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Preface

 

Carbon nanotubes (CNTs) represent one of the most significant materials discoveries of the modern scientific era.  Since their  emergence in  the  early 1990s, carbon  nanotubes have transformed scientific understanding of  nanoscale materials and have become ce ntral to advances in materials science, electronics, energy storage, aerospace engineering, biomedical technologies,  environmental  sustainability,  artificial  intelligence  hardware,  and  future manufacturing systems. 

The  extraordinary combination  of  properties  exhibited  by  carbon  nanotubes —including exceptional mechanical strength, remarkable electrical conductivity, outstanding thermal transport capability, low density, chemical tunability, and nanoscale dimensions —has enabled applications  spanning  nearly  every  major  technological  sector.  As  humanity  confronts challenges associated with sustainable energy, intelligent infrastructure, advanced healthcare, climate change mitigation,  resource efficiency, and  the  increasing demands of  artificial intelligence, carbon nanotubes are  positioned to  play  an  increasingly important  role  in shaping future technologies. 

This  book  was  developed to  provide a  comprehensive and interdisciplinary treatment of carbon  nanotube  science,  engineering,  applications,  commercialization,  and  future technological impact. Unlike many existing texts that focus primarily on either fundamental science or specific application areas, this volume integrates the full spectrum of CNT research and development, from atomic structure and synthesis to industrial deployment and future societal implications. 

The text is organized into six major parts. 

Part I: Fundamentals introduces the scientific foundations of carbon nanotubes, including structure, chirality, synthesis, characterization, and fundamental mechanical, electrical, and thermal properties. 

Part II: Electronics and Computing explores CNT-based electronics, post-silicon computing architectures,  artificial  intelligence  hardware,  neuromorphic  systems,  and  quantum technologies. 

Part  III:  Energy  Technologies examines the  role  of  CNTs  in  batteries, supercapacitors, hydrogen systems, fuel cells, renewable energy systems, and energy harvesting technologies. 

Part IV: Aerospace, Transportation, and Infrastructure addresses advanced composites, space technologies, smart infrastructure, sensing systems, and future transportation applications. 

Part  V:  Thermal  and  Environmental  Applications  discusses  thermal  management technologies,  data-center  cooling,  carbon  capture,  water  treatment,  sustainability,  and environmental engineering applications. 

 

iii Part  VI:  Future Technologies and  Commercialization examines biomedical applications, industrial manufacturing, commercialization pathways, regulatory considerations, and future technological roadmaps extending through the twenty-first century. 

To  support  researchers, engineers, and students, the book  includes extensive appendices covering mathematical foundations, synthesis methods, characterization techniques, material property databases, standards and regulations, industrial ecosystems, artificial intelligence tools, future technology roadmaps, and worked engineering examples. 

This textbook is intended for a broad audience including: 

•  Graduate students in engineering, materials science, chemistry, physics, 

nanotechnology, and applied sciences 

•  Academic researchers and postdoctoral scholars 

•  Industrial scientists and engineers 

•  Technology developers and entrepreneurs 

•  Government and policy professionals 

•  Advanced undergraduate students seeking a comprehensive introduction to carbon 

nanotube science and engineering 

Although significant effort has been made to ensure technical accuracy and scientific rigor, carbon  nanotube  science  remains  a  rapidly  evolving  discipline.  New  discoveries, manufacturing methods, regulatory frameworks, standards, and commercial technologies continue to emerge. Readers are therefore encouraged to consult current scientific literature, technical  standards, regulatory  guidance, and  professional  engineering resources when applying  information  contained  in  this  book  to  research,  product  development, manufacturing, healthcare, or commercial activities. 

The future of  carbon nanotube technology remains one of  the  most exciting frontiers in modern science and engineering. The most transformative applications may still lie ahead. As advances  in  artificial  intelligence,  quantum  technologies,  sustainable  energ y  systems, biomedical engineering, and space exploration accelerate, carbon nanotubes are likely  to become increasingly integrated into the technological infrastructure of modern society. 

