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The production of carbon nanostructures, including carbon nanotubes (CNTs), by chemical vapour deposition (CVD) occurs by thermally
induced decomposition of carbon-containing precursors. The decomposition of the feedstock leading to intermediate reaction products is an

important step, but rarely incorporated in rate equations, since it is generally assumed that carbon diffusion through or over the catalyst
nanoparticles is the rate-limiting step in the production of CNTs. Furthermore, there is no kinetic model to date for the production of CNTs from
carbon dioxide. These aspects are addressed in this study with the aid of a series of experiments conducted in a floating catalytic CVD reactor in
which the effects of reactor temperature, concentration and flow rate of CO, were investigated. A simple rate equation for the reductive
adsorption of CO, onto the catalyst surface followed by carbon diffusion leading to the production of CNTs is proposed as follows: d[CNTI]/dt =
KICO,l, where K is proportional to the diffusion coefficient of carbon. The derived kinetic model is used to calculate the amount of CNTs for a
given concentration of CO,, and the experimentally measured data fits the simple rate equation very well at low carbon dioxide concentration.

Introduction

Carbon dioxide (CO,) is the most prevalent greenhouse gas that
traps heat and raises the global temperature. Interest in its use as
a raw material in the synthetic chemical industry has increased
over the past few decades' including the possibility of using CO,
in the production of carbon nanotubes (CNTs).® Due to their
interesting electronic properties and exceptional mechanical
properties, CNTs have received much attention for application in
electronics, high strength composites, chemical and biosensors,
field emission devices, filters and membranes, catalyst support,
water purification and numerous others.® Despite the large
potential of using CNTs in various applications, the major
problem is low production rate. Besides the arc discharge
process, chemical vapor deposition (CVD) has been a popular
technique for depositing CNTs on substrates as well as for bulk
production.® The floating catalyst CVD (FC-CVD) method shows
much promise for continuous, large-scale synthesis of high
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purity CNTs.” A modified version of this approach using swirled
flow, known as swirled floating catalytic chemical vapour depo-
sition (SFCCVD), has emerged recently® and this process has been
successfully applied for the growth of multi-walled CNTs
(MWCNTs) and single-walled CNTs (SWCNTs).>*® The SFCCVD
method has been found to be more successful both in terms of
operational practicality and CNT yield than the microwave or the
fixed-bed catalytic CVD modes."*™ In the pursuit of large scale
and continuous production of CNTs, kinetic studies of their
formation have continued to be a subject of interest. However,
unlike CNTs produced from other carbon sources,*™" there is a
dearth of literature on the kinetic modelling of CNTs produced
from CO,. The present work is devoted to the development of a
simple kinetic model for the production of CNTs using CO,.

Materials and methods

The CNTs were produced by a method similar to that of Xu and
Huang' using a 10% iron catalyst on calcium carbonate
support. The choice of calcium carbonate was based on the
good quality, high yield and high purity materials obtained
from its use as a support.” The catalyst was prepared by a
modified wet impregnation technique® by mixing a pre-
determined amount of iron nitrate and citric acid in approxi-
mately 1 : 1 molar ratio in deionized water. Ammonia solution
was added in drops until a neutral pH was reached. A reddish
brown solution with no precipitate was obtained after a period



of six hours. A calculated amount of calcium carbonate was then
stirred into this solution to form a dry slurry, which was then
left to stand overnight. The resulting powder was calcined at
500 °C between 2 and 12 h in a muffle furnace to decompose the
nitrates from the catalyst.**

Fig. 1 shows a SFCCVD reactor used to synthesize CNTs,
which consists of a vertical quartz or silica plug-flow reactor
inside a furnace. The upper end of the reactor is connected to a
condenser that leads to two delivery cyclones where the CNTs
are collected. Feed materials including carrier gases are
uniformly mixed with the aid of a swirled coiled mixer to give
optimum interaction. The flow of gases into the SFCCVD reactor
is aided by a system of valves and rotameters.*

Approximately 10 g of the catalyst was placed on quartz wool
within a vertical silica tube (30 mm inner diameter) that was later
heated by an electric furnace (Fig. 1). Once the experiment was
set-up, the reactor was purged with argon to remove oxygen that
could oxidise the CNTs.* Ultra high purity (UHP) grade gases as
supplied by AFROX Ltd (South Africa) were used in this study. The
feedstock consisted of a mixture of CO, (99.99% minimum purity)
and hydrogen (H,) (99.99% minimum purity). Growth experi-
ments were conducted at temperatures ranging from 740-850 °C.

