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1. Introduction

Carbon is one of the most important elements. Different
shapes of elemental carbon have played important roles in hu-
manity. Charcoal and soot have been known and utilized for
various purposes since ca. 5000 BC, but as recently as 35 years
ago only graphite and diamond were listed as carbon allo-
tropes in textbooks. Since then, research on carbon has found
fullerene, nanotubes, and graphene as new carbon allotropes
(Figure 1 a–c). Although tubular nanocarbon forms (carbon fila-

ments) were previously observed by Radushkevich and Lukya-
novich in 1952, and Oberlin and Endo in 1976,[1] a 1991 paper
by Iijima aroused worldwide interest in carbon nanotubes
(CNTs).[2] A single-walled CNT (SWCNT) is a cylinder formed by
wrapping a single-layer graphene sheet, while a multiwalled
CNT (MWCNT) comprises an array of such nanotubes that are
concentrically nested, like the rings of a tree’s trunk. CNTs pos-
sess extremely high tensile strengths, high moduli, large
aspect ratios, low densities, good chemical and environmental

stabilities, and high thermal and electrical conductivities. They
are a new type of high-performance carbon nanomaterial and
in demand for various applications, including both large-
volume applications (e.g. , as components in conductive, elec-
tromagnetic, microwave absorbing, high-strength composites,
battery electronic additives, supercapacitors or battery electro-
des, fuel cell catalysts, transparent conducting films, field-emis-
sion displays, and photovoltaic devices) and limited-volume
applications (e.g. , as scanning probe tips, drug delivery sys-
tems, electronic devices, thermal management systems, and
biosensors).[3] As a novel advanced functional material, CNTs
have been considered for use in energy-saving chemistry,
green catalytic processes, and advanced energy conversion
and storage materials, and so have caught the attention of
multidisciplinary scientists for use in developing a sustainable
society. The number of articles on CNTs indexed by ISI Web of
Science has continually risen in the past years (Figure 1 d). The
total number of journal articles is still growing. However, the
number of articles related to CNT synthesis began to decrease
in 2009, while the number of application-related articles is still
increasing, especially for applications in catalysis, energy, and
environmental areas. Recently, CNTs have been used as fillers
in advanced battery electronic additives, supercapacitors and
battery electrodes, and lightweight high-strength composites
at a scale of hundreds of tonnes. Other novel environmentally
benign and resource-saving processes based on CNTs are
being explored. The mass production of CNTs with a desired
structure at a low cost is the first step in achieving these appli-
cations, and doing this production in a sustainable manner is a
big challenge.

Three main CNT synthesis methods have been developed:
arc discharge, laser ablation, and chemical vapor deposition
(CVD). A common feature of the arc discharge and laser abla-
tion methods is high energy input by physical means, such as
an arc discharge or a laser beam, to induce the assembly of
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Our society requires new materials for a sustainable future,
and carbon nanotubes (CNTs) are among the most important
advanced materials. This Review describes the state-of-the-art
of CNT synthesis, with a focus on their mass-production in in-
dustry. At the nanoscale, the production of CNTs involves the
self-assembly of carbon atoms into a one-dimensional tubular
structure. We describe how this synthesis can be achieved on
the macroscopic scale in processes akin to the continuous
tonne-scale mass production of chemical products in the
modern chemical industry. Our overview includes discussions
on processing methods for high-purity CNTs, and the handling
of heat and mass transfer problems. Manufacturing strategies

for agglomerated and aligned single-/multiwalled CNTs are
used as examples of the engineering science of CNT produc-
tion, which includes an understanding of their growth mecha-
nism, agglomeration mechanism, reactor design, and process
intensification. We aim to provide guidelines for the produc-
tion and commercialization of CNTs. Although CNTs can now
be produced on the tonne scale, knowledge of the growth
mechanism at the atomic scale, the relationship between CNT
structure and application, and scale-up of the production of
CNTs with specific chirality are still inadequate. A multidiscipli-
nary approach is a prerequisite for the sustainable develop-
ment of the CNT industry.

Figure 1. Illustrations of a) fullerene, b) a carbon nanotube, and c) graphene.
(d) Number of publications on carbon nanotubes in ISI Web of Science on
January 1, 2011.
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carbon atoms into CNTs. This leads to a high degree of graphi-
tization in the CNTs. However, these systems require vacuum
conditions and continuous graphite target replacement,
posing difficulties for continuous large-scale production. In
CVD methods, the carbon source is deposited on a catalyst
that causes it to decompose into carbon atoms, and tubular
CNTs are formed at the catalyst site. The CVD process can be
operated under mild conditions, for example, atmospheric
pressure and moderate temperatures. The CNT structure, such
as its diameter, length, and alignment, can be controlled well.
Thus, CVD has the advantages of mild operating conditions,
low costs, and controllable synthesis, and it is the most prom-
ising method for the mass production of CNTs. Various scalable
CVD-based processes have been developed, including “Carbon
Multiwall Nanotubes” of Hyperion Company,[4] the Endo pro-
cess of Shinshu University,[5] the “CoMoCATProcess at SWeNT”

of the University of Oklahoma,[6, 7] the “HiPco Process” of Rice
University,[8, 9] the “Nano Agglomerate Fluidized” process of
Tsinghua University,[10, 11] the “Baytube” process of Bayer Com-
pany,[12] and processes for the supergrowth of SWCNT
arrays[13–15] and super-aligned CNTs for yarn preparation,[16] as
well as others. In 2006, a World Technology Evaluation Center
study that focused on the manufacturing and applications of
CNTs showed that there was MWCNT capacity of 300 tonnes
per year and a SWCNT capacity of 7 tonnes per year in that
year.[17] With more and more commercialized applications, the
CNT industry appears to be on a path of growth.

The chemistry of CNT mass production can be summarized
as carbon atoms assembling into a CNT structure. However,
the structure and agglomeration of the produced CNTs are
highly sensitive to the catalyst. Due to their high molecular
weight (106–1013), tubular structure, and complex physical and
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chemical properties, the continuous mass production of CNTs
is a big challenge. In fact, the mass production of CNTs is a
very complex process with diverse time and length scales. On
the microscopic scale, it is a process in which carbon atoms
self-assemble into a one-dimensional tubular structure
(chemistry of CNT synthesis). On the macroscopic scale, it is
the continuous mass production of a chemical product on the
ton scale that is akin to those of the modern chemical industry,
and includes processing, for high-purity MWCNTs and SWCNTs,
and heat and mass transfer processes (chemical engineering of
CNT production). Although extensive researches on the basic
behavior of CNT growth have been performed, much of these
works were conducted under ideal conditions, far from those
used in industry. For example, the growth of CNTs is commonly
investigated in a small laboratory reactor capable only of milli-
gram or gram scale, in which the heat and mass transfer
during the CNT growth are not severe problems, and the small
amount of catalyst avoids the strong stress on the powder
that can affect the growth behavior. However, when CNTs are
grown on the ton scale in an industrial reactor, engineering sci-
ence at the atomic scale, nanoscale, mesoscale, reactor scale,
plant scale, and ecological scale all have to be taken into con-
sideration to achieve a safe process for efficient mass produc-
tion. The engineering science and chemistry of CNT synthesis
are the basis to realize the goal of CNT mass production. It is
hoped that this Review on the mass production of CNTs from
the viewpoint of academia, especially on the engineering sci-
ence, will be useful for the sustainable growth of the CNT in-
dustry.

CNT research has been a hot topic during the past 20 years,
and much progress has been made. There are numerous Re-
views that cover the synthesis, properties, and applications of
SWCNTs,[18, 19] MWCNTs,[18, 20, 21] and aligned CNTs.[22] This Review
highlights the works and achievements on the mass produc-
tion of CNTs in the last 20 years. We focus on the state-of-the-
art mass production technology for various kinds of CNTs and
the engineering science of CNT production. In the second part,
the synthesis route to CNTs is illustrated to give the basic
chemistry for their mass production. The engineering principle
of scale up and mass production is discussed using a multi-
scale space-time analysis. Current challenges and future strat-
egies are discussed. Some other important issues in CNT pro-
duction, such as their purification, properties, and applications,
are only briefly considered in this Review.

2. State-of-the-Art of Carbon Nanotube Syn-
thesis Principles

In the history of materials science, controllable synthesis has
been a limiting factor in the adoption of new materials, and it
was usually a breakthrough in the synthesis route that paved
the way for their wide use. In this respect, the history of CNTs
has been no exception. In the early years after their discovery,
researches on CNTs were mainly theoretical and microscopic
characterization works because of their limited availability. It
was only after the development of techniques for the control-
lable synthesis of CNTs by arc discharge, laser ablation, and

CVD that more researchers had access to more samples, which
promoted the exploration of the fascinating science and tech-
nology of CNTs. Due to this progress, CNTs with controllable
structure and alignment have now been widely investigated.
Many applications require CNTs with very specific structures
and agglomeration states. Conventionally, CNTs are classified
into SWCNTs and MWCNTs by the number of walls. According
to their agglomeration behavior, CNTs can be divided into two
kinds: aggregates in which the CNTs are randomly entangled
(Figure 2 a and b), and arrays in which the CNTs are nearly par-
allel to each other (Figure 2 c and d). According to the relation-
ship between the growth direction of the CNTs and the sub-
strate, there are vertically aligned CNTs (VACNTs; Figure 2 c)
and horizontally aligned CNTs (HACNTs; Figure 2 d). This means
that during CNT synthesis, both the atomic-scale synthesis of
S-/MWCNTs and the mesoscale CNT organization should be
considered. This Review will consider the state-of-the-art of
CNT synthesis in this way. The growth manner and catalyst
design are quite different for agglomerated CNTs and V-/
HACNTs. The former is reviewed first.

2.1. Agglomerated CNTs

2.1.1. Agglomerated MWCNTs

In 1991, Iijima reported MWCNTs in carbon soot obtained by
an arc discharge method.[2] One year later, Ebbesen and Ajayan
demonstrated the growth and purification of MWCNTs at the
gram level by an improved arc discharge method.[26] The laser
ablation technique for CNT synthesis was developed in 1995.[27]

The CVD of hydrocarbon gases has been used to make carbon
fibers, carbon filaments, and nanotube materials for more than
20 years. In fact, carbon filaments were produced by passing
cyanogen over red-hot porcelain in 1890.[28] The formation of

Figure 2. Agglomeration behavior of CNTs. a) MWCNTs (Reproduced with
permission from Ref. [21] . Copyright 2008 Elsevier.) b) SWCNTs,[23] c) Vertically
aligned MWCNTs (Reproduced with permission from Ref. [24] . Copyright
1999 American Association for the Advancement of Science.), and d) hori-
zontally aligned SWCNTs (Reproduced with permission from Ref. [25] . Copy-
right 2009 American Chemicals Society).

ChemSusChem 2011, 4, 864 – 889 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemsuschem.org 867

Carbon Nanotube Mass Production: Principles and Processes

www.chemsuschem.org


carbon filaments on metal catalysts is one of the main reasons
for coke formation in many industrial processes (e.g. , stream
cracking, dehydrogenation, aromatization, catalytic reforming).
MWCNTs are also one kind of coke, however, research work in
the past century mainly focused on effective ways to reduce
coke formation.[29] During this time, some pioneering research-
es were carried out to understand the formation mechanism
and controllable synthesis of nanocarbons on metal cata-
lysts.[30] In the 1980s, Endo et al. developed a floating catalyst
reactor that used catalyst particles of 10 nm diameter for
carbon nanofiber/MWCNT growth.[5] Hyperion Company had
applied for a patent for CVD synthesis of 3~75 nm “carbon
fibers,” comprising multilayer graphite sheets wrapped into co-
axial cylindrical tubes, in 1984.[4] The “carbon fibers” should be
named MWCNTs. After Iijima’s landmark paper, the first report
on CVD growth of MWCNTs (carbon microtubules with the full-
erene structure) by catalytic decomposition of C2H2 over Fe
particles on graphite at 700 8C came from Jose-Yacaman et al.
in 1993.[31] Subsequently, several growth systems for high-yield
growth of MWCNTs have been developed. Selected important
catalyst systems for the high-yield growth of MWCNTs are pre-
sented in Table 1, by time sequence.