It is our hope that this book serves not only as a comprehensive technical reference but also as  a  source  of  inspiration  for  students,  researchers,  engineers,  entrepreneurs,  and policymakers working to shape the future of nanotechnology and advanced materials. 

The  story  of  carbon  nanotubes is  still  being  written.  The  coming decades may  witness innovations that  today  seem extraordinary but  tomorrow  become commonplace. Those innovations  will  be  built  upon  the  scientific  foundations,  engineering  principles,  and technological opportunities explored throughout this book. 
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How To Use This Book

 

This textbook has been designed to serve multiple audiences and may be used in several ways. 

For  students, the  book  provides  a  structured introduction  beginning  with  fundamental principles and progressing toward advanced applications and future technologies. 

For researchers, the book serves as a reference covering synthesis, characterization, materials properties,  electronics,  energy  systems,  biomedical  applications,  manufacturing, commercialization, and future research directions. 

For  practicing  engineers, the chapters and appendices provide engineering data, design methodologies, worked examples, standards information, and technology roadmaps that can support industrial development and product innovation. 

For industry leaders, entrepreneurs, and policymakers, the later chapters provide insight into commercialization pathways, market development, technology readiness levels, sustainability considerations, and long-term strategic opportunities. 

Readers may approach the book sequentially or use individual chapters and appendices as stand-alone references depending upon their interests and technical background. 
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Disclaimer

 

The information presented in this book is provided solely for educational, informational, and scholarly purposes. While every reasonable effort has been made to ensure the accuracy, completeness, and reliability of the material presented, the author(s), editor(s), contributors, and publisher make no warranties, express or implied, regarding the accuracy, applicability, completeness, or suitability of the information contained herein. 

The content of this book should not be interpreted as professional engineering advice, legal advice, regulatory guidance, medical advice, clinical recommendations, investment advice, business consulting, or  safety  certification.  Readers are  solely  responsible  for  verifying information through current standards, peer-reviewed literature, regulatory authorities, and qualified  professionals  before  applying  any  concepts,  methods,  materials,  designs, calculations, or technologies described in this book. 

Carbon  nanotubes and related nanomaterials may  present occupational, environmental, health, safety,  regulatory, and  ethical considerations. Individuals involved in  laboratory research,  industrial  manufacturing,  product  development,  transportation,  storage, commercialization, healthcare applications,  or  environmental deployment should comply with all applicable local, national, and international regulations, standards, workplace safety requirements, and professional best practices. 

References to commercial products, organizations, manufacturers, technologies, standards bodies,  or  regulatory agencies are provided solely  for  educational purposes and do  not constitute  endorsement, recommendation, or  preference  by  the  author(s), editor(s ), or publisher. 

The author(s), editor(s), contributors, and publisher disclaim all liability for any loss, damage, injury,  regulatory action, business interruption, economic consequence, or other outcome resulting directly or indirectly from the use or misuse of information contained in this book. 

Scientific  knowledge,  industrial  practices,  regulatory  frameworks,  and  commercial technologies  evolve continuously.  Readers should  consult  the  most  current  sources  of information  before  making  research,  engineering,  medical,  environmental,  financial, regulatory, or commercial decisions. 

All  trademarks,  trade  names,  company  names,  product  names,  and  registered  marks mentioned in this book remain the property of their respective owners and are acknowledged solely for identification and educational purposes. 

By  using  this  book,  the  reader  acknowledges  and  accepts  these  limitations  and responsibilities. 
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PART I

 

 

Fundamentals 

 

Structure, chirality, synthesis, and the mechanical, electrical, and thermal behavior of carbon nanotubes.
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CHAPTER  1

 

Introduction to Carbon Nanotubes 

 




Chapter Learning Objectives

After completing this chapter, readers should be able to: 

