




 
 

ABSTRACT 

Advanced Three-Dimensional Structural Carbon Nanomaterials 

by 

Sehmus Ozden 

Carbon nanomaterials such as carbon nanotubes (CNTs) and graphene are 

most intensively investigated carbon allotropes because of their outstanding 

physical and chemical properties. Recently, it has been realized that three-

dimensional (3D) carbon-based structures with nanoscale interconnection provide 

the remarkably improved properties required for critically needed applications. The 

properties of 3D-CNTs and graphene architectures can be tweaked for various 

applications. Therefore, 3D carbon-based solids with nanoscale intermolecular 

junctions present an exciting research area and provide opportunities for 

fabrication of various 3D-macroscopic architectures with unexpected properties. 

The creation of nanoengineered 3D-macroscopic structures in a scalable synthetic 

process still remains a challenge. The fundamental problem is the difficulty in 

introducing atomic-scale junctions between individual nanoscale structures so that 

they can be organized as covalently interconnected nanostructured networks with 

controllable physical characteristics, such as density and porosity. In this 

dissertation begins to address these difficulties by focusing to generate atomic-scale 

junction between carbon nanostructures for fabrication of 3D structures with 

tunable properties using different techniques such as chemical vapor deposition 



 
 

(CVD) method, wet chemistry and welding method via hypervelocity impact 

method.  

In the second chapter, the scalable fabrication of 3D macroscopic scaffolds 

with different hierarchical interconnected structures and soldering-like junctions 

between CNTs using chemical vapor deposition (CVD) technique is reported. These 

intermolecular junctions of CNTs result in a high thermal stability, high electrical 

conductivity, excellent mechanical properties, as well as excellent structural 

stability in a concentrated acid, base, and organic solvents. The CNT solids with such 

tremendous properties represent the next generation of carbon-based materials 

with a broad range of potential applications; we demonstrate here a couple of 

applications such as impact damping, removal oil from contaminated water and as a 

marker for the oil industry.   

After testing the macroscale mechanics of the fabricated interconnected 

nanotubes, we focused on mechanical properties of nano-scale junctions between 

individual nanotubes by in situ nano-indentation inside a scanning electron 

microscopy (SEM). In third chapter, in situ nano-indentation method were used to 

reveal the mechanical response of individual covalent junction, formed in different 

configurations such as “X”, “Y” and “” shapes between individual CNTs. Fully 

atomistic reactive molecular dynamics simulations are used to support the 

experimental results as well as to study the deformation behavior of junctions.  

In the fourth chapter, the combination of CVD method and chemical 

functionalization have been used for creating 3D structures. Vertically aligned 



 
 

multiwall carbon nanotube forests (NTF) were synthesized by water assisted CVD 

method and both sides were functionalized with hydrophobic and hydrophilic 

functionalities. The produced hygroscopic nanotube forest was demonstrated to 

harvest water from air.  

The next approach has been used in this work is wet chemistry to generate 

crosslinking nanotube structures. The scalable synthesis of 3D macroscopic solid was 

made of covalently connected nanotubes via Suzuki cross-coupling reaction, a well-

known carbon-carbon covalent bond forming reaction in organic chemistry. The resulting 

CNTs solids are made of highly porous, interconnected structures made of chemically 

cross-linked carbon nanotubes after freeze-drying process. CNTs solids demonstrated one 

such utility in the removal of oil from contaminated water.  

In another approach, hypervelocity impact method was used to investigate the 

mechanical behavior of CNTs. The hypervelocity impact of CNT bundles against 

metallic targets resulted in their unzipping along the tube axis, which lead to the 

formation of graphene nanoribbons, nanodiamonds and covalently interconnected carbon 

nanostructures depending on the velocity and impact geometry. This new process can 

produce chemical-free, high-quality graphene nanoribbons.  The experimental results 

supported by fully atomistic reactive molecular dynamics simulations were used to gain 

further insights of the pathways and deformation and fracture mechanisms.   
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Chapter 1 

Introduction 

1.1. Carbon 

Carbon is one of the basic elements which has various allotropes since it has 

unique ability to create covalent bonds with other carbon atoms in a range of 

hybridization states such as sp, sp2 and sp3.  Graphite and diamond are the most 

well-known natural allotropes of carbon. Although these allotropes mainly consist 

of carbon atoms, their properties are different. For example, even though diamond 

is transparent, electrical insulator and the hardest known material, graphite is 

opaque, soft material with high electrical conductivity. The reason for these 

differences is the hybridization of carbon atoms. Diamond consist of sp3 carbon 

hybridization, graphite consist of sp2 carbon hybridization.  

The first novel allotrope of carbon is fullerene, which has been discovered in 
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1985 by Robert Curl, Harold Kroto, and Richard Smalley [1]. The discovery of 

fullerene opened a new area to an unusual group of carbon allotropes in the 

nanoscale. Discovery of fullerene followed by carbon nanotubes with straight 

tubular morphologies and graphene consist of one atom thick hexagonal lattice of 

carbon in 1991 and 2004 respectively (Figure 1.1)[2][3].  Even though different 

forms of carbon can be synthesized in more than two decades there are still many 

carbon allotropes that need to be experimentally discovered such as graphyne [4].   

All of these carbon allotropes at nanoscale can be considered as members of the 

same group because they consist of sp2 hybridization of hexagonal carbon lattice 

network. As a result of this hybridization, their properties such as electrical 

conductivity and mechanical properties are similar although they have significant 

differences because of their sizes and shapes. 
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Figure 1.1- Classification of Carbon Nanomaterials. 

Carbon nanomaterials can be classified with different methods. The first 

classification method is according to hybridization of carbon such as sp2 and sp3. 

Fullerene, carbon nanotubes (CNTs) and graphene can be classified into sp2 

hybridization and nanodiamond can be count into sp3 hybridization classes.  

The other classification method is based on the structural dimension of 

materials. Zero-dimensional (0D) such as fullerene, one-dimensional (1D) 

nanostructures such as nanotubes and nanofibers, graphene-like two-dimensional 

(2D) and three-dimensional (3D) carbon nanostructures (Figure 1.2).   
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Figure 1.2- Classification of nanomaterials; zero-dimensional (0D) fullerene, 

one-dimensional (1D) carbon nanotubes, two-dimensional (2D) graphene and 

three-dimensional (3D) carbon nanotubes structures. 

1.2. Zero-Dimensional (0D) Carbon Nanomaterials 

Zero-Dimensional (0D) carbon nanomaterials are generally in spherical shapes 

with sizes below 100nm. 0D-nanostructures focus on fullerene [5] , quantum dots 

carbon [6] [7], hollow spheres [8], nanodiamond [9], onion-like carbon [10] and 

amorphous carbon [11] (Figure 1.3). Cubic nanostructures and polygons also can be 

counted in this class of nanomaterials. Because of their excellent physicochemical, 

mechanical properties and large surface areas, they have a broad range of 

applications such as light emitting diodes[12], solar cells[13], transistors[14] and 

lasers[15].   
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Figure 1.3- Representative images of zero-dimensional (0D) carbon 

nanomaterials (a) fullerene, (b) quantum dot [7], (c) carbon spheres, (d) 

nanodiamond [9], (e) onion-like carbon [10], (f) amorphous carbon [11]. 

Carbon nanomaterials research started with the discovery of 

Buckminsterfullerene, C60 [1]. The structure of fullerene consists of closed carbon 

cages formed by 12 pentagons and a number of hexagons which increases with the 

size of the fullerene structures. Another example of carbon nanomaterials id 

quantum dots, which can be defined as cutting graphene into smaller pieces. They 

mainly consist of sp2 hybridization of carbon and have crystalline structures. One of 

the major differences between quantum dot and graphene is their bands gap. While 
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graphene nanosheet has zero-band gap, quantum dots have non-zero band gap 

because of their dimensions and this gives very interesting electronic and optical 

properties to quantum dots carbon nanomaterials[3], [16], [17], [18].   

 Among nanostructured carbon-based materials carbon nanospheres (CNS) have 

attracted great attentions since they have outstanding chemical stability, low 

density, as well as high compressive strength[19],[20], [21], [22]. Production of CNS 

structures broadly can be categorized into two types, high temperature synthesis 

such as chemical vapor deposition (CVD), arc-discharge and the low temperature 

pyrolysis and catalytic decomposition of organic compounds [23], [24].  

Nanodiamonds were first discovered by K. V. Volkov in the USSR in 1963, but it 

did not attract attentions until end of 1980s [25]. In early 1990s, they have started 

to get interest by researchers. They can be synthesized by different methods such as 

CVD, ball milling, autoclave and so on [9]. They have superior properties similar to 

other carbon nanomaterials and attracted a broad range of applications such as 

magnetic resonance imaging [26] and drug delivery.  

Onion-like carbon was discovered by Sumio Ijima in 1980 and a decade later 

Daniel Ugarte revealed the mechanism for formation of onion-like carbon. This 

carbon materials can be produced with different techniques similar to other carbon-

based nanomaterials such as CVD and arc-discharge methods. Their structures 

consist of graphene shells with pentagonal and heptagonal structural defects [10]. 

Onion-like carbon nanomaterials are one of the least studied carbon-based 
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nanomaterials although they can be applied in many different areas such as super 

capacitors.  

1.3. One-Dimensional (1D) Carbon Nanomaterials 

One-dimensional (1D) nanomaterials such as nanotubes, nanowires, 

nanorods, and nanobelts have become the focus of intensive research since they 

provide excellent physical, chemical, mechanical, and thermal properties (Figure 

1.4). Their dimensions are in the nanometer range ranging from hundreds of 

nanometers to microns [27], [28]. These dimensionalities give aspect ratio of length 

over diameter of several thousands. Additionally, it is expected that they play an 

important role in electronic, optoelectronic and electrochemical devices.  Carbon 

nanotubes are carbon based 1D-nanomaterial among these 1D-nanomaterials.  

1.3.1. Carbon Nanotubes  

Carbon nanotubes were discovered in 1991 by S. Iijima[29] even though 

there  are some reports that shows tubular structure of CNTs in 1952 and 1976 [30]. 

S. Ijima et. al. and Bethune et.al. have reported two separate works about the growth 

of single wall carbon nanotubes (SWCNTs)[31], [32]. SWCNTs can be described as 

rolled up single-layer graphene (Figure 1.5). Multi-wall carbon nanotubes 

(MWCNTs) can be thought as rolling up multi-layer graphene sheet.  
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Figure 1.4- TEM images of one-dimensional (1D) carbon nanomaterials (a) 

carbon nanotube [33], (b) β-Sialon nanowire [34], (c) Au nanorod  [35], (d) 

nanobelt structures [34]. 
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Figure 1.5- Roll-up graphene sheet to form SWNT [30]. 

CNTs can be classified according to the number of walls such as SWCNTs and 

MWCNTs or they can be classified according to their chirality such as zigzag and 

armchair. Depending on their chirality they can be metallic or semiconducting.   

CNTs have extraordinary physical, chemical and mechanical properties that 

make them exciting future materials for a broad range of advanced technological 

applications [33], [34], [35]. Their mechanical tensile strength (>100 GPa) and 

elastic modulus (~1TPa) is much higher than known materials such as diamond 

with the advantages of low density and flexibility [36], [37].  The thermal 

conductivity is theoretically reported as 6,600 Wm-1K-1 [38]. The electrical 

conductivity of CNTs is 1000 times higher than copper.  

CNTs have been produced by a variety of techniques as shown in Figure 1.6.  

CNTs were first produced using high temperature synthesizing techniques such as 

arc-discharge and laser ablation methods, but recently these methods have been 

replaced by low temperature chemical vapor deposition (CVD) techniques. The 
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orientation, nanotube length, purity, alignment and density like properties of CNTs 

can be controlled better by CVD method.    

 

Figure 1.6- Methods for synthesis of CNTs. 

These methods basically require a carbon source, catalyst, temperature and 

inert gases.  The process involves passing a hydrocarbon vapor using methane, 

ethylene, acetylene, benzene, xylene and carbon monoxide as hydrocarbon sources 

through a reactor with a metal catalyst such as iron, nickel, and cobalt at a proper 

temperature (Figure 1.7).  The growth of CNTs depends on variety of parameters 

including hydrocarbon, catalyst, temperature, pressure, gas-flow rate, deposition 

time, reactor geometry and the location of substrate inside the reactor. All these 

parameters not only affect the growth of CNTs but also their yield, type and quality.  
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Even though the main mechanism behind the growth of CNTs is not understood 

well, it can be described that hydrocarbon source precipitate on the catalyst after 

decomposing into atomic carbons at high temperature. This starts the nucleation of 

CNT growth (Figure 1.8). After nucleation there are two possible mechanisms for 

continuation of growth. If the interaction between substrate and catalyst is weak the 

growth continues as shown in Figure 1.8a, which is called tip-growth. The growth 

stops when the catalyst is covered by amorphous carbon. In the other possible 

mechanism, the interaction between catalyst and substrate is strong with 

decomposed carbon taking place on the catalyst from the lower peripheral surface 

of metal (Figure 1.8b)[39].  

Catalysts also play an important role in the growth of CNTs. Fe, Co and Ni are 

most commonly used catalysts for CNT growth because of high solubility of carbon 

and high carbon diffusion rate in these metals. In addition, these metals have high 

melting point and low-equilibrium vapor pressure with advantages of a wide range 

of carbon precursors. The diameter of CNTs can be controlled by the size of the 

metal catalyst. In addition to Fe, Co and Ni which are commonly used catalyst for 

CNT growth, highly active crystallographic phases of Co-Mo, Ni-Mo alloys, Cu, Au, Pt, 

Ag and Pd were used as catalyst for CNTs growth.       

 Even though CNTs have exceptional properties, there are some limitations 

for specific applications. For example, they are not soluble, have limited dispersion 

in common solvents since their surface energy, and surface morphology does not 
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have good physical interactions with common chemical media. To overcome these 

limitations, their surface structure need to be modified for desirable processibility 

and applications.  

 

 

Figure 1.7- A schematic figure of chemical vapor deposition (CVD) system with 

fundamental needs for CNT growth. 
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Figure 1.8- A schematic CNT growth mechanism (a) tip-growth, (b) base-

growth mechanism.Functionalization of Carbon Nanotubes[40]. 

After their discovery, different types of surface modifications methods have 

been developed for functionalization of CNTs, which have been found to be a unique 

strategy for controlling their properties. Chemical functionalization is one of the 

most important key paths to modify the properties of CNTs for appropriate 

applications. Therefore, understanding the functionalization of CNTs is a key step 

for their potential applications. Chemical functionalization of CNTs can be classified 
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into two major categories; as covalent and non-covalent functionalization (Figure 

1.9).  

 

Figure 1.9- Schematics of the main approaches for surface modification of 

CNTs (a) non-covalent functionalization of CNTs via π- π interactions, (b) non-

covalent functionalization of CNTs via polymer wrapping and (c) covalent 

functionalization CNTs [43]. 

Molecules connect on the surface of CNTs by non-reversible attachment in covalent 

functionalization. There are a few reactive chemicals that can be directly connected 

to the inert surface of CNTs, such as fluorine, which is able to link up to a conjugated 

π- π system. Creation of defects on the surface of CNTs via acid treatment is one of 

the most common processes to functionalize CNTs [41], [42], [43]. In this method, 

acid generates carboxyl groups onto surface of CNTs following conversion to acid 
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chloride, and so can easily be functionalized with amine functional molecules 

(Figure 1.10a). Some other reported methods of covalent functionalization of CNTs 

include fluorination followed by substitution of alkyl groups [44] (Figure 1.10b), 

diazonium functionalization [45], [46] (Figure 1.10c), and organic radicals [47]. 

Functional groups were directly connected to the side-wall of CNTs using diazonium 

functionalization method which is reported by J. L. Bahr et.al. The mechanism of this 

process take in the reduction of aryl diazonium forming aryl radicals that covalently 

attach to the hexagonal lattice of CNTs’ surface.  

 

Figure 1.10-Schematic representation of  (a) oxidative etching of CNTs 

followed by treatment with thionyl chloride, and subsequent amidation, (b) 

Depiction of fluorination of CNTs and reductive defluorination with hydrazine, 

and displacement of fluorines. 
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1.4. Two-Dimensional (2D) Carbon Nanomaterials  

After discovery of graphene in 2004 [3], two-dimensional (2D) materials 

have attracted wide-ranging attention since they have unique structures, 

physicochemical and mechanical properties [48], [49], [50], [51], [48], [52]. 

Because of their outstanding properties and high specific surface areas, they 

have a broad range of applications such as optoelectronics, catalysts, sensors, 

energy storage and conversion. Additionally, depending on the materials type 

they can be conductor, semiconductor and insulator. 2D-nanomaterials are 

generally generated from layered materials such as graphite and 

dichalcogenides. The family of 2D-nanomaterials consist of several types of 

materials: 1) transition metal dichalcogenides (TMDs) which includes MoS2, 

MoSe2, and WS2),  2) hexagonal latticed materials such as graphene, h-BN and 

silicone.   
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Figure 1.11- Methods for producing 2D-layered materials from their bulk 

structures. 

2D-layered materials are covalently bonded atomic layer planes and range 

from one to multiple layers, which stack on each other via van der Waals 

interactions. These layers can be separated using variety of methods such as 

mechanical exfoliation, liquid exfoliation, electrochemical exfoliation and lithium 

intercalation methods (Figure 1.11). Beside exfoliation methods, these materials 

can be synthesized via chemical vapor deposition (CVD) method with several 

advantages such as the ability to control numbers of layers.  

In general, the mechanical exfoliated single layer 2D-nanomaterials have 

higher quality for fundamental research and proof-of-concept device fabrication. 

However, mechanical exfoliation method is not proper method for large-scale 

production because the number of layers cannot be controlled. Liquid exfoliation 

can be used as an alternative to mechanical exfoliation in terms of large scale 

production of single and few layers of 2D-materials, but this method introduce 

topological defects to the layered materials and may decrease some properties of 

the materials.  The liquid exfoliation method has been extensively used for 

monolayer and few layers of MoS2, WS2, BN, TaSe2, MoSe2 and Bi2Te3 and so on.  

