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Materials are the basis of the evolution of human civilization. The pursuit of the ultimate properties of materials,
such as super strength and super toughness, has strongly promoted the development of human culture. Carbon
nanotubes (CNTs) with superior mechanical properties are expected to play a role in the next generation of critical

engineering mechanical materials.
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| 1. Introduction

Materials are the basis of the evolution of human civilization. The pursuit of the ultimate properties of materials,
such as super strength and super toughness, has strongly promoted the development of human culture. In 1895,
Konstantin Tsiokovsky, a Soviet scientist, put forward building a “sky castle” at the top of a giant tower, which later
evolved into the concept of “space elevator”. By connecting the earth and the space station with a cable, people
can achieve space sightseeing and transport items to the space station [X. However, the biggest challenge of this
concept is finding light and strong cable that can overcome its gravity. A variety of nanostructures can be
composed of single carbon elements, such as fullerenes (0D), carbon nanotubes (1D), and graphene (2D). Carbon
nanotubes (CNTs) are cylinders rolled from single or multi-layer graphene sheets. Single-walled carbon nanotubes
(SWCNTs) are cylinders rolled from a single-layer graphene sheet, while double-walled carbon nanotubes
(DWCNTs) and multi-walled carbon nanotubes (MWCNTs) are composed of two and multiple layers of rolled
graphene sheets, respectively. As one of the strongest chemical bonds in nature 28, the in-plane o covalent bond
of graphene formed by sp? hybridization endows CNTs with extremely high axial Young’s modulus (~1.1 TPa) and
tensile strength (~120 GPa). Theoretical calculations have shown that CNTs are the most probable material to help
mechanical materials achieve a breakthrough and even realize the “space elevator” dream [, However, CNTs with
extremely excellent mechanical properties are nanoscale solids, and practical applications require macro-scale
materials. It is the prerequisite for CNTs to play a significant role in practical applications that they can maintain

excellent mechanical properties after being assembled from a single nanoscale unit to a macroscopic aggregate.

In recent years, rapid progress has been made in the preparation and mechanical properties optimization of carbon
nanotube fibers (CNTFs). Different spinning methods of CNTFs have been put forward and improved upon, and
CNTFs with a tensile strength comparable to carbon fibers (CFs) have been prepared WEISIA, However, their
mechanical properties are still far lower than single CNTs [, which also shows an unsatisfactory phenomenon of

property transfer across scales. Theoretical calculations and experimental results show that the tensile strength of
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CNTs with a nanoscale diameter can exceed 100 GPa B8, CNT bundles with a diameter of 10-100 nm can have a
tensile strength of up to 80 GPa 19, CNTFs with a diameter of more than 1 um, as a representative of macro
assemblies of CNTs, have a maximum tensile strength of only 9.6 GPa 4 which is far lower than the intrinsic
mechanical strength of CNTs. The reasons for such cross-scale tensile strength transfer are mainly due to defect
accumulation and the lack of ideal tube—tube interactions during CNT assembly. Defects can have a fatal effect on
the strength of CNTs (11121 \with the increase in fiber size, defects also accumulate across scales. The
improvement of strength for CFs and CNTFs is closely related to the reduction in defect size 2314 For CFs, the
tensile strength was increased from about 1 GPa to 10 GPa when the defect size was reduced from the micron to
the nano scale. For CNTs, due to the fewer defects in structure compared with CFs, less attention was paid to their
precise structural control, especially defects, resulting in their tensile strength having long been at a lower level.
Until the 2000s, a series of achievements were made in the prepration of defect-free CNTs, which have shown
extraodinary tensile strength performance both at the single-tube and bundle levels B3l Therefore, the
preparation of ideal solids such as defect-free or defectless CNTs is the basis for preparing CNTFs with high tensile
strength. At the same time, many studies have shown that the mechanical properties of CNTFs can be significantly
influenced by the tube—tube interactions involving orientation, length, and density. It is of great significance to
regulate the tube—tube interactions and precisely control the atomic defects for the improvement of CNTSs’
mechanical tensile strength &I26I[171[18]

