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Abstract: The CVD route for carbon nanotube production has become a popular method to
make large amounts of multiwall carbon nanotubes. The steyehorphology and size of
carbon materials deperdatitically on the catalyst preparation and deposition conditions.
According to current knowledge, CVD method is the opipcesswhich can produce
carbon nanocoilsThese nanocoilare perfect candidatesrfoanotechnology applications

One might indeed hope thinese coils would have the extraordinary stiffness displayed by
straight nanotubes. Based on theoretical studies, regular coiled nanotubes exhibit
exceptional mechanical, electrical, and magnetperties due to the combination of their
peculiar helical morphology and the fascinating properties of nanotubes. In spite of its
technological interest, relatively low attentibas beerpaid to this special field. In this
paperwe attempt taummarizeesults obtained until now.
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1. Introduction

Carbon is an enigmatical elemenhigh hasnumerous allotropic formshosestructurescan be
tailored to different kinds of conformations and ntwlwgies. Besides weknown diamond and
graphite various materials such faflerenes(buckyballg [1], carbon nanotube&], and (nano)fibers
[3], (nanoyods M], onions p], foams B], buds [f], etc. can be fabricated in the micrometer to
nanometer scak. Among these microand nanetructure, coiled carbon nanotubes havery
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interestingmorphology and many unique characteristidse to their good chiral conductivity,f,
large surface ared]| superelasticity [LO], theypossess several ngwtendal applicationgd11].

Since the discovery of carbon nanotubes, their applicatitlese benefited a wide range of
engineering, applied physics and biomaterials areas, because of their superior mechanical anc
electrical propertiesCarbon nanotubes haveaged afundamentalrole in leading theextensive
developmenbf nanoscience and naechnology in botlscientificresearch and industt innovaions.

The extent of this interest is evident by the fact that carbon nanaitdtbe subject of study of abbu
seven research papers each day, excluding book chapters and f@dews a first approachthe
geometrical description ofatbon nanotubes very simple:a cylinder of a rolled graphene sheet
(singlewalled nanotubesSWNT9 or multiple concentriccylinders consisting of rolled graphene
sheets (multwalled nanotubesMWNTSs) [13,14.

Theexistence of helicallgoiled carbon nanotub&gasfirst predictedby lharaet al and Dunlapn
the earlynineties [15-18] anda few years later a Belgian researcbup reportedheir experimental
observatiori19]. For the characterizations of the geometry aifexl carbonnanotubeselix diameter
and coil pitch (the distance between adjacent corresponding points along the axis of thardelix)
commonlyused(Figure 1) [25]. Carbon nanotube with regular coiled structure can be generated with
periodic incorporation of pentagon and heptagon pairsahexagonal carbon framewovia creating
positively and negatively curved surfac&g)][ Since the insertion of pentags and heptagons into
hexagons induces significant changes in the electronic struckg][ helical and toroidal forms
possess remarkable electrical and magnetic properties, which are rather different than that of
cylindrical tubes 23,30. Using @mputer simulation with molecular dynamics calculationsvas
proved that coiled carbon nanotubes ardoth thermodynamicallyand energetically stable P4.
Consequentlythe coiledcarbon nanotubesre expectedo showexceptionalproperties ando afford
variousapplicationsin the near futureln spite of its technological interest, relatively low theoretical
and experimental attention was paid to this fascinating carbon matetial

Figure 1. Coiled tube with its projection (left) showimty helix diaméer andp) coil pitch.
Reproduced from [25)ith permission

For the synthesis of carbon nanotylss/eraimethod have been reported. In the early ninthes t
arcdischarge methodeveloped for g synthesis supplied a very surprisirggult, namelyhe growth
of fullerene tubes wasbserved on the carbon cathodie this methodcarbon nanotubes are always
grown out of the ends afarbon electrodes of the arc but they have never fmeerd in the soot
condensing from the vapour. Mayties recognitionled to the discovery of other nanotubmthesis
methods such as plasma decompositiohyafrocarbons and eevaporating atalyst duing a carbon
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arcdischargeThe CVD route for nanotube production has become a popular method to make large
amounts of mdiwall carbon nanotubeSonpared with other synthesis metts, the selectivity of this
process to carbon nanotubesignificantly higher and, consequently the final prodtaritains much
less amorphous carboh is indeed the best way of producing lkarguantities for materials science
applications, such as the fabrication of nanowddeforced composites. Occurrence of «hhped
fibers in the jungle of straight catalytically grown nanotubes has been noticed from the early days of
studying their cafgtic synthesis. These coiled tubes do not appear when atisat@arge process is
used, nor any other proces25].

The morphologies of coiled carbon nanotubes and carbon microcoils are rather different, however,
similar features of their synthesis anglisputable and prominent selectivity obtained by Motojeha
al. is remarkableA few decades agdhe growth of these helicalrbon micreoils wasbasically
accidental, andoth reproducibility and the yield were vetgw. Recently significal improvemén
occurred on this fielda largescale preparation technique faagularly coiled carbon microfibersf
micrometerdiameterwas developedThe method havindhigh reproducibility and high coil yield
produces carbon coils with circular fiber cr@estionand extreme elasticity (205 times higher)
[26-28]. Thenamed 6 sep @rst i ¢ cosiginhtesrronctie isdms grdlqo).

Regularly coiled carbon nanotubeseir synthesistheir structure, formation mechanisand
theoretical aspectare mysteriouspoints In this review we givean up-to-date summary o$cientific
results accumulated until now on this field. Preliminary observations and their evaluation might
generate new ideas and further motivatidor relevant scientific communityto clarify
fascinating questions.

2. Theoretical Calculations andProperties of Carbon Nanotubes

In the early study of the growth otarbonnandubes, lijimareportedthatincorporation ofseven
fold rings of carbon atoméeptagons)nto a hexagonal sheetsultsin a negatively curved surface.
Theoretically,a crystal with only negatively curved surface, acatbed minimal surface can be thus
construced[29]. The positively curved surfaaan becreated bythe insertion of pentagon@ive-fold
rings of carbon atoms and a negatively curved surfacan becreated by heptagon®Vith the
combimation ofthese surfacesiamely tiling the surface with pentagons, heptagons, and hexagons
principle, aunique form of carbon havingiovel featuresand potentialconsideral# technological
interestcan be constructgdrigure 2)[30].

The presence of a large amount of curved and coiled nanotubes among the tubes produced by th
catalytic method stimulated several studies on the theoretical aspect of the coiling mechanism
[19,2031-34]. Based on observations from higesolution electron microscopy and electron
diffraction, it was proposed that the curving and coiling could be accomplished by the occurrence of
0 k n ei.e,qw® straight cylindrical tube sections of the same di@mconnecting at an angle.

