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We discuss the origin and the influence of autocatalytic kinetics on the structure-property relationship
in the evolution of macromolecular structure during self-organized growth of vertically aligned carbon-
nanotube arrays by chemical vapor deposition of acetylene. Real-time thickness measurements consistent
with postgrowth structural characterization show that the rate of carbon incorporation governs not just
the length of individual nanotubes, but also cooperative properties such as packing density, alignment,
and order in the arrays, which profoundly affect the mechanical strength and the thermal and electrical
conductivity of the assembly. Our analysis shows that the autocatalytic kinetics points to radical chain
polymerization of acetylene as the most likely mechanism capable of producing the large variations
in carbon-addition rates revealed by real-time data. This fresh insight provides alternative approaches
for targeting specific array properties using the polymerization reaction framework for creating novel
applications in high-density energy storage, advanced interconnects, and high-efficiency heat dissipation.
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I. INTRODUCTION

The growth of dense highly ordered vertically aligned
nanotube arrays (VANTA) or nanotube forests by chemical
vapor deposition (CVD) represents one of the most signif-
icant achievements in carbon-nanotube (CNT) synthesis
[1,2]. This growth mode is attractive because it provides
great versatility for controlling the synthesis process, and
represents a highly flexible platform for developing appli-
cations [2]. The catalytic surface region remains physi-
cally separated from the growing CNTs, simplifying or
totally eliminating the need for postgrowth purification and
catalyst-particle removal. The growth of individual CNTs
occurs by self-assembly of carbon species that governs the
macromolecular structure on different length scales cre-
ating self-organized assemblies of fascinating complexity
reflected in macroscopic properties such as packing den-
sity, alignment, and order [3]. Here we explore the role of
CNT growth kinetics on the properties and functionality
of the VANTA and discuss how it can be harnessed for
developing advanced technologies based on exploiting the
extraordinary properties of individual carbon nanotubes in
collective assemblies [2,4].

The most challenging problems in CNT research are
related to the fundamental understanding of the CNT
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growth mechanisms that still remain unsolved three
decades after their discovery [5]. Specifically, these chal-
lenges include controlling chirality, diameter, number of
walls, and length by the synthesis process [2,5]. While the
nucleation step is specific to the nature and the morphol-
ogy of the catalyst particles, including interactions with
the catalyst support, carbon incorporation is a reaction step
commonly shared by all CNT growth processes. Here we
show that bypassing the difficult problem of nucleation and
addressing only the growth stage that is driven by the addi-
tion of carbon to the CNT walls (incorporation reaction)
provides important insight for overcoming the termination
problem that plagues forest growth.

Although we are not directly creating applications in
this work, we are laying down the foundation for appli-
cations by identifying key factors that affect properties and
functionality of VANTA during growth. In the growth of
forests in general, the kinetics of carbon incorporation and
the dynamics of structure formation are intertwined. The
sigmoidal shape of the growth curves has a special sig-
nificance for both of these processes [6]. In this paper
we first discuss possible origins of sigmoidal behavior for
each process separately. However, we stress that in actual
growth the overlap and the interdependence of carbon
kinetics and the formation of structure are critical for
understanding and controlling the evolution of the prop-
erties and functionality of the VANTA. It is clear that
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in real growth the two are not separable. Unraveling the
interplay between carbon kinetics and formation of struc-
ture requires experiments capable of characterizing forest
growth in real time that are currently being developed and
implemented to measure simultaneously catalyst composi-
tion, particle size, and CNT diameter distribution and the
forests’ structural evolution dynamics [7,8].

It is a particularly intriguing question whether there is a
growth regime in which a dominant mechanism is respon-
sible for the sigmoidal behavior. The formation of structure
is important because the forests are not just an assembly of
noninteracting “sticks.” A good entry point for starting the
discussion about the structure and the interactions of CNTs
in the growing arrays is the analogy with the “bed of nails”
configuration. Allowing a nonperiodic distribution of spac-
ings and different growth rates of individual elements or
“nails” in addition to bending, overlapping, and twist-
ing illustrates well the picture of individual CNT growth.
However, in addition to growth of individual units there is
also bundle formation and bending that involve collective
behavior, which also lead to sigmoidal growth behavior.
Based on the autocatalytic kinetics we propose radical
chain polymerization of acetylene as the most likely reac-
tion for carbon incorporation in individual CNT growth.
The polymerization reaction spontaneously results in a dis-
tribution of products in a form of individual CNTs with
different growth rates, diameters, and lengths [9], which
intrinsically creates the conditions for cooperative behav-
ior in structure formation and evolution that is indicated
by the sigmoidal growth curves that ultimately describe
properties and functionality.

