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Carbon nanostructures have been widely studied due to their unique properties and
potential use in various applications. Of interest has been the study of carbonaceous material with
helical morphologies, due to their unique chemical, mechanical, electrical and field emission prop-
erties. As such it is envisaged that these materials could be excellent candidates for incorporation in
numerous nanotechnology applications. However in order to achieve these aspirations, an under-
standing of the growth mechanisms and synthetic strategies is necessary. Herein we consider histor-
ical and current investigations as reported in the literature, and provide a comprehensive outline of

growth mechanisms, synthetic strategies and applications related to helical carbon nanomaterials.
© 2011 Cairo University. Production and hosting by Elsevier B.V. All rights reserved.

Introduction

Carbon is an amazing element, not just because it is the element
required for all life processes, but also due to the fact that it can
exist in numerous allotropic forms [1]. Additionally, by means of
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synthetic processes, carbon can be tailored into a myriad of
structures, particularly those in the nanometre range [2-4].

In 1991, Ijima published his landmark paper which described
the appearance of carbon filaments with diameters in the range
of nanometres [5,6]. These carbon materials would come to be
known as carbon nanotubes (CNTs), and play a fundamental
role in leading scientific and industrial research endeavours in
nanotechnology. Indeed within a matter of years CNTs have ta-
ken centre stage in the nano-science arena. It is no exaggeration
to say that one of the most active fields of research in the area of
nanotechnology currently is the synthesis, characterization and
application of CNTs [5,7,8]. This has naturally led to a renewed
interest in the synthesis of other forms of carbon nanomaterials:
graphene, fibers, horns, buds, onions, helices etc. [8—11]. It is this
diversity in the morphology of carbon materials that provides
the flexibility to modify the properties of carbon. Thus, the de-
sign and production of carbon materials with unusual morphol-
ogies is a promising way to exploit the morphology-property
correlation of carbon nano-materials.
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Of particular interest to scientists has been the study of car-
bon nanomaterials with a helical or non-linear morphology
shown in Fig. 1. Helical carbon nano-materials have a long
history, having first been reported by Davis et al. [12] in
1953. However these fibrous materials were initially considered
a curiosity and efforts were focused on their prevention rather
than on their synthesis [13,14]. It was not until the 1990s, stim-
ulated by the discovery of CNTs, that there was a renewed
interest in carbon fibers and tubes, especially those with unu-
sual (e.g., helical/spring-like) morphology [2,3].

The helical shape is a common form seen in the universe
(from spiralling galaxies to DNA) and it is thus not unexpected
that this should also be a common motif found in carbon nano-
structures [15]. Indeed innumerable macro-devices have been
made based upon a helical design and used by humankind from
ancient times (e.g., the Archimedes water screw) to the present
(e.g., support springs for cellular keypads) [16]. It is expected
that nano materials with helical morphology should possess
both similar and unique physical and chemical properties to
their macro components. Nano helices should thus behave in
a comparable manner to macro materials with similar morphol-
ogy. The ability of a macro scale spring to change shape in re-
sponse to an external force (compression, extension, torsion
etc.), and return to its original shape when the force is removed
has made springs an important component in cellular technol-
ogy, time keeping, medical as well as shock absorbing devices

[16-18]. It is expected that the same should also apply to springs
(helices) made from nanomaterials.

While mechanically useful, springs or coils have also been
used in electro-magnets, solenoids, inducers etc. This is due
to the ability of coiled materials to exhibit interesting electro-
magnet properties since a current flowing through a wire
wound into a coil produces both electric and magnetic fields
[16,18]. This property of electromagnetism has created a revo-
lution in many fields from the development of plasma televi-
sions to memory storage devices. It is envisaged that carbon
nano-materials with helical morphology could also be used
as components in future nano-technology devices [13,19,20].

Macro sized coils and springs are manufactured by a top
down process. While this approach could also be used to form
nano sized springs, the bottom up process starting from atoms
and molecules is expected to be the preferred procedure to make
the components needed to form helical nano-materials. The
growth of helical carbonaceous materials from carbon precur-
sors via a bottom up approach in the presence of a catalyst is
expected to proceed by equivalent methods used to synthesize
straight fibers and tubes [5,7]. The mechanism commonly pro-
posed for carbon fiber growth involves adsorption and dissoci-
ation of a carbon precursor on the surface of a catalyst particle
and dissolution of carbon into the catalyst particle. Once the
catalyst particle has been saturated with carbon, the carbon
crystallizes out of the metal particle and is extruded to form a

Fig. 1

Various types of helical carbon nanomaterials with non-linear morphology.
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CNT or CNF [5,20]. Typically CNTs exist as cylinder/s of rolled
up graphene sheets [7], giving rise to single walled, double walled
and multi-walled entities, Fig. 2. CNFs by contrast are com-
posed of graphene sheets that stack upon each other, to produce
both hollow and solid carbon structures, Fig. 2. These structures
do not need to be straight; they can take on a helical morphol-
ogy. As such, two categories of helical materials exist; (i) coiled
fibers, Fig. 3a, where the fiber is a dense structure with no inner
hollow and (ii) coiled tubes, Fig. 3b, where an inner hollow exists
throughout the length of the coil.

Helical carbon fibers and tubes can be divided into different
categories based upon the helical nature of the material: single
helix, double helix, triple helix, braid, spiral, coil, spring etc.
[3,15,19]. The diversity of helical materials provides a myriad
of shaped carbons, Fig. 1. The use of helical carbons in tech-
nological applications will be dependent on our ability to con-
trol the coil morphology and coil geometry of these materials.
This includes control of the coil diameter, pitch and fiber/tube
thickness, Fig. 3c. The growth of carbon nano-materials can be
controlled by varying temperature, gas environment and the
type of catalyst. The alteration of any of these variables will
result in a significant change in the type and amount of helical
carbon nano-materials formed [3]. To achieve this control, an
understanding of the growth mechanism and the role played
by the various parameters is needed. To date control over
the synthesis of a specific type of helical carbon nano-material
has been met with only limited success.

In this review we attempt to provide a summary of the var-
ious synthetic procedures employed, the relevant mechanistic
explanations that have been given to explain helical growth
patterns and the current technological applications associated
with the new generation of helical carbon nano-materials that
have been prepared. In so doing we provide a way forward for

Fig. 2

controlling the synthesis of helical carbon materials and hence
the manufacture of sophisticated and economically viable
nano-devices containing carbon nano helices.

Structural origin and growth aspects of carbon helices

After the discovery of CNTs, researchers began to study
other forms of carbon in greater detail; in particular those
that exhibited non-linear geometry. The use of a graphene
sheet or honeycomb network rolled into a cylinder (used
to model CNTs) could not be used to explain the geometry
observed in non-linear carbon structures. In early studies it
was realised that fullerenes achieved their curvature by the
introduction of pentagonal rings into graphene (positive cur-
vature) while the insertion of heptagonal and/or octagonal
rings led to ‘negative’ curvature [21,22]. Before long it was
appreciated that a judicious insertion of a series of pentago-
nal and heptagonal rings within a hexagonal matrix would
yield helically coiled carbon nano-materials. As such the is-
sue of helical growth is then to achieve the correct combina-
tion of polygonal rings (5, 6 and 7) that would generate a
helix [22-25].

Structural origin of helices in CNTs

In order to develop a model that can describe the helical nature
of coiled CNTs, carbon in the form of a fullerene or torus must
first be considered. Dunlap [21,26] showed that the insertion of
pentagon and heptagon rings at the junction of two CNTs can
yield what he called a ‘knee structure’. A knee is formed by the
presence of a pentagon on the convex (positive curvature) side
and of a heptagon on the concave (negative curvature) side of
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Fig. 3  Schematic illustration: (a) solid coiled fiber, (b) tubular coiled fiber and (c) parameters used to define coil morphology.

a graphene plane, Fig. 4. The concept of carbon nanotube
‘knees’ proposed by Dunlap was extended by Fonseca et al.
[24] who showed that knee segments could be joined together
to form a toroidal structure (containing 520 carbon atoms,
10 knees). Additionally they were also able to show that if
the knees are joined in such a way that consecutive knees are
joined out of plane, a helix or coil will form instead of a torus.

Thara and Itoh [22] showed that structures that included pen-
tagons and heptagons gave a variety of toroidal structures that
were thermodynamically and energetically stable, Fig. 5. They
were able to show that toroidal carbon structures could be used
to model helical CNTs. It was noted that the type of toroidal

segment used determines the coil pitch, diameter and cycle of the
helix, Fig. 5b (Cs40) and Fig. 5¢ (Csy4o). Additionally they con-
cluded that the arrangement of heptagons within the carbon ma-
trix was instrumental in controlling the coil geometry. A study
by Setton and Setton [27] concluded that while toroidal seg-
ments could be used to model helical CNTs, they could only
be used to explain single shell helices or at best two shell helices.
They suggested that for multi shelled helices, pentagon and hep-
tagon pairs would have to be arranged along the helical path, or
alternatively other ‘defects’ would need to be considered. Most
recently Liu et al. [28] were able to demonstrate, using atomistic
models, that by introducing a pair of pentagons and a pair of
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Fig. 4 Knee formed by pentagon/heptagon pair [24].

heptagons into the structure of a single walled CNT that a
curved structure could be obtained. The pair of pentagons forms
a cone defect whereas the pair of heptagons results in a saddle
point. The incorporation of the pentagons/heptagons creates
strain, which is released when the CNT bends at the defect site.
They suggested that by varying the diameter of the nanotube
and/or the length of the basic segment, the coil diameter, coil
pitch and tubular diameter could be varied. Biré et al. [25] at-
tempted to explain the incorporation of pentagon/heptagon
pairs by considering the possibility that pentagon/heptagon
pairs were not simply defects but were regular building blocks
for the helical CNT structure. They proposed that Haeckelite
type sheets, which are characterized by a high number of penta-
gon/heptagon pairs, could be rolled like a graphene sheet to
yield helical CNTs, Fig. 6. Furthermore experimental observa-
tions of Haeckelite type structures indicated that they could be
produced by procedures analogous to those used to generate
CNTs. Lu et al. [29] proposed that during the initial growth of
helical CNTs, prevailing reaction conditions would result in
the nucleation of a pentagon, which would result in the forma-
tion of a spiral shell around a catalyst particle, Fig. 7 [19]. From

