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challenges.

Introduction
Single-wall carbon nanotubes (SWCNTs) are one of the
most distinctive cylindrical one-dimensional nanomaterials
that have stimulated extensive research in multidisciplinary
fields.! Besides the state-of-the-art investigations on the prep-
aration and properties of SWCNTSs in laboratories, efforts in
mass production are ongoing and scalable products involving
energy storage and composites are commercially available.?
Compared with arc discharge and laser ablation synthe-
sis methods, catalytic chemical vapor deposition (CCVD) has
advantages of higher capacity and simpler equipment, and has
become the most prevalent method for the bulk synthesis of
SWCNTs. Several manufacturers have transformed the technol-
ogy from universities to produce SWCNTs in bulk with the pro-
duction capacity of approximately 1.0~1.5 ton per age (t/a).}
Because many electronic and optoelectronic properties are
due to the chiral structure of SWCNTSs,* which is denoted by
indices (n, m), chirality control is critical for higher-end appli-
cations ranging from electronics to biomedicine. Because of
their good dispersion and discrete morphology, surface-grown
SWCNTs provide a better platform for studying the growth
mechanism and ways of controlling the synthesis. Some recent
major breakthroughs have been made using surface-grown
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Catalysts play essential roles in the chemical vapor deposition of single-wall carbon nanotubes
(SWCNTs). In this article, we summarize studies on catalysts for the structure-controlled
growth and mass production of SWCNTs, discussing the main progress and the remaining

SWCNTs involving the control of chirality,”” density,® length,>!°
and conductive properties.!!

Catalysts play vital roles in the structure control of SWCNTSs
in both surface and bulk synthesis. Thermodynamically, the
chirality of a SWCNT becomes locked in when the final (sixth)
pentagon is added to the hemisphere during nucleation,'? reveal-
ing an essential matching of symmetry between SWCNTs and
the crystal surface of the catalyst particles.®” Kinetically, pre-
cise control of the growth conditions is crucial for prolonging
the lifetime of catalyst nanoparticles in order to grow perfect,
ultralong CNTs with a uniform structure.’

The relationships between catalyst design and dispersion
methods and corresponding growth mechanism are still not
clear. Especially, differences between the thermodynamic
characteristics and phase diagrams of the bulk catalyst and its
nanoparticles, as used in SWCNT production, make mass pro-
duction more complicated. The size, composition, dispersion
state, and interaction with supporting materials can directly
affect thermal transport, surface/bulk diffusion, and the quality
of the as-grown SWCNTs. In this article, we review progress in
catalyst synthesis and dispersion methods for SWCNT growth
and elaborate on recent strategies for the controlled synthesis of
surface and bulk SWCNTs by tailoring these catalysts.
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Catalyst design for diameter-controlled growth
of SWCNTs

Diameter is one important parameter influencing the elec-
tronic properties of SWCNTs.!* Precise control of the
diameter is a primary factor for stopping the formation of
metallic SWCNTs and achieving preferential growth of
semiconducting SWCNTs,'* both of which are essential
for field-effect transistors (FETs). Therefore, the selective
growth of SWCNTs with a controlled diameter, especially
with an extremely narrow distribution, is important. The
catalyst plays the most important role in the CVD pro-
cess in determining the SWCNT diameter compared with
other factors, such as temperature's and carbon feedstock.®
The size of the catalyst nanoparticles always has a posi-
tive correlation with the SWCNT diameter,'?° as shown in
Figure 1a. Therefore, methods for controlling the catalyst
particle size and its stabilization during the CVD process
are necessary for controlling the diameter of SWCNTs in
large-scale production.

Catalyst nanoparticles are usually obtained by reducing
the corresponding precursors, so the morphology and disper-
sion of the precursor seriously affects the catalyst size and
are important factors.

General methods to control the diameter of SWCNTs
At the early stage of controlling the SWCNT diameter, many
methods have been developed to prepare homogeneous and
monodispersed precursors to obtain uniform nanoparticles of
the metal catalyst, such as Fe and Ni-Fe. There are three main
strategies: (1) capping agent-protected synthesis of nanopar-
ticles; (2) using special cages to trap a fixed number of metal
ions to act as the catalyst precursor; and (3) using polyoxo-
metalate (POM) nanoclusters with an identical structure as the
catalyst precursor.

