled 

carbon nanotubes.  Multiwalled carbon nanotubes are synthesized by arc discharge in liquid nitrogen 

and water [45]. Large scale production of SWCNTs over Ni-Y catalyst using arc discharge under 

helium atmosphere is reported [46]. 
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Figure I.4 Schematic of the arc discharge set up.  

 

I.4.2 Laser ablation method 

Laser ablation technique is a method for the synthesis of high purity CNTs.  Figure I.5 shows a 

schematic of laser ablation set-up. In this method, graphite target is evaporated by a laser beam in 

an inert atmosphere and under high temperatures. The flowing inert gas sweeps the carbon species 

produced by the laser from the high temperature zone to water cooled conical copper collector. The 

quality and quantity of the product is determined by the reaction temperature [10] . SWCNTs are 

produced by adding transition metals such as Fe, Ni or Co to the graphite target [34, 47-48].  Growth 

temperature, catalyst composition, laser power, size distribution, average diameter of the nanotube 

is varied based on nature and pressure of the gas used in the set up. [10, 35, 49-50].  CO2 laser system 

operating in a continuous wave mode is used to get high yields of SWCNTs [51]. Average diameter 

of the SWNTs increases with increasing laser power [35, 52].  

 

 

 

Figure I.5 Schematic of the laser ablation set up. 
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I.4.3 Chemical vapor deposition method  

In chemical vapor deposition (CVD) method, CNTs are synthesized by decomposing the carbon 

precursor on the surface of the catalyst particles.Two types of CVD methods used for synthesizing 

CNTs are thermal CVD and plasma enhanced CVD.  In plasma enhanced CVD , CNTs are formed 

at relatively low temperature and the size of the catalyst particles controls the diameter of the CNTs. 

These methods are the most preferred technique for the large scale production of CNTs. In CVD 

method, carbon source is taken in the gas phase and resistive heating is employed to pass energy to 

gaseous molecules of carbon[10]. The most commonly used sources of carbon includes carbon 

monoxide [53], methane [54-55], ethane [56], ethylene [57], acetylene [58], xylene [59], ethanol [60] etc. The 

steps involved in the synthesis of CNTs by CVD are preparation of the catalyst and the 

decomposition of the carbon precursor gas over the catalyst under suitable conditions. Fe, Co and 

Ni is widely used as the catalyst for the growth of CNTs because of their high carbon solubility at 

high temperature and high carbon diffusion rate. Moreover, high melting point and low vapour 

pressure of these metals offer wide range of temperature window for wide range of carbon precursors 

[61]. 

 

 

 
Figure I.6 Schematic of catalytic chemical vapor deposition unit.  
 
Figure I.6 shows the schematic of a chemical vapor deposition unit. Hydrocarbon vapor is passed 

through a tube furnace containing a catalyst material for about 15-60 minutes and at sufficient 

temperatures of about 600-1200 0C in order to decompose hydrocarbon. The system is cooled to 

room temperature and the CNTs which have grown over the catalyst are collected. The setup hence 

will depend on the state carbon precursors, whether in gaseous state or in liquid form. The reactants 

are vaporized by a bubbler if liquid carbon precursors are used. A carrier gas is then used to transport 

the vaporized reactants into the CVD reactor. The gas may be inert such as N2 or Ar or reactive such 
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as hydrogen. The CNT growth in the CVD is affected by three main parameters which are the 

catalyst used, the hydrocarbon used and the growth temperature. Low temperatures between 600 and 

900 0C lead to formation of MWCNTs whereas higher temperatures about 900-1200 0C favour 

growth of SWCNTs. This implies that the formation of SWCNTs requires higher energy. The 

nanotube diameter is dictated by the particle size of the catalyst. This means that controlling metal 

nanoparticles sizes can control the diameter of the growing CNTs. Uniform CNT deposits can be 

realized if thin films of catalysts are used and coated onto various substrates [10, 61].  

Plasma-enhanced chemical vapor deposition technique as well as thermal CVD technique can be 

used to produce VACNTs also. The applied electric field in plama enhanced CVD method affects 

the alignment of CNTs during growth. The entire CNTs are submerged in the electric field, which 

is normal to the substrate. Absence of electric field resulted randomly oriented CNTs [62]. Vertically 

aligned CNTs can be grown on substrate using thermal CVD by employing crowding effect [62-63]. 

High growth yield is an important factor in vertical alignment because van der Waals force in 

between the neighbouring CNTs cause them to align vertically on substrate with densely distributed 

catalyst particles. Indeed, less number of catalyst sites results low growth yield of CNTs which leads 

to randomness in CNT orientation. This confirms that the crowding effect is the alignment 

mechanism for densely packed CNT arrays [62]. 

Water assisted chemical vapor deposition is another method for the growth vertically aligned carbon 

nanotubes on substrate [64]. Water is added to the CVD reactor in order to enhance the lifetime and 

activity of the catalyst. The resultant nanotubes are superdense like a forest millimeter-tall and are 

aligned normal to the substrate. The purity is about 99.98%. Analysis of the kinetics of the 

supergrowth is important in understanding the effect of water. Time evolution of the forests height 

at a fixed condition was examined and modelled. Catalysts lose their activity in a similar fashion of 

radioactive decay. Growth rate is expressed by the equation (I.4) [65] 

 

Hሺtሻ ൌ βτ଴ሺ1 െ e
ି୲ தబൗ ሻ                                                                                        (I.4) 

 

where H is the height of the CNT forest, β is the initial growth rate and τ0 is the characteristic catalyst 

life time.   

 

I.4.4 Floating catalyst method 

This method was used in the production of aligned carbon nanotubes using ferrocene as a catalyst 

precursor and acetylene as a carbon precursor. The synthesis is performed at high temperature of 
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about 850 ° in double stage CVD apparatus (figure I.7). The grown aligned CNTs are then purified 

through acid treatment and air oxidation. The produced CNTs possess various length and their 

diameters range between 15–20 nm. This method has the advantages such as simple, low cost 

precursors are used in yielding high purity aligned CNTs and avoids preparation of catalyst. They 

are free from contaminated amorphous carbon. This method can be transformed to continuous 

process [66]. Array of aligned multiwalled carbon nanotubes are grown by pyrolysis of the floating 

catalyst precursor, iron(III) chloride in a toluene/N,N-dimethylamino acetate solution at 600−850 °C 

hot H2 atmosphere [67].  

 

 

 
Figure I.7 Schematic of double stage CVD apparatus for floating catalyst method. 
 

I.5 Growth mechanism of carbon nanotubes 

CNT growth occurs mainly either by vapor-liquid-solid (VLS) mechanism or by vapor-solid-solid 

(VSS) mechanism [10, 61, 68]. 

 

I.5.1 Vapor-solid-solid (VSS) growth mechanism 

This method involves four steps. The 1st step is the formation of nano-sized metallic particles on a 

substrate. The particles can be deformed by the annealing of a very thin metallic film. Laser ablation 

can also be used to achieve the same goal. The 2nd step is the decomposition of the hydrocarbon gas 

passing over the metal catalyst particle. This is done to discharge carbon and hydrogen which then 

dissolve in the catalyst particle. The 3rd step is accomplished by diffusing carbon through the metal 

particle and then carbon precipitation. If the catalyst is over coated and deactivated, termination of 

nanotube growth happens. Graphite or any other substrate is used to support the metal catalyst. The 

catalyst can float or be supported over the substrate. Deposition takes place on half of the spheres or 
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pear shaped catalyst surface, more specific on the lower curvature side. The diffusion of carbon 

happens along the concentration gradients and its precipitation takes place on the opposite half, 

below or around the bisecting diameter. There is no precipitation at the apex hemisphere which 

explains the hollow cores of the filaments. Base or root growth through supported metals forms 

filaments which result from extrusion. The nanotubes grow upward from the surfaces of the metal 

particles. The figure I.8 shows the schematics of root growth mechanism.  

 

 

Figure I.8 Schematic of the root growth of VACNT. 

 

 

Figure I.9 Schematic of the tip growth of VACNT. 

 

In the catalyst system, this method asserts that the metallic particle strongly interacts with the catalyst 

support and hence it is not possible to separate the formed graphite layer at the interface of the metal 

support. Tip growth happens when the particles detach and move at the head of the growing 

nanotube. Figure I.9 shows the schematic of the tip growth mechanism. Diffusion and osmotic 

pressure pushes the catalyst particle upwards leading to carbon deposition on the graphite structure 

located beneath of the catalyst. If the carbon deposits are not removing from the surfaces of the 
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metallic particles, the surface of the metal will be encapsulated by carbon and make the catalyst 

inactive. The figure I.10 shows scanning electron microscopy (SEM) image of CNTs and metal 

particles at the base and tips of the nanotubes.   

 

 

 

Figure I.10 SEM images of base growth and tip growth [10]. 

 

The base-tip growth mechanism is a combination of tip growth and base growth mechanisms. The 

decomposition of hydrocarbon takes place freely on the surface of the metallic particle to yield 

carbon and hydrogen. At this temperature, the metal particle is melted into liquid state but not in 

solid form. The carbon concentration in the metal particles increases until the super saturation point 

is reached. At this point, the carbon atoms are forced to gather around the surface of the metallic 

particle. Growth is initiated when first graphite layer is formed. The liquid particle is elongated by a 

stretching force, breaking the liquid metallic particle into two parts. The growth is much initiated by 

the bottom parts having strong adhesion to the support. The metallic particles at the top of the tips 

are fully encapsulated by a graphite layer and hence the metallic particles at the CNT tips are 

deactivated from taking part in any reaction.  

Diameter of the SWCNTs and MWCNTs formed depend on the size of the catalyst particle. The 

root growth demonstrates the strong catalyst and substrate used in the interaction and the tip growth 

shows there is a weak interaction between the catalyst and the substrate used. Another mechanism 

for the growth of CNT is named as the sealed nanotube grown by CVD [69]. In this method, the inner 

layer and the open tip growth are sealed first through decreasing the concentration of the carbon 

atoms followed by sealing of the outer layers of the nanotube. Open tip growth is generally applied 

in the growth of CNTs but the inner and the outer layers of the tube can be sealed simultaneously 

and stop the growth of the CNTs [10]. 
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I.5.2 Vapor-liquid-solid (VLS) growth mechanism 

Vapor-liquid-solid (VLS) growth mechanism takes place in three major stages which are nucleation, 

precipitation and finally carbon deposition. In the arc discharge technique, the evaporation of the 

metal is carried out together with the carbon, forming carbon metal alloy particles on the surfaces of 

the cathode. The melting point of the alloy is low and the temperatures at the surface of the cathode 

are high, which leads to presumption that the alloy particles are in liquid state. Metal carbon 

compound soot is formed  in a carbon rich atmosphere, hence the alloy particles in liquid state 

contain more carbon than its solubility limit in a solid phase. Liquid alloy particles start segregating 

the carbon particles on their surfaces when the cathode temperature decreses [10]. 

 

I.6 Characterizations 

Several advanced techniques are currently used for CNT characterization, including electron 

microscopy (scanning electron microscopy and transmission electron microscopy), Raman 

spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction and thermogravimetric analysis. 

 

I.6.1 Raman spectroscopy 

Raman spectroscopy provides information about molecular vibrations that can be used for sample 

identification and quantitation. A photograph of the Raman spectrometer and a schematic of its 

working principle is shown in figure I.11.  

 

 

 
Figure I.11 Optical image of measurement setup (left) and working principle of the instrument 
(right). 
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Figure I.12 Energy level diagram showing Rayleigh, Stokes (Raman) and anti-Stokes (Raman). 

 

The technique involves shining a monochromatic light source (i.e. laser) on a sample and detecting 

the scattered light. The majority of the scattered light is of the same frequency as the excitation 

source; this is known as Rayleigh or elastic scattering. A very small amount of the light energy is 

scattered (ca. 10-6 times the incident light intensity) due to interactions between the incident 

electromagnetic waves and the vibrational energy levels of the molecules in the sample. As a result, 

the emitted photons will be shifted to lower energy, i.e., light with a lower frequency. This shift is 

designated the Stokes shift. The difference in energy between the original state and the final state 

corresponds to a vibrational mode far from the excitation wavelength. If the process starts from a 

vibrationally excited state ν=1 and relaxes to the ground state ν=0, then the emitted photons will be 

shifted to higher frequency which is designated the anti-Stokes shift. Anti-Stokes-Raman 

scattering is mostly weaker than Stokes-Raman scattering as most molecules are initially in their 

ground state. Hence Stokes-Raman scattering is mainly measured in Raman spectroscopy [70-71]. 

Figure I.12 shows the Energy level diagram showing Rayleigh, Stokes and anti-Stokes lines. 

 

Raman spectra of carbon nanotubes 

Raman spectroscopy is one of the most eloquent, fast and non-destructive analysis tools for 

characterization of nanocarbonic materials and their position, width, and relative intensity of bands 

are modified according to the carbon forms [72-73]. Raman spectra of carbon nanotubes are very 

interesting because of its resonance phenomenon and sensitivity to tube assembly. Due to strong 

excitation the resonance Raman behavior in carbon nanotubes is unusual in that both the incident 
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and the scattered photon have the possibility to resonate. For this reason the frequencies on the anti-

Stokes side may not be the same as those on the Stokes side [74]. The remarkable Raman features in 

CNTs (figure I.13) are the radial breathing modes (RBMs), the higher frequency D (disordered), G 

(graphitic), and G' (second-order Raman scattering from D-band variation) modes. 

The Radial Breathing Mode (RBM) is one of the most important characteristic in the Raman 

spectrum of carbon nanotubes which is generally observed between 100 cm-1 and 250 cm-1 or 

sometime between 350 cm-1 and 425 cm-1 for extremely low diameter carbon nanotubes. The 

frequency of RBM mode is inversely proportional to the nanotube diameter (dt) [75-77]. 

 

 ωRBM (cm-1) = 224 (cm-1 ) /dt (nm)                                                                         (I.5) 

 

In Raman spectrum G-band representing tangential shear mode of carbon atoms in graphite like 

materials. This band is located near 1580-1590 cm-1 corresponds due to C-C stretching.  

 

 

 
Figure I.13 Raman spectra for SWCNT showing important features like RBM mode, D-band and G-
band. [75] 
 

CNTs, this band has two major contributions, G+ and G-. The G-band is the primary Raman active 

mode in graphite and it provides a good representation of the sp2 bonded carbon that is present in 

planar sheet configurations which include the sp2 bonded carbon of carbon nanotubes. The shape of 

the G-band and its frequency profile can be used to estimate whether the CNT is metallic or semi-

conducting or roughly estimate the nanotube diameter [75, 78]. The D-band is considered as disorder 

band in graphitic materials and located between 1330 and 1360 cm-1. But still there is controversy 

regarding consideration for using D-band as defect characterization. Normally in high D-band 
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observed in the characterization of multiwalled carbon nanotubes (MWNT) and if it appears in 

SWNT considered a defect in the tube. The ratio between intensity of D-band and G-band can 

directly provide a measure of structural quality of CNTs [79]. 

G'-band or 2D-band is an intrinsic property of the carbon nanotubes and graphite. Frequency of        

G'-band is twice of D-band and found around 2500-2900 cm-1. G′-band does not require an elastic 

defect-related scattering process. It is observable for defect-free sp2 carbons and show a dependence 

on the chirality and diameter of nanotubes and on laser excitation energy [80]. 

 

I.6.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface sensitivity method to determine the elemental 

composition and chemical nature of the surface.  The XPS is also known as Electron Spectroscopy 

for Chemical Analysis (ESCA) due to its ability to distinguish different chemical components of 

element on the surface. In 1954 Kai Siegbahn at Uppsala University developed the XPS system 

where he was able to measure the elements present in NaCl [81]. However, the potential application 

comes into research recognition after Kai Siegbahn's publication about comprehensive study of XPS. 

In the XPS techniques the surface is illuminated with monochromatic light to strike out the electrons 

from the surface with characteristic kinetic energy. In laboratory based XPS system the X-ray 

sources of Al Kα or Mg Kα source with energy 1486.6 eV and 1253.6 eV respectively are used. A 

schematic of X-ray photoemission process and XPS system is shown in figure I.14.  

 

 

 

Figure I.14 Schematic diagram of X-ray photoemission process and the XPS system [82]. 
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The XPS is surface analytical technique based on the concept of photoelectric effect discovered by 

Albert Einstein in 1905.  In the process of XPS the material is illuminated with monochromatic X-

ray photons of energy hυ (h is the Planck’s constant and υ is the frequency of light). The incident X-

ray will excite the electrons from the sample from different core levels of the element and these 

electrons will be emitted with different kinetic energy (EK). The kinetic energy of the emitted 

electrons will be detected and converted into binding energy (EB) of electrons by the analyzer. 

Empirically the relation between hυ, EK and EB can be give as in following equation 

 

E୆ ൌ hυ െ E୏ െ ϕ                                                                                                    (I.6) 

 

where ߶ is the work function of material.  

The binding energy for different core levels are different for specific elements which make the XPS 

as tool to analyze different elements present in the material. However, there are other effects such 

as final state effect also contributes further identification of elements and chemical states of the 

elements. The spin orbit splitting in core level spectra are the result of final state effect in 

photoemission process of XPS. The spin orbit splitting is observed for orbital such as p, d and f 

having non-zero angular momentum quantum numbers.  The spin-orbit splitting is represented by 

total angular momentum quantum number j and is given by ݆ ൌ ݈ േ  where l and s are orbital and ݏ

spin quantum number.  For example, the spin-orbit splitting for p-orbital is given by 3/2 (j=1+1/2) 

and 1/2(j=1-1/2). The spin-orbit splitting gives rise to the branching ratio of the two peaks and the 

ratio is given by the multiplicity	݉ ൌ 2݆ ൅ 1. This means for p-orbital the intensity ratio of p3/2 to 

p1/2 will be 1:2. 

The final state effect also responsible for another secondary emission of electrons known as Auger 

electrons.  After emission of core electron, the core holes are filled by the electrons from next level 

and the excess of energy is transferred to electron which emits with the same kinetic energy of that 

is being transferred to it.  The Auger electrons are distinguishable from the photoemitted electron as 

the binding energy of the Auger peaks keep on changing with different photon energy.  The XPS 

technique can be used for various surface science application such as elemental analysis, chemical 

analysis, quantitative elemental analysis, depth profiling, interface study etc.  In the present work 

the XPS is used for only elemental and chemical analysis, therefore will focus on these two parts.  

 

Elemental analysis 

The XPS is vastly used of elemental analysis as the binding energy of each core levels are different 
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from each other in different elements. The different binding energy of core levels of different 

elements make it possible to identify the presence of different elements in a material.  

The presence of different elements in a sample can be quantify by core level peak intensities. The 

intensities of different peaks can be quantified by considering the integral area under the curve and 

the sensitivity factor [83] for individual elemental core level  peak. The intensity of the core level 

peak depends of the density of the atoms "n" present in the x-ray illuminated area and the atomic 

sensitivity factor "S". The intensity "I" of the peak is given by  

 

I ൌ n/S                                                                                                                                        (I.7) 

                                                                                                                                  

The atomic ratio of different elements present in the sample can be given as bellow: 

 

A୶ ൌ
୍୶

ୗ୶ൗ

∑ ୍౮
ୗ౮
ൗ౮

                                                                                                               (I.8) 

 

A detail analysis of core level can inform about the chemical state of the respective elements present 

in the sample. The peak broadening, peak shift or appearance of shoulder peak could be due to the 

different chemical states of the element. However, the different chemical state is not only the solo 

cause of above effects in peaks shape. The change in shape of core level peak could be due to the 

 

 

 

Figure I.15 (a)  C1s photoemission of metallic SWCNT (upper curve) and semiconducting 
SWCNT(lower curve) as conducted at 400 eV photon energy. The inset shows a PES survey scan up 
to 1200 eV (b) The C1s line of the metallic and semiconducting SWCNT on an expanded scale [84].   
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chemical shift, charging of the sample and/or the surface potential. Here I would like to mostly focus 

on change in peak shape due to the chemical shifts.  The chemical shift in core level peaks is related 

to its oxidation states and also surrounding elements. 

The stoichiometry and purity is investigated using the PES survey scan up to 1200 eV (inset of figure 

I.15 (a)). No oxygen contamination as well as catalyst impurity is observed. The High resolution 

C1s spectra shown in figure I.15 (b) indicated a downshift of 0.05 eV in the binding energy of 

metallic SWNTs which can be attributed to difference in the chemical potentials [84]. 

 

I.6.3 Scanning electron microscopy 

Due to the limitations of microscopy with light (≥  400 nm) which are limited by the physics of light 

to 500x or 1000x magnification and a resolution of 0.2 micrometers researcher developed scanning 

electron microscope (SEM) [85]. A stream of electrons is formed in high vacuum (by electron guns). 

This stream is accelerated towards the specimen while is confined and focused using metal apertures 

and magnetic lenses into a thin, focused, monochromatic beam. The sample is irradiated by the beam 

and interactions occur inside the irradiated sample, affecting the electron beam. These interactions 

and effects are detected and transformed into an image (figure I.16) [86]. 

 

 

 

Figure I.16 Photograph and schematic of the scanning electron microscope [87]. 

 

Scanning electron microscopy (SEM) used for observation of specimen surface. Topological 

morphological and compositional information can be gather by SEM and is one of the essential tool  
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for characterizing bulk as well as nanomaterials [88]. When sample is irradiated with electron beam, 

secondary electron release from the sample surface and contains information about the surface 

topography, elemental composition and conductivity. Generally, morphology of carbon nanotubes 

observed by secondary electron imaging (SEI) compared to secondary electron, back scattered 

electron, cathodoluminescence or characteristic X-rays [62]. Figure I.16 illustrate SEI schematically, 

SEM uses focussed ion beam of very high energy electrons (20–40 keV) and when this electron hits 

the solid sample generate variety of signals. This signal including secondary electron (produce SEM 

images), back-scattered electron, photons (used for elemental analysis), visible light and heat. SEM 

is a non-destructive method and the same sample is possible to analyze time and again [89]. The 

alignment of VACNT bundles provided directly by SEI is shown in figure I.17.  

 

 

 

Figure I.17 Scanning electron microscopy images of  (a) VACNT bundles  grown on Au film  
(b) a VACNT bundle, (c) Top view of the VACNT bundle and (d) side wall of the VACNT bundle [90]. 
 

I.6.4 Transmission electron microscopy 

Transmission electron microscope operates on the same basic principles as the light microscope but 

uses electrons instead of light. Figure I.18 shows beam of electrons passes through the sample and 

scattered by electrostatic potential set up by the constituent elements in the specimen. After passing 

through the specimen they pass through the electromagnetic objective lens which focuses all the 

electrons scattered from one point of the specimen into one point in the image plane [91-92]. 

Transmission electron microscopy (TEM) plays a very importance role on the discovery of CNTs. 

