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SYNTHESIS OF CARBON NANOTUBES BY THE CVD METHOD
ON THE SURFACE OF THE HYDROPHOBIC SHALE ASH

Abstract. The paper presents a procedure for the synthesis of carbon nanotubes (CNTs) by the CVD (Chemical
Vapor Deposition) method with the decomposition of carbon monoxide at a pyrolysis temperature of 800 © C. Cobalt
particles were used as the catalyst, and hydrophobic ash of the oil shale (Kendyrlik field) based on superhydrophobic
soot was used as the support for the catalyst. The chemical composition was determined and the morphology of the
surface of the samples was studied by using the methods of energy-dispersive X-ray spectroscopy, electron micro-
scopy and Raman scattering. The optimum condition for obtaining CNTs by a catalytic method was established,
where the holding time was 120 min at a pyrolysis temperature of 800°C. The yield of carbon nanotubes per unit
mass of catalyst was ~ 30%.

Keywords: CNT, catalyst, pyrolysis, shale, ash, soot, CVD method.

Introduction. The last decades were marked by a burst of scientific activity in the development and
the study of carbon materials (CM). This was reflected in the purposeful synthesis of allotropic forms of
carbon (carbines, fullerenes, nanotubes, circulites, etc.), as well as in the creation of a wide range of
porous materials in a series of mixed (transitional) forms of carbon, of practical interest as adsorbents,
catalysts and supports for catalysts [1].

The discovery in 1991 of carbon nanotubes (CNTs) has caused a large number of studies devoted to
the properties and applications of this modification of carbon in a wide range of fields of science and in-
dustry. The improved mechanical characteristics (tensile strength ~ 300 GPa, Young's modulus ~ 1000 GPa)
combined with low density (~ 1.8 g/cm’) and nanometer sizes make it possible to consider carbon nano-
tubes as a promising reinforcing component [2]. Recently, in connection with their unique properties, the
greatest interest among nanomaterials is attracted by carbon nanotubes - carbon allotrope with a cylindri-
cal nanostructure.

A cylinder formed from a single graphite sheet is known as a single-walled carbon nanotube and
usually has a diameter of about one nanometer to several tens of nanometers (about 30 to 50) and has a
length that can be many orders of magnitude greater than the diameter. Multi-walled carbon nanotubes are
carbon compounds with layers consisting of coaxially embedded tubes of different diameters (2+100 nm)
or rolled in the form of a scroll from one or more graphene sheets. Due to their structure, CN'Ts have a
number of unique physical properties compared to traditional carbon-based materials. In particular, they
are characterized by high tensile strength (exceeding the strength of steel), flexibility, thermal and elec-
trical conductivity. The most interesting property of carbon nanotubes is that they can have conductivity in
metallic or semiconductor types, depending on their diameter and chirality [3].

Unique properties of carbon composite have caused their wide distribution in the chemical industry,
due to heat resistance, thermal strength, high chemical resistance and specific strength. They are used for
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obtaining high-temperature composite materials [4, 5], modified electrodes [6, 7], sorbents, catalytic
systems [8-10], as well as in medicine, security and defense devices, power generation and storage
devices, transport, communication, computer technology, building materials. Among the most important
properties of CNTs, the connection between the geometric structure of a nanotube and its electronic cha-
racteristics should be mentioned first [11, 12]. The use of these materials in the electronics industry is
explained by the properties of carbon nanotubes, such as mechanical ductility and significant thermal
conductivity. Biocompatibility with human and animal tissues causes the possibility of their use in
medicine as a carrier for targeted delivery of medicinal agents to target tissues under directed therapy.

The developed surface and structure of CNTs determine their unique electrochemical and sorption
properties, when realizing the conditions for their filling with gaseous or liquid substances. The distance
between the layers in the multilayer carbon nanotube is close to the corresponding value for crystalline
graphite (3.4 nm). This distance is sufficient for placing another substance inside the CNT, and the
graphite shell provides a sufficiently good protection of the material contained in it from external chemical
or mechanical action. Therefore, CNTs can be considered as a unique storage tank for substances that are
in gaseous, liquid or solid state [13].

The prospect of modified CNTs due to the possibility of their effective use as reinforcing fillers of
various composites, elements electronic and energy-saving devices, as well as the creation of biocom-
patible materials in medicine [14].

