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Synthesis of carbon nanofibers by catalytic pyrolysis of ethylene
in the presence of vapors of volatile components

A. A. Volodin,* E. V. Gerasimova, and B. P. Tarasov

Institute of Problems of Chemical Physics, Russian Academy of Sciences,
1 prosp. Akad. Semenova, 142432 Chernogolovka, Moscow Region, Russian Federation.
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Catalytic pyrolysis of ethylene was carried out at 700 °C in the presence of vapors of H,0,
EtOH, NH,OH, PCl;, (MeO)s;P, Me,SO,, (MeO);B, and HCI. The composition of solid
pyrolysis products was studied using the elemental analysis, X-ray diffraction analysis, and
electron microscopy. The composition of the gaseous pyrolysis products was studied using mass
spectrometry. The processes in the gas phase were characterized, and the relationship between
conditions of ethylene pyrolysis and the structure of formed carbon nanofibers was revealed.
The introduction of gaseous additives has a substantial effect on the formation, growth, and

structure of the carbon nanofibers formed.
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The introduction of various additives during synthesis
of carbon nanostructures by catalytic decomposition of
hydrocarbons can change both the yield of the target prod-
uct and its structure.~7 Hydrogen and argon are often
additionally introduced into the reaction medium. It is
believed that hydrogen introduced into the pyrolysis zone
interacts with adsorbed carbon on the surface of the cata-
Iytic particle to transfer the carbon to the gas phase, inhib-
iting coke formation on the working surface of the catalyst
and increases the yield of the target product.! Argon is
usually used as a diluting gas for decreasing the partial
pressure of hydrocarbon.? The introduction of small
amounts of oxygen removes amorphous carbon.3 It was
assumed4 that an ammonia additive to the gas mixture
passivates the catalytic particle surface and prevents fast
coke formation on the catalyst. A similar effect is observed
upon the addition of water vapor.5:6 In addition, the pres-
ence of water in the reaction medium favors the growth of
open nanotubes. The introduction of a CO admixture to
gaseous hydrocarbon enhances the yield of carbon fiber.”

The introduction of various additives to the gas phase
can change the structure of filamentous carbon formed
upon catalytic pyrolysis. For example, the pyrolysis of
acetylene at 900 °C in the presence of ferrocene as a pro-
catalyst affords mainly single-wall nanotubes.® The intro-
duction of sulfur into the reaction medium results in the
predominant formation of double-wall nanotubes.? Dou-
ble- and triple-wall nanotubes can be obtained using urea
or citric acid as the starting compound.1® The pyrolysis of
methane on the Fe catalyst synthesized from Fe;(CO),
in the presence of phosphorus compounds, which are in-
troduced from a solution of H3PO, in ethanol, in high

yield produces carbon fibers up to 6 cm long.!! The addi-
tion of chlorine-containing precursors, for instance,
CH,Cl,, to acetylene gave bamboo-like nanotubes.!? Ni-
trogen-containing carbon nanotubes of the same type were
synthesized by the pyrolysis of dimethyl formamide.!3 The
preliminary treatment of a mixture of B and BN powders
in a ball mill for several hours followed by heating of the
mixture for 1000—1200 °C in an NH; atmosphere in the
presence of the procatalyst FeCl,-4H,0 afforded bam-
boo-like boron nitride nanotubes.!4 Spiral nanotubes were
synthesized by the pyrolysis of diethyl ether on the zinc
catalyst.15

The introduction of various additives can change not
only the structure and yield of carbon nanostructures but
also their properties. The nanotubes with a large content
of SO;H groups were obtained, which possess both elec-
tron and proton conductivity.!6 Thus, the literature data
and the results of our previous works!7-18 show that even
insignificant amounts of various additives introduced into
the reaction zone can exert a substantial effect on the
yield, structure, and properties of the carbon nanostruc-
tures formed.

In the present work, we studied the influence of vari-
ous gaseous additives to ethylene during its pyrolysis on
the yield and structure of the produced carbon nanotubes.

Experimental

For catalyst preparation Ni(NO3),+6H,0 (analytical pure
grade, GOST 4055-78) and MgO (analytical pure grade, GOST
4526-75) were used. A solution of the weighed sample of
Ni(NOs),+6H,0 in distilled water was poured to MgO powder.