Polygonal — Haeckelite
‘graphene’ sheet

Haeckelite sheet leading to non-
linear carbon nanotubes

Fig. 6 Haeckelite structure, graphite sheet composed of polyg-
onal rings, that can be rolled to form helical nanotubes (based on
ref [25]).

this core structure, curved or straight segments emerge that de-
pend upon whether there are only hexagons (straight segment)
or pentagon/heptagon pairs (curved segments) present. As such,
geometric parameters (coil pitch, twist angle etc.) are deter-
mined by the frequency of pentagon/heptagon pair creation.
While these models are useful, they cannot explain how penta-
gon/heptagon pairs can be incorporated in such a manner.
Fonseca et al. [24] attempted to explain the introduction of
‘knees’ (pentagon/heptagon pairs) by means of steric hin-
drance. They proposed that if the growth path of a CNT
was blocked, formation of a knee at the catalyst surface would
cause a bend in the tube before continued growth, Fig. 8. As
further blockages were encountered further knees would be
introduced, resulting in regular and irregular helically coiled
CNTs. However this model has been met with limited accep-
tance as blockages would have to be systematic (to ensure reg-
ular coiling) and adjacent tubes would be expected to interfere
with each other’s helicity as they collided during growth.
While the concept of pentagon/heptagon pairs has been ac-
cepted as the best model to explain helical growth, Ramachan-
dran and Sathyamurthy [30] have suggested that rotational
distortion of carbon fragments, that do not alter the hexagonal
matrix is also capable of yielding helical CNTs. They suggested
that as a CNT grows, the adjacent layers can undergo rota-
tional distortion by some small angle from their original
position. This continued distortion of subsequent layers results

Fig. S
coil made up of toroidal (Cssy segments) [22].

(a) Toroidal structure made up of pentagons and heptagons (Csg), (b) helical coil made up of toroidal (C;¢o segments), (c) helical
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Growth model for helical CNTs: (a—) development of isocahedral shell, (d) growth of straight segment followed by, (e) helical

Fig. 7

c f

segment as pentagon/heptagon pairs are introduced into the growing matrix, (f) formation of coiled CNT [19].
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Fig. 8 As a growing nanotube encounters an obstacle it changes direction (bends) so as to continue growth. Bends are thought to occur

by introduction of pentagon/heptagon pairs [24].

in a coiled nanotube. This mechanism eliminates the need for
incorporation of pentagon/heptagon pairs, as the hexagonal
matrix is maintained albeit in a distorted geometry.

Structural origin of helicity in CNFs

While the helicity of CNTs has been modelled around the
inclusion of pentagon/heptagon pairs into a hexagonal frame-
work, this approach cannot be used to fully explain helicity in
CNFs. Helical carbon fibers range from the amorphous to
highly crystalline, and vary from nanometre to micrometre
sizes. Attempts to relate helicity to the molecular structure of

CNFs via a graphene sheet (whether curved or not), have been
made. Typically, the helical nature of carbon fibers is thought
to be caused by the unequal extrusion of carbon from a
catalyst surface and this effect gives rise to the curvature,
Fig. 9 [31]. As such, external stresses and catalyst composition
should then impact directly on the helical nature of carbon fi-
bers. An alternative suggestion has been made by Zhang et al.
[32] who proposed that helical carbon fibers form from catalyst
particles that are influenced by van der Waals forces that exist
between the fiber and surroundings. As these forces change
with temperature, unequal extrusion coupled with other stres-
ses will lead to curvature of the fiber and ultimately helicity,
Fig. 10.
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From the above it is apparent that the structural origin of
helical carbon nano-materials still requires investigation as
current models, while useful, do not fully explain the diverse
range or periodicity of helical structures, and most importantly
how or why pentagon/heptagon pairs form.

Growth aspects of carbon helices

Most researchers have considered the insertion of pentagon/
heptagon rings within the hexagonal lattice of a tube, or
the unequal extrusion of carbon from a catalyst particle to
explain the origin of coiling or helicity of carbon nanomate-
rials [24,25,31]. However, the means by which these phenom-
ena may be interlinked is not yet fully understood. To date
most efforts have focused on the effect that catalyst morphol-
ogy and composition have on the evolution of helical carbon
materials, with some interest dedicated to the effect of other
external factors.

Effect of catalyst/graphite interfacial interactions

Various mechanisms have been proposed to explain the devel-
opment of non-linear or helical carbon nanostructures.
Amongst the ideas currently entertained, one proposal is that
growth occurs due to the presence of wetting/non-wetting cat-
alyst particles that promote linear or non-linear growth respec-
tively [33,34]. A second proposal is that growth occurs from bi-
metallic catalysts that operate using cooperative means [16].
Bandaru et al. [33] proposed that nanocoils are formed only
by the use of certain catalysts or substrates. They considered
the interfacial tension that exists between the metal catalyst
particle and graphite surfaces. This interfacial tension, known
as wettabillity, is used as a criterion for coiling. Liquid metals

(a) Equal extrusion of carbon to yield straight fiber, (b) unequal extrusion resulting in non-linear fiber.

e e )

Fig. 10 As van der Waals interaction changes (grey area),
straight fiber twists to form a coil [32].

such as In, Cu and Sn, which are known to induce helicity have
large wetting angles (> 150°), whereas Ni, Fe and Co which
predominantly produce linear carbon materials have smaller
wetting angles (<75°). Small wetting angles result in a net
attractive interaction with the growing carbon surface resulting
in linear growth, while large wetting angles result in repulsive
interaction that promotes non-linear growth (non-wetting).
Bandaru et al. explained this concept by considering an In/
Fe catalyst, where Fe was thought to act as the growth point,
and In as the promoter for helicity. They observed that as the
In content was increased, tighter coils (small coil pitch) could
be formed, whereas lower In content yielded coils with larger
pitches. A higher In content, results in a greater number of
In particles that are available to interact with the carbon struc-
ture, thereby inducing a greater number of bends, and vice ver-
sa, Fig. 1la. From their analysis they proposed that In
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Fig. 11

(a) Non-wetting catalyst particle (In) causes non-linear deformation; as the concentration of the catalyst decreases coil tightness

decreases [33]. (b) Co-operative wetting catalyst particle (K provides a template onto which growing carbon coils can form) [34].

particles are indirectly responsible for coiling and can be con-
sidered as an external stress.

Liu et al. [34] described the use of a K/Ag catalyst to form
helical carbon fibers. They observed that individually neither
K nor Ag could yield coiled carbon fibers, but that both acted
co-operatively to decompose acetylene and promote growth.
It was proposed that the Ag particle acts as the seed for fiber
growth and that K, in addition to decomposing acetylene, acted
as a template to facilitate coil formation. Liu et al. suggested that
the growing fiber curls along the carbon—K interface, Fig. 11b, a
phenomenon attributed to the wetting capability of K (liquid K
can wet carbon effectively).

The proposals made by Bandaru et al. and Liu et al., con-
sidered the interfacial interactions of catalyst and carbon
nano-material in two different ways. While they may seem
contradictory it must be noted that Bandaru et al. considered
the non-wetting catalyst particle (In) to be indirectly responsi-
ble, acting as only an external stress. However Liu et al.
suggested that K played an active and direct role in coil forma-
tion, providing a template onto which the growing carbon fiber
can be formed. The different growth mechanisms, illustrate the
complexity involved in understanding the formation of helical
carbon materials.

Effect of catalyst morphology

To date researchers have placed a great deal of emphasis on the
relationship between the nature of the catalyst used and the type
of carbon nanostructure produced [3,5]. It has been observed
that the growth point for helical carbon nanomaterials is associ-
ated with a catalyst grain. Apart from the composition of the
catalyst used, two main issues have been identified: (i) the rela-
tionship between the size of the catalyst particle and the type
of carbon associated with it and (ii) the regularly faceted shape
associated with these catalyst particles.

Researchers have frequently suggested that the selective
growth of helical carbon materials can be achieved by the careful
control of the catalyst particle size. Zhang et al. [35] observed
that for carbon nanofibers grown from nano Cu catalysts at
250 °C, coiled carbon fibers were obtained when catalyst parti-
cles were between 30 and 60 nm in diameter. However, only
straight carbon fibers were obtained when catalyst particles were
> 120 nm. Hokushin et al. [36] showed that for carbon nanocoils

grown from an Fe/In/Sn catalyst at 700 °C, particles larger than
200 nm were not active for the growth of carbon nanocoils
(CNCs). CNCs were only observed in large quantity for particle
sizes ranging between 50 and 150 nm. The effect of particle size
was further evidenced by Tang et al. [37], who observed that for
an Fe,O; catalyst, helical carbon nanomaterials with good heli-
cal structure grew from catalyst particles with diameters < 15
0nm. As the size of the catalyst particle increased (150—
200 nm) the helical structure was compromised by the appear-
ance of straight segments. At diameters above 250 nm only
straight CNT bundles were observed. Similar observations have
been made by other researchers leading many to conclude that
catalyst particle size was the determining factor in controlling
carbon fiber helicity [3,38,39]. However particle size cannot be
the only factor, as it does not explain the wide range of carbon
nano/micro-coil morphologies that have been synthesized, or
how size relates to helicity [3,11,40]. As such, in conjunction with
size, one must consider the shape of the catalyst particle as well.