Such knees can be obtained via the insertion in the plane of the knee of diametrically opposed
pentagonal and heptagonal carbon rings in the hexagonal networks. The heptagon is on the inner sid
of the knee and the pentagoroisthe outer side. The possibility of such construction was predicted by
Dunlap [18,35,36. Theoretical models of curved nanotubes forming tori of irregular diameters have
also been described by Itoh and Ihdra,37.
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Figure 2. Helically coiled form Ggg one pitch contains a torusda (a) coil length = 12.9

A and, (b) coil length = 13.23 A. The tiling pattern of heptagons in the inner ridge line is
changed, though the pattern of pentagons in the outer ridge line remains upon changing the
coil length.Reproduced from [30yvith permission

Based on energetic and thermodynamic stability consideratibesalbovementioned authors
reportedthe possible existence of various forms of helically coiled and toroidal strudtunes also
highlighted thathe variety of patterns in the outer and inner surface afelguctures indicates that
many other stable cage carbon structuresy exist[15-18,38,39. Itoh and lhara also proved thaiet
molecules ina one dimensional chain, or a twdimensional plane, roa threedimensional
supermolecule are possible extended structures of tori with rich applications. In the helically coiled
form, coils may be able to transform into other forifisey highlighted thattiwould be interesting if
the proposed structure aitd variant formscombinations of helix with toroidal formelical coiling
around the tube, nested helical forms, coiled structure of higher order such as sopssroid in
biological systemsykould be constructed in a controlled manner from the hgtiapcarbon cage.
Interesting electricahnd magnetic propertiesf helical and toroidal srtucture which are defenitely
different than those observedaylindrical carbon nantubeswere also predicte[80].

Suet al studied the shape formation procesgarbon nanotubes and described a string equation
for the possible existing shapes of the axis curve of multiwalled carbon nanotubes (MWNTS). It was
shown that there is a threshold condition for the formation of straight MWNTSs; below that value
straight MVNTs became unstable and a shape deformation would docparticular, the optimal
ratio of pitchp and radiug, for such a coil was found to be equal i #&hich was in good agreement
with the recent experiment observations obtaimgedhanget al [19,24].

Fonsecaand coeworkers elaboratd models of perfect tubule connections leading to curved
nanotubes, tori or coils using the heptagemtagon construction of Dunlgd8,3. In order to
understand the mechanisms of formation of perfectly graphitingtlayered nanotubes, models of
concentric tubules at distances close to the characteristic graphite distance and with various types o
knee were buil{Figure3).
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Figure 3. Planar presentation of the (9n{®n,5n) knees, having a 36°bend angle
produed by a heptagdmpentagon pair on the equatorial plane. The arrows show the dotted
line of bonds where the kn@& or N, c is connected to the corresponding straight tubules:
(a) kneeN, for n= 1; (b) stretched kned, .for n= 1 and = 38; (c) generakneesN, and

Nnh.c. Reproduced from [33)jwith permission

Perfectly graphitizable (chiral and achiral) knees are descried relations are established
between the tubules and their graphitic layers. A growth mechanism at a molecular level wasddescribe
by the same authors in order to explain the formation of knees, consequently other derivates such a:
tori and coils 3,37.

On the theoretical side, carbon toroids can be considd@d dither by introducing curvature
inducing defects as in the helia@anotubesor by elasticallybending a straight nanotube so that it
closes upon itself. In the latter case, the lower limit for the diameter is found to be about 20). nm [
Ahlskog et al. report on the observation by AFM and SEM of ring formationsatalgtically grown
carbon nanotube material. The rings have the same dimensions (diameter and thickness) as wa
observed in laser grown SWNT materidl], which may suggest a common origin. Possible links to
the observed helical nanotubes in the samdwtialy grown material 42] were discussed. Their
observations contrast with previous reports of the nanotube rings as genuine toroids. Still, since the
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tools used in that work are not capable of definitely resolving whether the rings are toroidslor smal
coils, they conclude that more elaborate investigations are needed to address this question. In any cas
the rings are interesting as objects for various future experiments to study their mechanical and
electronic propertiesif).

Lambin and his ceworkers solved problems of the first models which were based on the very
regular incorporation of a small fraction of pentagons and heptagons into a perfect hexagonal lattice.
The authors revealed difficulties of this mechanism in which such a regular iratwpoof isolated
northexagonal rings takes place. Instead, they offered a new family of Haeckelite nanotubes which
was generated in a systematic way by rolling up a two dimensionatfttdeeoordinated carbon
network composed of pentagdreptagon pairand hexagons ia 2:3 proportion. In their model, the
non-hexagonal rings were treated as normal building blocks of the struCtieg.showed that in a
similar way like straightarbon nanotubes were wrapped from a graphene sheet, it was possible to
wrap systematically tubulacarbon nanostructures which were regularly coiled and in which the non
hexagonal rings did not constitute defects, but were regular building blocks of the strM@ure.
cohesion energy calculations it was showed that the stabilityheo generated thredimensional
Haeckelite structures was between that of straight carbon nanotubes and #saEtdd@onic density
of states of the Haeckelite computed with a tightbinding Hamiltonian that includes the orbitals only
showed that thesastructures are semiconducting. The comparison of Haeckelite structures and
experimental findings was also discusséiliring experimental observations they proved that
Haeckelite type structures could be produced by other growth procedures developethdar ca
nanotube synthesis. This work significantly helped the optimization of the growth conditions resulting
in a selective production of Haeckelite structyres.

Birbetal., obser ved c ar b o-branochacaod caoilbdesingiekvallecartsm nabey
grown on a graphite substrdig the decomposition of fullerene either at room temperature or at 450
€ in the presence of transition methli particles of 200 nm sizeThe characterization of ggepared
material was carried out by direct STM maasnents. The formation of the carbon nanostructures
with nonthexagonal rings is ascribed to both the templating effect of HOPG and the growth at room
temperatureThe observed coiled carbon nanotubes were tentatively identified with the theoretically
predcted haeckelit¢45,44.

For the experimental determination of the mechanical properties of coiled carbon nanotubes, in
particul ar, t h E), thé shear gnédslusGho dawnldu sP o(i g),sacfewbnmethodsa t i o
were reported recently1¥,49. SinceE = 2(149)G, knowing two parameters is sufficiedeasuring
uniaxial tension/compression and bending are typical methods for characterization of carbon
nanotubes49]. The simplest way to charactegizabon nanocoils is uniaxial stretching. For e.g. using
a nanomanipulator, a carbon nanocoil was extended to a maximum elongation of 33% with the
relationship of elongationl) versustension load along the coil axiP)(recorded 47,43. But for a
long time no comparison with the realP curve of coiled nanotubes over a long stretching distance
has been reported. To supplement the mechanics of coiled nanotubes in uniaxial tension was reporte
by Huang. In his work the estimations for double coils wetainbd. He observed a good agreement
in the whole stretching process (about 30% elongation) in comparison with the experimental result. It
was found that as an alternative ite,, the interatomic potential method, given the initial geometry,
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the shear mdulus of the tube can be determined by the uniaxial tensile test. However, the analysis also
revealed that it was difficult to determine the Poisson ratio precs@ly [

Multi-walled coiled nanotubes with different coil diameter and coil pitch showesigmificant
differencesfrom the normal multivalled nanotubesn their Raman specdrand X-ray diffraction
patterra [51]. The Raman spectra indicated that the structures of all these carbon coils were
nanocrystalline phases in amorphous networks in syitéhe different catalysts and preparation
conditions [52].

3. Synthesis ofCarbon Microcoils

The growth mechanisms oétalyticcarbon coilsynthesidy chemical vapor deposition (CVRye
of great interest in the research of helical/spiral materialthdrpast decadeseveralgrowth models
werepublishedto clarify the formations of carbon coils witiniqueshapes and morphologi€s3]. A
number of excellent papers andeviews about theproperties, morphologygrowth mechanisms,
preparationsand apgktations of carbon coilappearedy Rodriguez $4], De Jong and Geu$8%], and
Motojima and Chend3]. While theCVD productionand characterizations of carbomcrocoils were
substantiallyinvestigated since tireearly studies 6,57, the electric trasport properties ofthese
coiled carbon structure were only poorly known For e.g.,the electonic properties of carbon
microcoils were studied exclusively by Motojima&t al [53]. The electric conductivity oSuch a
microcoil havingthe diameter of sevar micrometers and the length of several millimeters foasd
30-100 S/cm, where the temperature dependence {3@10) of conductivity indicated both semi
conductive behavior with an activation energy of 4 meV and a variable range hopping transport
mechaism in the carbon microcoibg,11].

