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catalysts. The growth rate model is first validated against a baseline case study that
employs cobalt as the catalyst, acetylene as the carbon feedstock, and operating
conditions of 1100 K and 20 Torr for temperature and partial pressure respectively. In
order to illustrate catalyst deactivation, two parameters are varied namely the
surface diffusivity and bulk diffusivity of carbon with respect to the specified catalyst.
The results show that iron is the better catalyst compared to cobalt in terms of CNT
length. The physics of deactivation of Fe and Co catalysts is also shown through
prediction of carbon atoms and carbonaceous layers concentrations on a catalyst
particle which favours Fe catalyst.
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1. Introduction

In catalytic growth of carbon nanotube (CNT), cobalt Co and iron Fe have been widely employed
as the catalyst material to support CNT growth [1-5]. As stated by Shah and co-workers [6], these
catalysts are best used to form high curvature (low-diameter) CNTs due to the stronger adhesion
towards the growing CNTs compared to other transition metals. In addition, these catalysts are
found to be effective for CNT growth because carbon C has high diffusion rate and solubility in
these metals at high temperature [6]. Although the presence of catalyst particles pro-vides CNT
growth site and reduces the reaction temperature [7], the issue of catalyst deactivation remains a
challenge that begs attention as it determines the CNT yield and growth rate. It is highly desirable
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to have a synthesis process that produces CNT at high yield and at high growth rate as the present
state of the CNT market demands large volume of CNTs for various electrical, mechanical, and
composites applications [8].

In previous experiments on catalytic growth of CNTs, formation of amorphous carbon layers or
carbonaceous layers that encapsulates the catalyst surface is frequently observed and linked to the
degrading performance of the catalyst as the synthesis process progresses [9—12]. Previous
analyses on catalyst performance are focused on the out-put that each catalyst offers. One study
described the efficiency and yield of Fe, Ni, and Co catalyst by the percent-age of carbon deposited
on the catalyst and the weight ratio of CNTs against catalyst [5]. However, this calculation method
is rather simplistic and does not clarify the deactivation process of the catalyst particles that is
caused by carbonaceous materials. Furthermore, the catalyst met-al employed in the study
features catalyst metal mixed in mesoporous composites which may have different effects on
carbon diffusivity and thus CNT growth which are not modelled in their calculations. Sivakumar et
al. reported catalyst effects on CNT yield from the perspective of me-thane conversion into carbon
atoms and hydrogen gas [13]. The study claims that Fe performs better at catalytic decomposition
of methane feedstock into carbon atoms compared to nickel catalyst though the portion that is
con-verted into single carbon atoms is not explicitly mentioned. Thus, it is not conclusive as to
which catalyst provides bet-ter carbon supply for CNT growth. In relation to this, Xiang and co-
workers claimed that catalyst deactivation may be influenced by carbon feedstock diffusion to the
catalyst particle [14]. In another study, it is shown that the trend of CNT growth rate only partially
follows the trend of the bulk diffusivity of carbon inside the catalyst. On the other hand, the size of
catalyst particle could also have influence on the CNT growth rate [15].

Based on the brief review above, the aspect of catalyst deactivation on catalyst performance
and CNT growth rate has not been explored systematically. Furthermore, the various postulations
of catalyst deactivation suggest that the real cause of catalyst deactivation remains unclear. The
modelling perspective on catalyst deactivation is not widely investigated though several studies
proposed CNT growth rate models that incorporate the deactivation processes [12,16—18]. In the
previous modelling studies, the proposed routes towards catalyst deactivation include the presence
of carbonaceous layers that encapsulates the catalyst particle and inactive catalyst sites [17].
However, de-tailed investigations on the effects of both parameters on CNT growth rate are not
provided. A recent modelling study attempted to explain catalyst poisoning of Fe, Co, and Niin CNT
synthesis using an atomic model where a unique concept of phonon vibration model is employed
[19]. The model is actually an improvement of a previous model from the same research group [20]
where a catalyst deactivation variable is introduced. The study predicts Ni to be the better catalyst
compared to Co and Fe in terms of growth rate. However, the absence of any investigation on the
catalyst deactivation term suggests that there is hardly a conclusive evidence that one catalyst is
better than the other [19]. To the best of authors’ knowledge, the investigation on the effects of
catalyst deactivation on the deceleration of CNT growth rate has not yet been explored in detail.