Dating back to the early 1990s, Motojima et al. [41] and
Kawaguchi et al. [42] reported that diamond shaped catalyst
particles were associated with the appearance of carbon
micro-coils (CMCs), Fig. 12a. These observations were further
highlighted by numerous other researchers who reported on
the presence of regular and well faceted particles associated with
other forms of helical carbon materials, Fig. 12b [11,19,43-47].
These faceted particles provided for a plausible mechanism by
which carbon could achieve helical growth. It was postulated
that the faceted particles could provide surfaces (faces) with var-
iable extrusion characteristics that would lead to unequal car-
bon extrusion rates and curvature of the extruded carbon fiber
[43,47,14,48]. This concept of variable extrusion based upon dif-
ferent facets of a catalyst particle has gathered support over time
and is among the leading ideas currently proposed to explain the
appearance of helicity. Xia et al. [49] were able to demonstrate
that carbon nanohelices grown from an Fe;C catalyst particle,
had catalyst particles that were hexahedra, i.e., made up of six
different crystallographic planes, Fig. 13. They concluded that
the different crystallographic surfaces produce an anisotropic
growth that caused the particle to rotate as the fiber grew, there-
by introducing helicity. Li et al. [50] showed that the geometric
structure of the catalyst particle affected the type of carbon ex-
truded. They also suggested that these catalyst particles were
made up of hexahedra that contained two types of crystal facets,
those with, and those without carbon precipitation (extrusion).
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Fig. 12
Chen et al. [43].

As the number of precipitation facets increased from two to
three, there was a corresponding change from a double to a triple
type of helix. Furthermore Li et al. [50] suggested that the bulk
diffusion of carbon to the other facets was anisotropic and it was
this anisotropic diffusion that led to curvature of the extruded
fiber and formation of helices.

However it has been observed by Qin et al. [51] that reg-
ular faceted particles do not necessarily yield helical carbon
materials. They showed that Cu catalyst particles associated
with straight fibers were also regular and faceted, Figs. 14a
and b, albeit with a larger particle size than those associated
with helical fibers. As such, further examination of these
particles is necessary. Recently we have reported on the rela-
tionship between catalyst particle morphology and corre-
sponding fiber morphology [52]. It was observed by TEM
tilting procedures that a 3D model of the catalyst particles
could be produced, and that the shapes of catalyst particles
that produced different helical morphologies were different.
As the number of facets changed from 4 to 6, there was a
corresponding change from a Fibonacci-like to a spiralled
helix, Fig. 15. The morphology of the catalyst particle thus
impacts on the type of carbon fiber extruded. Size and shape
are thus not mutually exclusive in determining carbon
helicity

Templates and other external stresses

While the exact mechanism by which helical carbon materi-
als form still remains unclear, researchers have been able
to show that external stresses can be manipulated into assist-
ing with the formation of non-linear structures, regardless of
the composition or morphology of the catalyst particle. In-
Hwang et al. [53] attempted to influence the growth of
CMCs by utilising a rotating substrate. They observed that
when the catalyst substrate was rotated there was a gradual
loss of regular coiling with increased rotation speed, Figs.
16a—c. AuBuchon et al. [54] were able to show that a change
in the direction of an applied electric field during carbon fi-
ber growth was capable of altering the fiber morphology,
Figs. 16d—e. As such they were able to synthesize CNTs with
a non-linear zigzag morphology. Joselevich [55] described the
growth of carbon serpentines by the surface directed growth
of carbon nanotubes. By utilising patterned templates (SiO,

280KV

10.8KX 1.00F 1280

(a) Diamond shaped catalyst particles as reported by Motojima et al. [41] (b) and faceted hexahedral particle as reported by

with atomic steps) and directed flow rates, CNTs were shown
to grow and conform to the shaped nanosteps; as such ser-
pentines and other non-linear CNT’s were produced,
Fig. 16f. Akagi et al. [56,57] considered the growth of helical
polyacetylene (thin films) by using chiral agents, soft tem-
plates and applied magnetic fields. While these polyacetyl-
enes are considered as polymers, they are composed in
some instances of carbon fibrils that are less than 100 nm
in diameter. The methodology highlights an alternative route
to make carbon materials with helical morphology. These
methods illustrate that while catalyst composition and mor-
phology play a dominant role in controlling fiber morphol-
ogy, growth can be altered by introducing certain external
stresses.

Synthesis of helical carbon materials

Ever since they were first observed, researchers have generated
a diverse range of synthetic conditions and reactions that are
capable of producing helical carbon materials. While the dif-
ferent approaches used have benefits and drawbacks, the most
promising method appears to be the catalytic chemical vapour
deposition (CCVD) method. In the CCVD approach, reaction
parameters can accurately be controlled [3]. CCVD allows for
the use of a wide variety of liquid, solid or gaseous carbon
sources as well as a variety of reactor designs to be employed.
Additionally helical carbon materials are observed to form un-
der a wide range of temperatures and pressures, and in the
presence of numerous reactive agents and catalysts. These
studies, listed in Tables 1 and 2, have revealed that typical
requirements necessary to form helical carbon materials in-
clude: (i) impurity elements such as P, S (ii) promoter metals
such as Cu, Sn, In and (iii) catalysts such as Ni, Fe, Co for
the growth of the carbon material and (iv) and an appropriate
carbon source [3,11,58].

A summary of publications that have described the syn-
thesis of helical CNTs and CNFs are listed in Tables 1
and 2 respectively [34,36,37,40,41,43,45,47,14,50,53-93,32].
It can be concluded that helical materials obtained in high
yield and selectivity, Fig. 17, are obtained by using catalysts
composed of Fe, Ni or Cu, with additives or impurity ele-
ments such as Sn and S. Based upon the type of catalyst
used and temperature employed, selectivity of helical, twisted
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(d)

Fig. 13 Hexahedral catalyst particle at different angles, showing facts with different crystallographic indexes [49].

or intertwined carbon tubes/fibers can be manipulated by a
range of parameters. It is also observed, that in almost every
instance that the carbon source (precursor) used to form
helical CNTs, is acetylene. Currently there are limited re-
ports on the synthesis of single or multiwalled CNTs (highly
ordered) with helical morphology. However greater success
has been achieved in making crystalline and amorphous heli-
cal carbon fibers. Interestingly it is clear that there exists no
system that distinctly relates catalyst type with carbon
morphology.

Properties and applications

CNFs with spring-like morphology are of great interest due to
their unique 3D morphology. Researchers have often envis-
aged these materials as having the potential to be incorporated
in various nano-technology devices as mechanical components
in the form of resonating elements or nano-springs and in no-
vel reinforcement composites [3,11,19,94]. However, before
these materials can be fully utilized their physical, chemical
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Fig. 14 Regular faceted particles giving rise to (a) helical nanofibers, (b) linear nanofibers [51].

and mechanical properties need to be examined and
understood. Much like a spring, factors such as elongation un-
der strain, changes in coil diameter and pitch, spring constants
(the ratio of the force affecting the spring to the displacement
caused by it) as well as Young (the ratio of stress to strain, lin-
ear strain) and shear (the ratio of shear stress to the shear
strain) moduli need to be measured and calculated [16,95].
Additionally the resistivity, conductance, electro-magnetic
and electro-mechanical capabilities of helical carbon materials
also need to be understood and fine tuned [18].

Mechanical behaviour

Motojima et al. [41] were amongst the first (1991) to investigate
the extension characteristics of CMCs. They reported that

carbon micro-coils with a diameter of 0.5 um and a coil pitch
of 5 um could be extended up to 3 times their original length,
without deformation upon release. However upon extension to
4.5 times (almost linear) the coils did not recover to their
original geometry. These observations were later confirmed
by Chen et al. [96] who showed that carbon micro-coils that
were extended to 3.5 times their length could retain their mor-
phology once the extension force was released. Again, CMCs
that were extended to an almost linear state did not retain their
original geometry. In order to provide additional physical
characteristics such as elastic spring constants and the Young’s
modulus for the carbon coils (grown over an iron and indium
tin oxide catalyst at 700 °C using C,H,), Hayashida et al. [97]
attached the edge of a single coil to the tip of Si cantilever. The
CNCs (tubular) was then manipulated by moving the Si tip. It
was found that these tubular CNCs (double intertwined) could



206 A. Shaikjee and N.J. Coville

Fig. 15 Morphology of catalyts particles associated with fiber morphology: (a) trapezoid giving rise to Fibonacci spiral, (b) planar
pentagon associated with double helix, (c) planar hexagon associated with helical fiber [52].
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Fig. 16  Types of non-linear carbon materials produced by external stresses: (a—c) rotation of substrate, with increasing speed [53], (d and
e) change in current direction, straight fibers becoming zigzag [54], (f) nanosteps of crystal surface leading to serpentine structure [55].



Table 1

Synthetic parameters related to the synthesis of helical carbon nanotubes.