1.  Explain the historical development of nanotechnology and carbon nanotube science. 

2.  Describe the atomic structure and bonding characteristics of carbon. 

3.  Differentiate among the major carbon allotropes. 

4.  Explain the discovery and significance of carbon nanotubes. 

5.  Distinguish between single-walled and multi-walled carbon nanotubes. 

6.  Understand the concept of chirality and its influence on CNT properties. 

7.  Recognize the unique mechanical, electrical, and thermal characteristics of CNTs. 

8.  Evaluate the importance of CNTs in modern technology. 

9.  Identify major industrial applications of CNTs. 

10.  Assess future opportunities and challenges associated with CNT commercialization. 

 

1.1  The Materials That Changed Civilization 

Human technological progress has always been closely linked to the discovery and utilization of  new materials. The Bronze Age emerged from advances in  metallurgy. Iron and  steel enabled industrialization. Silicon  became the  foundation of  the  information re volution. Today,  the  world  stands  at  the  threshold  of  another  materials  revolution  driven  by nanotechnology. 

The  twenty-first  century  is  increasingly  characterized  by  technologies  that  operate  at dimensions  approaching  atomic  and  molecular  scales.  Artificial  intelligence  systems, advanced batteries, quantum devices, biomedical sensors, and next-generation aerospace structures  all  require  materials  capable  of  delivering  unprecedented  combinations  of performance characteristics. 

Among the many advanced materials investigated during the modern era, carbon nanotubes (CNTs) occupy a unique position. Since their discovery in 1991, CNTs have emerged as one of the most promising nanomaterials ever developed. Their remarkable combination of strength, 
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electrical conductivity, thermal transport capability, chemical stability, and low density has stimulated extensive research across nearly every major scientific and engineering discipline. 

Unlike conventional engineering materials that often excel in only one performance category, carbon nanotubes possess a multifunctional nature that allows them to address challenges across diverse technological sectors simultaneously. This convergence of properties has led many researchers to  view CNTs as potential enabling materials for future generations of computing,  transportation,  energy  systems,  healthcare  technologies,  and  sustainable infrastructure. 

 

1.2  The Emergence of Nanotechnology 

Nanotechnology may be broadly defined as the science and engineering of materials, devices, and  systems  whose  characteristic  dimensions  lie  between  approximately  1  and  100 nanometers. 

A nanometer (nm) is: 

[image: ]

 

At these dimensions, materials often exhibit behaviors that differ substantially from their bulk counterparts. Quantum effects become increasingly important, surface atoms represent a larger fraction of total atoms, and atomic-scale interactions dominate material performance. 

The  conceptual  origins  of  nanotechnology  are  often  attributed  to  Richard  Feynman's landmark 1959 lecture, There's  Plenty  of  Room at  the  Bottom.  Feynman envisioned the possibility  of  manipulating  individual  atoms  and  molecules  to  construct  entirely  new materials and devices. 

Although the tools necessary to realize this vision did not yet exist, subsequent developments transformed nanotechnology into a practical scientific discipline. Key milestones included: 

•  Transmission electron microscopy (TEM) 

•  Scanning tunneling microscopy (STM) 

•  Atomic force microscopy (AFM) 

•  Advanced lithographic techniques 

•  Molecular-scale fabrication methods These advances enabled scientists to  directly  observe and manipulate matter at  atomic dimensions. 

By  the  late  twentieth century,  numerous nanomaterials had  been discovered, including quantum  dots,  fullerenes,  graphene,  nanowires,  and  carbon  nanotubes.  Among  these materials,  CNTs  rapidly  attracted  worldwide  attention  because  of  their  extraordinary properties and broad application potential. 
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1.3  Carbon: Nature's Most Versatile Engineering Element 

The remarkable properties of carbon nanotubes originate from the unique characteristics of carbon itself. 

Carbon occupies Group 14 of the periodic table and possesses four valence electrons. This electronic configuration allows carbon to  form strong covalent bonds with itself and with numerous other elements. 

Carbon can form: 

•  Single bonds 

•  Double bonds 

•  Triple bonds 

This bonding flexibility gives rise to an unparalleled diversity of molecular and crystalline structures. 