The large area and uniform thickness of graphene and other 2D-

nanomaterials can be synthesized by CVD [53], [54].  The growth of graphene 
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and other 2D-nanomaterials basically can be categorized into three steps. The 

first step is adsorption and catalytic decomposition of decomposed precursors. 

The second step includes diffusion and dissolution of decomposed precursor on 

the surface of the substrate. In the final step, surface nucleation and the growth 

of 2D materials starts (Figure 1.12).    

1.4.1. Graphene  

Graphene is a two-dimensional (2D) one-atom thick sp2 hybridized carbon 

and can be considered as a mother of nanotubes and fullerenes because of their 

similarity in terms of structure and properties.  For example, the measured surface 

area is 2630 m2 g-1 [55], Young’s modulus is about 1TPa [56], high thermal 

conductivity above 3000 W m k-1 [57]. Graphene has stimulated a great amount of 

research over the last decade, and currently there are several methods for 

producing graphene regarding the specific size, shape, and quality.  
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Figure 1.12- Schematic representation of the three main stages of graphene 

growth on copper by CVD technique [61]. 

The first single-layer graphene was synthesized using the mechanical 

exfoliation method [3].  The highest quality among existing techniques can be 

produced by mechanical exfoliation, but since the yield is limited it is only useful 

for fundamental research. The liquid exfoliation method, which is based on 

immersing bulk graphite in solvent, can be used for large amount of single and 

few-layered graphene [58], [59]. Liquid exfoliation method is the most cost 

effective and scalable method, but the quality of the graphene is not appropriate 

for devices because of defects and impurities on the graphene. The other 

production technique is CVD method that can produce large-area uniform 

graphene films of single to few-layer graphene grown on different substrates 

and carbon sources [54], [60].      
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 Figure 1.13- (a) An AFM image of graphene oxide (GO) sheets, (b) 

Structure of the five- and six-membered lactol rings, (c) structural model of 

Graphen oxide (GO) sheet with functional groups [65]. 

The other form of graphene is called graphene oxide which consists of 

oxygen containing groups such as epoxy, hydroxyl and carboxyl functionalities 

(Figure 1.13) [61].   
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1.5. Three-Dimensional (3D) Carbon Nanomaterials  

The outstanding properties of individual nanostructures, such as nanotubes 

and graphene, have not been integrated real-world applications. To overcome this 

challenge, it is highly desirable to create carbon-based various macro-structures and 

this will utilize the excellent mechanical and physical properties of nanotubes and 

graphene like individual carbon nanostructures. Here these 3D macro-structures 

basically will be categorized as 3D-CNT architectures, 3D-graphene architectures 

and CNT-graphene hybrid structures.   

 

Figure 1.14-History of nanotube-based three-dimensional structures [66]. 

1.5.1. Self-Assembly 3D-Carbon Based Architectures  

One promising method is to assemble individual honeycomb carbon 

nanostructures into 3D-hierarchical architectures such as aerogels, foam and 
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sponges. The self-assembly strategy relies on physical interactions between the 

honeycomb-like hexagonal structure of nanocarbon and their additives via Van der 

Waals interactions, π-π interactions, electrostatic interactions, hydrophobic 

interactions and so on.  The unique structure of the 3D-architectures of nanocarbon, 

such as nanotubes and graphene provides excellent opportunities for releasing their 

potential and creating high-performance materials. Hence, developing non-

expensive and highly efficient preparation techniques is highly required.  

CNTs, graphene and graphene derivatives such as graphene oxide (GO), reduced 

graphene oxide (rGO) etc. are the main precursors for 3D nanocarbon based 

structural aerogels, foam and sponges. In a typical process, the carbon 

nanomaterials and their composite additives disperse in a solvent, followed by 

freeze-drying process to remove the solvents trapped in the pores structures and 

thus the interconnected porous structures can be prevented. In general, there are 

two key factors for the formation 3D-nanocarbon structures and their architecture 

stabilization. The first one is their well dispersion in suspensions and the other one 

is strong physicochemical interactions between individual nanostructures and 

additives that cause self-assembling into 3D-macrostructures during and after 

removal of the solvent. On the other hand, the self-assemble behavior of nanocarbon 

materials, CNTs and graphene, can be created by their chemical functionalization 

using techniques shown above.   
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The specific functionalized CNTs such as oxidation are able to produce a uniform 

suspension in water. Here, the major interactions between CNTs as a result of 

functionalization came from hydrogen bonding, Van der Waals interactions, 

hydrophobic interactions etc.  For example, Bryning, M. B. and co-workers reported 

the fabrication of 3D-CNT aerogels[62]. They obtained 3D-CNTs aerogels using CNTs 

precursors and polyvinyl alcohol (PVA) as a reinforcement by critical point drying 

and freeze-drying process (Figure 1.15). As it can be seen in figure 1.15a the color of 

pristine 3D-CNT aerogel (left) is black, while 1 wt % PVA reinforced 3D-CNt aerogel 

(right) is slightly gray. The obtained aerogels are light weight, robust, and 

conductive.  Compared to pristine 3D-CNTs aerogel, the conductivity of PVA 

reinforced structure decreased dramatically to 10−5 S cm−1 due to the PVA 

integration. Additionally, they also found that the conductivity of samples which 

prepared by freeze-drying process lower than the samples that prepared by CPD 

[62].   

The functionalization of CNTs impact their dispersion in various solvents that is 

one of the fundamental request to form 3D-CNTs structures as well as act as cross-

linkers to improve the interactions between individual CNTs and additives. Thus the 

assembly process become easier and more effective since functionalization makes 

interactions stronger.  These interactions may change according to the unique 

character of the modifiers. For example, J. Zou and co-workers used poly(3-

(trimethoxysilyl) propylmethacrylate) (PTMSPMA) to disperse and functionalize 

nanotubes with permanent chemical bonding between nanotubes. They obtained 
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macroporous, light-weight 3D-nanotube structures with a density of 4 mg/cm3 

(Figure 1.16)[63].   

 

Figure 1.15-a) Pictures of 3D-CNT aerogels, b) Three PVA reinforced aerogel 

pillars c) SEM image of a 3D-CNT-PVA samples which prepared by CPD 

process. d) The high-magnification TEM image of pristine 3D-CNTs [67]. 

Regardless of their ultralight-weight density, the 3D-CNT aerogel shows 

mechanically robust properties. They have showed that the 3D structure can be 

compressed 5% of its original volume and recover most of its volume after the 

compression have released [63]. They also state that the deformation of the 3D-CNT 

structure in-plane and out-of-plane compression is different.  In addition to 

polymers and organic functionalization, metal nanoparticles also can be used to 

improve physicochemical interactions between individual nanotubes. For example, 

Maria, C. Gutierrez et. al. reported macroporous 3D-CNT architectures using ice 
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segregation induced self-assembly method.  They decorated the surface of CNTs 

with Pt nanoparticles and used chitosan polymer by an ice segregation induced self-

assembly process (Figure 1.17) [64].     

 

Figure 1.16- (a) Surface morphology of 3D-CNT architecture indicating a 

honeycomb structure, (b) honeycomb wall of 3D-CNT structure, (c) vertical 

section image of 3D-CNT structure, representing straight and parallel 

networks, (d) surface morphology of 3D-CNT Structure.  
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The other critical nanocarbon material is two-dimensional (2D) graphene 

and its derivatives GO and rGO. Due to single-atom thickness, flexible 2D structure, 

and extraordinary physical and chemical properties, graphene has attracted a great 

attention. Since graphene oxide (GO) contains several functional groups, carboxylic 

acid (-COOH), alcohol groups (-OH) and epoxy groups (C-O-C), it can easily form into 

complex 3D macrostructures, which could bring novel functionalities and 

properties.   Building 3D- macroscopic graphene structures will obviously bring the 

excellent properties of graphene for real-world applications.  

 

Figure 1.17- (a) The picture of self-assembled 3D-CNT structures after Pt 

decoration on the surface of nanotubes and chitosan polymers (b) SEM image 

of CNT-Pt-Chitosan ice segregation induced self-assembly process. Arrow 

indicate the direction of freezing [64].    

3D graphene architectures can be prepared in organic or aqueous 

suspensions and the stability of the 3D structure depends on the presence of gelator 
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molecules, and polymers. After gelation, the additive molecules will interact with GO 

structures via Van der Waals, hydrogen bonding, π-π interactions etc. to form 3D-

graphene monoliths that provide novel functionalities. For example, J. Yao and co-

workers reported self-assembled 3D hybrid structure of MoS2 and GO by 

hydrothermal method[65].  In this method, MoSe2 precursor and GO solution are 

typically mixed and sonicated and the resulting mixture is sealed in a Teflon-lined 

stainless steel autoclave at 200 °C for 24 h. The resulted product freeze-dried to 

form 3D architectures (Figure 1.18).  

 

Figure 1.18- (a) Schematic representation of the synthesis of 3D MoSe2/rGO 

architecture. (b) images of the fabrication steps to create 3D MoSe2/rGO 

nanocomposite[70]. 
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In another example, H. Hu et.al. reported ultra-lightweight and highly 

compressible 3D-graphene aerogel[66]. They first functionalized GO using diamine-

mediated functionalization and did lyophilization process to form self-assembly 3D  

graphene structure.  After lyophilization, they did microwave treatment to eliminate 

functional groups which produced ultra-lightweight 3D-graphene aerogel. The 

resulted light-weight (3 mg/cm3) 3D-macrostructure of graphene sponge showed 

superior resilience and could recover 90% compression (Figure 1.19).  They showed 

that the 3D-graphene aerogel with high elasticity has potential to be used for 

energy-absorbing applications.   

 

Figure 1.19- (a) images of ultra-lightweight and highly compressible 3D-GO 

structure, (b) SEM images of porous 3D graphene aerogels[71]. 

1.5.2. Covalently interconnected 3D-Carbon Based Architectures  

By creating atomic-scale junctions between individual nanoscale structures 

they can be ordered as covalently bonded 3D-solid networks with controllable 

physical properties, such as density, porosity and mechanical properties. The 
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covalent bonding between individual tubular structures of CNTs can be created by 

several methods such as chemical vapor deposition (CVD) method, solution 

chemistry, and welding techniques.   

 Chemical Vapor Deposition (CVD) technique is one of the unique methods to 

create covalently interconnected nanocarbon-based 3D-architectures[67],[68],[69], 

[70], [71], [72], [73]. To create covalently interconnected 3D nanotube and 

graphene based architectures via CVD method several approaches have been used. 

One of the most used methods for producing branched CNTs is using additive 

elements such as boron (B), nitrogen (N), and sulfur (S) during growth. These 

additive elements create pentagonal, heptagonal topological defects into the straight 

tubular structure of CNTs and these defects can promote the growth of branched 

junctions in the pyrolysis of organometallic catalyst precursor[68], [67], [74]. For 

example, C. Shan et. al. reported 3D nitrogen-doped CNTs sponge possessing 

junctions induced by nitrogen and sulfur using CVD method (Figure 1.20)[67]. As it 

can be seen in the figure 1.20, the nitrogen doped CNTs sponge (N-CNTs) consist of 

CNTs with “elbow” structures as well as “welded” junctions, which are formed due 

to the  synergistic effect of additive elements, nitrogen and sulfur [67] .  
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Figure 1.20- (a) Image of nitrogen doped CNTs sponge, (b)-(c) SEM images of 

nitrogen doped 3D-CNTs structures, (d)  TEM image of an “elbow” junction in 

3D-CNTs sponge, (e)-(f) TEM images of nitrogen doped 3D-CNT junctions. 

The first 3D CNT-based sponge was synthesized by Gui and co-workers[71]. 

The CVD furnace was fed with dichlorobenzene solution of ferrocene using a 

mixture of argon and hydrogen gas as a carrier gas at 860 °C (Figure 1.21). The 

produced 3D CNT sponge demonstrates incredible mechanical and electrical 

properties.  Scanning electron microscopy (SEM) characterization is shown in 

Figure 1.21b and it shows that the sponge is made up of interconnected CNT 

structures into a porous structural framework. Authors compared the 3D CNT 

sponge with the polyurethane sponge. As it can be seen in Figure 1.21e, 



 
50 

 

polyurethane-based sponge sank into the water since it absorbed water, but CNT-

based 3D sponge float on the water because of its hydrophobicity. It showed that 

nanotube sponge is flexible and completely recoverable (Figure 1.21).   

 

Figure 1.21-a) the image of light-weight, porous, and flexible 3D-Nanotube 
sponge, b) SEM image shows the porous morphology of nanotube sponge, c) 

Tem images shows interconnected nanotube, d) schematic representation of 
crosslinked CNTs with porosity, e) the optical image of a CNT and a polymeric 

sponge into water bath. The CNT sponge is floating on the top while the 
polymeric sponge absorbed water. f, g) flexibility of 3D-CNT sponge and film, 

h) Densification of two 3D nanotube sponges into small pellets and they 
recover their original shape ethanol absorption. 

 

Z. Chen and co-worker developed a Nickel template-directed CVD process to 

fabricate 3D-graphene structures (Figure 1.22a)[75]. As a result of using nickel 

template, the created 3D-graphene structures are seamlessly interconnected into a 

3D porous, and flexible network (Figure 1.22b).  The perfect interconnection 
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between 3D layered graphene structures give the material outstanding electrical 

conductivity, mechanical properties and high specific surface area.  

 

Figure 1.22-(a) CVD growth of 3D graphene architecture using nickel as 

templates, (b) SEM image of 3D graphene structure shows the uniform 

porosity, (c) image of flexible 3D graphene/PDMS composite[80]. 

The other method that can be used for synthesis of nanocarbon based 3D 

structures is solution chemistry approach. This approach mainly relies on the 

surface functionalization of carbon nanostructures. Surface modification is one of 

the fundamental requirements for fabrication 3D-Carbon based building blocks. The 

essential of a chemical functionalization approach to create 3D carbon frameworks 

relies on organic bridges, which are bonded individual carbon nanostructures. In 

general, chemical crosslinking process is following by post process such as freeze-

drying.  The properties of carbon nanostructures can be manipulated easily using 
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appropriate functionalities for desirable applications.   For example, A. D. Leonard 

et. al. reported covalently interconnected CNTs scaffold using diazonium 

functionalization chemistry and demonstrated hydrogen storage application (Figure 

1.23) [76].  They used Azobisisobutyronitrile (AIBN), Sodium nitrite (NaNO2), oleum 

and they used methylenedianiline as a crosslinker[76]. 

 

Figure 1.23- Chemical crosslinking nanotubes using diazonium chemistry[81]. 

In another reported work, G. Lalwani et. al. used free radical initiated thermal 

crosslinking, and annealing of MWCNTs to fabricate macroscale covalently 

interconnected porous, robust structural free-standing 3D scaffolds of CNTs (Figure 

1.24) [77]. They state that the porosity of 3D-CNTs scaffold can be controlled by the 

amount of radical initiator[77].  The 3D-CNTs scaffolds were fabricated by mixing 

CNTs and benzoyl peroxide (BP) at different mass ratios and adding 1ml CHCl3 to 

the mixture make sure uniform dispersion of CNTs into BP.   

Chemical crosslinking nanomaterials via solution chemistry has been applied 

to graphene structures[78], [79], [80], [81], [82], [83], [84], [85], [86].  Similar 
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strategies, which are used for cross-linking of nanotubes can be used for graphene 

crosslinking as well and this approach is easier for GO compared to CNTs since GO 

already contain functional groups.   

 

Figure 1.24- (a)-(b) Images of chemically crosslinked 3D-macroscopic CNTs 

scaffolds before and after crosslinking. (c)-(f) high and low SEM images of 3D-

CNTs scaffolds before and after chemical crosslinking. 

For example, P. M. Sudeep and co-workers treated dispersed GO and 

fluorinated GO (FGO) with borax and glutaraldehyde, followed by sonication and 

freeze-drying process. The obtained structure was made of a completely cross- 

linked 3D network of GO as a result of polymerization between GO nanosheets using 

glutaraldehyde and resorcinol[78]. The representative process that shows the 

structural evaluation of GO is shown in Figure 1.25. In general, glutaraldehyde, 

which contains two aldehyde functionalities, reacts with the alcohol (-OH) 
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functional groups on the surface of GO with the help of borax catalyst. The resulted 

3D macro-GO has high porosity, which show promising results for CO2 gas 

absorption.  Such 3D porous macroscopic structures are found to keep their 

structural integrity up to 100 °C.  These type of 3D-GO structures exhibit good 

adsorption capacity for gas storage[78],[76], Furthermore, these kind of completely 

interconnected 3D macroscopic network structures can find use in high-

performance systems for energy, environmental, and catalysis applications to name 

a few.  
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Figure 1.25- (a)-(c) Schematic images of chemically crosslinked 3D-

macroscopic GO scaffolds before and after interconnection. (d)-(e) high and 

low SEM images of 3D-GO and 3D-FGO scaffolds. 

The other approach for fabrication of interconnected 3D-carbon based 

nanoarchitectures is welding method[87], [88], [89], [90], [91], [92]. Welding 

techniques are important for joining metals or remediating structural defects. This 

methods have started to merge with some nanomaterials such as nanotubes, 

nanowires and nanoparticles under particular conditions such as heating, beam 

irradiation, sonication etc.  For example,  M. Terrones et. al. performed electron 

beam to form intermolecular junctions between individual single-wall carbon 

nanotubes (SWCNTs). They created intermolecular junctions of SWCNTs with 

various geometries using in-situ transmission electron microscope (TEM) (Figure 

1.26). Crosslinking dabgling bonds between SWCNTs formed as a result of electron 

beam exposure at high temperatures[93].  
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Figure 1.26-TEM images of high resolution TEM and schematic representation 

of various geometries of intermolecular junction between individual SWCNTs 

(a) non-interconnected SWCNTs, (b) “X” Junction, and (c)-(e) “T”-Junction of 

SWCNTs structures[93]. 