Transmission electron microscopy (TEM, JEOL JEM-4010)
was used to characterize the surface morphology of the CNTs.
The samples for the TEM observations were prepared by ultra-
sonically dispersing them in 5 ml methanol (for 10 minutes)

and then, depositing a drop of the solution onto a lacey carbon
film on a copper grid. The degree of crystallinity and type of
CNTs were evaluated by Raman spectroscopy using the
standard 514.5 nm line of an argon ion laser.

Kinetic model formulation

Several models have been suggested for the growth of CNTs
using catalysts, for example, the scooter model,*** metal-
particle model,*® fullerene-cap model,” etc. However, the
vapour-liquid-solid (VLS) growth model is the most popular to
explain the growth of CNTs using catalysts.”® In this model, the
liquid catalyst particle plays the following roles: (i) as a catalyst
for the decomposition or reduction of the carbon feedstock
(e.g., CO, CO,, CH, or alcohols), (ii) as a solvent for the carbon
atoms that are released from the feedstock, and (iii) as a soft
template for the nucleation and growth of the CNTs. According
to the VLS growth model, the carbon feedstock is initially in the
vapour phase before dissolving into the metal catalyst to form a
liquid metal-carbide particle. When this particle is carbon-
saturated, the solid phase CNTs begin to grow.” It has been
generally assumed that carbon diffusion through the catalyst
bulk or over the catalyst nanoparticle is the only rate limiting
step in the CNT growth process.** However, CNT growth rate in
CVD can be limited by several other steps such as diffusion and
mass transfer in the gas phase, surface reactions on the catalyst,
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etc., as shown schematically’®** in Fig. 2. Furthermore, the
growth rate may also be dependent on many other factors
including the gas phase decomposition reactions. Therefore, in
order to understand the chemical mechanism that takes place
during CNT growth from CO,, the thermal decomposition of
CO, should also be analysed and fully understood. The under-
standing of the thermal and kinetic aspects of gas phase
decomposition reactions is critical in many fundamental and
applied fields, for example, environmental sciences, combus-
tion and explosions, catalysis, and planetary sciences.*
However, gas phase decomposition can be extremely complex
due to a large number of variables, a variety of possible inter-
mediates, and an overlap in thermal decomposition traces.
Nevertheless, calculations intended to provide an interpretation
of the experiments are often of little help if they ignore the
kinetics of the decomposition process.** Therefore, decompo-
sition or reduction of CO, into the required chemical species is
considered to be an important step here for incorporation into
the rate equation for the production of CNTs.

For several decades, the decomposition or reduction of CO,
over metal substrates has been studied for industrial processes
and pollution control.**** The catalysed or un-catalysed thermal
splitting of CO, involves the following overall reaction:*®

CO, » C+ 0, (1)

However, the initial stage in the splitting of CO, produces
carbon monoxide (CO) and oxygen'®***” as shown in reaction (2).

2C0, — 2CO + O, 2

After reaction (2), the two reactions which merit consider-
ation as possible means for the complete splitting process are
either via the Boudouard reaction which involves the dispro-
portionation of CO to carbon and CO, (see reaction (3)) or direct
splitting of CO to carbon and oxygen as given by reaction (4).