Methods for synthesizing nanotubes can be divided into non-catalytic and catalytic methods. In the
non-catalytic method, carbon nanotubes are synthesized in helium by thermal spraying of a graphite
electrode in arc discharge plasma. Alternative methods are the evaporation of a mixture of carbon and
transition metals by a laser beam from a target (consisting of a metal alloy with graphite), methods of
thermal chemical deposition, plasma-chemical deposition, etc. The catalytic methods are based on the
pyrolysis of CO or hydrocarbons in the presence of metallic catalysts [1].

In the catalytic method of CNT synthesis, small particles of different transition metals, for example,
elements of group 8, 6B, 5B or a mixture of two, three, four or more elements (including scandium, tita-
nium, vanadium, chromium, manganese, iron, cobalt , nickel, copper, zinc, yttrium, zirconium, niobium,
molybdenum, etc.). Non-volatile metal oxides (magnesium, calcium, zirconium, aluminum, lanthanum,
silicon, titanium), some salts (calcium carbonate, spinel, perovskite), zeolite, silica gel, airgel, natural clay,
amorphous carbon are used as the catalyst support [15].

During the synthesis, nanotubes begin to appear from the catalyst bed, and their thickness directly
depends on the size of the catalyzing metal. The surface is heated to high temperatures, and then the
carbon-containing gas is supplied (methane, acetylene, ethylene, ethane, propylene, propane, ethyl or
propyl alcohol, etc.). As a diluent gas, nitrogen or argon is used. This method of obtaining nanotubes is the
most widespread [16, 17].

The main disadvantage of modemn catalytic methods for the production of carbon nanotubes is that
they consist of several stages. In addition, the catalyst is usually applied in the form of a powder on a
substrate, where the main problem is separation from the last nanotubes. In this connection, there is a need
to improve the catalytic process for the production of carbon nanotubes, as well as the need for a low-cost
method of rapidly obtaining large quantities of high-quality pure CNTs of uniform dimension that would
ensure a high yield. Also studies aimed at developing of various catalysts for the complex treatment of gas
emissions of industry under more favorable conditions, are strategically important [18].

The purpose of this work is the synthesis of carbon nanotubes (CNTs) by CVD (Chemical Vapor
Deposition) method with the decomposition of carbon monoxide in argon, at a pyrolysis temperature of
800 ° C on the surface of the catalyst (10% Co / 5% soot / 85% ash of shale) and study physicochemical
properties of the obtained samples. In the CVD method occurs pyrolysis of carbon-containing gas and the
dissolution of carbon in the catalyst nanoparticles, which often there are materials with high solubility of
carbon (Fe, Co, Ni) [19].

Research method. Samples of carbon nanotubes (CNTs) were obtained in LLP "Institute of Coal
Chemistry and Technology» (Astana, Kazakhstan). A catalyst based on cobalt, which was obtained from
0.5 M CoCl; in an alcoholic solution in an ultrasonic bath, was used as a stationary layer. The ash part of
the oil shale of the Kendyrlik deposit (Kazakhstan) and soot was used as a carrier. To obtain samples of
shale ash, the sample was pre-crushed on a hammer mill (Molot-200) to a fraction of 0.1 mm, and then
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subjected to heat treatment in a muffle furnace at a temperature of 900 ° C in a current of air for 60
minutes. Samples of carbon black were obtained by electrochemical gassing in an ¢lectric field of high
voltage on an electrochemical acroion installation of the series B0O-B9 at JSC "Company Absolute
Kazakhstan" (Karaganda, Kazakhstan) under the guidance of prof. A.V. Borisenko. The catalyst was then
dried in a muffle furnace at 100 ° C for 15 minutes, treated in an inert argon medium at 400 ° C for 1 hour.

The CNT synthesis by gas phase deposition (CVD) was carried out at atmospheric pressure in argon
at 800 ° C for 60 and 120 minutes in a horizontal tubular quartz reactor (figure 1).