II. EXPERIMENTAL METHODS

The data in Fig.1 illustrate real-time imaging of
VANTA growth using time-lapse videography performed

by a CCD camera set to continuously capture edge-on
images at a desired frame rate. VANTA growth on metal
catalyst films consisting of 10 nm Al and 1 nm Fe
deposited on a Si wafer is performed by acetylene (C,Hj)
CVD assisted by trace amounts of ferrocene [(CsHs),Fe]
[10]. A series of frames depicted in Fig. 1(a) illustrates
construction of time-dependent growth curves for study-
ing the kinetics of VANTA growth. The sequential frames
in Fig. 1(a) reveal highly selective VANTA growth that
even after 5 h occurs only on the area defined by the metal
catalyst film. Practical experience shows that growth selec-
tivity is a critical prerequisite for high-quality VANTA
growth. The high degree of selectivity indicates the domi-
nance of the heterogeneous component of acetylene pyrol-
ysis under these conditions. Any accumulation of carbon
on the inactive Si surface is a sign of undesirable departure
from ideal VANTA growth conditions and occurs when
gas-phase pyrolysis (homogeneous component) takes over
and produces soot. The typical growth data illustrated in
Fig. 1(b) describe the VANTA height as a function of
time, representative of the time-dependent carbon uptake
by the growing CNTs. The defining feature of these
data is the highly nonlinear nature of the S-shaped sig-
moidal growth curves. These growth curves are similar to
those obtained by other real-time measurement techniques
of the height evolution including laser optical reflectiv-
ity [3] and grazing-incidence small-angle x-ray scattering
(GISAXS) [11].

The sigmoidal curves represent a mathematical descrip-
tion of cooperative behavior that occurs during forma-
tion of complex self-assembled structures [6]. Cooperative
behavior in growth processes is widespread in nature and
it is ubiquitous in systems that involve C—C bonding. The
resulting S-shaped growth curves of CNT forests are fitted
using several different functions including logistic, Gom-
pertz [12], and others. Although the changes of the purely
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FIG. 2. 3D plot of the temperature dependence of the growth
curves in the range from 700 to 825 °C. The solid lines are guides
to the eye. The VANTA growth is performed in a flow of 500
sccm of He, 100 sccm of Hy, 12.4 sccm of CoH,, and a ~103
ratio of C,H,/[(CsHs),Fe] at atmospheric pressure.

mathematical fitting parameters can be measured exper-
imentally, they provide no meaningful insight because
of a lack of connection to a physical model [6]. The
physical models are crucial because cooperative behav-
ior in molecular self-assembly typically arises from the
coupling of two or more inherently simple steps, which
can be isolated by standard physical methods and ana-
lyzed quantitatively [13]. An additional requirement for
making the model meaningful is to restrict to a mini-
mum the number of parameters needed for achieving a
good fit.

The kinetics described by the sigmoidal shape of the
growth curves persists for a wide range of growth con-
ditions including incidence rate, temperature, and type of
carbon source molecule. The 3D plots of the data in Fig. 2
illustrate dramatic changes in the shape of the growth
curves as the temperature increases from 700 to 825°C.
However, the growth curves preserve the common features
that are representative of the underlying kinetics. The sig-
moidal growth curves represent processes that have three
stages including an induction-delay, a growth-acceleration
stage, and a slow-growth termination stage [6]. The transi-
tion from one stage into the next occurs as the reaction pro-
ceeds and is marked by inflection points that are revealed
in Fig. 1(b) by numerical differentiation of the growth
curves. The significance of real-time monitoring is that it
captures brief but important time-dependent features (tran-
sients) that could go unnoticed in studies using arrested-
growth techniques. However, the resulting growth-rate
curve in Fig. 1(c) shows only two segments correspond-
ing to the growth-acceleration and the growth-termination
stages. The induction delay, which is a slow reaction stage

that occurs at the onset of the growth, is often miss-
ing in real-time data because the experimental resolution
is inadequate to capture the slow growth of very short
VANTA. The induction-delay stage continues into the
growth-acceleration stage that is widely recognized in car-
bon deposition. The CVD method in which growth accel-
eration is attributed to water-molecule-assisted “cleansing”
of the catalyst particle surface to regenerate lost catalytic
activity is called “supergrowth” [14]. However, with the
availability of real-time data from other growth experi-
ments that do not use water, such as these, it becomes
clear that although supergrowth is important, it is just a
brief accelerating stage in the overall kinetics of VANTA
growth.