| 2. The Structure and Preparation of Carbon Nanotubes

2.1. The Structure of Carbon Nanotubes

CNTs can be seen as a graphene sheet curled into a cylinder with a nanoscale diameter 1229 Carbon atoms in
CNTs are linked by sp? hybrid covalent bonds, which is one of the strongest chemical bonds in nature 22
providing graphite materials with extremely high in-plane Young’s modulus and tensile strength. The special tubular
full-atomic-surface (FAS) structure composed of carbon hexagons avoids in-plane hanging bonds, folds, and
concentrated local stresses in the tube wall. As a result, CNTs can exhibit excellent mechanical properties far
beyond other materials (tensile strength ~120 GPa, Young's modulus ~1.1 TPa, elongation at break ~16%,
toughness ~8 GJ/m?3) [8l21l[221[23124]  gimilar to other engineering mechanics materials, the existence of defects will
destroy the structural perfection of CNTs and affect the mechanical properties. The negative effect is even more
pronounced for CNTs. For instance, a single vacancy defect could reduce the tensile strength of CNTs by 26% [23],
and a single topological defect could lower that by 50% 2. Despite that, the formation of topological defects is
often accompanied by a high energy barrier, which can effectively protect the sp? structure of CNTs. Ding et al.
found that the formation energy of the five-membered and seven-membered ring pairs of topological defects was
as high as 4.4 eV [28 which could effectively protect the sp? structure of CNTs. Such topological protection is an

important reason why CNTs are less prone to defects than other materials, such as steel or concrete.

2.2. Controllable Preparation of Carbon Nanotubes
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Arc discharge 1927 |aser evaporation 28!, and chemical vapor deposition (CVD) 22 are the three main methods
for preparing CNTs. Compared with the former two methods, the CVD method has the advantages of low
temperature, low energy input, and easy control of parameters and is the primary method in academic research
and industrial production. The growth of CNTs by the CVD method can be divided into three stages. (i) The catalyst
is in a molten state at a high temperature. (ii) The cracked carbon atoms dissolve on the catalyst, precipitate after
supersaturation, and (iii) self-assemble to form CNTs Y. There are many alternative carbon sources for the
preparation of CNTs by the CVD method, such as methane, carbon monoxide, ethylene, acetylene, and ethanol.
The type of carbon source has a great influence on the structure and quality of the as-grown CNTs. For example,
considering the thermal cracking conditions, people thought that methane is the most appropriate carbon source
for producing ultralong CNTs with perfect structure RIBL, The catalyst is another key factor in regulating the
structure and quality of CNTs. The catalysts used for producing CNTs are mainly metal catalysts, including
magnetic metal catalysts (iron, cobalt, nickel), noble metal catalysts (copper, gold, silver, platinum), as well as
molybdenum and tungsten, etc. Iron-based catalysts are the most commonly used and there are many reports on
the preparation of CNTs with ferric chloride or ferrocene as catalysts. Ding et al. [28 also reported the role of iron
nanoparticles in defect repair, explaining the high efficiency of iron-based catalysts towards CNT growth from the
mechanism level. The macroscopic assembly of CNTs requires a large number of CNTs. Therefore, the large-scale
production of CNTs, which can be achieved by the CVD method with relatively low cost and good controllability, is
the basis of their subsequent assembly into a fiber structure. Early in 1993, Santiesteban et al. 32 first reported the
fabrication of CNTs by the CVD method. The fabrication process of high-purity CNTs in large quantities based on
CVD developed rapidly in the first decade 2824, Our group combined the traditional chemical fluidized-bed
technology with the CVD method to realize the large-scale production of CNTs [22IB6I37I88] \yhich dramatically
reduced the cost of CNTs. In addition, ultralong CNTs with macro-scale length can be synthesized by carefully
regulating the growth kinetics. These ultralong CNTs possess perfect structure without any defects and can be
produced at a wafer scale I3I. At the same time, these defect-free CNTs provide an ideal system for analyzing
mechanical materials and are expected to yield new results in some branches of solid mechanics. Considering the
research paradigm of the bottom-up assembly of CNTs into macrostructures as practical engineering materials,
individual CNTs are the most basic structural unit. Obviously, if a large number of CNTs with defect-free or
defectless structures can be synthesized and assembled into CNTFs, the excellent intrinsic properties of CNTs can
be fully exploited. As a result, developing next-generation high-performance engineering materials can be

promoted significantly.