Figure 1 — Schematic diagram of a laboratory installation for the synthesis of CNT:
1 - gas cylinder (argon); 2 - carbon monoxide (CO); 3 - quartz reactor; 4 - LATR;
5 - temperature sensor; 6 - a flask for controlling the gas outlet; 7 - gas outlet

The quartz reactor was heated and cooled in an inert argon medium at a gas velocity of 80 cm’/min.
Carbon monoxide was used as the carbon source (carbon-containing raw material), the feed rate was 80-
100 cm’/min. 7 g of catalyst was charged to a horizontal cylindrical quartz reactor (3) (with an internal
diameter of 30 mm). The reactor is wrapped in a nichrome spiral and insulated with asbestos to heat the
furnace. The temperature in the reactor was set by means of a heating element (LATR) (4) and monitored
according to the indications of a digital thermal sensor "Aries TRM1" (5) equipped with a thermocouple
of the chromel-alumel type introduced into a special pocket of the reactor. The temperature in the reactor
was maintained with an accuracy of + 0.2 °C. Up to 150 °C, the temperature increases at a rate of
2°C/min, after 150°C increases at a rate of 1°C/min.

Element composition, structure and dimension of the catalyst of CNTs were studied on a SEM
Phenom XL device (the Netherlands), SEM device (Quanta 3D 200i) with an attachment of encrgy-
dispersive spectrometry (EMF), also on a portable X-ray fluorescence spectrometer S1 Titan (Germany).

Raman spectroscopy was measured using a Solver Spectrum (NT-MDT) apparatus, using a 100x
objective and exciting radiation in the visible range from a semiconductor laser & = 473 nm. The accumu-
lation time for all spectra was 30 seconds. The original spectra were processed in the Origin Lab program.

Results and discussion. The results of the elemental analysis, presented in table 1, show that the ash
part of the shale contains the main compound of silicon, aluminum, calcium and iron, and the carbon
content is only 4.6%, due to the intensive release of volatile organic compounds after heat treatment. The
elemental composition of the carbon soot indicates the presence of C, O and Ca, which confirms the
results of studying the components of soot obtained by the electronic microprobe JCXA 733 by the
scientists of Absolute Kazakhstan Company (Karaganda), where the composition (%): C - 87.88; O - 8.85;
Alis 1.08;Si-2.01; S=0.15[17].

Electron microscopic images of Kendyrlyk shale ash and soot are presented in figures 2 and 3.
Analysis of the the surface morphology of the samples showed that the cleavage surface is represented
by structural heterogeneity and has dense formations with strong agglomerates with particle sizes of
~ 155 £ 900 nm. In some places, the cleavage surface is plate-stepped.

Based on the analysis of microphotographs and elemental composition of the soot, it can be con-
cluded that the basis is a structured carbon matrix composed of particles with dimensions of ~80 - 800 nm,
which are indicated in micrographs. The spherical shape is due to the fact that the liquid-like particles
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Table 1 — Elemental composition of ash from the Kendyrlyk oil shale and soot

Element Wt %
Shale ash Soot
C 4.59 83.67
O 37.33 11.09
Na 0.68 -
Mg 1.37 -
Al 6.99 -
Si 2991 -
K 2.37 -
Ca 10.54 5.24
Fe 6.20 -

x30 000 x100 000

Figure 2 — Electron microscopic images of ash from the Kendyrlyk oil shale

x30 000 x100 000

Figure 3 — Electron microscopic images of soot
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formed by the associates of the graphene clusters are assembled into droplets that are self-compacted by
the action of capillary forces [1]. Different microstructural models of the organization of primary particles
suggest that in the near-surface layer a part of graphenes is located parallel to their outer surface. As noted
[1], primary globules of carbon soot are usually grouped in fairly strong formations of a certain form
(primary aggregates), from which less strong secondary aggregates (or agglomerates) are formed.
Depending on the method of packing the primary carbon globules in the aggregates, spherical, ellipsoidal,
linear and branched carbon soot particles are classified.

Figure 4 shows SEM photographs of the catalyst (10% Co / 5% soot/ 85% ash of shale) after syn-
thesis by the CVD method at a temperature of 800°C, the synthesis time of 60 (a) and 120 (b) min.

