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1. Introduction

The perfect graphite and carbon nanotube (CNT) are composed of hexagonal rings of carbon
atoms. However, non-hexagonal rings like pentagons and heptagons usual exist in the real‐
istic CNT. Due to the change of topology, different arrangements of the pentagons and hep‐
tagons would lead to various structures, such as CNTs with Stone-Wales defects [1], CNT
junctions [2], toroidal CNTs [3], and coiled CNTs [4, 5]. Each type of these CNT-based struc‐
tures has its unique physical and chemical properties; as a consequence, the diversity in
morphology extends the applications of CNTs. In this chapter, we will review the current
progress on two important members of the CNT family, i.e., the toroidal CNTs at the first
and coiled CNTs in the second.

The toroidal CNT (also known as carbon nanotorus or carbon nanoring) is a kind of zero-
dimensional CNT-based nanostructure. In other words, a carbon nanotorus can be consid‐
ered as a giant molecule and directly used as a nanoscale device. As for the synthesis of the
toroidal CNTs, numerous methods have been proposed, including laser-growth method, ul‐
trasonic treatments, organic reactions, and chemical vapour deposition (CVD), which will be
illustrated in the following. In addition to experimental synthesis, various theoretical efforts
have been devoted to construct the structural models of the toroidal CNTs. In general, there
are two kinds of toroidal CNTs: one is formed by pristine nanotube with pure hexagon net‐
works, and the other contains certain amount of pentagon and heptagon defects. Due to the
circular geometry of the carbon nanotorus and incorporation of pentagon/heptagon defects,
it may exhibit novel mechanical, electronic and magnetic properties different from the
straight CNTs.

Another kind of curved CNT-based nanostructure is the coiled CNT, which is also known as
carbon nanocoil or carbon nanospring. Different from the zero-dimensional toroidal CNT, the
coiled CNT is a kind of quasi one-dimensional CNT-based nanostructures with a certain spiral
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angle.  Intuitionally,  a  carbon nanocoil  is  like a spring in geometry.  Therefore,  mechanic
properties of the coiled CNTs attract lots of attentions. Among various methods to produce
the coiled CNTs, CVD approach is predominant due to the high quality and good controlla‐
bility. Besides, several methods have been proposed to build the structural models of the
coiled CNTs. An important feature of the carbon nanocoil models is the periodic incorpora‐
tion of pentagons and heptagons in the hexagonal network. In addition, due to the excel‐
lent properties of the coiled CNTs, they have promising applications in many fields, such as
sensors, electromagnetic nano-transformers or nano-switches, and energy storage devices.

2. Toroidal CNTs

In this section, we summarize experimental fabrication and theoretical modelling of the toroidal
CNTs, as well as their physical and chemical properties. The toroidal CNTs are predicted to
be both thermodynamic and kinetically stable. Due to the circular geometry, the toroidal CNTs
possess excellent properties, especially the electronic and magnetic properties.

2.1. Fabrication

Synthesis and characterization of the toroidal CNTs are of key importance in the carbon
nanotorus related fields. Early in 1997, Liu et al. reported synthesis of the toroidal CNTs
with typical diameters between 300 and 500 nm by using the laser growth method [3]. From
the measurement of scanning force microscopy (SEM) and transmission electron microscopy
(TEM), it was shown that the toroidal CNTs were form by single-walled carbon nanotube
(SWNT) ropes consisting of 10 to 100 individual nanotubes. Soon after, the toroidal CNTs
were also found in the CNT samples prepared by catalytically thermal decomposition of hy‐
drocarbon gas [6] and an ultrasound-aided acid treatment [7, 8]. Later, a variety of experi‐
mental approaches were developed to fabricate carbon nanotori, such as organic reactions
[9, 10], chemical vapor deposition (CVD) [11, 12], and depositing hydrocarbon films in Toka‐
mak T-10, the facility for magnetic confinement of high-temperature plasma [13]. In addi‐
tion, incomplete toroidal CNTs [13, 14], large toroidal CNTs with diameters of~200–300 nm,
sealed tubular diameters of 50–100 nm [15], and patterning of toroidal CNTs [16, 17] were
also achieved in laboratory. In particular, the tubular diameter of a carbon nanotorus is now
controllable. Toroidal CNTs from single-walled [7-10, 18, 19], double-walled [20], triple-wal‐
led [21], and multi-walled CNTs [6] have been achieved. Combining the experimental meas‐
urements and a simple continuum elastic model, formation of the toroidal CNTs was
supposed to involve a balance between the tube-tube van der Waals adhesion, the strain en‐
ergy resulting from the coiling-induced curvature and the strong interaction with the sub‐
strate [8, 14]. Various kinds of the toroidal CNTs are presented in Figure 1.
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Figure 1. Experimental fabrications of various kinds of toroidal CNTs.

