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 ABSTRACT 

Incorporating pentagons and heptagons into the hexagonal networks of

pristine carbon nanotubes (CNTs) can form various CNT-based nanostructures, 

as pentagons and heptagons will bend or twist the CNTs by introducing

positive and negative curvature, respectively. Some typical so-made CNT-based 

nanostructures are reviewed in this article, including zero-dimensional toroidal

CNTs, and one-dimensional kinked and coiled CNTs. Due to the presence of

non-hexagonal rings and curved geometries, such nanostructures possess rather

different structural, physical and chemical properties from their pristine CNT

counterparts, which are reviewed comprehensively in this article. Additionally, 

their synthesis, modelling studies, and potential applications are discussed. 

 

 

1 Introduction 

The discovery of carbon nanotubes (CNTs) can be 

considered a prominent landmark of nanomaterials 

and nanotechnology. In geometry, CNTs can be formed 

by rolling up perfect graphene sheets. Thus, ideal 

CNTs are composed of hexagonal rings of carbon 

atoms. However, non-hexagonal rings like pentagons 

and heptagons usually exist in actual CNTs [1]. The 

pentagon, with a smaller area than a hexagon, induces 

a positive curvature; the heptagon, with a larger area 

than hexagon, induces a negative curvature. The change 

of curvature, together with different arrangements of 

the pentagons and heptagons can bend and twist the 

CNTs into a variety of different shapes, extending CNTs 

into a variety of CNT-based nanostructures, including 

finite CNTs (such as carbon nanocaps, carbon nanotips, 

and carbon nanocones) [1–3], toroidal CNTs [4], kinked 

CNTs [5, 6], coalescent CNTs [7] and coiled CNTs [8, 9]. 

Compared with the straight CNTs, these CNT-based 

nanostructures have diverse morphologies as well as 

unique and distinct physical and chemical properties, 

so as to extend the potential applications of CNTs. In 

this review, we will update current progress on 

different dimensional nanostructures derived from 

CNTs, i.e., the zero-dimensional toroidal CNTs, and 
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the one-dimensional kinked and coiled CNTs. 

The toroidal CNT, a kind of zero-dimensional 

CNT-based nanostructure, is also known as a carbon 

nanotorus or carbon nanoring. A carbon nanotorus 

can be considered as a giant all-carbon molecule and 

directly used as a nanoscale device. Different methods 

have been proposed to fabricate the toroidal CNTs, 

including laser-growth method [4], ultrasonic treat-

ments [10, 11], organic reactions [12, 13], and chemical 

vapor deposition (CVD) [14, 15]. Theoretical studies 

have also been carried out to construct structural 

models of the toroidal CNTs. Generally, there are 

three kinds of toroidal CNTs: the first one consists  

of pure hexagonal carbon networks; the second   

one incorporates a certain amount of pentagons and 

heptagons into the hexagon carbon networks; and  

the third one contains only pentagons and heptagons 

without hexagons. Due to the circular geometry and/or 

presence of pentagonal and heptagonal defects, toroidal 

CNTs may exhibit different mechanical, electronic 

and magnetic properties from the straight CNTs, and 

hence have different potential applications. 

Another kind of curved CNT-based nanostructure 

is the kinked CNT, which can be regarded as the 

joining together of different CNT pieces. The kinked 

CNTs are usually observed in the CNT samples made 

by CVD methods [16, 17]. Also, they can be obtained 

by directly bending the straight CNTs with an atomic 

force microscope (AFM) [5, 18, 19]. As for the formation 

mechanism of the kinked CNTs, it is believed that 

creation of paired pentagonal and heptagonal carbon 

rings is a key factor in producing this kind of nano-

structure [20, 21]. Similarly, structural models of the 

kinked CNTs can be also built by bending the pristine 

CNTs or introducing pentagon–heptagon defects to 

form a one-dimensional kinked geometry. Generally, 

the pentagons and heptagons will degrade the 

mechanical properties of the kinked CNTs in com-

parison with the straight CNTs, by reducing Young’s 

modulus (E) and intrinsic strength ( ). Moreover,  

the kinked CNTs will present different electronic 

properties from their straight CNT counterparts, 

because electrons can be localized at the kinked site. 

Most interestingly, the kinks can enhance the local 

chemical reactivity relative to the straight parts of 

nanotubes, which is potentially useful for applications 

in materials chemistry. 

The third kind is the spiral one-dimensional carbon 

nanostructure, called coiled CNTs, which are also 

known as carbon nanocoils or carbon nanosprings. In 

terms of their geometry, the first two kinds of CNT- 

based nanostructures are planar structures, involving 

only bending of CNTs, but the coiled CNT can spiral 

in a three-dimensional space, involving twisting of 

CNTs in addition to bending to form a certain spiral 

angle resembling a spring. Due to the spring-like 

geometry, many studies have focused on the mechanical 

properties of the coiled CNTs. For fabrication of the 

coiled CNTs, the CVD approach showed high quality 

and good controllability compared with other methods 

[22–26]. Theoretically, various methods have been 

put forward to build structural models of the coiled 

CNTs. An important feature of the carbon nanocoil 

models is the periodic arrangement pentagons and 

heptagons in the hexagonal network. As for potential 

applications, because of their excellent mechanical 

properties, the coiled CNTs are considered as 

promising components in sensors, electromagnetic 

nanotransformers or nanoswitches, and energy storage 

devices. 

CNTs have been well studied and many excellent 

reviews [27–30] and books [31–34] have covered the 

structures, properties and applications of CNTs. In 

contrast, despite of the massive amount of research 

devoted to CNTs with pentagons and heptagons, 

only a few reviews have been published on the topic 

of CNT-based nanostructures with incorporation of 

pentagons and heptagons, such as coiled CNTs [35–39]. 

Our motivation for writing this review is to give an 

overview of recent progress in this fascinating field 

and fill the void of different dimensional nanostructures 

in addition to the one-dimensional coiled CNTs, 

especially focusing on understanding the role of 

pentagons and heptagons and elaborating on their 

potential applications in nanodevices. 

2 Zero-dimensional nanostructures: 

Toroidal CNTs 

2.1 Fabrication and characterization 

Several years after the synthesis of CNTs, toroidal 

CNTs were produced and characterized. Using the 
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laser growth method, Liu et al. pioneered the fabrication 

of toroidal CNTs in 1997, with typical diameters 

between 300 and 500 nm and widths of 5‒15 nm [4]. 

Scanning force microscopy (SFM) and transmission 

electron microscopy (TEM) measurements showed 

that the toroidal CNTs were formed by single-walled 

CNT (SWNT) ropes consisting of 10 to 100 individual 

nanotubes. In 1999, Martel et al. reported toroidal 

CNTs with typical diameters of a few hundred nano-

meters through an ultrasound-aided acid treatment 

[10, 11], and Ahlskog et al. found toroidal CNTs in 

the CNT samples prepared by catalytically thermal 

decomposition of hydrocarbon gas [40]. Afterwards, 

other methods were also developed to fabricate toroidal 

CNTs, including organic reactions [12, 13] and organic- 

aided assembly [41], CVD methods [14, 15], and 

depositing hydrocarbon films in Tokamak T-10 [42]. 

On the other hand, different kinds of toroidal CNTs 

were achieved experimentally, such as incomplete 

toroidal CNTs [43], Q-shaped toroidal CNTs [44], and 

patterning of toroidal CNTs [41, 45, 46]. In addition 

to the changeable shape, the tubular diameter (Dt) of 

a toroidal CNT is also controllable. Toroidal CNTs may 

be formed from single-walled [10–13, 47, 48], double- 

walled [49], triple-walled [50], or multi-walled CNTs 

[40]. Figure 1 illustrates the various kinds of toroidal 

CNTs reported in the literature, adapted from Ref. [39]. 

For experimental characterization, microscopy tech-

niques are the main methods to reveal the structures 

of the toroidal CNTs, including TEM [4, 10, 11, 14, 49], 

AFM [12, 15, 40, 41, 43], SFM [4], and scanning 

electron microscopy (SEM) [11, 13, 14, 40, 45, 48, 50]. 

Also, some spectroscopic techniques were used to 

characterize the toroidal CNTs [49, 50]. For example, 

it was found that for straight CNT bundles, most of 

the diffracted intensity of the electron diffraction (ED) 

pattern is concentrated along the equatorial line (EL) 

perpendicular to the tube axis, while in the case of the 

 

Figure 1 Experimental fabrication of various kinds of toroidal CNTs. (a) is reproduced with permission from Ref. [4]. Copyright 1997
Nature Publishing Group. (b) is reproduced with permission from Ref. [11]. Copyright 1999 American Chemical Society. (c) is reproduced
with permission from Ref. [43]. Copyright 2001 Elsevier. (d) is reproduced with permission from Ref. [44]. Copyright 2004 Elsevier. (e) is
reproduced with permission from Ref. [47]. Copyright 2006 Elsevier. (f) is reproduced with permission from Ref. [49]. Copyright 2003 
American Chemical Society. (g) and (i) are reproduced with permission from Ref. [14]. Copyright 2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (h) is reproduced with permission from Ref. [45]. Copyright 2009 American Chemical Society. 
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toroidal CNTs, the ED pattern presents several lines 

forming rays around the (000) central beam where 

Bragg spots generated by the packing of the tubes 

inside the bundle are clearly visible [49]. Raman 

spectra of the toroidal CNTs showed two features: the 

radial breathing modes and the G tangential stretching 

modes [14, 45]. 