2CO — C + CO, (3)
CO - C + 1120, (4)

However, the reaction represented by eqn (4) can be ruled out
because it is only likely to occur at extremely high tempera-
tures.*® Therefore, reaction (3) is the only one considered here,
and this reaction on iron catalyst has long been known to
produce filamentous carbon;*® such filaments with a tubular
graphic structure later came to be called CNTs.** In fact, CO has
now become one of the common carbon sources for the
production of CNTs**** due to the reasonable temperature range
for CO disproportionation and the good CNT yield.** Modelling
of CNT production from CO is rare except for the numerical
simulations of a HiPco floating catalyst CVD reactor.*>*

There are a number of possible elementary reaction
processes occurring before the production of CNTs. Initially,
CO, adsorbs on the catalyst surface,

COxgas) < COxags) (5)

and then dissociates reversibly into two adsorbed fragments of
CO and oxygen as shown in reaction (6):

CO2(ads) < CO(ads) + O(ads) (6)

The reaction rates for reaction (6) can be calculated for the
forward and reverse reactions as,

Rforward = kl [COZ(ads)] (7)
Rreverse = k*l[CO(ads)][O(ads)] (8)

The adsorbed CO in reaction (6) first dissociates into carbon
and oxygen, and then, the adsorbed oxygen reacts with the
undissociated CO to form surface or adsorbed** CO, which
desorbs to gaseous CO, as shown in reactions (9), (10), and (11),
respectively.

Co(ads) g C(ads) + O(ads) (9)
COadgs) + Oags) < COx(aas) (10)
COxads) © COxgas) (11)

In order to obtain the rate equation for the Boudouard
reaction, reactions (9) and (10) are first combined as overall
reaction (12),

2CO(ags) © Crads) T COxads) (12)

The rate constants for the forward and reverse reactions (12)
of the equilibrium are given as k, and k_, in eqn (13) and (14),
respectively,

Reorward = ko[CO ) (13)

Rreversc = k72[C(ads)][COZ(ads)] (14)

As shown in Fig. 2, the carbon species produced in reaction
(12) diffuse into or on the surface of the catalyst particles,



nucleate and segregate to the surface forming the graphene
networks of CNTs,

Clagsy = CNT (15)
which is given by the following CNT growth rate:

d[CNT

% - k3 [C(ads)] (16)

In eqn (16), ks is the rate constant proportional to the
diffusion coefficient (or rate) of carbons in the metal catalyst
nanoparticles.*® If the rates of formation of the intermediate
products and their decay back into reactants were much faster
than the rate of formation of CNTs (k; > ks; k, > k;3), then the
rate-determining step of CNT growth would be the reaction (15).
In other words, reactions (5), (6), (9) and (10) are fast reactions
followed by a slower reaction of carbon diffusing through (or on
the) solid catalyst and precipitating to form the nanotube. Since
it is assumed that the reactants are in equilibrium with the
intermediate products, the equilibrium constants, K; and K,
are then defined as follows:

K=l [COuay] [Opua] (17)
kot [COxaa)]
K, = :_2 _ [Cua] [C022<ad>] (18)
- [COwa)]
Therefore, the growth rate of CNTs is given as follows:
d[CNT
% = k3[Cuay] = K[CO] (19)

where K is the rate constant that incorporates [O], k3, K3, and K.
The overall rate as shown in eqn (19) is proportional to the
concentration of adsorbed carbon atoms, [Cpgg], or it is
proportional to the concentration of CO,, [CO,]. Eqn (19) is a
simple kinetic model equation for predicting the rate of CNT
production from CO,. The rate constant, K, is proportional to
the diffusion coefficient of carbon.® Therefore, in this study,
the activation energy (E,) of the rate constant was taken as the
diffusion energy of carbon*"*® into the bulk iron metal (y-Fe),
i.e. 35 keal mol™".