References

1. Yakobson, B.I.; Smalley, R.E. Fullerene Nanotubes: C 1,000,000 and Beyond. Am. Sci. 1997, 85,
324-337.

2. Coulson, C.A. Valence, 2nd ed.; Oxford University Press: London, UK, 1952; pp. 350.

https://encyclopedia.pub/entry/29715 3/6



The Structure and Preparation of Carbon Nanotubes | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

. Demczyk, B.G.; Wang, Y.M.; Cumings, J.; Hetman, M.; Han, W.; Zettl, A.; Ritchie, R.O. Direct

Mechanical Measurement of the Tensile Strength and Elastic Modulus of Multiwalled Carbon
Nanotubes. Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 2002, 334, 173-178.

. Xu, W.; Chen, Y.; Zhan, H.; Wang, J.N. High-Strength Carbon Nanotube Film from Improving

Alignment and Densification. Nano Lett. 2016, 16, 946—952.

. Wang, J.N.; Luo, X.G.; Wu, T.; Chen, Y. High-Strength Carbon Nanotube Fibre-Like Ribbon with

High Ductility and High Electrical Conductivity. Nat. Commun. 2014, 5, 1-8.

. Lee, J.; Lee, D.M.; Jung, Y.; Park, J.; Lee, H.S.; Kim, Y.K.; Park, C.R.; Jeong, H.S.; Kim, S.M.

Direct Spinning and Densification Method for High-Performance Carbon Nanotube Fibers. Nat.
Commun. 2019, 10, 1-10.

. Gao, E.L.; Lu, W.B.; Xu, Z.P. Strength Loss of Carbon Nanotube Fibers Explained in a Three-

Level Hierarchical Model. Carbon 2018, 138, 134-142.

. Salvetat, J.P.; Bonard, J.M.; Thomson, N.H.; Kulik, A.J.; Forro, L.; Benoit, W.; Zuppiroli, L.

Mechanical Properties of Carbon Nanotubes. Appl. Phys.A Mater. Sci. Process. 1999, 69, 255—
260.

. Zhang, R.; Zhang, Y.; Zhang, Q.; Xie, H.; Qian, W.; Wei, F. Growth of Half-Meter Long Carbon

Nanotubes Based on Schulz-Flory Distribution. ACS Nano 2013, 7, 6156—-6161.

Bai, Y.; Zhang, R.; Ye, X.; Zhu, Z.; Xie, H.; Shen, B.; Cai, D.; Liu, B.; Zhang, C.; Jia, Z.; et al.
Carbon Nanotube Bundles with Tensile Strength over 80 Gpa. Nat. Nanotechnol. 2018, 13, 589—
595.

Wei, X.L.; Chen, Q.; Peng, L.M.; Cui, R.L.; Li, Y. Tensile Loading of Double-Walled and Triple-
Walled Carbon Nanotubes and Their Mechanical Properties. J. Phys. Chem. C 2009, 113, 17002—
17005.

Zhu, L.Y.; Wang, J.L.; Ding, F. The Great Reduction of a Carbon Nanotube’s Mechanical
Performance by a Few Topological Defects. ACS Nano 2016, 10, 6410-6415.

Tagawa, T.; Miyata, T. Size Effect on Tensile Strength of Carbon Fibers. Mater. Sci. Eng. A Struct.
Mater. Prop. Microstruct. Process. 1997, 238, 336—342.