Z. Lin et. al. applied the welding method to bulk nanotube structures[87]. 

They embedded CNTs solid structures within amorphous carbon welded the 

nanostructures during a CVD process at 850 °C. The resulted structure is 

interconnected 3D-nanotube based solid structure, which is robust, highly porous 

and compressible (Figure 1.27).   The obtained 3D-CNTs solids demonstrated 

tailored compressive strengths up to 72 MPa with 20–33 MPa flexural strengths and 

fatigue resistance.   
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Figure 1.27- (a) Image of 3D-CNTs solids compressed by a load of 800 N (2 
MPa) and recovered to original shape after compression. (b) image of 3D-CNTs 

solid that subjected to to three-point bending under a weight of 1000 g 
without breaking, (c)-(e) SEM images of 3D-CNTs solids, (f) high resolution 
SEM images  different junction geometries of 3D-CNTs with the schematic 

structures [87]. 

 



 
58 

 

Chapter 2 

Three-dimensional Density Variant 

Carbon Nanotube Interconnected 

Solids 

2.1. Introduction  

Production of advanced three-dimensional (3D) carbon-based solid 

architectures, with control over properties such as density and porosity, is a 

essential step towards building next generation multifunctional materials 

[94][68][78][75][95][96].  With the purpose of building nanotube-based 3D 

macroscopic building blocks, it is one of the fundamental requirements to create 

intermolecular junctions between individual nanotubes so that they can be 

organized as covalently interconnected networks with controllable properties 

[97][74][98]. If these structures can be controllably interconnected, they could 

possess attractive properties and suit a wide-ranging of applications[99], [100], 

[101], [102], [103]. Moreover, CNT structures with nanoscale intermolecular 

junctions could improve their outstanding properties. For example, the surface area 
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of non-interconnected CNTs is lower than covalently interconnected CNTs because 

nanotubes are bundled tightly together via van der Waals and π-π interactions[76]. 

Additionally, the 3D-CNT network could provide certain rigidity, flexibility, and 

porosity [104][105].  

In this work, we have fabricated easily scalable cm sized 3D-CNT based solid 

building blocks that consist of junctions between individual CNT structures using 

chemical vapor deposition. The intermolecular junctions between CNTs result in 

porous solids having high thermal stability, high electrical conductivity, excellent 

mechanical properties, and structural stability in concentrated acids, bases, and 

other organic media. These 3D-CNT solids represent the next generation of carbon-

based materials with potential for a broad range of applications; Here, we 

demonstrate a few applications of such materials, for example, damping, oil spill 

cleanup, and to estimate the depth of oil layers. Additionally, this samples used as a 

projectile against to aluminum target.  

2.2. Experimental  

Chemical vapor deposition (CVD) was carried out under atmospheric 

pressure. 1% (mg/ml) ferrocene/xylene solution was used as a carbon and second 

catalyst source. 10nm Al and 1.5nm Fe were deposited on the silicon wafer 

substrate which was placed in the furnace (Figure 2.1).  The ferrocene/xylene 

solution was transferred into the reactor chamber which used Ar/H2 (15% H2) 
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carrier gas at a flow rate of 0.2ml/min. The furnace temperature was set to 790 °C in 

the chamber where the precursor solution was vaporized.   

 

Figure 2.1 – Schematic of chemical vapor deposition method for fabrication of 

3D density variant Density Variant Carbon Nanotube Interconnected Solids. 

Feeding CVD reactor with water during the CNT growth process is also an 

important factor in increasing the growth rate because the catalytic activity and 

lifetime of catalyst is greatly affected by water [106], [107], [108], [109].  If the 

reactor is not fed with water, amorphous carbon builds up around the catalyst 

nanoparticles and inhibits and eventually stops CNTs growth. Feeding the CVD 

furnace with right amount of water the majority of amorphous carbon is swept 

away and the catalyst surface is available for CNT growth. Eventually, however, the 

amorphous carbon build up is too great for the water vapor to sweep away and the 

CNT growth terminates (Figure 2.2). The amount of water added to the growth 

process is also crucial. If there is too little water added, the slight amount of 

amorphous carbon is swept away and the catalyst activity rate decreases faster 
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leading to decrease in CNT growth rate. When the excess amount of water added, 

higher amount of carbon is swept away and oxygen sticks to the catalyst particles 

leading to early growth termination.   

 

Figure 2.2 –Scheme of the water assisted CVD growth for (a) carbon coating 

(deactivation pathway). (b) reactivation pathway reducing the deactivation 

pathway to enhance the synthesis [111]. 

2.2.1. Characterizations  

The morphology and structural properties were extensively studied by 

scanning electron microscopy (SEM) (FEI Quanta ESEM FEG) and transmission 

electron microscopy (TEM) (JEOL 2100 Field Emission Gun TEM). Renishaw Raman 

microscopy (633nm laser) was used for Raman characterization. Mechanical testing: 

The mechanical testing has been performed using DMA from TA Instruments (DMA 
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Q800) and the compressive and tensile tests were performed using Instron 

Electropulse E3000. Superconducting Quantum Interference Device (SQUID) 

(Quantum Design) is used to measure the room temperature magnetic properties of 

the 3D-CNTs powders from under a magnetic field between -5T to 5T. 

2.3. Results and Discussions   

The obtained 3D-CNT solid material with nanoscale intermolecular junctions can be 

formed in varying sizes as shown in Figure 2.3a. The density of 3D-solid CNTs can be 

produced between 0.13 mg/mm3 to 0.32 mg/mm3. The density of CNTs depends on 

the diameter and walls number of individual nanotubes.  The diameter of individual 

CNTs within the 3D-CNT solids varies between 40-110nm. The dimension of 

macroscale CNTs (not number of wall and diameter of individual nanotubes) used in 

CVD method can be controlled by regulating the nucleation source agent, time and 

temperature, which affects density of the 3D structure.  Beside the individual 

dimension of CNTs, the interconnection also affects the density. Detailed microscopy 

and spectroscopy studies have been performed to explain the structure, properties 

and other functional properties.  

In order to get detailed understanding of the structure, top, bottom and sides of 

the 3D nanotube blocks were imaged using scanning electron microscopy (SEM). 

Figure 1.23b-c shows the top and side view of the 3D-CNT solid blocks. Uniformly 

flat top surfaces as well as the vertical alignment of the nanotubes can clearly be 
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seen in SEM images. The top surface reveals the aligned CNTs are nicely spaced and 

form a microporous structure giving rise to the solid block. The side view shows the 

aligned mm length CNTs exhibiting both buckling and bending due to their large 

height and network structure. In order to understand the in-depth morphology of 

the blocks, we sectioned the block at different planes and imaged using SEM as 

shown in Figure 2.4. The 3D architectures consist entirely of entangled CNTs with 

different orientations producing spatially varying morphologies (Figure 2.4a and 

2.4e). The morphology for the intermolecular nanosclae junctions reveals Y-type, X-

type, multi-branched, and ring like configurations (Figure 2.4). Highly branched 3D-

CNT network junctions are shown in Figure 2.4d. Recent reports have shown that 

these kinds of multi-terminal junctions are formed due to the presence of 

topological defects in the hexagonal carbon lattice within the junction region [68], 

[104], [110]. 3D-CNTs building blocks also contain solder-like junctions between 

CNT bundles (Figure 2.4g, h). The atomic scale and solder-like junctions could be 

expected to improve mechanical and physical properties of the material [68], [111], 

[112], [113].  

The Raman spectra of the interconnected 3D-CNT solids shown in Figure 2.4i. 

Raman spectra of CNTs typically consist of two main characteristic peaks: the first 

peak is indicative of the graphitic layer (G-band), which is closely related to the sp2 

vibrations of carbon materials, whereas the second peak (D-band) comes from the 

disorder in the CNTs’ sidewall [114], [115], [116]. The D-band and G-band of Raman 

spectra of the 3D-CNTs show a disorder mode and graphitic layer at 1797 cm-1 and 
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2013 cm-1 respectively. A quantitative measurement of the defect density in the CNT 

sidewall can be determined by the ratio of these two bands, ID:IG (0.58) that is due to 

defects on the sidewall and junction areas such as topological defects (pentagons, 

heptagons etc.) [114], [115], [116].  The C1s core level peak positions of the carbon 

atoms are approximately 285 eV and the peak position of oxygen is around 532 eV. 

In high resolution XPS characterization of the 3D-CNT solid block, the C=C peak 

appears at 284.52 eV and the peak at 286.18 eV demonstrates the presence of O-

C=O functional groups (Figure 2.4j) [117], [118], [119].  
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Figure 2.3– (a) Images of 3D - CNT block of different dimensions. (b)-(c)SEM 

images of the 3D-CNT solid blocks at different projections (top and side view) 

with two different magnifications. 

In order to analyze nanoscale interconnected junctions of CNTs, detailed 

TEM investigation was performed and the representative images are shown in 

Figure 2.5. The figure displays the multiple CNT junctions and the resulted 

morphologies (Figure 2.5). one of the most important morphologies that is observed 

is  solder-like junctions between individual CNTs structures (Figure 2.5a and 2.5b). 

The hexagonal structures with several defects exhibited in the HRTEM can be 

attributed to the presence of few layer graphene as a solder junction between two 

or more CNTs (Figure 2.5a). Moreover, the CNTs are filled with Fe particles that 

originated from the flooding catalyst source located inside the tube (Figure 2.5c).  

Different kinds of junctions, such as multi-terminal junctions, atomic-scale “elbow” 

structures,  Y-junctions, helical structures, and coil-like structures were observed 

within the entangled network structures (Figure 2.5). The multitude of nanoscale 

intermolecular junctions, solder-like junctions, and Fe filled CNTs give rise to the 

3D-CNT building block. The mechanism of formation of these interconnected 3D 

structures can be explained with the help of nucleation and growth theory in CVD. 

First, the initial CNT grows on the catalyst deposited substrate, similar to regular 

CNT forest using CVD methods [120]. However, during the growth of a CNTs, a 

secondary catalyst (i.e. carbon source and iron) places on the growing CNTs and acts 
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as a nucleation site for the growth of another CNT as a branch  (Figure 2.6). This is 

similar to a CNT sponge, in which the secondary nucleation sites are doping 

elements such as B, N, and S [68], [67]. The secondary CNT, grown as a connected 

branch, depends on the kinetics of nucleation sites. As the growth takes place with 

continuous flow of carbon and iron, a large number of secondary nucleation sites 

which gives rise to a large number of junctions with several morphologies were 

observed. By tuning the growth duration the interconnecting diameter and length 

can be controlled which contributes to variation in density. In subsequent sections 

the effect on structural and functional properties of the 3D-CNT solid block will be 

discussed.  
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Figure 2.4 – (a)-(h) High magnification SEM image of the sample showing 

different kind of interconnection of CNT (i) Raman spectrum of the 3D-CNT 

solid block. (j) XPS of the 3D-CNT solid block. 

Several experimental and simulation results reported a high modulus (in order of 

GPa) for both individual and some CNT bundles [121].  As a result, CNTs are formed 

that demonstrate superior structural properties, including high specific strength 
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(strength/density) as compared to metals, ceramic, and foams. But engineering for 

these structural applications is a major challenge. For example, A. Cao et. al. 

reported a vertically aligned CNT forest that exhibited super-compressible foam-like 

behavior using CVD method but could not sustain loads (>10N) and its structural 

stability was poor under tension or bending. Apart from such limitations, an aligned 

growth makes the forest highly anisotropic [121]. Several attempts have been made 

to overcome these limitations. Adab and co-workers measured the stiffness of an 

aligned CNT forest with and without aluminum (Al) coating using micro-indentation 

[122]. The stiffness of the CNT forest without the Al coating is about 12µN/nm. The 

stiffness increased to ~45 µN/nm after depositing a 10 nm Al coating [122]. Another 

approach used CNT sponges as an engineering structure. The sponges were 

prepared using an interconnected junction and introducing boron as additive 

element to create intermolecular junctions [68].  This processing technique gives 

rise to an ultra-low density foam-like structure with several junctions aligned in 

random directions. Recent reports show the stiffness of boron doped CNT network 

to be ~1.70 kN/m2. Another report of CNT sponges prepared with the help of other 

elements such as S and N shows similar mechanical properties to B doped sponges 

[67]. These sponges can be compressed up to 50% without permanent deformation. 

Hence there are proposed to be a prospective damping material [123].  However, 

the load bearing capacity of CNT sponge is <kPa, which limits the applications to 

very  
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Figure 2.5 – (a) Bright field (BF) TEM image of the CNT bundle with SAD 

showing polycrystalline diffraction of BCC iron (shown as top inset), bottom 

inset showing HRTEM image of the interconnected region. (b) BF TEM image 

showing two CNT interconnected with a thin region of carbon. Inset showing 

lower magnification image again with similar morphology. (c) BF TEM image 

of a CNT showing the Fe filled core. The top inset showing SAD of iron and 

bottom inset showing HRTEM of the same. (d) BF TEM image of “elbow” 

junction, (e) “Y” junction, (f) helical structure and (g) coiled structure. 

low load bearing systems. Moreover, these materials cannot support a tensile load 

more than a few Newton (<10MPa) and the junctions made up of B, S and N may 

disintegrate in acid, base or harsh conditions. The mechanical properties of 3D-CNT 
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solid blocks are tested under varying conditions and compared to previously 

reported 3D-CNT structures. The variation of stiffness as a function of strain was 

measured at different loads (Figure 2.7a). Results show an increase in stiffness with 

strain while held at a constant frequency of 5 Hz. The stiffness increases with 

compressive strain, possibly due to the straining of junction and entanglements 

between the nanotubes. Additionally, the load transfer in these structures is very 

different due to the presence of these interconnected junctions, which may be a 

factor in the stiffening. The stiffness of the 3D-CNT solid is quite high (>6000 kN/m). 

Figure 2.7b shows load-unload testing was performed by varying the load while 

keeping all other variables constant. As the load on the material increases the 

stiffness also shows a resulting increase. The nature of the curve remains the same 

during loading as well as unloading. It clearly shows the completely recoverable 

behavior of the materials.  These results show a maximum stiffness of 6000 kN/m at 

a load of 0.1kN. A comparison plot of stiffness of other 3D CNTs with our solid block 

is shown in Figure 2.7d. It shows much higher value as compared to all other 3D 

structures. The higher stiffness value is due to the metal filling as well as multiple 

junction and welding joints. At this point it is difficult to point out the role of 

individual components.  
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Figure 2.6– The growth mechanism of 3D-CNT solid blocks. 

 A schematic of the load transfer in welded and aligned CNTs are shown in 

Figure 2.7f. The mechanical properties of individual CNTs are outstanding, but 

drastically decrease for their aggregates mostly due to poor load transfer. In our 

case, due to good interconnecting junction the load transfer is enhanced which gives 

rise to improved mechanical properties.   

 The mechanical damping in automotive and aerospace industries for safety is 

one of the major fields of application of carbon based 3D structures. The mechanical 

damping efficiency is quantified using tanδ (the ratio of the loss modulus E” to 

storage modulus E’). The stiffness of the material increases with frequency as shown 

in Figure 2.7c. On the other hand, the tanδ value clearly shows the damping 

capacities are basically invariable with increasing frequency (Figure 2.7c).   
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Figure 2.7– (a) Strain control experiment: Variation of stiffness under 

compressive loading at different strain (1:5%, 2:10% and 3:15%). (b) Load 

control experiment: Stiffness variation with three different cyclic loads 

(1:25N, 2:50N and 3:100N). (c) Variation of tan δ and stiffness as a function of 

frequency (d) the comparison of Stiffness for different CNTs based materials. 

(e) Steel ball drop test on steel block, 3D-CNT solid and CNT sponge. The 
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rebounded height of the ball is marked. f) Schematic figure of load 

distribution on 3D-CNT solid block. 

 These resulted 3D-CNTs building blocks promise damping without sacrificing 

mechanical properties and structural integrity.  The energy dissipation caused by 

interfacial stick-slip sliding between interconnected CNTs can be linked to increased 

damping properties. In the low load regime (<0.01 N) it can be seen that the 

material responds much faster than at higher loading. At lower loads the stiffness of 

individual nanotubes is higher and as load increases they bend and the space 

between CNTs decreases which accounts for the disparity. Yet in our case the nature 

remains the same due to the load transfer through the interconnected CNTs. The 

stiffness and tanδ of the 3D-CNT structure is compared with previously reported 

values of CNT-polymer composites, CNT forests, and CNT sponges shown in Figure 

2.7d [124], [68]. This material clearly shows a high stiffness due to 3D-CNT 

interconnection. The damping behavior of the material has been illustrated 

qualitatively using a steel ball rebound test recorded using a high speed video 

recorder (Figure 2.7e). A steel ball (5mm) was dropped from a particular height (H) 

onto a steel base and the height (h) after rebound was measured. The ratio of high 

((h*100)/H) gives rise to resilience to impact. Resilience is defined as the ratio of 

energy released in recovery from deformation to the energy required to produce the 

deformation.  The steel ball was dropped onto the steel block and was used as the 

control.  During the control test the height after impact was only minutely changed.  

The ball bounced more than 10 times until all the energy was dissipated. Using a 
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2mm thick 3D CNT block placed on the steel base the height after rebound was 

reduced to one third and completely dampened within two bounces. The percent 

resilience was calculated using the ratio of the height difference (H-h) to the final 

height of the ball which rebounds (67%). In comparison to other carbon based 

materials such as petroleum coke (40%), amorphous carbon (20%), and rubber 

(60%), the current material shows a vast improvement [125]. The 3D-CNT block is 

also compared with recently developed interconnected CNT sponges which show 

90% damping However, there is a permanent deformation observed in CNT sponges 

due to their low stiffness as compared to current 3D-CNT blocks [68]. The resilience 

along with high stiffness is due to the interconnected CNTs and the presence of a 

large number of junctions and higher density of nanotubes per volume of the 

material.  

In order to utilize these 3D-CNT scaffolds as building blocks of any structural 

component, its mechanical behavior in compression and tensile loading needs to be 

determined. As there are vertically aligned interconnected tubes we also need to 

observe its mechanical anisotropy. In order to determine these properties, the 3D 

CNT blocks were tested across both axes (longitudinal and transverse) as shown in 

the insets Figure 2.8a and Figure 2.8b. The transverse loading takes up to 80MPa 

stress and breaks with a compressive deformation of 8%. On the other hand, the 

compressive stress in longitudinal loading shows yield strength of 320 MPa and a 

compressive strain of 40%. In order to correlate these with the 3D interconnected 

structure, the deformed samples were observed under SEM (Figure 2.8c, d, e, f). The 
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SEM of the compressed sample shows buckling and folding of the CNT as a bundle. 