To understand the formation mechanism of the 

toroidal CNTs, Liu et al. [4] proposed a Kekuléan 

growth model, which was previously used to explain 

the formation of benzene. They suggested that during 

the growth process of a single CNT, it can bend around 

its ends in some cases. After its two ends touch together, 

they will align to maximize van der Waals interaction 

but slide over one another to release strain. Such 

alignment may make the touch point split again, but 

occasionally the closed hemi-fullerene end may stick 

to a catalyst particle. At a growth temperature of 

1,500 K, the two ends weld together with the aid of 

the catalyst particle and form a seamless toroidal 

CNT. After that, the toroidal CNT stops growing since 

there is no more edge. In addition, combining the 

experimental measurements and a simple continuum 

elastic model, it was suggested that formation of  

the toroidal CNTs involves a balance between the 

tube–tube van der Waals adhesion, the strain energy 

resulting from the coiling-induced curvature and the 

strong interaction with the substrate [11, 43]. 

2.2 Structural models and thermodynamic stabilities 

Theoretical studies of toroidal CNTs even predate 

their experimental fabrication. In 1992, Dunlap pro-

posed a method to construct structural models of 

toroidal CNTs by connecting two SWNTs of different 

diameters with the inclusion of pentagons and 

heptagons [51]. Soon after, it was found that a C360 

carbon nanotorus can be built from the C60 fullerene 

through introducing heptagons [52]. Based on the C60 

fullerene, a series of toroidal CNTs with 120 to 1,920 

carbon atoms can be further generated using Goldberg’s 

prescription [53, 54]. Thereafter, numerous approaches 

were proposed to build the toroidal CNTs and most 

of them incorporate pentagons and heptagons. 

Generally, the approaches to construct the structural  

models of toroidal CNTs can be classified into six 

major kinds: (1) bending a finite CNT and jointing its 

two ends together [55–58]; (2) connecting CNTs with 

different diameters by introducing pentagons and 

heptagons [51, 59–61]; (3) constructing from fullerenes 

by the Goldberg’s prescription [52–54]; (4) building 

through the connection of one zigzag-edged chain  

of hexagons and another armchair-edged chain of 

hexagons [62]; (5) sewing the walls of a double-walled 

CNT at both ends [63]; and (6) constructing from 

pentagons and heptagons only [64]. As a consequence, 

there are three kinds of toroidal CNTs constructed 

from the above six approaches. The first one retains 

pure hexagonal networks, such as bending the straight 

CNT. The second one contains pentagons, hexagons 

and heptagons, for example, by introducing pentagons 

and heptagons into a pristine CNT. The third one has 

only pentagons and heptagons. In terms of radial and 

height dimensions, Itoh et al. classified the toroidal 

CNTs into five types using the parameters of the 

inner radius (ri), outer radius (ro), and height (h) [65]. 

Figure 2 shows these five types of toroidal CNTs, 

which are marked from A to E where type (A) carbon 

nanotorus has ri ≈ ro, h << ri, and h ≈ (ro ‒ ri), type (B) 

has ri ~ ro ~h and h ≈ (ro ‒ ri), type (C) has h << (ro ‒ ri), 

type (D) has ri < ro, ro ~ h, and h ~ (ro ‒ ri), and type (E) 

has (ro ‒ ri) << h. 

Studying the thermodynamic stabilities of these 

toroidal CNT models is important to understand their 

existence. Several studies demonstrated that toroidal  

 

Figure 2 A schematic diagram of five types of toroidal CNTs 
classified by the parameters of the inner radius ri, the outer radius 
ro, and the height h. Reproduced with permission from Ref. [65]. 
Copyright 1995 Elsevier. 
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CNTs are more stable than the C60 fullerene by 

comparing their binding/cohesive energies calculated 

from empirical potentials [51–54]. Also, molecular 

dynamics (MD) simulations suggested that toroidal 

CNTs can survive at high temperatures up to 2,000 K 

[52, 58, 66, 67]. Furthermore, previous studies showed 

that the thermodynamic stability of a carbon nanotorus 

depends on its size and geometric parameters, such 

as total number of carbon atoms, ring diameter (Dr), 

tubular diameter (Dt), symmetry, curvature, and 

position of the pentagons and heptagons. Ihara et al. 

demonstrated that as the number of carbon atoms 

increases from 120 to 1,920, the cohesive energy of a 

carbon nanotorus derived from a C60 fullerene increases 

from 7.33 to 7.43 eV/atom, gradually approaching to 

that of graphite (7.44 eV/atom) [53]. On the other hand, 

the Dr and Dt can also affect the thermodynamic 

stability of a carbon nanotorus [68–70]. At a fixed Dt, 

there is a preferable Dr where the nanotorus possesses 

the lowest formation energy [68]. In addition, the 

dependence of stability on rotational symmetry was 

reported for the toroidal CNTs [61, 65]. Among the 

toroidal CNTs constructed from (5, 5), (6, 6), and  

(7, 7) armchair CNTs, the one with D6h symmetry is 

energetically most favourable, as presented in Fig. 3 

[61]. It was believed that [71, 72] for the toroidal 

CNTs with large Dr, the pure hexagonal structure   

is thermodynamically more stable, but for the ones 

with small Dr, the mixture of hexagonal networks 

and pentagon-heptagon defects is favourable. Meunier 

et al. [72] derived an equation for determining this 

critical ring diameter as Drc = πr2E / (4σ), where r is the 

tubular radius of the initial CNT, E is the Young’s 

modulus of the initial CNT, and σ is the surface 

tension of graphite perpendicular to the basal plane. 

For example, taking E = 1.0 TPa, Drc = 90 nm can be 

obtained for a carbon nanotorus made of a (10, 10) 

nanotube with r = 0.68 nm. Employing MD simulations, 

Chang and Chou investigated both armchair and 

zigzag toroidal CNTs with various Dt and Dr [73]. 

They found that the structural stability of a perfect 

carbon nanotorus primarily depends on the Dt and Dr, 

whereas its chirality has little effect. For each Dt, there 

also exists a Drc beyond which the perfect toroidal 

CNTs can form and the Drc can be determined by an 

empirical formula:  

Drc = 0.502(2r)2 ‒ 3.541(2r) + 10.937        (1) 

2.3 Mechanical properties 

Chen et al. [74] investigated the mechanical properties 

of the zero-dimensional nanotorus, one-dimensional 

nanochain and two-dimensional nanomaile constructed 

from toroidal CNTs using MD simulations with a 

reactive force field. The Young’s modulus E for a 

nanochain was found to increase monotonically with 

tensile strain from 19.43 GPa (strain smaller than 20%) 

to 121.94 GPa (strain larger than 25%) for the case of 

 

Figure 3 Different shapes of the toroidal CNTs built from (5, 5) SWNTs where each heptagon is separated by one hexagon, i.e.,
1
S(5, 5)  (left), and the binding energies of toroidal CNTs S(5, 5)n  (right). The superscript n is the number of hexagons between two 

neighbouring heptagons and the subscript S is the shape of the toroidal CNT. Reproduced with permission from Ref. [61]. Copyright 
2011 Elsevier. 
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without any side constraints. However, if there are 

side constraints, the E becomes much larger, increasing 

from 124.98 GPa to 1,559.9 GPa with tensile strain. 

Here the side constraint means fixing the position of 

small regions of carbon atoms on left and right sides. 

The tensile strength of the unconstrained and con-

strained nanotorus was estimated to be 5.72 GPa and 

8.52 GPa, respectively. The maximum elastic strain (εc) 

is approximate 39% for the nanochain and 25.2% for 

the nanomaile. For a nanotorus obtained from bending 

a (10, 10) CNT, its E along the tube axis was 913 GPa by 

taking ro = 16.7 Å [75]. Also, using molecular mechanics 

(MM) computations, the buckling behavior of toroidal 

CNTs under tension was investigated, including the 

toroidal CNTs formed from (5, 5), (8, 8) and (9, 0) 

CNTs [76, 77]. It was found that the buckling shapes of 

the toroidal CNTs constructed from both armchair 

and zigzag CNTs with an odd number of units are 

unsymmetrical, whereas those with an even number of 

units are symmetrical. Recently, geometric reversibility 

of the toroidal CNTs under strain has been predicted 

theoretically by employing a nonlinear continuum 

elastic model [78, 79]. Most interestingly, the reversible 

elastic transformation between the circular and com-

pressed toroidal CNTs in a colloid was observed by 

Chen et al. using TEM [46], suggesting the potential 

applications of toroidal CNTs as ultrasensitive force 

sensors and flexible and stretchable nanodevices. 

2.4 Electronic properties 

It is well-known that the geometry of a CNT can be 

described by a chiral vector Ch(n, m) and a translation 

vector T(p, q). Depending on the chirality, it is either 

metallic or semiconducting [33]. Since the toroidal 

CNT can be built from a straight CNT through bending 

or introducing pentagons and heptagons, it would be 

interesting to explore how the electronic properties  

of toroidal CNTs are varied by the bending and the 

inclusion of pentagons and heptagons. 

For a carbon nanotorus built from bending a (n, m) 

CNT, similar to the CNTs, its electronic structure can 

be determined according to the Ch (n, m) and T (p, q) 

vectors. If m ‒ n = 3i and p ‒ q = 3i (i is an integer), the 

carbon nanotorus is metallic; if m ‒ n = 3i and p ‒ q ≠ 3i, 

and m ‒ n ≠ 3i and p ‒ q = 3i, there is a band gap; and 

for the case of m ‒ n ≠ 3i and p ‒ q ≠ 3i, no carbon 

nanotorus exists [80]. This classification was shown by 

Ceulemans et al. [81] using tight-binding (TB) cal-

culations. They found that a metallic carbon nanotorus 

can be constructed by bending a metallic CNT and 

also follows the rule of divisibility by three on the 

indices of chiral and translation vectors. Moreover, 

delocalized and localized deformations play different 

roles on the electronic properties of a carbon nano-

torus built from bending a CNT [56]. The delocalized 

deformations only slightly reduce the electrical 

conductance, while the localized deformations will 

dramatically lower the conductance even at relatively 

small bending angles. Here the delocalized deformation 

means the deformation induced by the mechanical 

bending of the CNT, which is usually reversible;   

the localized deformation indicates the deformation 

induced by the pushing action of an AFM tip that is 

irreversible and makes electrons be localized at the 

deformed region. In addition, Liu and Ding reported 

the electronic properties of the toroidal CNTs built from 

both armchair and zigzag CNTs [82]. They found that 

as the number of carbon atoms of a toroidal CNT 

increases, there is an oscillation in the energy gap. 