Motojima et al obtained arbon microcoils by the Ntatalyzed pyrolysis of acetylene at 710
using thiophene as an impurity with and without an external electromagnetic (EM) field and by
applying or not applying &ias voltage to the substraehey examined the effect of the external EM
field and bias voltage applied to the substate on the vapor growth, morphology and properties of the
carbon coils. The electromagnetic field applied to the reaction tube and sheoligaye applied to the
substrate significantly affeetl not onlythe growth of carbon coildyut alsotheir morphology and
properties. The highest coil yield of i®5 mg/cni of substrate was obtained with an external EM field
and with a DC or AC bias @d00 1000 V, and this valueras1.9 2.0 times higher than that obtained
without an EM field and bias voltage. The carbon coils obtained with the EM field were very regularly
coiled flat coils with a flat or long diameter of 5660 mm and a coil pitch of 2. mm irrespective of
the application of the DC or AC bias. On the other hand, the carbon coils obtained without the EM
field hada circular or elliptical fiber cross section, a coil diameter of 8. mm and a very small coil
pitch of 0.40.5 mm. The deity of the carbon coils obtained with the external EM field arab
voltage was 1.79..84 g/cmi. These valuesvere higher than the value of 1.72.74 g/cmi obtained
without the EM field and bias voltaggq].

Carbon microcoilof various shapewere obtaied by thenickel catalyzed pyrolysis of acetylene.
Thereweretwo kinds of carbon microcoils based on the shape of the seatisn of the carbon fibers
that compose the carbon coils: circular carbon coils with circular fiber sext®ns and flat caon
coils with slenderform fiber cross section. Mvas considered that the flat coil obtained by a long
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reaction time is formed by the change in the shape of the catalystfignai a cubicform to a slender
form in an electromagnetic fiel@Q)].

According to transmission electron microscombservations,carbon deposis obtained in the
decomposition of acetylemnaver FQC(+SnC}) may also contaircoiled shapecarbon nanofibersin
the presence of Sn@doped FegC, carbon deposit contaad mixed quality carboribers having smaller
as wellas larger diameter#.is interesting observation thatire FgC was found to absolutely inactive
in acetylene decomposition, no significant amount of carbon could be detected on its surface after
CVD reaction61].

Proteinlike singlehelix carbon microcoils were prepaneda Ni-alloy catalyzed CVD process. The
product was embedded into polysilicone matrin orderto form artificial skinbiomimetic tactile
sensor element€hanges in electrical parameters under the apjtiads were investigated, with a
comparison with doubleelix carbon microcoils. It was found that thiaglehelix carbon microcoil
sensor elementseremore stable and sensitive than that ofléteer sensor elemenit§?].

Another interesting paper waslblished about thenfluence of CVD conditions on the growth of
carbon microcoils byvotojimaet al. They have proposed that the shape of the fiber esestionwas
usually determined by the shape of the catalyst grain; fibers with a circulaiseiba are generally
formed from a cubic or a coaxiahaped catalyst grain, and fibers with rectangular or flat -s®cson
were formed from a rectangular or flashaped one6[]]. It was found that the ratio of the circular
carbon microcos in the depositsould be controlled by adjusting the flow rate of Without the
addition of inert gases and by varying the growth time. Furtherrti@earbon microcoil®btained by
the addition of HO vapor showed a more regular coiling pattern and a higher elashiaitythose
obtained without BEO. It can be seeim Figure4 that when the Hflow rate was 250 sccm, the content
of the circularcarbon microcoilsn the deposits was the highest: B30% [63].

Using a symmetric growth moldenelical carbon nanofibers afgh yield were synthesized by the
catalytic decomposition of acetylene at 241 with Cu Ni alloy nanoparticles which were prepared
by the hydrogerarc plasma method. The morphology and microstructure of the coiled carbon
nanofibers was determined in détdhe two helical fibers had opposite helicity, but had identical
cycle number, coil diameter, coil length and fiber diamgg4y.

Threedimensional3D springlike carbon nanocoils were obtained by the catalytic pyrolysis of
acetylene using an irecontining catalyst. Using Fech catalyst systems at the reaction temperature
750790 C, the springike carbon nanocoils were obtained with nearly 100% purity. The catalyst
particles were present on the growth tips, and tip morphology showed that tidenamitEfibers grew
by monadirectional growth mode. According to characterization data the sjkngarbon nanocoils
were considered to be composed basically of two coils fused each é8jers [

Single-helical carbon nanocoils with a coil diameter of B8N0 nm was prepared using-based
alloy catalysts at 70800 with 60% yield and 100% purity. The catalyst particle observed on the
growth tip was identified as E&, or FeC; single crystal, in which some of the Fe atoms were
substituted by Cr atom&arbon nanopatrticles with a helical structure were observed on the surface of
the catalyst, and it was supposed that the carbon nanoparticles have the potential to be helical carbo
supply sources. Namely, the catalyst face supplied microscopic carboparigsies by helical
deposition patterns on the catalyst surface to form macroscopic helical patterns of carbon nanocoils.



Materials201Q 3 2626

Another interesting finding was that graphitiapsulelike carbon layers composed of I layers
formed after heat treatment at 30D0in an inert gas for 6 houf§6].

Figure 4. (ai c) SEM images of the CMCs obtained with differentfldw rates when M
was also introduced. Hlow rate: (a) H 150 sccm, (b) K250 sccm, and (c) H35 sccm.
Other gas flow rates: £, = 83 sccm, N = 400 sccm, KHS/H, = 70 sccm. Reaction
temperature: 770 €C; reaction time: 60 min. (d) A summary of the influence of itiow
rates.Reproduced from [63)ith permission

100 &‘
60 \1\\{

40

Ratio of circular CMCs

- | | |
100 200 300 400 500

H, flow rate (sccm)

4. Synthesisof Coiled Carbon Nanotubes

The first experimental @ervation for the production of coiled carbon nanotubes was in 1994, when
Zhanget al in a Belgian research group observed the mndiled coiled carbon nanotubes with inner
and outer diameter of 1%0 nm in the sample grown by catalytic decompositioac#tylene over
silica-supported Co catalyst at 7@. The catalytic decomposition of acetylene was carried out in a
flow reactor at atmospheric pressutewas suggested that the coiled tubules consist of regularly
polygonized helices where the bends aelated to pairs of pentagbeptagon carbon rings in the
hexagonal networkg7]. One of the very first coiled carbon nanotsiban be seen in Figuke

For the catalyst prepared from -@oetate solution of pH =9, the quality of carbon nanotubes in the
deposit after CVD haslso been foundio bevery good. The only difference observed by electron
microscopy was the definitely higher amount of coiled structures, as illustrated in Figure 6. While in
the case of samples pH 8 and 9 every catalyst partidecaxgered by regular carbon nanotubes after
the reaction, the composition of the product obtained over the catalyst pH lower than 7 was more
heterogeneous. Much fewer particles were covered by-twdlbstratic tubes, while the relative
amount of irregulatubes and fibers increased considerab8§}.[
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Figure 5. HREM image of a tightly wound hekghaped carbon nanotubule; insets show
two such tubules at lower magnificatid®eproduced from [6Apith permission