ITI. RESULTS AND DISCUSSION

The two separate growth segments in Fig. 1(c) clearly
illustrate why the standard model that balances the acti-
vation and the deactivation steps is so appealing and
widely used. This model is one that was originally devel-
oped for the interpretation of catalytic carbon deposition
on Ni-coated carbon filaments that shows growth behav-
ior similar to VANTA [15]. The series of rate equa-
tions set up in the model also postulates, in addition to
active and inactive sites, the existence of sites that are
responsible for poisoning the catalyst surface and causing
growth termination. The reaction sequence is completed
by including adsorption and desorption of hydrocarbon
and hydrogen, hydrogenation and dehydrogenation surface
reactions, and carbon dissolution, diffusion, and precipita-
tion. Although these models can produce quite satisfactory
fitting of experimental data, they fail to provide mech-
anistic insight because of the overwhelming number of
ad hoc steps and fitting parameters. However, the main
weakness of these types of models is that they neglect
molecular processes and address only the growth of iso-
lated (individual) CNTs [16]. A widely used model that
also treats only the growth of individual CNTs is based
on the dissolution-precipitation process that is transplanted
from the days of carbon-filament growth [17]. The rele-
vance of this model for CNT growth is not firmly estab-
lished. The essential feature of this mechanism is that
CNT growth occurs by precipitation of atomic carbon
that is first dissolved by a metal catalyst particle. While
this can certainly occur with those metals that dissolve
carbon, recent numerous reports of CNT growth from
materials including semiconductors and ceramics that do
not dissolve carbon rule out dissolution or precipitation
as a general mechanism for CNT growth [18]. More-
over, a demonstration of CNT formation from molecular
fragments on a flat surface implies that catalyst particles
are not indispensable [18,19]. Currently very few mod-
els address the effects of growth kinetics on the collective
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properties of VANTA forming by spontaneous vertical
alignment [20].

A. Observation of Autocatalytic Kinetics in VANTA
Growth

Ideally, the goal for any study of reaction kinetics is to
determine the sequence of chemical bonding changes that
transform the molecular structure of reactants into prod-
ucts. Practical experience shows that CVD of CNTs, simi-
lar to other carbon pyrolysis processes, involves numerous
intermediates produced by complex reaction sequences
that makes isolation of a rate-limiting step daunting.
Guided by the adage that kinetics can never prove a mech-
anism just eliminate alternative pathways, we follow the
principle of Occam’s razor in considering the remaining
reaction types consistent with the real-time data [21]. By
identifying the reaction type, it is still possible to learn a lot
about the reaction, because in general, a particular reaction
type is associated with specific products. The significance
of the sigmoidal growth curves is that carbon addition
occurs at continuously changing rates. A type of reaction
that naturally exhibits all three stages observed in VANTA
growth without needing ad hoc assumptions is autocataly-
sis. Autocatalytic reactions are unique in that their product
is also the reactant, that is, the reaction is catalyzed by its
own products [22]. In contrast to first- and second-order
reactions in which the reaction is fastest at the start, auto-
catalytic reactions are slow at the onset because very little
product is present.

In VANTA growth, the autocatalytic kinetics is tied to
the unique role that C,H, plays in carbon nanostructure
formation. Using a molecular beam to determine the reac-
tion probability on a single-collision level, we were able
to show that C,H, is the most efficient carbon source
molecule for VANTA growth [23]. This finding was con-
firmed independently by many other experiments, showing
that for efficient VANTA growth, C,H, must form as a key
intermediate if the source molecule is a hydrocarbon other
than C,H; [24]. In the reaction