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 3, pp. 398—403, March, 2011.
1066-5285/11/6003-407 © 2011 Springer Science+Business Media, Inc.



408 Russ.Chem.Bull., Int.Fd., Vol. 60, No. 3, March, 2011

Volodin et al.

The resulting suspension was treated in an ultrasonic bath for
30 min. Then the suspension was evaporated and dried for 1 h in
air at 150 °C. The metal was reduced directly during pyrolysis
without preliminary storage in a hydrogen atmosphere. We have
found earlier!® that the optimal growth of carbon fibers was ob-
served at a Ni catalyst content of 5 wt.%. At a lower metal con-
centration, the yield of carbon pyrolysis products decreases con-
siderably, while at a higher concentration a large amount of
amorphous carbon and encapsulated particles is formed. The
nickel content on the support (5 wt.%) was confirmed by ele-
mental analysis data.

Catalytic pyrolysis of ethylene was carried out in a horizontal
quartz flow-type reactor at atmospheric pressure at 700 °C for 1 h.
A quartz boat with the catalyst was placed in the center of the
reactor. A C,H,—H,—Ar (1.5: 3 : 1, vol.) gas mixture was used
during pyrolysis. Gaseous additives were introduced into the re-
action zone by bubbling an argon flow through a bubbler flask
filled with the liquid component. The amount of the gaseous ad-
ditive correlating with the saturation vapor pressure was control-
led by a change in the temperature of the bubbler flask. The
following additives were used: vapors of H,O, EtOH, Me,SO,,
(MeO);B, (MeO);P, PCl;, NH,OH, and HCI. The conditions
were chosen in such a way that the content of the introduced
substance would be the same in all cases and equal to S mmol L~1.

The composition of solid pyrolysis products was determined by
elemental analysis using a Vario Micro Cube CHNS/O analyzer
and by X-ray diffraction analysis with Dron-1 and ARL X'TRA
diffractometers. The structure of carbon nanotubes was studied
by transmission electron microscopy (TEM) using EMV-100B
and JEOL JEM-100 CX electron microscopes. The composition
of gaseous pyrolysis products was determined by mass spectrom-
etry on a MI 1201V instrument (EI, 70 eV). The influence of the
gas phase composition during ethylene pyrolysis on the structure
of formed carbon nanofibers was studied using TEM.

To determine the size of active catalyst particles, the solid
pyrolysis products were studied by X-ray diffraction analysis and
electron microscopy. The cluster sizes were calculated from dif-
fraction patterns by the Scherrer equation for the line Ni (200).
We failed to reveal any dependence of the catalytic particle size
on additives introduced into the reaction zone. The average size
of the nature of nickel crystallites calculated from the diffraction
patterns was 10—20 nm in all experiments. According to the data
of electron microscopy, the average size of catalytic particles
located, as a rule, at the edges of carbon fibers was in the range of
10 to 30 nm. Further carbon pyrolysis products were purified
from the catalysts and support by ultrasonic treatment in con-
centrated hydrochloric acid at 70 °C for 1.5 h.

Results and Discussion

The data on the influence of various gaseous additives
on the yield of carbon pyrolysis products are presented in
Fig. 1. A preliminary control experiment was carried out
and carbon nanofibers were obtained by the pyrolysis of
a C,Hy—H,—Ar (1.5 : 3 : 1, vol.) gas mixture at 700 °C.
The mass spectra of the initial gas mixture exhibit peaks
with m/z (I (%)) 40 [Ar]™ (100) and 20 [Ar]?" (12). In
addition, there are peaks with m/z 24, 25, 26, 27, 28, and
29 (maximum peak with m/z 28 [C,H,4]*), as well as the
peak with m/z 2 [H,]* (Fig. 2). The spectra of the gaseous
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Fig. 1. Influence of additives introduced into the gas phase on
the yield of carbon nanofibers at 700 °C: I, control experiment;
2, H,0; 3, EtOH; 4, NH4OH; 5, PCl;; 6, (MeO)3P; 7, Me,SOy;
8, (Me0)3B; and 9, HCI; m is the mass of carbon.
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pyrolysis products exhibit peaks with m/z 12, 13, 14, 15,
16, 17 [CH4]* and m/z 24, 25, 26, 27, 28, 29, 30 [C,H4]*
(see Fig. 2). The presence of ethane is indicated by a con-
siderable increase in the intensity of the peak with m/z 29
and the appearance of the peak with m/z 30. Starting from
the data obtained, we may assume that several parallel
processes can occur during pyrolysis