The low magnification image shows ordered wave-like folds along nanotubes, which 

formed across the vertical section and appear to be a horizontal line at low 

magnification. Figure 2.8e clearly shows crack diversion due to the interconnected 

CNTs and displays a wave-like nature. The wave-like behavior of the fractured CNT 

is due to the stage by stage fracture of the interconnected CNT bundle. The 

compressive behavior in the vertical direction is very similar to earlier reports of 3D 

forests, but due to the interconnectivity of the CNTs we observe 20-400 times higher 

compressive yield strength. In the case of vertically aligned CNT forests under 

compressive loading, they get compressed until a certain limit, after which buckling 

occurs and fallowed by collapse (the above behavior has a yield strength value of 

<10MPa).  The 3D-CNT solid block consists of interconnected CNTs resulting in 

stress-strain behavior similar to metallic solids. The mechanical properties of 

individual CNTs are found to be very attractive. Several theoretical and 

experimental results reported it to be on the order of GPa, but due to the 

complications of processing these into a solid block, it is difficult to use as a 

structural component [126]. Most of the previous reported interconnected 3D 

blocks are sponges which take much lower load as compared to metallic materials 

such as Al and Mg. As a result, their applications are limited to damping  [68].  In our 

case, we observed a solid block similar to metal and show a reasonable stress value. 

In order to correlate this high load bearing with microstructure capacity the 

fracture surface of the tested sample was observed using SEM.  The low 
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magnification fracture surface is shown in Figure 2.8c. The high magnification image 

of the layer shows wave-like morphology that corresponds to the tearing of CNTs’ 

agglomerates in different stages. Such kinds of features are observed in two phase 

composites and a few metals and alloys. It is important to point out this is the first 

result of such behavior in a CNT block. In order to determine the plasticity of these 

CNT blocks, they were tested in tension (in the transverse direction, i.e. 

perpendicular to the CNT alignment). Figure 2.9a shows tensile stress vs % strain of 

the sample and shows the variation of stress-strain under tensile load. Three step 

fracture behavior can be seen with final yield strength of 50MPa. The ductility is 

approximately 2% and the load retained its value until fracture re-occurs after the 

4% strain where the load falls off and stabilizes again. The inset in Figure 2.9a 

shows the digital image of sample and clearly reveals three sets of fractures which 

correlate well with the stress-strain behavior. The SEM images of the fracture 

surface have been used to correlate the mechanical properties with the structure. 

The 2% tensile ductility can be correlated to the formation of the shear bands 

(Figure 2.9d). The low magnification image in Figure 2.9c shows the delamination of 

the CNTs as a block which fractures in several steps and is consistent with the 

stress-strain curve. The crack deviation and step by step fracture can be one reason 

for such morphology. The high magnification image shows a wave-like fracture 

surface with several layer steps (Figure 2.9b, d). 
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Figure 2.8– (a)-(b) Engineering stress vs strain curve under compression in 

two different directions. (c)-(f) SEM image of the sample after deformation. 
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Figure 2.9- (a) Engineering stress vs strain curve under tension, inset showing 

digital image of the fractured sample and the sample loading condition. (b)-
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(d) SEM image of the fracture surface (e)-(f) Schematic figure that show shear 

band in 3D-CNT solids.  

This banded wave-like fracture surface is very similar to shear band in metallic 

composite[126]. These kinds of step fractures are observed in composite materials 

consisting of two or three phases. The high magnification images at the tip of the 

band shows a tearing of CNT bundles as seen in Figure 2.9d. It clearly shows 

irregular crack propagation due to the resistance of CNT. A schematic of formation 

of band is shown in Figure 2.9e and Figure 2.9f.  As explained with several 

experiments and theoretical simulation, the stress and load transfer in CNTs are 

highly dependent on distance between CNTs and their density. A shorter connecting 

length is necessary to have an effective load transfer. The interconnected CNT 

junctions reduce distance between two CNTs and give raise to higher strength in the 

3D CNT block. In summary, the 3D-CNT solid has high stiffness and resilience and 

exhibits high compressive and tensile yield strength with reasonable plasticity. In 

order to understand its importance as compared to existing materials, a plot of 

yields strength/density for different class of materials has been shown in Figure 

2.10 and Figure 2.11.  It clearly shows, the 3D-CNT block compared to low density 

materials with such high strength gives rise to a new class of materials.   

 The thermal stability of the 3D-CNT structure was tested using TGA in air and 

Ar atmospheres. The weight loss curve shown in Figure 2.13a remains constant in 

Ar atmosphere and the material is stable until 500 °C in air. The thermal stability is 
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further confirmed by burning the sample as shown in the inset in Figure 2.13a, 

which reveals high temperature and heat resistance. The magnetic properties of 

these materials were also quantified using Quantum Interference Device (SQUID) 

(Quantum Design) at room temperature under a magnetic field between -5T to 5T. 

Figure 2.13b shows M-H curve for the 3D structure which reveals the ferromagnetic  

 

Figure 2.10– The 3D-CNT scaffold marked in Ashby map [129]. 

polarization behavior. The magnetic saturation occurred at 3.39 emu/g under 300 K 

conditions. The magnetization curve shows hysteresis due to the ferromagnetic 

nature of iron with a coercivity of approximately 0.4 kOe and a retentivity of 1.22 

emu/g.  The magnetic behavior can help in moving these blocks from water and oil 

mixture. The chemical stability of the material was also tested under different 
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reactive environments as shown in Figure 2.13c. The CNT-solid blocks were kept in 

concentrated acid, base, and different organic solvents over 24 hours without any 

collapse or loss of structural integrity. These kinds of structural stability make them 

a stronger candidate for extreme and harsh applications. The 3D interconnected 

CNT structure is super-hydrophobic (contact angle 147°) and oleophilic. Similar to 

the 3D-CNT sponge, the current block is also hydrophobic in nature and absorbs oil 

from a mixture of oil and water and other organic solvents (Figure 2.12and Figure 

2.13c). 

 

Figure 2.11– (a) The specific strength i.e. strength/density for different 

materials, (b) Amount of solvent absorption by 3D-CNT-solid. 
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Figure 2.12– Macroscopic 3D-CNT solid block stay on interface of the oil and 

water as a marker, the material can be reused after burned the oil. 

The 3D-CNT solid blocks can be used as marker for measuring the level of oil and 

absorbs oil from solutions which can be burned without causing structural damage 

(Figure 2.12and Figure 2.13c). Such behavior can be used to accurately measure the 

depth of splashed oil. Such stable 3D structure has an advantages over CNT sponges.  

The electrical measurement shows that for a rectangular piece of the sample, with 

dimensions of 4.05x4.69 mm and average thickness of 1.103 mm, the resistance is 

approximately 1.7 ohm which correlates to a conductivity of 0.34 S/cm. 
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Figure 2.13– (a) Thermogravimetric Analysis (TGA) of 3D-CNT solid blocks 

under air and Ar(g) atmosphere (10 °C/min in Ar and air atmosphere). (b) 

superparamagnetic behaviour of the covalently interconnected 3D-CNTs(c) 

The CNT-solid blocks have been kept in concentrate acid, base and different 

organic solvents media for more than 24 hours without collapse, (d) contact 

angle of the CNT solid. 

 

2.1. Conclusion  

 In conclusion, 3D-CNT based solid building blocks were synthesized via a 



 
85 

 

scalable vapor phase catalytic CVD method.  The fabricated cm sized covalently 

interconnected 3D-CNT based macrostructures have high thermal stability, high 

electrical conductivity, excellent mechanical properties, and structural stability 

in concentrated acids, bases, and other organic media. The resulting 

interconnected 3D-CNT solid materials can be produced in varying sizes and the 

density of 3D-solid CNTs can be varied between 0.13 mg/mm3 to 0.32 mg/mm3. 

Various kinds of nanosclae junctions between individual nanotubes, such as X-

junctions, Y-junctions, and multi-terminal CNTs network are observed in the 

solid building block leading to higher stiffness compared to all of the 3D-CNT 

sponges reported in the literature recently (Figure 2.13). Additionally, solid 

blocks also contain the atomic scale and solder-like junctions could be expected 

to improve mechanical and physical properties of the material. The ability to 

control volumetric CNT density as well as density of junctions could lead to the 

next generation of tunable carbon materials with a wide range of multifunctional 

properties. 



 
86 

 

Chapter 3 

Geometry Regulated Stiffening of 

Three-Dimensional Nanotube 

Junctions 

3.1. Introduction  

intermolecular nanoscale junctions between individual carbon nanotubes 

(CNTs) have been discussed in the previous chapter and there are a lot of reported 

works about various structural and electronic applications of intermolecular 

junctions of CNTs [71], [67], [127], [128], [111], [68], [129], [130], [131], [132], 

[133].  One of the fundamental requirements for achieving macroscopic 3D carbon 

architectures with enormous promise for a range of applications is controlled 

fabrication of such junctions [134], [135], [136]. Nanoscale junctions between 

individual nanotubes can be designed in a variety of approaches such as introducing 

pentagonal and heptagonal topological defects during growth by chemical vapor 

deposition (CVD) [128], [68], [74], [73], [69], cross-linking via solution based 

chemistry [127], [137], [138], [139], local welding-like methods [92] etc. Different 
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configurations of topological defects join individual nanotubes in different 

geometries with distinct shapes such as “T”, “X”, “Y”, elbow-like “Λ”, etc. These could 

dictate the mechanical and electrical properties of the CNT-based architectures 

[128], [68], [140]. Until now, a few studies have focused on the mechanical 

properties of individual CNTs using in situ transmission electron microscope (TEM) 

and atomic force microscope (AFM), but experimental studies of the mechanical 

properties of individual nanotube junctions are still absent [141], [142].   

In this chapter, the mechanical properties of individual CNT junctions is 

reported using an in-situ picoindenter inside a scanning electron microscope (SEM) 

as shown in Figure 3.1. The indentation setup, which consists of a transducer based 

on a three plate capacitor system, is used for high-fidelity force and displacement 

measurements. The current technique allows for simultaneous identification of the 

junction and its deformation, thereby providing proper mechanical characterization 

of the individual junctions in terms of load F versus depth h curves. Complementary 

fully atomistic reactive molecular dynamics simulations are used to gain insights 

into and explain the deformation and nanomechanical response of individual CNT 

junctions.  

3.2. Experimental  

The fabrication of CNT junctions is explained in chapter 2. In detailed, chemical 

vapor deposition (CVD) was carried out under atmospheric pressure. 1% (mg/ml) 
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ferrocene/xylene solution was used as a carbon and second catalyst source.  10nm 

Al and 1.5nm Fe were deposited on the silicon wafer substrate which was placed in 

the furnace.  The ferrocene/xylene solution was transferred into the reactor 

chamber which used Ar/H2 (15% H2) carrier gas at a flow rate of 0.2ml/min. The 

furnace temperature was set to 790 °C in the chamber where the precursor solution 

was vaporized. Detailed characterization was also performed using FEG-SEM 

(Quanta, FEI) and images are shown in figure 3.1.  The samples were dispersed in 

ethanol using lab sonicator and then on wholly carbon 300 μm mesh grid. The 

analysis of TEM images and measurement were performed using Gatan Digital 

Micrograph software.  

 

Figure 3.1– (a) SEM analysis of the 3D structure made up of interconnected 

CNT junctions. (b) High magnification image of the CNT block. 

Scanning electron microscope (SEM) is performed using Field emission gun 
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SEM (FEI, Quanta).  Interconnected CNTs samples are dispersed in ethanol using lab 

sonicator and disperse on holy carbon grid of 300micron mesh. JEOL 2100 with field 

emission gun is used for imaging. The image analysis and measurement is 

performed using Gatan Digital micrograph software. The Raman spectra of the both 

interconnected and non-interconnected CNTs solid blocks are performed using 

Renishaw Raman microscopy (633 nm laser).   

Nanomechanical compression tests on junctions between individual CNTs 

were conducted using an in situ SEM instrument, PI 85 PicoIndenter (Hysitron, 

USA).The tip is first calibrated using standard samples before using it. The Hysitron 

software has been used for all mechanical analysis (Figure 3.2). 

 

Figure 3.2– Nanoindentation setup integrated within a field emission gun 

(FEG) SEM for testing mechanical properties of three-dimensional CNT 

junctions. 
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3.3. Results and Discussions  

The Raman spectra (Renishaw, 633 nm laser) of the CNTs exhibit a disorder 

mode (D-band) and graphitic mode (G-band) at 1327 and 1582 cm−1, respectively 

(Figure 3.3a).  The intensity ratio between the D and G-band of the interconnected 

CNTs is ID/IG = 1.12. The ID/IG ratio of the interconnected CNTs is higher than that of 

non-interconnected tubes because of the pentagon and heptagon topological defects 

in the junction areas.  

 

Figure 3.3– (a) Raman spectra of interconnected CNTs and their comparison 

with non-interconnected CNTs, (b) XPS analysis of the branched CNT block 

showing absence of impurities. 

The XPS analysis of branched and non-branched CNTs shown in Figure 3.3b 

reveals the absence of any impurity in the interconnected CNT structure. Figure 

3.4a-e shows TEM images of different kinds of nanoscale. Junctions found within the 
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interconnected CNTs solid blocks. Additionally, tubular structures of CNTs, as well 

as nanotubes lying on each other are shown in Figure 3.4a and e.  

Here, for the ease of referencing, we label the junctions by means of single 

letters, “I”, “X”, “Y”, “Λ”, and “Ω”, chosen so that their glyphs are reminiscent of the 

actual system geometries. The bright field images also show that these nanotubes 

are multiwalled (diameters d ≈ 50−80 nm) and free from any amorphous carbon. 

Both TEM and SEM images are used to measure the angles between the nanotubes 

“branches” at a junction and the corresponding distribution is plotted in Figure 3.4. 

For the straight nanotube with no junction, there is no branching and therefore the 

angle β ≡ 0. For the elbow Λ junctions, the angle varies in the range of β ≃ 10°−35°, 

40°−55° for Y and 55°−75° for the X junctions. 
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Figure 3.4– (a) Representative image of a multiwalled CNT. (b) X junction (c) 
Elbow-like Λ junction (d) Low magnification bright field TEM image of the 

nanotubes used in the present work, (e) Noninterconnected tubular CNT 
structures where one tube lies over another (Ω junctions), (f) Y junction. 

 

Nanomechanical compression (indentation) tests on individual CNT 

junctions are conducted using an in situ SEM instrument, PI 85 PicoIndenter 

(Hysitron, USA). The current system is based on a double three-plate capacitance 

actuation and capable of sensing with active feedback electronics utilized for 

indentation. The setup details have been described in previous reports of the 

instrumentations [25]. In order to avoid sharp tip indentation on CNTs, a relatively 

blunt tip of 100 nm diameter cube-corner geometry was chosen for this work. The 

cube corner geometry with low apex angle provides better opportunity to view such 

small sample and gives better control on positioning (Figure 3.5). Since minimum 7 

nm step size can be used with the stage of the SEM PicoIndenter, accurate 

positioning of the tip on the sample is quite possible using the high-resolution FEG-

SEM system.  
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Figure 3.5– Abundance/distribution of branching angles β that marked in 

figure 3.4f for the Y junction as an example) for the observed junction types in 

the as-grown sample. 

The images in Figure 3.6b−f illustrate the positioning of the tip.  Initially, the 

CNTs are dispersed on Si substrate from solution. The junctions are located in the 

SEM and then locally indented using diamond tip in load-control mode at a loading 

rate of 5 μN/s to peak load of 20 μN. In all tests, the load−displacement data and the 

real-time video of deformation were captured simultaneously and synchronized to 

aid the post experimental analysis. Low compressive loads are applied and 

unloaded/realized using the indenter in order to identify the junction from stacking 

artifacts. After initial screening, the indentation is performed with higher loads. The 
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real-time video along with load versus displacement measurements characterizes 

the mechanical response of the individual junctions.  Figure 3.6a presents typical 

loading−unloading curves of all structures considered at peak indentation load of 20 

μN, and actual tubeor junction-picoindenter configurations are shown in Figure 

3.6b−f. The stiffness of these structures was determined from the unloading curves 

using the simple relation K = F/h, where F is the force applied on the structure and h 

is the displacement resulting from the applied force. It can be seen in Figure 3.6a 

that the highest stiffness measured 4.4 μN/nm (∼16% higher as compared to I (3.8 

μN/nm)) is attributed to the X junction, followed by the Y junction (stiffness 4 

μN/nm). On the other hand, the stiffness is lower for Λ (18%) and Ω (23%) as 

compared to I. The load and displacement/depth plots clearly resolve differences in 

loading and unloading curves for different junctions, which clearly indicates the 

difference in deformation behaviors. However, due to the limitation of resolution, 

we cannot get further insight into such trends.  

To better understand the observed behavior in Figure 3.6a, we performed 

atomistic molecular dynamics simulations that have proven valuable in interpreting 

nanotube nonlinear mechanics generally and in the case of radial indentation tests 

of MWCNTs [143][144].  The X, Y, Λ, and Ω junctions are represented by custom 

designed triple-walled CNT (TWCNT) junctions as shown in Figure 3.7a−d. A zigzag 

TWCNT (32,0)/(23,0)/(14,0) is used as a main “trunk” in all cases. As side branches” 

that form the X and Y junctions, we have used armchair TWCNT 

(7,17)/(12,12)/(7,7). These are labeled I0,1 in Figure 3.7e. Topologically, the 



 
95 

 

connection of I1 to I0 requires six heptagons per wall. The Λ junction in Figure 3.7b 

is formed by connecting the I0 tube with the chiral TWCNT (19,17)/(14,12)/(9,7)  

 

Figure 3.6– (a) Load versus indentation depth h for (b) “X” Junction, (c) “Y” 

junction (d) tubular structure of MWCNT, (e) elbow “Λ” junction and (f) non-

interconnected individual nanotubes structures. 

using a single pentagon and a heptagon per wall resulting in a kink of 36° 

bending angle[145]. Additionally, a Λ 60 junction of 60° bending angle was also 

constructed by connecting two I0 tubes via a more complex grain boundary. Finally, 

a noncovalent Ω junction is represented by stacking two I0 tubes at right angle as 

shown in  

Figure 3.8d [146]. For all junctions the outer to inner-wall tube diameters 

ratio is approximately dout/din ≃ 2.3. 