The catalyst is the key factor for CNT growth in CVD meth-
ods. Transition metals, especially Fe, Co, and Ni, are active for
CNT synthesis (Table 1). These active elements are usually
loaded onto a catalyst support by co-precipitation or other
loading methods widely used in petroleum and chemical pro-
cesses. However, the CNTs grow on the catalysts, that is, they
are deposited on the catalyst surface, which means the catalyst
is not a “catalyst”, since it is only used once. This is similar to
the catalysts used for polymerization, which are consumed
during the monomer polymerizing process and left in the poly-
mer products. The volume of the catalyst/CNT system increases
with CNT growth, which is an obvious and important differ-
ence from catalytic processes in petroleum and chemical pro-
cesses. At the present time, CVD is the most-investigated
method for CNT mass production due to its much higher yield
and simpler equipment, as compared with arc discharge and
laser ablation. CVD can be conducted in a wide range of
growth temperatures, from 500 to 1200 8C (Table 1). This is a
relatively moderate temperature range, which makes it possi-
ble to carry out CVD in different kinds of reactors including
fixed-bed, moving bed, fluidized-bed, and others (Table 1). The
development of better catalysts and reactors has resulted in
dramatically improved yields of agglomerated MWCNTs from
CVD methods over the years. However, agglomerated MWCNTs
are difficult to disperse and their lengths cannot be properly
controlled, which limits their applications to the fields of com-
posite reinforcement and as electrodes or electrode fillers in
energy conversion and storage devices.

2.1.2. Agglomerated SWCNTs

The first success in producing substantial amounts of SWCNTs
with Fe as catalyst by arc discharge was achieved by Iijima and
Ichihashi in 1993.[62] Meanwhile, Bethune et al. reported that
with the addition of Co in the anodes, SWCNTs can also be ob-
tained by the arc discharge method.[63] The SWCNTs grown by
arc discharge had few defects, and showed good performance
for transparent conductive film applications.[83] The growth of
high quality SWCNTs at the 1–10 g scale was first achieved by
Smalley and co-workers using a laser ablation (laser oven)
method.[65] CVD is still the most cost-effective and convenient
method for the controllable growth of SWCNTs. In the first re-
ported use of this method, Dai et al. reported the generation
of SWCNTs by thermolytic processes using Mo particles and CO
(CO disproportionation) at 1200 8C.[64] In 1998, Cheng et al.
demonstrated that SWCNT ropes can be obtained using the
floating catalyst process with thiophene as a sulfur source to-
gether with ferrocene and benzene.[67] Sen et al. produced
SWCNTs by the pyrolysis of Fe(CO)5 in the presence of CO and
benzene.[84] Dai et al. found that the use of methane as carbon
feedstock and alumina-supported catalysts allowed the growth
of high quality SWCNTs by CVD.[68] Liu et al. reported that a cat-
alyst prepared by supercritical drying at high pressure and
temperature showed high activity and selectivity for the
growth of SWCNTs.[85] Smalley et al. reported a HiPco process
for the high-yield growth of SWCNTs, in which the catalysts for
SWCNT growth were formed in situ by thermal decomposition

Table 1. Selected results of agglomerated MWCNT growth.

Method[a] Catalyst T
[8C]

Diameter
[nm]

Yield Ref.

AD – 3000 2–20 / [26]
CVD Fe/graphite 700 5–50 / [31]
CVD Fe/SiO2 500–800 15–20 / [32]
LA – 3000 5–20 / [27]
CVD Fe/SiO2 650–800 10–20 30–116 % [33]
CVD Ni/MgO 600 15–20 166–480 % [34]
CVD Co/Mo/Al2O3 700 5–25 2–25 % [35]
FBCVD Fe/Al2O3 500–700 10–40 1–20 [11]
CVD Co/Mo/MgO 1000 0.5–3.0 16 % [36]
FBCVD Fe/SiO2 550–1050 10–20 10–50 % [37]
CVD Ni/Mo/MgO 1000 9–20 10–100 % [38]
CVD Co/Al-LDH 700 10–50 188 % [39]
FBCVD Fe/Al2O3 550–750 8–21 10-70 % [40]
FCVD ferrocene 830 20–70 / [41]
CVD Co/Mo/Al2O3 700 5–15 280–480 % [42]
FBCVD Fe/Co/CaCO3 600–850 10–20 1100 % [43]
CVD Ni/Fe/Al2O3 600 19–45 6000 % [44]
CVD Ni/SiO2 680 15–40 124–426 % [45]
FBCVD Fe/Mo/MgO 600–1000 5–60 66–400 % [46]
FCVD Ferrocene 600–1000 10–200 / [47]
CVD Mo/MgO 900 5–7 33.4 % [48]
CVD Fe/Co/Al2O3 700 3–24 14–56 % [49]
FBCVD Fe(Ni)/Al2O3 700–850 15–30 70–300 % [50]
CVD Co/W/MgO 1000 1.2–10 4–47 % [51]
CVD Ni/Mg/Al-LDH 700 30–50 109–254 % [52]
CVD Co/Zn/Al-LDH 625 20–30 / [53]
FBCVD Ni/SiO2 450–850 37–91 2–145 % [54]
CVD Fe/Mo/Al2O3 800–1100 2–15 / [55]
FBCVD Ni/Al2O3 650–800 8–20 2–17 % [56]
FBCVD Fe/Mo/Al2O3 850 1.4–4.2 274 % [57]
CVD Ni/Mg/Al-LDH 550–750 10–30 / [58]
CVD Co/Al-LDH 850 20–60 560–625 % [59]
CVD Ni(OH)2/Al 400–600 5–35 / [60]
CVD Co/Mn/Zn/Al 650 7–30 17 900 % [61]

[a] AD: arc-discharge; LA: laser ablation; FBCVD: fluidized-bed CVD.
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of Fe(CO)5 in a heated flow of CO at pressures of 1–10 atm and
temperatures of 800–1200 8C.[9] Resasco et al. reported the con-
trolled production of SWCNTs based on a family of Co-Mo cata-
lysts, which has since been developed into the CoMoCat pro-
cess for SWCNT production in a fluidized-bed reactor.[7, 86] Our
group selected Fe/MgO as the catalyst for SWCNT production
because Fe/MgO is a stable and low-cost catalyst, and it can
be easily removed by a relatively mild acid treatment.[78] A
series of SWCNT growth systems have been developed. The
details are given in Table 2.

For the production of SWCNTs, the arc discharge and laser
ablation methods can give high-quality SWCNTs with few de-
fects because of their ultrahigh energy input. However, just
like the production of MWCNTs, these two methods also suffer
from the high demands on equipment and low yield of
SWCNTs (often as the byproduct of carbon ash). CVD can be
conducted at a relatively low temperature (though higher than
that used for MWCNTs), and is therefore advantageous for the
scaling up of SWCNT production. Fe metal nanoparticles are
the most widely investigated catalyst for the mass production
of SWCNTs. The key issue in the production process is to main-
tain the state of dispersion of the metal nanoparticles (diame-
ter below 3 nm) during CVD growth. Methods have been pro-
posed to prevent the migration and sintering of metal particles
on the support to maintain the stable growth of SWCNTs, in-
cluding using the strong metal–support interaction,[87] meso-
porous supports,[74, 88] precursor mediated reduction,[89] and

others. It should be noted that the yield of SWCNTs is much
lower than that of MWCNTs. This is partly due to the low
graphite sheet number in SWCNTs, such that a single SWCNT is
thousands of times lighter than a single MWCNT. Therefore, for
the same density and length of CNTs, the yield of SWCNTs will
always appear to be much lower. In addition, SWCNTs are
more flexible than MWCNTs, and are more prone to get entan-
gled into agglomerates, which then stop the growth.

2.2. Aligned CNTs

Compared to agglomerated CNTs, CNTs in aligned form pos-
sess several outstanding properties, such as uniform orienta-
tion, extra high purity, and easy spinnability into macroscopic
fibers, and others. With the discovery of efficient catalysts and
processes for agglomerated S-/MWCNT growth, many research
groups shifted their attention to aligned CNTs. VACNTs are
CNTs that are oriented vertically to the substrate, and they are
produced with a high area density. They can be used for both
large volume applications (e.g. , field emission devices, aniso-
tropic conductive material, permeable membrane, filtration
membrane material) and limited-volume applications (e.g. ,
nanobrushes, sensors, electronic devices). HACNTs are promis-
ing for limited-volume applications in the microelectronics in-
dustry. Due to the differences between the growth modes of
vertically and horizontally aligned CNTs, the state-of-the-art of
aligned CNT synthesis is divided into two sections.

There are two ways to get aligned CNTs. One way is to phys-
ically align CNTs after the growth of random CNT agglomer-
ates. Various methods, including polymer slitting,[115] electric
field, magnetic field and chemical bond assisted orientation,[116]

and gas or liquid shearing,[117] have been used to align CNTs
into arrays. However, these physical processes involve complex
procedures. Therefore, the second method of direct synthesis
of aligned CNTs has received more attention in recent years.
For the accurate controlled growth and alignment of CNTs on
a large scale, it is difficult to use arc discharge[118] and laser
ablation methods, and CVD is the preferred method for the
synthesis of aligned CNTs. The key factor in the growth is the
preparation of the metal nanoparticle catalysts on substrates,
including the way to prepare metal nanoparticle catalysts in
situ in the floating catalyst process

2.2.1. Vertically aligned CNTs

A VACNT array was firstly synthesized in 1996 by restricting the
CNT orientation by distributing catalyst nanoparticles in nano-
channels.[90] The length of the VACNTs could reach 2 mm.[119]

Other ordered templates, such as anodic aluminum oxide
(AAO) and zeolites, can also be used as the substrates for
VACNT array growth.[99, 120] If the catalyst is properly deposited
on a flat substrate, a VACNT array can also be obtained
through thermal CVD.[24, 91, 92] A SWCNT array was synthesized
on Si wafer with the assistance of water steam as an additive
in 2004.[14] The existence of oxygen can also promote the
growth of VACNTs in a similar process. The nanoparticles can
also be directly dispersed on the substrate for VACNT

Table 2. Selected results of agglomerated SWCNT growth.

Method[a] Catalyst T
[8C]

Yield Ref.

AD Fe ~3000 [62]
AD Co[b] ~3000 [63]
CVD Mo 1200 [64]
LA Ni-Co ~3000/1200 [65]
AD NiY ~3000 [66]
FCVD ferrocene 1100–1200 [67]
CVD Fe2O3/Al2O3 1000 [68]
CVD Fe/Mo/Al2O3 850 20–60 % [69]
CVD Fe(CO)5 1200 25–44 % [8, 9]
CVD Fe/Co/MgO 1000 5.5–7.6 % [70]
CVD Co/Mo/SiO2 600–800 0.33–1.8 % [6, 7]
CVD Fe/MgO 850 8–20 % [71]
CVD Fe/Mo/MgO 800 550 % [72]
CVD Fe(Mo)Al2O3 900 0.1–10 % [73]
CVD Fe/Co/Y-zeolite 800 [74]
CVD Ni/SiO2 760 [75]
TCVD Mo/Fe/Al2O3/Si 725–925 [76]
CVD Fe/MgO 900 [77]
CVD Fe/MgO 900 11 % [78]
CVD Fe/Mg/Al-LDH 900 [79]
CVD Fe/Mo/Al film 700–1000 [80]
CVD Fe/MgO 900 5.2 % [81]
CVD Fe/Mg/Al-LDH 900 17.6 % [23]
CVD Co/Mg/Al-LDH 900 [82]
CVD Ni/Mg/Al-LDH 900 [82]

[a] AD: arc discharge; LA: laser ablation; FCVD: floating catalyst CVD;
TCVD: thermal CVD. [b] LDH: layered double hydroxide.
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growth.[100] In a floating catalyst process, in which the catalyst
precursors are fed into the reactor with the carbon source, the
catalyst particles are formed in situ for VACNT array
growth.[84, 121] When the growth temperature is in the range of
600–900 8C and a flat substrate is used, VACNT arrays can be
easily synthesized.[93] The floating catalyst CVD method re-
quires relatively simple equipment, with no need for a vacuum
system, and avoids the tedious procedure of catalyst prepara-
tion as well, leading to a lower cost. Long VACNT arrays can be
easily obtained,[122] however, catalyst particle formation and
CNT growth are strongly coupled, and the reaction behavior
and transport phenomena are complicated in this process. A
brief summary of the synthesis of VACNT arrays is given in
Table 3.