TEM firstly shows the direct proof of the hollow properties of CNTs. Later TEM, especially high 

resolution TEM (HRTEM) has been widely employed to study the structures of the CNTs, including 

the diameter, length, number of walls, etc. [62]. TEM has an unparalleled ability to provide structural & 

chemical information over a range of length scales down to the level of atomic dimensions.  
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Figure I.18 Photograph and schematic of Transmission electron microscope  [87] 

 

 

Figure I.19 (a) Experimental HRTEM image of a DWCNT, (b) determination of chiral angles of 
inner and outer tube from the layer lines spacings present in the FFT of the experimental image, (c) 
identification of the geometrical solutions of Hamada indexes of inner and outer tubes 
corresponding to the diameter and chiral angles values and (d) check of the best solution fitting the 
diffraction pattern [93]. 
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It has developed into an indispensable tool for scientists who are interested in understanding the properties 

of nanostructured materials and manipulating their behavior [94]. Transmission electron microscopy 

(TEM) as a powerful instrument for characterization of nanostructured materials, in particular, 

nanotubes. Various nanotubes such as typical MWCNTs, high-crystalline MWCNTs, The 

parameters of nanotubes such as length, diameter, number of walls, statistical distribution of 

diameter and atomic structures including lattice parameter information, and exact crystallographic 

description of crystal can be obtained by TEM [95]. 

Figure I.19 (a) shows the HRTEM images of a DWNT with inner diameter and outer diameter 

determined from the fringes profile. Figure I.19 (b-d) explains the determination of chiral angles of 

inner and outer tube from the layer lines spacings present in the FFT of the experimental image, 

identification of the geometrical solutions of Hamada indexes of inner and outer tubes corresponding 

to the diameter and chiral angles values and the best solution fitting the diffraction pattern. 

 

I.6.5 X-ray diffraction 

X-rays, discovered by W. Röntgen in 1895 and widely used to reveal various information on the 

materials, including crystal structure, phase transition, crystalline quality, orientation, and internal 

stress [96]. The atomic planes of a crystal cause an incident beam of X-rays to interfere with one 

another as they leave the crystal. The phenomenon is called X-ray diffraction. It is impossible to 

examine powder diffraction without Bragg's Law. The interaction of the incident rays with the 

sample produces constructive interference (and a diffracted ray) when conditions satisfy Bragg's 

Law  

 

 nλ=2d sin θ                                                                                                               (I.9) 

 

where λ is the wavelength of the radiation  

n is an integer, referred to as the order of diffraction, and is often unity 

d is the inter-planar spacing involved and  

θ is the angle between the incident (or diffracted) ray 

This law relates the wavelength of electromagnetic radiation to the diffraction angle and the lattice 

spacing in a crystalline sample. These diffracted X-rays are then detected, processed and counted 

[97]. 

X-ray diffraction profile is not useful to differentiate microstructural details between the CNTs and 

the graphite structure but can help to determinate the sample purity [72, 98]. The diffraction peak  
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of (002) shown in XRD patterns (figure I.20 (b)) indicated that high crystallinity of CNTs. 

 

 

 

Figure I.20 (a) Schematic of principle of X-ray diffraction and (b) XRD pattern of MWNTs [99] 

 
I.6.6 Thermogravimetric analysis (TGA) 

Figure I.21 NETZSCH thermal analysis instruments and furnace component [100].  

 

Thermoanalytical techniques are advanced and important tools for characterizing solids and liquids 

with respect to their thermal behavior. TGA measures the decrease in sample mass as a function of 

annealing temperature in a given environment (air, N2, He, Ar etc.).The plot of weight loss against 

temperature is called thermogram is the basic principle of TGA [101]. CNTs generally have higher 

decomposition temperatures than adsorbed molecules and amorphous carbon, TGA data can be used 

to estimate CNT purity and the presence and concentration of organic molecules attached to CNT 

sidewalls. Metal impurities can also be assayed by examining the residual sample mass when all of 

the organics have been volatilized [102]. 
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I.7 Objective and motivations 

Vertically aligned carbon nanotubes can have many advantages over randomly oriented CNTs when 

it comes to sensor and electrode applications. The vertical alignment offers a dramatically increased 

surface area over randomly oriented CNTs.  At the same time the perpendicular alignment to the 

underlying surface resembles structures which can be found in the nature in a wide range of 

organisms. This enables the use of VACNTs as biomimetic structures for designing sensors as 

artificial-hair-cell-type sensors which imitate cilia hairs found in sensory organs. Change in 

resistance due to the bending of VACNTs by different forces can only be realized by designing 

flexible and elastic one-dimensional nanostructures which are well-oriented. This shows the great 

advantage of using VACNTs in that area.  

Thus it was important to be able to synthesize high-quality VACNTs with good vertical alignment 

and to be able to fully control their growth in order to obtain structured samples completely 

composed of VACNTs. This could then enable a variety of applications which cannot be achieved 

by randomly oriented CNTs as well as other nanomaterials. 

Moving from one-dimensional carbon nanomaterials as represented by CNTs, graphene-related two-

dimensional nanomaterials offer other advantages when it comes to specific applications with 

functionalities. While graphene is a zero band gap semiconductor other two-dimensional 

nanomaterials which have a graphene-related structure as phosphorene contain a band-gap which 

can be also easily tuned. This enables its effective use in field-effect transistor. The problem is 

mainly obtain a few-layered phosphorene material allows to be used in field-effect transistor devices. 

Therefore, the aim of this work is able to achieve a large area fabrication of clean semiconducting 

phosphorene and its application in a field-effect transistor device.    
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II SYNTHESIS, CHARACTERIZATION, PROPERTIES AND APPLICATIONS OF 

VERTICALLY ALIGNED CARBON NANOTUBES 

This chapter begins with a brief introduction to vertically aligned carbon nanotubes. Further 

synthesis, characterization, properties and applications of vertically aligned CNTs are discussed. 

  

II.1 Introduction 

Carbon nanotubes received great attention in many of the applications due to their excellent electrical 

mechanical and electrical properties. CNTs can be vertically arranged in regular arrays with bundle 

diameter and spacing of the order of microns [103]. Controlled growth of CNTs from an array of 

closely packed catalysts and utilize the crowding effect make them self-aligned called forests [104]. 

VACNTs are more homogeneous than their counterparts, due to their diameters which enables them 

promising in micro/nanoelectronics applications [105], well-defined large surface areas makes this 

material easy to be  incorporated into devices [106] . VACNTs arrays can be transferred into various 

substrates of particular interest which offer multi-functional advantages in controlled surface 

modification and efficient device construction [107-108]. Superlong vertically-aligned carbon 

nanotubes (SLVACNTs) are advantageous compared to their shorter counterparts. Their millimeter-

order length offers unique properties electronic, thermal and other physical properties via individual 

nanotubes over large scale productions. They are used in applications such as in sensors [109-111] 

membranes [30, 112], multifunctional composites [113-116] nanoelectronics [117-119]. field emission [120], 

scanning probe arrays [121], photonic crystals [122] and neural networks [123].  

Arc discharge [124-125], laser ablation [126-128] and chemical vapor deposition which are already used 

for the synthesis of non-aligned CNTs [58, 129-130]. Chemical vapor deposition is widely used in 

vertically aligned carbon nanotube synthesis because it is easy to set up and lower cost. In 1996, Li 

et al. synthesized aligned carbon nanotubes by decomposition of acetylene on Fe embedded silica 

using CVD technique [131]. In 1998, Ren et al. synthesized aligned carbon nanotubes on nickel-coated 

glass below 666 °C by plasma-enhanced hot filament chemical vapor deposition [132]. In 1999, Huang 

et al. synthesized micropatterns of aligned carbon nanotubes perpendicular to the substrate [133]. In 

2000, aligned carbon nanotubes were grown by applying the electric field [134]. The mechanism 

behind the synthesis of aligned CNTs by CVD are described by Fan et al. [135]. During CNT growth, 

carbon precursors are catalytically decomposed on the catalyst surface at specific temperature. As 

supersaturation occurs, nanotube grows off on densely packed catalyst and extends open space along 

the direction perpendicular to substrate. Each nanotube interact with neighbouring nanotubes via 

van der Waals forces to form large bundles. Currently, the leading methods used in the synthesis of 

VACNTs are the ferrocene-catalyzed growth of aligned MWNTs [136-138] and (super)-growth of 
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ultrahigh-aligned SWNTs on the catalytic system composed of thin aluminium/aluminium oxide and 

iron metal layers [139-141].  

 

II. 2 Water assisted chemical vapor deposition technique 

Amorphous carbon accumilation on the catalyst degrades its catalytic activity [142]. Activity and life 

time of the catalyst can be enhanced by the addition of the weak oxidizer (water vapour) during 

synthesis. Water can oxidize the amorphous carbon and clean the catalyst. Hata et al. reported the 

growth of dense and vertically aligned SWNT forests with millimeter-scale height (2.5 mm) in         

10 minutes growth time using water assisted chemical vapor deposition method [64].  

 

 

Figure II.1 SWNT forest synthesized using water-assisted chemical vapor deposition techn- ique. (a) 
Photograph of a 2.5-mm-tall SWNT forest on a 7-mm by 7-mm silicon wafer. Matchstick on the left 
and ruler with millimeter markings on the right is placed for size reference, (b) Scanning electron 
microscopy (SEM) image of the same SWNT forest. Scale bar, 1 mm, (c) SEM image of the SWNT 
forest ledge. Scale bar, 1 µm, (d and e) Low resolution TEM and HRTEM images of the nanotubes. 
Scale bar, 100 nm and 5 nm [64]. 
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Figure II.1 (a,b and c) shows the photograph and SEM images of SWNT forests.  Figure II.1 (d and 

e) shows the TEM and HRTEM images of the SWNTs. Effect of water as a catalyst enhancer for the 

supergrowth of vertically aligned carbon nanotubes is reportd by Futaba et al. [143]. The catalyst 

activity was about 84±6%. Amama et al. demonstrated that Ostwald ripening of the catalyst can be 

inhibited using water, which enhance the catalyst life time [144]. Yamada et al. investigated and 

elucidated the effect of water on the catalyst for SWNT synthesis through analyzing the structure 

and composition of individual catalysts exposed to normal growth conditions, water ambient, and 

water-assisted growth. They have shown that the water clean the catalyst surface and reactivated 

efficiently by removing the carbon coating through oxidation hence high catalytic activity, long 

lifetime and high growth rate can be achieved [145]. Yamada et al. synthesized catalyst free vertically 

aligned double walled carbon nanotubes forest with millimeter-scale height using water assisted 

chemical vapor deposition technique [146]. They could grow DWNT forest of 2.2 mm in height on a 

20x20 mm Si substrate. Chen et al. used water as the catalyst enhancer for the growth of single 

walled carbon nanotube forests [147]. Hasegawa et al. reported the growth of millimeter tall SWNT 

forests with and without water. Water addition widens the window for the rapid growth of 

millimeter-tall SWCNTs especially at high C2H2 partial pressures [148].  

 

 

Figure II.2 (a) Photographs of the carbon nanotube forests grown on Fe/Al2Ox for 30 minutes with 
Fe thickness as 0.45 nm, 0.5 nm and 0.55 nm, (b) TEM image of the carbon nanotubes grown uisng 
0.5 nm Fe thickness [149].   
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Noda et al. synthesized carbon nanotube forests over Al2Ox/Fe catalyst [149]. Figure II.2 (a and b) 

shows the photograph and TEM image of the vertically aligned SWCNTs grown on Al2Ox/Fe 

catalyst. Water vapor is the commonly used oxidizer agent but general oxygen-containing 

compounds like ethers or alcohol may be used too. Alcohol may be used to alternatively synthesize 

VACNTs because the oxygen is incorporated into the carbon feedstock molecule, the relative levels 

of carbon and oxygen is fixed.  It serves as a source of carbon and it has an advantage in that the 

alcohol is a weak oxidizer [150-152]. For example, for the HiPco process, the carbon/oxygen ratio is 

fixed at 1:1 [53].  

VACNTs can be prepared by floating catalyst CVD method. Here pyrolysis of organometallic 

precursors like metallocenes lead to growth of CNTs. It does not require separate catalyst hence it 

is called as floating catalyst CVD method. The growth of the CNT takes place on a substrate placed 

in the high-temperature zone where vaporization and sublimation of the catalyst precursor happens. 

During this floating stage, CNT growth starts from metal particles deposited on substrates or even 

on the walls of the reactor, which then follows tip or base growth mechanism. Both conductive and 

non-conductive substrates can be used to grow well-aligned 3D structured CNT architectures in this 

technique.  The growth of the CNTs is performed in double-step. Synthesis is performed after the 

preparation and distribution of catalytic nanoparticles with controlled size [153-157]. 

 

II.3 Growth mechanism of water assisted chemical vapour deposition 

Physical vapor depositon techniques such as thermal evaporation, electron beam evaporation, atomic 

layer deposition and sputtering is widely used to deposit thin films. A thin films of Fe and aluminium 

[57], Fe and Al2O3 
[149] is used for the growth of vertically aligned carbon nanotubes. Joshi et al. 

studied the the morphology and composition of the catalyst using high-resolution scanning 

transmission electron microscopy (STEM) and chemical composition using spectroscopic and 

diffraction measurements. During the deposition of iron over aluminium, an intermetallic layer 

forms at the interface and this layer grows thicker upon heating. Aluminum atoms migrate to dissolve 

into Al/Fe interface and the iron atoms at the top agglomerate to form small nano particles. At the 

melting point of aluminum (660 °C), Al rich inter metallic phase of iron and aluminum formed hence 

particle with iron core surrounded by metallic mixture of Al and Fe morphology is obtained [158]. 

Amama et al. studied the morphology of the catalayst annealed in presence of H2 and H2 and H2O 

(Figure II.3), the difference observed was attributed to Ostwald ripening. Al2O3 was deposited over 

the substrate (boron doped silicon) by ALD and Fe was deposited using e-beam evaporation. 

Ripening of the catalyst observed in when it is annealed in presence of hydrogen but the catalyst 

remain stable when annealed in H2 and H2O [144]. 
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Figure II.3 TEM images of catalyst nanoparticles on the substrate after annealing in H2 for (a) 30 s 
and (b) 5 min, and in H2/H2O for (c) 30 s and (d) 5 min [144]. 
 

A possible mechanism for supergrowth of VACNTs was explained by Noda et al. contains the 

following steps.  Adsorption C2H4 or its derivatives onto aluminum oxides, the surface diffusion 

from aluminum oxides to Fe nanoparticles, and the segregation as nanotubes from Fe nanoparticles 

for the growth of CNTs. H2O vapor cleans and keeps aluminum oxide surface reactive by removing 

the carbon byproducts. Addition of water upto certain level enhance the growth rate but more water 

degrades the nanotube quality [149]. Hasegawa and Noda explianed the growth mechanism of SWNT 

forests as follows. Carbon sources decomposes into carbon atoms on the catalyst particle and 

thereafter the carbon atoms diffuse through/over the catalyst particle and precipitate at the edge of 

the CNT. Attachment of carbon atom in regular sites of CNT edge leads to grow CNTs while 

attachment of carbon atom in irregular sites of CNT edge yield disordered structures. Removal of 
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disordered carbon by oxidation with water along with the precipitation/attachment of carbon yields 

sustainable CNT growth [148]. 

 

II.4 Unique properties of carbon nanotubes  

The structure of a carbon nanotube is formed by a layer of carbon atoms that are bonded together in 

a hexagonal mesh. This one-atom thick layer of carbon is called graphene, and it is wrapped in the 

shape of a cylinder and bonded together to form a carbon nanotube they can have remarkably high 

aspect ratios. Nanotubes can have a single outer wall of carbon, or they can be made of multiple 

walls. Carbon nanotubes have a range of mechanical, electric, thermal, and structural properties that 

can change based on the physical design of the nanotube [159-160]. 

 

II.4.1 Electrical properties 

Carbon nanotubes have interestingly unique electrical properties. A single sheet of graphite is a 

semimetal. This means that it has intermediate characteristics between semiconductors and metals 

[161]. The carbon atoms in a rolled graphite sheet into a nanotube line up around the tube’s 

circumference and the electrons’ quantum mechanical wave functions also match up. Theoretically, 

metallic nanotubes carry an electrical current density of 4 × 109 A/cm2, a value which is about a 

thousand times higher than that of metals like copper [162]. Depending on radius and chirality, a single 

walled carbon nanotube (SWCNT) can be either metallic or semiconducting. The (n, m) SWCNT is 

classified as a metal when (2n+m)/3 is an integer; otherwise, it is a semiconductor [163]. In single 

walled carbon nanotubes electron transport occurs only along the axis of the tube. Single walled 

nanotubes can convey electrical signals at speeds up to 10 GHz when used as interconnects on semi-

conducting devices. Nanotubes also have a constant resistivity [164]. 

II.4.2 Thermal properties 

Carbon nanotube exhibits ballistic conduction and are hence expected to be good thermal conductors 

along the tube because of their carbon-carbon chemical bonding [163]. There is a prediction that CNTs 

will at room temperature be capable of transmitting up to 6000 Wꞏm−1ꞏK−1 compared to copper 

which is known to be a good metal with tremendous thermal conductivity which transmits up to 385 

Wꞏm−1ꞏK−1 at room temperature [165]. Carbon nanotubes thermally stable up to 2800 °C in vacuum 

and about 750 °C in air [166]. The thermal expansion of carbon nanotubes is expected to be largely 

isotropic. Conventional graphite fibers have a different exhibition in that they are very strongly 

anisotropic. This may be of great benefit for carbon-carbon composites. It is highly anticipated that  

low-defect CNTs will have very low thermal expansion coefficients [4].  
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II.4.3 Biological properties 

Numerous investigations have been conducted in investigating the adverse biological effects of 

carbon nanomaterials in biomedicine especially diagonosis, therapy and drug delivery. Cell is the 

basic structural, functional and biological unit of living organism.  Cell uptake is the crucial step in 

interaction of cells with carbon nanomaterials.  Adsorption of boimolecules on nanomaterials in a 

physiological environment influence their interaction with cells and cellular organelles.  

The biological properties of CNTs are correlated with their nano-sized dimension, large reactive 

surface area (theoretically 1300 m2/g) as well as the high surface energy. These nanoparticles exhibit 

bioactivity that does not happen to micron-size particles made of the same material. Iodinated and 

platinated and helical double-stranded Deoxyribonucleic acid (DNA) is evenly found on the surfaces 

of nanotubes. They are employed as probes in DNA visualization. Through sonication, single and 

double-stranded DNA and ribonucleic acid (RNA) can aid on the dispersion of single-walled carbon 

nanotubes in water. On the surface of SWNTs there are non-covalent π-π stacking of the nucleic acid 

bases which are responsible for non-specific interaction. There are also hydrophilic sugar-phosphate 

backbones of the nucleic acids which face outward from the sidewalls [167].  Bioactive and biological 

species like carbohydrates, proteins and nucleic acids can be conjugated with CNTs. The biological 

functions can be affected by the interactions between biomolecules and CNTs which in turn affect 

the conformational changes in the particles. Covalent and non-covalent surface functionalization 

produces CNTs which are soluble in water [168].  

The interaction between carbon nanotubes and cells varies with cell type and CNT characteristics. 

Interfacing nanomaterials with neural systems helps to repair damaged central nervous system tissue 

and to unravel brain functions. Characterization of the interaction of nanomaterials with brains cells 

and their circuitry brings new opportunities to implement nanotechnology in nervous system. 

Several groups used carbon nanotubes as the substrate for neuron growth [169]. Mattson et al. 

developed methods for the growth of embryonic rat-brain neurons on carbon nanotubes. Nanotubes 

coated with bioactive molecule 4-hydroxynonenal exhibit extensive branching of neurons compared 

to pristine carbon nanotubes [170]. Arrangement of neurons and glia cells on carbon nanotubes islands 

were investigated. It has been observed that both neurons and glial cells adhere on CNT mats. The 

immunofluorescent image in figure II.4 (a) shows overlapping neurons (red) and glia cells (green). 

Glia cells and neurons have distinct morphology. Moreover, Glia cells are mostly seperated (figure 

II.4 (b) and (c)), tends to spread over the surface whereas neurons are more compact and bulky 

(figure II.4 (a)).  Neuronal cells can interwine, bend and curl on rough surface. The results suggest 

that a mechanical effect can contribute to the attachment of neuronal cells and processes to porous 

surfaces [171]. 
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Figure II.4 Rat neurons and glia cells on CNT islands. (a) A three-dimensional rendering of an 
immunofluorescence staining image of neuronal class III β-tubulin (red indicates neurons) and 
GFAP (green indicates glia cells), (b and c) HRSEM images of neurons and glia cells on top of a 
CNT island  [171]. 
 
II.4.4 Mechanical properties 

Mechanical properties of CNTs are extensively investigated by several groups. CNTs are stable 

against deformation due to the strong bonding of sp2 hybridized carbon atoms in curved graphene 

sheet [172]. The Young’s modulus of SWNTs is of the order of 1 TPa [173-174] and that for individual 

DWCNTs, TWCNTs, and CNT ropes consisting of only two DWCNTs were measured by tensile 

loading in the range of 0.73–1.33 TPa [175]. Tensile strength and Young’s modulus of individual 

DWNT bundles possess an average values of 6 GPa and 80 GPa respectively [176]. Tensile strength 

of SWNT bundles and a single SWNT measured are 7.5±0.8 GPa and 22.2±2.2 GPa respectively 

[177]. The average Young’s modulus and tensile strength of aligned MWNT ropes measured is about 

0.45±0.23 TPa and 1.72±0.64 GPa respectively [178].  

Highly transparent stretchable conductors were fabricated by embedding SWCNT films in 

poly(dimethylsiloxane) (PDMS) can be used as interconnects for stretchable electronics and 

electrodes in optoelectronics [179]. Liu et al. fabricated highly stretchable and transparent conductors 

using cross stacked super aligned carbon nanotube films [180]. CNT ribbons directly drawn from well 

aligned CNT forests are embedded in PDMS is used as stretchable conductors. Results shows that 

the material exhibits stable conductivity under linear tensile strain up to 100% after the first several 

cycles of stretching/releasing [181]. 
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Figure II.5 (a) Photographs CNT/PDMS film under tensile strain of 0%, 50% and 100%, (b and c) 
Resistance of a CNT/PDMS versus in 1st stretching, 1st releasing and 2nd stretching 6th stretching 
and 30th stretching cycles [181]. 
 
Figure II.5 (a) shows the photograph of the CNT/PDMS film by applying the tensile strains of 0%, 

50% and 100%. Figure II. 5(b) shows the resistance variation of the resistance of the CNT/PDMS 

with increase in tensile strain in the first stretching cycle, 2nd stretching cycle, 1st releasing cycle. 

Figure II.5 (c) shows the variation of the resistance of the CNT/PDMS with increase in tensile strain 

in the 6th and 30th stretching cycle.  

Their bending stiffness is one of the most significant parameter [182]. The measurement of the 

mechanical properties of VACNTs is quite challenging due to forces of displacement involved. 

MWCNTs grown from CVD have one order of magnitude smaller E, and that of VACNTs are yet 

another order of magnitude smaller. The defects and structural differences account for the smaller 

Young’s modulus of VACNTs [119, 183] . Rippling commences at very low curvatures. Tubes with 

smaller diameters have a rippling onset at higher strains compared to the ones with larger diameters. 

Tubes with larger defect density have a larger critical strain and larger relative post-rippling stiffness 

compared to the tubes with a smaller defect density. The stiffness prior to the tube rippling with a 

large defect density is much lower [184]. 