Capping agents attach to the surface of metal nanoparti-
cles by coordination or static charge interactions, thus tuning
the growth behavior of SWCNTSs and eventually resulting in
nanoparticles with a very small size and a narrow size distri-
bution. Liu et al. obtained Fe—Mo catalysts with a size devia-
tion as small as ~7-8% by using a mixture of carboxylic acid
and amine as the capping agent (Figure 1b) where increasing
the amount of carboxylic acid increased the catalyst particle
size.”! Similarly, Lieber’s group realized diameter control of
SWCNTs by changing the chain length of capping agents.'®
Other work involved using iron-storage protein, ferritin, to
trap a certain number of metal ions. Dai et al. synthesized
discrete catalyst particles with a tunable diameter by chang-

ing the amount of iron in ferritin, as shown in

Figure 1¢.??

e A family of polyatomic oxyanions of transi-
™ tion metals (POMs [such as Mo, W, V, Nb, and
Ta])* are assembled with many metallic oxide
polyhedra linked to each other by sharing cor-
ners and edges and therefore have definite siz-
es and shapes with discrete cluster structures.
* Csadom W and Mo are metals with high melting points,
and POMs are convenient precursors for W- or
Mo-containing catalysts, such as nanopar-
ticles of monometallic Mo, bimetallic Fe-Mo,
Fe-W, and W-Co.? Usually this method leads to a
narrower particle-size distribution of the catalyst
than other methods. However, for the preparation
of catalysts containing Mo, correct annealing and
reducing conditions are necessary because MoO,
is easily vaporized at temperatures above 600°C,
and this is unfavorable for obtaining a uniform
catalyst particle size.>*? Zhang et al. used Mo
catalysts prepared at a low reducing tempera-
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Figure 1. The relationship between catalysts and single-wall carbon nanotubes
(SWCNTs) and the solution method to synthesize metal nanoparticles. (a) The growth of
SWCNTs on catalyst nanoparticles. Reprinted with permission from Reference 18.

© 2002 American Chemical Society. (b) Transmission electron microscope (TEM) images
of Fe-Mo nanoparticles synthesized in solution using a mixture of bis-2-ethylhexylamine
and octanoic acid at different concentrations.?' Insets are high magnification images. The
plots show that increasing the amount of carboxylic acid increased the catalyst particle
size (top to bottom, the extra concentrations of protective agent are 0 mmol, 2.50 mmol,
and 5.00 mmol). (c) (Left) Schematic showing the preparation of discrete nanoparticles and
(right) TEM images of the three different synthesized SWCNTs using different sizes of these
discrete nanoparticles.?

ture and obtained semiconducting SWCNTs
with a narrow diameter distribution on a quartz
substrate (Figure 2a).> Compared with a Mo-
containing cluster, W-containing nanocatalysts,
shown in Figure 2b, may be a better choice since
WO, is more stable.”?%?” Undoubtedly, catalysts
with a high melting point and specific size have
proven to be helpful in controlling the diameter
of SWCNTs.

When a dispersion solution of catalyst
nanoparticles is dropped on a substrate, they
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Figure 2. Polyoxometalate (POM) clusters act as precursors for the formation of uniform size catalyst nanoparticles. (a) (Top) Scheme to
obtain uniform Mo catalysts from Mo,,, clusters at a low reducing temperature and (bottom left) the atomic force microscope (AFM) image
and (bottom right) size distribution of catalysts,?® which shows a narrow diameter distribution. (b) (Top) Co,Ws solid catalysts prepared
from a POM precursor and (bottom) transmission electron microscope images with different magnifications of these solid catalysts.”
d is the geometric mean diameter. (c) (Top) Diagram of diameter-controlled growth of single-wall carbon nanotubes (SWCNTs) from
SiO, nanoparticles obtained from a 3-aminopropyltriethoxysilane (APTES)-modified substrate. (Top) Designed process and (bottom)
different AFM images of catalysts on the substrate modified by different concentrations of APTES.?® Note: CVD, chemical vapor deposition;

EtOH, ethanol.

tend to aggregate and form random agglomerates, which does
not help produce uniform catalyst nanoparticles. Liu et al. modi-
fied a silicon dioxide surface using 3-aminopropyltriethoxysilane
(APTES).”® The modified surface terminated by amine groups
becomes positively charged, such that negatively charged spe-
cies assemble on the surface through Coulombic attraction. Alkyl
amine and alkyl carboxylic acid capped Fe—Mo nanoparticles
can be uniformly distributed on these substrates.?® Coincidently,
Zhang’s group directly grew SWCNTSs on a silicon dioxide
surface that had been modified by APTES and found that the
diameter distribution of the nanotubes correlated with that of the
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Si0, nanoparticles (Figure 2¢).? The size of the SiO, nanoparti-
cles was increased by increasing the number of APTES layers
deposited on the silicon dioxide surface, thus producing a larger
SWCNT diameter.