H, was used in this work together with CO, as mentioned
in the materials and methods section. Nasibulin and
colleagues have already demonstrated the important role of
H, in the CVD process.** However, the following needs to be
noted: H, is believed to prevent the oxidation of the nanosized
catalyst iron particles, thus maintaining the catalyst in their
reduced state.*>*** In fact, Moisala et al.>* thermodynamically
showed that only non-oxide metal particles behave as catalysts
in the CNT formation, thus metal oxide particles must be
reduced. In addition, H, limits or alleviates the carbon
poisoning of the metal catalysts.>* It has also been reported
that adsorbed H, on the catalyst surface catalyses the
disproportionation®* of CO. Though not related to this study,
H, reduces the rate of dehydrogenation of the CH, interme-
diates which are responsible for soot formation.*® Finally, at
the studied furnace temperature, H, can provide additional

carbon atoms for the CNT synthesis from its reaction with CO,
under the temperature conditions of this study as shown in
eqn (20) below.'®*
C02 + 2H2 «> 2H20 +C (20)
However, the reaction with CNTs and hydrogen, as given by
reaction (21),

2C + 4H, < 2CH4 (21)
also occurs in the reactor, where CNTs are reduced to
methane.* This reaction counters the effect of CNT produced
due to the presence of H, (eqn (20)). Therefore, it is assumed
here that only the first, second, and third roles of H, above are
applicable, i.e., H, does not need to be included in the simple
kinetic eqn (19). Finally, catalyst deactivation is not considered
in this simple model formulation and would be considered in
future improvements.

Results and discussion
Identification of CNTs

The TEM images in Fig. 3 confirms that the deposited carbons
are CNTs, produced at temperatures 750, 800 and 840 °C. The
filamentous carbon possesses hollow cores without any
bamboo-like closures and the diameter distribution of the as-
produced CNTs is rather uniform with an average diameter less
than 100 nm. Fig. 4 is the Raman spectra of the as-grown CNTs
shown also for growth temperatures of 750, 800 and 840 °C.
The basis for the Raman spectra revolves around the assign-
ment of the G-band (graphitic, ~1580 ecm™") to crystalline
graphite and any other bands, called D-bands (disorder, varies
from 1100 to 1500 cm ™) to any type of structural disorder in
the graphitic structure.® However, the other band that is
characteristic only for single-walled CNTs called radial
breathing mode (RBM) lie in the region® of 100-400 cm .
Fig. 4 shows two significant peaks at ~1358 cm ' and
~1582 cm™ !, representing the D-band and G-band, respec-
tively. As stated already, the G-band represents the graphitisa-
tion degree of the nanotube structure while the D-band
describes the degree of structural defects including amorphous
(non-graphitic) carbon adhered on the nanotube structure.***
The absence of the RBM in the Raman spectra implies that the
CNTs produced are multi-walled.

The Ip/I ratio, which shows the relative intensity of the D-
and G-bands of a Raman spectrum and an indicator of the
degree of graphitization and crystallinity,””*® has ratios of 0.99,
1.08 and 1.02 for temperatures of 750, 800 and 840 °C respec-
tively. These values suggest that the as-produced CNTs exhibit a
remarkable crystallinity as the temperature increases, implying
that the raw CNTs have smoother carbon surfaces and less
structural defects. These results agree with the TEM images in
Fig. 3. In general, the purity of CNTs produced in this study is
high and the higher purity of CNTs from CO, relative to those
produced from gaseous hydrocarbons was also reported by Xu
and Huang.*®
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Fig. 3 TEM images of multi-walled CNTs at (a), (b) 750 °C, (c), (d) 800 °C, (e), (f) 840 °C.

Comparison of kinetic model with experimental data

The derived kinetic model can be used to calculate the amount
or yield of CNTs for a given volumetric flow rate (or concen-
tration) of CO,. A comparison of the simulated results and the
experimental as well as the general effects (not based on the
model, but on the actual observations) of other parameters on
the production of CNTs are discussed below.

Effect of carbon dioxide concentration. The experimental
production rates of CNTs at different concentrations of CO, at a
temperature of 800 °C are compared with the simulated results
in Fig. 5. The CNT production is the highest at 800 °C as shown
later in Fig. 6. Fig. 5 shows that the production of CNTs initially
increases with the concentration of CO, up to a concentration of
about 5000 ppm. Thereafter, the gradient in the plot decreases