2.2. Structural models and thermodynamic stabilities

Prior to the experimental synthesis, Dunlap proposed to construct the structural model of a
carbon nanotorus by connecting two CNTs with different diameters [22]. Almost at the same
time, researchers in Japan built a C360 nanotorus from C60 fullerene [23] and then generated a
series of toroidal CNTs with 120 to 1920 carbon atoms using the prescription of Goldberg [24,
25]. So far, there have been six major approaches to construct the structural models of toroi‐
dal CNTs: (1) bending a finite CNT and connecting its ends together [26-29]; (2) connecting
CNTs with different diameters by introducing pentagons and heptagons [22, 30-32]; (3) con‐
structing from fullerenes [23-25] by employing the prescription of Goldberg [33]; (4) built
through the connection of one zigzag-edged chain of hexagons and another armchair-edged
chain of hexagons [34]; (5) sewing the walls of a double-walled CNT at both ends [35]; (6)
constructing from only pentagons and heptagons [36]. To summarize, there are two kinds of
toroidal CNTs: one is formed by pure hexagonal networks and the other is a hexagonal
structure with pentagon-heptagon defects. In a more detailed way, Itoh et al. classified the
toroidal CNTs into five types using the parameters of the inner (ri) and outer (ro) diameters,
and the height (h) [37]. As depicted in Figure 2, type (A) indicates a nanotorus with ri ≈ ro, h
<< ri, and h ≈ (ro - ri), type (B) is the case of ri ~ ro ~h and h ≈ (rori), type (C) denotes h << (ro
ri), type (D) is the case of ri< ro, ro ~ h, and h ~ (ro ri), and type (E) means (ro ri) << h, respectively.

After establishing the structural models, one important issue is to examine the thermody‐
namic stabilities of the toroidal CNTs. Many groups demonstrated that toroidal CNTs are
more stable than C60 fullerene through comparing their binding/cohesive energies calculated
by means of empirical potential methods [22-25]. Besides, molecular dynamics (MD) simula‐
tions also demonstrated that toroidal CNTs can survive under high temperature [23, 29, 38,
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39]. Generally, the thermodynamic stability of a carbon nanotorus depends on its geometric
parameters, such as ring and tubular diameter, symmetry, curvature, and position of the
pentagons and heptagons. Ihara et al. showed that the cohesive energy of a carbon nanoto‐
rus derived from C60 fullerene decreased with increasing number of carbon atoms in the car‐
bon nanotorus [24]. The ring and tubular diameter can also affect the thermodynamic
stability of a carbon nanotorus [40-42]. At a fixed tubular diameter, there was a preferable
ring diameter where the nanotorus possesses the lowest formation energy [40]. Besides, de‐
pendence of the stability on the rotational symmetry was also reported for the toroidal
CNTs [32, 37]. Among the toroidal CNTs constructed from (5, 5), (6, 6), and (7, 7) armchair
CNTs, the one with D6h symmetry is energetically favourable [32]. Despite the dependence
on the geometric details, it was believed [43, 44] that for the toroidal CNTs with large ring
diameters, the pure hexagonal structure is energetically more stable, but for the ones with
small ring diameters, the mixture of hexagonal networks and pentagon-heptagon defects is
energetically more favourable. In [44], this critical ring diameter is given by the equation Rc

= πr2Y/(4σ), where r is the tubular diameter of the initial CNT, Y is the Young’s modulus of
the initial CNT, and σ is the surface tension of graphite perpendicular to the basal planes.
For example, taking the Y = 1.0 TPa, a Rc of 90 nm can be obtained for a carbon nanotorus
made of a (10,10) nanotube (r = 0.68 nm).