Figure 6. TEM image of helical carbon nandtes formed in the decomposition of
acetylene at 70€ over Cof/silica prepared by method A (pH =Rgproduced from [68]
with permission

Bai reported a method to prepare spiral carbon nanotubes with controlled diameter using catalytic
decomposition D acetylene on alumina support. Coiled carbon structure growth was carried out
through catalytic decomposition of acetylene at 680 and at slightly higher than atmosphere
pressure A porous alumina layer from aluminium surface anodisation was used aSasebThe
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diameter nanotube coils ranged from a few nanometers to a few micrometers, depending mainly on the
metal catalysts size. Through the careful choice of alumina pore size and electrochemical metal
deposition conditions, he was able to producectiiked carbon structure with more or less controlled
morphology. DC electrochemical deposition with iron sulphate solution was found to be the most
favourable condition catalyst preparation which produced large quantity of coiled carbon st6®ture [

Hou et al produced helically shaped multiwalled carbon nanot¢H&NTs) with the diameterof
30-80 nmby copyrolysis of Fe(CQ)as floating catalyst precursor and pyridine or toluene as carbon
sourceat a temperatureof 1,050-1,150 € under flow of hydrogn At lower temperatures they found
only carboncoated iron nanoparticle€oncerning the growths mechanism of coiled structures they
found that he metal nanoparticles were in various shapes at the tips of HCNTs, which led to the
assumption that tubgrowth could occur by the scalled tip modelThe worm, taper or dropleturved
shape of the nanopatrticles at the ends of HCNTs suggested that the metal nanoparticle might be in it
molten state at higher temperatufég].

Carbonnanotube materigiroducedby catalytic decomposition of carbon sourtepredominantly
multiwalled, with only rare observations of SWNTA]. An averagéielical nanotube is described by
the coil diameter, where observations range from 10 nm to 1 mm, and the pitch (the disimeea be
adjacent corresponding points along the axis of the helix), which has been observed to take values
from 10 nm up to 5 mm. Careful TEM analysis of the helical nanotutissfiggests that these
nanotubes arenostly polygonized, consisting of straighegments, and the turning being due to the
appearance of pentagdreptagon pairs in the hexagonal network forming the wall of a perfect straight
carbon nanotube. Each defect pair would twist the nanotube about am gnitle 0 <a<36 ), so that
at least 0 pairs walld be needed to cause one tj#8§].

A. Szab6and her coworkeranalyzed the shape of more than 300 coiled carbon nanotubes. The
statistical, HRTEM and continuum elasticity investigations concordantly esthtvat the coiling of
carbon nanotubebad structural origin while various external factggeobably create the specific
conditions which mde that the coiled shapgasmore favorable than the straight one. On the basis of
the analysisit could beconcludel that the most frequently found callecarbon nanotubewere
grouped in certain stability 060i sl awekregoducedn t |
in different experiments and different laboratoriésvasinterpreedas indirect evidence that the way
in which carbon nanabeswere coiled ha an intrinsic, structural origin and was not decided by
external factorsThe possible role of impurities like nitrogen adfur in promoting the production of
coiled carbomanotubesvas als@ointed ouin thatwork [72].

Coiled carbon nanotubewere prepared by CVD orraditional silica-supported Co nanoparticles
under reduced pressure and at lower gas flow ratessdleeted area electron diffractigatterns
suggestedhat the helix is polygonized, which is further confirmgdHiRTEM. On the basis of the
heptagormpentagon construction theothey proposedhe helix formation mechanismhich involved
a carbon core formation on a catalytic particle followed by carbon helices growth controlled by
kinetics [73].

Liu et al produce spiral carbon nanofibemshich were synthesized using the AIR® supported
Pd(dba) catalyst prepared by the impregnation methodvds noted that the synthesis of spiral
carbon nanofiberazasvery sensitive to the reaction temperatBgral nanctructureswere observed
only within a narrow temperature range around 700The transport behavior indicated the sample
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consisting of spiral nanofibers having different pitches and radius can be explained in the scenario of
the heterogeneous modgi4].

Further atalyst samples were maudgth iron by different preparation methods in order to improve
both the quality and the quantity of-pepared carbon nanotubes. The catalysts were tested in the
decomposition of different hydrocarbons in the temperatamge 656800 € using either fixed bed
flow or fluidized bed reactoiThe formation of coiled nanotub&sasclearly enhanced in the catalyst
formed usinga pH = 9 initial solution (Figurg). The existence of these helices has already been
described 33,67,75,76 using supported Co/silica samples. Although Boelii feported a frequent
formation of coiled nanotubes on iron, most of the aboeationed iron catalysts produced carbon
nanotubes which were not regularly bent and thus no helices are pr@ent [

Figure 7. Carbon nanotubes formed in the decomposition of acetylene atCZ@@er
Fe/silica (ionadsorption precipitation using pH = 9 as initial solution, but the pH was close
to 7 before filtration) catalysReproduced from [7Ayith permission

Chenget al synthesised helical carbon nanotubes by manganese +uvadalygzed pyrolysis of
acetylene. The synthesis conditions were similar to those reported earlier, except for the acetylene fee
was 020 minutes delayed after the placement of the ralreatalyst at 750C. A triple helical carbon
nanostructure was first observed in the produ@y [

Mei Lu and his coworkers prepared coiled carbon nanotubes by catalytic chemical vapor deposition
on finely dispersed cobalt nanoparticles supported acagél under reduced pressure and relatively
low gas flow rates. The product was usedepoxybased composite§.EM observations revealed
different morphologies of carbon deposit, while HRTEM results indicated a graphitic lattice and
polygonization in thesample. It was also found that the addition of few percentages of SWNTs could
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enhance the heat absorbability of the epbaged composite, while the incorporation of coiled carbon
nanotubes in epoxlgased composites had a great influence on the heatisbi@0Q.

Wen and Shen synthesised coiled carbon nanofibers/nanotubes-dataNzed pyrolysis of
acetylene, a small amount of the-catalyst PG was added into the acetylene géke role ofthe
latter component was nobnvincinglyclarified [81].

Highly compressed coiled carbon nanotubes can be prepared by spray pyrolysis of an ethanol
solution containing cupric acetate as the catalyst precursor at a temperature @f 80coiled
carbon nanotubes produced by Wamal possessed uniform shapetwa sharp radius of curvature
and a small coil pitch. The external diameter of the sample was abb® 30n with the inner
diameter of about @0 nm. The growth of such coiled carbon nanotubes was probably related to the
use of Cu as the catalyst. Copgentaining catalyst particles may be in a melted or semimelted state
under reaction conditions thus susceptible to the fluctuation of growth conditions induced by the
periodical supply of the carbon sour&2]

Varadanret al usedboththermal filamentCVD andmicrowave CVD technique®r the fabrication
of coiled carbonnanotubesFor atalystspreparation(Fe supported on magnesium carbonate, Fe
supported on silica, Ni supported on zeolitgtalyst precursonsere sprayed do the graphite plate
(for the thermal filament CVD furnace) or onto tB& substrate (for the microwave CVD furnace)
and then loaded ito the reactorsthe reaction temperaturevas at 700 C. In the carbon deposit
obtained hereafteregularly coiled carbon nanotubes were preg&sjt

Carbon fibers were prepared liye catalytic decomposition of acetylene over finely dispersed
cobalt, supported on amorphous silica, are often helix shaped. The stucture was studied by means c
various electron diffraction techniques and by electncroscopy. It was shown that the tububesre
hollow and consigtd of concentric cylindar graphene sheéisparticular itwas concluded that the
helices are polygonized tubulus. It seshevident that the catalytic particles péalya role. It was
alredy shownearlierthat the catalytic particlesereoften found to be enclosedtime channel at the tip
part of the fibresThereforeit was assumd that during growth a catalytic particleaslifted by the
growing fibre and that growth proceedby the cadlytic decomposition of the organic vapourtire
contact region between patéand already deposited card@d].