All indentation tests were carried out using the LAMMPS simulator and the 
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AIREBO potential for the interatomic interactions [147], [148]. Open edges were 

hydrogen-passivated, and all systems are initially supported and relaxed on a 9−3 

Lennard- Jones wall. Radial indentation is performed as illustrated in  

Figure 3.8e using aspherical indenter of radius 60 Å, moving at a constant 

velocity vz = 0.01 Å/ps against the junction, normal to the support. The resulting 

total normal force exerted on the indenter versus the vertical displacement h 

(“depth”) for each system  

 

Figure 3.7- Simulated indentation of TWCNT junctions: (a−d) atomistic models 

with all pentagonal and heptagonal rings shaded. For clarity, each wall is 

rendered in lighter color with increasing diameter. (e) Illustration of the 

computational setup for the example of the Y junction in (c) along with the 

definition of the indentation depth h. The dashed arc is the initial/reference 

position of the indenter surface; (f) corresponding force-depth curves. The 

insets show the distribution of the per-atom mean stress ~Tr σ for the Y 

junction (min, blue; max, red), only for atoms in contact with the spherical 

indenter. The h values are given in the bottom right corners. 
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is shown in Figure 3.7f, where I 0,1 labels the curves for the two individual TWCNTs 

as mentioned above, in analogy to the configuration in Figure 3.7b.  Comparing the 

simulated, Figure 3.7f, and the observed force depth curves, Figure 3.7a, it is 

apparent that the computational setup provides an excellent qualitative agreement 

in the initial loading regime: the stiffness is the highest for the X and Y junctions, 

while the Ω junction is softest. The latter case can be easily understood in the linear-

elastic regime considering the response of the Ω junction as that of two I0 TWCNTs 

connected in series through a van der Waals contact. The effective radial force 

constant of the Ω junction is then kΩ ≈kI0/2, which is the case for the Ω and I0 

curves in Figure 3.7f. The actual force versus indentation scaling in experiments on 

both single/multiwalled CNTs and boron-nitride nanotubes is typically interpreted 

in terms of the Hertzian contact model where the force h3/2 [144], [149], [150], 

[151], [152]. Complexity of the junctions (presence of topological defects, nontrivial 

contact area, etc.) considered here precludes simple analytical treatment; however, 

the power-law scaling is well expressed, const × hα, with α ≈1−1.5 obtained from 

least-squares fits to the simulated force−depth curves, Figure 3.7f. To explain the 

considerably higher stiffness for the X and Y junctions relative to the regular tubes 

I0,1, we note that for the latter the deformation upon indentation is essentially 

governed by the soft graphene-wall bending mode (bending stiffness ∼1.5 eV) 

[153], [154]. The stiffening of the X and Y junctions must therefore involve local 

stretching of the rigid graphene walls with overall nanomechanical response 

controlled by the junction geometry. Such a general hypothesis can be corroborated 
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by purely geometric arguments. Consider the simplest case of a continuum Λ-like 

junction, with bending angle β. It can be formed by joining two diameter-d cylinders 

cut by planes at angle of inclination β/2 as shown in the top inset image in  

Figure 3.8a, where β/2 = 30°, with resultant kink geometries shown in  

Figure 3.8b. The cylinder−plane cross section is elliptical. Normal indentation in this 

simple picture can be seen as flattening an ellipse from a circular cylinder onto a 

plane. The resulting line is ∼sin(s), where s is the length along the standard circular 

circumference of the cylinder, 0 ⩽ s ⩽ πd/2, with amplitude ≈ d × tan(β/2). Thus, 

the two branches of the Λ-like junction can remain “sealed” upon flattening only if 

locally stretched, which translates into a more rigid CNT junction. This is illustrated 

in  

Figure 3.8a for the (23,0) CNT, which is the middle wall of the I0 TWCNT. The 

bottom inset image in Figure 3.8a, inset, corresponds to maximum indentation with 

clear sine-like outline. As expected, using the same protocol as that for the TWCNT 

junctions in  

Figure 3.8, the Λ junctions are found to be stiffer for larger bending angle β, and the 

same mechanism should account for the stiffening of the X and Y junctions.  
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Figure 3.8– (a) Junction stiffening mechanism. Force versus indentation 

curves for the single-walled CNT junctions shown in (b); labels indicate the 

corresponding bending angles β, for the middle (23,0) tube of I0, and for the 

same tube cut by a plane at β/2 = 30° inclination angle (inset). The color 

coding in the bottom inset image shows the stress distribution at maximum 

indentation depth (min, blue; max, red). (c) Full force−indentation curves for 

one loading−unloading cycle (direction indicated by arrows) of the I0 tube 

and the Y junction. The inset shows a close-up of the Y junction at maximum 

indentation. The region where cross-links between the nanotube walls are 

formed is highlighted. 
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The molecular dynamics simulations of a full loading−unloading cycle reveal 

another qualitative difference between the CNT junctions and the straight tubes (I) 

or those forming only a van der Waals junction (Ω). While the indentation cycle 

curves of I and Ω represent completely elastic behavior, practically for all covalent 

junctions (X, Y, Λ) the deformation upon loading is not fully recovered during 

unloading, leading to a small hysteresis in the force-depth curves. This behavior is 

exemplified in  

Figure 3.8c for the I0 and Y systems. The steep force increase for h > 0.8 nm is 

completely dominated by the strong interwall short-range repulsion in the largely 

deformed indented domain. At maximum depth, however, considerable cross-

linking takes place between practically all walls of the Y junction, with local 

geometry resembling, e.g., the screw dislocation cores in MWCNTs [155].  This 

cross-linked region, highlighted in the inset of Figure 4c, essentially does not 

recover upon unloading.  

3.4. Conclusions   

To conclude, we have demonstrated the nanomechanical response of 

individual CNT junctions using a picoindenter integrated in a FEG-SEM setting, 

allowing for precise mapping between junction geometry and mechanical behavior. 

Molecular dynamics simulations using large-scale atomistic models of xperimentally 

observed junctions show that the mechanical response/stiffness is controlled by the 
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geometry of the junction with dominant contribution from the CNT walls stretching 

at the junction upon indentation. Such features suggest that targeted synthesis of 

desired junction geometries, e.g., X, Y, Λ, T, L, etc., and possibly many others, can 

provide a structural “LEGO-alphabet” for construction of macroscopic networks 

with tunable mechanical response. 



 
102 

 

Chapter 4  

Three-Dimensional Macroporous Solids 

from Chemically Cross-linked Carbon 

Nanotubes 

4.1. Introduction 

Novel 3D macroscopic carbon solids with novel properties could be created via 

controllably interconnection of nanostructures. The formation of such 

nanoengineered 3D building blocks remains one of the most important challenges in 

nanotechnology. Fabrication of nanoengineered 3D carbon structures, with 

controlled density and architecture, is  one of the most needed step for building next 

generation carbon based functional materials [156], [72], [94], [121]. Current forms 

of carbon-based macrostructures include aligned CNTs [157], fibers [158], 

buckypapers [159], [160] and aerogels [63], [62], each with different potential 

application areas such as supercapacitors [161], [162], catalytic electrodes[163], 

dry adhesion[164], artificial muscles[165], gas adsorbers [78] and environmental 

applications [166], [167][168]. However, true 3D structures with covalent 
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interconnections between building blocks such as CNT or graphene, are still 

challenging. For the inexpensive bulk production and selectivity of 3D-CNT solid 

structures, chemical functionalization and cross-linking could be one of the most 

controllable and scalable methods. Creating covalent bridges between individual 

CNTs is one of the most central steps to build CNTs-based 3D macroscopic solid 

building blocks [104], Recently, there have been a few efforts to build such 

covalently interconnected 3D carbon based building blocks using chemical vapor 

deposition (CVD) technique [169], [170], [171], [172] and solution chemistry [76], 

[138]. To create 3D carbon based macro-architectures via solution chemistry, 

surface modification is one of the fundamental requirements. The essentials of 

chemical functionalization approach to create carbon frameworks rely on organic 

bridges which are bonded to individual nanostructures and this approach has been 

used by several groups during the last decade [76], [173], [137]. In these reports, 

CNT materials were produced using chemical functionalization, consisting of bonds 

with functional groups such as amines.  

The Suzuki cross-coupling reaction, which is one of the most popular synthetic 

routes to create carbon-carbon (C-C) covalent junctions, has been used in a variety 

of real world synthetic applications. Some of which are the synthesis of natural 

products [174], and the formation of materials for energy and electronics [175]. It is 

a general method for creating carbon-carbon single covalent bonds between organic 

halides and boronic acid derivatives using Pd-based catalysts. Previously this crucial 

method has been used by Cheng and Adronov for the surface functionalization of 
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CNTs [176]. In this chapter, Suzuki coupling reaction used for fabrication of 

covalently interconnected CNT based three-dimensional building blocks. The 

resulting CNT solids are made of highly porous, interconnected structures made of 

chemically cross-linked carbon nanotubes.  

4.2. Experimental  

Synthesis of covalently interconnected 3D-CNT solids: CNTs (12 mg) were refluxed 

in concentrated HNO3 for 18 hours to produce shortened and oxidized CNTs, which 

have terminal, mainly carboxyl, oxygen-containing groups. The oxidized CNTs were 

then washed with DI-water until pH=7. Then CNTs were refluxed in 50 ml SOCl2 and 

2 ml 1,2-dichlorobenzene for 24 hours. The CNTs were sonicated for 10 min and 

added to a flask. Next, 60 mg Pd(PPh3)4 and 160 mg Cs2CO3 in toluene (30 ml) were 

added to said flask. The reaction was run at 100 °C, for 5 days under Ar atmosphere. 

Then the final product freeze dried (Figure 4.1).   

Raman spectroscopy (633nm laser), X-ray photoelectron spectroscopy (XPS), 

scanning electron microscope (SEM)(SEM, FEI Quanta 400 ESEM FEG), transmission 

electron microscope (TEM)(JEOL 2100 Field Emission Gun TEM),  low temperature 

nitrogen absorbtion Quantachrome Autosorb-3B BET surface analyzer and 

thermogravimetric analysis (TGA) were used as characterization tools. The CNT 

solids represent the next generation of carbon materials with several potential 
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applications; we demonstrate here one such utility in the removal of oil from 

contaminated water.  

 

Figure 4.1– Schematic of the 3D-CNT solid macrostructure synthesis from CNT 

powder.  Initial CNT powder were oxidized in HNO3 then converted to acid 

chloride. CNTs were covalently interconnected via Suzuki coupling reaction 

which is palladium catalyst based coupling reaction. After lyophilization 

(Freeze Drying) 3D-CNTs solid structure formed. 

4.3. Results and Discussions 

The Suzuki cross-coupling reaction occurs between aryl halide and boronic 

acid derivatives. The reaction mechanism of the CNT interconnection using Suzuki 

cross-coupling reaction is shown in Figure 4.2. Firstly, the CNTs (Cheap tubes inc., 

20-30 nm outer diameter, 10-30 µm length) were refluxed in concentrated HNO3 for 

18 hours to produce shortened and oxidized CNTs with oxygen-containing groups, 

the majority of which contain carboxyl groups (1)[42]. This oxidative procedure is 
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also necessary to remove unwanted amorphous carbon and other residual metal 

impurities [177], [43]. Then, the carboxyl groups (CNT-COOH) (1) were converted 

to the corresponding acid chloride (CNT-COCl) by reacting with SOCl2 at 80 °C for 

24 h (2). Tetrakis(triphenylposphine) palladium(0) (Pd(PPh3)4) was added under 

argon to a mixture of 1,4-phenyldiboronic acid and anhydrous Cs2CO3 in anhydrous 

toluene followed by CNT-COCl (2). The reaction mixture was then heated at 100 °C 

for 5 days. The resulting material was filtered and washed with water to remove 

excess Cs2CO3 and unreacted 1,4-phenyldiboronic acid. The reaction mechanism 

starts with the oxidative addition of CNT-COCl (2) to the Pd(0) to form a Pd(II), CNT-

CO-Pd-Cl (3), complex structure; after which the base, Cs2CO3, replaces the chloride 

on the palladium complex. Transmetallation starts with adding 1,4-

benzenediboronic acid. Then the reductive elimination gives the boronic acid 

functional CNTs (CNT-CO-Ph-B(OH)2) (5).  After repeating the same mechanism 

between boronic acid functionalized CNTs and chlorinated CNTs (CNT-COCl) (2) the 

final CNT-CO-Ph-CO-CNT (6) coupling product was formed.  
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Figure 4.2– The Suzuki coupling reaction mechanism. (1) oxidized CNTs, (2) 

chlorinated CNTs, (3) CNT-CO-Pd(II)-Cl complex structure, (4)CNT-Pd(II)-Ph-

B(OH)2, (5) boronic acid functionalized CNTs, (6) interconnected CNTs. 

To create junctions between CNTs using solution chemistry, surface modification of 

CNT is necessary. The modifications of the surface of the CNTs are confirmed using 

Raman spectroscopy (Figure 4.3a) [178].  Raman spectra of CNTs typically has two 

peaks, the G-band which is closely related to vibrations of sp2 carbon materials, and 

the D-band which comes from the disorder of CNT sidewalls [116]. ]. A quantitative 

measure of defect density in the CNTs sidewalls can be determined from the ratio 

between these two bands, ID:IG. This ratio is used for obtaining information about 

the structural changes as a result of functionalization [179], [180]. The Raman 
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spectra of these CNTs show a disorder mode (D-band) and graphitic mode (G-band) 

at 1349 cm-1 and 1571 cm-1 respectively.  As a result of functionalization, the 

intensity of the D-band increases due to sp3 carbons in the CNTs after acid 

treatment. The intensity ratio between the D-band and G-band (ID/IG) increased 

from 0.59 to 1.06 because the disorder on the surface of CNTs  increased [181], 

[182], [183].  

XPS analysis was used for quantitative chemical analysis of the pure, 

chlorinated, and cross-linked CNTs (Figure 4.3b-d). The C1s core level peak 

positions of the carbon atoms are approximately at 285 eV and the peak position of 

oxygen is around 532 eV. After oxidation of CNTs the ratio of oxygen increased from 

1.2% to 11%. In high resolution XPS characterization of pure CNTs, the C-C and O-

C=O bond peak is at 284.6 and 284.8 eV respectively (Figure 4.3b). In the XPS 

spectrum of the chlorinated CNTs, the peak around 200 eV represents chlorine (Cl) 

atom (Figure 4.3c). The peaks at 284.4 eV, 285 eV and 285.9 eV correspond C-C, O-

C=O and C-Cl bonds respectively in Figure 4.2c. According to the survey scan of XPS 

characterization the amount of chlorine constitutes 1.4% by weight of the sample. 

Figure 4.3d shows the XPS spectrum of the CNTs after the Suzuki cross-coupling 

reaction where C-C, C=O and C-O bonds are at 284.5 eV, 284.9 eV and 285.8 eV 

respectively. Chlorine atoms disappear after the Suzuki cross-coupling reaction as 

shown in Figure 4.3d. These peaks are indicate that the coupling reaction took place 

successfully.  Apart from the spectroscopy characterizations the junctions were 
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imaged using scanning electron microscopy (SEM) as well as transmission electron 

microscopy (TEM). 

 

Figure 4.3– (a) Raman spectra of pristine CNTs powder, chlorinated CNTs and 

3D-CNT solid macrostructure, (b) XPS spectra of pristine CNTs powder, (c) 

chlorinated CNTs powder, (d) 3D-CNT solid macrostructure. 

BET surface analyzis was used to determine the surface area and porosity of the 

pristine CNTs and the 3D-CNT solids (Figure 4.4) . Freeze dried pristine CNT and 
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3D-CNT solids were degassed 17 hours at 200 °C, then BET surface analyzis carried 

out. The N2 absorption shows a type-II isotherm that exhibits a negligible concave 

section, that is known to be pointed to microporous volume uptake and a quick 

ascent in total volume close P/P0 = 1 indicating a macroporous material (Figure 

4.4a).  The BET surface area (SBET) area of 3D-CNT solids (177 m2/g) is larger than 

the one for the pristine CNTs (166 m2/g) (Figure 4.4b). CNT and 3D-CNT solid have 

similar average pore size distribution and the cummulative pore volume of 3D-CNT 

solid is higher than CNTs. (Figure 4.4c).   

The structure of the 3D-CNT macrostructure is shown in Figure 4.5. A few 

conditions such as oxidation rate, reaction time, and different ratios of the initial 

materials were varied during the experiment. The best results were obtained from 

18 hours of oxidation in HNO3 and at least 5 days reaction time of the Suzuki 

coupling reaction due to increased functionalization ratio. These longer oxidation 

and Suzuki coupling times enable the CNTs to form 3D solid macrostructures after 

lyophilization (freeze-drying) due to higher CNT cross-coupling ratios. CNTs were 

found to form a solid macrostructure when they have enough functional groups to 

cross-link with covalent interconnection. The image of a 3D-CNT solid network is 

shown in Figure 4.5g which contains various network morphologies in different 

regions. The 3D-CNT solid structure is highly porous as can be seen in Figure 4.5c. In 

the morphology of the solid structure observed in Figure 4.5c, CNT bundles are 

interconnected as a network, creating the microporous structures. 
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Figure 4.4– (a) The N2  absortion isotherm of pristine CNTs and 3D-CNT solid 

(b) BET Surface area of Pristine CNTs and 3D-CNT solid (c) DFT method pore 

size distribution and cumulative pore volume of pristine CNTs and 3D-CNT 

solids. (BET surface analysis has been done after freeze drying of pristine 

CNTs and 3D-CNT solids) 

The other morphology is observed in Figure 4.5a, d where the CNTs form a layer 

by layer assembly, into thin films. Additionally, CNTs can also be formed into 

macrotubular architectures (Figure 4.5e).  Cross-coupling of the CNTs can be 

observed in the SEM images included in Figure 4.6 of the supporting information. 