Figure 2. Schematic diagram for five types of toroidal CNTs classified by the parameters of the inner diameter ri, the
outer diameter ro, and the height h, respectively. Reprinted with permission from [37]. Copyright (1995) Elsevier.

2.3. Mechanical properties

Mechanical property is of fundamental importance for the applications of a material. Em‐
ploying MD simulation with a reactive force field, Chen et al. investigated the mechanical
properties of zero-dimensional nanotorus, one-dimensional nanochain and two-dimensional
nanomaile constructed from toroidal CNTs [45]. For a nanotorus constructed from bending
a (5, 5) CNT, its Young’s modulus increases monotonically with tensile strain from 19.43 to
121.94 GPa without any side constraints and from 124.98 GPa to 1560 GPa with side con‐
straints, respectively, where the side constraint means fixing the position of small regions of

Syntheses and Applications of Carbon Nanotubes and Their Composites260



carbon atoms at left and right sides. Besides, the tensile strength of the unconstrained and
constrained nanotorus was estimated to be 5.72 and 8.52 GPa, respectively. In addition, the
maximum elastic strain is approximate 39% for the nanochain and 25.2% for thenanomaile.
For a nanotorus obtained from bending a (10, 10) CNT, its Young’s modulus along the tube
axis was 913 GPa by taking [46]. Later, buckling behavior of toroidal CNTs under tension
was investigated using the molecular mechanics (MM) computations, including the toroidal
CNTs formed from (5, 5), (8, 8) and (9, 0) CNTs [47, 48]. 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 sym‐
metrical. Recently, reversible elastic transformation between the circular and compressed
nanotorus in a colloid has been observed under TEM [17]. This geometric reversibility was
also predicted theoretically by using a nonlinear continuum elastic model [49, 50], suggest‐
ing the potential application of toroidal CNTs as ultrasensitive force sensors and flexible and
stretchable nanodevices.

2.4. Electronic properties

It is well-known that a CNT can be expressed by a chiral vector Ch (n, m) and a translation
vector T (p, q) and can be either metallic or semiconducting, depending on its chirality [51].
Since a carbon nanotorus can be considered as a bended CNT or a CNT incorporated with
pentagons and heptagons, it would be interesting to explore will the bending behavior or
inclusion of pentagons and heptagons affect the electronic properties of the pristine CNT.
For a carbon nanotorus formed by bending a (n, m) CNT, it can be divided into three types:
(1) if m ‒ n = 3i, and p ‒ q = 3i (i is an integral), the carbon nanotorus is metallic; (2) if m ‒ n =
3i, and p ‒ q ≠ 3i, the carbon nanotorus is semiconducting; (3) if m ‒ n ≠ 3i, and p ‒ q = 3i, the
carbon nanotorus is insulating [52]. This classification was partly confirmed by the tight-
binding (TB) calculation 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
twisting vectors [53]. Moreover, delocalized and localized deformations play different roles
on the electronic properties of a carbon nanotorus built bending a CNT [27]. The delocalized
deformations only slightly reduce the electrical conductance, while the localized deforma‐
tions 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, and the localized deformation indicates the deformation induced by the pushing
action of the tip of AFM. In addition, Liu et al. reported the oscillation behavior of the ener‐
gy gap during increasing size of the nanotorus and the gap was eventually converged to
that of the infinite CNT [54].

Meanwhile, in the case of incorporation of pentagons and heptagons, a HOMO-LUMO gap
can be expected for the carbon nanotorus. For a carbon nanotorus C1960 constructed by con‐
necting (6, 6) and (10, 0) CNTs, a gap of 0.05 eV was calculated by a TB approach [44]. Using
both 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 HOMO-LUMO gaps [55]. Besides, employing the extended-Hückel method, energy
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gaps of 0.4-0.32µB eV were predicted for the toroidal CNTs of C170, C250, C360, C520, and C750

[56]. Further accurate DFT examination also showed that the nanotorus C444 has a gap of
0.079 eV and the nanotorus C672 has a gap of 0.063 eV, respectively [57].