Reference

Tubes/tubules

Type of carbon

Catalyst

Gas atmosphere

Temperature (°C)

Reactor

Qi et al. [59]

Qi et al. [60]

Tang et al. [37]

Daraio et al. [61]

Kong et al. [62]

Hokushin et al.
[36]

Wang et al. [63]

Helical carbon nanotubes, with V, Y
and V/Y shaped structures (double or
triple coiled carbon nanotubes)
connected to a single catalyst particle.
Tube diameters of 30-70 nm and coil
pitch and diameters of 50-100 nm
Helical carbon nanotubes with single,
double and triple intertwined carbon
nanotubes, tube diameter 100—

150 nm and coil diameters and coil
pitches of 0.5-4.0 pm and 0-2.0 um
(single), 500 nm and 0-50 nm
(double). Wormlike carbon nanocoils
and coiled carbon nanobelts

Helical carbon nanotubes and fibers
with diameters of 100-200 nm. Twin
helical nanotubes/fibers that grow
symmetrically from a single catalyst
particle

Foam like forest of aligned coil-
shaped carbon nanotubes. Coil
diameter of 20 nm and coil pitch of
500 nm, with parallel graphene walls
creating a tube

Straight (80%) and helical (5%)
carbon nanotubes (diameters 20—

60 nm). Some helical nanotubes had
variable pitches and some composed
of bamboo structures

Carbon nanocoil tubules, ranging
between 50-100 nm

Helical carbon nanotubes, double
helix (tube diameters 15-25 nm, with
pitch of 1 um) when In used. Helical
carbon nanowires when Sn used

Fe catalyst prepared by precipitation (80 °C to
evaporate water, and heated at 1000 °C in air for
6 h) to form ferric oxide catalyst precursor

Ferric oxide catalyst particles prepared by
precipitation (heated at 1000 °C in air for 6 h).
Grain sizes determined after synthesis of carbon
structures (40—100 nm)

Fe xerogel catalyst prepared from ethanol at 60 °C
for 6 h, and calcined at 450 °C for 3 h. Particle size
altered by amount of raw material used

Indium isopropoxide dissolved in xylene ferrocene
mixture. Atomic concentration of Fe was — 0.75
and 1%, while indium concentration varied
systematically

Ferrocene

M(COOH),, (M = Fe, Sn, In), dissolved in
ethanol and toluene and spin coated on Si
substrates and sintered at 450 °C in air

Fe-In and Fe-Sn catalysts, prepared by indium
isopropoxide dissolved in xylene-ferrocene
mixture (C:Fe:Sn, 99:0.25:0.75) and tin
isopropoxide dissolved in xylene-ferrocene
mixture (C:Fe:In, 99:0.80:0.20)

Acetylene
(0.05 scem) and H,
(0-0.03 sccm)

Acetylene, H, (none
during synthesis)

Acetylene and H,

Acetylene (50 sccm),
Ar (800 sccm),
xylene/ferrocene/
indium isopropoxide
(injected at 1 mL/h)
Polyetylene glycol
(carbon source)

Acetylene (30 sccm)
and He (260 sccm)

Acetylene (50 sccm),
Ar (80 sccm),
xylene-ferrocene
mixture (containing
In and Sn sources)
injected

450 °C at
atmospheric
pressure, reaction
time of 6 h

450 °C at
atmospheric
pressure, reaction
time 4 h

475°C at
atmospheric
pressure, reaction
time 1 h

700 °C at
atmospheric
pressure.

700 °C, reaction
time of 12 h

700 °C

200 °C (first stage),
700 °C second stage,
reaction time of 1 h

CVD. Horizontal quartz
tube (60 mm inner
diameter and length

800 mm), equipped with
temperature and gas
controllers

CVD. Horizontal quartz
tube (60 mm inner
diameter, length

800 mm), equipped with
temperature and gas
controls

CVD. Quartz reaction
tube (50 x 350 mm tube),
placed inside steel
reactor (52 x 800 mm)
equipped with
temperature and gas-
flow controls

CVD. Two stage reactor,
comprising of liquid and
gas injectors

Autoclave (stainless
steel, 20 ml), sealed and
placed in electronic
furnace

CVD

CVD. Two stage thermal
reactor, equipped with
syringe pump

(continued on next page)
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Table 1 (continued)

Reference

Tubes/tubules

Type of carbon

Catalyst

Gas atmosphere

Temperature (°C)

Reactor

Li et al. [50]

Hernadi et al. [64]

Fejes et al. [65]

Cheng et al. [66]

Zhang et al. [67]

Somanathan et al.
[68]

Zhong et al. [69]

Carbon nanocoils with more than two
tubules twisted around each other, with
coil diameters of 500-700 nm and coil
pitches of 300-600 nm. Structure of
tubules is amorphous

Coiled carbon nanotubes, spirals are
definite nanotubes, well graphitized with
hollow core. Tube diameters vary
(depending on pH) 10-100 nm, with coil
pitches of 10-300 nm

Spiral carbon nanotubes. Spirals
favoured using impregnation method and
zeolite, as opposed to CaCOs;
additionally treatment of ball milled
samples with ammonia increased the yield
of spirals

Coiled carbon nanotubes (regular), with a
variety of radii and coil pitches. Carbon
nanotubes intertwine to form tight triple
helices (or braids)

Carbon nanotube-array double helices
(self-organization of carbon nanotubes
into an ordered 3D double helix
structure). Some cases helical carbon
nanofibers were also observed

Helical carbon nanotubes (multi-walled),
composed of two to three-coiled
nanotubes (tube diameters of 20-30 nm),
which are well graphitized

Coiled carbon nanotubes, pitches and coil
diameters range between 100 and 300 nm

Fe—Sn—O catalyst prepared by sol
gel, from ethanol at 80 °C for 3 h
and calcined at 700 °C for 3 h.
Dispersed on Si substrate for
carbon fiber synthesis. Fe:Sn
ratio was estimated to be 15:6
from EDX analysis

Co supported on silicagel,
prepared by precipitation at
varying pH values

Co supported catalysts, prepared
by crystallization from
supersaturated solutions,
impregnation using CaCOs3, 13X
zeolite, silicagel, as well as by ball
milling (using Fe and Co
precursors and supports)
Manganese oxide (mineral)
containing Fe and minute
amount of Ni

Fe/Mg/Al layered double
hydroxide catalyst flakes,
prepared by co-precipitation

FeMo/MgO catalyst, prepared
by combustion method using
metal precursors, solution
containing precursors was fed
into a furnace at 550 °C for

5 min. Reduction at 800 °C under
H,

Iron oxide film deposited on Si
substrate (patterned to 40 pm
using photolithography). Aligned
CNTs grown and dipped in
Fe(NOs); solution and heated to
400 °C in air

Acetylene diluted
with Ar with total
flow rate of 260 sccm

Acetylene (10 sccm)
and N, (70 sccm)

Acetylene (10 sccm)
and N, (500 sccm)

Acetylene (100 sccm)
and N, (500 sccm)

Acetylene

(300 scem), Ar
(100 scem) and H,
(50 scem)

Acetylene (60 sccm),
N, (200 sccm) and
H,

Methane and N>,
flow rate ratio 1:4

700 °C at
atmospheric
pressure, reaction
time 30 min

720 °C, at
atmospheric
pressure, reaction
time of 30 min

720 °C, at
atmospheric
pressure, reaction
time of 30 min

750 °C, at
atmospheric
pressure, reaction
time of 15 min

750 °C, at
atmospheric
pressure, reaction of
30 min

800 °C

CVD. Horizontal quartz
tube

CVD

CVD. Fixed bed flow
reactor

CVD. Horizontal quartz
reactor

CVD. Horizontal quartz
tube (25 mm inner
diameter), heated by
electric furnace

CVD. Horizontal quartz
reactor

Microwave plasma
enhanced CVD

80T
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Table 2 Synthetic parameters related to the synthesis of helical carbon fibers.

Reference

Fibers

Type of carbon Catalyst

Gas atmosphere

Temperature (°C)

Reactor

Sevilla et al. [70]

Ren et al. [71]

Yu et al. [72]

Qin et al. [14]

Shaikjee et al. [73]

Jian et al. [74]

Fukuda et al. [75]

Carbon nanocoils, long curled ribbon
of carbon with diameters of 70—
100 nm. Highly graphitic, crystalline

Ni catalyst prepared by
impregnation of Ni salt onto
hydrochar samples using
ethanol

Helical carbon nanofibers (regular).
Bimodal symmetric growth (diameter
80-100 nm). Cu/MgO produces
highest yield of helical carbon
nanofibers

Cu supported catalyst prepared
by conventional impregnation
(MgO, SiO,, Al,O3, TiO,),
dried at 80 °C and calcined
600 °C for 5 h. Reduced at

550 °C in H,

Cu-Ni catalyst, prepared by
hydrogen arc plasma

Helical carbon nanofibers (regular).
Bimodal symmetric growth (diameter
100 nm)

Helical carbon nanofibers (regular).
Bimodal symmetric growth (diameter
50 nm). Metal salt precursor did not
have an effect on morphology of
carbon fibers. Ribbon-like fibers by
arc plasma

Helical carbon nanofibers (regular).
Bimodal symmetric growth (diameter
50-200 nm). Catalyst and pre-
treatment conditions (reduction
temperature) affect type of fiber
obtained

Cu catalyst, prepared by
precipitation of copper tartrate/
butyrate/oxalate/lactate, as well
as borohydride reduction and
hydrogen arc plasma

Cu/TiO,, Cu/MgO, Cu/CaO,
prepared by deposition-
precipitation of Cu salts
dissolved in various solvents.
Catalysts reduced at various
temperatures inferred from
TPR data

Catalyst precursor, copper (II)
tartrate prepared by
precipitation. Particles shapes
are irregular with mean grain
size of 50 nm

Twin helical nanofibers (mean fiber
diameter of 50 nm) that grow
symmetrically from a single catalyst
particle. Straight carbon fibers
obtained at heating rates above 3 °C/
min under argon

Carbon coils, with fiber diameters of
50-300 nm and coil diameters of 100—
3000 nm

An alloy rod composed of
Fe:Cr:Ni (74:18:8)

Saccharides (glucose, sucrose,
starch) hydrothermally
carbonized to obtain hydrochar
that was then graphitized to
produce carbon coils

Acetylene

Acetylene

Acetylene

Acetylene 100 sccm and H,
100 sccm

For helical fiber-acetylene; for
straight fibers-addition of argon

Benzene at critical temperature
and pressure

180240 °C (to produce
hydrochar). 900 °C,
reaction time 3 h

194-250 °C, at
atmospheric pressure

241 °C, at atmospheric
pressure

250 °C, under vacuum,
reaction time of 30 min

250 °C

271 °C at atmospheric
pressure, 15 min reaction
time, variable heating
rates

290 °C

Saccharides carbonized in
Teflon-lined autoclave.
Impregnated hydrochar heat
treated at 900 °C in N,

CVD. Horizontal quartz tube
(60 x 900 mm), heated by electric
furnace

CVD. Horizontal quartz tube
(90 x 900 mm), heated by electric
furnace

CVD. Horizontal quartz tube
(90 x 900 mm), heated by electric
furnace

Approximately 500 mg of
catalyst material was uniformly
spread onto a small quartz boat,
and placed in the centre of a
horizontal furnace, that was
heated by an electric element

CVD. Ceramic boat with catalyst
placed in quartz tube

(45 x 1300 mm) at atmospheric
pressure

Benzene placed in a stainless steel
container and irradiated with an
ultraviolet laser (3.9 mW mm2)
CVD.