The low magnification image in Figure 4.6 reveals interconnections between CNTs. 

These Y-junctions of CNTs can be either end-to-side or end-to-end junctions which 
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as a result of the oxidation step, where the ends of CNTs and the surfaces of CNTs 

were oxidized.  TEM was used to obtain more detailed morphological information of 

the CNTs junctions, shown in Figure 4.7. In order to confirm the presence of the CNT 

junctions, bright field images were obtained. It was further found that linkers with 

different shapes yield CNTs with more complex architectures compared to simple 

junction geometries (Figure 4.7a). Figure 4.7b shows multi-terminal CNT junctions 

and their representative schematic figure is shown on the bottom of TEM images. 

 

Figure 4.5- Scanning electron microscopy (SEM) images of different region of 

the porous 3D-CNT solid structure. (a, d) layer by layer CNT thin films, (b, c, f) 

CNT bundles as a network, (e) 3D-CNT after lyophilization of the covalently 
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connected CNTs via Suzuki coupling reaction formed as tubular structure, (g) 

3D-CNT solid macrostructure. 

In general it has been observed that the end-to-end junctions are more prevalent 

than other types of junctions, due to the ends of nanotubes being preferentially 

modified. The ends of the CNTs are chemically more reactive than their sides 

because of the presence of defects at these sites (Figure 4.8).The TEM images of X-

junction CNTs that have been formed as a result of side-to-side functionalization are 

shown in Figure 4.7c. All these types of junctions are essential for the CNTs to form 

solid structures. 

 

Figure 4.6-Scanning electron microscope (SEM) images of CNT 

network/junctions after Suzuki coupling reaction. 
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Figure 4.7- High resolution transmission electron microscopy (HR-TEM) of the 
3D-CNT structures, (a) high and low (inserted) magnification image of Y-
junction of CNTs with representative schematic image , (b) high and low 

(inserted) magnification image of end-to-end junction of CNTs with 
representative schematic image (c) high and low (inserted) magnification 

image of X-junction CNTs with representative schematic image. 

 

Figure 4.8- Transmission electron microscope (TEM) of 3D-CNT network. 

Recent reports have proven that one of the potential applications of such 

porous CNT solids is in oil absorption from water since these are typically 
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oleophilic. Following some of the previous reports on the oil absorption capacity of 

vapor grown 3D CNT solids, the 3D-CNT solids made here by chemical cross-linking 

were demonstrated for the same application. The absorbed oil (used engine oil) has 

been shown to be removed easily by burning the material in air without destroying 

the structure. The 3D-CNT solid material obtained in this study absorbed ~120 

times its own weight of oil within four minutes (Figure 4.9). 

4.4. Conclusions 

In conclusion, we have reported the well-known Suzuki cross-coupling reaction as 

an approach to create covalently bonded CNT networks. As a consequence of the 

cross-linking of the CNTs,  the formation of highly porous 3D solids occured. 

Additionally, multi-terminal junctions of CNTs in end-to-end, end-to-side and side-

to-side configurations were observed in the microstructure,also as a result of the 

cross linking. The approach demonstrates the ability to interconnect nanostructures 

such as carbon nanotubes using interface controllable chemistry that can lead to 

scalablesynthesis of 3D solids with controlled morphologies and multifunctional 

properties. 
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Figure 4.9- (a) Photograph of oil-water batch at t=0 min and inset shows 3D-

CNT solid structure before use, (b) 3D-CNT solid absorbing oil at t=1 min, (c) 

3D-CNT solid absorbing oil at t=4 min, (d) weight-to-weight oil absorption 

capacity of the 3D-CNT solid structure. 
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Chapter 5 

Anisotropically End-Functionalized 

Three-Dimensional Carbon Nanotube 

Array Based Hygroscopic Scaffolds 

5.1. Introduction  

Fresh water is an ever decreasing resource that can be found in small amounts in 

almost every environment. In nature, there are many organisms, such as the 

Stenocara beetle which lives in the Namib Desert survives by drinking fog-water 

that collects on its wing case [184]. The unique design of the Stenocara beetle’s back 

involves randomly spaced bumps with hydrophilic peaks surrounded by 

hydrophobic areas the guide water into its mouth. The Stenocara beetle stands on a 

sand dune, facing into the morning wind at a forty-five degrees angle. With its head 

facing downward and its bottom upward, the minute water droplets from the fog 

collect on the superhydrophilic peak of each bump. When the water droplets grow 

big enough, they detach from the bump peaks, fall onto the superhydrophobic areas 

between the bump peaks and are guided downward to the beetle’s mouth (Figure 
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5.1) [184].  

 

Figure 5.1- The unique surface design of the Stenocara beetle’s back involves 

randomly spaced bumps with hydrophilic peaks surrounded by hydrophobic 

areas[188].  

Additionally, Stipagrostis Sabulicola [185], and Cotula Fallax [186] are some 

other organisms that are able to effectively capture water droplets from the fog of 

the morning desert by using hydrophilic/hydrophobic combinations. In the recent 

past, a few efforts haves been done using these and other hydrophilic/hydrophobic 

biomimetic mechanisms to capture and harvest atmospheric water that doesn’t 

require  significant  amounts of energy [187], [188], [189], [190], [191], [192], [193], 

[194], [195].  Till now, several approaches have been reported to create 

hydrophilic/hydrophobic surfaces for water harvesting. In these reports polymers 

are extensively have been used. For example, L. Zei et al. mimicked Stenocara beetle 
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by creating hydrophilic patterns on the superhydrophobic surfaces using 

hydrophilic and hydrophobic polymers[196].  

The other material that can be used for water harvesting is carbon nanotubes 

(CNTs), known for their small size, mechanical, and physical strength, can be easily 

turned hydrophilic or super- hydrophobic by chemical functionalization[197], [198]. 

Several kinds of CNT functionaliztions such as covalent and non-covalent 

functionalization have been reported extensively [199], [200]. Another type of CNT 

functionalization is asymmetric end-functinalization that brings two different 

functional at their opposite ends. Even some work has been reported, it is still a big 

challenge to functionalize their two end-tips with different functional groups [201], 

[202].  For example Lee et. al. have used UV-irradiation to attach different functional 

group onto opposite end of individual CNTs [201]. In order to harvest water, the 

material must consist of both hydrophilic and hydrophobic surfaces. For example, 

Kinoshita and his co-worker used micro-patterning on CNT films to create 

superhydrophobic-hydrophilic heterogeneious surfaces using plasma-type 

hydrothermal atom beams [197].  Here we report a new approach for 

anisotrophically functionalized NTF as superhydrophilic/superhydrophobic. Due to 

combination of hydrophilic and hydrophobic surfaces, we were able to utilize the 

material for water collection from dry air and high humidity air. By this approach 

the water microparticles in air can be captured and stored in comparatively large 

amounts.  
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5.2. Experimental 

The carbon nanotube forests (NTF) were synthesized via water-assisted 

chemical vapor deposition (WACVD) on a Si substrate, described elsewhere [203]; 

grown for 3 hours, resulting in a height of ~1 centimeter.  Prior to CNT growth, 10 

nm thick Al buffer layer and Fe catalyst layer were deposited on the Si wafer using 

electron-beam (E-beam) evaporation.  The CNT synthesis takes place at 775 °C 

under Ar/H2 with ethylene as the carbon source and water bubbler to aid the 

removal of amorphous carbon. 

To create  the hydrophobically-functionalized side of the NTF, 1H,1H,2H-

heptadecaflouro-1-decene (HDFD) (99%, Sigma Aldrich) was coated onto the top 

surface of the as-grown NTF and plasma treated (700 V DC ) for 2 minutes. After 

this, the NTF is then removed from the silica substrate, flipped over and transferred 

to a new silica substrate for further functionalization on the bottom surface. For the 

hydrophilic functionalization on the opposite side of the NTF, 0.5ml poly(ethylene 

glycol)methacrylate monomer (PEGMA) (average Mn, 360, Sigma Aldrich) was 

coated onto the surface and the NTF was plasma treated (700 V DC) for 2 minutes 

(Figure 5.2). For comparison, one hydrophobic/hydrophillically functionalized NTF 

(PEGMA/HDFD-NTF), one NTF only hydrophilically PEGMA functionalized 

(PEGMA/PEGMA-NTF) on both top and bottom.  One NTF only top side 

functionalized with PEGMA (PEGMA-NTF), and one non-functionalized NTF were all 

tested for water harvesting. 
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 Characterization was performed using Scanning electron microscope (SEM, 

FEI Quanta 400 ESEM FEG), Raman spectroscopy, X-ray photoelectron spectroscopy 

(XPS), Thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy 

(FT-IR), and contact angle measurements. 

 

Figure 5.2- Schematic representation of asymmetric-end functionalization of 

NTF. The top surface of forest was coated with HDFD monomer and treated to 

plasma for 2min. The NTF was then flipped onto another substrate and coated 

with PEGMA and treated to plasma for 2min. 
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5.3. Results and Discussions 

To confirm that the NTF is actually hydrophilic/hydrophobically asymmetrically 

end-functionalized, the contact angle of each side is measured and discussed. The 

three different stages of functionalization, the as-grown NTF, the HDFD-NTF, and 

the PEGMA-NTF, can be seen in the SEM images shown in Figure 5.3a, b and c, 

respectively. 

As seen in the inset of the three figures, the contact angle increases with HDFD 

treatment (118o (as grown NTF) – 162o (superhydrophobic)), and becomes 

hydrophilic after PEGMA treatment (0o). As seen in Figure 5.3, the surface 

roughness of the end-functionalized NTF also affects the hydrophobicity and 

hydrophilicity of the surfaces a hydrophobic/hydrophilic surface becomes 

superhydrophobic/superhydrophilic with larger surface roughness [204]. It is also 

important to note that the infiltration of organic monomers and plasma treatment 

for polymerization only functionalizes the ends of the CNTs up to a few micrometers 

in depth (Figure 5.4a, b), which creates a CNT pot/container (Figure 5.5).    
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Figure 5.3- SEM images of a) as grown NTF and contact angle of the CNTs is 

118°, b) HDFD-NTF and the contact angle is increased to 162° that is 

superhydrophobic surface, c) PEGMA-NTF and the contact angle decreased to 

0° that is superhydrophilic. The polymerization on the surface clearly can be 

seen after plasma treatment.  

An additional way to evidence the success of the hydrophilic/hydrophobic 

functionalization of NTF is Raman spectroscopy, IR spectroscopy, XPS, and TGA. As 

seen in Figure 5.7a, when comparing the Raman spectra of the as-grown NTF to that 

of the PEGMA-CNT, and HDFD-NTF, the G-band, the in-plane vibration of the carbon-

carbon bond, the D-band, shows the structural defects and the G’-band, the second 

order overtone of the D-band, all upshifted due to the intercalation of the polymer 

with the CNT bundles [205], [206].  

 

Figure 5.4- SEM images of a) HDFD-NTF (Superhydrophobic side), b) PEGMA-

NTF (Superhydrophilic side). It can be clearly seen polymers are penetrated a 

few micrometers into the CNT because monomers were penetrated into forest 
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during coating. If the amount of monomers increases, penetration will be 

deeper.  

 

 

Figure 5.5- Superhydrophobic/sperhydrophilic Functionalized vertically 

aligned carbon nanotube container. 

In Figure 5.5, the IR spectrum of the HDFD-NTF shows a characteristic 

perfluoroalkyl chain, -CF2- stretching, between 1087 cm-1 and 1245 cm-1, and CF3 

stretching band around 1350 cm-1 [207]. On the PEGMA-NTF side, the IR spectrum 

shows the ester stretching band around 1735 cm-1 and alkyl chain CH2 and CH3 

stretching at 2892 cm-1 and 2977 cm-1, respectively.  
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Figure 5.6- FT-IR spectra of a) as grown NTF, b) HDFD-NTF, c) PEGMA-NTF. 

The XPS analysis performed for quantitative chemical analysis, of the as-

grown NTF (Figure 5.6) shows sp2 carbon atoms at approximately 284.6 eV and 

peaks at 284.9 eV and 285.4 eV represent C=O and C-O bonds respectively. A weak 

oxygen peak at around 532 eV is shown in Figure 5.7. In the XPS spectrum of the 

HDFD-NTF (Figure 5.6c) the C1s spectrum corresponds to graphitic carbon and the 

shoulder peak at 286.5 eV shows the C-CF bonding. The peak at 291.8 eV represents 

CF2 bonding and CF3 bonding is seen at around 294 eV.  There are two C1s peaks in 

the XPS analysis of the PEGMA-NTF at 285 eV and 286.5 eV, corresponding to CO 
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and CH2 (Figure 5.6d), and a peak at 289 eV representing O-C=O bonding [208], 

[117]. PEGMA-NTF has a larger amount of O atoms than the as-grown NTF due to 

the contribution of carbonyl (C=O) and ether (C-O) functional groups in PEGMA. 

TGA, conducted in Ar atmosphere (10 °C/min), (Figure 5.8) shows that the PEGMA-

CNT side and HDFD-CNT side of the forest starts to decompose around 230 °C and 

600 °C, respectively.   

To demonstrate its water harvesting capabilities, the PEGMA/HDFD-NTF 

samples were exposed to dry and humid air at room temperature, and weighed 

before and throughout the experiment.   During testing, the PEGMA/HDFD-NTF 

were orientated so that the hydrophilic PEGMA-treated surface was kept facing 

upward, to capture the water, and the superhydrophobic HDFD-treated surface was 

kept facing downward, to hold the water. Four types of samples were tested: the 

PEGMA/HDFD-NTF, the PEGMA/PEGMA-NTF, the PEGMA-NTF, and the as grown 

NTF. The first test was performed in dry air (21% Relative Humidity (RH)) for 11 

hours and weighed every hour. The second test was performed under very humid 

air (89% RH), generated by a water-bubbler (Figure 5.9), for 13 hours and weighed 

every hour. 
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Figure 5.7- a)Raman spectra of as grown and asymmetrically functionalized 

carbon nanotube forest (NTF), b) XPS spectra of as grown NTF, c) XPS spectra 

of HDFD-NTF (superhydrophobic), d) XPS spectra of PEGMA-NTF 

(superhydrophilic). 
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Figure 5.8- Survey scan XPS spectra of a) as grown NTF, b) HDFD-NTF 

(superhydrophobic), c) PEGMA-NTF (superhydrophilic). 
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Figure 5.9- Thermo gravimetric analysis of asymmetric functionalized NTF, 

PEGMA-NTF and HDFD-NTFs. 

 

To measure the water evaporation rate, 1mL of water was dropped onto the 

hydrophilic side of the PEGMA/HDFD-NTF and weight measurements were taken 

every hour at room temperature as well as under heating (40 °C). To compare this 

rate to the normal water evaporation rate, a separate glass vessel (0.5 cm diameter) 

was tested simultaneously. These results shows that the evaporation rate of water 

in the asymmetrically functionalized NTF is slower than the evaporation rate of 

water in a solid vessel because the asymmetrically functionalized NTF are able to 

isolate water from external environment. 

 

Figure 5.10- Schematic representation of water harvesting in the high 

humidity chamber. 
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It was found, during the first water harvesting and storage test, seen in Figure 5.11a, 

that the PEGMA/HDFD-NTF with a 0.5cmx0.5cm surface (~8 mg) harvests 27.4wt% 

(~2.27mg) of water from the air in 11 hours. In the second test performed under 

high relative humidity (RH), also seen in Figure 5.11a, the PEGMA/HDFD-NTF 

collected 80wt% (~6.4mg) of water in 13 hours.  

 

Figure 5.11-. a) Harvesting water from low relative humidity (RH) and high 

humidity (RH), b) Water evaporation (WE) of water from asymmetrically 

functionalized NTF and from vessel. 

The PEGMA-NTF, tested under the same conditions, collected ~6.4mg of 

water in 13 hours but the non-functionalized side of the NTF collapsed leading to 

the destruction of the entire forest (Figure 5.11) . The HDFD and PEGMA polymers 

prevents the destruction of the NTF due to covalent bonding between the CNTs and 

the polymers. The PEGMA/PEGMA-NTF was not able to store water, the water was 

dropped onto the hydrophilic top of the escapes from bottom hydrophilic side.  After 
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undergoing the same testing, the as-grown NTF shows no weight difference due to 

the hydrophobic nature of the entire forest.  

In order to understand how water penetrates and stores in the NTF, it is 

important to understand the interactions between the water molecules and the 

hydrophilic PEGMA or the hydrophobic HDFD surfaces, respectively. Water is a 

polar molecule, where the hydrogen bonding keeps the atoms together is constantly 

breaking and forming bonds with new molecules. The hydrophilic PEGMA surface,  

 

 

Figure 5.12. Images of a) asymmetrically functionalized NTF after water 

harvesting in dry air  (21% RH), b) PEGMA-NTF after water harvesting in dry 

air (21% RH). 

consists of polar oxygen-containing functional groups (-OH, -C=O, C-O-C), which 

absorbs water due to hydrogen bonding, van der Waals forces and dipole-dipole 

interactions between the superhydrophilic surface and the water molecules. Water 
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that is liquid, meaning it has a small contact angle on surfaces will spontaneously 

condense from vapor into pores on the superhydrophilic forest side. Because the 

adhesive forces between the water molecules and the hydrophilic surface of the NTF 

are stronger than the cohesive forces, the water molecules are able to spread over 

the PEGMA-NTF surface. A water molecule attracts other molecules which surround 

it and in turn is attracted by them.  Water molecules that are inside a liquid, the 

result of all these forces is neutral and the molecules are equally attracted to each 

other. When these molecules are on the surface, they are attracted by the water 

molecules that are below and by lateral ones. As a result of these attractions, water 

molecules directed inside the liquid (Figure 5.12) [209].   