2.5. Magnetic properties

The unique circular geometry endows its advantage to study the magnetic response when 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 can be
130 times larger than that of the benzene molecule [58]. Afterwards, colossal paramagnetic
moment was also reported in the metallic toroidal CNTs, which was generated by the inter‐
play between the toroidal geometry and the ballistic motion of the π-electrons [28], as shown
in Figure 3. For example, the nanotorus C1500 built from a (5, 5) CNT possesses a large para‐
magnetic moment of 88.4 µB at 0 K. Similarly, the nanotorus C1860 built from a (7, 4) CNT has
a giant zore-temperature magnetic moment of 98.5 µB. In addition to the paramagnetic mo‐
ments, existence of ferromagnetic moments at low temperatures in the toroidal CNTs with‐
out heteroatoms was also predicted by using a π-orbital nearest-neighbor TB Hamiltonian
with the London approximation, which is attributed to the presence of pentagons and hepta‐
gons [59]. Another important phenomenon, i.e., the Aharonov–Bohm effect can be also ob‐
served in the toroidal CNTs [60-64]. Indeed, the magnetic properties of the toroidal CNTs are
affected by many factors. Liu et al. pointed out that the paramagnetic moments of the toroi‐
dal CNTs decrease distinctly as temperature increases [28]. Such temperature dependence was
also confirmed by several successive studies [65-68]. Moreover, the magnetic properties of a
toroidal CNT also rely on its geometric parameters, such as ring diameter, curvature, chirali‐
ty, and the arrangement of pentagons and heptagons [65-67].

Figure 3. Induced magnetic moment as a function of temperature for various toroidal CNTs in a perpendicular mag‐
netic field of 0.1 T (solid line) and 0.2 T (dashed line), respectively. Reprinted figures with permission from [Liu L, Guo
GY, Jayanthi CS, Wu SY. Colossal Paramagnetic Moments in Metallic Carbon Nanotori. 88, 217206 (2002)]. Copyright
(2002) by the American Physical Society. http://prl.aps.org/abstract/PRL/v88/i21/e217206.
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2.6. Modification of the toroidal CNTs

Chemical modification is an important approach to tailor the properties of materials. A com‐
mon approach of chemical modification is doping. It was found that doping electrons or
holes into a carbon nanotorus could vary its magnetic properties through altering the band-
filling configuration [69]. Our previous work also demonstrated that substitutional doping
of boron or nitrogen atoms could modify the electronic properties of the toroidal CNTs due
to change of the six π-electron orbitals [32]. Moreover, compared with the hexagonal rings,
existence of pentagons favours the doping of nitrogen atoms and existence of heptagons
prefers the doping of boron atoms. Besides, the toroidal CNTs coated with beryllium can be
used as candidates for hydrogen storage. Each beryllium atom can adsorb three H2 mole‐
cules with moderate adsorption energy of 0.2-03 eV/H2 [70].

Since the toroidal CNTs also have the hollow tubular structures similar to the CNTs, atoms
or molecules can be encapsulated into the toroidal CNTs. Early in 2007, Hilder et al. exam‐
ined the motion of a single offset atom and a C60 fullerene inside a carbon nanotorus to ex‐
plore its application as high frequency nanoscale oscillator [71]. They demonstrated that the
C60 fullerene encapsulated carbon nanotorus can create 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 magnetic properties of this nano-composite structure [72]. Reduced HOMO-
LUMO gap and ferromagnetism of the nanotorus were predicted by encapsulating chains of
metal atoms. In addition, diffusion behavior of water molecules forming two oppositely po‐
larized chains in a carbon nanotorus was studied by MD simulations. It was demonstrated
that Fickian diffusion is in the case of a single chain and the diffusion for two or more chains
is consistent with single-file diffusion [73].