(continued on next page)

S[BLI9)EWOURU UOQIBD [BII[OH

60¢



Table 2 (continued)

Reference Fibers
Type of carbon Catalyst Gas atmosphere Temperature (°C) Reactor
Zhou et al. Carbon micro-cols (super Cu catalyst, prepared by Acetylene and N, 400 °C, at atmospheric pressure, CVD
[40] hydrophobic). At first carbon electro-oxidation of copper reaction time of 24 min
microcoils grow from thin to form copper tartrate
filaments (10 nm), at 12 min coils precursor, precursor was
appear curled together, at 24 min later heated to 400 °C in
coils grow longer with diameters vacuum to yield catalyst
of 100400 nm. The pitch became
larger with time
Kawaguchi Double helix regular carbon Ni powder (mean diameter High purity acetylene 300-1000 °C, at atmospheric CVD. Horizontal quartz tube
et al. [42] micro-coils S pum) and commercially pressure (40 x 1000 mm)
dissolved acetylene, as
well as addition of
small amounts of
acetone, oxygen, water,
carbon monoxide,
ammonia and
thiophene
Chesnokov Twisted filamentous carbon, with Ni-Cu/MgO catalyst 1,3-Butadiene (carbon 450 °C, at atmospheric pressure CVD
et al. [76] bimodal symmetrical growth (carbonized) source), Ar and H,
from single catalyst particle (ratio of 2:40:75
respectively)
Tang et al. Carbon nanocoils (coil diameters Ni xerogel catalyst prepared Acetylene and H, 450 °C, at atmospheric pressure, CVD. Horizontal quartz tube
[77] 120-500 nm), regular and tight from ethanol (60 °C for 4 h), time of reaction 1 h (53 x 850 mm), equipped with
with short pitch. Coils appear as heated at 400 °C in air for temperature and gas controllers
spring-like or plait-like bundles 4 h, to yield NiOy catalyst
precursor
Liu et al. Carbon nanocoils (twisted), with Ag nanoparticles were Acetylene (3 sccm), H; 450 °C at atmospheric pressure, CVD. Reactor composed of
[34] coil diameters of 100-300 nm and prepared by sputtering on Si (20 sccm) and Ar reaction time 15 min Lindberg HTF55122A tube

coil pitches variable. Carbon
nanocoil (wire), coil diameter
200 nm and coil pitch 100 nm

substrate. K vapour was
obtained by thermal
decomposition of KH to
form a K layer on silicon
substrate

(20 sccm)

furnace with 28 mm diameter
quartz tube

01¢c
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Jia et al. [78]

Qin et al.
[79]

Ivanov et al.
[80]

Motojima
et al. [81]

Wang et al.
[32]

Lu et al. [83]

Yang et al.
[34]

Twisted carbon nanofibers (500 °C),
Helix branched shaped fibers (low
yield, 700 °C) with diameters of 50—
100 nm

Helical (and straight) carbon
nanofibers with diameters 100—

200 nm (Li). Helical (and straight)
carbon nanofibers (Na). High yield
helical carbons (and some twisted
forms) with diameter 100 nm (K).
Some helical carbons with Cs

Coiled carbon nanotubules (diameter
10 nm), obtained from Co/SiO,
catalyst

Double and triple stranded carbon
micro-coils. Cross section of the coils
reveal that they were mostly circular
or elliptical. Optimum coil yield
obtained with addition of 0.01 sccm
PH; and reaction temperature of
600-700 °C

Helical carbon nanofibers (regular).
Bimodal symmetric growth with fiber
diameter 50-80 nm, coil diameter of
80-100 nm and coil pitch of 80—

120 nm

Twisted and helical carbon fibers at
low H, concentrations. Tight helical
fibers at CO concentration of 58.3%.
Twisted carbon nanofibers at 645 °C
Four types of carbon coils:
unsupported (650-800 °C) Irregular
carbon micro-coils, unsupported
(700-750 °C) single helix carbon
micro coils, supported (750-790 °C)
super elastic carbon micro-coils,
supported (650-750 °C) single helix
carbon microcoils

K catalyst prepared by grinding
KI into paste followed by
addition of polystyrene solution
under grinding, the catalyst
precursor was then dried at 60 °C
for 10 h

Alkali catalysts, prepared from
alkali chloride catalysts (LiCl,
NaCl, KClI and CsCl). Alkali
chlorides ground with toluene
solution containing polystyrene,
dried at 60 °C for 8 h. Calcined at
600 °C in air fro 1 h

Fe, Co, Ni, Cu supported
catalysts, prepared by
impregnation on graphitic flakes
and ion exchange on silica.
Catalysts were dried overnight
and calcined at 500 °C for 2 h
Ni powder with mean diameter
of 5 um. Dispersed on graphite
plate during reaction. Ni-P
prepared by addition of small
amounts of PH; during reaction

Ni substrate treated with SnCl,
precursor

Fe,Oj3 catalyst (particle size 20—
30 nm)

Ni-Fe-Cr alloy catalysts with/
without ceramic support. Metal
salts mixed with molecular sieve
powder (60 °C for 2 h), dried
(100 °C for 12 h) and calcined
(500 °C for 3 h). Reduced and
activated in H, for 1 h at 700 °C.
Dispersed on graphite substrate
during reaction

Acetylene (50 sccm)
and N, (50 sccm)

Acetylene (50 sccm)

Acetylene (2.5-10%)
and N2

Commercial acetone-
dissolved acetylene

(30 sccm), H, (70 sccm)
and Ar (40 sccm)

Ethanol

CO (carbon source),
H, and Ar (total flow
rate 120 sccm)

Acetylene (30—

150 sccm), H,S/H,
(10-200 sccm), H, (50—
550 sccm) and N, (0—
100 sccm)

500-700 °C, under vacuum,
reaction time 1 h

500-700 °C, under vacuum,
reaction time 1 h

500-800 °C, at atmospheric
pressure, reaction times of several
hours

550-800 °C at atmospheric
pressure

580640 °C, flame (20 x 50 mm),
reaction time of 5-10 min

600—645 °C, at atmospheric
pressure

600-800 °C at atmospheric
pressure

CVD. Quartz reaction tube

CVD

CVD. Flow reactor with quartz
tube (4 x 600 mm)

CVD. Horizontal quartz tube
(40 mm inner diameter), with
reaction tube heated by nichrome
elements

Flame synthesis. Laboratory
ethanol burner, with substrate
facing down above the flame
(20 mm above)

CVD

CVD. Vertical quartz tube

(60 mm inner diameter), with
upper gas inlet and lower gas
outlet, with reaction tube heated
by nichrome elements

(continued on next page)
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Table 2 (continued)
Reference Fibers
Type of carbon Catalyst Gas atmosphere Temperature (°C) Reactor
Yang et al. Regular single helix carbon micro- Fe-Ni alloy supported catalyst. Acetylene (60 sccm), 600-850 °C, with optimum at CVD. Vertical quartz tube
[85] coils. Carbon fiber diameter of 0.5— Impregnated deposits were dried H,S/H, (20-50 sccm), 800-820 °C at atmospheric (60 mm inner diameter), with
1 pm, coil diameter of 1-3 pm and (100 °C for 12 h) and calcined H, (200 sccm) and N, pressure, reaction time 30 min upper gas inlet and lower gas
coil pitch of 1-3 pm (500 °C for 3 h). Ratio of Fe (75 scem) outlet, with reaction tube heated
versus Ni was varied. Dispersed by nichrome elements
on graphite substrate during
reaction
Pan et al. Carbon nanocoils, single and Substrate indium tin oxide film Acetylene (30—60 sccm) 620-750 °C, at atmospheric CVD. Horizontal tubular electric
[46] double helix, with various (300 nm), patterned with Fe films and He (200 sccm) pressure, reaction time of 5— furnace
diameters and pitches, with fiber thickness (15 and 100 nm) 60 min
diameters ranging from several formed by vacuum vaporization
tens to several hundreds of nm using shadow masks
Hanus et al. Twisted carbon fibers, fiber NiSO,4/AL,O;5 (1:20) prepared by Acetylene and H, (3:1, 650 °C Fluidized-bed reactor. Vertically
[86] diameters of 200-500 nm. The wet impregnation, dried at 60 °C total flow rate of aligned reactor tube (0.052 X 1 m,

Bi et al. [87]

Yang et al.
[38]

Yang et al.
[89]

Chang et al.
[90]

twisted carbon fibers consist of
four helical strands (two small
diameter strands interspaced with
2 large diameter strands, tightly
wound)

Carbon microcoils (3D helical
structure with coil diameters and
pitches of 5.5-9.0 um and 1.0
1.5 um) and wave-like carbon
fibers (diameters 100-200 nm. Both
forms have moderate degree of
graphitization

Twisted carbon nanocoils with coil
diameters of 100-400 nm (TiC).
Carbon micro (several um coil
diameters) and nanocoils (100
400 nm coil diameters) using TiN.
Twisted carbon nanocoils with coil
diameters of 100-600 nm (NiTiO3)
Tile-like (diameters of 0.5-2 um)
and zigzag (diameters of 200—