Therefore, the present study aims at investigating the deactivation and lifetime of Co and Fe
catalysts using an established CNT growth rate model as the main framework. In the growth rate
model, the concentration of carbonaceous layer on the surface of a catalyst particle will be used as
the parameter to measure catalyst deactivation and lifetime where the formulation of this
parameter will be discussed in detail in the next section. The validation of the model will be shown
followed by the study on the effects of surface and bulk diffusivity of carbon in Co and Fe on the
catalyst deactivation.
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2. Methodology

The present study employed improved Naha-Puretzky model for catalytic growth of CNT
proposed by Zainal et al., [18]. This growth rate model is developed based on diamond nucleation
model and CNT growth rate model proposed by previous studies [16,17,21,22]. Further details and
explanation of the evolution of this growth rate model are reported elsewhere [18,23]. The model
is able to predict CNT length, CNT growth rate, and catalyst deactivation where single value of
temperature and partial pressure are required as inputs for the prediction. It should be noted that
the model’s capability to predict CNT length is focused on aligned growth of CNTs. The present
study is aimed at explaining the deactivation of catalyst particles through the surface density of C
atoms on a catalyst particle, n; and the concentration of the carbonaceous layer at catalyst
particles, np; which are computed using a system of ordinary differential equations ODE.

A baseline case is first established for model validation where the CNT length is compared to
that of a CVD experiment that grows CNT at 1100 K and 20 Torr temperature and partial pressure
respectively using ethylene C,H,; gas and cobalt as the carbon source and catalyst respectively [24].
The main ODE that calculates the surface density of carbon nanotubes n,; on a catalyst particle is
represented in Equation (1) where R, Ry, Rp4, Rse, Ree, and R4 represent the rate of adsorption
of C atoms onto catalyst particle, the rate of desorption of C from catalyst particle, the rate of bulk
diffusion of C atoms through catalyst particle, the rate of formation of stable clusters, the rate of
formation of critical clusters, and the rate of catalyst deactivation respectively. In essence, the main
ODE in Equation (1) describes the main stages for catalytic growth of CNT.

dany
dat

= R;—Rq —Rpqg — Rs¢c— Ree — Req (1)
After the breakdown of fuel molecules into single carbon atoms, the early interaction between
the solid carbon atoms and catalyst particle occurs in the form of surface adsorption. The rate at
which carbon atoms adsorb on the catalyst surface is modelled by the term R, which is expressed
by Equation (2).

Ry = Fp; pyexp (_ Eal/kBT) (2)

1 kgT b 3
Fyy :ZSOH( g /an) )

The constants p; and kg are the pre-exponential factor and Boltzmann’s constant respectively.
The process of catalytic dissociation of the carbon source is modelled by E,; which is the activation
energy required to decompose a hydrocarbon molecule. For the present study, E;; = 0.6 eV is
used which is based on previous study that grew aligned CNT using ethylene [12]. A fixed value of
E .4 is employed with the intention of studying the effects of surface and bulk diffusion in isolation
from the effects of surface reactions on hydrocarbon decomposition. The variable Fj; represents
the flux of the carbon source molecule and is expressed by Equation (3). The surface area of the
catalyst particle is defined as S, = md? where the catalyst diameter d is 50 nm in the present
study. The variables n and m are the mass and the partial density of the feedstock (C,H4) molecule
respectively. The partial density n is related to partial pressure P by the gas law n = PM/RT
where P follows the operating condition of 20 Torr and constants M and R are the feedstock
molecular weight and the universal gas constant respectively.
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The second term on the right hand side of Equation (1) is the rate of desorption of carbon
atoms away from the catalyst nanoparticle and is defined by Equations (4) and (5). Variable v
denotes the vibrational frequency of the adsorbed species which is assumed to be 1.36 x 1078 s
! [21] whereas E, is the activation energy for adsorption to occur and assumes the value of 6.228
eV [17]. Note that wherever T appears from Equations (2) to (5), the value of the temperature
follows the experiment operating condition of 1100 K.