3. Coiled carbon nanotube

Similar to the case of the toroidal CNTs, we first introduce the experimental synthesis and
theoretical methods to construct the structural models, as well as their formation mechanism
and stabilities. Then the mechanic properties and electronic properties of the coiled CNTs
are summarized. Finally, the promising applications of coiled CNTs in various fields com‐
pared with their straight counterparts owing to their spiral geometry and excellent proper‐
ties will be discussed in the end of this section.

3.1. Fabrication and formation mechanism

The coiled CNTs were first experimentally produced through catalytic decomposition of
acetylene over silica-supported Co catalyst at 700 °C in 1994 [4, 5]. Afterwards, numerous
methods have been proposed to synthesize the coiled CNTs, including the laser evaporation
of the fullerene/Ni particle mixture in vacuum [74], opposed flow flame combustion of the
fuel and the oxidizer streams [75], electrolysis of graphite in fused NaCl at 810 °C [76], self-
assembly from π-conjugated building blocks [77, 78], and CVD method [79-83]. Among
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these various methods, the CVD approach is predominant due to its high quality, which has
been reviewed by several literatures [84-86]. To fabricate the coiled CNTs, CVD process in‐
volves the pyrolysis of a hydrocarbon (e.g. methane, acetylene, benzene, propane) over tran‐
sition-metal catalysts (e.g. Fe, Co, Ni) at high temperatures. Compared to the high growth
temperature (> 2000 °C) of CNT through arc discharge and laser evaporation process, the
relatively low growth temperature of CVD method (500–1000 °C) allows carbon atoms move
slowly and form non-hexagonal carbon rings [84]. In 2006, Lau et al. reviewed the three ma‐
jor CVD-based methods to fabricate the coiled CNTs, including the catalyst supported CVD
growth, on substrate CVD growth and template-based CVD growth [84]. Later, synthetic pa‐
rameters of CVD growth of the coiled CNTs, such as catalyst, gas atmosphere and tempera‐
ture, were introduced and catalogued by Fejes et al. [85] and Shaikjee et al. [86], respectively.
Moreover, Shaikjee et al. [86] presented different types of the coiled CNTs with non-linear
morphology, which are shown in Figure 4.

Figure 4. Experimental fabrications of various kinds of the coiled CNTs. Reprinted with permission from [86]. Copy‐
right (2011) Elsevier.

As for the formation mechanism of the coiled CNTs, Fonseca et al. presented a 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
[87]. In addition, formation of the coiled CNTs is closely related to the catalyst. Pan et al.
suggested that the catalyst grain is crucial to the geometry of a carbon nanocoil and the non‐
uniformity of carbon extrusion speed in the different parts of the catalyst grain leads to the
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helical growth of the coiled CNTs [88]. Chen et al. pointed out that the driving force of coil‐
ing straight CNTs was the strong catalytic anisotropy of carbon deposition between differ‐
ent crystal faces [89]. 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. Taking both the energy and entropy into account, Bandaru et al.
proposed a mechanism that 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 compen‐
sate 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 [90].

3.2. Structural models and thermodynamic stabilities

An important feature of a carbon nanocoil is incorporation of pentagons and heptagons in
the hexagonal  network.  Dunlap [22,  91]  showed that  connecting two CNTs with penta‐
gons and heptagons could result in a curved structure or knee structure. Based on the knee
structure, Fonseca et al. was able to construct the toroidal and coiled CNTs using the knee
segments as building blocks, where the former is an in-plane structure and the latter is out
of  plane [92].  In  addition,  researchers  in  Japan proposed two kinds of  methods to  con‐
struct structures of the coiled CNTs. One approach is to cut the toroidal CNTs into small
pieces and recombine them to form the coiled CNTs with one pitch containing one nanoto‐
rus [37, 93]. For the coiled CNTs built from toroidal segments, Setton et al. suggested that
the toroidal segments were only feasible for single-shell or at best two-shell nanocoils [94].
The other way is to insert pentagons and heptagons into a perfect graphene network and
then roll  up this  structure to form a carbon nanocoil  [95,  96].  Similarly,  Birό et  al.  pro‐
posed to build the coiled CNTs from rolling up the Haeckelite structure, a graphite sheet
composed of polygonal rings [97].  Recently, we were able to construct the carbon nano‐
coils from segment of CNTs in which the tube chirality is maintained [98]. Through intro‐
ducing 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 rotate angle. This method was also employed to construct the structural mod‐
els of the toroidal CNTs, as mentioned above [32]. A simple schematic diagram of this method
is presented in Figure 5. 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) [84,
86], as illustrated in Figure 6.