As it was presumed earlier, the pH of the solution during catalyst preparation has a significant role.
By treating the catalyst at differepH conditions, the shape of the metal partigl@smore irregular;
during exothermic reaction of acetylene on the particle surface, the energy deposited by the reactior
did not flow homogeneously through the whole particle and tlwexdd be areas withdifferent
catalytic activitiesTheassumptiorwasthat coil growth is rather similar to straight tube growth except
for the fact that these different rates for the catalytic reaction at the surface of the particle probably
inducel different growth speedaround the catalyst particle. A higher carbon deposition rate at one
side of the particle would generate the fAouter
length and a line of minimum length can be drawn). This is more likely to happkigger particles,
which could also explain that the average diameter of the spirals is lagehat of the straight tubes.

In order to prove abovmentioned hypothesis, catalyst series was prepared by precipitation of a
cobalt acetate solution atfidgirent pH values. The catalyst used for this purpose was a cobdystata
supported on silicagel HCobalt acetate solution is a precursor which is veelited to obtain proper
catalyst particles. Decomposition of either cobalt acetate or cobalt hyelnesdlts in pure CoO on
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the surface upon heating. Since the solubility of cobalt salts depends strongly on the pH of the
solution, the size and the shape of the deposited catalyst particles vary a lot with the pH of solution
used during impregnation. Dag catalyst preparation the pH was set by ammonia addition so that the
starting pH values could be measured for the different preparations: 7.5, 8, 8.5, 9, and 10. To eact
portion 1 g of catalyst support was added, then the preparation was filtered &fteCatalytic
nanotubes were grown by acetylene decomposition at 720 € for 30 min with a gas feed of 70 L/h of
nitrogen and 10 mL/min of acetylene. Figurest®wsa coiled nanotube having a strikingly regular
structure; with a pitch of 50 nm; the helixregularly coiled like aaanometer sizeelephone cord.

Figure 8. A typical coil, with its regular pitchReproduced from [25)ith permission

The dimensions of the projections of the helices on a large number of tubes were measured to ge
their distrbution for different pH values. This was facilitated by the fact that the measurements were
done on TEM holey carbon grid samples, where the spirals lay flat.

Figure 9. Distribution of diameters, helix pitch, and correlation between pitch and
diameter apH = 10.Reproduced from [25)ith permission
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The geometrical parameters of the cewlxe already represented in Figure 1, where the pitch and
tube diameter of a typical coil are shown. Samples of the size distributions at pH = ‘pH anl0
were analyzedandthe diameter of these helical tubes was generally between 10 and 10Gem.
probability of deposition of larger and asymmetric particles increased with increasing pH. This
observation is illustrated in Figure Bhe size distbution waswider than for the surrounding straight
nanotubes, whiclhvasalso clear fronmthe statistics (Figurel0). The average diameteraslarger as
well (25 nm for the spirals on average, 15 nm for the straight tubes).

Figure 10. Comparison of tube dmeter distributions for straight nanotubes and spirals.
Reproduced from [25)ith permission
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Characterization afhe carbon depositrevealed that usually the spirals were real nanotubes, fairly
well graphitized, with a core. Graphitization of the waltaild be seen on the HREM micrographs,
however, instead of polygonized structure presumed regularly in the past, irregular texture was
observed very often (Figure 11). The less wge#lphitized fibers were the thin ones with a pitch in the
order of the dameter (tightly coiled helices), or the very large ones. The coils can have a great variety
of diameters and pitches, appearing sometimes as slightly twisted tubes, at other times as tightly coilec

spirals R5).

Figure 11. Defects allowing curvature atstrong bend of a spiral. On the upper part, the
stretching of the planes leads to a regular curvature. In the inner part of the spiral both
plane buckling, and interrupted layers close to the core can beReggnduced from [25]

with permission

As acontinuation of previous work, the influence of asymmetric catalytic particles prepared by
various methodsising the CVD method on the growth of spiral carbon nanotwlssinvestigated.
Asymmetric particles (Fe, Co) were prepared by either milling ortallysition from oversaturated
solution onto the surface of catalyst support or catalyst impregnation aBplAs8prepared catalysts
were tested in the decomposition of acetylene at ©20n order to increase the formation of coiled
carbon nanotubes,ose ball milled samples were treated in ammonia atmosphere, whereby the
amount of spiral carbon nanotubes increased significadd]y [

5. Growth Mechanisms ofCoiled Carbon Nanotubes

After the first experimental observation for the production of coiledarananotubes Amelincket
al. proposed the concept of a spatialocity hodograph to describe the extrusion of hehaped
carbon nanotube from a catalytic particle quantitativéythe same work they emphasizdue t
importance of asymmetric catalyparticlesin the formation of coiled carbon nanotubBsie to local
poisoning the catalytic activity of a particle may change with reaction time, consequently resulting
carbon nanotubes may have various shapes swchelsx with a different pitch20].
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The pitch and diameter of a regular coitstbon nantube are basicallydetermined by the length
of the straight sections and by the distribution of bond siifisit was observed experimentallet
diameter and pitch of observed coiled tubutes/ differto a great exterjit8-20,25,31,32,8b

A completely different approach was evolved in skeric hindrance modeVhich was proposed to
explain the possible formation of regular and tightly wound helices. If a growing straight tubule is
blocked at its etxemity, one way for growth to continue is by forming a kokxse bythe surface of
the catalystThe scheme of this hypothesissisetched in Figre 12. Starting from the growing tubule
represented in Fige 12(a) after blockage bybstacle Ain Figure 12(b), first elastic bending can
occur[Figure 12(c)]. Beyond a certain limit, a knee will appear close to the catalyst particle, relaxing
the strain and freeintipe tubule for further growtiHgure 12(d). If there is a single olatle to tubule
growth (EbstacleA in Figure12), the tubule will contina turning at regular interval§igures 12(e)
and (f] but as it is impossible to complete a torus because gbrésence otatalyst particle, this
leads to the tightly wound helices already obserg&cBp).

Figure 12. Explanation of the growth mechanism leading to tor(€é)and to helices (a)

(h). (&) Growing nanotubule on an immobilized catalyst particle; (b) the tube reaches
obstacle A; (c) elastic bending of the growing tubule caused by its bieekabe obstacle

A; (d) after the formation of the knee, a second growing stage can occur; (e) second
blockage of the growing nanotubule by the obstacle A; (f) after the formation of the second
knee, a new growing stage can occur; (g) the tube reachesled; (h) formation of the
regular helicity in the growing tubules by the obstacleRBproduced from [33jvith
permission

However, if there is a second obstacle to tubule grgulistacle Bn Figure 12(f)(h)], forcing the
tubule to rotate at theatalyst particle, the median planes of two successive knees will be different and
the resulting tubule will be a regular helix. Note that the catalyst particle itself could act as the second
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obstacle B Theobstacles A and Bf Figure 12 are hence considd as the bending driving forces,
with obstacle Aregulating the length of the straight segments @wgtacle Bcontrolling the rotation
angle or number of rotational bond shifgs][