VACNTs are commonly synthesized on a substrate that sup-
ports the growth and alignment of the CNTs. As shown in
Table 3, the most common catalyst for VACNT synthesis is Fe.
The nanoparticle size of the catalysts showed a clear correla-
tion with the wall number of CNTs. The addition of promoters
like Mo or an inert Al2O3 layer can greatly facilitate the disper-
sion and prevent sintering of the Fe nanoparticles. Individual
CNTs in the arrays are considered to be of the same length as
the VACNTs, which are often on the millimeter scale. Actually,
the lengths of the CNTs would be more than the height of the
array when the tortuous morphology of the CNTs is taken into
consideration. For this type of synthesis, the metal catalyst dis-

tributed on the surface of the substrate can be used more effi-
ciently and enough space is available for CNT growth, thus,
the yield of VACNTs is much higher than that of agglomerated
CNTs. Presently, investigations on the growth termination
mechanism of ultra-long VACNTs, and the precise control of
CNT structures, such as chirality, with a view towards applica-
tions in microelectronics and optics are intensely pursued in
this area.

2.2.2. Horizontally aligned CNTs

The controllable synthesis and organization of CNTs into hori-
zontally aligned arrays is a prerequisite for their large-scale in-
tegration into nanocircuits. The controlled deposition of pre-
formed nanotubes from solution onto a substrate with well-de-
fined structures mediated by substrate surface hydrophobic/
hydrophilic properties,[123] electric and magnetic interaction,[124]

and chemical bonding,[125] have been topics of intense re-
search. To avoid solution contamination and ascertain the pre-
cise location of the HACNTs, the direct growth of HACNTs on a
surface by CVD has been widely explored. Due to the horizon-
tal growth mode of the CNTs (free of space resistance, espe-
cially for flow induced growth), superlong CNTs with lengths of
up to 20 cm and a weight space velocity of 108 gCNT gcat

�1 h�1

have been achieved.
The key to get HACNTs onto a substrate surface is to apply a

suitable aligning force to direct the growth of the nanotubes
during CVD. A number of growth strategies have been devel-
oped for synthesizing HACNTs using various aligning forces, in-
cluding electric-field-directed growth,[126] magnetic-field-direct-
ed growth,[156] gas-flow-directed growth,[129, 157] and substrate-
surface-oriented growth.[133, 134] Among these, the gas-flow-di-
rected growth, in which the feed gas is used to align the CNTs
along the flow direction, using a fast heating CVD method is
the most attractive.[129, 157] A ‘kite mechanism’ was proposed,
where a key component is that the CNTs grow above the sub-
strate surface.[157] In this mechanism, during the ‘fast heating’
process, the convection of the gas flow between the substrate
and feed gas lift the CNTs upwards and keep them floating
and waving in the gas until they reach the laminar flow region,
whereupon they descend onto the substrate. The growing
CNTs float in the feed gas and grow along its flow direction.[157]

Recently, ultralong SWCNT arrays were synthesized based on
this approach. The growth of HACNTs can be directly obtained
by well-defined crystal surfaces through lattice-directed epitaxy
(by atomic rows), ledge-directed epitaxy (by atomic steps), and
graphoepitaxy (by nanofacets). The formation of highly
aligned, unidirectional, and dense arrays of long SWCNTs on a
surface were first observed by CVD growth on a low quality C-
plane sapphire. Details can be found in Table 4.

Similar to VACNT growth, flat substrates are also needed to
support the growth of HACNTs. Compared to agglomerated
CNTs and VACNTs, the volume density of HACNTs is much
lower, and fewer entanglements occur, which help to maintain
the growth of the CNTs that otherwise would be terminated.
When CNTs are aligned into horizontal arrays, they hardly meet
the space resistance that CNTs exert on one another in other

Table 3. Selected results of vertically aligned CNT growth.

Method[a] Catalyst T
[8C]

Diameter
[nm]

Ref.

CVD Fe/mesoporous SiO2 700 ~30 [90]
CVD Co/SiO2 plate 950 30–50 [91]
PECVD Ni/glass <666 ~100 [92]
TCVD Fe/porous Si 700 14–18 [24]
FCVD ferrocene 675 20–25 [93]
FCVD FeC32N8H16 800–1100 ~40 [94]
TCVD Co/Ni/Si 800–900 ~110 [95]
FCVD ferrocene 1100 10–30 [96]
FCVD ferrocene 800 30–50 [97]
FCVD ferrocene 800 10-200 [98]
CVD Co in AAO 500 ~90 [99]
CVD Co/Mo/quartz 800 1.0–2.0 [100]
TCVD Fe/Al(Al2O3)/Si 750 1–3 [14]
FCVD ferrocene 700–760 ~27 [101]
PECVD Al2O3/Fe/Al2O3/Si 600 0.7–3 [102]
TCVD Fe/Al2O3/Si 750 8–15 [103]
FCVD ferrocene 820 70–130 [104]
TCVD Co/Mo/Si 750 0.8–2 [105]
TCVD CoCrPtOx/Si 600 3–3.5 [106]
TCVD FeVO/Si 810–870 2–6 [107]
FCVD ferrocene 850 30–50 [108]
PECVD Fe/Al/SiO2/Si 750 0.8–2 [109]
HFCVD Fe/Mo/Al2O3/Si 600–750 0.7–8 [110]
CVD Fe/Al2O3/Si 770 6–15 [111]
CVD Fe/Al2O3/Si 750 10–30 [112]
FBCVD Fe/Mo/vermiculite 650 5–12 [113]
TCVD Co/Mo/quartz 800–900 1–8 [114]

[a] FCVD: floating catalyst CVD; TCVD: thermal CVD; HFCVD: hot-filament
CVD; PECVD: plasma-enhanced CVD; FBCVD: fluidized-bed CVD.
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growth modes, and they can easily extend their lengths. Thus,
it is easy to control the length by controlling the growth time
and substrate size. Moreover, the CNTs on the surface can be
patterned with complex orientation to provide high-quality
CNTs with a desired organization for applications in nanoelec-
tronics and nanodevices. As the CNTs in HACNTs can be sepa-
rately identified, it would also be an extraordinary platform to
explore novel catalysts and growth mechanisms of CNTs. Re-
cently, an advanced metal catalyst system was developed for
the preferential growth of metallic or semiconductive CNTs on
wafers. The CNTs distributed on a wafer can be easily trans-
ferred onto other substrates or TEM grids for structure obser-
vations and property tests. SWCNTs are commonly grown on
substrates with a density of 0.03–45 tubes mm�1. Not only
SWCNTs, but also double- and tripled-walled CNTs were fabri-
cated in this way.

2.3. Summary of CNT synthesis

After the twenty-year development of CNT synthesis, numerous
works on the control of CNT structure and increasing synthesis
efficiencies have been achieved. The chemistry of CNT growth
has been comprehensively investigated, and catalytic CVD has
been developed as the main approach for the controllable syn-

thesis of CNTs with desired structures and patterns. Various
transition metals, especially iron, have been shown to be effi-
cient for CNT growth. Agglomerated CNTs with tunable wall
number distributions, VACNTs with different patterns, and
HACNTs with selected conductive properties have been pro-
duced. CNTs grown in an aligned way benefit from less inter-
ference with each other (less space resistance), better orienta-
tion, a higher CNT yield per metal catalyst, fewer structural de-
fects, and longer lengths.

3. Engineering Principles of Carbon Nanotube
Mass Production

The reports on CNT growth behavior provide us with the basic
chemistry of CNT synthesis. However, this is not enough for
the design of industrial reactors because of the strong cou-
pling between the catalytic process and reactor heat/mass
transfer in the mass production of CNTs. For example, in terms
of the morphology, the CNT product cannot be considered as
a uniform substance. Their momentum, heat, and mass transfer
properties are obviously different from those of common fluids
and powders, and pristine CNTs are very difficult to process.
This Review describes how these problems are solved by the
delicate control of the agglomerated structure of pristine CNTs.
The agglomeration structure significantly affects the properties
and applications of the CNTs. The CNT structure is grown in a
bottom-up self assembly route, which is one discrete event.
However, mass production is a continuous operation with mac-
roscopic flow, reaction, and heat and mass transfer. For robust
mass production, the CNT growth has to be considered not
only at the atomic scale and as a macroscopic continuous op-
eration, but also take into account the mesoscopic nanostruc-
ture and CNT architecture modulation, which are strongly cou-
pled to both the atomic and macroscopic scales. Although this
process resembles traditional chemical engineering processes
and powder technology unit operations because the CNTs can
be treated as a continuous fluid, there is also the need to con-
sider the CNT structure. The gap between the microscopic and
macroscopic scale needs further investigation. This is shown in
the multiscale space-time analysis of the mass production of
CNTs in Figure 3. The mass production process is considered
on five scale levels :

1. CNT self-assembly at the atomic scale, including the
growth conditions and growth mechanism of the CNTs, cata-
lyst design, and controllable synthesis of individual CNTs. Many
characteristics of the CNT products, including wall number, di-
ameter, length, defects, chirality, crystallinity, and graphitization
are determined at this scale.

2. As CNTs grow longer, various CNT agglomeration struc-
tures are formed due to the large aspect ratios and strong in-
teractions between CNTs. These structures include agglomerat-
ed CNT particles, CNT arrays, suspended individual CNTs, and
others. Actually, the agglomeration behavior of CNTs is the
bridge between the atomic structure and their mass produc-
tion. On the one hand, the interaction between CNTs causes
stresses, which leads to the formation of CNTs with various ag-
glomeration structures. On the other hand, different agglomer-

Table 4. Selected results of horizontally aligned CNT growth.

Method[a] Catalyst T
[8C]

Substrate Ref.

EFCVD Fe 900 wafer [126]
EFCVD Fe 800 wafer [127]
GCVD Fe/Mo 900 wafer [128, 129]
GCVD FeCl3 900 wafer [130]
CVD Fe 900 quartz [131]
GCVD FeMo 900 wafer [132]
GECVD ferritin 800 sapphire [133]
GECVD ferritin 900 sapphire [134, 135]
GCVD Co(Mo) 850 Si [136]
MFCVD Fe 750 SiO2 [137]
GCVD[b] FeCl3 950 wafer [138]
GECVD ferritin 800 a-Al2O3 [139]
GCVD Cu 925 wafer [140]
GECVD Fe(Mo) 900 sapphire [141]
GCVD FeCl3, ferritin 900 wafer [142]
GECVD ferritin 900, 925 ST-cut quartz [143]
GCVD FeCl3/CoCl2 900–950 wafer [144]
GECVD Fe,Co,Ni 900 quartz [145]
GCVD Cu 900 ST-cut quartz [146]
CVD SWCNTs 975 wafer/quartz [147]
GCVD FeMo 950 wafer [25]
GECVD Cu 900 ST-cut quartz [148]
CVD SiO2, Al2O3, TiO2, Er2O3 900 wafer [149]
GECVD FeMo 900 SiO2/Si wafer [150]
GCVD[c] FeCl3 1000 SiO2/Si wafer [151]
GECVD ferritin 750–900 ST-cut quartz [152]
GECVD Fe line 925 ST-cut quartz [153]
GCVD DyCl3 900 SiO2/Si wafer [154]
GCVD[d] FeCl3 1000 SiO2/Si wafer [155]

[a] EFCVD: electrical-field-assisted CVD; MFCVD: magnetic-field-assisted
CVD; GCVD: gas-flow-assisted CVD; GECVD: Graphoepitaxy CVD. If not
specitfied, the CNT products were SWCNTs. [b] S/D/MWCNT. [c] TWCNT.
[d] D/TWCNT.
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ated states of CNTs have different hydrodynamic properties,
heat and mass transfer rates, and catalyst deactivation behav-
iors, which determine the strategies for their mass production.
The mesoscopic level is that in which the behavior of agglom-
erated nanostructure, including agglomerate morphologies,
agglomeration mechanism, stress within agglomeration, and
ways to control the agglomerates will be comprehensively re-
viewed to give the science and technology of agglomerated
CNT and CNT array mass production.