H2C=CH2 e 2C+2H2, (1)
H,C=CH, — C+ CHy, 2)
H,C=CH, + 2 H, — 2 CH,, 3)
H,C=CH, + H, — C,Hs. )
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Fig. 2. Mass spectra of the initial gas mixture C,H,—H,—Ar
(1.5:3:1) (a) and pyrolysis products at 700 °C (b).
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Fig. 3. TEM image of the pyrolysis products of the C,H,—H,—Ar
(1.5:3: 1) gas mixture at 700 °C.

Evidently, processes (1) and (2) are target and pro-
cesses (3) and (4) are side.

Pyrolysis of the gas mixture at 700 °C affords coaxial
conic nanofibers of the "Herringbone" type with diameters
10—30 nm (Fig. 3). The channel width in the obtained
fibers reaches 15 nm. The yield of carbon products was
15.3 g (g Ni)~L.

Upon the addition of water vapor to the initial gas
mixture, a peak with m/z 18 [H,O]" appears in the
mass spectra and the fraction of the peak with m/z 28
increases among the cluster of other peaks of this group
in the spectra of the pyrolysis products. Ions [CO]* and
residues of [C,H,]", which did not decompose on the
catalyst surface, can contribute to the intensity of this
peak (Fig. 4).

The addition of ethanol vapor to the reaction zone
results in the additional appearance in the mass spectra of
two groups of peaks with maxima at m/z 31 and 45, which
are characteristic of the spectrum of ethanol (Fig. 5). The
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Fig. 4. Mass spectra of the initial gas mixture to which water
vapor was added (a) and the pyrolysis products (b).
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Fig. 5. Mass spectra of the initial gas mixture to which ethanol
vapor was added (a) and the pyrolysis products ().

mass spectrum of the pyrolysis products contains peaks
with m/z 16 [CH,]* and 28 and the peak with m/z 44,
which can correspond to ions [CO,]* and [C,H,O]".
Probably, the following reactions related to the presence
of ethanol vapor occur during pyrolysis:

EtOH — CH, + CO + H,, (®)
EtOH — C,H,0 + H,, (6)
C,H,0 — CH, + CO, ()
2C0O — C+CO,. (®)

Pyrolysis of ethylene at 700 °C in the presence of water
or ethanol vapor affords carbon fibers with a narrower
diameter distribution (Fig. 6). Fiber diameters are 10—20 nm
on the average and the channel width ranges from 3 to
5 nm. The addition of ethanol vapor affords carbon fibers,
whose diameter is somewhat smaller than that of the fibers
obtained with the addition of water vapor to the reaction
mixture. Many defects are observed in the surface of
the fibers. The total yield of the carbon products was
9.9 g (2 Ni)~! when using a mixture with the addition of
water vapor and 8.9 g (g Ni)~! for a mixture with the addi-
tion of ethanol vapor. The presence of many defects on the
fiber surface can facilitate the further functionalization of
the carbon material.

The addition of ammonia vapor to the initial gas mix-
ture results in the appearance in the mass spectra of the
group of peaks with m/z 14, 15, 16, 17, and 18; the peak
with the maximum intensity was detected as m/z 17
[NH;]* (Fig. 7). In the spectrum of the reaction products,
the peak with m/z 28 increases substantially. Along with
ethylene residues, ions [N,]* and [CO]* can contribute to
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Fig. 6. TEM image of the pyrolysis products of the gas mixture to
which water (@) and ethanol (b) vapors were added.

this peak. The appearance of ions [N,]* is due to ammo-
nia decomposition

2NHz; — Np+ 3 H,. )

The introduction of ammonia vapor to the reaction
zone somewhat decreases the total yield of solid pyrolysis
products, which was 10.1 g (g Ni)~!. Under these condi-
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Fig. 7. Mass spectra of the initial gas mixture to which ammonia
vapor was added (a) and the pyrolysis products ().
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Fig. 8. TEM image of the pyrolysis products of the gas mixture to
which ammonia vapor was added.

tions, carbon fibers are formed with a diameter of 20—50 nm
with channels up to 30 nm in diameter (Fig. 8). Channels
have many dams, indicating the "bamboo-like" structure
of the fibers. In this case, the carbon fibers grow jumpwise,
due to which many dams are formed inside the channels.