The discovery of graphene in 2004 further enhanced interest in carbon-based nanomaterials and reinforced the understanding of CNTs as rolled graphene structures. 

No other engineering element exhibits such a wide range of stable allotropes.

[image: ]
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1.4  Discovery of Carbon Nanotubes 

Although filamentous carbon structures had been observed previously, the modern era of carbon nanotube research began with the pioneering work of Sumio Iijima in 1991. 

While investigating carbon deposits generated during fullerene synthesis experiments, Iijima used transmission electron microscopy to identify nanoscale cylindrical graphitic structures consisting of multiple concentric carbon layers. 

These structures possessed: 

•  Nanometer-scale diameters 

•  Micrometer-scale lengths 

•  Hollow cylindrical morphology 

•  Highly ordered graphitic walls 

The discovery immediately attracted scientific attention because the structures appeared capable of  combining several highly  desirable engineering characteristics within  a  single material: 

•  Exceptional strength 

•  High conductivity 
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•  Low weight 

•  Excellent thermal transport 

•  Chemical stability 

Within only a few years, carbon nanotubes became one of the most actively studied subjects in materials science. 

 

1.5  What Is a Carbon Nanotube? 

A carbon nanotube is a hollow cylindrical nanostructure composed entirely of carbon atoms arranged in a hexagonal graphene lattice. 

Conceptually, a CNT can be visualized as a graphene sheet rolled seamlessly into a cylinder. 

The dimensions of carbon nanotubes are extraordinary.  

One of the most important characteristics of CNTs is their extremely high aspect ratio. 

The aspect ratio is defined as: 

[image: ]

 

where: 

•   L= nanotube length 

•   D= nanotube diameter 

Values exceeding one million are not uncommon. 

Such  geometries contribute  significantly  to  the  exceptional  reinforcing  and  conductive capabilities of CNT materials. 

 

1.6  Types of Carbon Nanotubes 

Carbon nanotubes are generally classified according to the number of concentric graphitic walls. 

Single-Walled Carbon  Nanotubes  (SWCNTs) 

SWCNTs consist of a single graphene cylinder. 

Typical diameters range from approximately 0.7 to 3 nm. 

Important characteristics include: 

•  High electrical conductivity 

•  Excellent flexibility 

•  Strong quantum effects 

•  Suitability for nanoelectronics 
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Multi-Walled Carbon  Nanotubes  (MWCNTs) 

MWCNTs consist of multiple concentric graphene cylinders sharing a common axis. 

Advantages include: 

•  Greater mechanical robustness 

•  Easier manufacturing 

•  Lower cost 

•  Better industrial scalability 

Today, MWCNTs dominate most commercial applications. 

[image: ]

 

1.7  Chirality: Why Geometry Matters 

Unlike most engineering materials, CNT properties depend not only on chemical composition but also on atomic geometry. 

The arrangement of carbon atoms around the nanotube circumference is described by the chiral vector: 

[image: ]

 

where: 

•   n,mare chiral indices 
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•   a₁,a₂are graphene lattice vectors The nanotube diameter is given by: 

[image: ]

 

where a = 0.246nm. 

Depending on their chirality, carbon nanotubes may behave as either metallic conductors or semiconductors, even though they are composed entirely of carbon atoms. This remarkable relationship between atomic geometry and electronic structure is unique among engineering materials. By selecting the appropriate chiral indices (𝒏, 𝒎), researchers can tailor nanotubes for specific electrical, optical, and mechanical applications. As a result, carbon nanotubes have become  leading  candidates for  next-generation  nanoelectronics, field-effect  transistors, sensors, flexible electronics, quantum devices, and high-performance interconnects. 

[image: ]
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1.8  Why Carbon Nanotubes Matter 

Few materials combine multiple exceptional properties simultaneously. 

Mechanical  Properties 

Individual CNTs exhibit tensile strengths exceeding: 

[image: ]

 

and Young's moduli approaching: 

[image: ]

 

These values exceed those of most conventional engineering materials. 

Electrical  Properties 

Certain CNTs support near-ballistic electron transport, allowing charge carriers to travel long distances with minimal scattering. 