 

Figure 5.13- Interactions between water molecules and hydrophilic surfaces. 
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Capillary force, gravitational force and pressure balance models can be used to 

predict the penetration of water into the PEGMA/HDFD-NTF. The pressure balance 

model that can be effective for water penetration into the PEGMA/HDFD-NTF is 

based on the assumption that when water wets the PEGMA-NTF, the air in the NTF 

is not expelled but compressed. At the liquid-air interface, a force balance exists 

between the force exerted by the compressed air and the sum of the capillary force 

and gravitational forces[210]. The capillary force FC can be expressed as,   

   

FC=γπd Cos θ                                         (1) 

where γ, d, and θ are the surface tension of the water, pore diameter and Young’s 

contact angle respectively [211] . The gravitational force is relatively small 

compared to the capillary force, so the capillary force is balanced by the air 

resistance. The amount of absorbed vapor is dependent on the temperature and 

relative humidity (RH) in atmosphere. The lotus effect protects the 

superhydrophobic surface of the NTF from wetting as well as the hydrophobic side 

walls of the NTF, so the water is retained inside the forest.  The asymmetrically 

functionalized ends of the NTF remain aligned because the CNTs are covalently 

bonded via polymer chains. As a result of all of the above, the asymmetrically 

functionalized NTF behaves as a container, the NTF holds water because of the 

innate hydrophobicity of the CNTs and the superhydrophobic non-wetting bottom 

surface of the functionalized NTF (Figure 5.13).      
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During the water evaporation measurements, seen in Figure 5.11b, it was found that 

the water evaporation rate in the end-functionalized NTF was less than  in an open 

vessel. At room temperature, after 6 hours, the end-functionalized NTF lost ~8% of 

its weight compared to the 60% water weight lost by the vessel in 6 hours. At 40 °C, 

the end-functionalized NTF lost 40% of its weight in 6 hours. The reasons for this 

lower water evaporation rate are: the polymer from the functionalization prevents 

water from evaporating (Figure 5.14), and; the NTF holds the water molecules 

captive preventing evaporation.    

 

Figure 5.14- (a) Schematic representation that explains water storage 

mechanism in NTF, (b) Schematic figures of water storage of asymmetrically 

end-functionalized NTF. 
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5.4. Conclusions 

NTF was asymmetrically functionalized as hydrophilic and superhydrophobic 

via plasma treatment after coating with HDFD and PEGMA monomers on either side. 

The hydrophobic surface became more hydrophobic and the hydrophilic surface 

became more hydrophilic due to increased surface roughness. The asymmetrically 

functionalized NTF efficiently harvests and stores water from air humidity because 

of its superhydrophobic bottom surface, superhydrophilic top surface and innate 

hydrophobicity of center. In the future, it is possible to apply this unique system to 

arid lands if NTF productions become cheaper and scalable because this system, 

unlike other water collection devices, does not require external energy source for 

collecting water from humid ambient air.    
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Chapter 6   

Unzipping Carbon Nanotubes at High 

Impact 

6.1. Introduction  

The fracture and unzipping of carbon nanotubes have been extensively studied 

in recent times. In some specific cases, the axial splitting of nanotubes into a 

graphene nanoribbons is observed during harsh chemical treatments [212], [213], 

[214], [215].  Although the basis for such unusual fracture mechanism of is not 

properly understood, it is believed that the unzipping occurs along mechanically 

strained fault lines imposed by mechano-chemical interactions [216]. The 

deformation and fracture of individual nanostructures are indeed a complex 

problem and only very little work exists on this topic. Nanostructures such as 

carbon nanotubes are even more complicated given the anisotropic nature of the 

structures and their high aspect ratio. In carbon nanotubes controllably breaking of 

C=C bonds along a specific direction is very difficult. One of the ways to induce 

drastic deformation and fracture in such nanostructures could be by providing high 
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energy through impact forces. Although direct observation of impact induced 

fracture of such nanostructures is not feasible in most cases, analyzing the 

structures produced before and after the impact can be used for indirectly 

extracting useful information on deformation and fracture mechanisms. Here, for 

the first time, we use high velocity impact of nanotubes on solid targets, via 

hypervelocity jets, to generate localized stresses which can break C=C bonds along 

preferred orientations resulting in the longitudinal splitting and unzipping of 

nanotubes. The observation is unexpected, as previous simulations have shown 

fragmentation of nanotubes under harsh mechanical treatments [217], [218].  

6.2. Experimental  

Multi-walled carbon nanotubes (MWCNT) were prepared using water-assisted 

chemical vapor deposition (WACVD) on a Si substrate [219]. MWCNTs were 

prepared by using water-assisted chemical vapor deposition (WACVD) on a Si 

substrate. A Si wafer on which 10 nm aluminum layer and 1.5 nm iron catalyst were 

deposited via electron beam deposition was put in a quartz tube and heated to 775 

°C in a buffer Ar/H2 (15% H2) mixture. Then ethylene gas as the carbon source and 

water vapor was introduced into the quartz tube for 3 h. Produced MWCNTs were 

shaped as a sphere and fed in a two-stage LGG, which is a specially designed setup 

mostly used for HVI experiments (Figure 6.1) [220]. The impact chamber is 

maintained in a high vacuum. The spherically shaped CNT pellets are used as bullets 

to shoot at a solid (aluminum) target, at a velocity of ~ 6.9 km/s (~ 69 Å/ps). As a 
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consequence of the high impact the spherical CNT samples are dispersed on the 

target surface (Figure 6.2). The samples are collected from the target, characterized 

and contrasted against the pre-impacted CNTs.  

 

Figure 6.1- (a) Schematic of the specially designed two-stage light gas gun 

(LGG) at Rice University used for hypervelocity impact (HVI). The individual 

parts are marked in the figure. Burning of powder charge propels the piston in 

the pump tube. This compresses hydrogen gas forces it through launch tube 

via high-pressure-coupling. (b) Schematic of the target configuration for the 

HVI experiment of spherical CNTs.  

Renishaw Raman spectroscopy (633 nm laser) was used for Raman 

characterization. PHI Quantera XPS was used for surface analysis and determined 
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the elemental ratio of the material. Field emission gun transmission electron 

microscope (JEOL 2100) was used to capture the morphology of the material. 

 

Figure 6.2- Scheme for experimental approach that  showing randomly aligned 

carbon nanotubes subjected to high velocity on solid targets and the resulting 

structure after process. 

 The molecular dynamics simulations were carried out using the NTV ensemble 

at 300 K controlled by the Nose−Hoover thermostat as implemented in LAMMPS 

[147]. For the SWNT simulations, we used a 10 nm long (10,10) CNT, while for the 

DWNT simulations we used a 10 nm long (10,10) CNT as the inner wall and a 10 nm 

long (15,15) CNT as the outer wall. All simulations used the fully atomistic reactive 

force field ReaxFF [221]. The used shooting velocities are close to the experimental 

values, ∼6.0 Km/s, and were set up through the scaling of atomic velocities along 

the impacting/target direction. We have used time-steps of 0.025 fs. The stress was 
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calculated by computing the forces on each atom, then obtaining the stress tensor. 

From this tensor, we calculated a quantity known as von Mises stress, the second 

invariant of the deviatoric stress tensor. The von Mises yield criterion suggests that 

yield starts when this stress reaches the yield strength of the material. By 

calculating the von Mises stress for each atom at every 100 time-steps, we were able 

to visualize the time evolution of the local stresses and obtain detailed information 

on the fracturing process. This methodology was successfully used to investigate the 

mechanical failure of carbon-based nanostructures, such as graphene and carbon 

nanotubes. Impact (HVI); schematic of the target configuration for the HVI 

experiment of spherical CNTs.  

6.3. Results and Discussions  

The Raman intensity ratio of D and G bands (ID/IG), related to the density of 

defects in carbon materials is used to evaluate the quality (disorder) of the samples 

[222], [223].  The original ID/IG value of CNTs is 0.6. This large initial value is a 

consequence of using water-assisted chemical vapor deposition followed by the 

removal of amorphous carbon, which creates CNT defects. After the HVI, the ID/IG 

increased to 0.88 (Figure 6.3a), suggesting that this is a direct consequence of the 

impacts. The samples before and after HVI experiments were further characterized 

using transmission electron microscope (TEM), as shown in Figure 6.3b.  
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Figure 6.3- (a) Raman spectra of CNTs (ID:IG=0.6) before the impact and 

resulting unzipped CNTs (ID:IG=0.88). (b) Bright field transmission electron 

microcopy (TEM) images of initial CNTs and unzipped CNTs after HVI 

experiment. The HRTEM images are shown as inset. The initial CNTs are 

multiwall. SAD and HRTEM of unzipped CNT show hexagonal symmetry. (c) 

High-resolution C1s XPS spectra of the initial CNTs and unzipped CNTs after 

the impact. 

The low- and high-magnification bright- field TEM images of CNTs show the 

CNTs to be multiwalled tubes (MWCNTs) and present in the form of bundles. The 

bright-field TEM images of the samples after impact are shown in Figure 6.3b. It 

clearly shows the presence of 2D graphene nanoribbons (GNRs). The inset shows 

selected area diffraction (SAD) from the nanoribbon. The high-resolution image 

clearly shows the hexagonal graphene lattice of the GNR. The low magnification 

images shown in the insets confirm complete unzipping of CNTs. The impacted 



 
142 

 

nanotube product was also characterized using X-ray photoelectron spectroscopy 

(XPS) as shown in Figure 6.3c. XPS spectra show that there is no oxygen or any other 

impurity on the surface of the impacted nanotubes. A XPS peak appeared at 283.49 

eV, corresponds to C−C single covalent bonds, and forms due to defect generation 

(Figure 6.3c). The peak around 285 eV can be attributed to C=O covalent bonds, 

which is also present in the pristine CNTs.  Our results show GNRs and few 

deformed MWCNT due to mechanical impact. The post impact TEM image shows 

various structures of these (Figure 6.4). This might be expected, because the pellets 

used in our experiments are composed mostly of nonoriented CNT bundles, which 

causes individual nanotubes to reach the substrate target at different angles. In 

order to obtain high time resolution event features of the impact process and to 

understand the role of the impact angle on the final nanoribbon morphology, fully 

atomistic reactive molecular dynamics (MD) simulations were performed. In these 

simulations, single and MWCNTs are collided at 6.0 km/s with a solid target using 

three demonstrative angles: 0° (lateral), 45° (diagonal), and 90° (normal). Typical 

simulation results are presented in Figure 6.4.  We observed that impact angles of 

90° resulted in tubes deformed along the radial direction, angles of 45° resulted in 

partially unzipped CNTs, and angles of 0° resulted in completely unzipped 

nanotubes. In all cases, we observed the formation of graphene and tube defects, 

which is in agreement with the TEM data. From TEM analysis of three set of 

samples, we estimated a 70−80% unzipping efficiency.  
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Figure 6.4- A combined images generated using MD simulation (in left) and 

TEM images (in right) after impact at different shooting angles. The top figure 

indicates both radial and longitudinal view of CNT and the metallic target. 

Both (radial and longitudinal) projections of CNT after different angle impact 

are shown in left side of the figure. The right side shows experimental TEM 

images resembling with simulation images observed in sample after impact. 

To gain insight on the deformation and unzipping mechanisms, we analyzed 

the dynamics of a lateral impact that resulted in a MWCNT fully converted into 

nanoribbons. Snapshots of the process with scale-color von Mises stress values, are 

presented in Figure 6.4. At the beginning of the collision processes, the outer CNT 

wall tends to fold in, which is opposed by the inner wall. As a consequence, high 
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stress is accumulated in the wall regions closer to the target surface, resulting in 

CNT mechanical (fracture) failure (Figure 6.5a). The part of the walls immediately 

close to the substrate continues to be pushed against the collapsing inner wall 

(Figure 6.5b), which leads to the flattening of the bottom of the CNT. Subsequently, 

when the nanotube midsections collide with the target, the outer wall atoms are 

pushed upward without inner wall opposition (see arrows in Figure 6.5c), resulting 

in the CNT unzipping (Figure 6.5d).  Consider that the same amount of kinetic 

energy is being transmitted into stress energy during impact in all cases. The 

breaking or unzipping of CNT will depend mainly on two main factors in our 

simulations: (i) how this stress energy is accumulated and dissipated, and (ii) the 

mechanical CNT response, which is impact angle dependent. To evaluate the 

distribution of the stress, we analyzed the fraction of atoms that were highly 

stressed and the average stress for these atoms. We considered atoms to be highly 

stressed when their von Mises stress values were above the fracture strength of 

carbon nanotubes (∼100 GPa) [37], [224]. Because these were the atoms on the 

impact region, restricting the average estimations to them provides information 

about the stress levels in this particular region. For lateral impact, the collision 

involves many atoms (Figure 6.5e), leading a high fraction of atoms (∼35%) to 

become stressed in a small amount of time (∼200 fs). Because there were many 

atoms able to dissipate the stress energy, the average stress level on the collision 

region was not high (Figure 6.5e), few atoms were ejected (Figure 6.5f), and it was 

possible to obtain an almost perfect nanoribbon in this case. For the case of a frontal 
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collision, the opposite happens: few atoms were involved in the impact, they became 

highly stressed (Figure 6.5e), and a large fraction of them (∼12%) ended up ejected 

from the nanotube. For the most part, the CNT region that collided with the 

substrate broke. For the diagonal impact case, the number of atoms that collided 

with the substrate initially was even smaller than for the frontal case (Figure 6.5e). 

However, although the stress dissipation was similar to the frontal case (Figure 

6.5e), the mass loss distribution is similar to the one obtained for the lateral case 

(Figure 6.5f). To understand this, note that a CNT is more easily deformable along 

the radial direction than along the axial one [14]. Because of this, fewer atoms were 

ejected in the angular case than in the frontal case and only partial unzipping was 

observed. 

 

 

Figure 6.5- Snap shot images of MWCNT  with scale color von Mises 

stress generated using MD simulation at different time. (a) MWCNT at the 

beginning of impact. (b) After 10psec time (c) after 20psec (d) final structure 

at the end of impact. Inset showing radial projection of the CNT. Centre image 
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showing magnified version of the structure. (e) Amount of Stress in atoms 

during impact process (at different time) for three (0, 45 and 90 degree) angle 

of impact. (f) The percentage mass loss of the atoms during the process for   

three different oriented impacts. 

 

Because the dynamics of the MWCNT unzipping is dependent on the number 

of layers in the tubes, quite different mechanism might be expected for single-walled 

carbon nanotubes (SWCNT). This is true, as can be seen in the MD simulation 

snapshots for the SWCNT unzipping, presented in Figure 6.6. Again we have used a 

color-coded scale to indicate the high von Mises stress regions. For this case, the 

bottom wall was simply pushed upward unopposed after the impact with the target 

(Figure 6.6a), and the nanotube folded in. Afterward, the atoms that were at the 

bottom of the CNT kept moving upward (Figure 6.6b), until they collided with the 

atoms at the top (Figure 6.6c), breaking the C=C bonds there. For SWCNTs, the 

unzipping starts from the center of the top wall (Figure 6.6c).  The ejected (lost) 

mass that occurs during the CNT unzipping processes generates a significant 

number of structural defects. In Figure 6.6f, we present images from theoretical 

simulation and from (HR-TEM). As seen in Figure 6.6f, the obtained structures from 

the simulations are quite consistent the experimental data. Figure 6.6g shows 

defects that were formed during the pico seconds (ps) that lead to GNR formation. 

The kinetic energy imparted to the CNTs is transferred to the carbon atoms during 

impact. This energy is larger than the threshold value for breaking the chemical 
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bonds revealed the deformation mechanisms of unzipping CNT under mechanical 

collisions. The unzip effectiveness is highly dependent on tube impact angle with 

respect to the target. This is a new and completely general (that can work even for 

small diameter SWCNTs) way of producing graphene nanoribbons without chemical 

contaminants. Snapshot of lateral projection of the horizontal collision of CNT at 

different time during impact showing the process that shows unzipping process and 

defect generations (Figure 6.7).  
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Figure 6.6- Snapshot generated using MD simulation showing the unzipping 

mechanism of the CNTs. (a) The representative image of CNTs before it 

reaches the target. (b) The stress distribution on the CNTs when it reaches the 

target. (c) The unzipping path that the highest stress distribution has 

concentrated. Inset showing the radial projection of the same. (d) CNTs start 

unzipped from the edge in which the highest stress is concentrated. (e) CNTs 

completely unzipped from the edge. Defect present in unzipped CNT after the 

impact. (f) Image observed in MD simulation and corresponding HRTEM image 

showing the defects and (g) extensive defective membrane. 
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Figure 6.7- Snapshot of lateral projection of the horizontal collision of CNT at 

different time during impact showing the process that shows unzipping 

process and defect generations. 
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6.4. Conclusions  

This is a new method to produce in one-step chemical-free, clean, and high quality 

GNRs. In this, the CNT unzipping is the result of fast process, which allows stress 

concentration in specific CNT regions, for favorable impact angle values. This 

induced mechanical high strain favors the crack propagation along the main tube 

axis,20 thus resulting in the unzipped structures. When these conditions are not 

satisfied, CNT cuttings are favored, as illustrated in Figure 3. The current work 

provides new understanding of the behavior of nanostructures and their mechanical 

failure under high impact.  
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Chapter 7  

Ballistic Fracturing of Nanotubes at 

High Impact 

7.1. Introduction  

A hypervelocity impact (HVI) creates strong shock waves which impart large 

amounts of energy on both the impacting and the target materials [225]. 

Hypervelocity impacts can produce extreme shock pressures on the materials, 

causing stresses that are much larger than their strength and it is one of the crucial 

factors to be considered in the design of aerospace structures [226], [227]. 

Structures used in space vehicles are under the risk of impact with various 

projectiles at varied velocities in outer space. The consequences of these impacts 

can be seriously destructive on the surface of spacecraft and satellites [228]. To 

prevent aerospace vehicles from these kind of damages, spacecraft and satellites 

designers need to be aware of the response of various components and structural 

elements under different velocity impact loading conditions. 

Up to now, different types of materials such as metals and composites have been 
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used for aerospace applications [229], [230], [226]. One major concern of next 

generation aerospace vehicles is the need for materials with unique combination of 

properties, such as ultralight-weight, flexible, radiation resistant, with low solar 

absorptivity, high thermal emissivity, electrical conductivity, tear resistance and 

good mechanical properties [231]. These requirements are needed for advanced 

materials and systems that incorporate these functionalities. CNTs are ideal 

candidates, since they have the required physical and mechanical properties with 

the advantage of being lightweight. They have been extensively studied in the last 

two decades for possible use in different types of engineered materials and 

applications, such as spacecraft, satellites and armor design [232], [233], [234], [34], 

[235], [236], [237], [238], [239], [240]. Before CNTs can be used in aerospace 

applications, however, their response at high impact must be well understood. 