In accordance with an early proposition concerning the role of asymratalyst particles in the
selective synthesis of coiled carbon nanotul28 further mechanistic investigations were done on
this filed. From the point of view of catalyst preparation, it is interesting to consider what the processes
which take placén the solution actually are. To form a Co precipitate’*@an be either dissolved or
precipitated as Co(OH)n the aqueous phase, and can be deposited on the surface of silicagel. With
increasing NH concentration, aminoomplexes of C8 have to be lao taken into account. The
following equilibria have an influence on ion concentrations in the solution during catalyst
preparation:

Co?*+20H 2 Cof OH)
CH,COO + HOH 3GOOH €BH
NH;+ HOH *2+OHNH
Co(NHz)*"» NH3 2 C o))" MH n=0, 1,2, ¢é,5

Because the equilibrium constants for these steps ar&maiin,the Co distribution and actual pH
could be calculatedince silicagel spport has a significant effect on both?Cooncentration and pH,
these calculations would be irrelevéort further considerations. Some kind of estimation can be given
for determining free C9 by using the measured pH valuaed solubility product of 6OH),

(2.5 x 10'°). From theselata it can be seen that the overwhelming part &f B@recipitated. These
particles which are colloidal in nature dieely to have an irregular shape. They can adsorb on the
surfaceof the silicagel support. To varpé shape and the size of thabalt clusters that precipitate,
solutions of various phvere usedor catalyst preparation. With increasing pH, Co(@#&lygregates
are larger in size, and the formation of asymmeddsorbates has a higher probability. Tfast
explains both thencreasing number of helices and the higher average dismeeter obtained with
increasing pHFigure 9) Decreasing the yield witimcreasing pH can be explained by two facts: the
formation ofan aminecomplex increases the solubyliof Co at higher ptbn one hand, and bigger
catalyst particles result in small@mount of active sites on the other hand.

It was already proved that, for straight tubes, the tube diamepends on the average size of the
catalyst particled86]. To account for the other parameters that determine the shapeligies
(diameter of the helix, pitch), the following considerati@masm be given. Irmany cases there &
strong interactionbetween the catalyst particles and the support. Indicatingintpertance of
interaction, the activity of the catalyst stronglgpends on the thickness of the CoO layer on the
surface. Ifthe catalyst particle deposited from a homogeneous solutisgmsnetric, the catalyst
activity will be equal at the edge of thisrcular catalyst particle and acetylene decomposition will
result in the formation of a straight carbon nanotube. When asymmepsars in the spherical
particle, helical tubes start to grow asesult of differences in local acetylene decomposition rate. If
there is a big difference between maximum and minimagtivity within the same particle, the
curvature of the growingelical nanotube will be quite large, thus, the diameter oh#tix will be
large. With a lower activity difference, the diametérthe growing helix is smaller. Irregularities in
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the depositeatatalyst particle can be significant. Consequently, a differeneetivity has a crucial
effecton the final shape of the tup25].

6. PotencialApplications of Coiled Carbon Nanostructures

Theoetical studies and relevant characterizations predict excedlentrical, mechanical, and
magnetic propertiesf regular coiled carbon nanotub&gost likely their unique features derive from
the combination ofascinating propertieand specific helicalmorphology Coiled carbonnanotubes
will be of great interest probably not onip fundamental researchut they will find interesting
applicationsvery soon eitheas nanoelectronic deviges nanocompositeand nanoelectromechanical
systems (NEMS)They are alsoconsidered as ideahaterialsfor electromagnetic wave absorbents,
tunable micredevices, bioactivators, tbattery electrodes and hydrogen containets [87-89].

In practical applications, helical carbaanctructureshavealreadybeenusedin many fields such
as fabricaton of semiconducting infrared detection elemer@i§],[ flat panel field emission display
[91], or microwave absorber9p]. Carbon nanaoils are also excellentandidatesfor future
multipurposdannovationsin nanalevices specific sensors93], nanovelcrg chiral catalystsgtc.[11].

Recently Volodin reported that it was possible to use coiled carbon nanotubes with attached
electrodes as seffensing mechanical resonato/siter adsorption on a silicon substrate, coiled
multiwalled nanotubes reta#d a 3D structure with sections of freely suspended windiSgsie of
these coiled carbon nanotubes produced by the CVD method had radii and pitches smaller than a fev
tens of nanometers. The resonance frequency of these tiny mudhrsructures were well into the
microwave GHz regime, making mechanics as fast as electronics. Tisersgtig coiled nanotube
sensors were well suited for measuring small forces and masses in the femtograj84ja@sbon
nanocoils could be alsaigable for helicoidal mass transport along them for example by a thermal
gradient 5] or an electric field 96).

Recently, the development of carbon nanotubes opens a new alternative to reinforce the traditional
compositesln particular, composites wittmetal matrix reinforced with carbon nanotubes are expected
to have unique mechanicaloperties. However, using carbon nanotubes as reinforcing additives,
either in metal or polymerbased composites, two major obstacles still exist: the wettabilityeof th
carbon nanotube surface and the load transfer from the matrix to the nandtuloe®rcome these
problemsthe coiled configuration of the nanotubes dam favourable With helical structurethe
fracture toughness as well as mechanical strength of tmpasitescan be improved significantly
even if there is no direct chemical bonding betweencthled carbormanotubes and matrix. Their
coiled shapealoneis favourableto induce mechanicallp]. It is clear that such carbon nanospirals
would on one handhave a toughness resembling the toughness of nanotubes more than of carbon
fibers, and that, on the other hand, if used in composites, they would be better anchored in their
embedding matrix than straight nanotubes. Their shape would favor a betteateddrtto the matrix
than in the case of ordinary tubulesdaossibly easier infiltratiof25].

6. Conclusiors

Varioustechniques have been developed during the last two def@dt®e synthesis of straight
carbon nanotubegontrarily, selective proddion of regular coiled carbon nanotubes alarge scale
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is still a challengelnvestigatios were mostly confined to theoreticatalculationsconcerningther
electrical propertiesAttempts to measure the mechanical properties of coiled carbon nanefitibes
the atomic force microscope have been m&dg put it is still not known what the spring constant of
such a helix is.

Technological and industrial intered¢scribedn this reviewmeansan urging demandor speedy
development on this fieldt is hoped that further understanding of growth mechamsght help to
control syntheses of carbon nanocoils by designing the features of the catthssignificant
improvement ofselectivefabrication of asymmetric catalyst particles we might get closahéo
solution ofthe problem of regularly coiled carbon nanotubes.

Acknowledgements

The work was supported by the Swiss National Science Foundation 1273Z0_12g0@i7phrtially
by the Hungarian Science Foundation (OTKA KM1 15 T K 76125).

References

1. Kroto, H.W.; Heath, J.R.; Obrien, S.C.; Curl, R.F.; Smalley, R&B0C Buckminsterfullerene.
Nature1985 318 162163.

2. lijima, S. Helical microtubules of graphitic carbdtature1991, 354, 56-58.

3. Vieira, R.; Ledoux, M.J.; PhaiHuu, C. Synthesis ahcharacterisation of carbon nanofibres with
macroscopic shaping formed by catalytic decomposition,bls/El-2 over nickel catalystAppl.
Catal. AGen2004 274, 1-8.

4. Dubrovinskaia, N.; Dubrovinsky, L.; Crichton, W.; Langenhorst, F.; Richter, A. Agtgdg
diamond nanorods, the densest and least compressible form of aappbbrPhys. Lett2005 87,
1-3.