Current densities exceeding: 

[image: ]

 

have been reported. 
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Thermal  Properties 

Individual CNTs may exhibit thermal conductivities exceeding: 

[image: ]

 

making them among the most effective heat-conducting materials known. 

[image: ]

 

1.9  Carbon Nanotubes in Modern Technology 

CNTs  have  steadily  transitioned  from  laboratory  materials  into  commercially  relevant technologies. 

Major application areas include: 

Energy  Storage 

•  Lithium-ion batteries 

•  Sodium-ion batteries 

•  Solid-state batteries 

•  Supercapacitors 

 

Electronics 

•  CNT transistors 
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•  Flexible electronics 

•  Transparent conductors 

•  Interconnect technologies 

Artificial Intelligence Infrastructure 

•  Thermal interface materials 

•  Heat spreaders 

•  High-current interconnects 

•  Future neuromorphic hardware 

Aerospace 

•  Lightweight composites 

•  Conductive structures 

•  Satellite systems 

•  Electric aviation 

 

Environmental  Technologies 

•  Water purification 

•  Carbon capture 

•    Environmental sensing 

 

1.10  Challenges and Opportunities 

Despite enormous progress, several challenges remain. 

Major challenges include: 

•  Manufacturing consistency 

•  Chirality control 

•  Purification 

•  Dispersion 

•  Integration into existing manufacturing systems Cost reduction 

At the same time, expanding demand from: 

•  Artificial intelligence 

•  Electric vehicles 

•  Renewable energy 
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•  Advanced electronics 

•  Aerospace systems 

continues to accelerate commercialization. 

The future success of CNT technologies will depend on overcoming these manufacturing and economic barriers while preserving their exceptional performance advantages. 

[image: ]

 

2026  snapshot:  the CNT market  today

As  of  2026,  the  global carbon-nanotube market is  estimated at roughly  US$2.7  billion  and  is 

projected to  grow  at  about  15–16%  annually toward  the  early  2030s.  Multi-walled nanotubes 

account for a majority of volume (on the order of two-thirds) owing to their lower cost, while single-

walled  nanotubes  are  the  fastest-growing  segment,  driven  by  electric-vehicle  batteries  and 

semiconductors. East Asia leads global production capacity, and electronics together with energy 

storage are the dominant demand sectors.
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1.11  Looking Ahead 

Historically, transformative technological eras have often been defined by the materials that enabled them. Steel supported industrialization. Silicon enabled the digital revolution. Carbon fiber transformed aerospace engineering. 

Carbon  nanotubes possess many  of  the  characteristics necessary to  influence the  next technological era. 

Their unique combination of mechanical strength, electrical conductivity, thermal transport capability, low density, and nanoscale dimensions positions them as strategic materials for emerging technologies ranging from advanced computing and electrified transportation to quantum systems and sustainable infrastructure. 

The chapters that follow build upon this introduction by examining the structure, synthesis, properties, manufacturing technologies, and applications that make carbon nanotubes one of the most important advanced materials of the twenty-first century. 

 




Chapter Summary

Carbon nanotubes are cylindrical graphene-derived nanostructures possessing extraordinary mechanical, electrical, and thermal properties. Since their  discovery in  1991,  CNTs have become central to modern nanotechnology research and commercialization. Their unique behavior originates from strong carbon-carbon bonding, nanoscale dimensions, and chirality-dependent electronic  structure. CNTs  are  increasingly  utilized  in  batteries, electronics, aerospace systems, thermal management technologies, and  environmental applications. Although challenges remain in manufacturing consistency, purification, chirality control, and cost reduction, carbon nanotubes continue to emerge as strategically important materials for future technological systems. 

 

Key Takeaways

1.  Carbon nanotubes are among the most important nanomaterials discovered in 

modern science. 