Figure 4 — SEM images of the catalyst after synthesis of CVD, synthesis time:
a— 60 min; b— 120 min

As can be seen from the data obtained on the surface of hydrophobic shale in the presence of Co-particles,
carbon filaments (filaments) were formed after the synthesis and a carbon material known as CFC-
catalytic fibrous carbon is produced. The process of forming filaments includes the following successive
stages: the complete decomposition of the hydrocarbon on one of the faces of the metal with the adsorp-
tion of carbon atoms on it, their dissolution and diffusion through the volume of the metallic crystallite,
followed by the release and formation of graphene on the other face. In this case, the formed graphene
exfoliates from the surface of the metal, giving way to the growth of the next. The scheme of the process
of obtaining the CFC from carbon monoxide using the kobolt catalyst is shown in figure 3.
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Figure 5 — Scheme for the production of CFC based on Co-catalyst

In stage A, the carbon monoxide decomposes on the surface of the cobalt particles dispersed on the
surface of the hydrophobic ash of the oil shale. Carbon is dissolved in metallic cobalt particles to form
CosC. As a result of the growth of the fibers (stage B), the catalyst particles are separated from one ano-
ther. Growing fibers (stage C), interwoven into dense tangles, occupy an increasing volume. Note that this
feature can be used to produce products of the desired shape from carbon materials. Carbon fibers are
known to be graphite-like layers. In this case, the nature of the packing of the layers is determined by the
mutual orientation of the faces in the crystallites of the catalyst used. There are three main types of
packing layers: 1 - layers in the form of nested one in the other cones - "fish bone"; 2 - layers located
perpendicular to the axis of the fiber - "deck of cards"; 3 - nested in one another cylinders, oriented along
the axis of the fiber - nanotubes [1]. The derivation of certain types of CFCs depends on the catalytic
systems and the synthesis conditions. From the literature data it is known that when using a Co catalyst,
nanotubes oriented along the fiber axis are formed, which represent extended structures folded into single
or multilayer tubes with a diameter of 100 to 500 nm and a length of about 8 pm. The morphology of the
grown CNT is a tubular, curved shape (figure 5). Experimentally it is extremely difficult to synthesize
HLCs of the same type with ideal packing of layers.

Table 2 shows the chemical composition of the catalyst after synthesis (10% Co/5% carbon soot/85%
ash of shale), which is determined on a portable X-ray fluorescence spectrometer S1 Titan (Germany). The
elemental composition confirms the content of the active metal (Co) in the catalyst (9.53%).

Table 2 — Chemical composition of catalyst (wt%o)

Hﬁn Si0, Co | Fe0; | CaO | MgO | ALO; | K,0 | MnO | TiO, | POs | Cl s | ¢

60 9.97 9.53 4.53 3.09 1.36 0.70 0.31 0.16 0.16 0.03 0.25 | 030 | 69,55
120 9,58 | 10,02 4,68 2.81 1,03 0,65 0,22 | 0,10 0,18 0,01 0,12 | 0,08 | 76,68

Figure 6 shows the Raman spectra of the catalyst after synthesis (t = 60 min) in the wave interval
200-3200 cm™'. The sample mainly contains carbon in the amorphous state (a) and in the form of graphite
(b) [20]. The peak in the 2730 cm™ region indicates the possibility of containing polycrystalline graphite
structures - carbon nanotubes (b). The sample contains cobalt oxide (470, 512 cm™) (¢) [21]. A peak in the
region of 455 cm™ in figure 6 (d) indicates the presence of compounds containing SiO, groups.

Figure 7 shows the Raman spectra of the catalyst after synthesis (t = 120 min). As the results showed,
the sample is heterogeneous, consists of several components. The main part is carbon in the phase of
defective graphite (a). In addition, there are regions containing crystalline graphite structures (possibly
carbon nanotubes), as evidenced by narrow peaks at 1360, 1575, 2720 and 2940 cm™ (b). Less intense
peaks in the low-frequency region of the spectrum (190, 470, 510, 675 cm™) shown in figures (b) and (c)
may indicate the presence of traces of Co;0, cobalt oxide [22].
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Figure 7 — Raman spectra of the catalyst after CVD synthesis at t = 120 min

After synthesis, carbon materials in the form of a film were formed on the walls of the reactor. The
elemental composition of the carbon material showed the presence of 100% pure carbon (figure 8).