Instrumental indentation is a common method of testing the mechanical properties of VACNTs [185-

186]. The properties of these materials depend on the individual characteristics of the CNTs and the 

collective inter-tube interactions dictated by the methods of synthesis. Variations in their micro-
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structure have significant implications on their mechanical properties. These are the Young’s 

modulus and the buckling strengths which range from sub-MPa to tens of MPa to GPa. They also 

have complete gamut of recoverability after large deformations [187-189]. Buckling enables the 

structures to store higher amounts of energy in a postburst structure and presumably higher amounts 

of energy being stored in the buckled regions [190-191]. APCVD-grown VACNT films deform by 

single vertical catastrophic shear-off event along the rim of the indenter tip under large displacement 

indentations. Buckling is progressively witnessed near the stiff underlying substrate and experiments 

on compression experiments of these materials show that APCVD-grown VACNT films reach their 

critical shear stress before buckling in indentation. This leads to the formation of catastrophic shear 

in their microstructure. Consequently, they will demonstrate negligible recovery in indentation 

relative to their almost perfect recoverability when subjected to compression [192-193]. 

Aligned CNTs slide on a PDMS substrate under tension, but buckle under compression. This 

irreversible mechanical deformation accounts for the irreversibility in the electric resistance upon 

the first stretching. The resistance of buckled VACNTs does not change upon mechanical strain and 

this is responsible for their application in stretchable electronics, touchscreens, solar cells and 

sensors. These stretchable devices can be fabricated through interface-mediated buckling and could 

open ways for large-scale production of nanowires and other based stretchable electronics [194]. 

Micro-mechanical bending process of VACNTs has been done to fabricate displacement sensor. 

This has been done to utilize the optical property of the individual CNTs. Displacement sensor is 

widely used in generating positional feedback for any given closed loop motion control system. 

Displacement sensors are being used to measure the linear and the angular displacements. The 

displacement sensors which were available in the market were big in size and were marred with 

complexities during the process of measuring [195]. Alternative VACNTs of optically reflective and 

dark surface can be processed to make compact displacement sensors considering their ability to 

bend [196]. Micro-mechanical bending using 3-D micro-patterning technique is employed on 

VACNTs in the fabrication of the displacement sensor. This transforms the latter to optimal mirror 

from dark absorber surface. The resultant sensor is highly applauded due to its small size, flexibility, 

simple measuring process, less noise, contact-less measurement and cost effectiveness [197-198].  

VACNT based triple-electrode ionization temperature sensor is easy to fabricate and this converts 

the temperature change directly into an electrical signal [199]. 

 

II.5 Results and discussion  

Following sections in the present chapter focusses on the synthesis, characterization and applications 

of VACNTs. VACNTs are grown over Si/SiO2 (600 nm) substrate by depositing aluminium thin 
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layer and Fe catalyst layer by e-beam evaporation technique.  Also, VACNTs are grown over Si/SiO2 

(600 nm) substrate by depositing aluminium oxide thin layer by atomic layer deposition technique 

and Fe catalyst layer by e-beam evaporation technique. Characterization of the VACNTs grown over 

Al (10 nm) and Fe (1.6 nm) followed by the characterization of the VACNTs grown over Al2O3 (30 

nm) and Fe (1.2 nm) discussed here. Growth conditions of VACNTs are also optimized by changing 

the CVD process parameters and catalyst thickness (see the experimental section).  Later various 

applications of the VACNTs done in collaboration with other groups are presented. 

 

II.5.1 Characterizations of the VACNTs grown over Al (10 nm) and Fe (1.6 nm)  

Raman spectra of the VACNT is provided in figure II.6 (a).  The G-band is a feature observed due 

to the stretching of C-C atoms in sp2 hybridized carbon samples [200].  The D-band is observed when 

there is a symmetry-breaking perturbation on the hexagonal sp2 bonded lattices for graphite and 

nanotubes. The presence of D-band is attributed to presence of defects in tube wall or to the presence 

of amorphous carbon. The G’-band corresponds to the second order Raman over tones [201]. ID/IG 

ratio calculated from Raman spectra is 0.169.  

 

 
 
Figure II.6(a) Raman spectra of VACNTs and (b) HRTEM image of the CNT (unhinged from the 
VACNT arrays).  
 
CNTs unhinged from the VACNTs bundle is ultrasonicated in high purity ethanol. Few drops of the 

suspension was drop-casted on the TEM grid and dried before TEM investigation. Figure II.6 (b) 

shows the TEM image of a typical CNT, which is unhinged from the array of VACNTs by 

ultrasonication.  The CNTs are mostly double walled with well graphitized side walls. The diameter 

of the order of 2-4 nm. No catalyst impurity is observed in CNTs. Nanotubes contains defects in 

some section of their lengths.  
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Figure II.7 shows the scanning electron microscopy images of the VACNT in different 

magnifications. CNT arranged in regular arrays of bundles and are highly parallel. High density and 

van der Waals forces between the neighbouring CNTs leads to this vertical alignment. The height of 

the VACNTs are about 390 µm. Nanotubes are well aligned in a direction perpendicular to the 

substrate. Also, the optimized VACNT growth with respect to a variety of CVD process parameters 

such as gas flow, water, time and catalyst thickness in order to control the length of the resultant 

CNT bundles is carried out ( see experimental section). 

 

 

 
Figure II.7 SEM images of VACNTs in differenet magnification (scale bar=200 µm, 10 µm, 2 µm). 
 
Figure II.8 (a) shows the nitrogen adsorption-desorption isotherms and non linear density functional 

theory (NLDFT) pore size distribution of the vertically aligned CNTs. The BET surface area 

calculated is about 515 m2/g.  

 

Figure II.8 (a) Nitrogen adsorption-desorption isotherm and (b) NLDFT pore size distribution  
of the VACNTs. 
 
Purity of the VACNTs was determined using thermogravimetric analysis. Figure II.9 (a) shows the 

TGA curve for vertically aligned carbon nanotube. TGA was carried in air atmosphere in a 

temperature range of 35 ° C to 1000 °C. The weight loss below 500 °C is associated with the removal 

of oxygen functional groups at dangling carbon atoms. The oxidation of CNTs starts about 500 °C  
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and  no residual mass observed after 700 °C indicates the complete burning of CNTs and the absence 

of the catalyst.  

X-ray diffraction measurement is carried out to investigate the crystallinity of the samples. XRD 

patterns have been recorded VACNTs (figure II.9 (b)). The broad (002) peak indicates short range 

order.  

 

Figure II.9 (a) Thermogravimetric analysis and (b) X-ray diffraction pattern for the VACNTs. 

 

II.5.2 Characterizations of the VACNTs grown over Al2O3 (30 nm) and Fe (1.2 nm) 

Raman spectra of the VACNTs grown on aluminium oxide thickness of 30 nm and Fe thickness of 

1.2 nm is shown in figure II.10 (a)  The G-band is attributed  to the stretching of C-C atoms in sp2 

hybridized carbon samples [200].  The D-band is due to the vibrations of symmetry-breaking 

perturbation on the hexagonal sp2 bonded lattices for graphite and nanotubes. The D-band could be 

due to presence of defects in tube wall or due to the presence of amorphous carbon. The G’-band is 

due to the second order Raman over tones [201]. Intensity ratio of D-band and G-band is 0.292. 

 

Figure II.10 (a) Raman spectra of VACNTs and (b) HRTEM image of the CNT (unhinged from the  
VACNT arrays).  
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Specimen for the TEM imaging was prepared by drop-casting  the CNT dispersion on carbon coated 

Cu-TEM grid. High purity ethanol was used for the preparation of CNT dispersion. Figure II.10 (b) 

displays the TEM image of CNT, which is unhinged from the array of VACNTs.  The image shows 

double-walled CNTs with well graphitized side walls and it has diameter of the order of 2-4 nm. 

CNTs are catalyst free, the outer walls contains defects in some section of their lengths and small 

amount of amorphous carbon.  

Alignment of the CNTs was investigated using scanning electron microscopy imaging. Scanning 

electron microscopy images of the VACNTs recorded in different magnifications is shown in figure 

II.11.  Nanotubes are grown perpendicular to the substrate and CNTs in the bundle shows highly 

parallel orientation. This vertical alignment  is due to the dense packing of CNTs and van der Waals 

forces between the neighbouring CNTs . The influence of the Al2O3 thickness and catalyst thickness 

in height of the VACNTs were investigated (see experimental section). 

 

 

 

Figure II.11 SEM images of VACNT in differenet magnification (scale bar=200 µm, 10 µm, 2µm). 
 

 

 
Figure II.12 Nitrogen adsorption-desorption isotherms and NLDFT poresize distribution of the       
VACNTs.  
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Nitrogen adsorption-desorption isotherms and NLDFT poresize distribution of the vertically aligned 

CNTs is depicted in  Figure II.12 (a and b). The specic surface area calculated using BET theory is 

about 652 m2/g. 

TGA experiment in air atmosphere was conducted to determine the purity of the VACNTs. 

Temperature was scanned from 35 ° C to 1000 °C. Figure II.13 (a) shows the TGA curve of the 

vertically aligned carbon nanotubes. The sudden drop in the weight at ~500 °C is associated with 

the oxidation of CNTs. No residual sample after 700 °C indicates the complete oxidation of CNTs 

and the absence of the impurities .  

X-ray diffraction pattern was recorded to  investigate the crystallinity of the samples. figure II.13 (b) 

show the  XRD pattern of VACNT and the 2θ was scanned from 5° to 50°.  The broad C(002) peak 

indicates the short range order.  

 

Figure II.13 (a) TGA and (b) XRD pattern for VACNTs.  

 

II.5.3 Application of VACNTs in microelecrode arrays 

 

The following works were carried out in collaboration with Prof. Dr.-Ing. Christiane Thielemann 

and Dr.-Ing. Nick Christoph at Hochschule Aschaffenburg, Germany and published in peer reviewed 

journals. 

C. Nick, S. Yadav, R. Joshi, J.J. Schneider, C. Thielemann „Growth of Cortical Neurons Grown on 

Randomly Oriented and Vertically Aligned Dense Carbon Nanotube Networks“, Beilstein J. 

Nanotechnol., (2014), 5, 1575-1579. 

C. Nick, S. Yadav, R. Joshi, J.J. Schneider, C. Thielemann “A three-dimensional microelectrode 

array composed of vertically aligned ultra-dense Carbon Nanotube Networks”, Appl. Phys. Lett., 

(2015), 107, 013101. 
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Microelectrode array (MEA) is a device which opens a way to carry fundamental research on cells 

and tissues activities. The electrodes for neuron interfacing should be biocompatible, less 

inflammatory, mechanically stable (flexible, less stiff etc.) and highly conducting, highly porous for 

vascularization and cell migration and non-corrosive [202-203]. A photograph of the commercial 

microelectrode array with 60 electrodes (MCS GmbH) is shown in figure II.14, which contains 

multiple metallic sites to transfer electrical signals from cells to the output device.  Intensity of the 

signal will be high when the cells are close to the electrodes. 

 

 

Figure II.14 MEA with 60 electrodes (MCS GmbH). 

 

Action potential sequence in neural communication is provided in figure II.15. Nominal rest 

potential of a human nerve cell is -70 mV. A stimulus received by the dendrites of a nerve cell open 

the Na+ channels, which drives the potential from -70 mV to -55 mV. Once the action potential is 

reached, more Na+ channels (voltage gated channels) opens, Na+ moves to interior of the cell and 

the potential reaches +30 V. This stage is called depolarization. Then the Na+ channels close and K+  

 

 

Figure II.15 Action potential sequence in neural communication [204]. 
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channels open, the membrane begins to repolarize back to its rest potential. The repolarization brings 

the rest potential to about -90 mV. This stage is called hyperpolarization. Hyperpolarization helps 

prevents triggering the action potential in opposite direction by any stimulus sent up an axon. After 

hyperpolarization membrane will be back to the rest potetial (-70 mV) [204].  

Extra cellular recording is one of the methods used to record action potentials from the electrical 

activity of neurons. Extra cellular action potential from dissociated neurons was recorded initially 

by Pine using microelectrode array [205].  To record the action potential, size of the electrodes should 

be of the order of the diameter of neurons (20-50 µm) [206]. Electrochemical impedance is one of the 

technique used to investigate the electrochemical properties of the electrode. Signal to noise ratio is 

inversely propotional to the impedance of the electrode [207].  Microelectrode arrays with specific 

geometries made with highly conducting materials shows low impedance [208]. Metals (gold, 

platinum, tungsten and stainless steel) have high electrochemical properties and good 

biocompatibilty used in MEA for neural recording and stimulation [209]. In order to over come the 

limitations of metal electrodes such as inflammation, tissue damage and low flexibility, nonmetal 

based microelectrdes (polymers, carbon nanotubes etc.) are employed in neural interface and 

recording [207].  

 

Figure II.16 (a) Channel microelectrode array. Polyimide-based array is connected via connector 
board consisting of a ZIF-type connector and a surface mount microsocket to the recording 
instrumentation, (b) A SEM micrographs of the Ti/Pt metallization layer viewed at the end of 
recording contacts, and (c) A SEM micrographs of the electrode opening. A thin layer of 
photosensitive polyimide was patterned with alignment of the metallization layer [210]. 
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Polymers such as SU-8 [211], parylene-C [212], PEDOT:PSS [213] and polyimide [210] have been used 

for long term neural recording due to their excellent biocompatibily, corrosion resistance and 

mechanical flexibility. An eight channel microelectrode array based on polyimide is shown in figure 

II.16. Signal recording and communications with smallest neurons of diameter less than 300 μm are 

the limitations of the polymer electrodes. Unique properties of the nanomaterials such as high 

electrical conductivity, high surface area, excellent chemical stability and mechanical flexibility 

enhance the sensitivity, response time and biocompatibility of the implanted neural interface. 

  

 

 

 
Figure II.17 Nanowire-based electrode for Acute in vivo neuronal signal recordings. (a) SEM image 
of the GaP based NW electrode, (b) SEM image of the HFO2 coated GaP NW array for sensing, (c) 
Layout for the GaP NW-based electrode, and (d) Schematic for the NW geometry and the electrode 
layered structure [214]. 
 
Semiconducting nanowires with high aspect ratio provides low impedance interface for neural 

recording [214-215]. GaP nanowire array based electrode is for neuronal recording is shown figure 

II.17. High stiffness of the semiconducting nanowires makes stiffness mismatch between the 

electrodes and nerve, which is the limitation of implementing nanowires in neural communication 
[216].   

Electrodes made up of carbon nanotubes could overcome the drawbacks of above described 

materials, hence it can be considered as an ideal electrode material for neuron interfacing and signal  

recording [217].  Figure II.18 shows the scanning electron images of a microelectrode array composed 

of randomly oriented CNTs and neuron cells formed on the CNT electrodes.   



   

   41 

 

Figure II.18 CNT based microelectrode array. SEM images of a CNT island (80 µm) on a conductive 
titanium nitride pad (100 μm), patterned on a silicon dioxide substrate (scale bar, 10 μm). Inset is 
the optical microscope image of array of CNT islands in MEA (scale bar, 100 μm), (b) SEM image 
of the CNT island (scale bar, 100 nm) and (c) SEM image of neuron cell on CNT island [218]. 
 
Randomly oriented CNTs possess limited height and surface area. Three dimensional 

microelectrodes with vertically aligned carbon nanotubes overcome these limitations expanding the 

electrode geometry. In the present work, we demonstrate the fabrication of microelectrode array 

using VACNTs. The suitability of these electrodes as a sensor is tested using cyclic voltammetry 

and electrochemical impedance spectroscopy. 

Circular microelectrodes are fabricated in a 8x8 configuration.  The diameter of the electrodes are 

about 30 µm each and the distance between the neighbouring electrodes is about 200 µm. A 

schematic of the fabrication of microelectrode with vertically aligned carbon nanotubes using 

photolithography and water assisted chemical vapor deposition is depicted in figure II.19.  

 

 

 
Figure II.19 Schematic of the fabrication of microelectrode with vertically aligned carbon nanotubes 
using photolithography and water assisted chemical vapor deposition. 
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In detail, SiO2 (173.8± 0.6 nm) coated over Si is used as the substrate. Polysilicon of thickness 

500±10 nm is coated over SiO2 using chemical vapor deposition method and doped using POCl3 to 

achieve a sheet resistance of 12.7±1 Ω (Fraunhofer Institute for Photonic Microsystems, Dresden, 

Germany). Then this layer is structured using photolithography technique and dry etched using 

reactive ion etching (step a). A primer (TI Prime, MicroChemicals GmbH) is spin coated to improve 

the adhesion of the photoresist. Then the photoresist (AZ 701 MIR, MicroChemicals GmbH, Ulm, 

Germany) is spin coated and structured using photolithography.  

Reactive ion etching of polysilicon is performed using a Diener Femto RIE chamber applying a 

SF6/O2 plasma (65% SF6+35% O2 at 0.25 mbar). The photoresist is removed by acetone washing 

before oxidation. To insulate the electrode, an oxide layer is grown over polysilicon by thermal 

oxidation (step b).  Dry oxidation is performed in a Carbolite chamber (GHC12/750 Carbolite 

GmbH, Neuhausen, Germany) at 1050 °C for about 60 min to form a SiO2 layer. Then a primer (TI 

Prime) and photoresist is deposited and structured using photolithography (step c). After 

development and drying in nitrogen, residual resist or primer at the electrodes and bondpads are 

removed by oxygen plasma (Femto RIE, Dienerelectronic). In order to provide contact between 

CNTs and microelectrodes, oxide layer over the electrodes and outer pads are cleaned using buffered 

HF etching (step d). The Al (10-12 nm) and Fe (1.4-1.6 nm) are deposited using e-beam technique 

on the electrodes only (step e). Further, removal of the photoresist by acetone washing lift off all the 

unwanted metals by keeping the catalyst on the electrodes (step f). Vertically aligned carbon 

nanotubes are grown by water assisted chemical vapor deposition at the electrodes (step g). 

Procedure for the synthesis of VACNTs are discussed in experimental section. Density of carbon 

nanotubes over the microelectrodes is approximately 1600 VACNTs/µm2. 

The ratio of overall active area compared to planar area can be calculated using the equation 

 

Aratio= 2π(rin+rout)hρ+1                                                                                        (II.1) 

 

where h is the height of vertically aligned carbon nanotubes, ρ is the density of carbon nanotubes 

per area, rin is the inner diameter of the carbon nanotube, rout is the outer diameter of the carbon 

nanotube. Applying rin=2 nm, rout=2.5 nm 

 

Aratio= 45.24 h (µm) +1                                                                                     (II.2) 
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Figure II.20 SEM image of the (a) over view of the array of microelectrodes, (b, c and d) vertically 
aligned CNTs grown on microelectrodes in different magnifications [111]. 
 

Figure II.20 shows the SEM images of the microelectrode array made up of vertically aligned carbon 

nanotubes. VACNTs of height more than 100 µm can be achieved. The high aspect ratio CNTs (> 

15000) shows less attachment to the substrate if no special precautions are employed in growth 

process. In the present study, CNTs of height about 2 µm (aspect ratio greater than 300) are used. 

They are mechanically more stable and can be used in electrochemical environment without 

destruction.  

  

Figure II.21 (a and b) Impedance spectra and equivalent circuit of the microelectrodes and 
microelectrodes with vertically aligned CNTs of height 2µm [111]. 
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The microelectrodes were characterized using cyclic voltammetry and impedance spectroscopy. 

Impedance spectra is recorded using VersaSTAT 4 (Princeton Applied Research, Oak Ridge, USA) 

in scanning range of 1 Hz–100 kHz applying signal amplitudes of 20 mV. In order to measure the 

impedance spectra,  a small polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Wiesbaden, 

Germany) ring with a cavity filled with phosphate-buffered saline as electrolyte (PBS, Sigma- 

Aldrich Chemie, GmbH, Taufkirchen, Germany) is glued onto the array. Impedance spectra of plane 

microelectrodes and microelectrodes with vertically aligned carbon nanotubes (2 µm) is shown in 

figure II.21 (a). Figure II.21 (b) shows the electrical equivalent circuit.  The electrode and electrolyte 

interface is described using a charge transfer resistance Rel and a double layer capacitor Cel in 

parallel. Rmet and Rspread is attributed to the resistance of the contacts and electrolyte, which are in 

series.  Rmet and Rspread is replaced as Rms. Rel is negligible compared to Cel. Then the Cel can be 

modelled as constant phase element ZCPE=[Q (jω)n]-1. The simplified equivalent circuit is shown in 

figure II.21 (b). Fitting is done using the software package Zview (Scribner Associates Inc., Southern  

Pines, USA) and the results are summarized in Table II.1. 

 

Table II.1 Values of Rms, Q and n by fitting the impedance spectra. 

Height (µm) Rms (kΩ) Q (µF) n 
0  (346±54)x10-6 0.845±0.014 
2 27.4±8.9 13.5±2.8 0.45±0.11 

 

Cyclic voltammetry measurement is performed using three electrode set up. Vertically aligned CNTs 

are used the working electrode, Ag/AgCl is used as the reference electrode and platinum mesh is 

used as the counter electrode. The voltage is scanned from 0 to 200 mV. Cyclic voltammogram is 

recorded at scan rates 20, 50, 100, and 200 mV/s. 10 cycles are recorded in each scan rate. Electrodes 

with VACNTs show a DC-capacity of 16.4 ± 2.3 mF/cm2 and that of polysilicon electrode is 0.17 ± 

0.12 mF/cm2. 

 

II.5.4 Application of VACNTs in neuron growth 

The nervous system has two divisions: the central nervous system (CNS) and the peripheral nervous 

system (PNS). The brain and spinal cord are the organs of the CNS. Nervous tissue consists of two 

types of cells, neurons and neuroglia. Neuron or nerve cells (Figure II.22) are highly specialized to 

conduct impulses called action potential. Neuroglia primarily function to support and assist neurons. 

These nerves are made of neurons and specialized cells called Schwann cells. The Schwann cells 

form the myelin sheath to electrically insulate neurons. Neurons are capable of generating and 
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transmitting electrochemical impulses. The cell body contains the nucleus and is essential for the 

continuing the life of the neuron. Neurons have branched dendrites that extent from the surface of 

the cell body to provide a large surface area for receiving stimuli and conducting impulse to the cell 

body. The elongated axon conducts the impulse away from the cell body to another neuron or to an 

organ that responds to the impulse. A nerve impulse travels along the cell membrane of a neuron, 

and is electrical, but where neurons meet there is a small space called a synapse, which an electrical 

impulse cannot cross. At a synapse, between the axon of one neuron and the dendrite or cell body of 

the next neuron, impulse transmission depends upon chemicals called neurotransmitters [219]. A 

neuron is designed to react to stimuli, to transmit the resulting excitation rapidly to other portions of 

the nerve cell, and to influence other neurons, muscle cells, and glandular cells [220].  

There are three major parts of the synapse: (1) a presynaptic terminal (located on axon) containing 

neurotransmitter, mitochondria (2) a postsynaptic terminal (located on dendrite)  containing receptor 

sites for neurotransmitter and (3) a synaptic gap or space between the presynaptic terminal and the 

postsynaptic terminal [221]. 

 

 

Figure II.22 Nervous system. 