2.  CNTs originate from graphene sheets rolled into cylindrical structures. 

3.  Carbon's versatile bonding enables the formation of diverse allotropes. 

4.  CNT properties depend strongly on chirality and atomic structure. 

5.  SWCNTs and MWCNTs possess distinct characteristics and applications. 

6.  CNTs exhibit exceptional strength, conductivity, and thermal transport. 

7.  Energy storage remains one of the largest commercial CNT markets. 

8.  Artificial intelligence is creating new opportunities for CNT technologies. 
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9.  Manufacturing consistency remains a major challenge. 

10.  CNTs may become foundational materials for future technological systems. 

 

Review Questions

1.  What factors led to the emergence of nanotechnology? 

2.  Why is carbon considered a uniquely versatile engineering element? 

3.  Compare the structures of diamond, graphite, graphene, and CNTs. 

4.  What was the significance of Sumio Iijima's discovery? 

5.  How do SWCNTs differ from MWCNTs? 

6.  What is chirality and why is it important? 

7.  Why can CNTs behave as either metals or semiconductors? 

8.  What properties make CNTs technologically important? 

9.  Which industries currently utilize CNT technologies? 

10.  What barriers continue to limit CNT commercialization? 

 

Advanced Research Questions

1.  Can industrial-scale chirality-controlled synthesis become economically viable? 

2.  What theoretical limits govern CNT conductivity? 

3.  How can CNT manufacturing be made more sustainable? 

4.  What role will CNTs play in post-silicon computing? 

5.  Can CNT conductors compete economically with copper? 

6.  How can CNTs improve future AI hardware? 

7.  What environmental implications accompany widespread CNT deployment? 

8.  Can CNTs enable commercially viable quantum technologies? 

9.  Which CNT applications are most likely to dominate by 2040? 

10.  Will CNTs become a strategic material comparable to silicon? 

 

Exercises

 

Exercise 1.1 

Calculate the aspect ratio of a CNT with a diameter of 2 nm and a length of 20 μm.

Exercise 1.2 

Prepare a comparison table of major carbon allotropes. 
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Exercise 1.3 

Calculate the diameter of a nanotube having chirality indices (10,10). 

Exercise 1.4 

Investigate a current commercial application of CNTs and prepare a technical report. 

Exercise 1.5 

Evaluate the role of CNTs in future artificial intelligence infrastructure. 
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CHAPTER  2

 

Structure, Chirality, and Properties of Carbon 

 

Nanotubes 

 




Chapter Learning Objectives

After completing this chapter, readers should be able to: 

1.  Describe the atomic structure of carbon nanotubes. 

2.  Explain the relationship between graphene and CNTs. 

3.  Distinguish among armchair, zigzag, and chiral nanotubes. 

4.  Calculate nanotube diameter from chiral indices. 

5.  Understand the origin of metallic and semiconducting behavior. 

6.  Relate structure to mechanical, electrical, and thermal properties. 

7.  Evaluate the influence of defects on CNT performance. 

8.  Understand the significance of aspect ratio and dimensionality. 

9.  Compare single-walled and multi-walled nanotubes from a structural perspective. 

10.  Assess how structural engineering influences CNT applications. 

 

2.1  Introduction 

The extraordinary performance of carbon nanotubes originates from their atomic structure. Unlike  conventional  engineering  materials  whose  behavior  is  largely  determined  by microstructure, grain boundaries, and chemical composition, CNTs derive many of  their remarkable characteristics directly from the arrangement of individual carbon atoms. 

A change involving only a few atomic positions can dramatically alter electrical conductivity, thermal transport, mechanical strength, optical absorption, and chemical reactivity. 

This strong structure-property relationship distinguishes carbon nanotubes from nearly every conventional engineering material. 

Understanding CNT structure is therefore essential for understanding their applications in electronics, energy storage, aerospace systems, sensors, thermal management technologies, and emerging quantum devices. 
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This  chapter  examines the  atomic  architecture of  carbon  nanotubes and  explains  how nanoscale geometry governs their unique properties. 

 

2.2  Atomic Structure of Carbon  Nanotubes 

Carbon nanotubes consist entirely of carbon atoms arranged in a hexagonal honeycomb lattice identical to that found in graphene. 