A— P, ey

where P, is the CNT product, and n > 1 signifies that
the reaction produces a distribution of CNTs with different
properties. The rate law

v = k[A][P.] (2)

shows that the reaction rate increases with the formation
of products. The reaction is started because there are other
reaction pathways that initially form some P, that par-
ticipate in the autocatalytic reaction. In the case of CNT
growth such reactions involve nucleation of the CNT cap
with an already started wall segment [3]. After a molecule

of C,H; is added to extend the wall of such a CNT and des-
orption of H; is completed, the resulting product becomes
a replica of the starting CNT, and it again becomes a
reactant in the autocatalytic step. The solution of the dif-
ferential equation for the rate law after substituting for
[4] = [A]o — x, and [P,] = [P.]o + x is given by

x o e —1
[P0 1+e

€)

where x is the rate of product formation, [4]y is the
concentration of reactant [4], and [P,]o is the concentra-
tion of product [P,] at t = 0, giving the parameters a =
([4)o + [Pn)o)k, and b = [P, ]o/[A]o [25]. The reaction rate
is affected not just by the rate constant & (set by the temper-
ature) but also by the initial concentration of the products
[Py]o. The reaction starts slowly because [P,]o is small.
It accelerates as the concentration of the product that is
also a reactant increases and slows down as the reactant
is exhausted. Note that in real growth, parameters a and b
are temperature dependent and, along with £, determine the
shape of the growth curves. The concentration dependence
of a and b accounts for the sensitivity of the experimental
induction delay on the C,H, pressure. Comparison of the
curves in Fig. 3 with the experimental data in Fig. 2 shows
that the two parameters a and b completely capture all the
trends in the evolution of experimental growth curves. A
particularly interesting and unexpected experimental trend
is the decreasing array height with increasing temperature,
accompanied by a single-exponential-like appearance of
the growth curves. This behavior is found to be widespread
in many growth methods and is formulated into a rule
of inverse relationship between the CNT growth rate and
the catalyst lifetime [26]. An increasing parameter a (at
fixed b) captures the exponential shape, and increasing b
(at fixed a) takes care of interpreting the decreasing total
product amount as well as removing the induction delay
responsible for the sigmoidal shape.

B. Autocatalytic Behavior of Acetylene Polymerization
in VANTA Growth

The purpose of exploring the kinetics is to eliminate
as many pathways as possible and narrow down the pos-
sibilities to a few, preferably only a single, plausible
molecular mechanism. Autocatalytic behavior in carbon
deposition involving C,H, is already reported in work
from 1970 [27]. The overall yield curves of carbon-fiber
growth on metal wires show similar trends as VANTA
growth as a function of temperature, clearly exhibiting
an acceleration stage followed by a slowdown of growth.
Autocatalytic behavior and similar highly nonlinear yield
curves are observed also in soot growth from C,H, and
other small hydrocarbon molecules [28]. If autocatalytic
behavior occurs both in the presence and absence of metal
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FIG.3. The change of the shape of the sigmoidal growth curves
as a function of the parameters a and b of the autocatalytic reac-
tion model. (a) Note that increasing a at fixed b amounts to
increasing k£ by increasing the temperature. However, the sig-
moidal shape caused by the induction period remains. (b) The
sigmoidal shape is removed by increasing b at fixed a. But this
also results in a proportional decrease in the final product amount
(saturation value of x), by a factor given next to each particular
curve.

particles, it cannot be attributed solely to catalyst activa-
tion and instead it must be related to reactions intrinsic
to CoH,. There is overwhelming experimental data on
C,H, thermal decomposition showing that the autocat-
alytic behavior is related to some type of “polymerization”
process. There are extensive studies of molecular level
mechanisms of thermally induced C,H, polymerization,
but the process is so complex that the role of various steps
remains unresolved and controversial [29]. Regardless of
the exact molecular mechanism, the C,H, polymerization
reaction in initiation, propagation, and termination exhibits
the same three reaction stages that are also observed in
VANTA growth kinetics. Consistent with the experimen-
tally observed kinetics features of VANTA growth, poly-
merization is a reaction capable of sequentially adding
carbon at a self-accelerating rate. In addition to similarities
in reaction kinetics and mechanistic details, there are also
great similarities in morphological features between poly-
merization products and CNT growth. There is an uncanny
resemblance in the morphology of polyacetylene fibrils
and vertically aligned carbon-nanotube arrays. The cracks
in polyacetylene films reveal aligned or partially aligned
fibers of 5—40-nm-diameter bridging the gaps, much like
in CNT forests [30].