Yang, M.; Koutsos, V.; Zaiser, M. Size Effect in the Tensile Fracture of Single-Walled Carbon
Nanotubes with Defects. Nanotechnology 2007, 18, 155708.

Bai, Y.; Yue, H.; Wang, J.; Shen, B.; Sun, S.; Wang, S.; Wang, H.; Li, X.; Xu, Z.; Zhang, R.; et al.
Super-Durable Ultralong Carbon Nanotubes. Science 2020, 369, 1104-1106.

Vigolo, B.; Penicaud, A.; Coulon, C.; Sauder, C.; Pailler, R.; Journet, C.; Bernier, P.; Poulin, P.
Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes. Science 2000, 290, 1331-1334.

https://encyclopedia.pub/entry/29715

4/6



The Structure and Preparation of Carbon Nanotubes | Encyclopedia.pub

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Koziol, K.; Vilatela, J.; Moisala, A.; Motta, M.; Cunniff, P.; Sennett, M.; Windle, A. High-
Performance Carbon Nanotube Fiber. Science 2007, 318, 1892-1895.

Zhou, T.; Niu, Y.T.; Li, Z.; Li, H.F.; Yong, Z.Z.; Wu, K.J.; Zhang, Y.Y.; Li, Q.W. The Synergetic
Relationship between the Length and Orientation of Carbon Nanotubes in Direct Spinning of
High-Strength Carbon Nanotube Fibers. Mater. Des. 2021, 203, 109557.

lijima, S. Helical Microtubules of Graphitic Carbon. Nature 1991, 354, 56-58.

Prasek, J.; Drbohlavova, J.; Chomoucka, J.; Hubalek, J.; Jasek, O.; Adam, V.; Kizek, R. Methods
for Carbon Nanotubes Synthesis-Review. J. Mater. Chem. 2011, 21, 15872-15884.

Treacy, M.M.J.; Ebbesen, T.W.; Gibson, J.M. Exceptionally High Young's Modulus Observed for
Individual Carbon Nanotubes. Nature 1996, 381, 678—680.

Salvetat, J.P.; Kulik, A.J.; Bonard, J.M.; Briggs, G.A.D.; Stockli, T.; Metenier, K.; Bonnamy, S.;
Beguin, F.; Burnham, N.A.; Forro, L. Elastic Modulus of Ordered and Disordered Multiwalled
Carbon Nanotubes. Adv. Mater. 1999, 11, 161-165.

Yu, M.F.; Lourie, O.; Dyer, M.J.; Moloni, K.; Kelly, T.F.; Ruoff, R.S. Strength and Breaking
Mechanism of Multiwalled Carbon Nanotubes under Tensile Load. Science 2000, 287, 637—640.

Wei, C.Y.; Cho, K.J.; Srivastava, D. Tensile Strength of Carbon Nanotubes under Realistic
Temperature and Strain Rate. Phys. Rev. B 2003, 67, 115407.

Mielke, S.L.; Troya, D.; Zhang, S.; Li, J.L.; Xiao, S.P.; Car, R.; Ruoff, R.S.; Schatz, G.C,;
Belytschko, T. The Role of Vacancy Defects and Holes in the Fracture of Carbon Nanotubes.
Chem. Phys. Lett. 2004, 390, 413-420.

Yuan, Q.; Xu, Z.; Yakobson, B.I.; Ding, F. Efficient Defect Healing in Catalytic Carbon Nanotube
Growth. Phys. Rev. Lett. 2012, 108, 245505.

Sun, X.; Bao, W.,; Lv, Y.; Deng, J.; Wang, X. Synthesis of High Quality Single-Walled Carbon
Nanotubes by Arc Discharge Method in Large Scalele. Mater. Lett. 2007, 61, 3956—-3958.

Maser, W.K.; Munoz, E.; Benito, A.M.; Martinez, M.T.; de la Fuente, G.F.; Maniette, Y.; Anglaret,
E.; Sauvajol, J.L. Production of High-Density Single-Walled Nanotube Material by a Simple Laser-
Ablation Method. Chem. Phys. Lett. 1998, 292, 587-593.

