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At the present, it is known that there are
already more than 10 methods following which
carbon nanotubes could be obtained, however,
several of them only can be important with respect
to practical application. Growing interest toward
deeper study of carbon nanotubes formation
conditions under catalytic decomposition of
gaseous hydrocarbons is related to practical as well
as theoretical points of view. Pyrolytic
decomposition of hydrocarbons method at 600 —
1100 °C in the presence of deposited metallic
catalysts, precipitated out of the gas phase or salt
solution, being the easiest way is the most suitable
for carbon nanotubes formation not only at
laboratory level but also at industrial one. At the
same time, it is known that carbon nanotubes
formed under conditions of low temperature (in
comparison, for instance, with high temperature
(2000°C) the arc — discharge and the Ilaser
methods) hydrocarbon molecules conversion are
characterized with the low level of quality because
of their high defectiveness and inhomogeneity.
Furthermore, morphologic composition of the
product obtained using this method is extremely
sensitive to the change of chemical nature of a
gaseous precursor and a catalyst as well as
technological parameters of the process (especially
to the temperature, the partial pressure of
hydrocarbon, and the rate of supporting gas).
Therefore, along with carbon nanostructures the
product comprises other carbon materials of
various morphology and dimensions. With
pyrolysis of, for instance, benzene [1] parallel to
the formation of carbon molecules (single-walled,
single-cylinder nanotubes with diameter of
1-2 nm) multi-walled, multiple cylinder nanotubes
with outer diameter of 30 nm, representing already
not molecules but mesodimensional layered
systems as well as such graphite-related materials
as hollow nano-, submicron and microdimensional
filaments, are formed. It is to be noted that if in
nanotubes the hollow core is composed of
graphene seamless cylinders than in nanofilaments,
as a rule, the hollow core is composed of packages
of graphene plates oriented perpendicular to the
axis of filament. It is substantially that in
nanofilaments the hollow core has noticeably
larger diameter than that of in nanotubes and walls
consisting of stacks of graphene plates are
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considerably thicker. For all that it is supposed that
nanofilaments are a precursor of sub- and
microfilaments the thickening of which takes place
due to the precipitation of pyrolytic carbon on the
surface of a nanofilament. The morphology of
catalytically grown carbon nanostructures depends
much on the way in which the catalyst is
introduced into the reactor. In particular, when the
homogeneous mixture of the gaseous reagent
(benzene or acetylene) and the metallic catalyst
(Fe(CO)s) are used then according [2] carbon
nanotubes and short microdimensional filaments
with submicron diameter are mainly obtained,
whereas, in case of hydrocarbons conversion onto
a metallic catalyst deposited on oxides (AlO;,
Si0,) or coal as single-walled and multi-walled
nanotubes as long nano- and microfilaments grow.
It is supposed that the nucleation, growth and
elongation of carbon nanostructures starts after the
reduction stage only, formed of salts, for instance,
Fe(NO);, metal oxide that usually proceeds at
temperatures higher than 900 - 950 °C [2].

At temperatures higher than 1010 - 1050 °C the
stage of the thickening due to precipitation of
pyrolytic carbon on their surface already prevails
over resulting in the formation of sub- and
microdimension filaments. In addition, the
problem of purification of catalytically synthesized
carbon nanotubes is aggravated because the
product with different morphology grow
simultaneously at the same place of the reactor,
whereas, for instance, in the arc — discharge
method carbon morphologies are separated in
space (fullerenes are on the walls of cooled reactor,
carbon multi-walled nanotubes — on the cathode
and carbon molecules are mainly in soot
surrounding the cathode). Therefore, the question
of conditions optimization aimed at more selective
conversion of hydrocarbons into a carbon
nanotubes morphologically homogeneous and with
perfect composition and structure is topical
enough. Homogeneous only (metallic and semi-
conducting) carbon nanotubes with perfect defect
free structure can be characterized with high
predictability and reproducibility of their
properties and, consequently, raised industrial
application of items and materials on their base.
Positive resolving of this problem is connected,
first of all, to more reliable determination of routes



through which hydrocarbon molecule converts into
carbon molecule as well as other carbon nanoscale
morphologies.