The key product that polymerization reactions of C,H;
produce is aromatic carbon. Aromatic carbon species are
the well-known precursors of fullerenes and related sp?
networks. The implications of the kinetics is that carbon
incorporation into CNT walls and aromatic carbon forma-
tion share similar reaction mechanisms and reaction steps.
There are extensive studies on the formation of aromatic
carbon in connection with soot-formation mechanisms and
soot kinetics as mentioned earlier. The main mechanism in
soot formation is found to be the addition of C,H, in con-
cert with removal of a H atom, a mechanism referred to
as hydrogen abstraction acetylene addition or HACA for
short [31]. Over time, this mechanism gained widespread
acceptance as a hypothesis for aromatic carbon formation.
However, the exact mechanism still lacks direct experi-
mental proof. Up to now, only formation of the second
ring is proven by direct observation of acetylene addition
to one-ringed phenyl radicals [32].

It is now generally accepted that the dominant mecha-
nism for carbon addition in CNT CVD also involves C,
species [23,24,33]. Unlike the random structure of soot,
the molecular structure of CNTs is highly ordered, making
the exact location of the C, species addition to the carbon
network very important. In theoretical modeling of CNT
growth, we find that removing hydrogen from acetylene
intermediates to create active sites for such addition is very
difficult [33]. However, the addition of C, species alone
even after cap formation is found to be favorable [34]. It
is also found that structural disorder existing at a growing
CNT rim during growth plays a role of intermediate config-
urations that facilitate addition of reactive carbon species
that are necessary for reaction propagation [35].

C. The Role of Polymerization in Governing the
VANTA Properties

There is an intriguing relationship between the poly-
merization parameters and VANTA height and structure
that is connected to the sigmoidal shape of the growth
curves and the time constants exhibited by VANTA growth
in Fig.4. The increase in VANTA height by a polymer-
ization reaction is proportional to the number of C,H,
molecules that are incorporated per active carbon radical
site. This number is given by the kinetic chain length (v)
for polymerization v = R, /R;, where R, is the propaga-
tion rate and R, the termination rate [9]. The termination
process is a pseudo-first-order reaction, with a lifetime
given by 1, illustrated in Fig. 4(b). In the catalyst-particle-
centric growth models 1, is treated as the catalyst lifetime
[26]. Assuming that the propagation step is represented by
a time constant 1,, the kinetic chain length is given by
v = 7,/1, [9,22]. The propagation rate is proportional to
the rate of disappearance of monomer (C,H;), which is
difficult to measure in VANTA growth experiments. How-
ever, it is important to note that v increases during the
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FIG. 4. Comparison of the time constants in water-assisted
growth (red lines and symbols) and ferrocene-assisted growth
(blue lines and symbols) at 750°C. (a) Growth curves as a
function of time. Note that the height of ferrocene-assisted
growth after termination is ~7.5 mm. (b) Growth-rate curves as
a function of time, where t, corresponds to the termination time
constant.

acceleration stage and tails off during the termination stage
of the reaction. Since the duration of most VANTA growth
is such that the overall kinetics is dominated by the ter-
mination step, v & t; represents a good approximation for
the kinetic chain length, and it is a good predictor of the
final VANTA height. The ratio of the 7, for ferrocene-
assisted and water-assisted growth in Fig. 4(b) of 28/4 = 7
roughly matches the height ratio of the two arrays of 7.5.
However, v has a broader significance than just describing
the VANTA height [9]. Analogous to conventional poly-
merization, the kinetic chain length describes the extent
of polymerization, which governs the mechanical strength
and other physical properties. Specifically for VANTA the
extent of polymerization is a predictor of the length and the
type of CNTs in the VANTA including their cooperative
behavior that affects alignment and anisotropy that gov-
ern physical properties of interest for applications such as
mechanical strength, thermal, and electrical conductivity.
A feature highly relevant for developing technological
applications by direct VANTA growth is the distribution
of individual CNT properties such as length, diameter,
and wall number produced by a polymerization reaction.
A unique function of the VANTA growth configuration
is to “compress” these distributions during growth within
the physical boundaries created by the VANTA thickness.
The most obvious example of such compression is the
bending of individual CNTs and the undulation of bun-
dles that grow faster than the average VANTA growth
rate. Collectively this behavior adversely affects alignment
and anisotropy in the VANTA first studied by postgrowth