5. Kroto, H.W. Carbon allotropéscarbon onions introduce new flavor to fullerene studizgure
1992 359 670 671.

6. Rode, A.V.; Hyde, S.T.; Gamgl E.G.; Elliman, R.G.; McKenzie, D.R.; Bulcock, S. Structural
analysis of a carbon foam formed by high puise laser ablatioppl. Phys. Aviater 1999 69,
755-758.

7. Nasibulin, A.G.; Anisimov, A.S.; Pikhitsa, P.V.; Jiang, H.; Brown, D.P.; Choi, K&uppinen,
E.l. Investigations of nanobud formatic@hem. Phys. Let2007, 446 109114.

8. Chen, X.Q.; Motojima, S.; lwanaga, H. Carbon coatings on carbon 4t by pyrolysis of
methane and their properti€3arbon1999 37, 18251831.

9. Kaneto, K; Tsuruta, M.; Motojima, S. Electric properties of carbon micro c8isth. Met1999
103 2578 -2579.

10. Chen, X.; Motojima, S.; lwanga, H. Vapor phase preparation of slastic carbon micrgoils.
J. Cryst. Growt2002 237, 19311936.

11. Chiu, H.S.; Lin, P.l.; Wu, H.C., Hsieh, W.H.; Chen, C.D.; Chen, YHiectron hopping
conduction in highly disordered carbon cotmarbon2009 47,17611769.

12. Lau, K.T.; Lu, M.; Huj D. Coiled carbon nanotubes: Synthesis #meir potential applications in
advanced composite structur€ompos. Part EEng.2006 37,437-448.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4VT14JH-4&_user=546865&_coverDate=06%2F30%2F2009&_alid=1223474413&_rdoc=30&_fmt=high&_orig=search&_cdi=5560&_sort=r&_docanchor=&view=c&_ct=168&_acct=C000027968&_version=1&_urlVersion=0&_userid=546865&md5=6ed010a134a55df916337fc725001f90
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4VT14JH-4&_user=546865&_coverDate=06%2F30%2F2009&_alid=1223474413&_rdoc=30&_fmt=high&_orig=search&_cdi=5560&_sort=r&_docanchor=&view=c&_ct=168&_acct=C000027968&_version=1&_urlVersion=0&_userid=546865&md5=6ed010a134a55df916337fc725001f90
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4VT14JH-4&_user=546865&_coverDate=06%2F30%2F2009&_alid=1223474413&_rdoc=30&_fmt=high&_orig=search&_cdi=5560&_sort=r&_docanchor=&view=c&_ct=168&_acct=C000027968&_version=1&_urlVersion=0&_userid=546865&md5=6ed010a134a55df916337fc725001f90
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWK-4JMKN4S-4&_user=546865&_coverDate=12%2F31%2F2006&_alid=1100245802&_rdoc=8&_fmt=high&_orig=search&_cdi=5565&_sort=r&_st=4&_docanchor=&_ct=604&_acct=C000027968&_version=1&_urlVersion=0&_userid=546865&md5=be32fd4a5e73f9151f7b085faa585ef6
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWK-4JMKN4S-4&_user=546865&_coverDate=12%2F31%2F2006&_alid=1100245802&_rdoc=8&_fmt=high&_orig=search&_cdi=5565&_sort=r&_st=4&_docanchor=&_ct=604&_acct=C000027968&_version=1&_urlVersion=0&_userid=546865&md5=be32fd4a5e73f9151f7b085faa585ef6

Materials201Q 3 2638

13.

14.

15.
16.

17.

18.

19.

20.

21

22.

23.

24,

25,

26.

27.

28.

20.

30.

31

32
33.

Saito, R.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M.S. Biectructure of grapheme tubules
based on 0. Phys. Rev. R992 46, 18041811.

Saito, R.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M.S. Elecstmicture of chiral grapheme
tubules Appl. Phys. Lett1992 60, 22042206.

Itoh, S.; Ihara, S Kitakami, J. Toroidal form of carbon C3@@hys. Rev. B993 47, 17031704.

Itoh, S.; Ihara, SKitakami, J. Helically coiled cage forms of graphitic carbBhys. Rev. B993 48,
56435647.

Itoh, S.; Ihara, S. Toroidal forms of graphitic lban. Il. Elongated toriPhys. RevB 1993 48,
83238328.

Dunlap, B.l.Connectingcarbon tubules?hys. Rev. B992 46, 19331936.

Zhang, X.B.; Zhang, X.F.; Bernaerts, D., Van Tendeloo, G.; Amelinckx, S.; Van Landuyt, J.; Ivanov,
V.; B.Nagy, J. Lambin, P.; Lucas, A.A. The texture of catalytically grown -ahiped carbon
nanotubulesEurophys. Letl994 27, 141-146.

Amelinckx, S.; Zhang, X.B.; Bernaerts, D.; Zhang, X.F.; Ivanov, B.Nagy, J.A formation
mechanicsm for catalytically growrelix-shaped graphite nanotub&siencel994 265 635639.

lijima, S.; Ajayan, P.M.; Ichihashi, TGrowthrmodelfor carbon nanotube®hys. Rev. Letl992,69,
310031083.

lijima, S.; Ichihashi, T.; Ando, Y.Pentagons, hépgons and negative curvature in graphite
microtubule growthNature(London)1992 356, 776778.

Akagi, K.; Tamura, R.; Tsukada, M.; Itoh, S.; lharaE&ctroniestructure of helically coiled cage of
graphitic carbonPhys. Rev. Letl.995 74,2307%2310.

Zhongcan, O.Y.; Su, Z.B.; Wang, C.L. Coil formation in multishell carbon nanotubes: competition
betwea curvature elasticity and interlayer adhes@hnys. Rev. Letil997 78, 40554058.

Hernadi, K.; ThierNga, L.; Forro, L.Growth and microstructure of catalytically produced coiled
carbon nanotubes. Phys. Chem. B001, 105, 1246412468.

Motojima, S.; Kawaguchi, M.; Nozaki, KGrowth of regularly coiled carbon filaments by ni catalyzed
pyrolysis of acetylene, and their morphology and extension charactergifus Phys. Lett199Q 56,
321-323.

Motojima, S.; Kawaguchi, M Nozaki, K.; Iwanaga, HPreparation of coiled carbdibers by
catalytic pyrolysis of acetylene, and its morphgl@nd extension characteristicdarbon 1991, 29,
379-385.

Motojima, S.; Asakura, S.; Kasemura, T.; Takeuchi, S.; lwanagaCdthlytic effects of metal
carbides, oxides and Ni single crystal on the vapor growth of mmted carbon fibersCarbon
1996 34, 289296.

Mackay, A.L.;Terrones, HDiamond from graphiteNature(London)1991, 352 762762.

lhara S.; Itoh S. Helically coiled ad toroidal cage forms of graphitic carbddarbon 1995 33,
931-939

Bernaerts, D.; Zhang, X.B.; Zhang, X.F.; Van Tendeloo, G.; Amelinckx, S.Ld¥aduyt, J.; lvanov,
V.; B.Nagy,J. Electronmicroscopy study of coiled carbon tubulB#ilos. Mag.1995 71, 605630.
Weaver, J.HTotally tubular Sciencel994 265 611-612.