In addition to the structural models of the coiled CNTs, several works have been devoted to
investigating their thermodynamic stabilities. Employing MD simulation, Ihara et al. [93]
obtained the cohesive energies of 7.41, 7.39 and 7.43 eV/atom for C360, C540 and C1080 nano‐
coils, respectively, which are close to that of graphite sheet (7.44 eV/atom) and lower than
that of the C60 fullerene (7.29 eV/atom). Therefore, these carbon nanocoils are more stable
than C60 fullerene. Moreover, these carbon nanocoils can maintain the coiled geometry with‐
out collapse at a temperature up to 1500 K, which further confirms their thermodynamical
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stability. By taking into account the volume free energy, the surface energy, and the curva‐
ture elastic energy, it was found that there is a threshold condition for the formation of
straight multiwall CNTs [99]. Below that the straight multiwall CNTs become unstable and
would undergo a shape deformation to form the coiled CNTs.

Figure 5. Schematic diagram for constructing the structural models of (6, 6) carbon nanotorus and nanocoil by intro‐
ducing pairs of pentagons (highlighted in blue) and heptagons (highlighted in red).

Figure 6. Parameters of inner coil diameter Di, outer coil diameter Do, tubular diameter Dt and coil pitch λ to describe a
carbon nanocoil.

3.3. Mechanical properties

Intuitively, a carbon nanocoil is similar to a spring in geometry. It is well-known that spring
exhibits excellent mechanic properties and is very useful in the mechanics-based devices.
Therefore, mechanical properties of the coiled CNTs as “nanospring” have attracted lots of
attentions. Early in 2000, Volodin et al. measured the elastic properties of the coiled CNTs
with atomic force microscopy (AFM) and showed that the coiled CNTs with coil diameters
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(> 170 nm) possess high Young’s modulus of 0.4–0.9 TPa [100]. Using a manipulator-equip‐
ped SEM, Hayashida reported the Young’s modulus of 0.04–0.13 TPa and the elastic spring
constants of 0.01–0.6 N/m for the coiled CNTs with coil diameters ranging from 144 to 830
nm [101]. Remarkable spring-like behavior of an individual carbon nanocoil has been dem‐
onstrated by Chen et al. [102], as presented in Figure 7. A spring constant of 0.12 N/m in the
low-strain regime and a maximum elastic elongation of 33% were obtained from AFM meas‐
urement. In contrast to the high measured Young’s modulus, the shear modulus of the
coiled CNTs is extremely low. Chen et al. [102] considered the coiled CNTs with a Do of
~126±4 nm but different Di. For the case of Di = 3/4 Do, a shear modulus of ~2.5±0.4 GPa was
estimated; if Di = 1/2 Do, the corresponding shear modulus was ~2.3±0.4 GPa; and if Di = 0, a
shear modulus of ~2.1±0.3 GPa can be obtained. Afterwards, Huang [103] studied the coiled
CNTs under uniaxial tension in simple explicit expressions and obtained a maximum elastic
elongation of ~30%, a shear modulus 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, which is comparable to
the experimental result [102]. Later, Chang et al. reported a shear modulus of 3±0.2 GPa for
the double coiled CNTs [104]. In addition, Poggi et al. demonstrated the compression behav‐
ior of the coiled CNTs and presented that repeated compression/buckling/decompression of
the nanocoil was very reproducible with a limiting compression of 400 nm [105].

Figure 7. Measurement of the mechanical properties of a carbon nanocoil using the AFM cantilevers: (b) the initial
state, (c) at a tensile strain of 20%, and (d) at a tensile strain of 33%. Reprinted with permission from [102]. Copyright
(2003) American Chemical Society.