Carbon nanotubes have received wide interest in the biomedical field as a growth substrate for 

various cells [222].  Carbon nanotubes are a very promising substrate for neuron growth as well as to 

record and stimulate neural activity due to their excellent electrical conductivity and 

biocompatibility. CNTs as growth substrate is more interesting because of the form and shape of 

CNTs. They are similar to the extra cellular matrix. However CNTs (if conducting) may also boost 

activity due to short circuiting [109, 223-227].  The high intrinsic surface area and charge injection 

capacity makes CNTs as a promising material for neuron growth. CNTs look like extracellular 
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matrix due its one dimensional structure hence better adhesion of neurons is possible. Also, the 

surface charges and functionalization [170, 228] have an impact on the neurite growth and network 

formation.  Neural interfacing based on vertically aligned multiwalled carbon nanotube (CNT) 

pillars as microelectrodes is reported. Functionalized hydrophilic CNT microelectrodes shows a high 

charge injection limit of 1−1.6 mC/cm2 without faradic reactions [229]. 

In the present study, the influence of carbon nanostructures in the growth and networking of neurons 

is investigated. In vitro growth of cortical neurons on randomly oriented and vertically aligned 

carbon nanotubes islands are presented. Randomly oriented and vertically aligned carbon nanotubes 

islands are structured using photolithography of the catalyst followed by water assisted chemical 

vapor deposition for the growth of CNTs. 

Figure II.23 represents the schematic of the fabrication of islands of randomly oriented and vertically 

aligned CNTs using photolithography and water assisted chemical vapor deposition technique [230]. 

In detail, photoresist (AZ 701 MIR, Micro- Chemicals GmbH, Ulm, Germany) is coated over the 

substrate (Si or gold coated Si) using spin coating. Later resist is structured using photolithography 

(step a). Then, catalyst (Al= 10-12 nm, Fe=1.2-1.4 nm) is coated over the structured substrate by 

electron beam deposition technique (step b) and the photoresist is removed by acetone washing. Si 

substrate coated with thin layer of gold (100 nm) is used for the growth of islands of randomly 

oriented CNTs. 

CNTs were grown using water assisted chemical vapor deposition technique [57, 64] at 780-820 °C by 

passing argon, hydrogen, ethene and ppm quantities of water for 2-3 minutes. Substrate with catalyst 

is heated to growth temperature in the presence of argon and hydrogen. At growth temperature, 

ethene and water is introduced into the reactor.  

 

Figure II.23 Schematic of the fabrication of islands of randomly oriented and vertically aligned 
CNTs using photolithography and water assisted chemical vapor deposition technique. 
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Figure II.24 (a) SEM image of a single CNT island with a diameter of ~ 30 μm, ((b) and (c)) SEM 
image of the neurons accumulated in vitro onto CNT islands after 21 days  (the distance from CNT 
centre to CNT centre is 200 μm) [231]. 
 

Cryoconserved embryonic cortical rat neurons (E18 and E19) purchased from Lonza Ltd, Basel, 

Switzerland and were stored in liquid nitrogen until use. The substrates with CNT islands were 

sterilized under UV-light [232]. Preparation protocol for cell culture medium is described below.         

L-glutamine (2 mM) and 2% NSF-1 were added to the PNBM basal medium. NSF-1, a supplement  

supporting neuronal growth and survival, was aliquoted, frozen and added to the medium 

immediately before each use. 3mL culture medium was taken in the petridish. Neurons were thawed 

and cultured with a density of approximately 500,000 cells/mm2 on each substrate and incubated in 

a humidified atmosphere (37 °C, 5% CO2, saturated atmosphere for 4 h).  Half of cell culture medium 

was replaced twice a week and completely replaced every second week.  Scanning electron 

microscopy imaging was done to study the growth of neurons on VACNT islands and randomly 

oriented CNT islands. For doing SEM investigation, the cell culture medium of the substrates was 

replaced with 2.5% glutaraldehyde. Glutaraldehyde was removed after 2.5 hours and all the 

substrates were washed in DI-water three times. Then the fixation cells were dried in ethanol (10%, 

30%, 50%, 70%, 90%, 99.6% for 20 min each). Further, ethanol was replaced by 

hexamethyldisilazane (HMDS) and dried in air [232-234].  Prior to SEM investigation, dried fixation 

cells were sputter coated with 5 nm Pt/Pd.  Figure II. 24 depicts that the neurons are strongly attracted 

by the randomly oriented CNT islands and formed clusters of cells. The islands are interconnected 

via cells and neurites.  Figure II. 25 shows the SEM images of the growth of neurons cultivated on 

vertically aligned carbon nanotubes for a period of 14 days. Dense clusters of neurons observed in 

the vicinity of vertically aligned CNT islands after 4 hours of cultivation, which is shown in figure 

II.25. Also, the cell clusters are interconnected (see the arrows in figure II. 25 (a)). It was observed 

that the cell bridges are disappeared after two days (figure II. 25(b)) of cultivation and the cell 

clusters become larger. Also the cells on the Si is disappeared.  Dense clusters of cells were observed 

after 7 days (figure II.25 (c)) of cultivation and the interconnections were not present. After 4 hours, 
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about 49±15 neural cells were observed in area of 0.393 m2 and it decreased to 9 ± 6 from day 12 

onwards. Clear neural connections between the CNT islands is observed after 14 days of cultivation 

(figure II.25 (d)).  

 

 

Figure II.25 Growth of cortical neurons cultured on islands of vertically aligned CNT. (a) Formation 
of neuron clusters after 4 h, (b) after 2 days in vitro, (c) after 7 days in vitro and (d) after 14 days in 
vitro.  Each CNT pillar is 30 μm in diameter and the distance between two pillars is 200 μm (centre 
to centre) [231]. 
 

 

Figure II.26 SEM images of (a) two selected CNT pillar architectures with cultured cortical neurons 
(height about 400 μm, diameter about 30 µm and distance of about 200 μm between individual CNT 
pillars and (b) close up view of the vicinity of the VACNTs structure and the neurons [231]. 
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Matured neurons are observed after 21 days of cultivation (figure II.26). More cells are visible on 

the CNT side walls than on the top of the CNT pillars. Neurons are strongly attracted via the side 

walls. Though the cells are able to climb upto several micrometers, growth is not prominent on tips. 

This behaviour is further verified by changing the shape and size of the CNT pillars (figure II. 27). 

It was observed that the neurons are strongly attracted by the side walls of the CNTs. 

 

 

Figure II.27 SEM pictures of neuronal cell assembly on different CNT micro architectures. ((a) and 
(b)) Neuron growth on a cross bar structured CNT in different magnifications, (c) Higher magnified 
view of a neuronal cell cluster showing its preferential adherence on the side architecture of the 
CNT wall structure, (d) higher magnified view of a dense cell assembly on the CNT upper rim wall 
structure, (e) preferential cell assembly of the neuron cell line R18 (Embryonic Rat Hyopothalamus 
Cell Line R18 (RHypoE-18)) on the CNT side walls and (f) the preferential cell assembly of a 
neuronal spheroid (from neurons of a chicken embryo) on the CNT side walls of CNT 
microstructured blocks [231]. 
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II.5.5 A nano-microstructured artificial-hair-cell-type sensor based on topologically graded 

3D carbon nanotube bundles 

 

The following work was carried in collaboration with PD Dr.-Ing. habil. Oktay Yilmazoglu and 

M.Sc. Deniz Cicek, Department of Electrical Engineering and Information technology, TU 

Darmstadt and published in peer reviewed journals. 

O. Yilmazoglu, S. Yadav, D. Cicek, J.J. Schneider “A nano-microstructured artificial hair cell type 

sensor based on topologically graded 3D carbon nanotube bundles”, Nanotechnology, (2016), 27, 

365502. 

 

All organisms from bacteria to humans are mechanosensitive. The conversion of physical force or 

by using physical forces organisms can generate accurate 3D-structures. Hearing and touch are based 

on neural responses to vibration and pressure [221]. 

Transforming vibrational energy into an electrical signal hair cell played evolutionary role and 

opened door for advanced mechanosensors. Hair cells consist of hair bundle contains anywhere from 

30 to a few hundred hexagonally arranged stereocilia, with one taller kinocilium (Figure II.28). 

Displacement of the hair bundle parallel to this plane toward the tallest stereocilia and at the limits 

of human hearing, hair cells can faithfully detect movements of atomic dimensions and respond in 

the tens of microseconds. The hair bundle movements at the threshold of hearing are approximately 

0.3 nm, about the diameter of an atom of gold [235]. 

 

 

 

Figure II.28 A cilia hair bundle [236]. 
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Cilia hair cells play vital role in functions such as hearing and balance in animals. The bending of 

this by the external forces such as fluid motion (motion of inner ear liquid) generates electrical 

signals in the inner ear. Biomimic natural hair like structures to function like cilia are already 

developed. Biomimetic hair flow sensors are categorized into several groups, namely thermal, 

piezoresistive, capacitive, magnetic, piezoelectric and optical sensors [237-240].  Engel et al. developed 

Artificial-hair-cell-type sensors (AHCTSs) with good sensitivity and excellent robustness using 

polyurethane hairs, carbon impregnated polyurethane force sensitive resistors and common MEMS 

processing technologies [241].   

Polyvinylidene difluoride (PVDF) microfiber with a molybdenum core produced by the hot 

extrusion tensile method used to fabricate bionic airflow sensor [242]. Artificial hair sensors with SU-

8 polymer hairs mounted on silicon nitride suspended membranes is fabricated. Electrodes on the 

membrane and on the substrate form variable capacitors, allowing for capacitive read-out [243]. Pillars 

consisting of PDMS polymer with  embedded iron nanowires integrated on a GMR thin film sensor 

is fabricated to detect the water flow as well as air flow [244].  

Carbon nanotubes are a promising material in artificial hair type sensors due to its unique properties 

such as high electrical conductivity, supercompressibility, bending elasticity, structural flexibility, 

high aspect ratio and chemical inertness. Compressive behaviour of the vertically aligned CNTs are 

investigated. Material properties are highly anisotropic and it posess a axial modulus of 165–

275 MPa, the transverse modulus of 2.5–2.7 MPa and the out of plane shear modulus of 0.8–1.6 MPa 

[245]. Vertically aligned carbon nanotube shows zigzag buckles under compression and it came back 

to the original length upon load release [246].  This buckling behaviour was explained by employing 

van der Waals force among the individual nanotubes as lateral support [247].  Mechanical properties 

of the vertically aligned CNTs are widely studied [246, 248-253].  Electrical conductivity of the carbon 

nanotube block under compressive strain was investigated [248]. Vertically suspended single walled 

carbon nanotubes were used for electromechanical sensing [250] and vertically aligned carbon 

nanotubes are used as piezoresistive pressure sensor [251]. Carbon nanotube cantilever was simulated 

using molecular dynamics by Feng et al.[254]. Structural deformation and vibration of a CNT under 

fluid flow are studied using molecular dynamics simulation [255]. A typical CNT with 1 nm diameter 

and 1 µm length shows sensitivity of 68 µm s-1 in water. CNT coated glass fiber supported on a glass 

microcapillary is used as artificial hair sensor. The sensors shows piezoresistive sensitivity of 1.3% 

per m/s air-flow change [256]. 

Artificial-hair-cell-type sensor based on 3D-structured vertically aligned carbon nanotube bundles 

for 3D-force sensing is presented herein. The sensing is achieved by generating a lateral electrical 

contact between the central long CNT bundle and neighbouring shorter CNT bundles. CNT bundles 
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of different height is synthesized by employing  a patterning technique for the CNT growth catalysts, 

which locally modulate the CNT growth rate [257]. The obtained hierarchical CNT structures shows 

excellent sensitivity and flexibility. CNT bundles with different height (topographic height variation) 

is a significant characteristic of our process, which mimics natural mammal cilia morphology. 

 

 

 

Figure II.29 Schematic of the AHCTS fabrication.  
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The sensor consists of 3D structured vertically aligned double-walled carbon nanotube bundles 

arranged in parallel. The bundles are stable due to the van der Waals interaction between the 

individual CNTs. The heights and width of the CNT bundles can be tuned by the fabrication process.  

There is a lateral contact between the longer CNT bundles and shorter CNT bundles. A schematic 

of the fabrication process is presented in figure II.29. In detail, AlOx layer of thickness 30-40 nm 

was deposited on Si wafer or Si/SiO2 (600 nm) wafer by atomic layer deposition (ALD) technique. 

Further, photoresist was coated over the AlOx layer by spin coating and a chrome mask over the 

photoresist. Then the resulting structure was patterned using optical lithography technique and Ni 

contact pads of thicknes 50 nm were deposited over the patterned structure by e-beam deposition 

technique.  Rest of the photoresist is removed by acetone washing. The distance between the Ni pads 

(100-400 µm) is considered as the final width of sensor. A specially structured mask is placed on 

the nickel pads and Fe (1.4 -1.6 nm) is deposited. Later, the CNTs were grown using water assisted 

chemical vapour deposition technique at 820 °C by passing argon, hydrogen, ethene and ppm 

quantities of water [57, 64]. The height of the CNTs (150-1700 µm) are depending on the time of 

synthesis, catalyst design or by substrate. Width of the CNT bundles (5-100 µm) adjusted by the 

width of iron deposited. 

 

 

 

Figure II.30 Schematic of the AHCTS sensor. 

Figure II.30 shows the schematic of the AHCTS with the resulting electrical resistance components 

of the outer CNT contact bundles to the left and right of the main CNT bundle, which detects the 

force impingement. The effective electrical resistance (Rtotal) of the AHCTS device in a lateral 
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direction is the sum of the contact resistance of the central CNT bundle to the two neighboring CNT 

bundles (Rcontact1, Rcontact2) as well as the internal electrical resistance of the CNT (RCNT) within the 

central bundle.  

 

 

Figure II.31 ((a) and (b)) SEM imge of the AHCTS with longer central CNT bundle and shorter 
neighbouring CNT bundle, (c) SEM image of the CNT bundle in high magnification and (d) TEM 
image of the CNTs unhinged from the main CNT bundle by long term ultrasonification. 
 
Hart et al. reported strain engineered growth of bi-level CNT micropillar [257]. SEM image of the 3D 

AHCTS with central long CNT bundle and shorter neighbouring CNT bundles is shown in figure 

II.31 (a and b). The central long CNT bundle of the AHCTS device has electrical contacts with the 

neighboring smaller CNT bundles, which act as contact bundles. In an undeflected AHCTS device, 

the distance between the central CNT bundle and the two neighbouring CNT bundles is in between 

1–5 μm and increases gradually from the bottom to the top. Free-standing vertically aligned CNTs 

with high homogenity is found. This special structure is achieved by patterning the catalyst by 

lithography technique. Each AHCTS is electrically insulated from neighbouring AHCTSs hence 

cross-sensitivity in the individual sensor devices is avoided. Figure II.31 (c) shows the SEM image 

of the central CNT bundles in high magnification, it depicts the vertical alignment of the CNTs in 

the bundle. The same holds true for the small bundles. Large number density of CNTs within the 

central CNT bundle (>109 tubes mm−2) promotes the interaction of the central CNT bundle with the 

neighboring CNT bundle structures serving as contact bundles.  TEM image (figure II.31 (d)) shows  
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that the CNTs are nearly double walled and the diameter is of the order of 3- 6 nm.  

The vertical electrical conductivity of these CNT bundles (thickness=100μm, width=200μm, 

Length=500μm, ∅CNT=6nm, and CNT density ∼1×109 tubes mm−2 ) are about 1 S/cm which is close 

to the reported values[120].  AHCTS samples were glued onto an aluminium block in order to perform 

the mechanical and electrical characterization. 

 

 

 
Figure II.32 (a) Schematic of the mechanical characterization of the AHCTS element with a 
controlled pressure load using Frey filaments, (b) the Young’s modulus change with the CNT bundle 
length on the Si and SiO2/Si substrate, (c and d) the mechanical impingement of a Frey filament on 
the top, (e) middle and (f) bottom of a 3D CNT structure. The height is 1700 μm, width is 400 μm 
and the thickness is 90 μm [110]. 
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Young’s modulus and stability 

The sensitivity of the fabricated AHCTS was investigated using a camera embedded optical 

microscope. A home built loading platform with Frey filaments of defined force sensitivities 50 μN, 

80 μN, 125 μN and 200 μN are used to deflect the CNT bundles. 

They buckled at the defined force. The Young’s modulus is calculated using the following formula 
 
 

ܧ ൌ ସி௟య

௕ௗయ	∆௫
                                                                             (II.3) 

 

where F is the lateral force applied, l is the length of the CNT bundle, b is the bundle width, d is the 

thickness and Δx is the bundle deflection.  

Figure II.32 (b) shows the Young’s modulus of the CNT bundles of different length grown on 

different substrates. The change in Young’s modulus is closely related to the inherent waviness [258]. 

CNT bundle of length 800 µm shows a Young’s modulus about 220 kPa, which is several orders of 

magnitude less than the Young’s modulus of single CNT (1TPa) [259]. Figure II.32 (c, d, e and f) 

shows the mechanical impingement of a Frey filament on the top, middle and bottom of a 3D CNT 

structure. The height is 1700 μm width 400 μm, and the thickness 90 μm. Stable bending of up to 

90° for the CNT bundle is achieved without mechanical deformation. Figure II.33 (a) shows the 

photograph of the side view of the CNT bundle at mechanical bending. A repeatable stable bending 

of the CNT bundle up to 90° could be achieved without mechanical deformation. The 3D AHCTS 

was bended with a home-built loading platform using a passivated GaAs wafer. The height of the 

CNT bundle is 300 µm, the width is 100 µm, and the thickness is 10 µm. 

 

 
Figure II.33 (a) Photograph of the side view of the CNT bundle at mechanical bending and (b) 
compression using home-built loading platform with a passivated GaAs wafer [110]. 
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Figure II.33 (b) shows the photograph of the side view of the CNT bundle at mechanical 

compression. A repeatable stable compression of the CNT bundle could be achieved without 

mechanical deformation. The 3D AHCTS was also compressed using the home-built loading 

platform with passivated GaAs wafer. The height of the CNT block is 1200 µm, the width is 20 µm, 

and the thickness is 20 µm. 

Schematic of the working principle of AHCTs sensor is provided in figure II.34. Mechanical 

deformation of the main bundle by applying a lateral force is shown in figure II.34 (a). Individual 

CNTs in the main CNT bundle touch the neighboring CNTs in this bundle. The main CNT bundle 

contacts the neighboring smaller CNT bundle (figure II.34(b)).  Both mechanisms cause enhanced 

lateral cross-tube contacts, resulting in an increase in the electrical conductance to the macroscopic 

outer contacts. 

 

 

Figure II.34 Schematic of the working principle of the AHCTS sensor element. (a) under the 
mechanical deformation, individual CNTs in the main CNT bundle touch the neighboring CNTs in 
this bundle and (b) the main CNT bundle contacts the neighboring smaller CNT bundle.  
 

A schematic of the AHCTS under loading is provided in figure II.35 (a).  The nano and micro parts 

of the AHCTSs is connected using the Ni pads on the Si wafer. The home built loading platform 

uses a needle with micropositioner to measure the deflection of the CNT bundle. The displacement 

resolution of the micropositioner in current platform was limited to 5 μm. The height, width and 

thickness of the CNT bundles used to record the resistance–deflection curves are 500, 350 μm and 

100 μm respectively. The change in the resistance of the electrically contacted AHCTS under 

mechanical deformation is provided in figure II.35 (b and c). The AHCTS device shows a 

piezoresistivity by applying a lateral force. Mechanical deformation of the main CNT bundle 

decreases the lateral CNT bundle resistance. The close contact between the individual CNTs inside 

the lateral bundle as well as the CNT/CNT contact near to the bottom of the substrate decreases the 

resistance of the central CNT bundles and smaller neighbouring CNT bundles. Mechanical  
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deformation decreases the lateral as well as vertical resistance of the CNT sensor. The resistance 

decreases almost linearly with respect to the deformation. The resistance decreases about 11% at 

50µm deflection and 20% at 30µm compression. There is a significant decrease in the resistance by 

the application of different forces. AHCTS design also works with one electrode on the Si substrate 

and the second electrode on the main CNT bundle. For the new design, the change in the resistance 

of the electrically contacted AHCTS under compression is provided in figure II.35 (d). Though the 

integration process is more difficult compared to the other design, the huge resistance change of 

∼30% at 40 μm deflection is impressive for the AHCTS.  The sensor characteristics and sensitivity 

explicitly depends on the initial resistance of the single sensor element. The overall resistance of the 

fabricated AHCTS depends on the contacting dimensions, CNT dimensions and the graphitization 

of the CNT defined mainly by the growth conditions, like tube diameter. Resistances varies from 

200 Ω to >2 kΩ have been observed and these variation may be due to above mentioned parameters. 

Weaker contact of the neighboring CNT bundles is also a reason for the high initial resistance. The 

resistance decreases because of the additionally created current paths at an applied pressure. These 

lead to higher sensitivity to external mechanical stresses. 

 

 

Figure II. 35 (a) A schematic of the AHCTS loading, (b) The lateral resistance change between both 
macroscopic contacts at lateral force F1, (c) vertical force F2 and (d) The vertical resistance change 
between an outer electrode on the Si wafer and a second outer electrode on the main CNT bundle  
with a vertical force of F2 

[110]. 
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Electrostatic characterization 

Figure II.36 (a) represents the schematic for the electromechanical bending of a single CNT bundle 

by a contactless, electrostatic method. The 3D AHCTS was deflected with a home-built loading 

platform using a passivated GaAs wafer. Figure II.36 (b) shows the photograph of the 

electromechanical bending of a long CNT bundle (length, l= 680 µm).  CNT bundle was deflected 

about 100 µm at 2 kHz and it was mechanically stable after several hours. Stable and repeatable 

deflections were observed more than 10 million times. Electrostatic deflection at CNT bundle 

(length=300 µm, width =100 µm and thickness=10 µm) at f = 10 Hz is shown in figure II.36 (c and 

d). Stable and repeatable deflections were measured.  

 

 

 
Figure II.36 The electrostatic measurements of the laterally contacted AHCTS under mechanical 
deformation. (a)  schematic, (b, c) photograph of the contactless AHCTS loading and (d) resistance 
change between both lateral macroscopic contacts at 10 Hz for the  CNT bundle (length=300 µm, 
width =100 µm and thickness=10 µm) [110] 
 
The dynamic resistance change of the CNT bundle (l= 300 µm, w=100 µm, t=10 µm) was measured 

at 10 Hz (pulse period of 100 ms and a pulse width of 10 ms). The observed resistance change is 
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displayed in figure II.36 (d). The sensor showed a relative resistance change about 0.6% for a 

deflection of ∼30 μm. Excellent repeatability is observed in the resistance change. The results shows 

the suitability of AHCTS to simulate multiple functions.  This sensor can be used even in kHz region 

due to its small response/recovery time. 

The bending and stability of the CNT bundle (l= 1200 µm, w=20 µm, t=20 µm) is observed under 

air flow (Figure II.37). Stable and repeatable deflections were measured. 

        

 

Figure II.37 Photograph of the side view of the CNT block deflected at weak air flow. The height of 
the CNT block is 1200 µm, the width 20 µm, and the thickness 20 µm [110]. 
 

II.6 Conclusions 

Vertically aligned carbon nanotubes are synthesized using water assited chemical vapor deposition 

technique. Al/Al2O3 and iron was used as the catalyst. CVD parameters are optimized for the growth 

of less defective VACNTs with diameter of the order of 3-6 nm. Height of the CNTs could be varied 

by changing the gas flow, time of synthesis and catalyst thickness.  Absence of catalyst impurities 

were confirmed using thermogravimetric analysis and TEM.   