Fonseca, A.; Hernadi, K.B.Nagy, J.; Lambin, P.; Lucas, A.AModel structure of perfectly
graphitizable coiled carbon nanotub€arbon1995 33, 17591775


http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=11&SID=Q284bpFaE9g72OACF7H&page=1&doc=2
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=13&SID=Q284bpFaE9g72OACF7H&page=1&doc=1
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=13&SID=Q284bpFaE9g72OACF7H&page=1&doc=1
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=16&SID=Q284bpFaE9g72OACF7H&page=1&doc=1
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=16&SID=Q284bpFaE9g72OACF7H&page=1&doc=1
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=W2L95jBP6Lh1@LIh4CE&page=3&doc=27
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=W2L95jBP6Lh1@LIh4CE&page=3&doc=27
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=W2L95jBP6Lh1@LIh4CE&page=3&doc=27
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Z15DpCPlOOacfPFbk2m&page=2&doc=20
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Z15DpCPlOOacfPFbk2m&page=2&doc=20
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Z15DpCPlOOacfPFbk2m&page=2&doc=20
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=5&SID=Z15DpCPlOOacfPFbk2m&page=1&doc=8
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=5&SID=Z15DpCPlOOacfPFbk2m&page=1&doc=8
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=Z15DpCPlOOacfPFbk2m&page=2&doc=18
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=Z15DpCPlOOacfPFbk2m&page=2&doc=18
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=Z15DpCPlOOacfPFbk2m&page=2&doc=18
http://www.nature.com/nature/journal/v352/n6338/pdf/352762a0.pdf
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=17&SID=Z15DpCPlOOacfPFbk2m&page=1&doc=2
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=18&SID=Z15DpCPlOOacfPFbk2m&page=1&doc=2
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=21&SID=Z15DpCPlOOacfPFbk2m&page=1&doc=9
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=2&SID=Z2iHBLDlFdJ27OAKCfn&page=4&doc=39
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=2&SID=Z2iHBLDlFdJ27OAKCfn&page=4&doc=39
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=2&SID=Z2iHBLDlFdJ27OAKCfn&page=4&doc=39

Materials201Q 3 2639

34.
35.
36.
37.

38.

39.

40.

41.

42.

43.

44

45,

46.

47.

48.
49,

50.

51.

52.

53.

Lambin, P.H.; Fonseca, A.; Vigneron, J.B;Nagy, J. Lucas, A.A. Structural and electronic
properties of bent carbon nanotub&sem. Phys. Letl995 245 85-89.

Dunlap, B.l.Relating carbon tubulePhys. Rev. B994 49,56435650.

Dunlap, B.l.Constraints on small graphitic helic&hys. Rev. B992 50,81348137.

Fonseca, A.; Hernadi, KB.Nagy, J.; Lambin, P.; Lucas, A.&rowth mechanism of coiled carbon
nanotubesynth. Met1996 77, 235242.

Galpern, E.G.; Stankevich, 1.V.; Chistyakov, A.L.; Chernozatonskii, L&elenes (tc(n) as a new
class of carbon clusterslectroniestructure of (5c200, (t}c210, (t}c276, and (£c408 Fuller. Sci.
Tednol.1994 2, 1-11.

Itoh, S.; Ihara, Slsomers of the toroidal forms of graphite carbéthys. Rev. B1994 849,
1397013974.

Meunier, V.; Lambin, P.H.; Lucas, A.AAtomic and electronic structures of large and small @arb
tori. Phys. Rev. BR998 57,1488614890.

Liu, J.; Dai, H.; Hafner, J.H.; Colbert, D.T.; Smalley, R.E.; Tans, S.J.; Dekkdfuli@rene 'crop
circles'.Nature1997, 385,780-781.

Hernadi, K.; Fonseca, AB.Nagy, J, Bernaerts, D.; Fudala, A.; Lucas, A.Batalytic synthesis of
carbon nanotubes using zeolite suppoeblites1996,17, 416423.

Aslskog, M.; Seynaeve, E.; Vullers, R.J.M.; Van Haesendonck, C.; Fonseca, A.; HernBdNdgy,
J. Ring formations from catalytically synthesized carbon nanotuBeem. Phys. Let1999 300,
202-206.

Biro, L.P.; Mark, G.I.; Lambin, PRegularly coiled carbon nanotube&EE Transactions on
Narotechnology2003 2, 362367.

Biro, L.P.; Ehlich, R.; Osvath, Z.; Ko, A.; Horvdh, Z.E.; Gyulai, B;Nagy, J.From straight
carbon nanotubes to-ranched and coiled carbon nanotuligiem. Relat. Mater2002 11, 1081
1085

Biro, L.P.; Ehlich, R.; Osvath, Z.; Ko, A.; Horvah, Z.E.; Gyulai, B;Nagy, J.Room temperature
growth of singlewall coiled carbon nanotubes anebYanchesMater. Sci. Eng. @002 19, 3-7.

Chen, X.; Zhang, S.; Dikin, D.A.; Ding, W.; Ruoff, R.; Pan, Nakayama, YMechanics of a carbon
nanocoil Nano Lett2003 3, 12991304.

FonsecaA.F.; Galvano, D.S9Mechanical properties of nanospringéys. Rev. LetR004 92, 1-4.
Waters, J.F.; Riester, L.; Jouzi, M.; Guduru, P.R.; Xu, BMckling instabilities in multiwalled
carbon nanotubes under uniaxial compresdgmpl. Phys. Lett2004 85 178%1789.

Huang, W.M. Mechanics of coiled nanotubes in uniaxial tensiblater. Sci. Eng. A22005 408
136-140.

Lau, K.T.; Lu, M.; Hui, D.Coiled carbon nanotubes: Synthesis and their potential applications in
advanced composite structur€®mposPart BEng.2006 37, 437-448.

Yang, S.; Chen, X.; Katsuno, T.; Motojima, SControllable synthesis of carbon
microcoils/nanocoils bycatalysts supported on ceramics using catalyzed chemical vapor
deposition proces$/ater. Res. Bull2007, 42, 465473.

Motojima, S.; Chen, X. HBnohelical/Spiral Materials. InEncyclopedia of nanoscience and
nanotechnology Nalwa H.S., Ed; American Scientific Publishers: Valencia, AC USA, 2004
775794.


http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=Q284bpFaE9g72OACF7H&page=1&doc=6
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=Q284bpFaE9g72OACF7H&page=1&doc=6
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=3&SID=Q284bpFaE9g72OACF7H&page=10&doc=97
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=3&SID=Q284bpFaE9g72OACF7H&page=4&doc=31
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=V2FCpL2m5JMIJ8ehakf&page=4&doc=39
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=V2FCpL2m5JMIJ8ehakf&page=4&doc=39
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=V2FCpL2m5JMIJ8ehakf&page=4&doc=39
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=4&SID=Q284bpFaE9g72OACF7H&page=1&doc=7
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=4&SID=Q284bpFaE9g72OACF7H&page=1&doc=7
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=8&SID=Q284bpFaE9g72OACF7H&page=1&doc=5
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=19&SID=Q284bpFaE9g72OACF7H&page=2&doc=20
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=19&SID=Q284bpFaE9g72OACF7H&page=2&doc=20
http://www.nature.com/nature/journal/v385/n6619/pdf/385780b0.pdf
http://www.nature.com/nature/journal/v385/n6619/pdf/385780b0.pdf
http://www.nature.com/nature/journal/v385/n6619/pdf/385780b0.pdf
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=20&SID=Q284bpFaE9g72OACF7H&page=1&doc=2
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=GeneralSearch&qid=20&SID=Q284bpFaE9g72OACF7H&page=1&doc=2
http://apps.wosportal.om.hu/full_record.do?product=WOS&search_mode=Refine&qid=3&SID=V2FCpL2m5JMIJ8ehakf&page=3&doc=21