When the number of carbon atoms becomes sufficiently 

large, the gap will eventually converge to that of the 

infinite CNT. 

On the other hand, for toroidal CNTs with pentagons 

and heptagons, an energy gap between the highest 

occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) can be expected, 

because of charge localization at the pentagonal and 

heptagonal defect sites. For a carbon nanotorus C1960 

constructed by connecting (6, 6) and (10, 0) CNTs, a 

HOMO–LUMO gap of 0.05 eV was predicted by a TB 

approach [72]. Employing the TB and semiempirical 

quantum chemical approaches, a series of toroidal 

CNTs with total number of atoms ranging from 120 

to 768 were investigated and most of them have a 

HOMO–LUMO gap around 0.30 eV [83]. For the 

toroidal CNTs of C170, C250, C360, C520, and C750, a varying 

HOMO–LUMO gap from 0.04 to 0.32 eV was predicted 

by Yazgan et al. using the extended-Hückel method 

[84]. More accurate density functional theory (DFT) 

calculations showed that the carbon nanotorus C444 

has a gap of 0.079 eV and the nanotorus C672 has a gap 

of 0.063 eV, respectively [85]. 
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2.5 Magnetic properties 

Due to the unique circular geometry of toroidal CNTs, 

it is interesting to explore their magnetic properties 

and the magnetic response when a ring current flows 

in a carbon nanotorus. Early in 1997, Haddon predicted 

that the nanotorus C576 has an extremely large and 

anisotropic ring-current diamagnetic susceptibility, 

which is 130 times larger than that of the benzene 

molecule [86]. Later, Liu et al. [57] predicted the colossal 

paramagnetic moments in the metallic toroidal CNTs, 

which were generated by the interplay between the 

toroidal geometry and the ballistic motion of the 

π-electrons, as plotted in Fig. 4. For example, the 

nanotorus C5100 built from a (5, 5) CNT possesses a large 

paramagnetic moment of 296.8 μB at 0 K. Similarly, 

the nanotorus C5580 built from a (7, 4) CNT has a giant 

zero-temperature magnetic moment of 304.3 μB. In 

addition to the paramagnetic moments, existence of 

ferromagnetic moments at low temperatures in the 

toroidal CNTs without heteroatoms was also predicted 

by using a π-orbital nearest-neighbour TB Hamiltonian 

with the London approximation, which is attributed 

to the presence of pentagons and heptagons [87]. 

Another important phenomenon, the Aharonov–Bohm 

(AB) effect was predicted from a theoretical point of 

view to be observable in the toroidal CNTs [88–92]. It 

was shown that a persistent current can be created by  

the magnetic flux (ϕ) through the toroidal CNTs [88]. 

The persistent current is a linear periodic function of 

ϕ, with a period of ϕ0 (hc/e). Such an oscillation is the 

manifestation of the AB effect. Generally, the magnetic 

properties of the toroidal CNTs are affected by many 

factors. Liu et al. pointed out that the paramagnetic 

moments of the toroidal CNTs decrease dramatically 

as temperature increases [57]. Meanwhile, for toroidal 

CNTs with diamagnetic moments, the magnitude of 

moment also decreases with the increasing temperature 

[57]. Such temperature dependence was also shown 

later by several other theoretical studies [93–95]. The 

magnetic properties of the toroidal CNTs depend 

generally on the geometric parameters, such as Dr, 

curvature, chirality, and the arrangement of pentagons 

and heptagons [93–95]. 

2.6 Chemical modifications and applications 

To improve or tailor the properties of materials for 

applications, chemical modification such as doping 

and functionalization is an effective approach. Usually, 

doping is an important method of chemical modifica-

tion. It was found that existence of pentagons and 

heptagons in the toroidal CNTs is helpful for impurity 

doping. Liu et al. [61] demonstrated that compared 

with the hexagonal rings, the pentagonal sites are 

favoured for nitrogen doping and the heptagonal  

 

Figure 4 Induced magnetic moment as a function of temperature for various toroidal CNTs in a perpendicular magnetic field of 0.1 T 
(solid line) and 0.2 T (dashed line), respectively. Reproduced with permission from Ref. [57]. Copyright 2002 American Physical Society.
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sites for boron doping. The substitutional doping of 

boron or nitrogen atoms will modify the electronic 

properties of the toroidal CNTs due to the change  

of localized charges at the defect sites. Moreover, 

Rodríguez-Manzo et al. found that doping electrons or 

holes into a carbon nanotorus could vary its magnetic 

properties via altering the band-filling configuration 

[96]. In addition to the charge and substitutional 

doping, atoms or molecules can be also encapsulated 

into the toroidal CNTs since they have the hollow 

tubular structures similar to the CNTs. In 2007, Hilder 

et al. examined the motion of a single offset atom and a 

C60 fullerene inside a carbon nanotorus to explore its 

application as high frequency nanoscale oscillator [97]. 

They demonstrated that the C60 fullerene encapsulated 

carbon nanotorus can create a high frequency up   

to 150 GHz, which may be controlled by changing 

the orbiting position. By inserting the chains of Fe, 

Au, and Cu atoms into a carbon nanotorus, Lusk et  

al. investigated the geometry, stability, and electronic 

and magnetic properties of this nanocomposite 

structure [98]. A reduced HOMO–LUMO gap and 

ferromagnetism of the nanotorus by encapsulating 

chains of metal atoms were predicted. Using the 

continuum approximation together with the Lennard- 

Jones potential, Chan et al. [99] studied the trapping 

effects of toroidal CNTs both on the atoms and ions, 

which depend on their geometric factors. Additionally, 

the diffusion behaviour of water molecules inside a 

carbon nanotorus was studied by MD simulations [100]. 

Intuitively, water molecules moving inside a carbon 

nanotorus seem to be a very appropriate system to 

observe single-file diffusion, where the water molecules 

are unable to cross each other. However, it was 

demonstrated that a single chain of water molecules 

presented normal diffusion behavior, i.e., Fickian 

diffusion. When water molecules form two or more 

polarized chains, single-file diffusion was observed 

[100]. On the other hand, the toroidal CNTs can be 

used for hydrogen storage. For the toroidal CNTs 

coated with beryllium, each beryllium atom can adsorb 

three H2 molecules with a moderate adsorption energy 

of 0.2–0.3 eV/H2 [101]. 

Due to their circular geometries and unique pro-

perties, the toroidal CNTs have been proposed to have 

applications in many fields. For example, the reversible 

elastic properties of the toroidal CNTs make them 

good candidates for ultrasensitive force sensors, and 

flexible and stretchable nanodevices. The toroidal CNTs 

are also promising candidates for electromagnetic 

oscillators due to their excellent magnetic properties. 

Moreover, the toroidal CNTs with tunable electronic 

properties can directly serve as nanoscale devices in 

integrated circuit. In particular, the tubular structure 

of the nanotorus is useful for trapping atoms, ions 

and molecules and storing hydrogen. 

3 One-dimensional nanostructures:  

Kinked CNTs 

3.1 Fabrication and formation mechanism 

Kinked CNTs are made or observed in experiments. 

Simply, kinked CNTs can be directly bent from straight 

CNTs by manipulation with an AFM [5, 18, 19]. Among 

different kinds of kinked CNTs, the one with zigzag- 

shaped morphology has attracted much attention. 

Using a scanning probe microscopy (SPM) probe, 

freestanding nanotubes can be bent to the kinked 

CNTs with zigzag-like shapes (abbreviated as Z-CNTs 

hereafter), and this kinked morphology can be fixed 

by electron-beam-induced deposition (inside a TEM) 

of amorphous carbon on the bent area [102]. Also, 

Gao et al. synthesized the Z-CNTs using the approach 

of catalytic decomposition of ethylene, where the 

detailed morphology depends on the arrangement of 

pentagon–heptagon carbon rings [20]. They pointed 

out that if there is no twist in the pentagon–heptagon 

orientation along the body of carbon nanotube, a 

Z-CNT with a planar–spiral structure would be 

formed; otherwise, the helical structure would be 

obtained if there is a twist. By changing the direction 

of an applied electric field during dc plasma enhanced 

CVD, AuBuchon et al. obtained Z-CNTs with a 

bending angle of ~90° while keeping the same diameter 

before and after bending [16, 17]. Moreover, through 

catalytically producing CNTs on miscut C-plane 

sapphire wafers, i.e., ‒Al2O3 (0001) surfaces, the Z-CNTs 

can grow naturally due to the preferred CNT growth 

along the faceted atomic steps which are zigzag- 

shaped [21]. It was found that the atomic-scale surface 

features can direct the orientation and conformation, 
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and possibly also the structure of SWNTs. Similarly, 

the Z-CNTs can also be produced on quartz substrates 

by crinkling ultralong CNTs via controlling the landing 

process, where the detailed shape is determined by 

the lattice-alignment force and the shear friction force 

[103, 104]. In addition, when the CNTs are aligned into 

CNT arrays through substrate and feed gas, the one 

with the zigzag-shaped morphology can be produced 

by exploiting the effects of CNT–lattice interaction and 

gas flow orientation [105]. The unique zigzag-shaped 

morphology of Z-CNT may be useful for a variety of 

applications, including AFM tips, mechanical nano-

springs and nanocircuit interconnections [16, 17, 102, 

105]. Figure 5 illustrates the kinked CNTs fabricated 

in experiments. 

Various microscopy techniques, such as AFM [5, 18, 

19, 21, 103], TEM [17, 20, 102], and SEM [16, 17, 103–105], 

were employed to reveal the structures of the Z-CNTs. 