Three dimensional microelectrodes based on vertically aligned carbon nanotubes are fabricated. 

These electrodes show high electrochemical active surface area, capacity and low impedance hence 

this could be useful in variety of sensor applications. 

One dimensional structures such as randomly oriented CNTs and vertically aligned CNTs are used 

as the substrate for the growth of neurons. Growth of neurons dominant on side walls of the vertically 

aligned CNTs than on the top. 

Artificial-hair-cell-type sensor (AHCTS) based on 3D structured vertically aligned carbon nanotube  

bundles was fabricated using chemical vapor deposition process.  Their easy integration and lateral  
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electrical contacting allowed multiple mechano-electrical sensing mechanisms. The mechanical  

properties of the CNT bundles were investigated with respect to different substrates as well as by 

tuning the bundle height. More over the compression or deflection of the central CNT bundle 

changes the contact resistance to the shorter neighbouring bundles hence this 3D CNT sensor can 

detects three dimensional forces. Their easy integration and lateral electrical contacting allowed 

multiple mechano-electrical sensing mechanisms. The Young’s modulus of the AHCTS is in 

between 220 kPa and 1800 kPa, which was achieved by tuning the height of the CNT bundles. The 

resistance decreases up to ∼11% at 50 μm deflection and the detection sensitivity is as low as 1 μm, 

by employing a variable load system using Frey filaments. Bending of up to 90 ° with excellent 

repeatability and stability were observed.  A stable deflection of AHCTS in contactless electrostatic 

method was observed for 10 million times. Application of AHCTS in artificial hearing technology 

is very promising.  
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III SYNTHESIS, CHARACTERIZATIONS AND APPLICATIONS OF GRAPHENE   

OXIDE 

This chapter deal with the synthesis, characterization and applications of graphene oxide. 

 

III.1 Introduction 

The concept of graphene was first proposed by Wallace in 1947 [260]. He used tight-binding model 

to study the electronic properties of graphene. The study of graphene over the previous decades has 

remained at theory level until 1962 when Boehm et al. synthesized few layer graphite oxide at 

Eduard Zintl Institute, Technical University Darmstadt and he presented the results at the Carbon 

Conference in Penn State University and published in germany[261-262]. Later, in 2004 Novoselov 

from the University of Manchester separated single graphene from graphite using a simple 

mechanical peeling method [263]. The physicochemical properties exhibited by graphene have 

attracted a substantial attention in various areas of science and technology. Graphene, one atom thick 

two-dimensional crystal is considered as a basic building block for all sp2 graphitic materials such 

as carbon nanotubes, fullerenes, and graphite. It has unique characteristics such as high electron 

transport capabilities, high specific surface area and high thermal conductivity. Graphene must be 

fabricated in order to turn graphene applications into reality. Graphene also can be obtained from 

graphene oxide through Brodie Method [264] , Staudenmaier Method [265], Hummers’ Method [266] 

and its modification [267] namely the Tour’s Method [268] and a Microwave-assisted acid technique 

[269] (figure III.1). 

Graphene oxide attracts interest due to the ease of access, scalability, low cost and the ease of 

converting to graphene. Graphene oxide is formed by the oxidation of the graphite. The interplanar 

spacing between the graphite layers increase during oxidation. The oxidized graphene sheets during 

graphene oxide preparation possess some defects which are subject to the additive quantities of the 

oxidant as well as the oxidizing time. The conductivity characteristics of graphene oxide depend on 

the amount of oxidization in the compound and the synthesis method too. Highly oxidized graphene 

oxide is a poor conductor of electricity. This scenario can be addressed by functionalization which 

entails a chemical modification of a substance that leads to development of its characteristics to 

conform to a specific application. The main properties altered by this process are dispersibility, 

hygroscopicity and toxicity. The electrical properties of graphene oxide are fundamentally altered 

by the functionalization process. Functionalization results to more adaptable chemically modified 

graphene which could have limitless range of applications [270].  

Graphene oxide (GO) can be synthesized with cost-effective procedures using less costly graphite 

as raw material that would result to high yields. Also, GO is highly hydrophilic and is capable of 
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forming stable aqueous colloids which enable the collection of macroscopic structures through cheap 

and simple solution processes. All these are vital for the large-scale use of graphene. The properties 

of graphene and its structure are restored when graphene oxide is reduced and different reduction 

techniques result to graphene with different properties [271]. 

 

III.2 Preparation of graphene oxide 

Graphite is the precursor for the preparation of GO. Graphite consists of granules that can be 

obtained from both natural and synthetic sources. The natural graphite is commonly used in chemical 

modifications due to the presence of numerous localized defects in its π-structure which provide 

seeding points for the chemical processes to take place [272]. Figure III.1 is the schematic 

representation for different methods of preparation of graphene oxide. The selection of the suitable 

oxidizing agents for oxidizing the graphite powder is the critical point in the preparation of graphene 

oxide. 

 

Figure III.1 Schematic of overview of preparation of graphene oxide. 
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Brodie method 

This method was first tried by Brodie in 1859.  Fuming nitric acid was added to a mixture of chlorate 

of potash and graphite. The percentage of carbon, hydrogen and oxygen in the oxidized product is 

67.79, 1. 84 and 30. 37 respectively [264].  

 

Staudenmaier method 

This was a modification of the Brodie method. Here, concentrated H2SO4 and fuming HNO3 was 

used as the oxidizing agents.  Graphite was added to the mixture of concentrated nitric acid and 

sulphuric acid. Then potassium chlorate was added slowly and carefully to the mixture  [265]. 

 

Hummers’ method 

Hummer’s method was a relatively safe method of preparing graphite oxide. Graphite is oxidized 

using NaNO3, H2SO4 and KMnO4. The experiment was carried in a ice bath. KMnO4 was added 

slowly to maintain the temperature below 15 °C. This process could be completed within 2 hours 

and the temperature maintained was below 45 °C. [266]. A modified Hummers’ method entails both 

oxidation of graphite and exfoliation of graphene sheets as a result of the thermal treatment of the  

solution [273]. 

 

 

 
Figure III.2. Schematic representation of the oxidation of the graphite using Hummers method, 
Hummers modified method and improved graphene oxide synthesis method (Tour’s method) [268]. 
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Tour’s method 

This is also an improved version of Hummer’s method for preparing graphene oxide. Concentrated 

H2SO4/H3PO4 are slowly added to a mixture of graphite powder and KMnO4 
[268]. Schematic 

representation of synthesis of graphene oxide by the oxidation of the graphite using Hummers’ 

method, Hummers’ modified method and improved graphene oxide synthesis method (the Tour’s 

method) is shown in figure III.2 

 
 
Microwave-assisted acid technique 

Graphene oxide can also be prepared in acidic condition using microwave irradiation. Microwave 

heating replaces the traditional heating used in the Hummer’s method. Natural graphite powder is 

mixed with KMnO4 and fuming nitric acid and the resulting mixture is magnetically stirred in a flask 

made of glass at room temperature. The acidic dispersion is moved to a crucible and then irradiated 

with microwave at a power of about 900 W for a minute. Deionized water is then used to rinse the 

resultant powder until it achieves a pH of 7.  It is then dried at a temperature of 110 0C for three 

hours to produce expanded graphite. Conc. H2SO4 and KMnO4 are then added to the expanded 

graphite for oxidation and exfoliation to take place. A green dispersion results from magnetic stirring 

of the mixture after half an hour. The mixture is then washed with deionized water and 10% 

hydrochloric acid until the pH become neutral and the resultant product is brown in colour. Graphene 

oxide films are obtained upon complete evaporation of water [269].  

 

III.3 Reduction of graphene oxide 

Reduction of graphene oxide to reduced graphene oxide (rGO) is a key step process as it determines 

the quality of the rGO produced in terms of properties. Various methods of producing reduced 

graphene oxide from graphene oxide are chemical reduction, thermal reduction, photocatalytic 

reduction, electrochemical reduction, glow discharge plasma reduction and reduction based on 

nature-based reducing agents, which are summarized in figure III.3. 

 

Thermal reduction 

This process is rather referred to as thermal annealing for reduction of graphene oxide. Exfoliation 

process is done by sudden expansion of carbon monoxide or carbon dioxide through the spaces of 

graphene sheets. The temperatures associated with this method are too high to decompose the 

oxygen-containing functional groups present in the carbon plane to liberate gases which then create 
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Figure III.3 Schematic representation of reduction of graphene oxide by various reduction 
processes. 
 
enormous pressure between the piled layers. A pressure of 2.5 MPa can separate two stacked 

platelets of graphene oxide [274]. This thermal reduction method reduces the functionalized graphene 

sheets and exfoliates graphene oxide [270]. This method is a reliable one in manufacturing bulk 

quantities of graphene compared to the methods for production of small-sized and wrinkled sheets 

of graphene. In this process, the carbon atoms are removed from the carbon plane while removing 

the oxygen-containing groups, hence the sheets of graphene split into small pieces and the final 

product is with distorted carbon plane. The lattice defects in the exfoliation process of graphene 

oxide affects the electronic properties of the final product and hence reducing the ballistic transport 

path length and also bringing in the effect of scattering centers. According to Schniepp et al. [270], 

C/O ratio of graphite oxide is significantly depends on the reduction temperature, which is 13 at   

750 °C and 7 at 500 °C. The annealing reduction of graphene oxide is conducted either in vacuum 

[275] or in an inert atmosphere [276] at high temperatures. The drawback for using high temperatures 

is that large energy is consumed and the conditions of treatment are critical. Also, high temperatures 

can lead to the explosion of graphene oxide due to structure assembling. Slow heating in thermal 

reduction of graphene oxide makes this process to be time-consuming. For the applications which 

assemble graphene oxide on substrates such as carbon films, this method cannot work especially 

with the substrates with lower melting point like polymers and glass [271].  

 

Microwave and photo reduction 

Microwave irradiation was devised for uniform and rapid heating of substrate. Within one minute in 

ambient conditions, reduced GO can produce from graphite oxide powders in a microwave oven 
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[277]. A single flash from a xenon lamp (<1cm) similar to the flashes on a camera was used to reduce 

free-standing films of graphite oxide by Cote et al. Rapid degassing by flash reduction expands the 

graphite oxide films about ten times faster. Elemental analysis says that the C/O atomic ratio in GO 

was 1.15 and that for flash-reduced GO was 4.23. The measured electrical conductivity of flash 

reduced GO films was about 1000 S/m [278] and density of flash reduced GO films was about 0.14 

g/cm3. Zhang et al. [279] fabricated and patterned films of graphene oxide using femtosecond laser 

irradiation. The focused laser beam comprised of 120 fs pulse width, 790 nm central wave length, 

focused X100 objective lens and 80 MHz repetition rate. The rGO produced by this laser reduction 

method have highest conductivity of 2.56x104 S/m.  

 

Chemical reduction 

Large lateral sheets of graphene can be produced alternatively through exfoliation of graphene oxide 

in liquid phase. Chemical reduction of graphene oxide can be achieved through either moderate 

heating or at room temperature, making it a cheaper and readily available method of preparing bulk 

graphene quantity compared to thermal annealing method [271]. Stankovich et al. [280-281] used 

dimethylhydrazine and hydrazine hydrate to reduce graphite oxide by adding them to aqueous 

dispersion of graphite oxide. This method results agglomerated graphene-based nanosheets due to 

the increase of hydrophobicity. Hydrazine reduced GO shows an incresed C/O ratio of about 10.3 

compared to the C/O ratio of pure GO (2.7) [280]. Soluble polymers [282] are added as surfactant to 

retain the colloidal state of graphene oxide in water or ammonia [283] for changing the charge states 

of the reduced GO sheets. Simple processes like filtration can then be used to assemble the 

macroscopic structures in the suspended graphene sheets in the colloidal solutions [283]. Other 

effective and strong reducing agents of GO are metal hydrides such as aluminium hydride, sodium 

hydride and sodium borohydride (NaBH4). Gao et al. [284] proposed two step reduction process for 

reducing graphite oxide. He used concentrated sulfuric acid at a temperature of about 180 ºC for 

dehydration after the process of deoxygenation by sodium borohydride. Fernandez-Merino et al. 

reported ascorbic acid as an ideal substitute for hydrazine in GO reduction process. The C/O ratio of 

ascorbic acid reduced GO is  about 12.5 and the electrical conductivity is about 7700 S/m [285]. Other 

inferior reductants used for GO reduction are pyrogallol [285], hydroquinone [286], hydroxylamine [287], 

hot strong alkaline solutions [288]. 

 

Photocatalyst reduction 

Photo-chemical reactions can be used to reduce GO through the assistance of a photocatalyst such 

as TiO2. Williams et al. [289] reported successful experiment of reducing graphene oxide in colloidal 
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state using the assistance of TiO2 particles under Ultra Violet irradiation. As the reduction of GO 

proceeds, the color of the substance changes from light brown to dark brown to black. It has been 

suggested that this change in colour is a partial restoration of the π network in the plane of the carbon 

material same as in the chemical reduction process. Upon Ultraviolet irradiation, a charge separation 

takes place on the surfaces of the TiO2 particles. Ethoxy radicals are produced in the presence of 

ethanol which leaves the electrons to assemble within the TiO2 particles, which then interact with 

the graphene oxide sheets to reduce the functional groups.  Through charge transfer, the hydroxyl 

groups can interact with carboxyl groups in the graphene oxide sheets on the surface of the TiO2 

particles, producing a hybrid between the two substances which can be retained after the reduction 

process. Some photovoltaic devices can separate electron pairs when the process is facilitated by the 

current collected by the rGO sheets such as dye-sensitized solar cell and photocatalysis device. 
 

                                                CଶHହOH 

TiOଶ ൅ hυ ⇁ TiOଶሺh ൅ eሻ 		⇁ 					TiOଶሺeሻ ൅
■CଶHସOH ൅ Hା                                                  (III.1) 

 
TiOଶሺeሻ ൅ graphene	oxideሺGOሻ ⇁ TiOଶ ൅ graphene	reduced	ሺGRሻ                                     (III.2) 

 

Other materials like BiVO4 
[290] and ZnO [291] have photocatalytic effect and have been found to 

achieve the process of GO reduction. 

 

Electrochemical reduction 

This method relies on removal of  the oxygen functionalities electrochemically [292]. A normal three 

electrode electrochemical cell and aqueous buffer solution of GO at room temperature is used in the 

experiment. The exchange of electrons between the GO and the electrodes forms the basis of the 

reduction process. This method is advantageous in a way that it avoids the use of dangerous 

reductants such as hydrazine and its byproducts. Ramesh et al. carried reduction of GO in potassium 

nitrate solution using the cyclic voltammetry. The potential was scanned from 0 to -1 V with respect 

to a saturated calomel electrode and the scan rate maintained was 10 mV/s. The peak at -0.75 

indicates reduction of GO. The resultant process is electrochemically irreversible [292]. Graphene 

oxide could also be reduced electrophoretic deposition at the anode which counteracts the notion 

that oxidation only takes place at the anode in an electrolysis cell [293]. 

 

Nature-based reducing agents 

Natural antioxidants such as vitamins, amino acids and organic acids, monosaccharides such as 

fructose and glucose have been found to be effective reducing agents of GO due to their mild reactive 
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characteristic and non-toxic property. Sugars in aqueous ammonia solution acts as a good reducing 

agents and the ammonia acts as synergistic enhancer in the reaction rate of GO deoxygenation [294].  

 

Fe → Feଶା ൅ 2eି 

 

 

Glucose	ሺC଺HଵଶO଺ሻ ൅ HଶO ൅ Feଶା → Gluconic	acid	ሺ	C଺HଵଶO଻ሻ ൅ Fe ൅ 2Hା 

 

 

Figure III.4 Steps involved in reduction of GO using Fe foil and glucose [295]. 

 

Iron foil with glucose under neutral conditions act as a photocatalyst, which can be used to reduce 

GO. Fe transfers electrons to the GO and become Fe2+ ions. Electrons transfers to GO. Steps involved 

in reduction of GO using Fe foil and glucose is shown in figure III.4  

Amino acids such as L-Cysteine, Glycine and L-Lysine are also natural antioxidants which can be 

used in the reduction of GO. L-Cysteine is insoluble in water and alcohol, it has thiols that can 

undergo redox reaction. However, the obtained reduced GO has low electrical conductivity.Glycine 

acts as a chemical functionalizer and effectively reduces GO to reduced GO after a span of 36 hours. 

L-Lysine works in the presence of carboxymethyl starch which acts as a stabilizer to produce reduced 

GO with good dispersion stability and a high C/O ratio of about 8.5. Li et al. [296] used gallic acid to 

reduce GO and asserted that the pyrogallol moiety (the three hydroxyl groups) in the acid induces 

the reduction process. Micro-organisms, hormones, proteins and peptides are also good reducing 

agents. For instance, Liu et al. [297] prepared bovine serum albumin (BSA)-conjugated GO and 

reduced GO. BSA is a protein derived from cow. Proteins have hydrophilic and hydrophobic patches 

in their surfaces and can well adhere to other solid surfaces making BSA a good reducing agent and 

stabilizer. The resultant complexes of conjugates depend on temperature and PH supplied. A 

schematic of decoration of BSA on GO and reduction of GO using BSA is shown in figure III.5 
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Figure III.5 BSA decoration and reduction of GO [297].  

 

Glow discharge plasma 

In this method, a glow discharge is produced and maintained between two parallel plates of graphite 

electrodes at a pressure of about 240 mTorr. GO is reduced by exposing it at the junction of negative-

glow and Faraday-dark area for about four minutes. This is an ecofriendly and low cost method for 

the production of graphene in large scale. However, the direct bombardment of energetic ions in 

plasma removes the oxygen containing functional groups and damages the surface [298].  

 

III.4 Applications of graphene oxide  

Graphene oxide and reduced graphene oxide has been widely applied in electronic devices [299-300]. 

Graphene thin film field effect transistors are fabricated using big size graphene oxide sheets by 

Wang et al.. This device shows an intrinsic carrier mobility of 5000 cm2/ (V.s). Large size GO could 

maintain the intrinsic structural cohesion and two-dimensional delocalized π -electron network 

needed for a functional high mobility transistor [299]. Robinson et al. used reduced graphene oxide as 

electrode material in high performance molecular sensor. This sensor is capable to detect chemical-

warfare agents and an explosive at parts-per-billion concentrations [301]. Figure III.6 (a) shows the 

optical microscope image of the GO film spin casted on Si/SiO2 substrate. Figure III.6 (b, c) shows 

the AFM images of the GO platelets film and boundary of a GO film photolithographically. Figure 

III.6 (d) shows the OM image showing GO film device with interdigitated Ti/Au contacts. Cai et al. 

[302] fabricated reduced graphene oxide based field effect transistor for biosensing. Graphene oxide 

is also applied in plasmonics [303-304] and metamaterials [305]. GO films are reported as better lubricant 

for silicon based MEMS/NEMS device [306]. Graphene oxide based nanofluids are used as coolant 

in nuclear reactors [307]. Graphene oxide is used as catalyst support for fuel cell [308], electrodes for 

supercapacitor [309-310] and batteries [311] due to their high surface area. 
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Figure III.6 (a) Optical microscope image of the (20X) showing a uniform graphite oxide film 
deposited via spin-casting on a 250 nm SiO2/Si substrate, (b) Atomic force microscopy (AFM) image 
of single overlapping GO platelets film. Platelet thickness is quantized at ∼1 nm, (c) AFM image of 
boundary of a GO film after photolithographically processing devices from the film (z = 6 nm, scale 
bar = 1 μm), (d) OM image showing an electrically isolated GO device with interdigitated Ti/Au 
contacts [301]. 
 
Graphene oxide thinfilm was used as hole transport and electron blocking layer in organic 

photovoltaic cell [312-313]. A schematic of the graphene oxide based organic photovoltaic cell is shown 

in figure III.7 (a). The band energies of the ITO, P3HT:PCBM, and Al layers are shown in figure 

III.7(b). The higher work function values for GO is due to the larger electronegativity of oxygen 

atoms, which produce surface Cδ+−Oδ− dipoles via extraction of π electrons from graphene [313].  

 

 

  

Figure III.7 (a) Schematic of the photovoltaic device structure consisting of                
ITO/GO/P3HT: PCBM/Al. (b) Energy level diagrams of the bottom electrode ITO, interlayer 
materials (PEDOT:PSS, GO), P3HT (donor), and PCBM (acceptor), and the top electrode Al [313]. 
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GO has been used as a drug nanocarrier for the loading of a variety therapeutics, including anti- 

cancer drugs, poorly soluble drugs, antibiotics, antibodies, peptides, DNA, RNA and genes. [314]. 

Kim et al. reported that the GO modified with polyethylenimine as efficient gene delivery vector. 

Moreover this material could be used for bioimaging [315]. A schematic of the branched 

polyethylenimine-GO (BPEI-GO) hybrid material for the delivery of pDNA is shown in figure III.8. 

GO was used for combined therapy owing to its unique properties. Zhang et al. developed PEI-GO 

for the codelivery of siRNA and DOX to treat Hela cells, which shows significantly improved 

chemotherapy efficiency [316].  

 

 

 

Figure III.8. Schematic of the delivery of (a) pDNA using BPEI-GO hybrid material. [315] 

 

GO incorporated membranes are widely used for water purificationand desalination [317]. Abram et 

al. reported tunable ion sieving using graphene oxide membranes [318], which shows 97% rejection 

of NaCl.  A schematic representation of permeation of water and ion in the laminar direction is 

shown in figure III.9 (a). A photograph of the physically confind GO (PCGO) is shown in figure 

III.9 (b), An optical microscope image of the stacked GO laminates embedded in epoxy is shown in 

figure III.9 (c). Scanning electron microscopy image of the trimmed PCGO membrane is shown in 

figure III.9 (d). GO-polymer nanocomposites are used for bone tissue engineering application by 

Unnithhan et al. [319]. Wan et al. used graphene oxide and cellulose hybrid aerogel for 

electromagnetic interference shielding.  Graphene oxide binds to SO2 by the means of physisorption 

(ΔHads = 18.04 kJ mol−1) [320]. Because of the layered nature of graphene oxide as well as the micro 

pores, it promotes the conversion of SO2 to SO3 and this makes the graphene oxide to be good in  

physisorption. 
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Figure III.9 (a) Schematic of the direction of ion/water permeation along graphene planes, (b) 
Photograph of a PCGO membrane glued into a rectangular slot within a plastic disk of 5 cm in 
diameter. Inset: photo of the PCGO stack before it was placed inside the slot (Scale bar, 5 mm), (c) 
Optical micrograph of the cross-sectional area marked by a red rectangle in figure (b), black 
represents 100-µm-thick GO laminates embedded in epoxy. Epoxy is seen in light yellow with dark 
streaks because of surface scratches, (d) Scanning electron microscopy image from the marked 
region in  figure (c) (Scale bar, 1 µm) [318]. 

 

III.5 Results and discussion 

Synthesis of graphene oxide (GO), exfoliated graphene oxide (GOex) and reduced graphene oxide 

(rGO) is given in experimental section. Graphene oxide was reduced using hydrogen gas at different 

temperatures (200 °C-1000 °C) and the obtained materials are named as rGO-200, rGO-400, rGO-600, 

rGO-800, rGO-1000. Also graphene oxide was exfoliated using liquid nitrogen and the material was 

named as GOex. Deatailed discussion about characterization of GO, GOex, rGO-200, rGO-400, rGO-

600, rGO-800 and rGO-1000 is provided in this section. Then application of bacterial cellulose and 

GO/rGO composites for water and oil seperation is discussed. 