Huang, S.M.; Maynor, B.; Cai, X.Y.; Liu, J. Ultralong, Well-Aligned Single-Walled Carbon
Nanotube Architectures on Surfaces. Adv. Mater. 2003, 15, 1651-1655.

Kong, J.; Soh, H.T.; Cassell, A.M.; Quate, C.F.; Dai, H.J. Synthesis of Individual Single-Walled
Carbon Nanotubes on Patterned Silicon Wafers. Nature 1998, 395, 878—881.

Wen, Q.; Qian, W.; Nie, J.; Cao, A.; Ning, G.; Wang, Y.; Hu, L.; Zhang, Q.; Huang, J.; Wei, F. 100
Mm Long, Semiconducting Triple-Walled Carbon Nanotubes. Adv. Mater. 2010, 22, 1867-1871.

https://encyclopedia.pub/entry/29715 5/6



The Structure and Preparation of Carbon Nanotubes | Encyclopedia.pub

32.

33.

34.

35.

36.

37.

38.

39.

Joseyacaman, M.; Mikiyoshida, M.; Rendon, L.; Santiesteban, J.G. Catalytic Growth of Carbon
Microtubules with Fullerene Structure. Appl. Phys. Lett. 1993, 62, 202-204.

Cheng, H.M.; Li, F; Su, G.; Pan, H.Y.; He, L.L.; Sun, X.; Dresselhaus, M.S. Large-Scale and Low-
Cost Synthesis of Single-Walled Carbon Nanotubes by the Catalytic Pyrolysis of Hydrocarbons.
Appl. Phys. Lett. 1998, 72, 3282-3284.

Cheng, H.M.; Li, F.; Sun, X.; Brown, S.D.M.; Pimenta, M.A.; Marucci, A.; Dresselhaus, G.;
Dresselhaus, M.S. Bulk Morphology and Diameter Distribution of Single-Walled Carbon
Nanotubes Synthesized by Catalytic Decomposition of Hydrocarbons. Chem. Phys. Lett. 1998,
289, 602-610.

Wang, Y.; Weli, F.; Luo, G.H.; Yu, H.; Gu, G.S. The Large-Scale Production of Carbon Nanotubes
in a Nano-Agglomerate Fluidized-Bed Reactor. Chem. Phys. Lett. 2002, 364, 568-572.

Wei, F.; Zhang, Q.; Qian, W.-Z.; Yu, H.; Wang, Y.; Luo, G.-H.; Xu, G.-H.; Wang, D.-Z. The Mass
Production of Carbon Nanotubes Using a Nano-Agglomerate Fluidized Bed Reactor: A Multiscale
Space-Time Analysis. Powder Technol. 2008, 183, 10-20.

Wang, Q.X.; Ning, G.Q.; Wei, F.; Luo, G.H. Production of High Quality Single-Walled Carbon
Nanotubes in a Nano-Agglomerated Fluidized Bed Reactor. In Proceedings of the Symposium on
Materials and Devices for Smart Systems Held at the 2003 MRS Fall Meeting, Boston, MA, USA,
1-5 December 2003; pp. 313—-318.

Zhang, Q.; Yu, H.; Liu, Y.; Qian, W.; Wang, Y.; Luo, G.; Wei, F. Few Walled Carbon Nanotube
Production in Large-Scale by Nano-Agglomerate Fluidized-Bed Process. Nano 2008, 3, 45-50.

Zhu, Z.; Wei, N.; Cheng, W.; Shen, B.; Sun, S.; Gao, J.; Wen, Q.; Zhang, R.; Xu, J.; Wang, Y.; et
al. Rate-Selected Growth of Ultrapure Semiconducting Carbon Nanotube Arrays. Nat. Commun.
2019, 10, 1-8.

Retrieved from https://encyclopedia.pub/entry/history/show/71477

https://encyclopedia.pub/entry/29715 6/6