In addition, Raman spectroscopy [106, 107] showed 

that for the kinked CNTs, torsional strain strongly 

affects the Raman spectra, inducing a large downshift 

of the E2 mode in the G+ band, but a slight upshift for 

the rest of the modes and also an upshift in the radial 

breathing mode. Under the torsional strain, resonant 

Raman spectral mapping along a SWNT detected an 

M-shaped frequency and W-shaped intensity variation 

of the radial-breathing-mode spectra, which were 

induced by elastic retraction of the nanotubes in 

combination with the friction after the tip has been 

removed [107]. Furthermore, using polarized resonant 

Raman spectroscopy, G-band modes with different 

symmetries were found to respond quite differently 

to torsional strain. Generally, the variation of the 

G-band is sensitive to the tube diameter and chirality. 

Also the quasiacoustic plasmon mode has a significant 

effect on the torsional strain-induced variation of 

G-band [108]. 

As for the mechanism of forming the Z-CNTs, Gao 

et al. [20] suggested that the creation of the paired 

pentagonal and heptagonal carbon rings is a key 

factor in producing various shapes of graphitic layers. 

The SWNT is believed to be grown from a carbon 

cluster (or node) that is nucleated from a pentagon 

carbon ring followed by a spiral shell growth. The 

geometrical shape of the tube is determined by the 

fraction and growth rate of pentagonal, hexagonal, 

and heptagonal carbon rings, which can be kinetically 

controlled. If there is no twist on the pentagon- 

heptagon orientation along the body of the carbon 

nanotube, a planar–spiral structure, i.e., Z-CNT, would 

 

Figure 5 Various kinds of kinked CNTs fabricated in experiments. (a) is reproduced with permission from Ref. [5]. Copyright 1997
Nature Publishing Group. (b) is reproduced with permission from Ref. [102]. Copyright 2006 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. (c) is reproduced with permission from Ref. [19]. Copyright 2001 American Association for the Advancement of 
Science. (d) is reproduced with permission from Ref. [105]. Copyright 2007 American Chemical Society. (e) is reproduced with
permission from Ref. [18]. Copyright 1998 American Chemical Society. (f) is reproduced with permission from Ref. [20]. Copyright 
2000 American Chemical Society. (g) is reproduced with permission from Ref. [16]. Copyright 2004 American Chemical Society. (h) is 
reproduced with permission from Ref. [21]. Copyright 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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be formed. A straight tube would be grown if the 

pentagon and heptagon carbon rings are absent. 

Ismach et al. also suggested that pentagon–heptagon 

pairs contribute to the Z-CNTs [21]. They pointed out 

that for a Z-CNT with a bending angle of 30°, invol-

ving pentagon–heptagon defects is an energetically 

favoured process over bending or buckling. The 

energy associated with pentagon–heptagon defects 

was calculated to be about 7 eV, whereas the minimum 

strain energy required to produce a 30° buckle in a 

1-nm-dimater SWNT was estimated to be about 13 eV. 

For the Z-CNTs formed on quartz or sapphire substrate, 

a “falling spaghetti” mechanism was proposed [103]. 

According to this mechanism, the CNTs are first 

catalytically synthesized while floating above the 

substrate and then absorbed onto the surface in a 

zigzag pattern from base to tip. The lattice-alignment 

force and the shear friction force compete to determine 

the geometry of the Z-CNTs. When the CNT lands, 

due to different absorption energy, the anisotropic 

quartz/sapphire surface will preferentially adsorb the  

CNT along its lattice direction, which results in a lattice- 

alignment force. On the other hand, the shear friction 

force between the flowing gas and the floating portion 

of the CNT tends to drag it straight forward. The 

fluctuation of the relative strength of these two forces 

causes the serpentine geometry of the CNTs [104]. 

3.2 Theoretical modelling and energy stabilities 

Compared with the abundant studies of experimental 

synthesis, only very limited theoretical effort has been 

devoted to understanding the atomic structures and 

physical properties of Z-CNTs. To make the Z-CNTs, 

one way is to directly bend a SWNT into the zigzag- 

like morphology, as introduced by Xu and Buehler 

[109]. Alternatively, through connecting CNT pieces 

of different chiralities via pentagons and heptagons 

to form the kinks, Lu also constructed kinked CNTs 

with zigzag-like morphologies [110]. Similarly, by 

periodically introducing pentagons and heptagons 

into perfect (5, 0) and (6, 0) SWNT, Wu et al. [85]  

constructed step-kinked CNTs. Another approach  

to build the Z-CNTs is to introduce two pairs of 

pentagon–heptagon defects at the kinks [111], which 

results into Z-CNTs with different values of Dt. 

Generally, introducing pentagons and heptagons into 

the pristine CNTs can induce curvature and lead to 

the zigzag-shaped morphology. Figure 6 shows the 

structural models of the kinked CNTs proposed by 

different groups. 

Employing DFT calculations with the Vienna ab 

initio simulation package, the Z-CNTs built from 

pristine SWNTs are found to have comparable 

thermodynamic stability with the SWNTs, just about 

0.05 eV/atom higher in binding/formation energies, 

and much more stable than the C60 fullerene [111]. 

3.3 Mechanical properties 

It is known that pristine CNTs have excellent 

mechanical properties with an average E of ~1.0 TPa 

[112], a theoretical  of ~100 GPa ± 30 GPa and a 

fracture strain εc of ~15% ± 5% [113, 114]. Recent work 

[111] has indicated that the existence of pentagons 

and heptagons in the Z-CNTs will reduce the E to 

several hundreds of GPa, and the  and εc of the 

Z-CNTs are also lower than those of the pristine CNTs. 

Table 1 compares several mechanical parameters of 

the Z-CNTs and the pristine SWNTs. If we take the  

E and  of graphene sheet (corresponding to a CNT 

of infinite radius r) as the upper limit of the (n, n) 

Z-CNTs, which are 1,037 and 111.8 GPa separately, the 

dependence of E and  on r for the Z-CNTs was shown 

to follow the empirical formulae [111]: 

E = 470 + 567  e(–6.4/r)           (2) 

Table 1 Comparison of Young’s modulus E, intrinsic strength τ 
and fracture strain εc between Z-CNTs and the pristine single- 
walled CNTs. Reproduced with permission from Ref. [111]. 
Copyright 2013 Royal Society of Chemistry. 

Z-CNTs SWNTs 
Chiral index E 

(GPa)
τ  

(GPa) 
εc 

(%) 
E 

(GPa) 
τ 

(GPa)
εc 

(%)

(5, 5) 561 68.7 14 908 96.0 17

(6, 6) 580 72.4 14 922 98.4 21

(7, 7) 613 76.6 14 935 103.6 20

(8, 8) 651 81.4 15 957 105.2 20

and 

 = 34.7 + 77.1  e(–2.8/ r),            (3) 

where E and  are in the unit of GPa, and r is in the 
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unit of Å. In addition, when the Z-CNTs were stretched 

to the maximum strain, the first fractured bond is   

a distorted sp2 C‒C bond shared by a hexagon and 

another heptagon (namely, the 6‒7 bond). 

3.4 Electronic properties 

Due to their kinked structure, the Z-CNTs exhibit 

different electronic properties from those of the 

pristine CNTs. Using scanning tunneling microscopy 

(STM) and scanning tunneling spectroscopy (STS), 

Tekleab et al. [115] measured the local density of states 

(LDOS) of kinked multi-walled CNTs and found that 

the LDOS is asymmetric about the Fermi level, while 

the spectra from regions away from the kink exhibit 

the usual symmetric LDOS as in perfect tubes. In the 

kinked region, the distribution of the unoccupied 

states is suppressed and the intertube wall slippage 

due to deformation opens a pseudogap. In particular, 

the zigzag-shaped kinks can make CNTs as single- 

electron transistors [19]. On the other hand, using a  

π-orbital tight-binding model and the Green’s function 

approach, Lu investigated the transport properties  

of kinked CNTs and found that incorporation of 

pentagons and heptagons can make the conductance 

of kinked CNTs quantized due to electron scattering 

[110]. Employing DFT calculations, Wu et al. inves-

tigated the electronic properties of step-kinked CNTs 

and predicted that pentagons and heptagons may 

either keep the metallicity of the pristine CNTs or 

transform the metallic CNTs into semiconductors  

[85]. In agreement with Wu et al.’s results, Liu et al. 

[111] found introducing pentagons and heptagons  

in the (5, 5), (7, 7), and (8, 8) Z-CNTs will make  

them semiconducting; but the (6, 6) Z-CNTs with 

pentagons/heptagons remain metallic like the (6, 6) 

SWNT. Under uniaxial tensile strain, all these Z-CNTs 

exhibit significant electromechanical coupling effect 

with a semiconductor–metal or metal–semiconductor 

transition. This electromechanical coupling effect is 

somewhat different from those in pristine CNTs 

[116–119], which can be explained by the change of  

 
Figure 6 Several kinds of structural models proposed for kinked CNTs. (a) is reproduced with permission from Ref. [21]. Copyright 
2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) is reproduced with permission from Ref. [110]. Copyright 2005 Elsevier. 
(c) is reproduced with permission from Ref. [111]. Copyright 2013 Royal Society of Chemistry. (d) is reproduced with permission
from Ref. [85]. Copyright 2011 American Chemical Society. (e) is reproduced with permission from Ref. [109]. Copyright 2009 IOP 
Publishing Ltd. 
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partial charge density near Fermi energy. Taking the 

(5, 5) Z-CNT as an example, charges distributions on 

the valence band maximum (VBM) and conduction 

band minimum (CBM) of the (5, 5) Z-CNT at the 

equilibrium state are mainly localized at the pen-

tagonal and heptagonal sites, where large curvature 

introduces distorted sp2 hybridization. As the (5, 5) 

Z-CNT is elongated, the localized charges at the 

heptagonal sites are gradually delocalized, leading  

to shrinkage of band gap and eventually a 

semiconductor–metal transition at a tensile strain of 

14%, as shown in Fig. 7 [111]. 