X-ray diffraction measurement is carried out to investigate the crystallinity of the samples. XRD 

patterns have been recorded for graphite, GO, GOex, rGO-200, rGO-400, rGO-600, rGO-800, rGO-

1000. Figure III.10 shows the X-ray diffraction pattern for graphite, GO, rGO-200, rGO-400, rGO-

600, rGO-800, rGO-1000. The peak at 2θ ~ 26.5° in graphite is attributed to the 002 plane of 

hexagonal graphite with a d spacing of 0.34 nm. This peak indicates the presence of long range order 

and crystalline nature of hexagonal graphite. When graphite is converted into GO, (002) peak shifted 

to 13.16 °. No high intensity peaks are observed in GOex, rGO-200, rGO-400.  The disappearance of 

the peak at 2θ ~ 26.5° indicates the loss of long range order in GOex, rGO-200, rGO-400. The 

reappaerance of the sharp peak at 2θ ~ 26.5° in rGO-600, rGO-800, rGO-1000 indicates the 

restacking of graphene layers. Increase in crystallinity observed with increase in temperature. 
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Figure III.10 X-ray diffraction patterns for graphite, GO, rGO-200, rGO-400, rGO-600, rGO-800 
and rGO-1000. 
 

Raman spectroscopy is a useful tool in characterizing molecular crystal structure, their disorder and 

defects in graphene oxide and reduced graphene oxide. It used to characterize graphene oxide from 

their other related graphene materials, other impurities or from graphene [321]. Figure III.11 shows 

the Raman spectra of graphite, GO, GOex, rGO-200, rGO-400, rGO-600, rGO-800, rGO-1000 

respectively. ID/IG ratio of the samples are provided in table III.1. The G peak which is observable 

at 1600 cm-1 and 1599 cm-1 for graphene oxide and reduced graphene oxide respectively. These 

peaks are due to scattering of first order E2g phonons of sp2 C atoms. The GO spectrum of graphene 

oxide shows a nearly flat 2D region. The size of in-plane sp2 domain affects the intensity of D band 

with more domains resulting to increase in the peak density. (ID/IG) is the relative intensity ratio and 

it’s the measure of degree of disorder. It is affected by sp2 clusters with the increase in clusters 

signifying decrease in the relative intensity ratio [321].  Defects can arise due to chemical or physical 

processes. Here the formation of the graphene oxide from which method affects the appearance of 

the spectrum. Chemically induced defects affect the 2D band with no appearance of peak in the 

spectrum for graphene oxide which is chemically converted from graphite [322]. This is due to highly 

functional groups intercalated between graphitic layers.  
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Figure III.11 Raman spectra for graphite, GO, rGO-200, rGO-400, rGO-600, rGO-800 and rGO-

1000. 

Table III.1 ID/IG ratio estimated from Raman spectra of graphite, graphene oxide, exfoliated 
graphene oxide and reduced graphene oxide. 
 

Sample ID/IG 
Graphite 0.136 

GO 0.948 
GOex 1.0317 

rGO-200 0.969 
rGO-400 0.959 
rGO-600 1.0165 
rGO-800 1.0955 
rGO-1000 1.1693 

 

 

Figure III.12 shows the XPS survey spectra for GO, rGO-200, rGO-400, rGO-600, rGO-800, rGO-

1000. The amount of carbon and oxygen estimated using the XPS survey spectrum of the above 

listed samples are provided in table III.2. The oxygen content was decreased when GO was converted 

to rGO. As the temperature of synthesis increased, oxygen concentration decreased in the case of 

rGO.  
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Figure III.12 XPS survey spectrum for GO, GOex, rGO-200, rGO-400, rGO-600, rGO-800, rGO-
1000. 
 
Table III.2: Concentration of carbon and oxygen in graphene oxide, exfoliated graphene oxide and 
reduced graphene oxide. 
  

Sample At% of carbon At% of oxygen 

GO 67.293 32.307 

GOex 79.404 20.596 

rGO-200 79.182 20.818 

rGO-400 79.498 20.502 

rGO-600 82.949 17.051 

rGO-800 85.572 14.428 

rGO-1000 87.636 12.364 

 

Figure III.13 shows the deconvoluted high resolution C1s spectra for GO, rGO-200, rGO-400, rGO-

600, rGO-1000. Peaks are fitted to a Gausian-Lorentzian shape after performing Shirley background 

correction [323]. The deconvoluted C1s spectrum contains five peaks which are attributed to sp3C, 

sp2C, C-O, C=O, COOH and π-π* transitions [324]. The peak positions and concentration of the 

different functional groups are provided in table III.3.  
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Figure III. 13 Deconvoluted high resolution C1s spectra for GO, rGO-200, rGO-400, rGO-600, 
rGO-800, rGO-1000. 
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Table III.3 Concentration of the functional groups estimated from the deconvoluted C1s spectra. 

 

Sample Peak position 
(eV) 

Function groups Concentration (%) 
 

GO 284.43 sp2C 27.325 

286.27 C-O 38.95 

287.75 C=O 23.436 

289.39 COOH 10.288 

GO ex 284.42 sp2C 67.196 

285.89 C-O 17.824 

287 C=O 6.581 

288.22 COOH 5.935 

289.62 π-π* 2.463 

rGO-200 284.41 sp2C 63.371 

285.42 sp3C 11.361 

286.33 C-O 17.042 

287.44 C=O 5.149 

288.75 COOH 3.078 

rGO-400 284.41 sp2C 67.495 

285.41 sp3C 17.138 

286.41 C-O 8.392 

287.59 C=O 3.833 

288.94 COOH 3.141 

rGO-600 284.42 sp2C 70.356 

285.49 sp3C 14.943 

286.44 C-O 7.994 

287.6 C=O 3.981 

288.85 COOH 2.725 

rGO-800 284.41 sp2C 72.295 

286.57 sp3C 6.564 

285.58 C-O 14.337 

287.8 C=O 3.775 

288.98 COOH 3.03 

rGO-1000 284.41 sp2C 72.925 
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285.41 sp3C 13.568 

286.34 C-O 7.161 

287.48 C=O 3.308 

288.72 COOH 3.037 

 

The morphological features of Graphite, GO, GOex, rGO-200, rGO-400, rGO-600, rGO-800, rGO-

1000 is revealed using scanning electron microscopy imaging. Figure III.14 shows the high 

resolution scanning electron microscopy images Graphite, GO, GOex, rGO-200, rGO-400, rGO-600, 

rGO-800, rGO-1000. The highly ordered structure visible in the SEM image of graphite. The 

reduced graphene oxide has a highly wrinkled architecture with few layers.  

 

 
Figure III.14 SEM images for Graphite, GO, GOex, rGO-200, rGO-400, rGO-600, rGO-800, rGO-1000. 
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Figure III.15 EDX spectra for Graphite, GO, GOex, rGO-200, rGO-400, rGO-600, rGO-800, rGO-
1000. 
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Figure III.15 shows the EDX spectra for Graphite, GO, GOex, rGO-200, rGO-400, rGO-600, rGO-

800, rGO-1000. EDX spectra shows the presence of carbon and oxygen in Graphite, GO, GOex, rGO-

200, rGO-400, rGO-600, rGO-800 and rGO-1000. There is no oxygen present in graphite. The high 

oxygen content in GO indicates it is highly oxidized. After reduction/exfoliation, the amount of 

oxygen is drastically reduced. 

 

III.6 Functional application of graphene oxide 

 

The following work was carried in collaboration with Prof. Kai Zhang and Dr. Yonggui Wang at 

TU Darmstadt, Germany and published in peer reviewed journal. 

 Y. Wang, S. Yadav, T. Heinlein, V. Konjik, H. Breitzke,G. Buntkowsky,J. J. Schneider, K. Zhang 

“Ultra-light nanocomposite aerogels of bacterial cellulose and reduced graphene oxide for specific 

absorption and separation of organic liquids”, RSC Advances, (2014), 4, 21553-21558. 

 

Seperation of water and oil spills or organic liquids becomes more relevant in recent years due to 

environmental, health, and economic issues such as wastewater from industries and oil spill from oil 

tanker or ship accidents [325-326]. Porous carbon materials such as aerogel and foam have been used 

for the separation of organic solvents and water [327]. Ultralight silicon aerogels have also been used 

as absorbents for organic oils and spills, but they suffer from the brittleness and low absorption 

capacity [328]. Carbon nanotube (CNT) aerogels [329], graphene [330], CNT/graphene composite [331], 

polyurethane sponges coated with reduced graphene oxide [332] and carbon nanofiber aerogels [333-

334] showed high absorption capacity of 80-950 times of their own weights. Various methods used 

for the absorption of organic solvents includes separation via ultrasonication, gravity, centrifugation, 

membrane filtration and biological treatments [327]. The drawbacks such as slow separation, low 

separation efficiency and/or selectivity, recycling problems of the currently available absorbents and 

even pollutants released during the preparation of absorbents can be overcome by developing new 

green materials for separating organic pollutants and water.  

Cellulose, a naturally occuring green material has been less used for the separation of oily 

compounds [335-336]. These works are carried by hydrophobizing the surface of cellulose fibers via 

deposition of silane or titanium dioxide, in order to suppress the strong interaction between cellulose 

and water. Also, cellulose aerogels has been used for the separation of organic compounds and oily 

compounds with increased volume were used due to their porous structure [335-336]. Recently, 

cellulose-based nanocomposite aerogels containing graphene oxide (GO) have also been used for 

the fabrication of superhydrophobic surface and flexible supercapacitors [337-338].  Aerogels 
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containing cellulose and GO is not suitable for the specific separation of oily compounds due to 

strong interaction of GO with water.  

Cellulose aerogels can be made using various plant celluloses, nanocrystalline cellulose or bacterial 

cellulose [339-343]. Among the various cellulose, bacterial cellulose (BC) attracts more attention due 

to its high purity, high crystallinity and high aspect ratio [344]. Its single fibrils showed average 

diameter lower than 100 nm, while the length can be >100 µm [344-345].   

Herein, sustainable bacterial cellulose (BC) and graphene oxide (GO) nanocomposite aerogel were 

fabricated using a efficient method and it is used as a super absorbent for organic liquids. An 

ecofriendly freeze-drying process was used to prepare ultra-light aerogels of BC and nanocomposite 

BC/GO, which showed high absorption capacity to organic liquids and water. BC/rGO aerogels were 

prepared by reduction of BC/GO aerogels in H2 environment which exhibited specific absorption 

only for organic liquids. 

Bacterial cellulose (BC) was prepared using G. xylinus culture in Hestrin-Schramm medium [346].  

In detail, 20.0 g glucose, 5.0 g yeast extract, 5.0 g bacterial peptone, 2.7 g sodium phosphate dibasic 

(Na2HPO4ꞏ2H2O), 1.2 g citric acid and 5.7 g magnesium sulfate (MgSO4) were dissolved in DI 

water. The pH value of the solution was adjusted to around 5 using 3 N HCl aqueous solution. Then, 

the growth medium was divided into 10 equal volumes of 100 ml each in a 250 ml flask. Thereafter, 

the initial strain solution was added into the growth medium and the solutions were incubated at 30 

°C for 7 days. Obtained BC pellicles were purified three times in 0.1 N aqueous NaOH solution at 

80°C, once in 0.1 N aqueous citric acid at 80°C and then washed with DI water until neutral pH. 

Finally, BC was freeze-dried at -50°C under a vacuum of 0.1 mbar. 

Dry BC was immersed in water and the suspension was stirred for 2 days in order to make BC 

swollen, this material was chopped firstly with a blender and then sonicated using Ultra-Turrax T25 

at 18000 rpm for 30 minutes to make nanofibrillated BC. Then, the BC suspension was degased by 

ultrasonication for 5 min, frozen at -65 °C and freeze-dried at -50 °C under vacuum. BC/GO aerogels 

was prepared by mixing 100 ml of BC suspension (1.7 g/l) and defined volume of GO suspension at 

10 g/l, so that the final weight ratio of both lay at 80:20. BC/rGO aerogels was obtained by reduction 

of BC/GO aerogels in a HORST oven (Horst GmbH, Lorsch, Germany) at 200 °C for 4 h by 

maintaining a hydrogen flow rate of 200 cm³/min. Figure III.16 shows the photograph of the as 

prepared (a) GO, (b) BC aerogel, (c) aerogel of BC/GO hold by a flower and (d) BC/GO after the 

reduction, BC/rGO hold by a flower. Highly crystalline structure of BC was investigated using solid-

state 13C NMR spectroscopy (Figure III.17 (a)) [347-348] and the crystallinity is found to be 84%. 

Figure III.17 (b) shows the FTIR spectra of BC, rBC, BC/GO and BC/rGO. The presence of  peaks 

at 1573, 1000 and 984 cm-1 as well as the disappearance of the signal at 1632 cm1 in their FTIR 
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spectra confirms the reduction of GO, while BC did not undergo any significant modification at 200 

°C under H2 flow for 4 h . 

 

 

Figure III.16 Photographs (a) GO, (b) BC aerogel, (c) aerogel of BC/GO hold by a flower and (d) 
BC/rGO after the reduction hold by a flower. 
 

 

 

Figure III. 17 (a) solid-state 13C NMR spectrum of BC and (b) FTIR spectra of BC, BC treated under 
H2 gas at 200 °C for 4 h, BC/GO and BC/rGO [349]. 
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Organic liquid absorption capacity of bacterial cellulose and GO based nanocomposite aerogels,  

bacterial cellulose and rGO based nanocomposite aerogels are examined here. Dimethylformamide 

(DMF) was chosen due to their polar, protic, water-miscible properties and cyclohexane was chosen 

due to its non-polar, aprotic, water non-miscible properties respectively. Figure III.18 (a) shows the 

photograph of the GO aerogel prepared using freeze-drying process and the photograph of the GO 

aerogel put in the organic solvent (cyclohexane) is shown in figure III.18 (b). GO aerogel could not 

interact with organic solvents due to its high hydrophilic nature. 

 

 
 
 
Figure III.18 (a) GO aerogel and (b) GO aerogel in cyclohexane.  

 

Photograph of the BC aerogel and BC/rGO aerogel (80/20) within cyclohexane and the same 

containing cyclohexane is depicted in figure III.19 (a, b,c,d).  Absorption capacity of aerogels of 

BC, BC/GO (80/20), BC/GO (50/50), BC/rGO (80:20), BC/rGO (50/50) for different organic liquids 

are shown in figure III.19 (e) . These materials exhibited high absorption capacity for both DMF and 

cyclohexane. For comparison, the cyclohexane absorption capacity of BC aerogels, BC/GO aerogels 

and BC/rGO aerogels are high compared DMF adsorption capacity. BC aerogel absorbs up to 164 

g/g own weight cyclohexane and this is due to crystalline nature of cellulose [350]. When, GO is 

added, the absorption capacities for both organic solvents were strongly reduced. This is probably 

due to enhanced hydrophilicity of GO. Further, the reduction of GO increases the absorption 

capacities both organic liquids.  Hence, BC aerogel as well as BC/rGO nanocomposite aerogels 

exhibited much higher absorption capacity than those of aerogels from plant cellulose.  
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Figure III.19 Representative photo images for absorption experiment using (a) BC aerogel within 
cyclohexane, (b) BC aerogel containing cyclohexane, BC/rGO (80/20) aerogel, (c) BC/rGO (80/20) 
aerogel within cyclohexane, (d) BC/rGO (80/20) aerogel aerogels containing cyclohexane and (e) 
absorbed amounts of organic solvents by BC, BC/GO and BC/rGO aerogels [349]. 
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Figure III.20 Photographs of (a) dyed cyclohexane on water surface in petri dishes, (b) placement 
of aerogel onto the surface of the mixture, (c) absorption cyclohexane on water surface and (d) end 
of the absorption [349]. 
 

 

 
Figure III.21. Photographs of (a) pure water in petri dishe, (b) placement of aerogel onto water 
surface, (c) begin of the addition of dyed cyclohexane and (d) end of the addition of dyed cyclohexane 
[349]. 
 

 

 
Figure III.22 (a) placement of aerogels into funnels, (b) begin of the addition of dyed cyclohexane-
water-mixture, (c) end of the addition of dyed cyclohexane-water-mixture and (d) end of absorption 
of dyed cyclohexane  [349].  
 

Absorption of cyclohexane (dyed with Sudan I) from water surface is tested by placing the aerogels 

on an organic liquid-water mixture (figure III.20). It is observed that the BC/rGO (80/20) aerogels 

could absorb cyclohexane (dyed with Sudan I) from water surface quickly and selectively, leaving 

clean water (figure III.20 (d)). During the absorption, aerogels shrunk up. 
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Another experiment was conducted in which the aerogels are placed on the water in petri dish then 

the organic liquids were added BC/rGO aerogels (both 80/20) absorbed the added cyclohexane 

rapidly (figure III.21). 

Another experiment was designed to demonstrate the online separation capability of the aerogels. 

Here initially, aerogels are placed on a small funnel, then the mixture of cyclohexane (dyed with 

Sudan I) and water was added (Figure III.22). BC/rGO aerogels absorbs cyclohexane specifically 

and only water flowed through the edge of BC/rGO aerogel into the vessel after the addition of the 

mixture of cyclohexane and water. 

 

 

 
Figure III.23 (a and b) SEM images of BC/rGO aerogel (80/20) in 2 different magnifications and  
(c) TEM images of BC/rGO aerogel (80/20) [349]. 
 
Morphology of the nanocomposite aerogel of BC/rGO (80/20) investigated using scanning electron 

microscopy (Figure III.23 (a and b)), which is ascribed to the enhanced binding between BC fibrils 

by rGO nanosheets. Figure III.23 (c) depicts the TEM images BC/rGO composites. BC nanofibrils 

and rGO nanosheets were bounded together strongly during the freeze-drying, resulting in planar 

ultrathin sheets.  

 
III.7 Conclusions 
 
Graphene oxide was successfully synthesized from graphite and reduced by heating under hydrogen 

enviroment. Graphene oxide was also exfoliated using liquid nitrogen. Formation of graphene oxide 

and reduction of graphene oxide is confirmed using X-ray diffraction patterns, Raman spectroscopy 

and X-ray photoelectron spectroscopy.  

BC and BC/GO aerogels can strongly interact both with water and organic solvents. The organic 

liquid absorption capacity of BC or BC/GO aerogels is used to derive porosity of aerogels. BC 

aerogels are more non-polar than BC/GO aerogels due to the presence of individual amphiphilic 

nano-scaled BC fibrils. BC/rGO aerogels could specifically absorb organic solvents and thus 

exhibited increased non-polarity and oleophilicity than BC/GO aerogels.  
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IV PHOSPHORENE AND ITS APPLICATIONS 

This chapter begins with a brief introduction to two-dimensional (2D) materials. Then the synthesis 

and the functional properties of few layered black phosphorus in cell growth, as gas sensor and as 

semiconductor in a field effect transistor device is discussed. 

 
IV.1 Introduction 

Carbon in Group 14 and phosphorus in Group 15 posess a “diagonal relationship” based on their 

position in the periodic system of elements (PSE) (figure IV.1).  This can be due to their similar 

electronegativity, atomic size and polarizing power. Replacement of  carbon with phosphorus 

sometime shows only insignificant changes in the chemical reactivity of the molecule due to the 

non-polar nature of the carbon-phosphorus bond [351]. Phosphorus is often called a “carbon copy” 

because compounds with p-p π bond between P and C atoms (or between two P atoms) are 

structurally and chemically similar to related systems with comparable multiple bonds between 

carbon atoms [352-353].  

 

 

Figure IV.1 Pictorial representation of elements in the PSE represents a diagonal relationship [354]. 

 

After the discovery of graphene, semiconducting analogues of graphene such as germanane [355]           

and silicene [356] that exist only in the realm of theory could be synthesized. Transition metal                

chalcogenides with stoichiometry MX2 (M = Ti, Zr, Hf, V, Nb, Ta, Re; X = S, Se, Te) crystallize in

to layered 2D structures. Single and few layered thick metal chalcogenides has been synthesized               

[357]. Color coded elements in the periodic table represents various 2D materials beyond graphene       

(Figure IV.2). 
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Figure IV.2 Atlas of 2D materials 

 

Graphene has received wide attention in various application due to its superior properties such as 

high carrier mobility, ultrahigh surface area, excellent thermal conductivity, and quantum 

confinement effect [358]. The zero bandgap of graphene is limiting its wide use in electronic devices. 

Recently phosphorene has attracted attention in electronic devices due to its remarkable properties 

like its thickness-dependent band gap, strong in-plane anisotropy, and high carrier mobility [359]. A 

comparison of the structural and electronic properties of graphene and phosphorene is shown in 

figure IV.3. 

 

 
Figure IV.3 Comparison of structural and electronic properties of graphene and phosphorene.  
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IV.2 Phosphorene 

Phosphorene is an allotrope of phosphorus and it can be viewed as black phosphorus with a single    

layer similar to the single layer graphene allotrope of graphite. There has been a very significant       

attraction in the scientific field since the discovery of   phosphorene. It has been an interesting               

studied material for many applications such as batteries [360], transistors [361] and photovoltaic [362]      

because of its very unique physical and chemical properties.  

 

 

              (a)                                     (b)                                                 (c) 

Figure IV.4 Allotropes of phosphorus (a) White phosphorus, (b) Red phosphorus and (c) Black               
phosphorus. 
 
Phosphorus has various allotropes known as the solid white, red, black and the violet allotropes. 

Phosphorus in the gaseous state exist as di-phosphorus. White phosphorus consists of tetrahedral P4 

molecules, in which each atom is bound to the other three atoms by a single bond (figure IV.4 (a)). 

Heating white phosphorus to 250 °C gives red phosphorus with polymeric chain-like structure 

(figure IV.4 (b)). Violet phosphorus can be produced by annealing of red phosphorus above 550 °C 

for about one day [363]. Figure IV.4 (c) shows the structure of black phosphorus, the stable allotrope 

of phosphorus. 

 

Figure IV.5 (a) Bulk black phosphorus and (b) phosphorene honey comb lattice structure. 
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Black phosphorus, the stable allotrope of phosphorus has a layered structure with strong in plane 

covalent interactions and weak van der Waals forces between the layers. The structure of bulk black 

phosphorus is shown in figure IV.5 (a) and the structure of single-layer phosphorene is shown in 

figure IV.5 (b). Phosporene has a honeycomb lattice structure with each P atom covalently bonded 

to three neighbors. A single phosphorene layer forms a puckered surface due to sp3 hybridization 

[364].  

Phosphorene can be prepared from black phosphorus via various techniques such as mechanical 

exfoliation, liquid phase exfoliation, shear assisted exfoliation and plasma assisted exfoliation etc. 

(figure IV.6)  [365].  Liquid phase exfoliation has been commonly used because it is cost effective, 

simple, versatile, offering a useful tunnel for synthesis of these materials for research. This process 

involve intercalation, ion exchange and sonication so as to obtain the complete material from their 

liquid dispersion [366].  

 

 

 

Figure IV.6 Schematic representation of different exfoliation methods for preparation of 
phosphorene from bulk black phosphorus [365]. 
 