At the present it is a common notion [1,2]
that high rate (more than in 10° times exceeds the
growth rate of ordinary metallic whiskers []) of
carbon nanotubes catalytic growth (approximately
5 mkm/min) is related to that they are formed
following vapor — liquid — solid (VLS) mechanism.
At the same time it is supposed that the role of a
precursor of metalcontaining inclusions, which are
often observed on the tops of many carbon
nanostructures by means of transition electron
microscopy (TEM), are played by liquid
catalytically active nanocentre corresponding to
the low temperature eutectic, for instance, FeC.
Noticeable promoting action of sulfur on the
growth and especially on the elongation of carbon
nanostructures within the framework of this
mechanism is explained by the formation of the yet
more lower temperature FeS eutectic. Carbon
atoms are considered to be the only growing
element of as carbon macromolecule and multi-
walled as nano- and microdimensional filaments
with the hollow core. In accordance with VLS
mechanism, carbon formed during catalytic
destruction of strong (especially in acetylene) C —
C bonds in vaporous hydrocarbon at temperatures
higher than 600 °C, first, dissolves into a metallic
catalyst nanoparticle with formation of eutectic
solution and then re-precipitates on its surface
forming again less strong C — C bonds in the
structure of multilayered hexagonal network.
Consequently, in the thermodynamic respect this
route of conversion, in particular, acetylene
molecule into carbon molecule is not justified
enough. In the framework of VLS mechanism it is
also not possible to describe the fact of polynuclear
aromatic hydrocarbons formation on the surface of
carbon nanostructures [3-5] that undoubtedly
points out at existence of parallel route of
hydrocarbon molecules conversion. Besides, the
both experimental facts (high rate of nanotubes
growth and metallic inclusions on the tops of
nanotubes) are not enough convincing arguments
of VLS mechanism realization. In fact, it is
difficult to imagine that at growth temperatures of
carbon nanostructures, which sometimes are close
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to 600 °C, an iron — containing particle (T of
iron is 1569°C) is in molten state. Moreover,
metallic particles also are not always detected on
the tops of nanotubes and, especially, single-walled
nanotubes [1].