3.5 Chemical and other properties 

As mentioned above, the kinked part can trap electrons 

and thus induce some new properties different from 

that of the straight CNTs [115]. By investigating the 

chemisorption of hydrogen atoms, it was found that 

kinks and other nonlinear/irreversible distortions may 

act as sites of enhanced chemical reactivity, as eviden-

ced by the energy of a hydrogen atom chemisorbed 

to those sites near the regions of local nonlinear 

distortions which was predicted to be enhanced by as 

much as 1.6 eV relative to unstrained nanotubes [120]. 

Recently, Liu et al. [111] demonstrated the localized 

charges at pentagonal and heptagonal sites. The 

localized charges at the pentagons and heptagons can 

make the Z-CNTs useful for chemisorption of atoms, 

molecules and clusters. Moreover, the tensile strain can 

change the localized charges at defective sites, which 

may further affect the chemisorption and even lead to 

a tunable chemisorption/chemidesorption property. 

In addition, the kinked structure can lower the 

thermal conductivity of the CNT due to the increased 

scattering by shortening of the phonon mean free 

path and interface resistance, which arises from the 

localized buckling [109]. When torsional strain is 

applied, the thermal conductivity drops as well, with 

significant reductions once the carbon nanotube 

begins to buckle, i.e. forming kinked structure, as 

predicted by Xu and Buehler [109].  

3.6 Applications 

The unique Z-CNTs with zigzag-shaped morphology 

can be useful for a variety of applications. As reported 

by Postma et al. [19], by bending a metallic CNT into 

the zigzag shape with two kinks, the conductance at 

the kinks will be suppressed and differ from the 

unstained nanotubes. This makes the kinked CNTs as 

single-electron transistors. The kinked CNTs may also 

be good candidates for bent mass-transport channels. 

When liquid passes through the bent region, the 

gradually bent channel may cushion the momentum 

transfer of the passing liquid. In addition, the kinked 

 

Figure 7 Change of band structures under a uniaxial tensile strain and the corresponding variation of partial charge density at the 
VBM and CBM for the (5, 5) Z-CNT. Reproduced with permission from Ref. [111]. Copyright 2013 Royal Society of Chemistry. 
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CNTs can be used as mechanical nanosprings and 

AFM tips to detect some complicated topographies 

that are inaccessible to straight CNTs [102]. Since  

the kinked CNTs can keep the metallic character of 

pristine CNTs [85, 102, 111], they are also potentially 

useful for complicated circuit nanointerconnections. 

Especially, the strain-induced sensitive change of 

electronic properties from semiconductor to metal or 

metal to semiconductor enables the kinked CNTs as 

promising electromechanical sensors or switches in 

nanoelectromechanical systems (NEMS) [111]. 

3.7 Zigzag-shaped graphene nanoribbons 

Similar to the Z-CNTs, graphene nanoribbons (GNRs) 

can also form the zigzag-shaped structures, as shown 

in Fig. 8. In 2008, Li et al. developed a chemical route 

to produce GNRs with width below 10 nm and 

obtained the zigzag-shaped graphene junctions [121]. 

In addition, through Joule heating and electron beam 

irradiation, Jia et al. demonstrated that zigzag- 

shaped graphene junctions can be formed by edge- 

reconstruction process [122]. Later, using TEM to 

examine the edges of multi-layer graphene sheets, 

Warner et al. also identified the zigzag-shaped gra-

phene edges with sawtooth oscillations in the atomic 

structure with zigzag edge terminations along the 

general armchair direction [123]. In 2010, Cai et al. [124] 

were able to produce zigzag-shaped GNRs (Z-GNRs)  

through a bottom-up fabrication process. By tuning 

the functionality pattern of the precursor monomers, 

they fabricated GNRs with complex shapes. 

Compared with the straight GNRs, the Z-GNRs or 

sawtooth GNRs present some different properties. 

Employing DFT calculations, it was found that the 

unique edge structures of the Z-GNRs induce richer 

band-gap features than the straight GNR counterparts 

with either armchair or zigzag edges [125]. The Z-GNRs 

with only zigzag edges are generally semiconducting 

with direct band gaps, which depend on both the 

nanoribbon’s width and the period. Different from 

straight GNRs, for Z-GNRs with only zigzag edges, 

an external electric field can only affect the band 

structure and the position of the Fermi level, but 

cannot lead to half metallicity. However, things are 

little different for the Z-GNRs comprising hybrid GNR 

segments with alternating armchair and zigzag edges 

[126]. For the hybrid Z-GNRs consisting of both 

armchair and zigzag GNRs, the combined electronic 

band structures lead to a band gap which is insen-

sitive to system size and only increases slightly when 

the ribbon width initially increases [126]. However, 

under an external electric field, band structures of the 

Z-GNRs will be changed, and with increasing field 

strength, the spin-up gap gradually increases while 

the spin-down gap reduces quickly and eventually 

leads to the half-metallicity. Calculations of transport  

 

Figure 8 Various structures of the Z-GNRs. (a) Four kinds of Z-GNRs with different edges, including armchair–armchair edges (AA), 
zigzag–zigzag edges (ZZ), armchair–zigzag edges (AZAZ) and zigzag–armchair edges (ZAZA). Reproduced with permission from 
Ref. [133]. Copyright 2011 American Physical Society; and (b), (c) and (d) show experimental fabrication of the Z-GNRs. (b) is 
reproduced with permission from Ref. [122]. Copyright 2009 American Association for the Advancement of Science. (c) is reproduced
with permission from Ref. [123]. Copyright 2009 American Chemical Society. (d) is reproduced with permission from Ref. [121]. 
Copyright 2008 American Association for the Advancement of Science. 
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properties show that the unique band structure of  

the Z-GNRs produces asymmetric spin-transmission 

coefficients which cause unequal currents in different 

spin channels [126]. Also, a zigzag–armchair–zigzag 

Z-GNR can form a nanoscale field effect transistor 

consisting of a metal–semiconductor–metal junction 

[127]. In addition, the zero-dimensional Z-GNR 

junctions can serve as quantum dots, which can 

completely confine electronic states induced by the 

topological structure of the junction [128], and be 

used as building blocks to construct quantum cellular 

automata for computing [129]. One the other hand, 

the Z-GNRs also possess different magnetic properties 

from their straight GNR counterparts. Yu et al. intro-

duced a unified geometric rule for designing magnetic 

GNR by changing the relative orientations of the two 

edges [130]. It was shown that any two zigzag edges 

will be ferromagnetically coupled if they are at an 

angle of 0° or 120° and antiferromagnetically coupled 

at an angle of 60° or 180°. Furthermore, when the 

Z-GNRs are under a transverse electrical field, they 

become a spin semiconductor where charge carriers 

are not only spin polarized in energy space but   

also spatially separated at different edges [131]. The 

spatially separated spin carriers at different edges, 

which also show a high degree of tunability by electric 

field and robustness against edge disorder, are very 

useful for potential spintronics applications. For   

the Z-GNRs with hybrid zigzag–armchair edges, 

with the increasing length of the zigzag segments, 

the nonmagnetic semiconducting Z-GNRs can be 

converted to spin-polarized semiconductors with a 

antiferromagnetic ground state [132]. In addition to 

the electronic and magnetic properties, the Z-GNRs 

also have enhanced thermoelectric properties compared 

with the straight GNRs. It was found that for Z-GNRs 

with armchair edges, the first peak of the figure of merit 

(ZTmax) is almost twice than that of straight GNRs 

with armchair edges, while for Z-GNRs with zigzag 

edges, ZTmax is greatly improved from that of straight 

GNRs with zigzag edges, which is around zero [133]. 

The higher figure of merit of the Z-GNRs is partly 

due to their smaller thermal conductivity than that  

of straight armchair-GNRs, as the rougher edges 

increase lattice scattering of phonons [134]. Moreover, 

the thermal conductivity of Z-GNRs is found to be 

nearly independent on the length, but sensitive to the 

width. 

4 One-dimensional nanostructures: Coiled 

CNTs 

4.1 Fabrication and formation mechanism 

As early as 1994, the coiled CNTs were experimentally 

produced by catalytic decomposition of acetylene 

over silica-supported Co catalyst at 700 °C [8, 9]. The 

unique spiral structure attracted much attention  

and numerous methods have followed to synthesize 

the coiled CNTs, including laser evaporation of a 

fullerene/Ni particle mixture in vacuum [135], opposed 

flow flame combustion of fuel and the oxidizer streams 

[136], electrolysis of graphite in fused NaCl at 810 °C 

[137], self-assembly from π-conjugated building blocks 

[138, 139], and CVD methods [22–26]. Among them, 

the CVD approach is predominant due to its high 

quality products, and has been previously reviewed 

[35, 38, 140]. To fabricate the coiled CNTs, the CVD 

process involves the pyrolysis of a hydrocarbon (e.g., 

methane, acetylene, benzene, propane) over transition 

metal catalysts (e.g., Fe, Co, Ni) at high temperatures. 

Compared to the high growth temperature (>2,000 °C) 

of CNTs in arc discharge and laser evaporation 

processes, the relatively low growth temperature of 

the CVD method (500–1,000 °C) allows carbon atoms 

move slowly and form non-hexagonal carbon rings 

[35]. As summarized by Lau et al., there are three 

major CVD-based methods to fabricate coiled CNTs, 

including catalyst-supported CVD growth, on-substrate 

CVD growth and template-based CVD growth [35]. 

During the CVD process, several synthetic parameters 

play important roles in growth of the coiled CNTs, 

such as catalyst, gas atmosphere and temperature, and 

these have been discussed by Fejes et al. [140] and 

Shaikjee et al. [38]. By adjusting the concentration of 

carboxylic acid metal salts in the solution, the sizes  

of the catalyst particles can be tailored to afford 

controllable coiled CNTs. It was found that the inner 

coil diameter (Di ) of the nanocoils is proportional to 

the radius of the catalyst particles (rp), which can be 

expressed by Di = 2rp / (vo / vi ‒ 1) where vo and vi are 

the velocities of the carbon extrusion from the outer 
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and inner sides of the catalyst particle (vo > vi ) [141]. 