Rg = Nq/Tres (4)

Tres =3 exp(Ea/ksT ) (5)

The rest of the carbon atoms that do not desorb experience diffusion through the catalyst
particle as modelled by the diffusion term R, in Equation (6). Diffusion takes place at saturation
time t; after which additional carbon atoms could no longer impinge on the surface of the catalyst
particle. The variable D, denotes the carbon bulk diffusivity which varies based on catalyst type.
Variable C, denotes the volume concentration of C atoms at the substrate surface and is
approximated by Cy, = n;/a. where a. is the diameter of a C atom.

D 6
Rba|r=rs = Co\/% (6)

As carbon atoms diffuse through the catalyst, stable and critical clusters start to form. The rate
of stable and critical cluster formation is determined by the fourth R,. and fifth R.. term on the
right hand side of Equation (1) which are expressed by Equation (7) and (8) respectively. According
to a recent CNT modelling study, when the number of C atoms that aggregate is above a certain
threshold i, it is said to form a stable cluster [18]. On the other hand, if the amount of C atoms that
aggregate is below the said threshold, a critical cluster is formed. A critical cluster could be viewed
as an aggregate of carbon atoms that could potentially be decomposed into single atoms that
contribute to CNT nucleation and growth. For the present study, the threshold value of 10 is chosen
to be consistent with previous studies [18,23].

Ry = 0, Dsnyny (7)

Ree = (i + DoyDgnyn; (8)

ddnt"' = g;D;nyn; (9)

n, = {%nl(x —i), x>1i (10)
0,1<x<i

& o;Dsny (11)

dt

The constants o, and g; in Equation (7) and (8) represents the capture number of C atoms
forming a stable nuclei and a critical nuclei respectively. The values are set to 5 and 4 respectively
to be consistent with previous studies [16—18]. The solution for the surface density of stable
clusters n, is determined from Equation (9) where n; is the surface density of critical clusters as

14



Journal of Advanced Research in Materials Science
Volume 51, Issue 1 (2018) 11-22

@

expressed by Zinsmeister’s relation in Equation (10) where stable cluster formation that does not
contribute to CNT growth is achieved only if the first condition (x > i) is met. Finally, the variable
D, represents the carbon surface diffusivity which is the manipulated variable of the present study
alongside the carbon bulk diffusivity D,. The difference between both diffusivities is that surface
diffusivity could be viewed as the degree of carbon transport over catalyst surface which includes
nucleation of C atoms whereas bulk diffusivity is the rate of carbon diffusion into that particular
catalyst. Just like Dy, the value of Dy also varies with different catalyst. In the present study, the
effects of Fe and Co catalyst material on growth deactivation is investigated where different values
of carbon diffusivity are used as described in table (1). Other than the diffusivity properties, all
other variables remain fixed. It is important to note that the parameter E,; from Equation (2) may
also vary with catalyst but due to the limited data on the reactivity of hydrocarbon towards
different catalyst and due to the reason that has been stated earlier, the value of E,; is assumed
constant. In Equation (10), the amount of C atoms that is present in a stable cluster x is obtained by
solving the ODE in Equation (11).

Table 1

Carbon surface diffusivity Dg and bulk diffusivity D, for different catalysts
Metal Catalyst D, (m*/s) Ref. Dy, (m*/s) Ref.
Cobalt (Co) 5.20x 107" [18] 1.36x 10" [18]
Iron (Fe) 2.55x107° [25] 1.00 x 10° [26]