Fundamentally different route of extremely
fast proceeding process of hydrocarbon molecule
conversion into carbon molecule as well as into
other carbon nanostructures is proposed by us. The
stages of as hydrocarbon decomposition to carbon
as the formation of the liquid metal - containing
nanocentre are not considered as intermediate ones
during the formation of carbon molecule. All
carbon nanostructures as well as soot (as graphite
nanocrystallites and agglomerates of unfinished
nanostructures) are formed running through the
stage of hydrocarbon molecule activation only, but
not its pyrolysis or more exactly cracking till a
carbon. Proposed model allows for the first time to
describe naturally the mechanism of hydrocarbon
electro-donor molecule conversion into extremely
electron deficient carbon molecules. The latter, as
resonant structures, are characterized with high
degree conjugation of the double and single bonds,
however, because of absence of atoms
complanarity the electron deficiency of molecules
changes and, in particular, increases when
pyramidilization of sp® — bond decreases.
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B macrosimee Bpemst u3BecTHO yxke Oomee 10
METOJIOB TOJY4YEHHs YTJIEPOTHBIX HAHOTPYOOK,
OJTHAKO JIMIIb TOJBKO HECKOJBKO M3 MJaHHBIX
METOAOB MOTYT OBITh BaXXKHBI B IPAKTUYECKOM
OTHOIIEHUHN. Bo3pacrarommii wHTEpec K Ooee
JNETaTbHOMY H3YYEHHIO YCIOBHH 0Opa3oBaHUs
YIJIEPOAHBIX HAHOTPYOOK IpH KaTaJUTUYECKOM
pasio)KeHUH  ra3000pa3HBIX  YIVIEBOJOPOAOB
CBSA3aH KAaK C NPAKTUYECKOH, TaK U TEOPETUUECKOU
TOYEK  3peHus. Merox  MUPOIUTUYECKOTO
pasznoxenus yrieBogopomoB mpu 600-1100°C B
MIPUCYTCTBUU HaHECEHHBIX METAJUTMYECKUX
KaTaJlu3aTOPOB, OCAKAAEMbIX K3 Ta30BOH a3kl
a100 U3 PACTBOPOB COJIEH, KaK Hanboee MpoCcToi
METOA sBIsiCTCA Haubosiee IPUEMIIEMBIM UL
MIOJTyYEHUS YTJIEPOAHBIX HAHOTPYOOK HE TONBKO B
MpernapaTuBHBIX, HO M B  IPOMBIIIJIEHHBIX
KoJn4ecTBax. Bmecre ¢ TeM, H3BECTHO, 4TO
yIJepoiHble  HAaHOTPYOKH, (¢opMupyembie B
YCIIOBHUSIX HU3KOTEMIIEpaTypHOTo (110 CPaBHEHHUIO,
HanpuMep, ¢ BbIcOKoTemmeparypusiM  (2000°C)
JIEKTPOAYTOBBIM ~ WJIM  JIA3€PHBIM  METOAAMH)
MIpeBpalleHus MOJIEKY YTJI€BOJOPOIOB,
XapaKTEePU3YIOTCS Ype3BbIYaiHO HU3KUM
Ka4ecTBOM  CTPYKTYpPbl H3-32  BBICOKOH  HX
nedeKTHOCTH W HeoAHOopogHocTH. Kpome Toro,
MOP(OIOTUIECKUH COCTaB MOIY4aeMOro B JaHHOM
METOAE MPOAYKTa YPE3BBIYAHO UYBCTBUTEIECH K
M3MEHEHUIO XUMHYECKOW MPUPOIbI Ta3000pa3HOrO
IpeKypcopa W KaTaluzaTtopa, a  TaKxke
TEXHOJOTHIECKUX napameTpoB nporecca
(ocobeHHO K TeMIieparype, MapIHaTbHOMY
JaBJICHUIO YIJIEBOJAOPOAA M CKOPOCTH Ta3a-
HOCUTENSI). IOSTOMY Hapsily C YIJICPOIHBIMH
HaHOTpYOKaMM  OH  COAEPXKUT U  Jpyrue
VIJIEPOIHBIE MAaTEepPHAIBl CaMOW pa3HOOOpa3HOI
Mopdonorun u pasMepoB. Ilpm mnuponmse,
HanmpuMep, Oenszoma [l] mapamienbHO ¢
(hopMupoBaHueM YTIIEPOAHBIX MOJIEKYJI
(OAHOCTEHHBIX, OJHOLMIMHIPOBBIX, HAHOTPYOOK
nuaMeTpoM 1-2HM), 00pa3yloTcsi MHOTOCTECHHBIE,
MHOTOLIWJIMHIPOBBIE, HAHOTPYOKHM C BHEIIHUM
muametrpoM g0 30HM, mpencTaBisiomue co0oit
y)K€ HE MOJIEKYJIbl, a Me30pa3MepHBIE CIIOEBBIC
CHCTEMBI, a TAKKe Takue TIpadUTOPOACTBEHHbIE
MaTepuanbl, Kak IOoJble HaHO-, CYOMHKpO- U
MUKpOpa3MepHble BoJOKHa. OTMETUM, UTO €Clii B
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HaHOTpyOKax Tmojasi CepALEBHHAa o0Opa3oBaHa
rpag)eHOBBIMH O€3IIOBHBIMU LWJIMHAPAMHU, TO B
HAaHOBOJIOKHaX,  Kak  IpaBWJIO,  MaKeTaMu
rpad)eHOBBIX IUTACTHH, PAacIoI0XKEeHHBIX
HNEPHEHIUKYSIPHO OCH BONOKHA. CyIecTBEHHO,
YTO B HAHOBOJIOKHAX TOJasl CepAIeBHHA 3aMETHO
OoJsiplIero aAMamMeTpa, 4eM B HAaHOTpPyOKax, a
CTEHKH, COCTOSIIME M3 CTOINOK Ipad)eHOBBIX
TUTACTUHOK, 3HAuMTeNbHO Oosiee ToicThlie. Ilpum
9TOM CYMTAETCs, YTO HAHOBOJOKHA SBISAIOTCA
MPEKypcopoM €y0- M MHKPOBOJIOKOH, yTOJIIIEHHE
KOTOPBIX MPOUCXOJUT 3a CUYET OCaXACHUS Ha