Particularly, the coiled CNTs with good helical 

structures can grow on a catalytic particle with the 

diameter <150 nm, whereas a carbon nanocoil with  

a straight segment extruded at the end of growth  

can grow on a catalytic particle with the diameter 

ranging from 150 to 200 nm. For catalytic particles 

with a diameter larger than 250 nm, a CNT bundle 

can be obtained [26]. In addition, at low temperature 

(700‒770 °C), one-dimensional coiled CNTs are pro-

duced, while a higher temperature (810 °C) leads to the 

growth of straight carbon nanofibers [142]. Moreover, 

change of gas atmosphere, such as the pulse and flow 

rate, is effective in controlling the structure of coiled 

CNTs. It was found that higher flow rates of acetylene 

result in smaller coil pitch (λ) and diameter of the 

carbon nanocoils [142]. Figure 9 presents different 

types of the coiled CNTs with non-linear morphology, 

as reported by Shaikjee et al. [38]. Among various 

characterization techniques, microscopy techniques, 

such as TEM [9, 20, 26, 143, 144] and SEM [145], are 

the main approaches to reveal the structures of coiled 

CNTs. Furthermore, other techniques, including ED 

[146, 147], Raman spectra [24, 26, 137, 148, 149], and 

X-ray diffraction (XRD) [24, 150–152], have also been  

 

Figure 9 Experimental fabrication of various kinds of coiled 
CNTs. Reproduced with permission from Ref. [38]. Copyright 
2011 Elsevier. 

used to get further insight into the structures of 

coiled CNTs. 

To understand formation of the coiled CNTs, 

several mechanisms have been proposed. Generally, 

formation of the coiled CNTs is closely related to  

the catalyst. Amelinckx et al. proposed a growth 

mechanism for the carbon nanocoils based on the 

mismatch between the extrusion velocities of carbon 

from the catalyst grain [8]. Kuzuya et al. suggested 

that growth of the carbon microcoils is based on the 

anisotropic deposition rate between the catalyst 

crystal faces [153]. Fonseca et al. presented formation 

of (chiral and achiral) knees on a catalyst particle to 

further form toroidal and coiled CNTs, which can be 

described by a simple formalism using the heptagon– 

pentagon construction [154]. Pan et al. suggested that 

the catalyst grain is crucial to the geometry of a carbon 

nanocoil, and the nonuniformity of carbon extrusion 

speed in the different parts of the catalyst grain leads 

to the helical growth of the coiled CNTs [145]. Chen 

et al. pointed out that the driving force of coiling 

straight CNTs was the strong catalytic anisotropy of 

carbon deposition between different crystal faces [155]. 

For growth of carbon microcoils, the catalyst grain 

rotates around the coil axis which is on the symmetric 

face of the deposition faces, while for the twisted 

carbon nanocoils, the catalyst grain rotates around 

the axis which is perpendicular to the symmetric  

face of the deposition faces. In addition, taking both 

the energy and entropy into account, Bandaru et al. 

proposed a mechanism whereby for a given volume 

of material, the helical form occupies the least amount 

of space and the entropy of the ambient conditions 

should increase to compensate for the close packing 

of the helices, which in turn is facilitated by nonwetting 

catalyst particles or induced by catalyst/ambient 

agitation in the CVD growth [156]. 

4.2 Structural models and thermodynamic stabilities 

A coiled CNT has a special three-dimensional spiral 

structure. An important feature is incorporation of 

pentagons and heptagons in the hexagonal network. 

Dunlap [51, 157] showed that connecting two CNTs 

with pentagons and heptagons could result in a kink 

or knee structure. Based on the knee structure, Fonseca 
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et al. were able to construct toroidal and coiled CNTs 

using the knee segments as building blocks, where the 

former is an in-plane zero-dimensional structure and 

the latter is an out-of-plane one-dimensional structure 

[158]. In addition, through cutting the toroidal CNTs 

into small pieces and recombining them, coiled CNTs 

with one pitch containing one nanotorus can be 

constructed [65, 159]. For the coiled CNTs built from 

toroidal segments, Setton et al. suggested that the 

toroidal segments were only feasible for single-shell 

or at most two-shell nanocoils [160]. Another way is 

to insert pentagons and heptagons into a perfect 

graphene network and then roll up this structure to 

form a carbon nanocoil [161, 162]. Similarly, Birό et al. 

proposed to build the coiled CNTs from rolling up 

the Haeckelite structure, a graphite sheet composed 

of polygonal rings [163]. Recently, carbon nanocoils 

were also constructed from segments of CNTs in 

which the tube chirality is maintained [164]. Through 

introducing a pair of pentagons in the outer side and 

another pair of heptagons in the inner side into the 

segment of an armchair CNT, a curved structure can 

be obtained. Using this curved structure as a building 

block, a carbon nanocoil can be formed by connecting 

the building blocks with a rotated angle. This method 

was also employed to construct the structural models 

of the toroidal CNTs and Z-CNTs, as mentioned 

above [39, 61, 111]. A simple schematic diagram of 

this method is presented in Fig. 10. Usually, a carbon 

nanocoil can be expressed by the parameters of inner 

coil diameter Di, outer coil diameter (Do), tubular 

diameter Dt and coil pitch λ [35, 38], as illustrated  

in Fig. 11. 

In addition to the structural models of the coiled 

CNTs, several studies have been devoted to inves-

tigating their thermodynamic stabilities. Comparing 

the cohesive energies, the coiled CNTs are found to 

be more stable than the C60 fullerene. Employing MD 

simulations, Ihara et al. [159] obtained cohesive 

energies of 7.41, 7.39 and 7.43 eV per atom for C360, 

C540 and C1080 nanocoils, respectively, which are close to 

that of a graphite sheet (7.44 eV/atom) and lower than 

that of the C60 fullerene (7.29 eV/atom). Moreover, these 

carbon nanocoils can maintain the coiled geometry 

without collapse at temperature up to 1,500 K, which 

further confirms their thermodynamic stability. Using 

molecular mechanical (MM) calculations, Feng and 

Liew studied the structural stability of both armchair 

and zigzag carbon nanocoils [165]. They found that 

there is a critical radius beyond which the carbon 

nanocoil is considered to be stable. If the coil radius 

is less than the critical radius, stability of the carbon 

nanocoil is determined by its rising angle. By taking 

into account the volume free energy, the surface energy,  

 

Figure 10 Schematic diagram for constructing the structural models of a (6, 6) carbon nanotorus, Z-CNT, and a nanocoil by 
introducing pairs of pentagons (highlighted in blue) and heptagons (highlighted in red). (a) is reproduced with permission from Ref.
[61]. Copyright 2011 Elsevier. (b) is reproduced with permission from Ref. [111]. Copyright 2013 Royal Society of Chemistry. (c) is
reproduced with permission from Ref. [164]. Copyright 2010 Science China Press and Springer-Verlag Berlin Heidelberg. 
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Figure 11 Parameters of inner coil diameter Di, outer coil 
diameter Do, tubular diameter Dt and coil pitch λ to describe a 
carbon nanocoil. Reproduced with permission from Ref. [38]. 
Copyright 2011 Elsevier. 

and the bending elastic energy due to curvature, it 

was found that there is a threshold relation between 

the inner and outer radii for the formation of straight 

multi-walled CNTs [166], which defines a parameter 

space where the straight multi-walled CNTs become 

unstable and undergo a shape deformation to form 

the coiled CNTs. A recent study shows that the coiled 

CNTs become more stable as the Dt increases [167]. 

For a carbon nanocoil, the least stable covalent bonds 

are located at the pentagon rings on the outer 

portions of the coils, while the atoms associated with 

the heptagons in the inner ridge are the most stable. 

Furthermore, increase in the coil diameters leads to 

enhanced stability of the covalent bonds [167]. 

4.3 Mechanical properties 

It is well-known that a spring can be easily stretched 

or compressed by a large elastic strain, which is very 

useful in mechanical devices. Since the carbon nanocoil 

has similar spiral geometry to a spring, many studies 

have been carried out to investigate mechanical 

properties of the coiled CNTs. In 2,000, using an AFM, 

Volodin et al. measured the elastic properties of the 

coiled CNTs and found that the coiled CNTs with coil 

diameters (>170 nm) possess high Young’s modulus 

(E) of 0.4‒0.9 TPa [168]. However, much smaller E   

of 0.04–0.13 TPa and elastic spring constants of   

0.01–0.6 N/m for the coiled CNTs with coil diameters 

ranging from 144 to 830 nm were predicted by 

Hayashida et al. from a manipulator-equipped SEM 

measurement [169]. In particular, remarkable spring- 

like behavior of an individual carbon nanocoil has been 

demonstrated by Chen et al. [170], as presented in 

Fig. 12. A spring constant of 0.12 N/m in the low-strain 

regime and a maximum elastic elongation of 33% were 

obtained from the AFM measurements. In contrast to 

the high value of E, the shear modulus (G) of the 

coiled CNTs is extremely low. Chen et al. [170] reported 

coiled CNTs with a Do of ~126 nm ± 4 nm but different 

Di. For Di = 3/4 Do, a G of ~2.5 GPa ± 0.4 GPa was 

obtained; for Di = 1/2 Do, the G was ~2.3 GPa ± 0.4 GPa; 

for Di = 0, the G was ~2.1 GPa ± 0.3 GPa. Huang [171] 

studied coiled CNTs under uniaxial tension in simple 

explicit expressions and obtained a maximum elastic 

elongation of ~30%, a G of 2.8–3.4 GPa and a spring 

constant of ~0.1–0.4 N/m for the double nanocoils 

formed by twisting two single nanocoils, values which 

are comparable to experimental results [170]. Chang 

et al. reported a G of 3 GPa ± 0.2 GPa for the double 

coiled CNTs [172]. Generally, the value of G for carbon 

nanocoils is only a few GPa, while the value of E can 

be hundreds of GPa. In addition, reversibility of the 

coiled CNTs under strain is a useful feature. Chen et 

al. found that the coiled CNT can be elastically loaded 

to a relative elongation of 33% and return completely  

 

Figure 12 Measurement of the mechanical properties of a 
carbon nanocoil using AFM cantilevers: (b) the initial state, (c) at 
a tensile strain of 20%, and (d) at a tensile strain of 33%. 
Reproduced with permission from Ref. [170]. Copyright 2003 
American Chemical Society. 
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to the equilibrium geometry without apparent plastic 

deformation [170]. Another study carried out by Poggi 

et al. considering the compression behavior of the 

coiled CNTs demonstrated that repeated compression/ 

buckling/decompression of the carbon nanocoil was 

very reproducible with a limiting compression of 

400 nm [173]. 