400 nm) carbon nano/micro-fibers.
Are in fact 2-D helical fibers

Carbon nanocoils with fiber
diameter of 100-300 nm, coil
diamater of 300-1200 nm and coil
pitch of 600-1800 nm. Coils have
tubular structure but not as
cylindrical as CNTs

for 18 h and calcined in air at
500 °C for 5h

Ni-P catalyst, prepared by four-
stage electroplating of the surface
of a graphite substrate. Appears
as cauliflower-like grains with
mean particle size of 1-5 pm.
EDX analysis reveals P content
of 8.5%

Various Ti catalysts with grain
diameters of 0.5-1.5 pm

Fe/Al,Oj3 catalyst, prepared by
deposition precipitation.
Reduced under vacuum at 600 °C
for 3h

Stainless steel plates (Cr 18%, Ni
8%) with fine polished surfaces,

upon which Sn(C,H,0,), is spun,
and then oxidised at 500-900 °C
in air for 30 min

6 sccm). H, and N,
(1:4, total flow rate of
6 sccm)

Gas mixture of
commercial acetylene
(dissolved in acetone),
with small addition of
thiophene (promoter),
hydrogen and nitrogen,
with flow rates of 30,
40, 90 sccm
respectively

Acetylene (60 sccm),
H, (100 sccm), N,
(100 scem) and H,S/H,
(90 sccm)

Acetylene (160—

330 sccm), H, (200—
400 sccm) and H,S
(diluted in H,, 5—

50 sccm)

Acetylene (5 sccm) and
Ar (600 sccm)

650-800 °C at atmospheric
pressure. Reaction time 1.5 h

660 °C, at atmospheric pressure

700-800 °C, at atmospheric

pressure, reaction time 20 min

700 °C, at atmospheric pressure,
time of reaction 30 min

incolnel 601), located within an
electrically-heated furnace with
stainless steel distributor plate
located at the bottom of the tube

CVD. Horizontal quartz tube
(25 % 1200 mm) in electric
furnace

CVD. Horizontal quartz tube
(30 x 700 mm), equipped with
temperature and gas controllers

CVD. Vertical reaction system
with upper gas inlet and lower
gas outlet

CVD. Horizontal quartz tube
(25 mm inner diameter)
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Bi et al. [91]

Liu et al. [92]

Chen et al. [43]

Banerjee et al. [93]

In-Hwang et al. [53]

AuBuchon et al. [54]

Yong et al. [45]

Zhang et al. [32]

Regular single fiber carbon nanocoil
(76% selectivity). Tightly twisted coil
morphology, without central void.
Coil diameters of 450-550 nm and
fiber diameters of 100-400 nm. Other
forms of carbon include straight
fibers, helical carbon microcoils and
shapeless amorphous deposits

Coiled carbon nanofibers, regular
double helix with diameters of 50 nm
(individual fibers 21 nm). Also braids
(regular), which appear as if partially
rolled up from a single layer
(diameters 10—several hundred nm)

Double helix carbon micro-coils,
circular and flat cross sections, with
some conically coiled flat carbon coils

Coiled carbon fiber in thin film form,
with diameters ranging from 0.1-

1 pm, with large coiled fibers having
coil pitches of 500 nm

Regular coiled carbon coils (coil
diameter 4-6 pum) without substrate
rotation. Slightly irregular carbon
coils with rotation

CNTs with zigzag morphology, each
bend 90 °, with segments 500 nm in
length

Heterostructured helical carbon
nanotubes, diameters of 100-200 nm

At 160 Torr mostly straight fibers
with fraction of micro-coils (coil
diameter of 0.5-0.8 um and coil pitch
of 0.8-1.2 um. At 385 Torr majority
of carbon deposit is double helical
material with coil diameter 6-10 pm.
At 460 Torr mainly straight fibers
with diameters of 50-100 nm

Co—P catalyst, prepared by
electroless plating on graphite
substrate. Appears as
cauliflower-like grains with mean
particle size of 350 nm. EDX
reveals P content of 6.9%

Fe nanoparticles embedded in
mesoporous silica. Prepared by
sol-gel (iron nitrate and TEOS),
dried at 60 °C for 1 week and
calcined at 450 °C under 0.1 Torr
for 10 h. Reduced at 550 °C for
5h

Ni powder (5 pm mean
diameter), dispersed on a
substrate

Ni catalyst, prepared by dip
coating of purified Cu substrate
into Ni solution

Ni catalyst dispersed on graphite
plate

Ni sputter deposited on Si
substrate

Quartz plate dipped in Fe(NO3);
solution and dried at room
temperature

Ni plate provided catalyst
particles

Gas mixture of
acetylene, with small
addition of thiophene,
hydrogen and nitrogen,
with flow rates of 20,
40, 80 sccm
respectively

Acetone (carbon
source) and H,,
(bubbled through
acetone at 500 sccm)

Acetone dissolved
commercial acetylene,
H,, N, and thiophene
as growth promoter
Acetylene

Acetylene, H,, N, and

thiophene

Acetylene (30 sccm)
and NHj;, total gas
pressure of 3 Torr

Ethanol (injection)

Industrial grade
acetylene

700-900 °C at
atmospheric pressure.
Reaction time 20 min

715 °C, at atmospheric
pressure, reaction time
30 min

750 °C, at atmospheric
pressure, reaction time
of 1-2h

750 °C (substrate
temperature), deposition
pressure maintained at
10 mbar, reaction time
15 min

770 °C, at atmospheric
pressure, time of
reaction 2 h

780 °C

800 °C

CVD

CVD

CVD. Horizontal quartz tube
(30 mm inner diameter), heated
by AC electric heater

Plasma enhanced CVD.
Deposition carried out at a dc
voltage of 2 kV and the
corresponding current density
~25 mA /cm?

CVD. Horizontal and vertical
quartz reaction tubes (55 mm
inner diameter) with rotating
holder (0-180 rpm)

DC plasma enhanced CVD. DC
bias voltage of 550 V below the
sample and DC self-bias
potential at 10 V with electric
field magnitude of 0.1 V/um
CVD. Horizontal quartz tubulat
furnace

Arc discharge. Pure graphite rod
(12 x 200 mm) and metal plate
(80 x 80 x 15 mm) used as anode
and cathode. The arc was
generated with output current of
96 A and voltage of 3540V in
acetylene atmosphere at 160—
460 Torr
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be expanded by 200%, with measured elastic spring constants
ranging from 0.01 to 0.6 N/m and a Young’s modulus of
~ 0.1 TPa (approx. 0.1 times that of CNTs).

Chen et al. [96] further investigated the mechanical re-
sponse of carbon coils under direct tensile loading. The ends
of a single carbon coil were attached to two AFM tips; one
was kept static and the other compliant, Fig. 18. It was found
that the carbon coil could be extended to a maximum relative
elongation of 33% without any plastic deformation after the
tensile load was released. The nano-coil spring constant,
defined as the total applied load (determined from a cantile-
ver spring constant) divided by the total elongation was
found to be 0.12 N/m. The shear modulus, determined by
fitting to equations that express the spring constant in terms
of the coil geometry and shear modulus, was calculated. It
was found that the theoretical analysis was consistent with
the experimental data, Fig. 19. Furthermore Chen et al.
[96] were able to show that the shear modulus for coiled
nano-tubules (2.5 GPa) is much lower than that of CNTs
(estimated at 400 GPa).

More recently Bi et al. [98] considered the elastic properties
of carbon coils with circular cross-section grown over a Ni—P

100 pm

alloy catalyst at 700 and 750 °C using C,H, as the carbon
source and thiophene as an additive. It was observed that these
CMCs could be easily extended to an almost linear shape with-
out any noticeable damage to their fiber structure, even after
one week of extension under atmospheric conditions,
Fig. 20. It was also observed that as the coil was stretched
the pitch increased while the coil diameter decreased (became
linear). Based upon their experimental observations, Bi et al.
[98] were able to develop a set of equations that could predict
spring constants and load elongation responses for carbon
materials with spring-like structure, thereby producing a mod-
el that could be used for the development of micro/nano-
devices.

Poggi et al. [99] were able to demonstrate that MWCNT
coils, did not just exhibit extension behaviour but compression
behaviour as well. They showed that a 1100 nm length of coil
could undergo compression/buckling/decompression repeat-
edly with a limiting compression of 400 nm. However when
compared to modelled data the nanotube spring stiffness was
found to be 6x lower than that predicted (0.7 N/M measured,
4 N/M predicted), which they attributed to experimental inter-
ferences. Chang and Chang [100] were able to confirm the

Fig. 18 Carbon nanocoil clamped between two AFM cantilevers: (a—d) Elongation of nanocoil upon tensile loading (relative elongation

of 33%) [96].



Helical carbon nanomaterials

215

@) o2

Spring constant (N/m)

Relative elongation (%)

®

0.2

0.1

Spring constant (N/m)

0.0

0 10 20 30
Relative elongation (%)

Fig. 19  Plots of relative elongation vs. spring constant: (a) experimental observations, (b) theoretical analysis [96].

a=14.8

umwn‘-’o

- aTamaaaaanda
&vbhabunuauuwvv‘vvb

Fig. 20  Elongation of carbon coils: (a—g) coil pitch increases
while coil diameter decreases until almost linear [98].

compression and extension behaviour of carbon coils, by
exposing CMCs to lateral force microscopy studies. By placing
the AFM tip a certain distance along the CMC, they were able
to show that the spring constant for CMCs was dependent
upon the number of active coils. While researchers considered
the mechanical response of individual coils or springs (nano
and micro), Daraio et al. [61] examined the response character-
istics of a foam-like forest of coiled carbon nanotubes. By
using a drop ball test, Fig. 21a, they were able to show that
the coiled forest revealed no plastic deformation when struck,
and retained its original state when the force was removed
(elastic deformation). The total depth displacement into the
coiled forest was estimated at ~3 pm, with an interaction area
of ~77 pym and a pressure estimated at ~16 MPa. The coiled
CNTs appeared to act as a cushion protecting the bottom wall
(sensor). The coiled CNTs reduced the pulse amplitude and in-
creased its length as compared to a bare quartz substrate,
Fig. 21b.