with an increase in CO, concentration. This means that the rate
of production per unit quantity of CO, reduces as reported
previously by others.**** These studies also found that as
carbon concentration in the feedstock increases, the CNT yield
decreases significantly. The rate of formation of adsorbed
surface carbon exceeds the diffusion rate at higher carbon
concentrations, leading to the formation of monolayer or
multiple layers of carbon on the catalyst particles. This
phenomenon stops further surface reactions resulting in the
confinement of the catalyst. In the case of lower carbon
concentration in the gas phase, the rate of formation of adsor-
bed surface carbon is lower than or equal to the rate of diffusion
and precipitation of carbon in the form of CNTs, resulting in a
continuous production process.**
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Fig.4 Raman spectrum of the CNTs produced at 750, 800 and 840 °C.
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Fig. 5 The experimental and simulated production rates of carbon
nanotubes at 800 °C.

Effect of volumetric flow rate of carbon dioxide. Fig. 6(a)
shows the effect of the volumetric flow rate of CO, on CNT
production rate, for a reactor temperature of 800 °C after a
reaction time of 45 minutes. Initially, an increase in flow rate
increases the rate of CNT production. However, at higher flow
rates the rate of production of CNT is reduced. This is because a
higher volumetric flow rate reduces the residence time for the
reaction, leading to the production of lower number of carbon
atoms during the reaction. These results agree with the findings
by Singh et al.®* and Toussi et al.®®* showing that higher flow rate
of the carbon source led to the production of fewer CNTs. In
contrast, Vallés et al® found that higher carbon feedstock
supply rates led to an increased CNT yield.

Effect of reactor temperature. Temperature is a very impor-
tant parameter that affects both the decomposition of CO, and
the disproportionation of CO. The effect of temperature on the
CNT production rate is shown in Fig. 6(b) which indicates that
growth only occurs between 750 and 840 °C. Initially, the rate of
production increases with an increase in temperature up to
about 800 °C, and then, it reduces drastically. An increase in
temperature in the first region implies that there is enough
energy to initiate the decomposition of CO, leading to the
formation of CNTs from the CO disproportionation reaction.
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Fig. 6 (a) Effect of volumetric flow rate on the production rate of
carbon nanotubes and (b) effect of temperature on the production
rate of carbon nanotubes at 400 ml min™! carbon dioxide.
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However, at higher temperatures the production rates of CNTs
decreases until finally ceasing at approximately 850 °C. These
results may be explained from CO, decomposition, Boudouard
reaction requirements, and the kinetics of carbon diffusion as
discussed below.

The CO disproportionation reaction (eqn (3) or (12)) has two
main limitations, namely: (1) the reaction is limited kinetically
at lower temperatures, and (2) it is limited thermodynamically
at higher temperatures.” Previous studies have shown that
kinetic and thermodynamic factors limit the effective CO
disproportionation reaction to a temperature range of 520-
800 °C at atmospheric pressure.*® Equilibrium favours the right
side® at temperatures below 700 °C. The observations by Moi-
sala et al.®® and Boehm® agree with the results of this study
which show an increase in CNT production for temperatures
lower than about 800 °C. However, attainment of equilibrium is
possible only in the presence of catalysts, mainly iron, cobalt,
and nickel. Even then, temperatures in excess of 400 °C are



needed for measurable reaction rates, with maximum rates
observed® around 550 °C. Furthermore, previous studies have
also shown that although the conversion of CO may be fast at
lower temperatures, the CNT yield is very low.*® This is because
the plentiful amount of carbon that forms on the catalyst
surface is not able to be transferred away in time due to the
relatively low rate of carbon diffusion in the bulk of the metal
catalyst particles at low temperatures, and thus, blocks the
active catalyst surface leading to a decrease in activity.*®

In summary, CO, decomposition is an endothermic reaction
with CO formation being favoured at higher temperatures. In
contrast, CO disproportionation is an exothermic reaction, such
that both the CO conversion and carbon formation decline as
the reaction temperature is increased. In addition, at higher
temperatures, CO, acting as a mild oxidising agent can react
with the graphitic layers of the CNTs, leading to the erosion of
CNTs and thus, a low yield is achieved.®” There are no oxidation
reactions for CNTs at lower temperatures.®®