3. The third scale is that of the transport phenomena and
growth kinetics of CNTs, including the hydrodynamics, heat
and mass transfer, apparent and intrinsic kinetics, and catalyst
deactivation. CNTs can be randomly organized or aligned into
specific agglomerates, similar to macromolecular polymers.
However, CNTs have much higher molecular weights. Due to
the unique transport properties and growth kinetics of CNTs
and CNT agglomerates, traditional facilities have to be modi-
fied for CNT production. The modification of the hydrodynamic
behavior of nanomaterials in the reactor is a basic problem
and the key in reactor design and scaling up of this process.

4. Process intensification includes the use of better process
operation that makes use of the relationship between the mac-
roscopic operation and microscopic CNT structure, novel cata-
lytic routes, and economical feedstocks or feeding methods.
Macroscopic objects and various traditional chemical engineer-
ing concepts are involved at this level.

5. The fifth scale is that of environmental and ecological
considerations, and the packing, delivery, application, standard-
ization, and commercialization of CNTs. Exposure to CNTs will
increase with their mass production and applications, and

safety, human health, and the
long term influence on the bio-
sphere have to be considered.
Finding safe ways to use CNTs
as advanced functional materials
to improve our daily lives is a
goal. This is an important step
for the sustainable development
of the CNT industry, and would
need setting safety require-
ments for designing CNT struc-
ture and their efficient produc-
tion process.

In the past twenty years,
much engineering of CNT mass
production have been carried
out. The multiscale space-time
analysis illustrated in Figure 3 is
used here as a framework to
classify these researches on CNT
production into different scales
according to their time-space
scale. The detailed engineering
science at the various scales is
addressed.

3.1. Growth mechanism

Metal catalysts such as Fe, Co, and Ni show high activity for
CNT growth (Tables 1–4). With these catalysts, hydrocarbons
are readily decomposed on the surface of the transition metal,
and surface/bulk diffusion of carbon atoms easily occurs on/in
the metal catalyst. Recent breakthroughs on metal-catalyst-free
growth of CNTs make non-metal residual CNT production feasi-
ble.[149, 158] More advanced catalysts for commercialized CNT
production are still needed.

The growth dynamics of nanocarbons on metal nanoparti-
cles have been explored since the 1970s. Recent observations
indicate that the metal catalysts are in the solid state.[159, 160]

Thus, the vapor-solid-solid (VSS) growth model derived from
the vapor-liquid-solid (VLS) model for the growth of silicon
whiskers,[161] is the one used for understanding the growth
mechanism of CNTs. The dynamics of the catalyst state could
be very complex, the surface of the catalyst is reconstructed,
and there are fluctuations of the carbon concentration in the
catalysts. The growth mechanism of CNTs is still not fully un-
derstood. Selecting the right materials and process parameters
to synthesize CNTs with desired structures is still an art. In this
section, new insights for CNT growth at an atomic scale are
provided as a guide for diameter- and chirality-mediated CNT
mass production.

3.1.1. Diameter-mediated CNT production

The diameter of the CNTs produced strongly depends on the
size of catalyst nanoparticles. Small catalyst particles (0.5–
5 nm) are efficient for SWCNT growth, and large catalyst parti-

Figure 3. Multiscale space–time analysis of the mass production of CNTs.
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cles (8–100 nm) are usually used as the catalyst for MWCNT
growth. When discrete catalytic nanoparticles with diameters
in the range of 1–2 and 3–5 nm were used for the growth of
SWCNTs on substrates by CVD, SWCNTs with a diameter distri-
bution of 0.9–2.7 and 1.5–6.0 nm were obtained, respective-
ly.[162] A ratio between the catalyst particle sizes and CNT diam-
eters close to 1.6 was also reported.[163] For supported Fe/MgO
catalyst, with increasing content of Fe on the MgO support,
both the diameter of the SWCNTs and the ratio of DWCNTs in-
creased.[87] Zhang et al. found that S/D/MWCNTs were selective-
ly synthesized when Fe/MgO catalysts with different Fe load-
ings (0.5–15 wt %) were used.[164] Zhao et al. reported a similar
selectivity when Fe/Mg/Al LDHs were used as catalyst.[23] This
was attributed to the small metal catalyst particles formed
when the metal loading amount was low, and the dominating
surface diffusion on the catalyst particles resulted in the selec-
tive formation of SWCNTs.[164, 165] With increased metal loading
amount, the metal atoms sintered into large nanoparticles.
Both surface and bulk diffusion, which contribute to the outer
and inner layer of DWCNTs, respectively, took place on a single
catalyst particle. When the metal loading further increased, the
sizes of the catalyst particles were in a large range of over
5 nm, and bulk diffusion of carbon dominated the growth of
CNTs. Carbon atoms can accumulate at the surface of the cata-
lyst and encapsulate the iron catalyst into the MWCNTs or pro-
duce carbon encapsulated metal particles, which depend on
the precipitating rate of carbon from the catalyst.[23, 164]

Though the size of catalyst particles shows strong relation-
ship with the outer diameter of CNTs, the inner diameter of
CNTs can vary strongly with the same catalyst particle size
when introducing additives during the CNT growth. The inner
diameter of MWCNTs is invariably in the range of 5–10 nm. By
intentionally adding some alkali metal salts into the catalyst
system, the inner diameter of the CNTs can be enlarged from
3–7 to 40–60 nm, while the outer diameter of about 60–80 nm
is preserved.[166] Thin-walled CNTs can be formed by using
chlorine-substituted benzene, C6H6�xClx (x = 0–3), as the carbon
precursor. The ratio din/W, which is defined as the ratio of inner
diameter and wall thickness of a nanotube, can be changed
from 0.3 to 5.0.[167] This is because the additional Cl can bond
with the dangling bonds of carbon or hydrogen atoms.[168]

These factors disrupt the normal dissolution of carbon into the
iron phase and the precipitation at the carbon/metal interface
for small-inner-diameter CNTs.[167, 169] It should be noted that
the inner space of CNTs can provide a confined space for ad-
vanced catalysis, nanoreactors, and energy conversion/stor-
age.[170] However, the precise control of the outer diameter,
inner diameter, and number of walls of MWCNTs is still a big
challenge.

3.1.2. Chirality-mediated CNT production

The structure (e.g. , chirality and defect formation) of CNTs
strongly depends on the dynamics of the catalyst particles
during growth. Particular caps are favored by the epitaxial rela-
tionship with the solid catalyst surface and the corresponding
tubes grow preferentially.[171] There is a minimum required

metal cluster size to support SWCNT growth, and this cluster
size can be used to control the diameter of the SWCNTs at
temperatures relevant to CNT growth.[172] Strong electrostatic
interactions, which are dominated by inner rather than frontier
orbitals, are found between the cap rim atoms and the metal
atoms they are in contact with.[173] To know the atom-by-atom
growth of SWCNTs, in situ atomic characterization of CNT
growth is needed.[159, 160, 174] Theoretical simulation is also a
good way to get the atomic details of the growth of CNTs.[175]

Recently, Ding et al. suggested that any nanotube can be
viewed as a screw dislocation along the axis.[176] The kinetic
mechanism and deduced predictions were remarkably con-
firmed by a broad base of experimental data.[177] The detailed
steps show how adding a single C atom induces chirality
change and how the incorporation of C2 dimers leads to the
growth of the tube.[178] The armchair and near-armchair CNTs
are mostly produced when the growth mechanism is dominat-
ed by reactions such as C2 addition to the cap rim atoms.[173]

These ideas on CNT formation will enlighten the strategy for
chirality control of manufactured CNTs.

However, experimental results also deviate strongly from
theoretical predictions. Most as-grown CNTs are a mixture of
metallic and semiconducting tubes. To meet the demands of
the microelectronic industry for high-purity metallic or semi-
conducting CNTs, both post treatment and in situ growth have
been explored. Density-gradient ultracentrifugation, a scalable
technique, was developed to sort CNTs by diameter, bandgap,
and electronic type.[179] Narrow-diameter distributions of
SWCNTs (i.e. , >97 % within a 0.02 nm diameter range) can be
obtained. Bulk quantities of S-/DWCNTs of predominantly a
single electronic type can be produced by using competing
mixtures of surfactants.[179, 180] A series of surfactants/polymers
have been used to separate SWCNTs with fixed chirality.[181]

Novel SO3 etching[182] and electrochemical etching[183] methods
were also developed to obtain metallic or semiconducting
CNTs. On the other hand, in situ growth methods are also
good ways to obtain CNTs with certain chiralities. It was found
that CVD on a Fe–Ru bimetallic catalyst[184] or a Cu–Fe/MgO
catalyst procued by atomic layer deposition[185] produced pre-
dominantly (6,5) SWCNTs. Up to now, the production of CNTs
with a desired chirality is still a big challenge for researchers.

3.2. Agglomeration mechanism

The growth mechanisms above are effective for controlling the
CNT structure. However, the as-grown CNTs will cluster into ag-
glomerated or aligned CNTs. The strategies for scale-up and
mass production of CNTs strongly depend on the agglomera-
tion process. In this section, the agglomeration behavior of
CNTs is reviewed. To give a guideline for mass production, the
scale-up methodology of agglomerated CNTs and aligned CNTs
are also summarized.

3.2.1. Formation of CNT agglomerates

Agglomerated CNTs are three-dimensional network structures
composed of large numbers of CNTs. They form very easily be-
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cause CNTs are prone to entangle during growth on powder
catalysts. Usually, the CNT catalyst is composed of nanoparti-
cles, that is, a metal phase distributed on the catalyst support.
With the introduction of a carbon source, CNTs will grow out
from the particles. As shown in Figure 4, the morphology of
the Fe/Mo/Al2O3 powder catalyst will change with the growth

of CNTs and the catalyst particles will be crushed. In the initial
period, growing CNTs crush the catalyst particles into small
clusters, forming separated catalytic sites.[186, 187] With increasing
carbon deposition, the catalysts will be crushed further and
the CNTs will grow around the catalyst sites. The growing CNTs
will push the crushed catalyst away and separate the sites
from each other, leading to an increase in agglomerate size
and a decreasing density as well (Figure 4 c, d). The agglomer-
ated structure and its evolution during CNT growth are of fun-
damental importance[188] for CNT mass production because a
single CNT cannot be fluidized as it is a linear nanometer-scale
material. The agglomeration, in which a three-dimensional net-
work structure is developed that hydrodynamically behaves as
a big particle, is the reason for the good fluidization behavior
of agglomerated MWCNTs. If the catalyst structure is too
strong to be crushed by the growing CNTs, the insides of the

catalyst cannot be used for CNT synthesis and the yield will de-
crease severely. On the other hand, if the catalyst structure is
too loose and easily broken the agglomerates will be crushed
into small pieces and entrained out from the reactor.[21] When
the agglomerated CNT product is kept moving in the reactor,
the weak connection between the agglomerates is broken,
which keeps the CNT material fluidizable. With a properly con-
trolled agglomeration state, which gives a controlled fluidiza-
tion state, MWCNTs can be efficiently produced in a fluidized
bed reactor.