Furthermore they observed that the elastic behaviour per-
sisted even after repeated high velocity impacts, despite the
appearance of cracks on the film surface. They compared the
elastic deformation characteristics of coiled carbon nanotubes
with that of straight carbon nanotubes (similar foam-like for-
est) and observed that the straight CNTs showed permanent
plastic deformation and densification around the impacted
area. They concluded that the elastic behaviour of coiled
CNTs was significantly superior to that of straight CNTs
and could be an effective component in nano scale systems.

The resonance capabilities of coiled CNTs were investi-
gated by Volodin et al. [101] using coiled CNTs as self-sensing
mechanical resonators. Coiled CNTs were attached to gold
electrodes, and this device was then connected to a compact
radio frequency circuit (frequency range between 50 and
400 MHz), as well as an ultrasonic transducer (for acoustic
excitation). They observed that the resonance frequency of
these tiny mechanical devices were in the microwave GHz
regime. Furthermore, these sensors were found to be suitable
for measuring small forces and masses in the femtogram
range.

Electrical behaviour

The unique properties associated with coiled carbon materials
were further investigated by Kaneto et al. [102] who showed as
far back as 1999 that carbon micro-coils displayed intriguing
electrical behaviour. By conducting a set of elegant experi-
ments they were able to show that CMCs possessed electrical
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Fig. 21  (a) Schematic representation of device setup, with coiled
CNTs acting as shock absorber (between substrate and sensor), (b)
impact response with coiled CNTs (curve 1 — purple) and without
coiled CNTs (curve 2 — blue) [61].
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Fig. 22 Electrical nano-device with carbon coil providing
electrical contact [77].

conductivities of 30-50 S/cm, and that the conductivity
increased by 5-20% upon evacuation of the atmosphere. A
1-2% increase in conductivity was noted upon exposure to io-
dine gas (oxidative atmosphere) but the value was unchanged
when exposed to ammonia gas (reductive atmosphere). They
were also able to conclude that the conductivity temperature
dependence indicates both conductive and semi-conductive
behaviour, and shows a mechanism for electron transport
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Fig. 23 Temperature dependence of the resistance for carbon
coils annealed at various temperatures [105].

Table 3 Comparison of field emission characteristics of
different carbon structures as reported by Banerjee et al. [93].

Turn on field (V/um)
Horizontal aligned CNT 2.2

Type of carbon field emitter

CNT films treated using H, plasma 1.2-0.5
Horizontal aligned CNT 2.0-1.8
CNT pillar arrays 2.9-0.9
Aligned CNF 5.1-2.6
Branched CNT film 8.1-6
Carbon nanoneedle 17.1-3.8
Triode-type CNT emitter arrays 20-16.4
Vertically aligned carbon nano-rope 15
Fe-core CNT 9-5
Carbon coil 4.5-1.96

(conductivity) that was indicative of a 3D variable range
hopping model. The 3D electron hopping model was sup-
ported by Chiu et al. [103] who showed that the temperature
dependant resistance analyzed by the Efross—Shklovskiu
VRH conduction model, was indicative of 3D electron hop-
ping conduction, with an electron hopping length of ~ 5 nm.
Studies by Tang et al. [77] confirmed this proposal and demon-
strated a possible electron hopping length of 5-50 nm. Their
studies also showed an effective route to improve electrical
contacts in nanodevices, Fig. 22, by focused laser annealing,
providing for an ideal route to single-nano-wire devices. Liu
et al. [104] considered the electrical conductivity of mats made
of coiled carbon fibers impregnated with Pd metal clusters, and
found that they showed variable-range hopping characteristics
and thermo-power behaviour reminiscent of some conducting
polymers. Hayashida et al. [97] were able to show, by bridging
a single coiled carbon nano-tubule between two tungsten nee-
dles, that the degree of graphitization affected the conductiv-
ity. It was observed that the coiled carbon nano-tubule
exhibited electrical conductivities of ~ 180 S/cm (less than
the conductivity of a CNT), whereas the amorphous carbon
micro-coil was found to have conductivities of ~100 S/cm.
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Fig. 24  Field emission properties of coiled carbon nanomaterials

and straight (wirelike) CNTs [108].

Fujii et al. [105] were able to demonstrate that as the annealing
temperature of the carbon micro-coils was increased (from
2000 °C to 2500°C and 3000 °C) resistivity decreased,
Fig. 23. They postulated that this was due to the increased
number of mobile carriers due to the increased graphitization
of the materials at higher temperature. However the annealing
temperature not only affected the resistivity but also the mag-
netoresistance, which decreased with increasing annealing tem-
perature. Furthermore they were able to show that the
difference in magnetoresistance under a parallel and/or trans-
verse magnetic wave was due to the morphology of the carbon
material, and that this meant current flowed helically along the
carbon fiber (micro-coil). Kato et al. [106] observed that when
CMCs were exposed to alternating currents of different fre-
quencies, the CMCs expanded and contracted as the current
flowed through. They also observed that for a clockwise coil,
the CMC expanded when the negative amplitude reached a
maximum and contracted when the positive amplitude reached
a maximum (the reverse was seen for an anti-clockwise coil).
This phenomenon was attributed to the electromagnetic prop-
erties of the CMC owing to its spiral morphology.

Field emission behaviour

In order to determine the field emission properties of thin film
carbon micro/nano-coils, Banerjee et al. [93] carried out field
emission measurements using a diode configuration consisting
of a cathode (the thin film) and a stainless steel anode. By vary-
ing the inter electrode distance, they were able to show that
coiled carbon structures showed moderately good field emis-
sion properties with a turn on field of 1.96 V/um (defined in
terms of current density increasing by a significant value of 2
pA/em?) for an inner electrode distance of 220 um. They also
showed that, when compared to other studies, Table 3, carbon
coils have a comparable turn-on field similar to that of other
carbon based nanostructures. Zhang et al. [107] considered
the field emission properties of carbon nano-helices, and found
that a field emission current density of 1 mA/cm? is achieved at

Fig. 25 Electron emission images of: (a) straight CNTs, (b)
coiled carbon nanomaterials at the same applied electric field
[108].

~1700V and a current density of 10 mA/cm? at ~2100 V.
They concluded that the carbon nano-helices show excellent
field emission properties (which can be attributed to the large
number of emission sites formed by the tips and edges of the
carbon nano-helices) and are comparable to those of carbon
nanotubes.

Zhang et al. [108] were able to show that compared to
straight CNTs, coiled carbon nanostructures showed higher
field emission properties. Fig. 24 shows that at the same applied
voltage straight CNTs have a lower current density as compared
to the coiled carbon nanostructures. Furthermore at the same
applied electric field the coiled carbon nanostructures have
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Fig. 26 Hydrogen desorption behavior of various carbonaceous
materials: (a and b) two types of CMC, (c—¢) carbon powders of
wood, coal and coconut, (fand g MWNT and graphite fibers [109].

more electron emission sites and higher luminance, Fig. 25.
They attributed this superior emission behaviour to the larger
number of defect sites that exist in coiled carbon nanostruc-
tures, a phenomenon that is brought about by the non-linear
morphology.

Gaseous ad/desorption behaviour

Hydrogen storage by carbon based materials has become an
important area of research and the potential use of CMCs as
a hydrogen storage material has been investigated. Furuya
et al. [109] determined the absorption behaviour of as-grown
CMC:s (and those heat treated) and compared the results with
those of multi-walled carbon nanotubes and activated carbons.
They found that as-grown CMCs were capable of desorbing
three to four times as much hydrogen as did multi-walled car-
bon nanotubes and active carbons, Fig. 26. When CMCs were
heat treated at 850 °C there was a 20% increase in hydrogen
adsorption. However when heat treated at 1000 °C there was
a significant decrease in hydrogen adsorption. From activation
energy calculations they concluded that desorption of hydro-
gen originates in the hydrocarbons formed on the as grown
CMC s during the growth or cooling processes.

Raghubanshi et al. [110] considered the use of helical CNFs
as a catalyst for improving the hydrogen desorption from
NaAlH,. They compared the desorption capabilities of pristine
NaAlH,, 8 mol% as-synthesized helical CNFs admixed with
NaAlH, and 8 mol% as-synthesized planar (straight) CNFs
admixed with NaAlH,. They found that helical CNFs des-
orbed ~5x more hydrogen than pristine NaAlH, and ~30%
more than planar CNFs, Fig. 27. Additionally they were able
to show that for rehydrogenation studies pristine NaAlH,
showed almost no re-adsorption whereas 8 mol% as-synthe-
sized helical CNFs admixed with NaAlH, was capable of re-
adsorbing 1.8 wt.% H,. However it must be noted that purified
helical CNFs showed lower re-adsorption behaviour as com-
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Fig. 27 Desorption kinetics, indicating desorption of hydrogen
for helical CNFs admixed with NaAlH, (curve A), straight
(planar) CNFs admixed with NaAlH4 (curve B), and pristine
NaAlH, (curve C) [110].

pared to the as-synthesized (unpurified) helical CNFs. Never-
theless helical materials, due to their unique structure, offer
an interesting device to store hydrogen.