Theoretical studies of the mechanical properties  

of coiled CNTs were also carried out to further 

understand the experimental measurements. Using 

the Kirchhoff rod model, Fonseca et al. derived a series 

of expressions to obtain E and Poisson’s ratio for the 

coiled CNTs. Taking the parameters for the carbon 

nanocoils reported by Chen et al. [170], Fonseca et al. 

estimated E to be 6.88 GPa, with a Poisson’s ratio of 

0.27 and a value of G of 2.5 GPa for a carbon nanocoil 

with Dt = 120 nm, Do = 840 nm and λ = 2,000 nm 

[174, 175]. The E and elastic constant of a series of 

nanocoils built from the armchair SWNTs were cal-

culated by Liu et al., employing DFT and TB methods 

[164]. They showed that the E of carbon nanocoils 

ranges from 3.43 to 5.40 GPa, in good agreement with 

Fonseca’s results [174, 175] and the elastic constant 

lies between 15.37 and 44.36 N/m, higher than the 

experimental values [168, 170]. Furthermore, supere-

lastic behavior of the coiled CNTs was predicted [164], 

where the coiled CNTs can undertake an elastically 

tensile strain up to ~60% and compressive strain up to 

~20%‒35%. Such superelasticity is due to the invariance 

of bond length under strain associated with the strong 

covalent C‒C bonding, indicating excellent reversibility 

of coiled CNTs as reported in experiments [170, 173]. 

Using the MD finite element method, Ghaderi and 

Hajiesmaili also reported the superelasticity of coiled 

CNTs under tension with a fracture strain in the 

range of 50% and 66% [176]. For coiled CNTs built 

from (n, n) CNTs with n = 5‒18, the spring constant 

increases with the tubular diameter Dt, ranging from 

15 to 30 N/m [176, 177]. Using the MD simulations with 

the LAMMPS package and the adaptive intermolecular 

reactive empirical bond-order potential, Wu et al. 

investigated the stretching instability and reversibility 

of tightly wound coiled CNTs [167]. It was found that 

the coiled CNTs exhibit extensive stretching ability  

in the range from 400% to 1,000%, as a result of two 

distinct deformation mechanisms depending on the 

nanocoil size, as presented in Fig. 13. For small 

nanocoils, tremendous deformation is achieved by 

domino-type partial fracture events, whereas for large 

nanocoils it is accomplished by stepwise buckling of 

coils. On the other hand, a study of the elastic constants 

of coiled CNT forests showed that the entanglement 

among neighboring nanocoils due to the bending of the 

coil tips produced by the ball impact will contribute 

to the mechanical properties of the nanocoil forests and 

lead to a nonlinear elastic behavior [178]. Generally 

speaking, the calculated E and elastic constants for 

the coiled CNTs are different, to a greater or lesser, 

from the experimental values. This difference may be 

attributed to the structural details of the synthesized 

carbon nanocoils, especially the larger sizes of experi-

mental nanocoil samples. 

4.4 Electronic and transport properties 

Due to the presence of pentagons and heptagons in the 

coiled CNTs, they exhibit different electric properties 

from those of the pristine CNTs. In 1996, Kaneto et  

al. measured the electric conductivity of the carbon 

microcoils using two and four probe methods, and 

found values in the range 30–100 S/cm [179]. Shen et 

al. found that the electric conductivity of single carbon 

microcoils is about 120 S/cm at room temperature [180]. 

The resistance of carbon microcoils is temperature- 

dependent, and increases rapidly with decreasing 

temperature. The temperature dependence of the 

electrical resistance was also observed in Fujii et al.’s 

work where the resistivity of the carbon nanocoil  

was found to decrease as the annealing temperature 

increases [181]. In addition, Hayashida et al. found that 

for a carbon nanocoil with a coil diameter of 196 nm 

and a length of 1.5 mm, the conductivity is about 

180 S/cm [169], which is much smaller than a straight 

CNT (~104 S/cm) [182]. Recently, Chiu et al. reported 

a very high conductivity of 2,500 S/cm and an electron 

hopping length of ~5 nm for single carbon nanocoils 

measured at low temperature [183]. An even higher 

electron hopping length of 5–50 nm was predicted by 

Tang et al. [184]. Generally, the measured electric 

properties of the coiled CNTs depend strongly on tem-

perature and details of sample. Table 2 summarizes 

the electronic properties of the coiled CNTs reported 

in literature. 
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Figure 13 Mechanical properties of a carbon nanocoil: (a) atomic structural evolution of the (5, 3) carbon nanocoil during tension
loading, (b) tensile force versus elongation (strain) curves of a series of tightly wound carbon nanocoils. Reproduced with permission 
from Ref. [167]. Copyright 2013 American Chemical Society. 
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Table 2 Parameters to characterize the electronic properties of 
the coiled CNTs. TM is the characteristic Mott temperature, TES is 
the characteristic Efros‒Shklovskii temperature, N(EF) is the density 
of states at the Fermi energy EF, l is the localization length and  
is the dielectric constant, respectively. Some of the values are 
reproduced with permission from Ref. [184]. Copyright 2010 
American Chemical Society 

Sample description 
Ref. 
[169] 

Ref. 
[179] 

Ref. 
[180] 

Ref. 
[183]

Ref. 
[184]

coil diameter (nm) 180‒350 ~5,000 ~2,000 ~150 ~150

coil length (m) ~1.5 ~2,000 ~2,500 ~5 ~30

TM (K) N/A N/A 2,342 N/A 215

TES (K) N/A N/A 17.5 0.17 272

N(EF) (eV–1·cm–3) N/A N/A ~1019 4.4×1020 N/A

L (nm) N/A N/A 13.2 32 11–50

 N/A N/A ~103 ~106 50–200

Coulomb gap (MeV) N/A N/A 0.12 1.5×10–3 23.8

conductivity (S·cm–1) 100–180 30–100 120 ~25 N/A

 

Several theoretical studies have also been carried 

out to explore the electronic properties of the coiled 

CNTs. Employing a simple TB model, Akagi et al. 

[161, 162] calculated the band structures and electron 

density of states of carbon nanocoils and suggested that 

the coiled CNTs could be metallic, semiconducting or 

semimetallic, depending on the arrangement of the 

pentagons and heptagons. Since the pristine CNTs 

can only be either metallic or semiconducting, the 

existence of a semimetal is unique for the carbon 

nanocoils [162]. Using a π-orbital TB model com-

bined with the Green’s function approach, Liu et al. 

investigated the electrical conductance of a series of 

carbon nanocoils built from armchair CNTs [185]. By 

employing the metallic armchair CNT segments as 

electrodes, quantum conductance of the (5, 5), (6, 6) 

and (7, 7) carbon nanocoils were calculated, as 

presented in Fig. 14. Clearly, there is a transport gap 

in the conductance spectrum. Further analysis of  

the electronic states indicated that the incorporation 

of pentagons and heptagons (such as Stone–Wales 

defects) alone cannot lead to gap opening; thus 

creation of the band gap is attributed to the existence 

of sp3 C–C bonds caused by coiling the CNTs. The sp3 

hybridization C–C bonds can make electrons localized 

and open a transport gap, similar to the squashed 

CNTs [116]. In addition, no significant change of 

quantum conductance was found for carbon nanocoils 

under uniaxial elongation or compression due to  

the nearly invariant bond length under strain, i.e., 

superelasticity [164]. 

4.5 Chemical properties 

The helical structure of the coiled CNT makes it a 

good catalytic support. It was found that PtRu alloy 

nanoparticles grown on the coiled CNT exhibit 

excellent crystallinity and a large surface area, leading 

 

Figure 14 Structural model to calculate the conductance of a (5, 5) carbon nanocoil (a) and the conductance of (5, 5), (6, 6) and (7, 7) 
carbon nanocoils (b). Reproduced with permission from Ref. [185]. Copyright (2011) by Science China Press and Springer-Verlag 
Berlin Heidelberg. 
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to excellent catalytic activity [152]. This suggests the 

coiled CNT be a promising candidate for fuel cell 

applications, offering the potential advantages of a 

considerable reduction in the amount of catalyst, 

acceleration of diffusion of methanol fuel, and removal 

of by-product CO2 gas. The excellent performance of 

the coiled CNT-supported catalyst in an electrochemical 

cell can be attributed to the superior dispersion of 

nanosized metallic nanoparticles on the coiled CNT 

and the good interaction between the support material 

and the metal catalyst particles. In addition, due to 

the large curvature, it is energetically preferable for 

nitrogen to be doped into the coiled CNTs with a 

high doping concentration of ~3.5% [186]. A fuel cell 

using the nitrogen-doped coiled CNTs showed an 

improved performance over the one using the undoped 

coiled CNTs [187]. Through changing the annealing 

temperature during synthesis of the nitrogen-doped 

coiled CNTs via CVD, the nitrogen doping concentra-

tion, doping type, and the resulting optical properties 

can all be manipulated [188]. Furthermore, the coiled 

CNTs can be combined with polymer materials and 

used in electrochemical cells [189]. 