If the number of walls of the CNTs is decreased and they
become double/single-walled, the CNTs obtained will be very
flexible. The nucleation of CNTs can be considered as a self-as-
sembly of carbon atoms into tubes after precipitation from a
quasi-liquid saturated C-Fe solution. When S-/DWCNTs grow in
a porous catalyst, as shown in Figure 5, regardless of whether

in tip or root growth mode, the S-/DWCNTs all touch the cata-
lyst sheet, and therefore three possible scenarios will occur:
(1) if the catalyst agglomerate is strong and the CNTs cannot
push apart to expand the catalyst agglomerate, growth will be
terminated (Figure 5 c); (2) if the strength of the porous cata-
lyst is weak and the CNTs can expand the catalyst agglomer-
ate, the CNTs will continue to grow (Figure 5 d); (3) the CNTs
cannot expand the catalyst agglomerate but can bend and
buckle when the pore size is large enough, whereupon the
CNTs can extend out from the pores of catalyst agglomerate
and continue to grow (Figure 5 e and f).[189] S-/DWCNT growth
needs not only good dispersion of the active metal compo-
nents on the catalyst support and a suitably large BET surface
area, but also a proper catalyst structure. Any factor that can
enlarge the pore size or reduce the strength of the catalyst (in-
cluding the direct formation of large pores in a catalyst by a
template, controlled critical drying of the catalyst,[85] minimiz-
ing catalyst support size,[190, 191] aerosol catalyst,[67, 192, 193] or
direct spray drying of the catalyst into very fine powders[194])
can provide a catalyst with a low bulk density and weak inter-
action in the agglomerates that will meet the requirements for

Figure 4. A) Mechanism of CNT agglomeration: a) an original catalyst parti-
cle; b) the catalyst particle structure is crushed by CNT growth; c) the cata-
lytic sites are separated and sub-agglomerates form; d) fully developed ag-
glomerates. B) Structure of a CNT agglomerate. (Reproduced with permission
from Ref. [186]. Copyright 2003 Elsevier.)

Figure 5. Confined growth of an individual CNT in a porous catalyst agglom-
erate: a) free growth, b) touching of the catalyst sheets, c) termination of
the growth, d) pores of catalyst agglomerate broadened, e) buckling, and
f) continued growth. (Reproduced with permission from Ref. [189]. Copy-
right 2008 Elsevier.)
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S/DWCNT growth in high yield, high purity and high quality.
For instance, using an improved Fe/MgO catalyst with a larger
sheet than the original catalyst and dominant pores larger
than 180 nm, a mixture of DWCNTs and SWCNTs were obtained
with high carbon yield and a high BET surface area of
1005 m2g�1, which was 1.5 times that of the CNTs grown on
the original catalyst (~650 m2g�1).[189] Recently, Nie et al. report-
ed that an ethanol-thermal treatment was effective for increas-
ing the percentage of very large pores in the porous catalyst
structure, and can be used for the growth of very high quality
SWCNTs with much fewer defects.[81] Layered double hydrox-
ides (LDH), also known as hydrotalcite-like materials, which are
a class of two dimensional nanostructured anionic clays whose
structure is based on brucite (Mg(OH)2)-like layers, can be used
as a novel catalyst for SWCNT growth with a huge BET surface
area of 1289 m2g�1.[23] The LDH can form porous agglomerates,
which is an ideal and efficient catalyst for SWCNT mass produc-
tion in a fluidized bed reactor.[82]

3.2.2. Aligned CNT formation

The aligned CNTs were all obtained by a bottom-up self-assem-
bly process during thermal/floating-catalyst CVD. The CNTs in
the array grow simultaneously, and therefore the position of
the growth site and the agglomeration mechanism of aligned
structure formation are of much concern. To identify the
growth sites of the CNTs in the vertically aligned array, various
methods, such as isotope labeling by 13C in the carbon source
to detect the sequence of the formation of different CNT sec-
tions,[195] multi-layer growth with different growth times,[196–199]

and catalyst labeling method[200] were used. For thermal CVD
and floating catalyst CVD, the growth site of was indicated to
be at the bottom of the VACNTs.[195–200] This mechanism gave
the growth direction of isolated CNTs and informed us of the
importance of maintaining the catalyst and carbon source at
the bottom of the CNT arrays, but indicated little about the for-
mation process of the array. To solve the basic question in
aligned CNT formation to give an ordered self-assembled
structure, especially when beginning from an initial random
structure, Zhang et al. characterized the morphology of multi-
layered CNT arrays and the change in the curvature of the
CNTs (tortuosity) obtained by floating catalyst CVD (Figure 6 A).
A Raman shift during growth was measured and used to char-
acterize the presence of stress in the CNTs.[199] The synchronous
growth of a CNT array induced by stresses among CNTs was
found. This is shown in Figure 6. For VACNT growth, metal
nanoparticles were deposited on the substrate first (Fig-
ure 6 B (a)), and the CNTs grew on these nanoparticles. At the
beginning, the catalyst particles were in low density and the
CNTs grew randomly on the substrate. At the same time, new
catalyst particles formed and the CNTs grew longer (Fig-
ure 6 B (b)). When the CNTs exceeded a certain length, they get
entangled with each other and formed a woven structure. Sub-
sequently, new CNTs cannot grow freely on the surface due to
the limited space in the horizontal and vertical directions: a
compressive stress was placed on later formed curved CNTs
and a tensile stress was placed on the weave-connected

straight CNTs (Figure 6 B (c)). The stress distributed between
the CNTs in the forest during growth kept the straight and
curved CNTs growing at the same macroscopic rate. Thus, a
synchronous growth of CNT array with pristine stress occurred
in the heterogeneous catalyst process.[199] The curvature of
curved CNTs can be increased by an external force.[201] High
density metal particles and flat substrate are needed for the
CNTs to be self-organized into a vertically aligned structure.
For instance, when there were round concaves on flat sub-
strates (diameter at around 10 mm), CNTs will self-organize into
CNT ropes for further growth. If there were irregular gaps at
the sub-micron scale, the initial CNTs get entangled and
formed high density agglomerates.[202] Compared with agglom-
erated CNTs, the CNTs in the array form has an ordered struc-
ture, which will release the growth stress due to structure de-
formation and self organization. Meanwhile, the density of
CNTs is decreased, leading to a larger aspect ratio for CNTs.

Based on the CNT growth and agglomeration mechanism,
various effective strategies for VACNT mass production have
been proposed. One of the first ideas was the synthesis of
aligned CNTs on a flat surface. However, the surface area of a
flat substrate is often limited, and flat substrates have poor
mobility. Only 1 g h�1 VACNT arrays can be obtained with flat
silica as substrate.[101] The quantity of the VACNT arrays is pro-
portional to the surface area of the substrate. If a substrate
with a larger surface area is used (e.g. , spheres) more VACNT
arrays can be produced. In particular, when spheres with diam-
eters of 0.8 mm and a total volume of 1 L were used as the
growth substrate, the surface area increased to as much as
7.5 m2 (equivalent to the surface area of 14 500 pieces of one-
inch wafer). These spheres exhibited good transportability and
could be easily manipulated into and out of reactors. We have
recently synthesized VACNT arrays from cyclohexane,[203] lique-
fied petroleum gas,[204] and ethylene[205] on ceramic spheres.

Figure 6. A) Tortuosity, defined as the length ratio of the blue to red lines in
the inset to describe the curvature, was decreased from the top of CNTs.
B) Schematic description of the synchronous growth of a CNT array with
pristine stress in the heterogeneous catalyst process.[199]
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After 2 h growth, all the spheres exhibited a flower-like struc-
ture, with 15–25 mats of long VACNT arrays oriented perpen-
dicular to the surface of the spheres. Other kinds of curved sur-
faces, such as quartz/SiC/carbon fibers,[206] flakes,[207, 208] and mi-
crospheres,[209] were also effective for VACNT growth.

To avoid damage caused by the collisions among CNT arrays
during transport or fluidization processes, a strategy of interca-
lating VACNTs into layered compounds and directly construct-
ing a layered hybrid nanocomposite composed of alternate
CNT films and inorganic sheets has been proposed
(Figure 7).[210] Compared to a flat substrate with low surface
area, the lamellar catalysts offer much larger specific surface
areas (>3 m2 g�1) to provide enough surface area for the
growth of VACNT arrays. Meanwhile, by crushing and screen-
ing, lamellar catalysts that are “A” particles in the Geldart parti-
cle classification[211] were produced as the catalyst to simplify
fluidized-bed operations. The aligned CNTs can intercalatedly
grow within a single lamellar particle, and collisions between
CNT arrays during growth are therefore avoided. This was suc-
cessful for the mass production of VACNT arrays in a fluidized-
bed reactor. VACNT arrays with CNT diameters of 7–13 nm and
CNT lengths of 0.10–100 mm were intercalated among inorgan-
ic layers.[210] A large amount of CNT arrays can be produced in
a fluidized bed with a layered catalyst.[113, 212] A 3.0 kg h�1

VACNT array production was achieved in a fluidized-bed reac-

tor with a diameter of 500 mm.[113] The CNTs in the arrays
showed good alignment, and could be easily purified.

For the formation of HACNTs, the interactions among CNTs,
substrates, and surrounding environment play key roles. The
gas flow, which makes the CNTs grow in a way similar to a
flying kite, is efficient for superlong CNT growth. The CNT
growth rate is very high, and the weight space velocity can
reach 108 gCNT gcat

�1 h�1, which is millions of times that of ag-
glomerated CNTs on a porous catalyst. This can be attributed
to the growth mode of the HACNTs, in which the catalyst parti-
cles are at the tips of the growing CNTs, and the growth is free
of space resistance. However, the density of HACNTs grown di-
rected by gas flow is very low. For the lattice-directed, ledge-
directed, and grapho-epitaxy growth of HACNTs, the substrate
provides a strong interaction to drive CNTs to grow with a
high density, but the lengths of CNTs are mostly short. HACNTs
are mainly used in microelectronics. It is anticipated that the
most efficient way for the mass production of HACNTs is piece-
wise on an assembly line, which is compatible with present
fabrication technologies in microelectronics. As CNTs in the
horizontally aligned array have few defects, they have potential
applications as advanced structural and functional materials.
Therefore, the synthesis of HACNTs on movable or free sub-
strates to obtain long CNTs is an important development.

Figure 7. Illustration of the formation of hybrid composites by intercalating vertically aligned CNT films into layered inorganic compounds, showing stacked
layers in the original vermiculite (left panel), catalyst particles adhering to the surface of the layers after impregnation (middle), and aligned CNTs between
the layers after the CNT growth process (right) ; d) SEM image showing an enlarged view of a single interlayer with aligned CNTs and an interlayer distance of
20 mm. e) SEM image showing CNT growth on both sides of a vermiculite layer. f) Transmission electron microscopy image of a multiwalled CNT.[210]
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3.3. Reactor design: Transport and kinetics

The reactor is the core of an engineering process. Selecting a
proper reactor is key to the industrialization of a novel pro-
cess.[213] Fixed-, moving-, transported-, and fluidized-bed reac-
tors have been developed for CNT production (Table 5). Be-

cause CNTs do not exist as a homogeneous medium, unlike
traditional products in the chemical industry, selecting a
proper reactor type is even more important. For the mass pro-
duction of CNTs, not only the catalyst, reaction conditions,
growth space, and agglomerate control are important, but also
other key factors such as uniform temperature and concentra-
tion distributions, easy removal of CNTs from the reactor, and
maintaining a constant catalyst concentration in the reactor
should all be taken into consideration. The ability to quantify
kinetic and transport interactions on a variety of scales and
using them to assess the effect of reactor performance on the
process is very important for designing a proper reactor.[214] In
this section, we first address how to select the reactor type.
Then the state-of-the-art of transport phenomena and kinetics
of CNT growth are summarized. A typical continuous process
for CNT production that has been demonstrated on the kilo-
gram scale per hour is discussed.