Catalyst deactivation is modelled by the final term on the right hand side of the main ODE in
Equation (1) as expressed by Equation (12). Catalyst surface could be poisoned either by
encapsulation of carbonaceous layers or by inactive catalyst particles. Both deactivation routes are
described by Equation (13) and Equation (14) respectively where the surface densities of
carbonaceous layers and inactive particles are denoted by np; and n,; respectively. In the present
study, the dependent variable np; is of main interest where the solution of np; for different catalyst
carries different influence on the rate of catalyst deactivation. Variables @.,, a,,, and n,, in
Equation (12) represent the rate constant for catalyst deactivation, the number of carbon
monoloyer, and the surface density of the monolayer whose values are based on previous studies
(0., = 3 X 10%°atoms/s , a,, = 1, and n,,, = 3 x 10> atoms/s) [17,23]. Variable @, represents the
carbon flux from the deposition of pyrolysis products of hydrocarbon species where a constant
value of 3 X 10° atoms/s is assumed and k,; is the rate constant for carbonaceous layer formation
and is assumed to be 3 X 1075 s [12]. The variable R, denotes the rate constant of deactivation
via inactive catalyst particle with the value of 6.54x 1077 s™ [17].

Npy+nps
— p1Tp2
Rcc - ocl ( )

AmNmA
miménp (12)
dan Npy+n
p1 — (Z) (1 _p1 p2 )
at ¢ AmNmAnp +}‘Clnl (13)
dn npytn
p2 — Rc(l _"p1 p2 )
dt AmNmAnp (14)
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Equations (1)-(14) are solved using the MATLAB ODE15s stiff solver due to the stiff nature of the
ODE system that features constants with large difference in order of magnitude. Once the solution
of n, is obtained, calculation at the post-processing stage involves utilisation of n; as input for
Equation (15) to predict CNT length where C*= 4.83 x 10%® atoms/m? is assumed for the amount
of C atoms necessary to form a carbon monolayer [22].

L=[ 1,\/£’]xf",—idt
ac.C n 0Vt (15)

3. Results
3.1 Baseline case study

The baseline case is based on previous CVD experiment that synthesizes CNTs at operating
conditions mentioned in the previous section [24]. Figure 1 shows the validation of CNT length over
time for a growth period of approximately 30 minutes where the trend and magnitude of the
predicted CNT length show an excellent comparison with that of the experiment. Moreover, the
maximum CNT length as the length reaches plateau closely predicts that of the experiment which is
approximately 17 um.
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Fig. 1. Validation of CNT length against experimental data [24] for catalytic growth of
CNT using cobalt catalyst

The behaviour of the CNT length plot in figure 1 could be described by the line plot in figure 2
which illustrates the surface density of carbon atoms n; with respect to growth time. The region
started from t=0 s where the deposited carbon atom accumulates on the surface of catalyst particle
up to the saturation point which is indicated by the peak. At the saturation point of 50 ms (dashed
lines), catalyst surface is packed with C atoms with the amount of 15 x 101° atoms/m? Bulk
diffusion of C atoms into the catalyst particle occurs afterwards and is indicated by the significant
drop from 50 ms to approximately 10 s. Essentially, the number of carbon atoms that remain
dispersed on the catalyst surface reduces over time as bulk diffusion takes place. Additionally, C
atoms that have undergone bulk diffusion roam within the vicinity of the catalyst surface and
combines with one another, signaling the nucleation of nanotubes. As the growth time progresses
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towards 100 s and beyond, the number of C atoms on the catalyst surface reaches a steady state
which indicates that bulk diffusion no longer takes place and thus CNT growth ends.

The evidence of growth truncation is further supported by the surface density plot of
carbonaceous layer on the catalyst particle as shown in figure 3. The number of carbonaceous
layers grows rapidly at the early stage of CNT growth that explains the early onset of the plateau
region in figure 1. The amount of carbonaceous layer keeps on increasing throughout the growth
time. It could be inferred that the increasing trend of n,; leads to the end of the catalyst lifetime
and thus CNT growth is put to stop.