Since the Boudouard reaction is an exothermic reaction
limited by equilibrium at the high temperatures needed to
activate CO on the catalyst, it has been found that high CO
partial pressures are needed in order to counter the effect of
temperature and drive the reaction in the forward direc-
tion.***>”® Therefore, high pressure results in both the
enhancement of the reaction rate due to an increase in the
amount of reagent and in the widening of the temperature
range for CNT production.*

Importance of further kinetic model development for large-
scale CNT synthesis

Mass production of CNTs continues to be a challenge and
though the literature has been vast and growing, kinetic models
are scarce. Table 1 outlines the limited kinetic models available

Table 1 Kinetic models for CNT synthesis

and the limited number of studies has an impact on our
understanding and the consequent slow progress. The use of
pure gases (hydrocarbons or otherwise) as feedstock is very
expensive as they are limited in supply. Moreover, most organic
gases are toxic and difficult to store and transport. The
precursor materials for bulk production of CNTs should be
economically attractive, available in plentiful supply and easy to
pyrolyze.” Studies have shown that CNTs can be successfully
produced from liquefied petroleum gas,”® natural gas,”® coal
gas””® and directly from coal.” However, more experimental
work is needed to improve the yield and quality of CNTs
produced from these ‘impure’ carbon sources. A major chal-
lenge in using these impure sources is that complete study of
the species present in the gas phase at high temperature is
difficult to achieve, as decomposition of the carbon precursor
involves many steps. Additionally, the recombination and
reactivity of the initial species make it difficult to know which
species are in fact the true gas phase intermediates that actively
take part in the growth of CNTs.*® As a result, the possible
synergic effect of gaseous species in coal gas that results in CNT
synthesis is unclear.”””® In order to fulfill this requirement, the
kinetic model (eqn (19)) developed for CNT production from
CO, needs to be modified to make the provisional first steps in
understanding these possible effects.

Conclusions

The combination of the potential decomposition mechanisms
of CO, and carbon diffusion was utilised to formulate a simple
kinetic model for the production of CNTs. The results illustrate
the importance of including the thermal decomposition step.
There is no well-known kinetic model to date for the production
of CNTs from CO, and the kinetic model derived here was used

Carbon Source Catalyst Proposed model for CNT production Ref.
Carbon monoxide (CO) Fe(CO)s d[Fe,,Cnr|/dt = Bk3[Fe,,CO][CO] 40,45
whereby : f§ = ———
Y 6 (2nNT — 1)
Acetylene (C,H,) Iron supported (Fe/silica) re(t) = re,[as + koo exp(—kgt) — kpB exp(—kgt)] 71
k(1 — as) (kg — kgas)
whereby : a = 6=
Y@= gl —ka) P Tenllen — ko)
Acetylene (C,Hs,) Ferrocene d[CNT] 46
i dr = kd [C]excess = de[C]free [C]sat = (K[C]free)kd [C]sat = Akd [C]sat
A 1 C,H Ni- and Co- ted CaCO, 1 76 E 72,73
cetylene (C,H,) i- and Co-supported CaCO; _ dwenr _ dexp( =L (Pos,)” ,
WCAT dt RT
Ethyl C,H Fe/Al,O dX; 29 000 74
ylene (C,H,) e/Al, O3 (d_1> _ 69-97(%Femcm)028 X exp (_ )(yCZHq)OJS
) s RT
Carbon dioxide (CO,) Fe-supported CaCOj3 d[CNT] This
Tar ks[Claas] = K[CO2] study



to calculate the amount of CNTs at various concentrations of
CO,. The experimentally measured production rate data fits the
simple rate equation very well at low CO, concentrations. The
analysis here can be extended to other carbon sources used in
the production of CNTs. The influence of CO, flow rate was also
studied. Just like concentration, very high flow rates adversely
affect the CNT growth rates indicating the importance of
controlling the concentration and flow rate of the carbon
source. The results also show that the temperature plays an
important role in the synthesis of CNTs from CO,: when the
temperature is lower than 750 °C or above 840 °C, no CNTs are
formed and the optimum growth temperature is about 800 °C.
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