Each carbon atom is bonded to three neighboring carbon atoms through strong sp² covalent bonds. 

The carbon-carbon bond length is approximately: 
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Figure 1.1 The Carbon Allotrope Family

The same element forms structures ranging from three-dimensional diamond to the one-dimensional nanotube,
each with markedly different properties.

Dimensionality decreases 1D

Diamond (3D) Graphite (2D) Graphene (2D) Fullerene Cg, (OD) Carbon Nanotube (1D)

-

sp* bonded network sp? bonded sheets single atomic sheet closed molecular cage rolled graphene cylinder
(tetrahedral) (Iayered) (two-dimensional) (zero-dimensional) (one-dimensional)

Allotrope Diamond (3D) Graphite (2D) Graphene (2D) Fullerene Cg, (OD) Carbon Nanotube (1D)
Structural Type 3D network Layered sheets Single atomic layer Closed cage Cylindrical tube

s 2 (in-plane),
Bonding sp? s (-planch, sp? sp? sp?

9 P van der Waals (between layers) Bl i g
Dimensionality Three-dimensional Two-dimensional Two-dimensional Zero-dimensional One-dimensional
Key Feature Extreme hardness Layered, lubricating Uiiatsifiiningss; Sghencal oymmsiry., nghA SopEot ratlo,.

and strength molecular exceptional properties
Electrical Behavior Insulator Good conducror Excellent conductor Semiconductor Wetallc.or.
(in-plane) semiconducting
RepresentativelUsss Cutting tools, optics, Lubricants, electrodes, Electronics, sensors, Research, drug delivery, Composites, electronics,

heat spreaders refractories transparent conductors optoelectronics energy systems
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Table 1.1 Comparison of the Principal Carbon Allotropes

Allotrope Dimensionality Representative Use

sp® Extreme hardness; Abrasives, optics,

wide band gap heat spreaders

Graphite sp? (layered) 3-D stack In-plane conduction; Electrodes, lubricants

lubricity -,

E0 S ‘o X\

Graphene sp? 2-D Highest known Sensors, transparent
in-plane mobility conductors

= -Q@ -
’ @ |
Fullerene (Cgo) sp? (curved) 0-D Closed molecular cage Photovoltaics, catalysis
Carbon nanotube sp2 (rolled) Multifunctional; Batteries, composites,
% chirality-dependent i electronics
Amorphous carbon Tunable resistivity Coatings, carbon black

& o <
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Table 1.2. Order-of-magnitude comparison of nanotube properties
with common structural and conductor metals.

SWCNT Steel
(indiVidual) (high-Strength) m

OI Tensile strength
< 15bs) up to ~100 0.4-2.0 0.2-0.4 0.1-0.6
x” a

il Young'’s modulus

M ~1.0 0.20 0.12 0.07
(TPa)

Density
q& : 1.3-1.4 7.85 8.96 2.70
(gem™)

Thermal conductivi
Y upto~3500 ~50 ~400 ~737
(Wm™ K"
Max current density 9 6 5
~10 = ~10 ~10
+ (Acm™)
v Values are order-of-magnitude and depend on grade, diameter, chirality, purity,

*»  Notes:
',Q\' temperature, and measurement method.

SWCNT = Single-walled carbon nanotube (individual, defect-free ideal case).
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Figure 1.4 Chirality of a carbon nanotube defined by the chiral vector C,, = na, + ma, on a graphene lattice.
Resulting nanotube

Chiral vector (rolled along C,))
C,, = na; + ma,

« n, m are chiral indices
« a,, a, are graphene lattice vectors

Tube diameter

a
dy= ;\/nz + nm + m?

where a = 0.246 nm

Chiral angle 6
tanf = Tube axis
Zigzag direction (a;) (n,m) ~ 2n+m
0°<6<30°
Figure 1.5 Representative nanotube chiralities—armchair, zigzag, and chiral.
The atomic arrangement determines whether the nanotube exhibits metallic or semiconducting behavior,
highlighting the fundamental role of geometry in carbon nanotube electronics.
(a) Armchair (n =m) (b) Zigzag (m =0) (c) Chiral (0 < 6 < 30°)