Element Weight
Svmbol Conc.
C 100.00

[-] ] ] 3 4 5 6 7 & a ] 1 (] Ly 14 1] 1] 1T 1 ]

UETT, UFERSERE | Tr

Figure 8 — Elemental composition of the film after synthesis (T = 800°C) with a holding time: a - 60 min; b - 120 min

Figure 9 shows SEM photographs of carbon films on the walls of a quartz tube after synthesis by the
CVD method at a pyrolysis temperature of 800°C, the synthesis time being 60 min. Carbon material was
formed as graphite sheets (also known as graphene), in which the carbon atoms are ordered into sheets
with a thickness of 10 to 20 um. As can be seen from figure 9 (b) the material consists of spherical forms
of carbon with dimensions from 200 nm to 1.0 um. This is due to the fact that during gas-phase thermal
decomposition of hydrocarbons, the reaction can proceed through a heterogeneous mechanism with
product deposits - pyrolytic carbon (PC) on the equipment walls or other porous materials introduced into
the reaction zone.

In this case, the PC is produced in the form of a dense film with a metallic sheen that reproduces all
the details of the surface. The process of pyrocarbon formation can be considered as the crystallization of
carbon products from the gas phase on the substrate. Growth centers are the embryo of carbon formed
from graphenes and their clusters on the surface. During the growth process, carbon atoms from the gas
phase interact with the embryos, forming a dense mass. When the pyrolytic layer reaches 10 nm, the
influence of the nature of the substrate on the process of its isolation disappears, and the rate of pyrocar-
bon formation becomes proportional to the surface of the film. Depending on the pyrolysis temperature,
the growing carbon layers can form either a turbostratic or graphite-like structure. Pyrocarbon, as a carbon
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Figure 9 — Electron microscopic images of the film after synthesis at t = 60 min,
on the device: a - SEM Phenom XL (Netherlands), b - SEM (Quanta 3D 2001)

material, has properties that make it attractive enough for industrial use. However, in view of the fact that
it is formed only on free heated surfaces, making any products based on pyrolytic carbon is very difficult.
In recent decades, the direction associated with the preparation of carbon-carbon composites has been
rapidly developing [1].

An electron microscopic image of a fragment of a carbon material containing CNTs is shown in
figure 10, where the retention time of the synthesis was 120 min. Particles of CNT with diameters from
50 to 500 nm are clearly visible, which are folded into a single, seamless seam cylinder. The length of
nanotubes can reach tens of micrometers, the end of such a tube can be an open or closed fullerene-like
hemisphere. The cylindrical surface of the tubes is formed by hexagons. In real nanotubes, due to the
existence of penta- and heptagons, structural defects, the formation of bridges and the sparking of a
cylindrical surface are observed [1].

Figure 11 (a) shows the Raman spectrum of the film after synthesis (t = 60 min). The sample is homo-
geneous in structure, a spectrum characteristic of amorphous carbon is observed. Comparison of the
Raman spectrum of the investigated sample with Raman spectra for various forms of carbon [1] reveals a
similarity (in terms of structural closeness) of the spectrum to nanocrystalline carbon with different quasi-
graphite crystallite sizes.

Figure 11 (b) shows the Raman spectrum of the film after synthesis (t = 120 min), which is the
most typ}cal for carbon nanotubes of a rather high degree of ordering, as evidenced by the peak at
2730 cm’ .
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Figure 10 — Electron microscopic images of the film after synthesis at t = 120 min,
on the device: a - SEM Phenom XL (Netherlands), b - SEM (Quanta 3D 2001)
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Figure 11 — Raman spectra of the film after CVD synthesis: a - t = 60 min; b - t = 120 min

Conclusions. Thus, the proposed method of carbon nanotubes is based on the method of chemical
(catalytic) vapor deposition, which is the most promising method of industrial production and provides a
product with a relatively high multilayeredness and homogeneity of the fraction, which determines the
achievement of the strength characteristics required for structural materials. As a result of the high-
temperature process, carbon nanotubes (CNTs) were obtained at 800°C (in an inert atmosphere) by the
CVD method (chemical Vapor Deposition) with the decomposition of monoxide on the Co catalyst
surface, where the hydrophobic ash of the Kendyrlik (Kazakhstan) based on soot. The optimum condition
for obtaining CNTs by a catalytic method was established, where the holding time was 120 min at a
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pyrolysis temperature of 800 "C. The yield of carbon nanotubes per unit mass of catalyst was ~ 30%. The
carbon nanotubes obtained by this method can be used as a power filler in the production of composite and
heat-insulating materials.
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KOMIPTEKTI HAHOTYTIKIIEHI CVD 9JICIMEH
IrunapPO®OBThI CIAHEI KYJIHIH BETIHAE CUHTE3JAEY