15210 . . . . .
_ x 10"
& 15f, 5=
@ 10f i 1
z5 sm(:
< 5[ i
ac ;
S g % 01 02 03 04 05
"§§ Sf Time(s) 7
D

| | | | | | | 1 |
00 10 20 30 40 50 60 70 80 90 100
Time(s)

Fig. 2. Plot of surface density of carbon atoms on a cobalt catalyst particle for growth
time of 100 seconds. Inset shows a close up of the saturation region
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Fig. 3. Plot of surface density of carbonaceous layer encapsulating cobalt particle that
determines the truncation of CNT growth.
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3.2 Effects of catalyst material on catalyst lifetime

CNT length is predicted for Co and Fe catalyst based on the carbon surface diffusivity D, and
bulk diffusivity Dj values in table 1 and is presented in figure 4. The terminal length is higher for Fe
compared to Co with predicted values of 38 um and 17 um respectively. The higher CNT length for
Fe implies better CNT growth rate. A study suggested that Fe being an excellent catalyst for CNT
growth could be attributed to its high catalyst diffusivity and carbon solubility [27] which is evident
from the D and D, values in table 1. Another study that synthesised CNTs from Fe, Co, and Ni via
CVD showed that Fe catalyst produces the longest CNT among the three catalysts [28]. In fact, the
authors’ estimate of 50 um [28] for Fe-catalysed CNTs from SEM images is reasonably close to the
CNT length for Fe predicted by the present model.
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Fig. 4. CNT length plot for Co and Fe.

The reason for Fe having the higher CNT length could be attributed to the higher bulk diffusivity
and surface diffusivity. The combination of the said characteristics is seen to yield better results in
CNT length compared to the Co catalyst. Theoretically, during CNT growth, a finite number of
carbon atoms will remain on the surface of the catalyst particle. As bulk diffusion takes place, the
carbon adatoms will diffuse into the catalyst particle. While some C atoms could be trapped within
the catalyst matrix and combine with metal catalyst to form metal carbide, the rest of the diffused
atoms will be forced out of the catalyst due to the cooling of the metal catalyst prior to CNT
growth. Outside of the catalyst, the surface diffusion of C atoms will lead to nucleation of the
nanotubes. Therefore, for a catalyst metal with higher bulk diffusion rate, more C atoms is likely to
diffuse through the catalyst and contribute to the nucleation and growth of CNT. On the other
hand, a catalyst with low bulk diffusion rate will cause less carbon to penetrate back to the catalyst
surface for CNT nucleation. From another perspective, the catalyst lifetime is lengthened since the
accumulation of carbon atoms on the catalyst surface is not immensely saturated and the
possibility of carbonaceous layer being formed is reduced. Therefore, with the superior bulk
diffusivity of Fe (107°) over cobalt (10718), the prediction of higher CNT length in figure 4 is
expected. Additionally, the larger magnitude of surface diffusivity of Fe (10™°) compared to Co (10
21) indicates that CNT nucleation in Fe happens at a faster rate than that in Co.
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It is also important to note that bulk diffusion could potentially be a rate-limiting step of the
CNT growth process [29]. The formation of metal carbide could cause the catalyst metal to become
inactive. It might be compelling to infer that catalyst with lower D, would be more effective in
growing CNT. However, it comes with a poorer transport of C atoms through the catalyst to support
surface diffusion of carbon atoms into CNT nuclei.

Figure 5 shows the semi-logscale plot of carbon surface density against time for Co and Fe. It
appears that Co has the higher carbon surface density compared to Fe and is supposed to promote
better CNT length according to the direct relation of n; with CNT length L in Equation (15).
However, as Equation (15) also depends on D,, taking D, into consideration changes the
magnitude of the overall length. The combination of a high D, value and moderately high n; of Fe
outweighs the large n; value but small D, for Co. In other words, although there is potentially
lower carbon atoms at the iron catalyst surface compared to that of a cobalt, the higher carbon
diffusion rate into iron leads to higher CNT growth rate compared to cobalt. Furthermore, the low
Dy, value of Co signals that there are a significantly large amount of C atoms that are left undiffused
on the catalyst surface. As the bulk-diffusion process is inhibited, so does the nucleation of C atoms
into CNTs. In a nutshell, it could be inferred that there exists a competition between the availability
of C atoms for growth and the ones effective for growth which is dictated prominently by the bulk
diffusivity Dy,.
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Fig. 5. Plot of surface density n,; of carbon atoms on Co and Fe particles. Insets show
the saturation region of CNT growth for each catalyst particle.