3.3.1. Rector type selection

For agglomerated CNT growth, the development stage of the
CNT agglomerates is closely tied to the CNT microstructure be-
cause of the different stress states in the CNT agglomerates.
The growth space is needed for the increasing volume of the
growing CNTs.[215] In a fixed bed, the agglomerated CNTs are
packed stationary, which means limited growth space. In this
kind of reactor newly grown CNTs have to enter the loose
structure of other CNT agglomerates, which causes the inter-
twining of agglomerates. The reactor then gets jammed, which
results in significant flow, heat, and mass transfer problems.
The jamming can be solved by keeping the agglomerated
CNTs moving in the reactor, because the movement will break
the weak connections between the agglomerates so that the
growing CNTs in different agglomerates do not get entangled.
For example, in a moving bed or transported bed I (such as
that used in the floating catalyst method for CNT synthesis),
the flow pattern of the gas feed is that of piston flow, and

CNTs grow only in certain regions of the reactor. When wafers
are used as the substrate in a pipeline, the reactor can be con-
sidered a transported bed II. This is efficient for piece-by-piece
synthesis of CNTs on the wafers. In a fluidized bed reactor, the
CNT agglomerates are fluidized, and the flow pattern is similar
to that of a continuous stirred tank reactor. The fluidized bed

reactor offers the good advan-
tages of excellent diffusion and
heat transfer rates, ample
growth space, ease in scaling up
and continuous operation for
CNT production. As summarized
in Table 5, the most efficient re-
actor for the mass production of
CNTs is the fluidized bed, which
has already been adopted world-
wide for the commercial produc-
tion of agglomerated CNTs.

The reactor type also signifi-
cantly affects the growth of CNT

arrays. The properties of CNT array products in a fixed bed re-
actor showed a distribution along the axial direction.[216] When
CNT arrays were grown in a fluidized bed, they had a homoge-
neous structure, low density, uniform diameter, and few de-
fects, which can be attributed to the available space, uniform
temperature and reactant distribution in the fluidized bed re-
actor.[216] These characteristics of the fluidized bed provided
the conditions for the mass production of CNT arrays with uni-
form properties. For aligned CNTs that are to be grown on
wafers piece by piece, the transport bed is the best choice.[15]

3.3.2. Multiphase flow behavior of CNTs

The fluidization of nanoparticles is necessary for continuous
handling, good gas–solid contact and mixing, and high mass
and heat transfer efficiency, and it is because of these that the
fluidized bed is the reactor of choice for providing the condi-
tions for CNT productivity on the ton scale. Preserving the cat-
alyst and CNT product under stable fluidization is a basic issue.
To realize this goal, in one aspect, choosing a fluidizable cata-
lyst with a size of 10–200 mm (which could be considered as
“A” particles according to Geldart particles classification[211]) is
the first step for mass production of CNTs by the fluidized-bed
process. This is attributed from the powders in group A exhibit
dense phase expansion after minimum fluidization velocity,
and this state can be maintained over a large velocity range. In
another aspect, the multiphase flow behavior of CNTs has to
be well understood for reactor and process design. The expan-
sion behavior of CNT products in a fluidized bed and typical
images in the various fluidization regimes are shown in
Figure 8.[217] As the gas velocity (Ug) increased, gas channeling
occurred first in the bed, and the upper interface of the bed
fluctuates strongly (Figure 8 a). With Ug > 0.06 m s�1, the CNTs
began to fluidize (Figure 8 b). With Ug > 0.1 m s�1, the expan-
sion of the bed slowed and the pressure drop over the catalyst
bed remained stable, indicating that fully suspended agglom-
erates had been formed. Bubble break-up dominated the fluid-

Table 5. Comparison of different reactor types for CNT production.

Fluidized bed Fixed bed Moving bed Transported bed I Transported bed II

Influence on CNT growth � �� ��� +++++ +++++

Heat transfer +++++ ��� ��� � +++

Mass transfer +++++ �� ���� +++ +++++

Flow pattern well-mixed piston flow piston flow piston flow piston flow
Temperature control +++++ ���� ���� ++ ++

Scale-up ++++ ���� ���� �� +

Usable for agglomerated CNTs ++++ ++ + � ++

Usable for aligned CNTs + + �� +++ +++++

Achievable capacity +++++ ��� �� ++ +++

Continuous production +++++ ���� �� ++ ++++
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ization, no obvious bubbles could be observed, and the inter-
face with the bed was blurred due to the ejection of particles
into the free space (Figure 8 c). With Ug > 0.2 m s�1, serious en-
trainment occurred as the bed was operated in fast fluidiza-
tion. Different height/pressure drop velocity dependences
were recorded with decreasing gas velocity from 0.2 m s�1 to
defluidization. A stable agglomerate–bubbling–fluidization
could be maintained to 0.038 m s�1 in the defluidization
branch, with slightly changed pressure drops. Below
0.038 m s�1, smooth particulate fluidization was observed (Fig-
ure 8 d). This particulate fluidization could be maintained in
the range of 0.017–0.038 m s�1, and the bed height decreased
with the deceasing gas velocity. When the gas velocity was
lower than 0.017 m s�1, channeling appeared again and the
bed defluidized (Figure 8 e). A smooth and highly expanded
fluidization was achieved, but a strong hysteresis existed in the
CNT fluidization curve. The fluidization hysteresis can be ex-
plained by that different energy was required for the initial flu-
idization of the beds and suspending of the fluidizing agglom-
erates, which was connected with the complex surface struc-
ture and entangled chain-like network of the CNTs.

The particulate fluidization was not always uniform, and it
depended on the gas velocity. In aggregative fluidization, the
distribution of the time-averaged solid fractions also showed a
stronger radial non-uniformity than Geldart-A particles. Analy-
sis of the transient density signals indicated non-uniformity in
the radial solid distribution with strong aggregation among
the agglomerates near the wall. However, on the microstruc-
ture scale, the gas–CNT flow was more homogeneous than
Geldart-A particle fluidization. This was due to the small densi-
ty difference between the bubble phase and emulsion phase,
which was about one order of magnitude smaller than that of
fluid catalytic cracking fluidization. Then, turbulent heat and
mass transfer were reduced. This points to the fluidized bed re-
actor as a good choice for the mass production of CNTs.

3.3.3. Kinetics of CNT growth

Chemical kinetics include investigations of how different exper-
imental conditions influence the speed of a chemical reaction
and yield information about the reaction mechanism and tran-
sition states. It is always desirable to design a reactor and opti-
mize the operation in a cost-saving way. Various apparent ki-
netic models have been proposed based on the experimental
data. For instance, Ni et al. found that the rate of CNT synthesis
was proportional to the CH4 pressure.[218] Pirard et al. conduct-
ed a kinetic study on the formation of MWCNTs and found the
best models assumed that the elimination of the first hydro-
gen atom from adsorbed ethylene was the rate-determining
step. The activation energy and ethylene adsorption enthalpy
were found to be 130 and �130 kJ mol�1, respectively.[219] Phil-
ippe et al. have produced CNTs with high selectivity by fluid-
ized-bed catalytic CVD. The apparent partial orders of reaction

Figure 8. Fluidization in the various regimes recorded with a 2D bed show-
ing a) channeling, b) agglomeration–bubbling–fluidization, c) turbulence,
d) particulates, and e) defluidization.[217]
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for ethylene, hydrogen, and iron were found to be 0.75, 0, and
0.28, respectively.[220] Simulation showed that the productivity
of MWCNTs can reach 8 kg h�1 in a 45 cm diameter reactor op-
erated under semi-batch conditions.[221]

In the growth of aligned CNTs, the CNTs have similar lengths,
and it is easy to design in situ methods to monitor the kinetics
of aligned CNT growth.[222, 223] The growth mark method was
used to record the growth rate of aligned CNTs by adding
marks during the growth process.[224] It was found that the
growth rate was higher in the initial stage and then reached a
constant value when the growth temperature was 953 K.
Along with increasing C2H2 partial pressure, the axial growth
rates also increased, which indicated that the reaction cannot
be zero-order in C2H2.[224] In fact, the decomposing mechanism
of a hydrocarbon at high temperature is complex, and the ele-
mentary reactions should be determined first. If the catalyst
has a constant activity, then a linear growth behavior of
aligned CNTs is obtained.[225, 226] The relationship between the
length of CNTs and the growth time can be expressed as:

L ¼ rt ð1Þ

where L is the length of aligned CNTs, t is the growth time,
and r is the growth rate of VACNTs, which varies from 0.05–
20 mm min�1. For HACNTs, the rate of CNT growth can reach
4800–5600 mm min�1.

If the initial growth rate is proportional to the carbon source
concentration and the rate-determining step is the carbon
source decomposition,[197, 225, 227, 228] the length of aligned CNTs
can be expressed as:

L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

De

ks

� �2

þ 2DeC0

a
t � De

ks

s

ð2Þ

where De is the effective diffusion coefficient, ks is the surface
rate constant for reacting the carbon source to CNT, C0 is the
feedstock concentration, and a is a structure-dependent con-
stant of the CNT array.[228]

If the catalyst is continually poisoned due to the formation
of a carbonaceous layer around the catalyst nanoparticles, or
reactions involving byproducts, the rates of these catalyst
decay processes will be proportional to the rate of the synthe-
sis reaction. The growth behavior of aligned CNTs can be ex-
pressed as:

L ¼ btð1�e�t=tÞ ð3Þ

where b is the initial growth rate and t is the characteristic cat-
alyst lifetime.[223, 229]

Linear growth of aligned CNTs was widely observed during
the first growth stage. When the CNTs become longer, either
the carbon source diffusion or catalyst decay was described,
and this is highly dependent on the catalyst preparation and
growth parameters. The possible rate-determining steps of
CNT growth are hydrocarbon decomposition,[197, 225, 227] catalyst
activity,[223, 229] and diffusion of carbon into the catalyst parti-

cles.[198, 224, 230] Both the kinetic and the rate-determining step of
CNT growth varies with different catalysts and growth parame-
ters.[225, 228, 231] It is important to test the kinetics by experimen-
tal results and select the appropriate kinetic model for further
scaling up. For thermal CVD growth, not only catalytic hydro-
carbon decomposition, but also thermal decomposition of hy-
drocarbon was observed, which induced the deposition of gra-
phene segments on the outer walls of the CNTs. This led to
the increasing of the outer diameter of the CNTs grown.[232]

With continual growth of CNTs, the metal nanoparticle cata-
lyst will lose its activity gradually because of sintering, encap-
sulation, poisoning, limited space for CNT extension, and other
reasons. Usually, billions of CNTs are simultaneously grown in
each batch, and the reason for the “death” of each catalyst
particle can be different. This strongly depends on the growth
evolution and environment. In a recent work on the growth
behavior of aligned CNTs, it was found that aligned CNT
growth terminated abruptly after exhibiting a steady decay in
growth rate.[233] Structural disorder is a distinct chemical and/or
mechanical signature of self-terminated CNT array growth.[233]

Bedewy et al. reported a four-stage growth of aligned CNTs:
(i) self-organization; (ii) steady growth with a constant CNT area
number density; (iii) decay with a decreasing area number den-
sity; and (iv) abrupt self-termination, which is coincident with a
loss of alignment at the base of the forest.[234] The abrupt ter-
mination of CNT array growth was considered to be caused by
the loss of the self-supporting structure, which is essential for
the formation of a CNT array. This event was triggered by the
accumulating growth termination of individual CNTs.[234] Kim
et al. reported that the termination of aligned CNT growth can
be intrinsically linked to the evolution of the catalyst morphol-
ogy. A combination of both Ostwald ripening and subsequent
subsurface diffusion led to the loss of the iron nanoparticle
catalyst, and this correlated with the termination of CNT
growth.[235] Very recently, after applying a transformation based
on high-resolution spatial mapping of alignment, the length ki-
netics curve was found to be linear until self-termination, even
after the slope of the height kinetics began to decrease.[236] By
considering feedstock and byproduct diffusion in the root
growth of aligned CNTs, it was shown that MWCNT arrays were
usually free of feedstock diffusion resistance while SWCNT
arrays suffered from strong diffusion resistance.[228] Thus, deliv-
ery of gases by a gas shower system from the top of the array,
enabling direct and precise supply of carbon source and
growth enhancer to the catalysts, is an efficient way for large-
area growth of vertically aligned SWCNTs.[15] A stable laminar
flow on the substrate was always the basis for ultralong hori-
zontally aligned CNT growth via gas-flow-assisted CVD.[151]

3.3.4. Process design for the continuous production of CNTs

Based on the catalytic process, transport phenomena, and un-
derstanding of the kinetics of CNT growth, process design, in-
cluding capital and operating cost, operation mode (semi-
batch, batch, or continuous), and production and purification
methods, can be performed. An understanding of process
design is the first step for scaling up and commercialization.
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Agboola et al. presented this for a high-pressure carbon mon-
oxide plugflow process and CoMo catalyst fluidized-bed pro-
cess recently.[237] In this section, the nano-agglomerated fluid-
ized bed process for FloTube production was selected as a rep-
resentative process to illustrate the continuous operation of
CNT production.