FIG. 5. Characterization of order in VANTA by SANS mea-
surements. (a) From left to right, the top row shows SEM images
from the top to the bottom of the VANTA. The scale bar for the
SEM images is 2 um. The increasing disorder is manifested in
the neutron scattering intensity profiles (second row) that change
(left to right) from an elongated shape for straight CNTs to a
more round isotropic distribution with CNTs becoming wiggly.
For details of the measurements and data analysis see Ref. [36].
(b) SANS measurements of a 10 mm array after self-termination
of growth. Zero is at the substrate at the root of the VANTA.

analysis and subsequently characterized in situ by real-
time measurements [7,36]. Our postgrowth small angle
neutron scattering (SANS) data show in Fig. 5(a) that loss
of alignment and disorder increases with growth time as
VANTA height increases [36]. Since carbon incorpora-
tion occurs at the root, the quality of individual CNTs in
VANTA gradually deteriorates from the top to the bottom.
In the extreme case of arrays that self-terminate illustrated
in Fig. 5(b), the carbon distribution near the root area of
a 10-mm-tall VANTA becomes completely isotropic. In
essence, CNT growth degenerates into random carbon-
nanostructure growth.

The buildup of disorder at the bottom is a well-known
feature of VANTA growth that also must be related to the
mechanism and the rate of carbon addition that cannot be
addressed by the isolated CNT growth models, which are
restricted to carbon incorporation only into the CNT walls.
Disorder formation is an integral part of the polymerization
process, and it builds up as the reaction proceeds. The rate
of sequential addition of C, reactive species is crucial for
understanding disorder formation on a molecular level. If
the reaction accelerates too fast, it is likely to produce short
VANTA and highly disordered growth [35]. The auto-
catalytic model describes this scenario by an increasing
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b at fixed a as illustrated in Fig.3(b). This is a char-
acteristic feature of radical chain polymerization, which
once initiated propagates by addition of more and more
C,H, molecules at active sites generated by the addition
of C,H; molecules. If this feedback process becomes too
intense, it can run out of control and lead to an explosion,
which is a well-known safety problem in C,H, handling
and storage. On the other hand, this feature of the C,H,
chain reaction is exploited for the synthesis of catalyst-
free high-quality graphene flakes in a method referred to as
gas-phase hydrocarbon detonation [37]. In typical VANTA
growth the acceleration step is designed to fizzle out to pre-
vent the chain reaction from running out of control. But
a drawback in this regime is that the reaction runs out
of active sites where C,H, addition can occur. Multiple
reaction pathways can operate concurrently wherein chains
grow at different rates and crosslink or branch before they
can be incorporated into the CNT walls, resulting in a
growth process manifested by increasing disorder in the
growing structures. The slowdown in carbon incorpora-
tion into CNT side walls, because of active site depletion,
causes the accumulation of unprocessed carbon in the bot-
tom region of VANTA. The result of this type of disordered
growth is degradation of anisotropic thermal and electrical
conductivity of both individual CNTs and VANTAs.

The above discussion shows that CNT growth shares
important characteristics with soot growth, another sp?
carbon structure that only differs in size and degree of order
of the sp? network and grows by the same mechanism that
produces aromatics. Similar to CNTs, deceleration and ter-
mination also occur in soot growth, which is referred to
as “surface aging” [31]. The autocatalytic kinetics is con-
sistent with these mechanistic features and shows that the
growth of aromatics has the intrinsic ability to exhaust the
supply of reactive sites needed for propagating its own
growth. Recent data obtained by monitoring the growth of
a single CNT by in situ TEM imaging reveal that growth
termination is intrinsic to CNT growth from hydrocarbons
[38]. Within the framework of radical chain polymeriza-
tion, growth termination occurs because all the active sites
for carbon addition are depleted by complete hydrogen
desorption.