In addition to the experimental measurements, numerous theoretical simulations were car‐
ried out to investigate the mechanical properties of the coiled CNTs. Using the Kirchhoff rod
model, Fonseca et al. derived a series of expressions to obtain the Young’s modulus and
Poisson’s ratios for the coiled CNTs. Taking the parameters for the carbon nanocoil reported
by Chen et al. [102], Fonseca et al. estimated the Young’s modulus of 6.88 GPa for a nanocoil
with a coil diameter of 120 nm, a Poisson’s ratio of 0.27 and a shear modulus of 2.5 GPa [106,
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107]. Besides, equations were derived to calculate the elastic constants of the forests of the
coiled CNTs, which shows that the entanglement among neighboring nanocoils will contrib‐
ute to the mechanical properties of the nanocoil forests [108]. Employing the DFT and TB
calculations, we computed the Young’s modulus and elastic constant of a series of single-
walled carbon nanocoils built from the armchair CNTs [98]. The Young’s modulus ranges
from 3.43 to 5.40 GPa, in good agreement with the Fonseca’s reports [106, 107] and the elas‐
tic constant lies between 15.37 to 44.36 N/m, higher than the experimental values [100, 102].
Furthermore, superelastic behavior of the coiled CNTs was also predicted from our compu‐
tations 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. In a recent computa‐
tion on the mechanic properties of the single-walled carbon nanocoils using the finite ele‐
ment ANSYS code, spring constants ranging from 15–30 N/m were obtained for the
armchair carbon nanocoils with different tubular diameters [109]. As the tubular diameter
increases, the spring constant increases accordingly. Generally speaking, the calculated
Young’s modulus and elastic constants for the coiled CNTs are more or less different from
that of the experimental measurements. This difference may be attributed to the structural
details of the synthesized carbon nanocoils, especially the larger sizes of experimental nano‐
coil samples.

3.4. Electronic and transport properties

Similar to the toroidal CNTs, pentagons and heptagons exist in the coiled CNTs, which may
lead to different electric properties with regard to that of the pristine CNTs. Using the two
and four probes methods, Kaneto et al. measured the electric conductivity of the micro carbon
nanocoils, which lies in 30–100 S/cm [110]. Later, it was 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 [101],
which is much smaller than a straight CNT (~104 S/cm) [111]. Recently, Chiu et al. reported
a very high conductivity of 2500 S/cm and an electron hopping length of ~5 nm for the single
carbon nanocoils measured at low temperature [112]. An even higher electron hopping length
of 5–50 nm was predicted by Tang et al. [113]. Moreover, the temperature dependence of the
electric resistance was also observed where resistivity of the carbon nanocoil decreases as the
annealing temperature increases [114]. Therefore, the measured electric properties of the coiled
CNTs are closely related to the temperature and details of the samples.

Theoretically, employing a simple TB model, Akagi et al. [95, 96] calculated the band struc‐
tures and electron density of states of the carbon nanocoils and suggested that the coiled
CNTs could be metallic, semiconducting and semimetallic, depending on the arrangement
of the pentagons and heptagons. Compared with the pristine CNTs, the semimetal property
is unique for the carbon nanocoil [96]. Recently, we investigated the electric conductance of
a series of armchair carbon nanocoils through using a π-orbital TB model combined with the
Green’s function approach [115]. Using the metallic armchair CNTs as the electrodes, we cal‐
culated the quantum conductance of the (5, 5), (6, 6) and (7, 7) carbon nanocoils, as present‐
ed in Figure 8. Clearly, there is a transport gap in the conductance spectrum. Further
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analysis of the electronic states indicates that only incorporation of pentagons and hepta‐
gons (such as Stone-Wales defects) can not lead to gap opening, and thus creation of the
band gap should be attributed to the existence of sp3 C-C bonds caused by coiling the CNTs.
In addition, change of quantum conductance for the armchair carbon nanocoils under uniax‐
ial elongation or compression is not distinct due to the nearly invariant bond length under
strain, i.e. superelasticity [98].

Figure 8. Structural model to calculate conductance of the (5, 5) carbon nanocoil (a) and conductance of the (5, 5), (6,
6) and (7, 7) carbon nanocoils (b). Reprinted with permission from [115]. Copyright (2011) Science China Press and
Springer-Verlag Berlin Heidelberg.