4.6 Field emission and electromagnetic wave  

absorption 

It is well-known that CNTs can serve as field emission 

devices due to their sharp tips [190, 191]. Compared 

with CNTs, the coiled CNTs not only have tips but 

also possess curved edges along the body due to the 

existence of defective rings (pentagons and heptagons) 

and buckling. Therefore, the coiled CNTs may also be 

good candidates for field emission devices. In 2003, 

Jiao et al. [192] found that similar to CNTs, coiled CNTs 

can emit electrons and photons in the presence of a 

sufficiently strong electric field and the field-emission 

current density obtained from the coiled CNTs was 

on the order of 104 A·cm–2, comparable to the values 

commonly seen in metal emitters. This suggests that 

carbon coils are good candidates for field emission 

applications. Particularly, non-linear emission resulting 

in Fowler–Nordheim (FN) plots was observed in some 

coiled CNTs [193]. Using a phosphorus glass plate 

coated with indium tin oxide as the anode and an 

iron needle coated with aligned coiled CNTs acts as 

the cathode, Zhang et al. [149] showed a rather low 

turn-on electrical field and high current for the field 

emission of carbon nanocoils. Features of FN plots 

were also observed, which might be due to the large 

number of emission sites formed by the tips and 

edges of the carbon nanocoils. Later, Hokushin et al. 

confirmed Zhang’s explanation that both the tips and 

edges of the carbon nanocoils can serve as emitters 

[194]. They found that for a carbon nanocoil, the 

emission spot consists of two parts: one is from the 

tip of the nanocoil and the other is from the side 

body of the top surface, as presented in Fig. 15. In 

addition, there is a structural change in the carbon 

nanocoil during field emission, as shown in Fig. 15, 

which is considered to be induced by the Joule heating 

associated with the large emission current. On the 

other hand, the field emission of carbon nanocoils can 

be enhanced by some treatments. It was found that 

the field emission of carbon nanocoils is uniformly 

enhanced after an electrical discharge machining 

process [195]. Also, through a simple thermal CVD 

process, the coiled CNTs show very low turn-on field, 

high emission current and very good resistance to 

degradation with time. These enhanced field emission 

properties can be explained from the point of view of 

material selection and structures of the CNTs [196]. 

 

Figure 15 Field emission properties of carbon nanocoils: (a) SEM 
image of the carbon nanocoil before field emission; (b) SEM 
image of the carbon nanocoil after field emission; and (c) field 
emission sites of the carbon nanocoil, where solid circles indicate 
the tip of the nanocoil and dashed circles indicate the side body 
of the top surface. Reproduced with permission from Ref. [194]. 
Copyright 2007 The Japan Society of Applied Physics. 
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In addition to field emission, the coiled CNTs can 

also absorb electromagnetic waves. Tang et al. found 

that the plait-like coiled CNTs present good microwave 

absorbing ability, especially in the high-frequency 

range [197]. With a matching thickness of 1.8 mm,  

the maximum reflection loss is ca. ‒20 dB and the 

bandwidth corresponding to the reflection loss below 

‒10 dB is more than 4.31 GHz. The bandwidth of the 

plait-like coiled CNTs is wider than that of SWNTs/ 

soluble cross-linked polyurethane composites under 

high loading [198]. Similarly, for twin-coiled CNTs, the 

maximum reflection loss and bandwidth corresponding 

to reflection loss below ‒10 dB are ‒36.09 dB and 

6.43 GHz, respectively, suggesting superior micro-

wave absorption to the plait-like coiled CNTs [199]. 

Furthermore, the coiled CNTs show more efficient 

photoluminescence than their multi-walled CNT 

counterparts due to a large surface-to-volume ratio 

and abundant electrons on its surfaces [200]. Wen et 

al. also found that after doping with nitrogen atoms, 

there was a strong ultraviolet photoluminescence 

emission from the carbon nanocoils [188]. The light 

emission of single coiled CNTs in the wavelength range 

from 600 to 900 nm induced by photo and thermal 

excitations was also reported by Ma et al. [201], as 

well as a near-infrared response with a maximum 

responsivity of 0.22 A/W [202]. 

4.7 Applications 

Since coiled CNTs possess special spiral structures 

and excellent mechanical and electronic properties, 

they have potential applications in various fields 

complementary to their straight counterparts [35, 38, 

140, 203]. One important application for carbon 

nanocoils is to act as sensors. In 2004, Volodin et al. 

[204] reported the use of coiled nanotubes as self- 

sensing mechanical resonators, which are able to detect 

fundamental resonances ranging from 100 to 400 MHz, 

as illustrated in Fig. 16. The self-sensing carbon 

nanocoil sensors are sensitive to mass change and well 

suited for measuring small forces and masses in the 

femtogram range. After measuring the mechanical 

response of the coiled CNTs under compression using 

AFM, Poggi et al. pointed out that a nonlinear response 

of the carbon nanocoil can be observed, which is 

associated with compression and buckling of the 

nanocoil [173]. Bell et al. demonstrated that the coiled 

CNTs can be used as high-resolution force sensors in 

conjunction with visual displacement measurement 

as well as electromechanical sensors due to the 

piezoresistive behavior without an additional metal 

layer [205]. The applications of carbon nanocoils as 

near-infrared sensors [201], magnetic sensors [206], 

tactile sensors [207] and gas sensors [208] were also 

explored. 

Another application for carbon nanocoils is to form 

composites with other materials, which can enhance 

their properties. By adding carbon nanocoils into 

epoxy nanocomposites, their mechanical properties can 

be enhanced [209–212]. Coiled CNT/silicone-rubber 

composites show high resistive sensitivity, depending 

on the density of carbon nanocoils [213, 214]. In 

addition, coiled CNTs coated with Ni show enhanced 

microwave absorption compared with the uncoated 

ones, resulting from stronger dielectric and magnetic 

losses [215]. Tungsten-containing carbon nanocoils 

can expand and contract as flexibly as macro-scale 

springs and the elastic constants of the tungsten- 

containing carbon nanocoils increases with increasing  

Figure 16 Carbon nanocoil acting as a mechanical resonator: (a) AFM image of the carbon nanocoil; (b) the circuit containing two 
broad-band radio frequency transformers and the carbon nanocoil; (c) resonant response of the carbon nanocoil device to electromechanical
excitation. Reproduced with permission from Ref. [204]. Copyright 2004 American Chemical Society. 
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concentration of tungsten [216]. In addition, coiled 

CNT composites have been utilized as energy storage 

devices, such as fuel cells [151], lithium-ion batteries 

[217], and electrochemical devices [189, 218, 219]. 

Moreover, coiled CNTs have been used as sensors, flat 

panel field emission displays, microwave absorbers 

and additives in the cosmetic industry. 

5 Conclusions and outlook 

Both experimental and theoretical studies of toroidal, 

kinked and coiled CNTs have been reviewed, 

including fabrication and formation mechanisms, 

theoretical modelling, physical and chemical properties, 

and technological applications. Compared with pristine 

CNTs, zero-dimensional toroidal CNTs exhibit better 

electromagnetic properties, such as persistent current 

and an Aharonov–Bohm effect. Moreover, the 

electronic properties of the toroidal CNTs can be 

tuned by chemical modification. In particular, this 

tubular closed structure can trap ions, atoms and 

molecules. In contrast to toroidal CNTs, kinked and 

coiled CNTs are kinds of spiral structures. The former 

are in-plane spirals and the latter are out-of-plane 

spirals. The kinked CNTs have enhanced chemical 

reactivity at the kinked parts and can be promising 

candidates for nanoscale sensors and switches due to 

the significant electromechanical coupling effects. On 

the other hand, the coiled CNTs possess fascinating 

mechanical, optical, chemical and field emission pro-

perties. In addition, the superior mechanical properties 

allow the coiled CNTs to act as electromechanical, 

electromagnetic, and chemical sensors. 

As mentioned above, the toroidal CNTs synthesized 

experimentally are usually formed by bundles of 

SWNTs and have large tubular diameters. The 

fabrication of single-walled toroidal CNTs, as well as 

toroidal CNTs with controllable tubular diameters, 

remains a great challenge. Inserting atoms/molecules 

into the toroidal CNTs is an interesting topic of future 

study. Similar to the toroidal CNTs, experimentally 

fabricated kinked CNTs are composed of bundle of 

SWNTs and it is hard to control the geometries   

and bending angles. Thus, improved experimental 

techniques and parameters affording kinked CNTs 

with controllable wall thickness and geometry should 

be developed. On the other hand, both experimental 

and theoretical studies are needed to further explore 

their properties for potential applications. In addition, 

since the formation mechanism of the coiled CNTs 

depends strongly on the catalyst, searching for the 

optimal catalysts is critical for improving quality  

and quantity of the nanocoil samples. Finding the 

appropriate geometry and concentration of the coiled 

CNTs is necessary to improve performance of nanocoil- 

based nanocomposites. To realize applications in 

nanodevices, it is also important to elucidate the 

contact interaction between these carbon nano-

structures with electrodes or other coating materials. 

Inspired by the extensive research on CNTs and 

graphene, low-dimensional non-carbon nanostructures 

(one-dimensional and two-dimensional) have also 

attracted great attention, such as nanotubes of BN, 

vanadium oxide, chalcogenides, bismuth, and NiCl2 

[220–223], nanoribbons of BN [224], MX2 [225–227], 

GaN [228], molybdite [229], and selenium [230], 

two-dimensional monolayera of BN [231, 232], MX2 

[233–235], silicone [236–241], and the recently proposed 

and fabricated organic topological insulators made of 

two-dimensional organometallic frameworks [242–245]. 

It would be interesting to extend the study of kinked 

and coiled CNT to non-carbon counterparts, for 

example, kinked BN [246, 247] and semiconductor 

nanowires/nanotubes [248–251], kinked inorganic 

nanoribbons [129], and coiled BN [252], ZnO [253], 

and silica [254] nanotubes. 
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