Although the main features of the carbon-addition kinet-
ics are similar, an important distinction is that soot growth
occurs by homogeneous polymerization and VANTA
growth by heterogenous polymerization. The growth selec-
tivity imposed by the film implies that the surface of the
film plays a critical role in the initiation of the process
and the subsequent propagation of the chemical path-
ways that favor VANTA growth. The kinetic data sug-
gest that the dissolution-precipitation model is a gross
oversimplification that is inadequate for describing the
complex processes of nucleation and carbon addition in
VANTA growth. The catalyst in heterogeneous polymer-
ization plays a dual role that includes regulating the rate

and the mechanism of carbon addition on the molecular
level. The induction period at the onset during which the
rate accelerates is an important feature of this reaction
[39]. During the induction period, the concentration of free
radicals builds up to a steady state. The exact chemical
species and the mechanism by which acetylene pyrolysis
is initiated remain a controversial topic even after several
decades of active research [29,39,40]. However, important
clues are revealed by the factors that affect the reaction rate
during the induction period.

D. Novel Mechanisms for Extended VANTA Growth
by Preventing Growth Termination

The peak growth rate at the end of the acceleration
period increases with temperature. The low activation
energy of (0.3 & 0.1) eV of this step is indicative of free
radical polymerization [39]. Similar activation energies are
obtained in free radical polymerization of ethylene and
propylene in the gas phase. Another common feature that
VANTA growth shares with olefin and acetylene polymer-
ization reactions is the prominent role that initiators play
in starting the reaction [41]. Oxygen-containing species
are well-known initiators of polymerization. However, the
reaction of oxygen species with unsaturated hydrocarbons
is a complex and delicate process. Influenced by a wide
range of factors, the type and the level of oxygen species
can have unpredictable consequences and even switch
from initiators to inhibitors. We find that in sifu oxida-
tion of the metal catalyst films by exposure of the reactor
interior to ambient air during the heating stage is critical
for obtaining the tallest VANTA [42]. In addition, a delib-
erate supply of water vapor above atmospheric humidity
during the heating stage is occasionally found to amplify
the effect of ambient catalyst oxidation. This observation
is in agreement with the supergrowth experiments where
addition of more water above the initial enhancement level
have no further effect on the growth rates [41]. In Fig. 4 the
data for water-assisted growth are replotted and compared
with VANTA growth rates. The fact that VANTA growth
and supergrowth kinetics exhibit such great similarity dur-
ing the acceleration stage suggests that polymerization is
the key to the unexpected growth enhancement in the
early stages of water-assisted growth. This similarity raises
the interesting question of whether water-assisted growth
occurs by direct polymerization of ethylene, or ethylene
must be first converted to acetylene before polymeriza-
tion occurs. Indeed, it is reported that thermal cracking
of ethylene-containing feedstock in a temperature range
from 860 to 1240 °C, and cooling it down to lower tem-
peratures before introducing it onto a heated metal catalyst
film results in substantially increased CNT growth rates
[43]. The growth-rate increase measured in real time is
correlated with an abundance of acetylenic species such
as methyl acetylene and vinyl acetylene that are detected
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FIG. 6. The stopping of ferrocene flow at 750 °C results in
growth termination independent of whether ferrocene is stopped
during the growth-acceleration stage after 5min, or past it at
10 min.

as stable reaction intermediates by chemical analysis of the
feedstock composition after the thermal cracking step [43].

The autocatalytic reaction model provides a wide range
of options for influencing the polymerization pathways to
control the VANTA properties and postpone or eliminate
growth termination through chemical means. Figure 4(b)
illustrates that the most effective diagnostics for these type
of experiments is real-time measurement of the rate of the
decay stage. A practically useful approach for optimizing
the properties of reaction end products can be envisioned
by targeting directly one of the three stages and monitoring
the effect on the decay rate. Although well established
in standard polymerization studies, there is limited prac-
tice of this approach reported for VANTA growth. In one
example, the addition of trace amounts of vinyl acetylene
(C4Hy) is shown to increase the VANTA growth rate more
than any other molecule in a series of eight small hydro-
carbons tested [43]. C4Hy is a stable molecule that is a
well-known intermediate species in C,H;, polymerization
[29,39]. The effectiveness of C4Hj is attributed to the fact
that its molecular structure contains carbon bonding for
unsaturated functionality of both alkenes and alkynes [43].