Two groups of peaks (m/z 101, 103, 105 and 136, 138,
140) with maxima at m/z 101 and 136 are detected in the
mass spectrum upon the addition of phosphorus trichlo-
ride to the gas mixture. Two peaks with m/z 34 [PH;]* and
36 [HCI]" appear in the mass spectrum of the reaction
product (Fig. 9), which is due to the interaction of the
starting chloride with hydrogen, resulting in phosphorus
hydride and hydrogen chloride.

PCly + 3 H, — PHj+ 3 HCI (10)

Pyrolysis of the gas mixture in the presence of PCly
vapor affords hole fibers with an average diameter of
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Fig. 9. Mass spectra of the initial gas mixture to which PCl;
vapor was added (a) and the pyrolysis products (b).
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Fig. 10. TEM images of the pyrolysis products of the gas mixture to which PCl; (a), (MeO);P (b), Me,SO, (c), (MeO)3B (d), and HCI (e)

vapors were added.

10—15 nm and a channel width of 3—5 nm (Fig. 10, a). In
particular cases, planar parallel fibers with the diameter
up to 150 nm appear along with the above fibers. A similar
pattern is observed upon the addition of vapor of methyl
phosphonate (MeO);P to the initial mixture. Pyrolysis
with this additive produces fibers with an average diameter
of 10—15 nm (see Fig. 10, b). The total yield of the carbon
products for the mixture with addition of (MeO);P vapor
was 15.1 g (g Ni)~L.

The lowest yield of the carbon pyrolysis products
(2.8 g (g Ni)~!) was obtained upon the addition of dime-

thyl sulfate Me,SO, to the initial gas mixture. This pro-
duces hole fibers with diameters of 5—20 nm and a chan-
nel width of 2—7 nm (see Fig. 10, ¢). Evidently, sulfur
poisons the catalysts, thus favoring the overall decrease in
the yield of the target product. It is most likely that the
fibers grow predominantly on small particles. Diffusion
on them occurs more rapidly, which provides the narrow
diameter distribution of the fibers.

The introduction of vapor of methyl orthoborate
(MeO);B into the reaction zone favors the formation of
fibers with diameters of 15—30 nm (see Fig. 10, d). Inter-
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nal channels of these fibers are broader than usual ones
and can reach 15 nm at a fiber thickness of 20 nm. On the
average, the channel width is 10 nm. In several cases, large
structures with the diameter to 250 nm with the cavity
inside reaching 150 nm are formed.

The highest yield with respect to carbon was achieved
by the addition of HCI vapor (36.5 g (g Ni)~1). In this
case, carbon fibers with a larger diameter range varying
from 15 to 70 nm were formed (see Fig. 10, e¢). The influ-
ence of chlorine atoms on the yield of the carbon products
can be explained by the promoting effect.20 Carbon fibers
grow on both large and small catalyst particles, which
explains, most likely, a pronounced difference in diame-
ters of the fibers formed. The introduction of PCl; vapor
to the reaction zone induces no increase in the target prod-
uct yield. Perhaps, this is related to the fact that the pres-
ence of phosphorus trichloride favors coke formation on
the working catalyst surface and the growth occurs predo-
minantly on particles 10—15 nm in size, where the rates of
diffusion and formation of fibers are considerably higher
than on larger particles. This assumption is confirmed by
the data of electron microscopy (see Fig. 10, a).

According to the elemental analysis data, the hydro-
gen content in the carbon pyrolysis products is maximum
for the fibers obtained with the addition of water or etha-
nol vapors (1.5%), whereas it is <1% in other cases.

Thus, even a small amount of various additives intro-
duced into the reaction zone of catalytic pyrolysis of eth-
ylene exerts a substantial effect on the yield, structure, and
properties of the carbon nanofibers formed. The addition
of hydrogen chloride favors an increase in the yield of
carbon products, while the introduction of sulfur com-
pounds decreases the yield. The introduction of sulfur-
and phosphorus-containing additives facilitates the growth
of thinner fibers. "Bamboo-like" fibers are formed in the
presence of ammonia, and the addition of water or etha-
nol results in the appearance of defects on the surface of
carbon fibers.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 08-03-01117).
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