MOBEPXHOCTH HAHOBOJOKHA IHPOJIUTHYECKOTO
yriepoza. Mopdonorus KaTaJTUTHIECKU
pacTyumx YTIEPOIHBIX HaHOCTPYKTYP
CYIIECTBEHHO 3aBHUCHT TakXke OT cmocoba
BBEJICHUs KaTajln3aropa B peakTop. B wacTHocTH,
OpU  HCIHONB30BAaHMM  TI'OMOICHHOW  cMecH

ra3o000pa3HbIX peareHTa (OEH30J1a UM alleTUIICHA)
U MeTayu-opranuueckoro karanmmuszaropa (Fe(CO)s)

¢dbopmupyrorcs, corimacHo [2], B OCHOBHOM
YIJIepOIHbIE HaHOTPYOKH u KOpPOTKHE,
MHKpOpa3MEpHBIE BOJOKHA € CYOMHKPOHHBIM

IMaMeTpoM, TOTJa Kak B cly4yae MpeBpalleHus
JNAHHBIX  YTJEBOJOPOIOB HA  METaUTMIECKOM
KaTajgu3aTope, HaHECEHHOM Ha okcuubl (AlOs,
Si0,)) wim yroap, pacTyT, KaK OJZHOCTEHHBIC U
MHOTOCTEHHBIC HAHOTPYOKH, TaK W JUIMHHBIC
HaHO- ¥ MUKPOBOJIOKHA. [Ipu 3TOM cumTaercs, 4To
3apOKICHHE, POCT M YIUIMHEHHE YTJICPOIHBIX
HAaHOCTPYKTYp HAYMWHAETCSI TOJBKO TIOCIE CTaJuu
BOCCTAHOBJICHHUS, O0Opa3ymoIerocss W3 COJEeH,
Hanpumep Fe(NO;),, okcuga MeTauia, dYTO
OOBIYHO TPOUCXOIWT TPH TEMIIEPaTypax BHIIIE
900-950°C [2]. IIpu Temmeparypax Bbime 1020 -
1050°C mpeBanupyer yxe CTagus YTOJIIECHHS
HaHOCTPYKTYp 3@ CYET OCaXICHHA Ha HX
MMOBEPXHOCTH MHUPOJIIMTUIECKOTO YTIepojaa, dYTO
NpPUBOAUT K (OpMHPOBaHHIO cyo- u
MHUKpOpa3MepHBIX BOIOKOH. K Tomy ke, mpobiema
OYNCTKH KaTaTuTHYECKU CHHTE3UPYEMBIX
YIJIEPOIHBIX HAHOTPYOOK yCyryOmseTcs eme Hu
TEM, YTO pa3Hble MOP(OJIOTUN TPOAYKTA PACTYT
OJHOBPEMEHHO B OJHOH U TOM e 4acTH peakopa,
TOTJa KakK, HallpIMep, B JJEKTPOAYTOBOM METOE
yraepogHble  MOp(MOJIOTHMH  MPOCTPAHCTBEHHO
paszeneHsl (pynnepenst Ha CTEHKaX



OXJTAKIAEMOTO peaxTopa, YTIEpOIHbIE
MHOTOIIMJIMHIPOBBIE HAHOTPYOKH - Ha Karoje, a
YIJIEPOJHBIE MOJEKYJIBl B OCHOBHOM B Caxe,
OKpy>Karolen KaTon). ITosTomy BOIPOC
ONTUMU3AIUN YCIOBUN JUIs OoJiee CEeJIEKTHBHOTO
MpEeBpallleHus.  YIJIEBOJOpoAa B YIICPOIHYIO
HaHOTPYOKy, OJHOPOJHYIO TIO MOP(OJIOTHH H
COBEpIICHHYIO 10 COCTaBY M CTPYKTYypE, SBIISIETCS
OOCTATOYHO AaKTyaJIbHBIM. Tonsko OIHOPOOHBIC
(Merammuyeckre WM TOJYIPOBOJHUKOBBHIC)