Revolution of electronics through nanotechnology has led to system complexity which changes the 

field of nano-electronics. A transistor is a semi-conductor device used for amplification and 

switching of electronic signals. Saturation of the drain current is an important factor in order to reach 
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maximum possible operation speeds in digital and radiofrequency devices [367]. A well defined 

saturation behaviour is crucial in achieving high power gains. Phosphorene has received attention in 

electronics due to its higher carrier mobility [368] and tunable bandgap [369].  

Fabrication of field-effect-transistor device with few-layer phosphorene is a useful platform for high 

speed field effect device applications [361]. Liu et al. repoted p-type transistors of few-layer 

phosphorene with a high on-current of 194 mA/mm at 1.0 μm channel length, a current on/off ratio 

over 104, and a high field-effect mobility up to 286 cm2/Vꞏs at room temperature. Also they 

constructed 2D CMOS inverter (figure IV.7) consisting of phosphorene PMOS and MoS2 NMOS 

transistors, which shows the heterogeneous integration of phosphorene crystals as a channel material 

[369]. Phosphorene is used in the formation of radio frequency flexible thin film transistors and these 

device exhibit high saturation velocity ∼6 × 106 cm/s [370]. 

 

 

 
Figure IV.7 (a) Schematic view of the CMOS inverter, with MoS2 (∼5 nm) serving as the NMOS and 
few-layer phosphorene (∼5 nm) serving as the PMOS, (b) Circuit diagram of the CMOS inverter 
[369]. 
 

IV. 3 Results and discussion 

The crystal structure morphology and elemental composition of black phosphorus is investigated 

using powder X-ray diffraction pattern, Raman spectra, scanning electron microscopy, transmission 

electron microscopy and energy dispersive X-ray analysis. 

Synthesis of black phosphorus is discussed in the experimental section. Black phosphorus 

synthesized using bismuth flux method is named as BP-1 and chemical vapor transport (CVT) 

reaction is named as BP-2. Black phosphorous was characterized using Raman spectroscopy. Figure 

IV.8 shows the Raman spectra of BP-1 and BP-2. The observed peaks are attributed to Ag
1, B2g and 
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Ag
2 vibrations [371]. Ag2 to Ag1 ratio is maximum when the laser is polarized to AC direction. The 

craystal structure of black phosphorus with zigzag (ZZ) and armchair (AC) axes is shown in figure 

IV.5 (a). ZZ and AC axes correspond to the [100] and [001] direction of the orthorhombic unit cell, 

respectively. Ag
1 is due to out of plane vibration, Ag2 and B2g modes are due to inplane vibration 

along armchair and zigzag directions.  

 

 

 

Figure IV.8 Raman spectra and optical images of BP-1 and BP-2. 
 
Morphology of the black phosphorus is investigated using scanning electron microscopy imaging. 

Figure IV.9 (BP-1 and BP-2) shows the SEM image of the black phosphorous crysrallized in the 

form of a plate like structure.  

The purity of the BP-1 and BP-2  is tested using energy dispersive X-ray analysis (figure IV.10).  

No bismuth impurity is observed in BP-1. The oxygen content is due to partial oxidation.  No Sn 

and iodine from the synthesis procedure is present in BP-2. 
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Figure IV.9 Scanning electron microscopy images of the BP-1 and BP-2. 
 

 

Figure IV.10 EDX spectrum of BP-1  and BP-2.  
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Figure IV.11 X-ray diffraction pattern of BP-2. 

Powder X-ray diffraction pattern of the black phosphorus was recorded using Cu Kα radiation as the 

X-ray source is shown in figure IV.11. The peaks are attributed to the planes BP (020), BP (040) 

and BP (060) and the pattern confirms the orthorhombic (Cmca) crystal structure of the exfoliated 

black phosphorus. The planes are oriented in (010) direction and it is due to the layered structure of 

material. Transmission electron microscope images of the BP-2 reveals its layered structure with 

wrinkles and foldings (Figure IV.12). 

 

 

Figure IV.12 TEM image of the BP-2 exfoliated in ethanol. 
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IV.4 Study towards selective functional properties of phosphorene 

Fibro blast cell growth, gas sensing and field-effect-transistor device studies were carried on 

exfoliated black phosphorus synthesized by the CVT reaction. 

 

IV.4.1 Gas sensor  

Graphene and related layered inorganic analogues have received great interest in gas sensing 

applications due to their large specific surface areas and strong surface activities [372]. Donarelli et 

al. studied the room temperature gas sensing properties of chemically exfoliated black phosphorus 

(BP) to various gases like NO2, CO2, NH3,H2, and CO gases in a dry air carrier [373] Multilayer BP 

shows a detection limit of  20 ppb and 10 ppm towards NO2 and NH3 in dry air. Abbas et al. studied 

the chemical sensing capability of multilayered black phosphorus towards NO2 using multilayer 

black phosphorus based field-effect-transistor device. The BP sensors were sensitive to NO2 

concentration limit of  of 5 ppb [374]. Herein we investigated the sensitivity of few layer black 

phosphorus towards NO2 and NH3.  

 

Figure IV.13 (a) Experimental setup for gas sensor measurements. A = Agilent 34972A LXI data 
acquisition / data logger switch unit; B = Voltcraft DPS-8003PFC power supply for temperature 
regulation; C = IMPAC IN 5 plus – PL pyrometer for temperature control; D = alumina sensor 
substrate with Pt electrodes and sensing layer on the front side and Pt heater on the back side, the 
sensor substrate is housed in a glass reactor; E = data analysis; F = MKS Instruments mass-flow 
controllers; G = gas inlet; H = MKS Instruments multi gas controller 647B.[375], (b) Photograph of 
the substrate with Pt electrodes and sensing layer on the front side and Pt heater on the back side 
 
Sensor devices were prepared on commercial alumina substrates with Pt electrodes on the front side 

and Pt heater on the back side. A suspension of BP-2 in ethanol was sonicated and several droplets 

were deposited on each of the sensor substrates. The devices were dried in air and placed separately 

in a glass test chamber. Before each measurement, the test chamber is evacuated, filled with dry  
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nitrogen and the sensor device is heated at 200 °C in a flow of 200 mL/min N2 for 10 min. 

The dynamic response of the sensor devices to defined concentration of NO2 (10, 20, 30, 40, 50, 75, 

100 ppm) and NH3 (10, 20, 30, 40, 50 ppm) in dry nitrogen was measured at 30 °C. Premixed gases 

of NO2 (Air Liquide / 0.1 Vol.-% in N2) and NH3 (Air Liquide / 0.01 Vol.-% in N2) were additionally 

diluted with nitrogen using separate mass-flow controllers (MKS Instruments). Each 10 minutes 

interval of analyte gas flow is followed by purging with dry nitrogen for 50 min. The time-dependent 

response of the sensor is analysed by changes in resistance. The complete set-up is shown in figure 

IV.13. 

The chemiresistors response is given as ΔR/R0 = (R–R0)/R0 in which R is the time-dependent 

resistance and R0 is the resistance measured in dry nitrogen. Plotting the dynamic response of the 

chemiresistors, R0 is the initial resistance measured in dry nitrogen. For plotting the calibration 

curves, R0 is recalculated for each analyte concentration by using individual baselines. 

 

Sensing properties of black phosphorus chemiresistors 

The sensing properties of black phosphorus chemiresistors to defined concentration of NO2 and NH3 

in dry nitrogen were analysed. Figure IV.14 shows the representative dynamic response of a black 

phosphorus sensor device to an increasing concentration of NO2 (10, 20, 30, 40, 50, 75 and 100 ppm) 

at 30 °C. The change in resistance is given as ΔR/R0 = (R–R0)/R0, where R is the time-dependent 

resistance and R0 is the resistance of the initial baseline measured in dry nitrogen.  

 

 

Figure IV.14 Dynamic response of chemiresistor based on black phosphorus to various 
concentration of NO2 (10 – 100 ppm) in dry nitrogen at 30 °C. The concentration are shown as blue 
columns correlating to the second ordinate. The resistance decreases during the 10 min of exposure 
to NO2 for each concentration and recovers back to the baseline when purged with dry nitrogen. 
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Blue columns represent intervals of exposure to NO2 and correlate to the second ordinate. The 

devices resistance decreases during each 10 minutes interval of exposure to NO2 and increases back 

to the baseline when purged with dry nitrogen for 50 min. 

Figure IV.15 shows the representative dynamic response of the chemiresistor to an increasing 

concentration of NH3 (10, 20, 30, 40, 50 ppm) in N2 at 30 °C. The intervals of exposure to NH3 and 

purging with dry nitrogen are identical to the previous measurements with NO2. The resistance 

remains nearly constant during intervals of purging with N2 and the baseline can only be recovered 

by heating the chemiresistors. 

 

 

Figure IV.15 Dynamic response of black phosphorus chemiresistor to various concentration of NH3 
(10 – 50 ppm) in dry nitrogen at 30 °C. The resistance increases during the 10 min of exposure for 
each concentration and remains nearly constant when the sensor is purged with dry nitrogen. 
 

 

Figure IV.16 Calibration curves of black phosphorus chemiresistors in various concentration of  
NH3 and NO2 in dry nitrogen. The plotted response refers to changes in resistance after 10 min of 
exposure to analyte gas flow for each concentration. 
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Calibration curves of black phosphorus chemiresistors based on their dynamic response to NO2 and 

NH3 are shown in figure IV.16. For plotting the change in resistance ΔR/R0 in the calibration curves, 

R0 is recalculated using individual baselines for each analyte concentration. 

As recovering the chemiresistors baseline by purging with nitrogen at 30 °C was only possible for 

NO2 sensing, the plotted values for NH3 are considered to be minimum values for the sensors 

response. Exposure to an increasing concentration of NO2 in the range of 10 – 50 ppm results in a 

higher response of the devices up to -14 %. Further increasing the concentration of NO2 (50 – 

100 ppm) does not significantly change the chemiresistors response, showing a maximum value of 

-15 %. A higher sensor response to an increasing concentration of NH3 can only be observed in the 

range of 10 – 20 ppm. The maximum value for the minimum response of black phosphorus 

chemiresistors to NH3 (20 – 50 ppm) is 3 %. 

 
IV.4.2 Field-effect-transistor 

 

The field-effect-transistor device work was carried in collaboration with Dr. Ritu Srivastav and M. 

Sc. Harneet Kaur at NPL Delhi, India, Dr. Om Prakash Sinha at Amity university, Noida, India and 

published in peer reviewed journal. 

H. Kaur, S. Yadav, K. Srivastava, N. Singh, J.J. Schneider, O.P. Sinha, V.V. Agrawal, R. Srivastava 

“Large area fabrication of semiconducting phosphorene by Langmuir Blodgett assembly”, Nature 

Sci. Rep., (2016), 6, 34095. 

 

The layered structure of black phosphorus and weak van der Waals interaction between the layers 

made the possibility of producing  phosporene via exfoliation of black phosphorus. Fabrication of 

field effect transistors with few-layer phosphorene is a useful platform for the high speed field effect 

device applications. Liu et. al fabricated mechanically exfoliated few layer phosphorene based field-

effect transistor device and found that the charge carrier mobility is thickness dependent  [361]. Few 

layered phosphorene nanosheets were separated from black phosphorus using ultrasonication of 

black phosphorus in NMP and its application in a field-effect transistor device described here [376]. 

The band gap of the phosphorene is measured as 2.2 eV[376], which is higher than that of bulk black 

phosphorus (1.9 eV).  Atomic force microscopy measurements revealed that the thickness is of the 

order of 2-4 nm. The interlayer spacing of phosphorene in a multilayered sheet is 0.5 nm, hence this 

sheets consists of approximately three to seven layers [376].  Langmuir- Blodgett (LB) assembly 

technique is used to assemble the phosphorene sheets, detailed description can be seen in our paper 

[376] . A mixture of NMP and deoxygenated water is used as the subphase in LB trough due to the 
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strong hetero association of NMP with water. Moreover, NMP is a good solvent for suspension of 

phosphorene and it acts as protecting layer/ encapsulation layer to prevent degradation of the 

phosphorene nanosheets during assembling, hence unoxidized LB assembled nanosheets of 

phosphorene can be obtained.  

  

 

 
Figure IV.17 HRTEM of LB assembled phosphorene on TEM grids. (a) Thin sheets of phosphorene. 
Inset (i) Aggregate of thin sheets of phosphorene, (ii) Atomic scale image of nanosheets, (b–e) 
selected area electron diffraction patterns, (f) Atomic scale micrograph of phosphorene, (g) 
interface between two sheets of phosphorene, Inset (iii) Honeycomb microstructure of phosphorene 
[376]. 
 
High resolution transmission electron microscopy (HRTEM) is carried for the LB assembled 

phosphorene sheets transferred to the TEM grids (carbon coated copper grids). Phosphorene is 
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recognized by TEM imaging (Figure (IV.17 (a)) and inset i shows that the phosphorene sheets are 

assembled. High resolution TEM image (inset ii in figure IV.17 (a)) depicts evolution of atomic 

plane with a regular spacing of about 0.51 nm and 0.18 nm with the miller indices (hkl) of (020) and 

(112), respectively (crystal structure: orthorhombic, lattice constants: a = 0.331 nm, b = 1.029 nm, c 

= 0.4302 nm, space group: Cmca, reference: JCPDS card no. 76-1961). Selective area diffraction 

(SAED) patterns are recorded corresponding to the image of aggregated phosphorene sheets (inset 

in figure IV.17 (a)) is shown in figure IV.17 (b). Figure IV.17 (b) depicts the the presence of a set 

of Debye rings in reciprocal space and this is attributed to the important planes of orthorhombic 

crystal structure of phosphorene with (hkl) indices as (020), (040), (111). A set of SAED patterns 

recorded for phosphorene nanosheets (Figure IV.17 (a)) is displayed in figure IV.17 (c-e). Single 

crystalline electron diffraction patterns with [012], [210] and [110] zone axes of orthorhombic 

crystal structure of phosphorene is depicted in figure IV.17 (c–e) clearly reveals that the individual 

sheets of phosphorene were well crystallized and atomic planes are well organized in the single 

crystalline nature with no evidence of structural disorder or oxidation. Figure IV.17 (f) illustrates 

the atomic scale image of the phosphorene with stacking of 040 plane, which corresponds to a inter-

atomic seperation of 0.26 nm. Figure IV.17 (g) depicts the boundary between phosphorene sheets, 

which is marked using arrows. Both sheets are well aligned with a inter-atomic separation of 0.26 

nm. Figure IV.17 (g) inset shows the honey comb structure of phosphorene.  

Semiconduting properties of the phosphorene investigated by fabricating a field-effect transistor 

(FET) device. The FET device was fabricated on a Si substrate with SiO2 (230 nm) layer as dielectric 

and gold pattering on top of the SiO2. Si substrate acts as the gate, gold electrodes on top acts as the 

source and drain (Figure IV.18 (a)). A conducting channel between the gold electrodes (5 µm) is 

made by assembling phosphorene nanosheets on substrate (Figure IV.18 (b)) by Langmuir-blodgett 

assembly technique.  Bridging between source and drain via phosphorene is shown figure IV.18 (c). 

Thickness of the phosphorene measure using AFM is about 4 nm. (Figure IV.18 (d)). The switching 

behaviour of the FET is measured at room temperature is shown in figure IV.18 (e). The back gate 

voltage VGS was scanned from − 10 V to 0 V, keeping drain voltage VDS as − 1 V. The maximum 

on state drain current IDS is 102 μA/μm while off-state current is 10−2 μA/μm enabling a high on-off 

current modulation ratio of 104. Figure IV. 18 (f) represents the IDS versus VDS curve for different 

VGS which says that current in few layer phosphorene FET can be controlled by providing a suitable 

gate voltage. Comparison of Ion/Ioff ratio with the previous reported values [369, 377-378] gave an 

insight that the LB assembly is a suitable and convenient method for the fabrication of superior 

quality phosphorene thin films. 
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Figure IV.18 (a) Digital image of the device, (b) Optical image of channel, (c) Magnified optical 
image showing a connecting nanosheet between source and drain, (d) AFM of the device. Inset: 
Height profile of nanosheet, (e) Variation of drain current IDS with gate voltage VGS (left y-axis is 
the linear scale, and right y-axis is the logarithmic scale) and (f) Variation of drain current IDS with 
the drain voltage VDS for different gate voltages VGS [376]. 
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IV.4.3 Human embryonic kidney cells growth 

The human embryonic kidney (HEK) cells growth work was carried in collaboration with Prof. Dr. 

rer. nat. Robert Stark and M. Phil. Asma Siddique at TU Darmstadt. 

 

Stability of the BP-nanodots in human body systems permitting their use in biomedical applications 

[379-380]. Photodegradable character of black phosphorus to biocompatible phosphorus oxides further 

highlights its therapeutic potential against cancer [381]. Black phosphorus with small thickness and 

size have high reactivity with oxygen and water [382-384]. In the present work, HEK cells growth on 

exfoliated black phosphorous sheets was investigated. 

 

 

Figure IV.19 Procedure for the coating of BP-2 and fibroblast cells on PDMS gel pack. 

 

 

Figure IV.20 Photograph of the Fibroblast COS-7 cells cultured on black phosporous (a) after first 
wash, (b) second wash and (c) third wash. 
 

Fibroblast COS-7 cells were maintained in DMEM/Ham’s growth media supplemented with 15% 

FCS and 1 mL Normocin (antibiotic) in Corning CellBIND tissue culture flask at 37 ◦ C in a 

CO2 incubator. Black phosphorus exfoliated in ethanol was dropcasted over the gel pack. Then this 

was used as the substrate for the growth (figure IV.19). Cells from passage 30 were allowed to grow 

on the surface of material for 3 days. Then surfaces were washed with sterile phosphate-buffered 

saline (PBS) thrice and images were taken after washing (figure IV.20). 
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Zeiss AXIO Observer Z1 connected to a HSM Axiocam camera was used for imaging, and the 

images were processed using Axiovision SE64 software (Carl Zeiss Microscopy GmbH, Frankfurt, 

Germany). Growth of cells over the exfoliated black phosphorous is observed. The biocompatibility 

of this material is under investigation. 

 

IV.5 Conclusions 

Black phosphorus is successfully synthesized using bismuth flux method and chemical vapor 

transport reaction. The formation of black phosphorus is confirmed using Raman spectroscopy and 

X-ray diffraction pattern. The growth of HEK fibroblast cells on the black phosphorus confirms that 

it can be used as platform for different cells growth. Gas sensing application reveals the potential of 

black phosphorus for detection of toxic gases such as NO2 and NH3. A high on-off current 

modulation ratio of 104 is achieved by Langmuir-Blodgett assembled phosphorene based field effect 

transistor. The results shows that Langmuir-Blodgett assembly is a suitable method to make 

phosphorene films.   
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V SUMMARY AND OUTLOOK 

 

The present thesis focus towards the synthesis and functional properties vertically aligned carbon 

nanotubes (VACNTs), graphene oxide (GO) and black phosphorus (BP) and their application in gas 

sensor, mechanical sensor, field-effect-transistor device and cell growth. 

Water assisted chemical vapor deposition was employed for the growth of vertically aligned carbon 

nanotubes. Thin film deposition techniques such as atomic layer deposition and electron beam 

evaporation was employed for the buffer layer and catalyst layer (Al, Al2O3 and Fe). CVD 

parameters were optimized for the growth of less defective impurity free VACNTs with diameter of 

the order of 4-6 nm. Height of the CNTs could be varied by changing the gas flow, time of synthesis 

and catalyst thickness.  

VACNTs based microelectrode arrays were fabricated. Electrochemical measurements reveal a high 

electrochemical active surface area, capacity and low impedance, hence this could be useful in 

variety of sensor applications. VACNTs were used as substrate for neuron growth and the 

experiments reveals that the growth of neurons are dominant on side walls of the VACNTs than on 

the top. 

Artificial hair cell type sensor (AHCTS) based on 3D structured vertically aligned carbon nanotube 

bundles was fabricated using chemical vapor deposition process.  Their easy integration and lateral 

electrical contacting allowed multiple mechano-electrical sensing mechanisms. The mechanical 

properties of the VACNT bundles were investigated with respect to different substates as well as by 

tuning the bundle height. More over the compression or deflection of the central VACNT bundle 

changes the contact resistance to the shorter neighbouring bundles hence this 3D CNT sensor can 

detects the three dimensional forces. The Young’s modulus of the AHCTS is in between 220 kPa 

and 1800 kPa, which was achieved by tuning the height of the VACNT bundles. The resistance 

decreases up to ∼11% at 50 μm deflection and the detection sensitivity is as low as 1 μm, by 

employing a variable load system using Frey filaments. Bending of up to 90 ° with excellent 

repeatability and stability were observed.  A stable deflection of AHCTS in contactless electrostatic 

method was observed for 10 million times. Application of AHCTS in artificial hearing technology 

is very promising.  

Graphene oxide was synthesized by the oxidation of graphite. Interplanar spacing increased during 

oxidation due to intercalation of functional groups which is confirmed by X-ray diffraction pattern. 

High temperature reduction in hydrogen environment leads to the formation of reduced graphene 

oxide with few layers, high crystallinity and low amount of oxygen functional groups. Quantification 

of C/O ratio and functional groups were perfomed by XPS measurement.  



   

   106 

Bacterial cellulose and graphene oxide composite aerogels were prepared and used for organic liquid 

absorption. GO aerogels can strongly interact both with water and organic solvents. The organic 

liquid absorption capacity of BC or BC/GO aerogels is used to derive porosity of aerogels. BC 

aerogels are more non-polar than BC/GO aerogels due to the presence of individual amphiphilic 

nano-scaled BC fibrils. BC/rGO aerogels could specifically absorb organic solvents and thus 

exhibited increased non-polarity and oleophilicity than BC/GO aerogels.  

Black phosphorus is successfully synthesized from red phosphorus using bismuth flux method and 

chemical vapor transport reaction. The formation of black phosphorus is confirmed using Raman 

spectroscopy and X-ray diffraction pattern. The growth of HEK fibroblast cells on black phosphorus 

is achieved hence it can be used as platform for different cells growth.   Gas sensing performance of 

black phosphorus towards NH3 and NO2 is studied. Exposure to an increasing concentration of NO2 

in the range of 10 – 50 ppm results in a higher response of the devices up to -14 %. Further increasing 

the concentration of NO2 (50 – 100 ppm) does not significantly change the chemiresistors response, 

showing a maximum value of -15 %. A higher sensor response to an increasing concentration of 

NH3 can only be observed in the range of 10–20 ppm. The maximum value for the minimum 

response of black phosphorus chemiresistors to NH3 (20 – 50 ppm) is 3 %. 

Black phosporus was exfoliated to phosphorene using liquid exfoliation technique. High resolution 

TEM measurements were carried to reveal the presence of crystalline ultrathin non-oxidised 

phosphorene nanosheets. The Langmuir-blodgett assembly technique was used to assemble 

phosphorene nanosheets over large area. High on-off current modulation ratio of 104 is achieved in 

Langmuir-blodgett assembled phosphorene based field effect transistor. The results shows that 

Langmuir-blodgett assembly is a suitable method to make phosphorene films.  
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VI EXPERIMENTAL SECTION  

VI.1 Characterization techniques 

X-ray diffraction pattern were recorded using the X-ray diffractometer, STOE Stadi P, position 

sensitive detector with Cu Kα line as the X-ray source (λ=1.54 Å). The curve is recorded between 

2θ ≈ 0 to 80.  