Polymer composites

Carbon materials with spring-like geometry are considered a
fascinating carbon-based material that can be used as carbon
fillers in reinforcement composites. The effectiveness of CMCs
as a reinforcing material was investigated by Yoshimura et al.
[111]. They showed that when CMCs were embedded in epoxy
resin the mechanical properties of the composite could be al-
tered. The Young’s modulus as well as the tensile strength of
the epoxy resins could be improved by the addition of just
2% CMCs. When compared to carbon fiber reinforced resins,
the carbon micro-coil/epoxy resin showed better reinforcement
capabilities. Yoshimura et al. attributed the enhanced abilities
to the large specific surface area of the spring-shaped CMCs.
They also suggested that the CMCs tended to extend with
the polymer matrix and break only when an excessive load
was applied. In contrast carbon fibers can be pulled out of
the matrix due to the lack of interfacial adhesion.

In another study, Yoshimura et al. [112] considered the
electrical properties of these composites and the effect that ten-
sile and compressive strains have on the electrical resistivity.
At low volume fractions (2% carbon content) CMC/silicon-
rubber, CNF/silicon-rubber and carbon black/silicon-rubber
all showed similar resistive behaviour. However as the volume
fraction was increased (6%) there was dramatic decrease in
resistivity for the CMC/silicon-rubber (100 Q cm at 10% car-
bon content) and carbon nano-fiber/silicon-rubber composites,
which was not observed for a carbon black/silicon-rubber
composite. A significant decrease in resistivity was only seen
after 15-25% carbon content. When exposed to a compressive
or tensile strain, the resistivity of the CMC/silicon rubber com-
posites increased considerably, whereas the carbon nano-fiber/
silicon-rubber and carbon black/silicon-rubber composites
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showed only slight changes, indicating that CMCs show
greater sensitivity to strain, Fig. 28. They attributed this in-
crease in resistivity to a change in the geometric structure of
the CMCs upon strain.

Chen et al. [113] were able to show that tactile sensor ele-
ments of a very small size (80 x 80 x 80 um?*), composed of
CMC:s in polysilicone were capable of showing a very high sen-
sitivity of 0.3 mgf. Additionally they found that tactile sensors
incorporating carbon micro-coils had better discrimination
abilities when compared to conventional sensors, making
CMC s novel tactile sensors.

Katsuno et al. [114] showed that for CMC/silicone-rubber
composites, the CMC content (%) affected various electrical
properties viz. impedance, resistance and capacitance. The per-
colation paths (the critical transition which separates the
dielectric state from the conductive one) were observed at
3% CMC content. Above the percolation threshold, the resis-
tance decreased while the capacitance increased, providing in-
sight into possible reasons as to why sensor size and carbon
content affect electrical signals. Park et al. [115] compared
the electromagnetic properties of straight single/multi-walled
CNTs with that of coiled CNTSs in polymer composites (reac-
tive ethylene ter-polymer, constituted from polyethylene,
polarmethyl-methacrylate and an epoxide). They found that
the coiled or helical structure affected the electromagnetic
properties of the polymer composite. Polymer composites with
coiled carbon nanotubes showed a higher conductivity (and
dielectric permittivity; two times larger than that obtained
for straight tube composites) as well as enhanced electromag-
netic interference shielding efficiency. They postulated that
the increased conductivity related to the increased number of
parallel resistors and capacitors due to the coiled morphology,
which also makes available several alternative electrical con-
duction paths. Motojima et al. [116] considered the use of car-
bon micro-coil/polymethylmethacrylate (PMMA) composites
for the absorption of electromagnetic waves in the high GHz
region. The motivation for micro-coil use was intiated from
studies conducted by Varadan et al. [117] who showed that
conductive chiral (helical) polymers possessed excellent
absorption properties. When Motojima et al. [116] compared
the absorbtivity of PMMA (without CMCs), ferrite powder
and carbon powder to that of a CMC/PMMA composite, they
found that only the CMC/PMMA composite could absorb in
the high GHz region. It was observed that the PMMA/CMC
composite strongly absorbed electromagnetic waves with dif-
ferent absorption bands; greater than —30 dB at 81, 91 and
102 GHz. However at higher CMC content (5-10 wt.%) there

was a decrease in the absorbtivity, probably due to increased
electrical conductivity. Zhao et al. [118] considered the micro-
wave absorption properties of CNC/paraffin wax composites
and compared the composites with CMC composites. They
found that composites incorporated with CNCs showed en-
hanced microwave absorption capabilities (90% absorption
at 8.9-18 GHz) as compared to CMC composites. Wang
et al. [82] showed that the electro-chemical properties (espe-
cially specific capacitance) could be determined from cyclic
voltammetry and galvanostatic charging/discharging experi-
ments. They prepared their electrodes as pellets by pressing to-
gether a mixture of CNCs (95%) and polytetraflouroethylene
(5%). It was observed that the specific capacitance was ~ 40
F/g, which is three times higher than that of carbon micro-coils
and six times higher than CNFs. They associated this remark-
able observation with the open mesopores formed from the
interconnected network and coiled (nano) structure.
Greenshileds et al. [119] showed that there is a noticeable
difference in the vapour sensing capabilities of polyvinyl alco-
hol (PVA) composites incorporating multi-walled CNTs
(MWCNTs/PVA), nitrogen-doped CNTs (N-MWCNTs/
PVA) and coiled CNFs (CCNFs/PVA). It was observed that
CCNF/PVA composites while ineffective for the detection of
ethanol vapour, showed better performance and detection
capabilities for methanol and toluene vapours (when com-
pared to MWCNTs/PVA and N-MWCNTSs/PVA composites).
This study demonstrated that the three carbon nanostructure
based composites (viz. MWCNTs/PVA, N-MWCNTs/PVA
and CCNFs/PVA) show different responses when exposed to
ethanol, methanol or toluene, and that, CCNFs are a unique
and alternative material for incorporation in sensor devices.

Metalized carbon composites

Motojima et al. [120] showed that the properties of CMCs
could be altered by vapour phase metallization to give SiC,
TiC and ZrC. These novel metal carbides are potential candi-
dates for use as conductive fillers, reinforcing fibers, electro-
magnetic shielding/absorber materials etc. For TiC (made
from CMCs) it was observed that as the ratio of Ti/C was in-
creased there was a corresponding decrease in the bulk resistiv-
ity of the materials. Furthermore, they found that when
compared to TiC micro-tubes, TiC micro-coils did not attenu-
ate the irradiated EM wave. In a later study Motojima et al.
[121] observed that carbon micro-coils could act as a template
for the selective preparation of TiO, micro-coils (polycrystal-
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line anatase phase). This possibility of using carbon coils as a
substrate was further extended by Bi et al. [122] who showed
that the electromagnetic properties of carbon coils could be al-
tered by coating them with Ni and P, thereby enhancing the
microwave absorption ability of carbon coil composites. Per-
fect microwave absorbers can be obtained by optimizing the
permittivity and permeability of a material, which is related
to the magnetic and dielectric properties; these properties have
also been investigated for coated and uncoated carbon micro-
coils. Bi et al. [122] found that coated carbon micro-coils
showed distinct variability when compared to uncoated carbon
micro-coils. Their results indicated that by coating carbon mi-
cro-coils with Ni and P, they could control the magnetic and
dielectric losses, thereby substantially increasing the electro-
magnetic energy dissipation. The effectiveness of carbon coils
could be optimized by using specific materials that were capa-
ble of further modifying the magnetic and dielectric properties
of the material. Recently Zhang et al. [123] showed that nano-
coiled and micro-coiled CNFs could act as promising catalyst
supports, offering superior electrooxidation of methanol when
compared to a commercial carbon black. Pt particles sup-
ported on CMCs showed the highest electrocatalytic activity,
with a fourfold enhancement when compared to that of Pt sup-
ported on carbon black. They were also able to deduce, from
cyclic voltammetry, that CMCs and CNCs allowed for the
Pt (110) crystallite phase to predominate, whereas carbon
black allowed for the Pt (111) crystallite phase to predominate.
They attributed the enhanced activity and selectivity (Pt
phases) to the unique helical structure and composition of
the carbon supports.

Biological applications

Motojima et al. [94] reported that CMCs have the ability to in-
hibit the breeding of keloid fibroblast, i.e., cancer cells associ-
ated with leukaemia of the uterus. This was motivated in part
by studies conducted by Komura who observed that CMCs
generated hydroxyl radicals in aqueous solution when exposed
to ultrasound, and could be used for sonodynamic cancer
treatments. When CMCs were added to skin cells (Pam 212)
and collagen (mRNA), skin cell formation was promoted 1.6
times, whereas collagen formation increased 1.14 times (versus
controls without CMCs). Currently CMCs have been commer-
cialised as an additive in the cosmetic industry due to its colla-
gen generating capabilities [124].

Summary

Carbon materials with helical morphology are considered in
some cases to be superior alternatives to other linear carbon
nanomaterials, a relationship that is said to be associated with
the shape of the carbon material. However it must be noted
that when one considers the electrical conductivity, field emis-
sion or the ad/desorption capabilities of helical carbon nanom-
aterials, their performance may be due to specific chemical and
physical properties associated with the surface of the carbon
helix rather than to the absolute structure of the material (coil,
spring or helix) [109,110]. If helical carbon nanomaterials are
compared to other non-helical carbon materials with a similar
amorphous nature and content, there should be similar perfor-
mances of the materials under investigation (this still needs to

be assessed). Other than the mechanical behaviour of helical
carbon nanomaterials, other properties associated with helicity
require further investigation to ascertain whether helicity
determines a property or if it is the fine structure of the mate-
rial that is the determining factor.

Conclusion

The unique 3D morphology and associated properties of heli-
cal CNTs and CNFs has led many researchers to consider their
use in various nano-technology applications. While there have
been numerous synthetic procedures described in the literature
to make helical carbon materials, absolute control over the coil
morphology and yield still remains a challenge. However, it is
expected that a better understanding of the growth mecha-
nisms would ultimately aid in the design of improved systems,
for the selective synthesis of helical materials in high yield. The
unique electrical, mechanical, chemical and absorbance prop-
erties of carbon materials with helical morphology make them
an ideal component for incorporation in numerous technolog-
ical devices.
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