The catalyst is first reduced and then transferred into the
main fluidized-bed reactor. A gas mixture containing the
carbon source reactant is introduced into the bottom vessel of
the reactor, and passes through the gas distributor, the fluid-
ized bed, and finally flows out into the atmosphere. With con-
tinuous growth of CNTs, the catalyst deactivates gradually, and
the conversion of the carbon source decreases accordingly. To
achieve the continuous production of CNTs, fresh catalyst has
to be added. It should be noted that the density of the catalyst
is 5–15 times higher than that of the CNT products, thus their
fluidization behaviors vary significantly. If the fluidized bed
were operated in the regime for CNT catalyst fluidization with
a high gas velocity, most CNT products will be blown out from
the reactor, which should be avoided. Similarly, if it were oper-
ated in the regime for CNT product fluidization with a low gas
velocity, most CNT catalyst particles will be defluidized and
fresh catalyst cannot be effectively used. To provide a robust
process for continuous production, a multistage reactor con-
sisting of two or more fluidized bed reactors, or multizone flu-
idized bed reactors, was proposed.[238] The fresh catalyst and
final products were operated in different reactors or zones to
keep all of them in good fluidization states. Both the catalyst
and products can be in situ transferred between different reac-
tors, and CNTs were continuously produced in this process. A
pilot plant fluidized-bed reactor with a diameter of 500 mm
was used for the mass production of agglomerated CNTs and
VACNTs (Figure 9 b).

3.4. Process Intensification for the CNT industry

In modern chemical engineering and process technology, pro-
cess intensification involves the development of innovative
machines and techniques that give improvements in manufac-
turing and processing, substantially decreased equipment
volume, energy consumption, or waste formation, and ulti-
mately leads to cheaper, safer, and sustainable technologies.[239]

Process intensification is based on maximizing the effective-
ness of intra- and intermolecular events to give each molecule
the same processing experience, optimizing the driving forces
at every scale and maximizing the specific surface area to
which these forces apply, and maximizing the synergistic ef-
fects from component processes.[240] To produce CNTs and uti-
lize them in a cheaper, safer, and more sustainable manner, re-
searchers, especially those with a chemical engineering back-
ground, have developed novel process intensification technol-
ogies. To cross the scales of CNT production and eliminate the
bottlenecks in the CNT industry, various strategies were pro-
posed as bridges between atomic self-assembly, agglomerate
formation and evolution, hydrodynamics of nanomaterial flow,
delivery, and their applications, among which strong couplings
always exist. The formation of CNTs with a desired nanostruc-

ture depends not only on the catalyst at the atomic scale, but
also on the agglomeration behavior at the mesoscale, and
multiphase flow, heat and mass transfer of catalysts and prod-
ucts at the reactor scale. The decoupling of the interactions
between the different scales is the first step. Due to its strong
interdisciplinary character, especially for novel nanomaterials,
process intensification is used to meet these challenges in col-
laboration with other disciplines, such as chemistry, catalysis,
applied physics, materials engineering, electronics, etc. In this
section, the discussion of the state-of-the-art of CNT process
intensification is classified by molecular scale intensification,
feedstock saving, multifunctional reactor, and coupled process
development aspects.

3.4.1. Catalysis route innovation

Additives can significantly improve the activity of catalysts for
efficient growth of CNTs. To improve the yield of CNTs and syn-
thesize SWCNTs and DWCNTs, sulfur or sulfur-containing com-
pounds (such as thiophene and H2S) have frequently been
used as additives in the floating catalyst CVD method. It was
found that the addition of sulfur results in localized liquid
zones on the surface of large catalyst particles as the initial nu-
cleation sites and the shell number of CNTs can be changed at
the nucleation and growth stages.[241] Thus, high-quality CNTs

Figure 9. a) Continuous mass production of CNTs. 1: first reactor ; 2: second
rector ; 3; last reactor; 4: catalyst reduction reactor; 5: gas–solid separator; 6:
overflow pipe; 7: cyclone; 8: CNT tanker; 9: connection between reactors;
10: catalyst inlet. b) Pilot plant facility for CNT production (Reproduced with
permission from Ref. [21] . Copyright 2008 Elsevier.).
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with tunable diameters can be obtained.[242] Long nanotube
strands consisting of aligned SWCNTs with lengths up to sever-
al centimeters can also be synthesized.[67, 193, 243] Moreover, oxi-
dative gases, such as H2O,[14, 160, 244, 245] CO2,[191, 246, 247] or O2,[248]

were shown to give extraordinary enhancement for high-purity
CNT growth. Water (175 ppm) was an efficient additive for the
supergrowth of aligned SWCNTs.[14] When an oxidative gas was
added into the reactor, not only amorphous carbon was sup-
pressed, but also the activity of catalyst was greatly im-
proved.[245] Futaba et al. reported that the key to a highly effi-
cient growth of CNTs includes two essential ingredients in the
growth ambience: a carbon source that does not contain
oxygen and a minute quantity of a secondary gas, which does
contain oxygen that acts as a growth enhancer.[249] In this situa-
tion, high density nanoparticles with good stability can be
formed, which is the basis for the continuous growth of super
long CNTs. This is a very easy way to enhance S-/DWCNT pro-
duction. For example, Wen et al. found that a small amount of
CO2 was effective for removing amorphous carbon to regener-
ate the catalyst, decrease the size of the MgO support and in-
crease the specific surface area of the Fe/Mo/MgO catalyst.[191]

Huang et al. observed the morphology evolution with different
added CO2 amounts and reported these were from convex- to
radial-block- and then to bowl-shaped during thermal CVD.
Meanwhile, with the introduction of CO2, carbonaceous impuri-
ties were eliminated and the wall number of CNTs was also sig-
nificantly reduced.[247]

Moreover, the CNT structure can be changed by the intro-
duction of a catalyst precursor as simple molecular scale pro-
cess intensification. For example, the dense fluidized bed and
floating catalyst CVD methods can be combined to decompose
propylene with CNTs as support and metal particles from the
in situ pyrolysis of ferrocene as the catalyst. Short and thin
CNT branches can be constructed on the tips or sidewalls of
the CNTs.[250] Wei et al. reported a magnetism-assisted CVD
method in which the external magnetic field promoted the co-
alescence or division of the magnetic catalyst particles, causing
the formation of branched or encapsulated CNTs.[251] Multi-
branched CNT arrays can be obtained using flow fluctuation by
a branching mechanism of fluctuation-promoted coalescence
of catalyst particles.[252] The branched CNTs obtained can be
used as intermolecular junctions components, which not only
connected different CNTs for integration, but also can act as
functional building blocks in circuits, for example rectifiers,
field-effect transistors, switches, amplifiers, and photoelectrical
devices.[253] If the carbon source was replaced by an nitrogen-
containing carbon source, CNTs with the bamboo structure,[254]

or nitrogen-doped CNTs can be obtained.[255] Nitrogen-doped
CNTs show tunable properties; in particular, chemically inert
CNTs were chemically active after the doping of nitrogen
atoms.[255] Other element-doped CNTs, such as those doped
with phosporus[256] or boron,[257] also show unique properties
and wide applications in catalysis, energy conversion, and
energy storage, and can also be easily obtained by process in-
tensification during CNT synthesis.

3.4.2. Feedstock saving

For a chemical process, 60–90 % of the production cost comes
from the raw materials. Selecting proper feedstocks is also a
key factor for the efficient production of CNTs at low cost. For
the CVD process, the yield of carbon is the key factor for the
economical production of CNTs. Investigations into new inex-
pensive feedstocks and more efficient catalyst/support combi-
nations suitable for the mass production of agglomerated and
aligned CNTs are needed. The growth of CNTs on natural mate-
rials is a potential way to achieve environmentally benign and
low-cost production.[258] A variety of minerals (such as volcanic
lava rock, bentonite, soil,[258] garnet sand,[259] wollastonites,[260]

montmorillonite,[261] sepiolite,[262] and vermiculite,[113, 210, 212]), bio-
mass-derived materials (such as activated carbon,[263] black
jew’s-ear fungus and black sesame seeds[264]), and industrial
wastes (such as red mud[265] and fly ash[266]), have been used as
catalysts and/or catalyst supports for the synthesis of CNTs. Or-
ganic natural materials, such as coal,[267] natural gas,[268] lique-
fied petroleum gas,[269] eucalyptus oil,[270] turpentine oil,[271]

camphor,[272] deoiled asphalt,[273] even grass,[274] can serve as
the carbon source for CNT synthesis. Some natural carbon
sources contain impurities (such as S, As, P) that can poison
the metal catalyst, but other impurities are efficient for CNT
growth as enhancers. It is still difficult to get CNTs with high
purities and ideal structures in high yields, and exploring effec-
tive natural feedstocks is a possible solution. Using renewable
energy for CNT synthesis is also a goal. For example, concen-
trated solar radiation has been used as a clean source of pro-
cess heat for the production of CNTs.[275] With recent rapid
progress in energy conversion and storage, it may be more
economical to turn solar energy into electricity for the synthe-
sis of CNTs, which will further promote the production of CNTs
in a sustainable way.

3.4.3. Multifunctional reactors

The industrial reactor type and its operation regimes are
mainly determined by the CNT growth mode and agglomera-
tion behavior. Compared with the fixed-bed, moving-bed, and
transported-bed reactors, the fluidized-bed reactor has excel-
lent heat and mass transfer properties and good mixing behav-
ior, which is of paramount importance for the mass production
of CNTs. CNT production in a fluidized-bed reactor has to go
through a series of steps, including catalyst reduction, CNT
growth, catalyst support crushing, CNT agglomerate formation,
and so on. For an effective process, the changes in for example
reactant concentration, density of solids, catalyst deactivation,
and particle size growth, which significantly influence the oper-
ation, have to be considered. By doing so, an enhancement
can be achieved in the reactor operation by the use of a cou-
pled CVD process in a coupled fluidized bed. For example, a
two-stage fluidized bed has been used to produce CNTs that
gave a higher conversion of the reactant. For methane decom-
position in a two-stage fluidized bed reactor, a lower stage at
low temperature and an upper stage at high temperature are
commonly used. This allows the methane to decompose on
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fluidized catalyst particles with high activity at a high tempera-
ture condition. The carbon produced diffuses into the catalyst
particles, which flow between the stages, to form CNTs in both
the low- and high-temperature regions. Therefore, the catalytic
cycle of CNT production and carbon diffusion on the micro-
scopic scale can be tailored by a macroscopic method when
multi-functional reactors are adopted for CNT production. The
multistage operation with different temperatures in different
parts of a fluidized-bed reactor is an effective way to meet
both the requirements of hydrogen production and prepara-
tion of CNTs with relatively good crystallinity.[276] Thus, there is
enough scope for process intensification on the reactor scale.

3.4.4. Coupled process development

Chemical engineering scaleup aims to develop a high efficien-
cy process and is an example of complex system engineering.
Here, the coupling of the catalyst and reactor operations is an
important aspect to achieve process intensification of CNT pro-
duction.