Annoramus., Kymsicta xemiprekri HanoryrikmeHi (KHT) CVD (Chemical Vapor Deposition) omiciMeH
keMipreri MoHOOKCHIIHIH 800 °C mupoH3 TeMIepaTypachiHAA BIABIPAYH HOTH)KCCIHAC CHHTC3ICYTS HCTI3ACITCH.
Karanmszarop perinae koOaixbT OOMBIICKTEPI, all KATATH3ATOPFA TACHIMAIAFHIN PETIHAC CymepruapodoOTs Kyie
Herizinaeri tuapodoOTsl cnaHen Ky («KEHOBIPIBIK» KCHIMI) KOMAAHBLIABL JHCPTOIUCTICPCHOHIBI PCHTTCHIL
CHEKTPOCKOIIA, 3IEKTPOHIBI MHKPOCKOIHS KOHE KOMOWHANMSUIBIK IIAIIBIPAY OMICTEPi APKbLTBI 3CPTTEIATCH YIITi-
JCPAIH XHMHUAIBIK KYpPaMBl XKoHC OCTTik MOp(omormacel aHbIKTaamel. KHT kaTamTuTHKANBIK OMICTICH ajIy ABIH
ONTHMANTBi IMAPTTAPHI AHBIKTANABL, MHPOTH3 Temmeparypacsl 800 °C, ycrany yakerrer 120 mun. Katammsaropasm
MAacCachIHA CATBICTBIPFAHIA KOMIPTEKTI HAHOTYTIKIICHIH, MBIFBIMBL ~30 % Kypazsl.

Tyiiin ce3aep: KHT, katammsarop, nmupomns, ciarer, Ky, kyie, CVD omici.
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CHHTE3 YIJIEPOAHBIX HAHOTPYBOK METOAOM CVD
HA MIOBEPXHOCTH I'HIPO®OBHOMU 30J1bl CJIAHITIA

Annoramus. B pabote mpeactaBicHa METOAHMKA CHHTE3a YriaepoaHbeix HaHOTPyOox (YHT) meromom CVD
(Chemical Vapor Deposition) mpH pa3IosKEHAH MOHOOKCHIA YIIepoda mpu Temmepatype muposmsa 800 °C. B ka-
YCCTBC KATAMM3ATOpa OBLIH HCTOJIB30BAHBI YACTHIIBI KOOAIRTA, 4 B KAUCCTBE HOCHTCIIA A KATAIH3aTOPa MPHUMe-
H1ach TUApo(oOHAs 30514 caaHna (MeCTOpOKIeHUA «KeHIBIPIBIK?Y) HA OCHOBE cymepruapodoonoii caxu. C uc-
TMOJTE30BAHMCM MCTOJOB 3HCPTOJUCIICPCHOHHOW PCHTTCHOBCKOH CICKTPOCKONHH, 3JICKTPOHHON MHKPOCKOHH H
KOMOHMHAIMOHHOTO PACCCAHNUA OMPEIACICH XHMHUICCKHAH COCTAaB M H3YUCHA MOP(OIOTHA MOBSPXHOCTH HCCIICIY CMBIX
00pa3IoB. YCTAHOBICHO ONTHMAIBHBIC YCIOBHE M1 monyucHua YHT kaTamuTHUCCKUM CIOcO00M, TS BPEMS BBI-
JEPKKH cOCTaBHI 120 MuH mpu Temmepatype mupomnsa 800°C. BBIX0OI YIIEPOIHBIX HAHOTPYOOK HA STHHHIY MACCHI
Karanmm3aropa coctaBui ~30 %.

Kmouepnie ciiopa: YHT, karanmu3aTop, mupon3, CIaHeL, 3014, caxa, meroq CVD
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