Although, several theoretical and experimental works have been reported on the 

hypervelocity impact of CNTs, their mechanical behavior at high impact is still not 

properly understood [220], [241].  In the previous chapter, we showed that impacts 

at 6.9 km/s induced high mechanical strain, causing crack propagation along the 

tube axis, which resulted in unzipping of nanotubes. The experimental observations 

were further supported by Molecular Dynamics (MD) simulations, which revealed 

that the impact outcome depended on the relative orientation of the CNT and the 

substrate [241].  



 
153 

 

7.2. Experimental  

In this work, we report the mechanical behavior of CNTs at different velocities to 

reveal their response at a range of velocities. We also studied how the nanotubes 

interacted during collision. The impact loads are classified into three categories: 

low-velocity (3.9 km/s), high-velocity (5.2 km/s) and hyper-velocity (6.9km/s) 

impacts.  Fully atomistic reactive molecular dynamics simulations are used to get 

further understanding on the response of nanotubes, their deformation, as well as 

their transformation under high-energy mechanical impact.  

CNTs were synthesized by water-assisted chemical vapor deposition (WACVD) 

on a Si substrate [241].  The synthesized CNTs were manually packed as pellets and 

fed into a two-stage light gas gun (LGG) (Figure 6.1). The spherically shaped CNTs 

were used as projectile against an aluminum target, at the three velocities 

mentioned above. The packed nanotubes are randomly oriented, and hit the target 

at varied orientations (Figure 7.1). Because of the high impact, the spherical CNT 

samples penetrate and disperse on the target surface.  
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Figure 7.1- Schematic view of hyper-velocity experiments and simulations. 

In the former, a pellet composed of randomly oriented CNTs is launched 

against an aluminum target. In the latter, a pair of nanotubes at diverse 

orientations is launched against a an aluminum target. In the latter, a pair of 

nanotubes at diverse orientations is launched against a solid target. 

In order to understand the mechanism behind experimental results, the 

simulations were carried out using the Reactive Force Field (ReaxFF) [221] as 

implemented in the LAMMPS MD package [147]. There are good and reliable ReaxFF 

parameterizations to study carbon nanomaterials. For instance, ReaxFF calculations 

provide excellent agreement with experimental observations on the initial stages of 

CNT formation [242]. ReaxFF has good accuracy when compared to quantum 

methods, at a greatly reduced computational cost [221]. This enabled us to study 

large systems (the structures considered here contain up to 32000 atoms) and for 

long simulation times. Typical simulations were over 500000 time-steps of 0.01 



 
155 

 

femtoseconds. We have considered single, double and triple-walled tubes, with 

diameters varying from 1.36 and 2.03 nm and lengths varying from 10 and 20 nm, 

as well as different chiralities. The targets consisted of 12-6 van der Waals walls: 

atoms that were less than 10 angstroms (Å) from the target would be 

attracted/repelled by it if they were farther/closer than 3.55 Å. A potential energy 

well depth of 0.07 kcal/mol was used. In order to avoid spurious thermal effects 

before running the MD simulations, we first minimized and then equilibrated the 

nanotubes at 300K using a standard Nosé-Hoover thermostat. Subsequently, the 

thermostat was turned off and the structures were shot against the targets. MD 

simulations allowed us to vary CNT velocities, number of tube walls and relative 

tube orientations in relation to the targets. When multiple CNTs were involved, it 

was important to consider not only how they were oriented regarding the target 

substrate, but also among themselves. The relative tube orientation cases 

considered here are indicated in Figure 7.1.  

7.3. Experimental  

In the experiments, the samples were collected from the aluminum target after 

impacts and characterized by Raman Spectroscopy. CNT Raman spectra typically 

have two peaks associated to G-band and the D-band, respectively. While the first 

one is related to sp2 vibrations, the second one comes from the defects on the CNT 

sidewalls [114]. The ID:IG ratio of the as grown CNT pellets is 0.6 and it increases as 

the impact velocity increases (Figure 7.2a). The highest obtained value of ID:IG was 
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1.08 for the hypervelocity case. This shows that, as expected, increasing impact 

velocity results in more CNT structural deformations. This is corroborated by TEM 

images: large amounts of intact nanotubes can still be found in samples resulting 

from low-velocity impacts (Figure 7.2b), while large amounts of graphene 

nanoribbons (GNRs) produced from fractured tubes, can be found in samples from 

hypervelocity impacts (Figure 7.2c).  

Scanning electron microscope images also reveal similar results (Figure 7.3). 

While some CNT bundles survive on the target at low and high impact velocity, CNTs 

were not observed on the target material at hypervelocity impact (Figure 7.3). 

Nanotubes after velocity impact tests were also characterized using X-ray 

photoelectron spectroscopy (XPS) (Figure 7.4). XPS spectra show that the oxygen 

amount does not increase and that there is no other impurity on the surface of the 

nanotubes after the impact. A XPS peak that appeared at 283.49 eV corresponds to 

C-C single covalent bonds, formed due to defect generation. The peak around 285 eV 

can be attributed to C=O covalent bonds, which is also present in the pristine CNT 

samples.  
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Figure 7.2- (a) Raman spectra of CNTs before and after impact at various 

velocities. (b) TEM images of CNTs after impact at low-velocity and (c) 

hypervelocity, (d) and (e) are results from MD simulations detailing the 

fraction of broken bonds versus velocity for various configurations. 

Still regarding the characterization of the CNTs after the impact, it should be 

noted that the role of some possibly important factors, such as number of walls and 
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CNT orientation, could not be directly extracted from the experiments. MD 

simulations were also carried out to further gain insights on these features. 

Regarding the number of walls, our simulations showed that, in comparison to the 

velocity values, this variable played a lesser role in determining the fraction of 

broken bonds (Figure 7.2d), but single-walled CNTs exhibited the highest fracture 

levels. Regarding the relative CNT orientations to the targets, our simulations show 

that CNT perpendicular configuration greatly increase the fraction of broken bonds 

for lower velocities (Figure 7.2e). As the velocity value increases, the differences in 

relation to other configurations decrease. 

 

Figure 7.3- Scanning Electron Microscope (SEM) images of (a) hypervelocity 

impacts, (b) high velocity impact, and (c) low velocity impact. 

 

The highly energetic collisions can also lead to the rehybridization of carbon 

atoms: TEM images (Figure 7.5a and Figure 7.5b) show that nanotubes can be 

transformed into onion-like nanodiamonds and graphitic carbon under 



 
159 

 

hypervelocity impacts. Diffraction pattern of TEM analysis confirmed their presence 

in the samples (Figure 7.5c). We have also carried out MD simulations to determine 

the conditions that favor the formation of sp3 carbon structures. Regarding CNT 

orientation, the configuration of nanotubes perpendicular to the target generally 

precludes the formation of sp3 carbon (Figure 7.5e). Rather than leading to 

structural reconstructions, this arrangement results in a high fraction of broken 

bonds, as shown previously in Figure 7.2e. Conversely, while the results of Figure 

7.2d showed that SWNT had a greater fraction of broken bonds, the ones of Figure 

7.5d reveal that SWNTs have a smaller sp3 carbon fraction. Regarding the role of 

velocity, it played a less important role than in the determination of broken bonds. 

Increasing the velocity beyond 5.5 km/s actually tended to reduce the sp3 carbon 

fraction as shown in Figure 7.5d and Figure 7.5e. 



 
160 

 

 

Figure 7.4- XPS characterization of (a) carbon nanotubes (CNTs), (b) 

hypervelocity impact, (c) high-velocity impact, (d) low-velocity impact. 

Another interesting finding of the TEM imaging of the high impact collision 

samples was the observation of welded GNRs and CNTs (Figure 7.6a and Figure 

7.6b) respectively. The samples used to obtain these images were both from the 

hypervelocity cases. Once again we employed MD simulations to investigate the 

conditions that favored the formation of welded structures. Overall, of the four 

configurations shown in Figure 7.1, only two yielded junctions for the tested 

velocities: (i) the one in blue, in.  



 
161 

 

 

Figure 7.5-  (a) and (b) are TEM images showing nanodiamonds at different 

magnifications, (c) diffraction pattern of nanodiamonds, (d-e) are results from 

MD simulations detailing the fraction of sp3 carbon versus velocity for various 

configurations. 

which the CNTs fall parallel to the substrate side-by-side; (ii) the one in orange, 

in which both CNTs are parallel to the substrate, but one is partially on top of the 

other. Regarding case (i), GNR-GNR junctions were observed when two CNTs 

unzipped and were close enough to weld after unzipping, but not too close to repel 

each other during the unzipping process. Figure 7.6c shows an example in which 
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welding was observed. In this case, two DWNTs with a diameter of 20 Å were 

separated by a distance of 15 Å, and collided with the target at a velocity of 6.0 

km/s. The full collision trajectory is shown in Movie S1, which also highlights a sp3 

carbon region formed during the impact. The inter-tube junctions formed during 

impact exhibit a high level of structural defects. Pentagons, heptagons, octagons, as 

well as, partially open carbon rings, and out of plane atoms were observed (Figure 

7.6d). Regarding the case (ii), both GNR-GNR and CNT-CNT junctions were 

observed, depending on the collision velocity values. For a velocity of 5.5 km/s, the 

energy provided during impact was not enough to unzip the nanotubes, but it was 

enough to create crosslinks between the CNTs at the overlap region. For a velocity of 

6.0 km/s, tube unzipping occurred, and inter-ribbon bonds were observed at the 

overlap region.  

Knowledge of which configurations yield junctions could be used, in principle, to 

design arrays of covalently bonded CNTs of arbitrary shape, assuming that full 

control of the pre-impact configurations could be achieved. We carried out MD 

simulations to exemplify this concept for the configuration shown in Figure 7.7. 

Figure 7.7a shows a square arrangement of CNTs, while Figure 7.7b shows the 

resulting structure after impact against a target at a velocity of 5.2 km/s. We  
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Figure 7.6- (a) TEM images of welded GNRs and (b) CNTs (c) Results of MD 

simulations in which a grain-boundary like region formed at the intersection 

of two welded GNRs. (d) Zoom-in of the welded region. 

observed inter-tube junctions in the four regions in which the nanotubes 

overlapped. The evolution of the potential and kinetic energies during impact is 

presented in Figure 7.7c. The initial kinetic energy corresponds to the thermal 

energy of the CNT atoms at 300 K. At 1ps the array was shot against the target, 

leading to a significant increase in the total kinetic energy of the system. Collision 

occurred at the instant marked by the red dotted line, and during the following 

picosecond the massive kinetic energy was gradually converted into potential 

energy.  This increase was caused by the bonds fractures. Even in the cases in which 
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reconstruction occurred, the resulting atomic arrangements were often less stable 

than the initial perfect hexagons. Figure 7.7d highlights one the four junctions 

obtained, in which even a nonagon can be observed. More than half of the initially 

given kinetic energy was converted into potential energy during the course of the 

collision – and part of it was used to create the bonds that cross-linked the 

nanotubes. 

 

Figure 7.7-(a-b) are, respectively, snapshots of an array of CNTs before and 

after impact at 5.2 km/s against a solid target. (c) Evolution of the kinetic and 

potential energies during the simulation (d) a zoom-in of a CNT-CNT junctions. 
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7.4. Conclusions 

In summary, we performed experiments and MD simulations to investigate the 

structural and dynamical aspects of CNT high velocity impact against metallic targets. 

We investigated how the velocity, number of tube walls and relative orientation of the 

CNT in relation to the target determine the resulting structures after of high velocity 

impact. Our results show that, for a given target, the velocity and orientation of the 

nanotubes are the key factors that determine whether and how fractures occur during 

collisions. For certain orientations, fractures and structural rearrangements can occur (for 

instance carbon hybridization change from sp2 to sp3 ones) leading to the formation of 

nanodiamonds. TEM microscopy and diffraction patterns were used to confirm the 

presence of nanodiamonds in samples resulting from hypervelocity (v = 6.9 km/s) 

impacts. In addition, welded GNRs and CNTs can also result from the highly energetic 

collisions. MD simulations were used to determine which configurations of CNTs were 

likely to generate junctions at the typical velocities employed in the experiments. We 

have also used simulations to demonstrate that, with proper control of the velocity and 

initial CNT arrangements, it is possible to produce covalently bonded nanotube structures 

with arbitrary shapes. Our results show that high impact collisions can be used to produce 

nanodiamonds and possibly even complex cross-linked CNT networks in a chemical-free 

single step process. We hope the present work will stimulate further works along these 

lines. 
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Notes 

 Major portion of chapter 2 has been published in the following research 
article:  S. Ozden, C. S. Tiwary, A. H. C. Hart, A. C. Chipara, R. Romero-Aburto, 
M.-T. F. Rodrigues, J. Taha-Tijerina, R. Vajtai, and P. M. Ajayan, “Density 
Variant Carbon Nanotube Interconnected Solids.,” Adv. Mater., pp. 1–9, 2015. 
–Reproduced by permission of Wiley Materials.  

 Major portion of chapter 3 has been published in the following research 
article: S. Ozden, Y. Yang, C. S. Tiwary, S. Asif, E. S. Penev, B. I. Yakobson, and 
P. M. Ajayan, “Indentation Tests Reveal Geometry-Regulated Stiffening of 
Nanotube Junctions.” Nano Lett. 2016, 16, pp. 232−236.- –Reproduced by 
permission of American Chemical Society.  

 Major portion of chapter 4 has been published in the following research 
article: S. Ozden, T. N. Narayanan, C. S. Tiwary, P. Dong, A. H. C. Hart, R. Vajtai, 
and P. M. Ajayan, “3D Macroporous Solids from Chemically Cross-linked 
Carbon Nanotubes,” Small, vol. 11, no. 6, pp. 688–693, 2015. –Reproduced by 
permission of Wiley Materials.  

 Major portion of chapter 5 has been published in the following research 
article: S. Ozden, L. Ge, T. N. Narayanan, A. H. C. Hart, H. Yang, S. Sridhar, R. 
Vajtai, and P. M. Ajayan, “Anisotropically functionalized carbon nanotube 
array based hygroscopic scaffolds.,” ACS Appl. Mater. Interfaces, vol. 6, no. 13, 
pp. 10608–13, 2014.- Reproduced by permission of American Chemical 
Society.  

 Major portion of chapter 6 has been published in the following research 
article: S. Ozden, P. A. S. Autreto, C. S. Tiwary, S. Khatiwada, L. Machado, D. S. 
Galvao, R. Vajtai, E. V. Barrera, and P. M. Ajayan, “Unzipping carbon 
nanotubes at high impact,” Nano Lett., vol. 14, no. 7, pp. 4131–4137, 2014.- 
Reproduced by permission of American Chemical Society.  

 Theoretical simulations in chapter 3 done by Y. Yang, E. S. Penev and B. I. 
Yakobson. 

 Theoretical simulations in chapter 6 and 7 has done by  P. A. S. Autreto, L. 
Machado and D. S. Galvao. 

 Nanoindentation tests in chapter 3 has done by C. S. Tiwary, S. Bhowmick 
and S. Asif.  
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Appendix A 

Indentation simulations with LAMMPS  

Below we provide the actual script used to produce the force–depth curve in 

Figure 4c in the main text for the Y-junction. This is a representative example of all 

indentation simulations performed. 

#--------------------------------------------------------------------------------------------------  

variable prefix string "Y"  

variable output string ${prefix} 

log log.${output} 

variable Tempi equal 10.0 

variable Tempf equal 10.0 

variable dumpfreq equal 5000 

#-------------------------------------------------------------------------------------------------- 

units metal 

dimension 3 

boundary p p f 
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atom_style atomic 

comm_style tiled 

read_data data.${prefix} 

balance 1.05 rcb 

pair_style airebo 3.0 1 1 

pair_coeff * * CH.airebo C H 

# some useful computes 

compute svir all stress/atom NULL virial 

compute stot all stress/atom NULL 

compute stress all reduce sum c_svir[3] c_stot[3] 

variable szzv equal c_stress[1] 

variable szz equal c_stress[2] 

dump 1 all custom ${dumpfreq} dump.${output} id type x y z & 

c_stot[1] c_stot[2] c_stot[3] c_stot[4] c_stot[5] c_stot[6] 

dump 2 all xyz ${dumpfreq} ${output}_trj.xyz 

dump_modify 2 element C H 
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# support: LJ93 wall 

variable z0 equal bound(all,zmin)-0.5 

variable e equal 0.1 

variable s equal 1 

fix _support all wall/lj93 zlo ${z0} $e $s 2.0 units box 

fix_modify _support energy yes 

# initial relaxation 

thermo_style custom step pe fnorm fmax 

min_style cg 

minimize 0 0 2000 4000 

# indentation setup 

reset_timestep 0 

variable R equal 60.0 

variable v equal 0.01 

variable h0 equal ${R} 

variable bm equal bound(all,zmax) 
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variable z1 equal ${bm}+${h0} 

# loading: move indenter down 

variable k equal 1 

variable z equal vdisplace(${z1},$v*(-1.0)ˆ$k) 

fix _tip all indent 5 sphere 0 0 v_z $R units box 

variable _tipxy equal sqrt(f__tip[1]ˆ2+f__tip[2]ˆ2) 

thermo ${dumpfreq} 

thermo_style custom step temp pe etotal press pxx pyy pzz & 

v_szzv v_szz v_z f__tip[3] v__tipxy 

fix _thermo all langevin ${Tempi} ${Tempf} 0.1 483643 

velocity all create ${Tempi} 4928459 dist gaussian mom yes rot yes units box 

fix _run all nve 

fix _noxy all momentum 1 linear 1 1 0 angular  

restart ${dumpfreq} restart1.${output} restart2.${output} 

timestep 0.001 

run 1665000 
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# unloading: move indenter up 

variable t equal step 

variable k equal 2 

variable z equal vdisplace(${z1},$v*(-1.0)ˆ$k)-($v*$t*dt) 

run 1665000 

#-------------------------------------------------------------------------------------------------- 

 

 