Raman spectra were recorded on Horiba LabRam HR 800 micro Raman spectrometer (Horiba Jobin 

Yvon, GmbH, Bensheim, Germany) equipped with an air-cooled Argon ion laser (emission line,     

λ=514.5 nm).  

Scanning electron microscopy (SEM) performed on a Philips XL30 FEG high-resolution scanning 

electron microscope (HR-SEM) (SEMTech Solutions, Inc., North Billerica, MA) operating at 2 kV, 

samples were coated with thin palladium/platinum film. Specimen for FESEM imaging was 

prepared by coating the sample on carbon tape. FESEM Imaging was carried out in high vacuum 

mode.  

XPS measurements were performed using a K-Alpha XPS spectrometer (Thermo Fisher Scientific, 

East Grinstead, UK). XPS analysis was carried out by irradiating the sample by monochromated Al 

Kα X-ray source. CASA XPS software was used for peak fitting and analysis.   

FT IR-ATR was conducted on Spectrum One FT IR Spectrometer (PerkinElmer, Massachusetts, 

USA) at room temperature (RT) between 4000 and 600 cm-1 with a resolution of 4 cm-1. Scans of 

32 were accumulated. The spectra were baseline-corrected with 20 iterations and 200 statistical 

baseline points using OPUS Ver. 6.5 (Bruker Optics, Ettlingen, Germany).  

N2 adsorption (77 K) measurements were carried out on a Quantachrome NOVA3000e system. The 

samples were heated in vacuum overnight at 150 °C. Surface area was calculated by using multipoint 

BET method. Pore size distributions were determined by using non-local density functional theory 

(NLDFT) kernel assuming a slit/cylindrical pore, available in the software NOVAWin10. 

High resolution transmission electron microscopy (HRTEM) measurements were carried out on a 

FEI Tecnai F20 G2 operated at 200 kV at ERC Jülich. 

 

VI.2 Thin film deposition units 

VI.2.1 Electron beam (e-beam) evaporation unit 

A schematic and photograph of the Home-made electron beam set up is shown in figure VI.1. It 

consist of a electron gun, high voltage power supply (G. V.  Planer Ltd.  England), filament current 

controller, vacuum system, Cressington MTM-10 thickness monitor. 
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Figure VI.1 (a) Schematic and (b) photograph of the e-beam set up. 

 

VI.2.2 Atomic layer deposition (ALD) unit 

 

 

 

Figure VI.2 (a) photograph of the ALD unit, (b) inside view of the ALD process chamber and (c) 
inside view of the ALD cabinet. 
 
A photograph of the ALD unit (Cambridge Ultratech Savannah S 100 System) is shown in figure 

VI.2. It consists of a process chamber (figure VI.2 (b)) and cabinet with process gas cylinders (figure 

VI.2 (c)). A savannah software is used to control the process.  
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VI.2.3 Catalytic chemical vapor deposition (CVD) unit 

The schematic and photograph of a CVD set up is shown in figure VI.3 (a and b). The furnace 

consists of three zones. Commercially, available mass flow controllers (MKS Instruments, 179B 

type flow meters with controller unit 647B) are used to flow gases. Water is allowed into the furnace 

by passing argon (carrier gas) through inbuilt deionized water bubbler. The water sensor displays 

the dew points of water. The dew point -38.5 to -39 corresponds 150 to 141 ppm of water,  argon 

(99.996%), hydrogen (99.9990%), ethene (99.90%) and ppm quantities of water vapor passed 

together through a hygrometer (Easidew Dew-Point Transmitter EA2, range -100/+20, Michell 

Instrument) to the furnace. 

 

 
 
 
 

 
 

Figure VI.3 (a) Schematic and (b) photograph of the chemical vapor deposition unit. 
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VI.3 Vertically aligned carbon nanotubes 

Synthesis of vertically aligned carbon nanotubes using water assisted chemical vapor deposition 

technique is discussed below. 

 

VI.3.1 Deposition of aluminium and iron 

High purity aluminium pellets (99.999%, EVOCHEM GmbH, Germany) and iron pieces (99.999%, 

abcr GmbH, Germany) were deposited by e-beam evaporation technique. Aluminium thickness of 

10-15 nm and Fe thickness of 0.6-1.8 nm was deposited. In detail, premelted ingot of metal (Al/Fe) 

was placed in the water cooled copper hearth inside the chamber and substrate was mounted to the 

substrate holder. Then the reaction flask is evacuated to a pressure of 5x10-6 mbar to allow the 

passage of electrons from electron source (tungsten filament) to metal ingot. Enter the density of the 

metal in the thickness monitor device. A current of 55-60 A was applied to the tungsten filament. 

When the filament become hot enough, it emit electrons. The electron beam generated is focussed 

to a spot size of a 5-8 mm diameter on the metal ingot using high voltage (~ 2kV). When the electron 

beam strikes the metal, kinetic energy of the electrons is converted in to thermal energy, which helps 

to melt the metal ingot. Then, evaporated metal atoms deposit on the substrate (Si/SiO2) to make a 

thin film. Thickness of the film is controlled by a Cressington MTM-10 quartz crystal thickness 

monitor and shutter. At the end of the deposition switch off the high voltage supply and slowly 

turned off the filament current.  

 

VI.3.2 Growth of VACNTs 

Vertically aligned carbon nanotubes were grown using water assisted chemical vapor deposition 

(WACVD) technique. The substrate used for the growth is a Si wafer with 600 nm SiO2 coating on 

it. Further, a thin layer of Al coating was done using electron beam evaporation (e-beam) technique 

followed by a thin layer of iron is also coated using electron beam evaporation technique. The 

substrate placed on a silicon plate was inserted in to third zone of the furnace. The gas outlet valve 

should be connected to the fume hood. The growth temperature is about 820 °C and at this 

temperature, argon (99.996%), hydrogen (99.9990%), ethene (99.90%) and ppm quantities of water 

vapor passed together. Different steps followed for the synthesis of VACNTs are summarized in 

table VI.1. In step 1 (heating), switch on argon (600 sccm) and hydrogen (400 sccm). Set the 

temperature to 820 °C and begin the heating at a rate of 41 °C/minute. Step 2 (water). In step 2 

(water), no humidity is inserted. In Step 3 (Growth), ethene (75 sccm), water (150 ppm), hydrogen 

(100 sccm) and argon (500 sccm) passed together for 5 minutes at 820 °C and VACNTs are grown 

in this step3. In step 4 (flush), hydrogen and ethene was stopped. Water was passed at 820 °C for 
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one minute. In step 5 (cooling), water and heating of the furnace is stopped. Argon was allowed till 

the temperature reaches below 200°C. Also, influence of various growth parameters such as hydrgen, 

ethene, water, catalyst and time is discussed below. 

 

Table VI.1 Reaction steps in the synthesis of VACNTs 

 

 

Influence of hydrogen in growth of VACNT is investigated by changing the flow rate of hydrogen 

from 0 to 300 sccm and keeping all other growth parameters such as Argon (500 sccm), ethene (100 

sccm), water (150 ppm), Fe thickness (1.4 nm), Al thickness (10 nm), growth temperature (820 °C) 

and growth time (5 minutes) constant. Scanning electron microscopy images and Raman spectra 

have been recorded for all the samples is shown in figure VI.4 and VI.5 (a). ID/IG ratio estimated 

from Raman spectra and height is estimated from SEM images is shown in figure VI.5 (b). A low 

ID/IG ratio and highest height is achieved when the hydrogen flow rate was 100 sccm. When the 

hydrogen flow was abve 100 sccm height is decreased and ID/IG ratio is increased.  
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Figure VI.4 SEM images of the VACNTs grown in different hydrogen flow rate at three 
magnifications (scale bar=200 µm, 10 µm and 2 µm); keeping other conditions constant. 
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Figure VI.5 (a) Raman spectra of VACNTs with different hydrogen flow rate, (b) ID/IG ratio and 
height of the VACNTs with different hydrogen flow rate; keeping other parameters constant. 
 

 
 
Figure VI.6 SEM images of the VACNTs grown in different ethene flow rate at three magnifications 
(scale bar=200 µm, 10 µm and 2 µm); keeping other conditions constant. 
 
Hydogen has an impact in the decomposition rate of carbon source (ethene)[158]. So an optimum 

hydrogen and carbon ratio is required for the growth of high quality carbon nanotubes.  Influence of 

the flow rate of ethene is investigated by changing its flow rate from 50 to 100 sccm keeping other 

growth parameters such as Argon (500 sccm), hydrogen (100 sccm), water (150 ppm), Fe thickness  
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(1.4 nm), Al thickness (10 nm), growth temperature (820 °C) and growth time (5 minutes) constant.  

SEM images and Raman spectra of the samples is shown in figure VI.6 and VI.7 (a). ID/IG ratio 

estimated from Raman spectra and height is estimated from SEM images is shown in figure VI.7 

(b). 

 

Figure VI.7 (a) Raman spectra of VACNTs with different ethene flow rate, (b) ID/IG ratio and height 
of the VACNTs with different ethene flow rate; keeping other parameters constant. 
 

 

Figure VI.8 SEM images of the VACNTs grown in different water amount at three magnifications 
(scale bar=200 µm, 10 µm and 2 µm); keeping other conditions constant. 
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Figure VI.9 (a) Raman spectra of VACNTs with different water amount, (b) ID/IG ratio and height of 
the VACNTs with different water amount; keeping other parameters constant. 
 
Water oxidizes the amorphous carbon deposited on the catalyst hence life time of the catalyst can be 

enhaned. Influence of the water is investigated by changing its water vapor amount from 100 to 200 

ppm keeping other growth parameters such as Argon (500 sccm), hydrogen (100 sccm), ethene (75 

sccm), Fe thickness (1.4 nm), Al thickness (10 nm), growth temperature (820 °C) and growth time 

(5 minutes) constant. SEM images and Raman spectra for the samples are shown in figure VI.8 and 

VI.9 (a). ID/IG ratio calculated from Raman spectra and height measured using SEM is shown in 

figure VI.9 (b).  

Influence of catalyst ( Fe) thickness is investigated by changing the it from 0.6 nm to 1.8nm with 

step of 0.2 nm keeping other growth parameters such as Argon (500 sccm), hydrogen (100 sccm), 

ethene (75 sccm), water (150 ppm),  Al thickness (10 nm), growth temperature (820 °C) and growth 

time (5 minutes) constant. SEM images and Raman spectra of the samples is shown in figure VI.10 

and VI.11 (a). ID/IG ratio and height of VACNTs are shown in figure VI.11 (b). Lowest ID/IG ratio is 

observed when the catalyst thickness was about 1.6 nm.  

Influence of growth time is investigated by changing it from 1 minutes to 10 minutes, keeping other 

growth parameters such as Argon (500 sccm), hydrogen (100 sccm), ethene (75 sccm), water (150 

ppm),  Al thickness (10 nm), Fe thickness ( 1.6 nm), growth temperature (820 °C) constant. SEM 

images and Raman spectra of the samples are shown in figure VI.12 and VI.13 (a). ID/IG ratio 

estimated from Raman spectra and height is estimated from SEM images is shown in figure VI.13 

(b). It was observed that, height of CNT increased gradually with increase in growth time. A height 

of 900 µm is achieved when the growth time was 10 minutes.  
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Figure VI.10 SEM images of the VACNTs grown in different catalyst thickness (Fe) at three 
magnifications (scale bar=200 µm, 10 µm and 2 µm); keeping other conditions constant. 
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Figure VI.11 (a) Raman spectra of VACNTs with different catalyst thickness, (b) ID/IG ratio and 
height of the VACNTs with different catalyst thickness; keeping other parameters constant. 
 

 

Figure VI.12 SEM images of the VACNTs grown in different growth time at three magnifications 
(scale bar=200 µm, 10 µm and 2 µm); keeping other conditions constant. 
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Figure VI.13 (a) Raman spectra of VACNTs with different growth time, (b) ID/IG ratio and height of 
the VACNTs with growth time; keeping other parameters constant. 
 
VI.3.3 Deposition of aluminium oxide 

Atomic layer deposition is technique used to deposit thin films from vapor phase. Contol over 

composition is possible in ALD compared to other physical vapour deposition technique due to 

sequential, self-saturating gas-surface reaction control. Thickness control is possible by layer by 

layer deposition. Moreover, ALD process is happening at modest temperatures (< 300 °C). High 

aspect ratio films can be prepared through this process. [385] 

Al2O3 thin films with thickness 10-40 nm were deposited over Si/SiO2 substrate using atomic layer 

deposition reactor (Cambridge Ultratech Savannah S 100 System). Chemicals used are 

Trimethylaluminium (Strem Chemicals) and Water (HPLC grade, Sigma Aldrich), Argon is from 

Alphagaz (99,9999 % purity). Deposition was carried at a temperature of 200 °C and at a pressure 

of less than 1 torr using water and Trimethylaluminium as the precursors. The pulse times for each 

Trimethylaluminium and water are 0.015 s. Purge time of Argon between the pulses is 5 seconds 

and the flow rate of argon is 20 sccm. Number deposition cycle varied from 100 to 400.  

Figure VI.14 shows the schematic of the processing steps of aluminium oxide deposition using ALD 

process. Substrate with adsorbed water molecules (substrate-O-H) is placed in the ALD reaction 

chamber and Trimethylaluminum (TMA) is pulsed into the reaction chamber followed by the pulsed 

TMA reacts with OH groups and form methane as byproduct. This reaction continues until the whole 

whole surface is passivated (step 1, 2 and 3)    

 

Al(CH3)3 (g) +  substrate-O-H (s)  → substrate-O-Al(CH3)2  (s)   + CH4                                     (VI. 1)  

 

Further, TMA and water vapor (H2O) is pulsed into the reaction chamber. Reaction of H2O with the 
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 dangling methyl groups on the new surface results aluminum- oxygen (Al-O) bridges and hydroxyl  

surface groups, TMA pulse gives methane as the reaction product. (step 4,5,6) 

 

2 H2O (g)  + substrate-O-Al(CH3)2  (s)  → substrate-O-Al(OH)2  (s)   + 2 CH4                                             (V1.2)      

 

Al(CH3)3 (g) + :Al-O-H (s)     →     Al-O-Al(CH3)2  (s)   + CH4                                                        (VI.3) 

 

2 H2O (g)  + :O-Al(CH3)2  (s)     →  Al-O-Al(OH)2  (s)   + 2 CH4                                                         (VI.4)  

 

 

 
 
 

Figure VI.14 Schematic of the atomic layer deposition of  Al2O3
[386].  
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VI.3.4 Growth of VACNTs 

Influence of Al2O3 thickness deposited by ALD is investigated by changing its thickness from 10 to 

50 nm and  keeping other growth parameters such as Argon (500 sccm), hydrogen (100 sccm), ethene 

(75 sccm), water (150 ppm),  Fe thickness (1.4 nm), growth temperature (820 °C) and growth time 

(5 minutes) constant. SEM images and Raman spectra of the samples are shown in figure VI.15 and 

VI.16 (a). ID/IG ratio height and height of VACNTs are shown in figure VI.16 (b).  

 

 

 
Figure VI.15 Scanning electron microscopy images of the VACNTs grown in different Al2O3 
thickness at three magnifications (scale bar=200 µm, 10 µm and 2 µm); keeping other conditions 
constant. 
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Figure VI.16  (a) Raman spectra of VACNTs with different Al2O3 thickness, (b) ID/IG ratio and height 
of the VACNTs with different Al2O3 thickness; keeping other parameters constant. 
 

 

Figure VI.17 SEM images of the VACNTs grown in different catalyst thickness (Fe) at three 
magnifications (scale bar=200 µm, 10 µm and 2 µm); keeping other conditions constant. 
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Influence of iron thickness in the growth of VACNTs is investigated by varying the iron thickness 

from 0.8 nm to 1.6 nm with a step of 0.2 nm keeping other growth parameters like Argon (500 sccm), 

hydrogen (100 sccm), ethene (75 sccm), water (150 ppm), Al2O3 thickness (30 nm), growth 

temperature (820 °C) and growth time (5 minutes) constant. SEM image and Raman spectra is shown 

in figure VI.17 and VI.18 (a).   

 

 

 
Figure VI.18  (a) Raman spectra of VACNTs with different catalyst thickness (Fe), (b) ID/IG ratio 
and height of the VACNTs with different catalyst thickness; keeping other parameters constant. 
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VI.4 Graphene oxide and reduced graphene oxide 

Synthesis of graphene oxide, reduction of graphene oxide and exfoliation of graphene is discussed 

below. 

 

VI.4.1 Synthesis of graphene oxide  

Graphene oxide (GO) was synthesized using the improved method described by Marcano et al. [268]. 

A schematic of the synthesis is shown in figure VI.19. In step1, 3g graphene flakes and 18g KMnO4 

was added to 9:1 mixture of 360 ml H2SO4 (98%) and 40 ml H3PO4 (85%). Further, the above 

suspension was heated at 50 °C for 18 h and cooled down to room temperature.  In step 2, the slightly 

lilac suspension was poured into 600 ml ice containing 3ml H2O2 (30%). After standing at RT for 

12 h, the solid was separated via centrifugation. In step 3, the precipitate was washed using 140 ml 

water, 140 ml aqueous HCl solution (36%), twice with 14ml ethanol (99%). In step 4, diethyl ether 

is used for the coagulation.Then the collected sample is dried at 80 °C get final GO. Reduced 

graphene oxide was prepared by exfoliation of graphene oxide (GO). 

 

 

 

Figure VI.19 Schematic of synthesis of GO. 
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VI.4.2 Exfoliation of graphene oxide (GOex) 

Graphene oxide was dispersed in water via ultrasonication for 2 h. Then the above dispersion was 

soaked in a liquid nitrogen bath for 20-30 s. The brownish sample obtained is further sonicated and 

centrifuged many times, then dried at 75 °C for 24 hours. Finally the dried sample was grinded 

mechanically and the powder formed was sieved with 100 micron stainless steel strainer and named 

as GOex. A schematic of the exfoliation of graphene oxide is shown in figure VI.20.  

 

Figure VI.20 Schematic for exfoliation of graphene oxide. 

 

VI.4.3 Reduction of graphene oxide 

Graphite oxide was reduced using hydrogen gas at different temperatures (200 °C-1000 °C). In the 

detailed experimental procedure, A quartz boat with GO powder is kept at the centre of a quartz tube 

is inserted in a tubular furnace. Both ends of the quartz tube were closed with coupling arrangements 

with gas flow provision (figure VI.21). Argon was allowed about 30 minutes to create an inert 

environment. The temperature of the furnace was increased from 200 °C to 1000 °C and hydrogen 
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was allowed at this temperature for the exfoliation to happen. The reduction was done for 4 hours. 

Then materials are labelled as rGO-200, rGO-400, rGO-600, rGO-800, rGO-1000. 

 

 

Figure VI.21 Schematic for the reduction of graphene oxide. 
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VI.5 Black phosphorus 

Bulk black phosphorus can be prepared using two methods which are bismuth flux method [387] and 

chemical vapor transport reaction [388]. 

 

VI.5.1 Bismuth-flux method 

Black phosphorus is prepared by following the bismuth flux method reported by Baba et al. [387]. 

Initially red phosphorus is converted to white phosphorus and black phosphorus is synthesized using 

white phosphorus and bismuth. Figure VI.22 depicts the schematic of preparation of black 

phosphorus (BP-1) crystals via bismuth flux method. In detail, A two branched quartz glass 

apparatus (Figure VI.22 (a)) apparatus was used for the synthesis of single crystals of BP-1. Red 

phosphorus granules (red-P) and bismuth (Bi) granules with purity 99.999% is received from ABCR 

GmbH, Germany. Red-P granules (1g) and Bi granules (20 g) were seperately taken in the two 

branches of the quartz glass apparatus (Figure VI.22 (b)). Insertion of red-P in to the quartz-glass 

apparatus was performed in a glove box under argon atmosphere. Glass-quartz wool was placed 

above red-P in order to perform smooth evaporation of red-P. Then the apparatus was evacuated to 

pressure of 10-3 mbar using diffusion pump and sealed off (Figure VI.22 (c)). Bismuth granule was 

fixed in the bottom of the branched tube via single time melting and resolidification. Then, 

temperature of the red-P was set to 480 °C using a home made CVD, transporting tube temperature 

was maintained as 250 °C using ribbon heater and the bismuth is at room temperature. Vaporized 

phosphorus transports through the tranporting tube to the cold end of the tube and condense there in 

the form of a white liquid (Figure VI.22 (e)). During this process, a complete conversion of red-P to 

white phosphorus is achieved.  

Later, the quartz-galss ampoule containing bismuth and white phosphorus are sealed from the main 

quartz-glass apparatus. Then, the quartz ampoule is immersed in oil bath of 80 °C to melt the white 

phosphorus, whose melting point is about 44.1°C. Liquid white phosphorus move to the opposite to 

bismuth and solidified there. Thereafter, bismuth is melted by heating upto 300 °C using ribbon 

heater and poured into the white phosphorus. Later the ampoule is immediately placed at 400 °C, 

shaked and rotated for 5 minutes. Then, the ampoule is placed at 400 °C for 48 hours, cooled down 

to 200 °C at a rate of 20°C/ min and to room temperature at a rate of 10 °C/min to get needle like 

black phosphorus crystals (BP-1) (figure VI.22 (f)). The resulting material is taken out by breaking 

the ampoule and immersed in 30% nitric acid to resolve black phosphorus and Bi (figure VI.22 (g)). 

The final black phosphorus can be in the form of needle or sheet (figure VI.22 (h)). The 

disadvantages of bismuth flux method are low yield, time consuming and the size of the crystal is 

small.  
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Figure VI.22 Schematic of preparation of black phosphorus via bismuth flux method. 



   

   128 

VI.5.2 Chemical vapor transport reaction 

To synthesize black phosphorus crystals (BP-2), red phosphorus (500 mg.99.999%, Sigma-Aldrich), 

Sn (20 mg, 99.999%, ABCR GmbH) and SnI4 (10 mg, 99.999%, ABCR GmbH) were placed in a 

quartz-glass ampoule. 

 

 

 
Figure VI.23 Schematic of the quartz-glass ampoule with initial materials and final black 
phosphorus in a chemical vapor transport reaction. 
 
                                           
Later, the ampoule is evacuated to a pressure of 10-3 mbar using diffusion pump. Then the ampoule 

is placed in a furnace such that the initial materials are in the hot region and the empty end of the 

ampoule in the cold region. The furnace temperature was set to 695 °C with increasing rate of 7 

°C/minute and kept 6 hours, then the temperature reduced to 550 °C with slow cooling in 8 hours 

and kept 72 hours in 550 °C followed by cooling to room temperature done. Sn and iodine are the 

only side products of this synthesis. Figure VI.23 shows the schematic of the quartz-glass ampoule 

with initial materials for the reaction and final black phosphorous crytal. Different temperatures are 

applied for volatilization and crystallization. 
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VI.5.3 Exfoliation of black phosphorus 

Black phosphorus is exfoliated in ethanol using probe sonicator (BANDELIN SONOPLUS) to get 

few layer black phosphorus. Sonication was carried for 30 minutes with 40% power in continous 

mode. Figure VI.24 shows the schematic of preparation of few layer black phosphorus from bulk 

black phosphorus by probe sonication. 

 

 

 

Figure VI.24 Schematic of preparation of few layer black phosphorus. 
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