yIJIEpOAHBIE ~ HAHOTPYOKHM C  COBEPIICHHOI
Oe3nedeKTHOM CTPYKTypOU MOTYT
XapaKTepH30BaTHCS BBICOKOM

MIPEJICKA3aTENbHOCTBI0 W BOCIPOU3BOJUMOCTBIO
WX CBOWCTB, a, CJEIOBAaTEIbHO, U BO3PACTAIOIINUM
TE€XHOJIOTUYECKUM HCIIONb30BAHUEM W3JIENUHA U
MaTEpUaAIOB Ha MX OCHOBE. YCIEIIHOE pELICHHE
9TOH IpoOJIeMbl CBA3aHO, B INEPBYIO OUYE€peldb, C
0osiee TOCTOBEPHBIM OIpEAEICHUEM MapIIpyTOB
MIPEBpAIlCHUsT MOJIEKYJ YIJIEBOJOpOJa Kak B
YIIEPOAHYIO MOJEKYyJly, TaKk ¥ B Jpyrue
Moposioruu yriepoja.

B nHacrosmee BpeMms npuHATO cuuTath [1,2],
uTo BHICOKas ckopocTh (Gomee uem B 10° pasa
MIPEBOCXOIUT CKOpPOCTB pocra OOBIYHBIX
METAJUIMYECKUX YCOB) KaTaJUTUYECKOTO POCTa
YIIEPOMHBIX HAHOTPYOOK (IIPUMEPHO SMKM\MUH)
CBsI3aHa C TEM, YTO OHU OOPa3yIOTCs MO0 MEXaHU3MY
nap-xunkocte-TBepaoe teno (IDKT). Ilpu astom
MIPpUHUMAETCH, 4TO  IPEKypcopoM  MeTall-
COJZICPKAINX BKJIFOUEHHH, 4acTO OOHAPYKMBAEMBIX
Ha BEpIIMHAX MHOTHX YTJIIEPOTHBIX HAHOCTPYKTYD
nocpenctsoM TEM HaOmtofeHUM, SIBISETCS KUIKHIMA
KaTaJIMTUYECKU-AKTUBHBINA HAHOLICHTP, OTBEYAIOIIAN
HHA3KOTEMIIEpaTypPHOU 3BTEKTHKe, Hanpumep, Fe C.
3aMeTHOE TPOMOTHUpYIOIIee AEHCTBUE CEPhl HAa POCT
U OCOOCHHO yIJIMHEHHE YITICPOIHBIX HAHOCTPYKTYP

B paMKax JaHHOTO MEXaHH3Ma OOBACHSIETCS
oOpa3oBaHueM emie Oojiee HU3KOIUIaBkoi Fe S
SBTEKTHKHU. ATOMBI  yruepona, CUUTAIOTCS

€JIMHCTBEHHBIM 3JIEMEHTOM pOCTa KaK yTJIEpPOIHON
MaKpOMOJICKYJIBI u MHOTOITAIUHAPOBBIX
HaHOTPYOOK, Tak ¥ HAHO-, U MaKpOpPa3MEPHBIX
BOJIOKOH C IOJIOM cepAleBUHONU. B cooTBeTcTBUM C
IDKT wmexanusmMoM, yriepon, oOpa3yeMmblid Tpu
KaTaJUTUYECKON JIECTPYKIH MPOUYHBIX (0COOEHHO B
anerunene) C-C- cBsazed B mapooOpa3sHOM
yrieBojopoae mnpu temmeparypax Beime 600°C,
BHayaJe pacTBopseTCs B HaHOYACTHUIIC
METAJTMYECKOTO Karajau3aTopa ¢ oOpa3oBaHHEM
ABTEKTUYECKOTO PaCTBOPA, a 3aTEM IEePEOCaAKIACTCS
Ha €ro IOBEpPXHOCTH, BHOBb 00pa3ys, HO Yyxe
HECKOJBKO MeHee mpouHble cBsi3u C-C B CTpyKType
MOHOCJTIOMHOM rekcaroHajJbHOU CETKH.
CrnenoBaTensHO, B TEPMOAMHAMUIECKOM
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OTHOIIEHUHM [JaHHBI MaplIpyT IpEBPAICHUs, B
YaCTHOCTH, MOJIEKYJbI aleTUJeHa B YTJIEPOTHYIO
MOJIEKYJIy HE SIBISIETCSl JOCTATOYHO 0OOCHOBAHHBIM.
B pamkax IDKT mexanm3ma HEe MOXKET OBITh TakKe
omicaH  (axkr  oOpa3oBaHUS  MOJMSJIEPHBIX
apoMaTHYeCKUX YIJIEBOJOPOJOB M HE TOJNBKO Ha
MIOBEPXHOCTH YTIEPOAHBIX HAHOCTPYKTYp [3-5], uToO,
HECOMHEHHO, YKa3blBaeT Ha  CYIIECTBOBaHUE
MapajuIeIbHOTO MapuIpyTa NPEeBPALIeHUS MOJIEKYI
yraesogoponoB. Kpome Toro, o0a OCHOBHBIX
AKCIIEPUMEHTANBHBIX  (DakTa (BBICOKAs CKOPOCTh
pocTa U MeTaJUInYecKHe BKIIOUEHHUS Ha BEpIIMHAX
HaHOTPYOOK)  SIBISIOTCS  TaKkKe  HEZOCTATOYHO
yOenmuTensHBIMA apryMeHTamMu peanm3anuu [DKT
MexaHu3Ma. J[eHCTBUTEIBHO, TPYIHO IPENCTABUTH,