The most striking feature of C4H, in acetylene polymer-
ization is that it eliminates the induction delay, suggesting
that it is effective in the initiation stage of the polymer-
ization reaction [29]. The growth curves in Figs.4 and 6
illustrate results of experiments that target the propaga-
tion step of the polymerization reaction. The data in Fig. 4

compare a CVD experiment in which trace amounts of
ferrocene are continuously added into the C,H, flow (blue
line and dots) with that for water-assisted CVD growth
(red line and squares) [10]. Note that the induction stage is
absent in the supergrowth data because it is compiled from
growth interruption steps and not by real-time measure-
ments. After the accelerating stage is completed, super-
growth just like VANTA and any other forest growth,
transitions into growth decay and growth termination.
However, there is a dramatic difference in the decay rate
for the two experiments. Growth termination in super-
growth is already complete after about 1520 min while
the growth in the C,H,-ferrocene experiment continues for
much longer, resulting in taller VANTA.

The C,H; polymerization process starts with polyyne
chain formation that eventually evolves into a competition
between cyclization and chain propagation [44]. Promot-
ing cyclization over random chain propagation favors the
preservation of ordered structure growth in VANTA. The
thermal decomposition of ferrocene provides metallocene
intermediates that are known to interact catalytically with
C,H; to promote the formation of aromatic carbon species
[45]. The transformation of five-membered rings into six-
membered rings that is catalyzed by metallocenes is known
to be an important step in aromatic carbon formation
[46]. The data in Fig. 6 show that stopping the ferrocene
flow causes termination of VANTA growth, and it makes
no difference whether this is done during the growth-
acceleration stage (after 5 min, red line) or during the
growth decay stage (10 min, blue line), suggesting that
the Fe metallocyclic intermediates, from thermal decom-
position of ferrocene, interact with the propagation stage
in C,H, polymerization.

IV. CONCLUSIONS

The similarities in structure and properties between
CNTs and polymers are widely recognized [47]. CNTs
are even sometimes referred to as the ultimate poly-
mer because of the strength and perfection afforded by
the hexagonal sp? bonding. However, the correspondence
between the two is not currently exploited by the research
community for advancing the science and technology of
CNTs. The perspective of CNTs as polymers enables the
entire theoretical and experimental framework developed
for conventional polymers to be transplanted to CNTs.
In this paper we discuss an alternative approach for con-
trolling the structure-property relationship in CNT forests
from the perspective of polymerization kinetics, focused
on developing a macroscopic application platform that
retains the superior properties of the constituent CNTs.

The control mechanisms are derived from analysis of
real-time VANTA growth kinetics, which reveals that
unlike previously thought, the forest properties are dom-
inated by the rate of carbon incorporation by acetylene
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addition, instead of the dissolution and precipitation rate
of carbon in metal particles. The real-time data show a
regime in which VANTA growth occurs by autocatalytic
kinetics suggesting radical chain polymerization as the
most likely mechanism for direct addition of carbon by
acetylene. Postgrowth structural analysis results, obtained
from SEM imaging and SANS, support the kinetics pic-
ture indicating that the VANTA structure is determined by
the extent of the polymerization process, which is charac-
terized by the kinetic chain length that controls the CNT
length. The structural analysis also reveals a cooperative
effect between growth and structure that is manifested by
the compressing of the polymerization product distribu-
tions during growth within a finite width imposed by the
VANTA height. The most obvious example for illustration
of these effects is the length distribution of CNTs. To fit
within the collective VANTA height, faster growing CNTs
are forced to incorporate defects into their walls, facil-
itating bending and undulations that ultimately result in
entanglement of the CNT bundles, leading to deterioration
of the alignment and order of the assembly. The conse-
quence of this undesirable randomization of structure is the
degradation of the highly anisotropic thermal and electrical
conductivity and deterioration of the mechanical strength
of the macroscopic assembly.

The immediate benefit from the insight provided here
into the mechanism of VANTA growth is in suggesting
alternative approaches for growing taller VANTA by pre-
venting growth termination. Directly related to growing
long CNTs is the need to manage the finite width of the
distribution of CNT lengths, to prevent the deterioration of
the constituent CNT properties. One approach that shows
success in preliminary studies in our laboratory is the pat-
terning of the growth areas. Circular patterns of diameters
in range of few microns to few hundred microns are used
to grow high-aspect-ratio CNT rods that serve as macro-
scopic wires for studying the anisotropy in thermal and
electrical conductivity. The significance of this work is that
by focusing on cooperative effects in growth it identifies
the critical features that must be optimized in the growth
process to preserve the superior properties of individual
CNTs in macroscopic assemblies for high-density energy
storage, heat dissipation, and advanced interconnects.
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