The coupled process can be designed at the atomic scale.
For example, the decomposition of CH4 is an endothermic re-
action with a reaction heat of 75 kJ mol�1. The decomposition
of C2H4 and C2H2 are exothermic reactions with reaction heats
of 52 and 269 kJ mol�1, respectively. Thus, the presence of C2H4

or C2H2 would increase the conversion of CH4 by 3 to 5 times,
which has been used to significantly increase the production
rate of CNTs from 20–30 to 45–75 g gcat

�1 h�1 at 723–873 K.[277]

This enabled the catalysis of CH4 activation at low temperature
to produce H2 and CNTs with high efficiency. The H2 produced
was free of CO, which was a good H2 source for a proton ex-
change membrane fuel cell.[278] Secondly, a coupled process
can also be designed in which both catalyst reduction and
CNT growth were considered. It was noted that the catalyst
was originally in the oxide state and reduction was necessary
before CNT growth. And the decomposing of a carbon source,
such as methane, into CNTs and hydrogen will need external
heat. This can be supplied in part by catalyst reduction that re-
lease heat, and which would further contribute to the breaking
of the methane decomposing equilibrium by the consumption
of hydrogen.[279] The combination of catalyst reduction and
methane decomposition is a good way to increase the yield of
CNTs. Thirdly, the growth of high purity CNTs and the facile re-
lease of them from the substrate can be simultaneously ach-
ieved by a CO2 oxidation process. CO2 is often selected as the
oxidant mainly due to the convenience of its use in industrial
applications and its proper oxidizing ability for the partial oxi-
dation of CNTs. The introduction of CO2 after the growth of
CNT arrays can significantly weaken the array-substrate interac-
tion and selectively etch away amorphous carbon decorated
on the CNTs. This simple oxidation approach was found to be
suitable to release aligned CNTs from various substrates to
give free standing CNT arrays. As shown in Figure 10, free
standing CNT arrays can be easily released from spherical ce-
ramic substrates with CO2 oxidation.[280] During the radial
growth on ceramic spheres, CNT arrays split into CNT pillars on
the spherical substrate. After the oxidation, the connection be-

tween CNT pillars and the substrate was weakened and a me-
chanical force could be applied to bring about the separa-
tion.[280]

3.4.5. One-step synthesis route for direct CNT application

The applications of CNTs that use large volumes of CNTs com-
monly require tedious procedures in the CNT manufacturing
process that include separation, purification, dispersion, and
combination to form a composite with other materials, such as
polymers, metals, ceramics, and electrode materials. This is be-
cause that in most cases, CNTs have to be supplied in high
purity form, which are then mixed into a matrix to make multi-
functional composites. Thus, the direct synthesis of CNT struc-
tures for some applications to avoid these procedures is of
great interest. If the CNTs can be in situ grown in the positions
required in or among the materials of the composites, such as
metal (Al),[281] ceramic,[282] clay,[113, 210, 212, 261] fiber (SiC, carbon
fiber),[206, 283] advanced composites can be produced directly for
specific composite applications. If CNTs can be directly grown
on conductive substrates (e.g. , glass carbon,[284] Ta,[284] Cu,[285] Al
film,[286] inconel alloy,[287] graphite spheres[288]), the CNTs ob-
tained can be used directly as electrodes for energy conversion
and storage applications.[289] The CNT composites obtained can
even serve as field emission display devices,[24] filters,[290] and
cushion materials.[210, 291] Various potential applications that use
directly synthesized CNT architectures for heat dissipation,[292]

Figure 10. a) CNT arrays grown on ceramic spheres, showing radial growth
behavior. b) Release of CNT arrays by simple mechanical vibration after CO2

oxidation. The inset shows the bare ceramic spheres after the detachment
of CNT arrays.[280] The scale bar in the inset is 1 mm.
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nano Faraday coil,[208] fillers for advanced mechanical and heat
transfer composites,[293] have also been proposed. CNT nano-
woven cloths,[294] CNT strands,[67, 193] CNT buckybooks,[295] and
CNT yarns/sheets[296] obtained from aligned CNTs are also good
examples to demonstrate the mechanical property of CNTs for
advanced applications in aerospace and energy conversion. It
should be noted that one-step synthesis route gives CNTs with
specific organization and alignment, which avoids tedious post
treatment procedures in a liquid phase, and is a good candi-
date for CNT commercialization.

3.5. CNT mass production and commercialization

A discussion of the engineering science based on a multiscale
space–time analysis was introduced in the second section to
give a guideline for the scale up of a CNT synthesis route. It is
hoped this would provide a strong technological impetus for
CNT commercialization. On the other hand, the commercial
success of a material requires a level of consistency and quality
that can only be assured by internationally agreed upon stand-
ards of measurement. CNT standardization, including terminol-
ogy, standard measurement practices, and quality evaluation
of the supplies are desired. Since 2007, workshops of the Inter-
national Workshop on Metrology, Standardization and Industri-
al Quality of Nanotubes have been organized at the annual In-
ternational Conference on the Science and Application of
Nanotubes. In China, standards for MWCNTs and test methods
for purity of MWCNTs were announced on October 30, 2009
and validated for use from June 1, 2010 with Standard GB/T
24491-2009 and GB/T 24490-2009, respectively. Terminology,
classification, test methods, inspection rules, packaging, mark-
ing/quality certification, storage, transportation, and safety pre-
cautions for MWCNTs are given in the GB/T 24491-2009 Stan-
dard. A combination method based on carbon burning, ther-
mal gravimetric analysis, transmission electron microscopy
characterization, and photo image analysis techniques is to be
used to measure MWCNT purity in the GB/T 24490-2009 Stan-
dard. From the proposal by ISO/TC 229 and IEC/TC 113 Joint
Working Group 1, a technical specification on the vocabulary
for carbon nano-objects was published as ISO TS 80004-3 on
April 19, 2010. These efforts at standardization will help with
individual commoditization, compatibility, interoperability,
safety, and reproducibility of CNTs. More standards on SWCNTs,
aligned CNTs, and detailed characterization of CNTs are still ur-
gently required.

Various CNT (especially for agglomerated CNTs) industrial
processes and their commercialization have been successfully
realized worldwide. For CNT CVD production, the producers
are mainly in China, Japan, United States, Germany, France, Bel-
gium, and Korea.[17] The arc discharge synthesis of SWCNTs is
also an important way to produce high quality CNTs, which
was well illustrated by Ando’s group in Japan,[297] and Chen’s
group[298] in China. The wafer scale growth of VACNTs devel-
oped by Fan’s group[24] at Tsinghua University in China and
Hata’s group[14] at Advanced Industrial Science and Technology
have been scaled up. A recent work showed that aligned CNTs
can be intercalatedly grown in the layered structure of natural

clay in a fluidized bed at a scale of 3.0 kg h�1.[113] There are now
enough M/SWCNTs available in the markets, which should be a
big help in the exploration of CNT applications. With the rapid
development of mass production technology, the price of CNTs
has decreased rapidly. Ten years ago, the price of CNTs was
higher than that of gold (45 $ g�1). Today, the prices of
MWCNTs and SWCNTs are in a range of 0.2–25 and 50–
400 $ g�1, respectively, which are still higher than that of
carbon nanofibers (0.1–5 $ g�1). The prices for specialty CNTs,
such as enriched semiconducting and metallic SWCNTs (ca.
500 $ mg�1), length- and surface-functionalized CNTs, and
doped CNTs, are still extremely high. A straight line is approxi-
mately obtained for a double logarithmic coordinate plot of
the productivity and prices of S-/MWCNTs for high-end applica-
tion. Presently, the high price of CNTs is mainly contributed
from the high costs of the CNT process and product purifica-
tion, high equipment cost, limited scalability of manufacturing
methods, and low productivity. The large price range is due to
differences in product yield of the different CNT production
methods. It can be anticipated that the price of CNTs will fur-
ther decrease to those that would meet the market price ac-
ceptable by the end-user application. However, the CNTs avail-
able are still more expensive than bulk chemical products and
other raw materials (such as carbon blacks, polyethylene, poly-
propylene, etc.). In addition, quality and reproducibility are still
quite important issues. The design of novel catalytic routes for
CNTs with specific structure and their scale up are still big chal-
lenges.

4. Summary and Outlook

During the last two decades research on nanocarbon materials,
from fullerenes to CNTs and graphene, has been a focus of the
nanosciences. As a man-made material, thorough investiga-
tions into the properties of CNTs and into their large-scale ap-
plication are only possible when they are available in large
amounts. Large-volume applications (e.g. , composites, energy
conversion and storage) require large amounts of CNTs of
good quality, while limited-volume applications require high
structure and reproducibility standards. Achieving the growth
of high-quality CNTs at a low cost and on a large scale has
been a problem in the past 20 years. The problem has been
explored by many groups, which have looked at fundamental
science, engineering science, scale-up technology, and com-
mercialization.

The growth of CNTs and their mass production are self-as-
sembling processes that have to be scaled up across diverse
space–time scales. A scalable route, from carbon-atom self-as-
sembly at the atomic scale, CNT organization at the mesoscale,
to CNT fluid mechanical properties and kinetics at the reactor
scale, process design and intensification at the facility scale,
and environmental, health, safety, and ecological at the global
scale has been developed for the production of agglomerated
and aligned CNTs. With process intensification technology,
such as catalyst route innovation, feedstock saving, and a cou-
pled process, the quality of CNTs has been improved and the
cost of CNT production decreased. The length of CNTs can
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reach 20 cm in HACNT arrays, and some routes have been pro-
posed for chirality-selective growth of SWCNTs. However, the
control of the structure of individual CNTs is still limited. The
control of the chirality, defect density, open/close ends, growth
rate, and CNTs with the same length and wall number are still
problems. Understanding the growth mechanism of CNTs
grown on catalysts and their agglomeration behavior is the
key to achieve these goals. Some of the aims of CNT synthesis,
such as super long CNTs, super aligned CNTs, reproducible
CNTs with the same length and wall number, require an inte-
grated process that not only involves the growth mechanism
on a catalyst, but also involves the preparation of identical
metal catalysts and preservation of their sizes during CNT
growth. With the wide availability of CNTs as a platform, it
should be possible to develop more new CNT based com-
pounds by doping, grafting, and hybridization. Effective solu-
tions will have to be generated by the integration of CNT syn-
thesis chemistry, CNT interaction physics, and chemical engi-
neering science.

Agglomerated S-/MWCNTs and aligned MWCNTs have al-
ready been widely used in Li-ion batteries, electrical conduc-
tive fillers, and advanced nanocomposites. The needs of large
volume CNT applications are still increasing, and 1000 tons per
year of CNTs produced should happen within two years, and a
10 000 tons per year scale CNT production technology could
be built within five to ten years to mass produce CNTs in bulk
amounts. If bulk quantities of CNTs become available in the
markets, the price of CNTs will further decrease to near that of
engineering plastic, and nanocomposites with rubber/plastic/
ceramic/metal matrices with advanced properties can be com-
mercialized then. Aligned SWCNTs with extremely high quality
have been produced, and their scale up is underway. A ton-
scale market for aligned SWCNTs would form and advanced
composites and energy conversion devices would be possible.
With the progress on growing superlong CNTs, their use for
making strong fibers could be realized. If the chirality of CNTs
can be controlled, microelectronic applications based on the
1D nanocarbon would flourish.

However, it should be noted that as compared with tradi-
tional bulk chemicals, CNTs are far from large-scale applications
(millions of ton scale) because of the difficulty in both the syn-
thesis and the subsequent product treatments. One main diffi-
culty is the strong coupling between CNT structures, their pro-
duction process, and their properties. Other difficulties are the
tedious procedures in the post treatment process, such as dis-
persion, forming of composite, and others, which are even
more difficult. It is still hard to determine whether a process
with separated or integrated synthesis and assembling would
be more efficient. This kind of complex coupling requires engi-
neers to develop the production route for the products with
an integrated whole view of all the steps throughout the syn-
thesis and applications of CNTs rather than a view on only one
scale.

As a novel industry, engineering considerations are still re-
quired to be provided for a sustainable development of the
CNT industry. The toxicity of pure CNTs has not been well re-
searched. To maintain the sustainable development of the CNT

industry, international standards for CNTs and related analysis
methods should be set up. The establishing of a government–
worker–industry partnership is a big step for worker protec-
tion. An intrinsically safe process with high efficiency and good
economics is needed.

Agglomerated CNTs and aligned CNTs have been successful-
ly mass produced on the ton scale, and are readily available on
the market. As a typical nanomaterial, the CNT is a model that
demonstrates the power of nanotechnology. It is also a great
platform for scientist to use to explore nanoscience and engi-
neers to develop advance devices. As a cutting edge material,
CNTs will play an even more important role in the sustainable
society.
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