4YTO NpU TEMIepaTypax pocTa  YIVIEPOIHBIX
HAaHOCTPYKTYp, HWHOrma Ommskux Kk 600°C,
xKenesocomepkamas dvactuua (Tmn.  xenesa -

1569°C) HaxoauTcst B PacCIUIaBICHHOM COCTOSIHUH.
Bosnee TOro, MerajuiMYecKHe 4YacTHIBI TaKXKe He
BcerJa 0OHAPY)KMBAIOTCS Ha BEPIIMHAX HAHOTPYOOK
1, B 0COOCHHOCTH, OTHOCIOWHBIX HAHOTPYOOK [1].

B nanHoM cooluieHuu HaMu TpejiaraeTcs
1 00Cy)KIaeTCsl MPUHIIUTTUATILHO HHOM MapuIpyT
CTONb  OBICTPO  MPOTEKAIOIIEro  Mpolecca
MPEBPALLICHUS MOJIEKYJ YIJIEBOJAOPOJa Kak B
YIJIEPOJHYI0 MOJEKyly, Tak WU B Jpyrue
yIJIEpOAHbIE HAHOCTPYKTyphl. Cramuum Kak
pa3ioKeHUs yTIeBOAOpOAa 10 yriaepoaa, Tak U
o0pa3oBaHMsl JKHJIKOTO METAJLICOEPIKAIIECTO
HaHOLEHTpPa HE pPACCMATPUBAIOTCA B KayeCTBE
MIPOMEKYTOUHBIX npu dbopmMHupoBaHUM
YIJIEPOIHBIX  MOJIEKyJl. Bce  yriepoassie
HAaHOCTPYKTYp, a  Takke  caxa  (Kak
HAHOKPUCTAJUIMKK Tpadura W  araoMmepaTsl
HEJIOCTPOEHHBIX HAHOCTPYKTYp), OOpa3yroTcs
yepe3 CTaJul0 TOJbKO AaKTHUBAIlMM, HO HeE
nupoyin3a (MM TOYHEE KPEKWHTA) MOJIEKYIIbI
yTJI€BOJOPOAA. [Ipennaraemas MOJEIIb
MO3BOJISIET  BIEPBBIE  OPraHUYHO  OMHUCATH
MEXaHU3M MPEBPALICHUS ANEKTPOHHOJOHOPHBIX
MOJICKYJI ~ YIJIEBOJIOPOJIOB B HEOOBIUAKWHO
ANEKTPOHHOACPUITUTHBIE YIJIEpO/IHbIE
MOJIEKYJIBI. [Tocnennue kak pe30HAHCHBIE
CTPYKTYpPBbI XapaKTEPU3YIOTCA BBICOKOM
CTEIIEHBIO  COINPSIKEHHOCTH  JBOWMHBIX U
OpJAMHAPHBIX CBS3EM, OJHAKO U3-3a OTCYTCTBHS
KOILUTAHAPHOCTH aTOMOB
ANEKTPOHHOAEPUIIUTHOCTh MOJIEKYJI
W3MEHSIETCAd W, B YaCTHOCTH, BO3pacCTacT MO
Mepe YMEHBLIECHUS B HUX NUpaMUJAIN3aLUN
sp2 -CBSA3EH.