Example: Example: (8,0)

6 = 30° 6=0° 0°<6<30°
Metallic Metallic if n = 3q Metallic if (n—m) = 3q
(all armchair CNTs) Semiconducting Semiconducting
ifn#3q if (n—m) # 3q

7. Rule of thumb:
Q A CNT is predicted to be metallic if (n—m) = 3q (g = integer); otherwise it is semiconducting.
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Figure 1.6. Relative performance profile of carbon nanotubes against conventional engineering materials.
Scores are normalized to the best-in-class value on each axis (order-of-magnitude, illustrative).

Tensile Strength

(GPa)
=
1 (best)
Specific Stiffness Young’s Modulus
(Modulus / Density) (TPa)

@

(Higher is better)

Specific Strength Electrical
(Strength / Density) Conductivity
(S/m)

4

(Higher is better)

Flexibility
(Strain to failure, %)

A

(Higher is better)

(W/m-K)
Density @
(g/cm?)

5

(Lower is better)

Notes: Values are representative and order-of-magnitude. Actual results depend on grade, processing,

measurement method, and conditions.

Carbon Nanotubes (CNTs)
High-Strength Steel

Aluminum Alloy (7075-T6)
Titanium Alloy (Ti-BAl-4V)
Carbon Fiber (PAN-based)

Silicon (Single Crystal)

s
—
——
——
—o—
——
—o—

Copper

How to read
Each axis is normalized to the best material
which receives a score of 1.

The scale s logarithmic (order-of-magnitude).

Key takeaways

« CNTs lead in tensile strength, specific
strength, specific stiffness, electrical and
thermal conductivty.

* CNTs combine high performance with
very low density, making them exceptional
multifunctional materials.
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Figure 1.2 Conceptual formation of a nanotube

A graphene sheet is rolled along the chiral vector C, = n-a; + m-a,
into a seamless cylinder; the resulting aspect ratio can exceed one million.

Step 1: Graphene sheet Step 2: Rolling along C,, Step 3: Nanotube (seamless cylinder)

f Tube axis

Atomic view
Seamless sp? network

= G %

\

Ultra-high aspect ratio

Length / Diameter

> 108

( can exceed one million )

\
Chiral vector |
Defines the circumference of the nanotube. '

|

| Different (n,m) give different chiralities.

Examples:
| (n,0) zigzag (n,n) armchair (n,m) chiral

. it | " 5 Length 5
C, — circumference () | Tubeaxis — length Aspect ratio = > 10






index-18_2.png
Ch =nai +max





index-19_2.jpg
Single-Walled Carbon Nanotube (SWCNT)

Figure 1.3 Single-walled versus multi-walled architecture, shown in cross-section.
MWCNTSs contain concentric walls spaced by about 0.34 nm and dominate today’'s commercial market.

Multi-Walled Carbon Nanotube (MWCNT)

Diameter Outer diameter
~0.7 -3 nm |
i

~2 - 100+ nm

Inter-wall
P spacing
f T ~0.34 nm

One graphene wall Multiple graphene walls
(thickness ~ 0.34 nm) (each wall thickness ~ 0.34 nm)

Structure: One cylindrical graphene sheet Structure: Concentric graphene cylinders

Typical diameter: ~0.7 - 3 nm Typical diameter: ~2 - 100+ nm
Length: Up to several micrometers Length: Up to several micrometers

Key features: Unique chirality; high aspect ratio; Key features: Higher current capacity; greater mechanical
metallic or semiconducting robustness; cost-effective; dominant in industry

CIN6J0]

Comparison Summary m
+ SWCNT: Single wall — precise electronic properties, but costlier to produce. m’, '1 =0.34'm

* MWCNT: Multiple walls spaced by ~0.34 nm — mechanically stronger, easier to synthesize, widely used. %
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