3.5. Applications

Owing to the spiral geometry and unusual properties, the coiled CNTs have promising ap‐
plications in various fields compared with their straight counterparts [84-86, 116]. One im‐
portant application of the carbon nanocoils is to act as the sensors. In 2004, Volodin et al.
[117] reported the use of coiled nanotubes as self-sensing mechanical resonators, which is
able to detect fundamental resonances ranging from 100 to 400 MHz, as illustrated in Figure
9. 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 com‐
pression and buckling of the nanocoil [105]. Bell et al. demonstrated that the coiled CNTs
can be used as high-resolution force sensors in conjunction with visual displacement meas‐
urement as well as electromechanical sensors due to the piezoresistive behavior without an
additional metal layer [118]. Besides, the applications of carbon nanocoils as magnetic sen‐
sors [119], tactile sensors [120], and gas sensors [121] were also exploited.

Another kind of major applications of the carbon nanocoils is to form composites with oth‐
er materials. It was found that incorporation of carbon nanocoils in epoxy nanocomposites
can enhance the mechanic properties of the epoxy nanocomposites [122-125]. Besides, the
coiled CNT/silicone–rubber composites show high resistive sensitivity, relying on the densi‐
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ty of the carbon nanocoil [126, 127]. In addition, metal-coated carbon nanocoils can also display
some properties different from the pristine coiled CNTs. Tungsten-containing carbon nano‐
coils can expand and contract as flexibly as macro-scale springs and the elastic constants of
the tungsten-containing carbon nanocoils rises along with increasing content of tungsten [128].
Bi et al. [129] found that the coiled CNTs coated with Ni have enhanced microwave absorp‐
tion than the uncoated ones, which is results from stronger dielectric and magnetic losses.

Figure 9. The carbon nanocoil to act as a mechanical resonator: (a) AFM image of the carbon nanocoil, (b) circuit con‐
tains two broad-band radio frequency transformers and the carbon nanocoil, and (c) resonant response of the carbon
nanocoil device to electromechanical excitation. Reprinted with permission from [117]. Copyright (2004) American
Chemical Society.

In addition, field emission [79, 130], energy storage [131, 132] and biological applications
[133] of the coiled CNTs were also reported. Nowadays, the coiled CNT have been used as
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sensors [117-121], flat panel field emission display [79], microwave absorbers [134] and addi‐
tives in the cosmetic industry [86].

4. Conclusion

Experimental fabrication and theoretical modelling of the toroidal and coiled CNTs were re‐
viewed in this chapter. Compared with the pristine CNTs, the zero-dimensional toroidal
CNTs exhibit excellent electromagnetic properties, such as persistent current and Aharo‐
nov–Bohm effect. Moreover, electronic properties of the toroidal CNTs can be tuned by
chemical modification. In contrast to the toroidal CNTs, the coiled CNTs are quasi one-di‐
mensional CNT-based nanostructures. Due to the spring-like geometry, the coiled CNTs
possess fascinating mechanical properties, which are known as superelastic properties. This
superelasticity allows the carbon nanocoils to act as electromechanical, electromagnetic, and
chemical sensors. In addition, the coiled CNTs have been used commercially to fabricate flat
panel field emission display, microwave absorbers and cosmetics.

As mentioned above, the toroidal CNTs synthesized experimentally are usually formed by
the bundle of single-walled CNTs and have large ring diameters. Therefore, fabrications of
the single-walled toroidal CNTs, as well as the toroidal CNTs of controllable ring diameters,
are great challenges. Moreover, achievement of inserting atoms/molecules into the toroidal
CNTs is another key issue under solution. On the other hand, since the formation mecha‐
nism of the coiled CNTs depends closely on the catalysts, searching for the optimal catalysts
is significant for the quality and quantity of the nanocoil samples. Besides, finding appropri‐
ate geometry and concentration of the coiled CNTs is also necessary to improve perform‐
ance of nanocomposites with the carbon nanocoils. Further experimental and theoretical
works are expected to carry out to solve these problems.
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