Apart from showing the physics of active CNT growth using n,;, another way to illustrate the
trend of CNT growth is by showing the cause that slows down CNT growth. Here, the presence of
carbonaceous layer is the determining factor for growth termination which is modelled by the term
ne1. The catalyst is considered poisoned when the amorphous carbon layers encapsulate the
catalyst particle and disable catalytic hydrocarbon breakup to form carbon atom at the surface. To
illustrate the effects of ny; on the catalyst lifetime, semi-logscale plots of n,; are generated for Co
and Fe as shown in figure 6. Both catalysts differ significantly in terms of magnitude of
concentration of carbonaceous layer with respect to time where Co shows the higher n,; value in
the period of 600 s. This directly explains the shorter CNT length synthesized by Co that is predicted
in figure 4. Due to the semi-logscale of figure 6 the n,; appears to exhibit a plateau trend after long
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exposure time. However, the actual behavior of n,; for all catalysts remains the same as found in
figure 3 where n,; continue to grow as long as the carbon feedstock flows. There is a clear
consistency in trend between figure 5 and figure 6 where both n; and np; is higher for Co compared
to Fe. This is expected from Equation (13) where the increase in n, also results in higher np;. In
more physical terms, more abundant carbon atoms on the catalyst surface could also lead to a
higher rate of formation of carbonaceous layers. Additionally, the higher ny; for Co results from the
low amount of carbon adatoms undergoing bulk diffusion due to the low D, value. This condition,
in addition to the slow nucleation rate due to lower Dg value of Co, decelerates the CNT growth
even more.
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Fig. 6. Plot of surface density of carbonaceous layer n,,; encapsulating Co and Fe particles

Based on Equation (7) and Equation (8) for the formation of critical clusters and stable clusters
respectively, it is obvious that D, has a direct influence on both types of clusters. While critical
clusters contribute to growth, stable clusters do not. In stable carbon clusters, carbon atoms
aggregate into structures that are not useful for CNT growth. Therefore, it could be inferred that
there is another competition between the formation of critical and stable clusters during CNT
nucleation. In other words, catalyst with higher D would experience high growth of carbon
clusters that contribute and do not contribute to CNT nucleation simultaneously. However, it must
be noted that the stable cluster should not be interchanged with amorphous or carbonaceous
layers as Equation (7) and Equation (8) do not have direct correlation with the n,; term in Equation
(13). Thus, the more direct relation favours D, where higher bulk diffusion rate reduces chances of
np: formation and thus provides a better catalyst lifetime.

4, Conclusions

A model for catalytic growth of CNT is presented to investigate the physics of CNT growth and catalyst
lifetime. The model comprises of an ODE system that describes the various stages of catalytic
growth of CNT including adsorption, desorption, diffusion, formation of stable and critical clusters,
and catalyst deactivation. A baseline case is established to validate the developed model where the
predicted CNT length compares well with that of a CVD experiment that employed ethylene and
cobalt as the feedstock and catalyst respectively. Two types of catalyst material namely Fe and Co
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are investigated where the present model predicts Fe to be the better catalyst compared to Co
based on the CNT length plot. The surface density of C atoms on the catalyst surface n; as well as
the surface density of carbonaceous layers np; are compared for Fe and Co catalysts. Both variables
are explained in light of the carbon surface diffusivity D and the carbon bulk diffusivity D, to
illustrate the physics of catalyst deactivation on CNT growth rate. A few insights are gained from
the present study. First, a catalyst with low bulk diffusivity may experience a large amount of
carbon source on the surface but it does not guarantee high growth rate. The competition with bulk
diffusion must be considered. Secondly, a catalyst with high bulk diffusion would likely slow down
catalyst deactivation by reducing the chance of formation of amorphous carbonaceous layers.
Finally, a catalyst with high surface diffusion promotes better nucleation rate though there is also
competition with formation of carbon clusters that do not promote CNT growth.
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