Specific methods for controlling the diameter of
SWCNTs in a horizontal array

On a flat substrate there are two main processes that affect
the size distribution of catalyst nanoparticles, aggregation occur-
ring in the calcination and reduction processes and Ostwald
ripening in the reduction and CVD processes. In Ostwald


https://www.cambridge.org/core/terms
https://doi.org/10.1557/mrs.2017.240
https://www.cambridge.org/core

CATALYSTS FOR SINGLE-WALL CARBON NANOTUBE SYNTHESIS—FROM SURFACE GROWTH TO BULK PREPARATION

ripening, larger nanoparticles grow at the expense of small
nanoparticles. These two effects make it difficult to obtain
a SWCNT horizontal array with a narrow diameter distri-
bution because they lead to nanoparticles with a broader
size distribution, which is unfavorable for the growth of
SWCNTs with a uniform diameter. However, strong inter-
action between the catalyst nanoparticles and the substrate
will help retain the narrow size distribution of the catalytic
nanoparticles. To strengthen this interaction, thermal anneal-
ing is used.

Ago et al. found that thermal annealing in an ultrahigh
vacuum followed by H, reduction for 1 h resulted in catalyst
nanoparticles with a narrow size distribution.*® Using these
catalysts, horizontally aligned SWCNTs with a very narrow
diameter distribution, 76% of which have diameters between
1.3 and 1.4 nm, were obtained. Zhang et al. designed a spe-
cial annealing process at a temperature of ~1100°C that buries
Fe,0; in the sapphire substrate® to reduce catalyst aggregation.
Since Fe,0; has a similar crystal structure to sapphire, AI**
can be partially replaced by Fe** in the sapphire substrate due
to the entropy effect. As shown in Figure 3a,® by introducing
hydrogen, Fe*" ions were reduced and released from the sub-
strate, forming the active catalyst to grow SWCNTs. Because
of the strong interaction between the freshly formed catalyst
particles, named “Trojan catalysts,” and the sapphire sub-
strate, aggregation was avoided, and a horizontal SWCNT
array with an ultrahigh density of ~130 tubes/pum was obtained.
Zhang’s group modified this process® to improve the unifor-
mity of the particles. As shown in Figure 3b,°* monodispersed
MoO, formed on sapphire through an annealing process.
Using a lower reducing temperature, they slowed the reduc-
ing rate and thus produced Mo,C catalyst particles of uniform
size, with nearly 90% of the particles having diameters between
1.1 nm and 1.5 nm. Since Mo,C has a high melting point and,

therefore, a lower vapor pressure, aggregation and Ostwald
ripening were largely suppressed. This method was also used
to prepare uniform solid WC catalysts with a small size. These
uniform carbide catalysts were used to synthesize (2n, n) type
SWCNTs.¢

In summary, the diameter of the SWCNTs highly depends
on the size of the catalyst particles. To achieve diameter-
controlled growth of SWCNTs by CVD, a rational choice
and design of the catalyst as well as the supporting sub-
strates is necessary to maintain uniform size of the catalyst
nanoparticles.

Chirality-controlled growth of SWCNTs
Chirality-specific SWCNTs have shown outstanding per-
formance in many applications such as high-resolution
multicolor biological imaging,*' high-efficiency photovol-
taic processes,’>** and photocatalytic water splitting.** To
prepare chirality-specific SWCNTs, researchers have made
significant efforts in the past two decades.** The forma-
tion process of a SWCNT has been observed with TEM and
has shown that carbon caps first nucleate on the catalyst,
then grow into well-defined tubes by the addition of more
carbon atoms.!” Therefore, the SWCNT chirality is directly
related to the structure of the carbon cap and can even be
determined by the structure of the cap with a suitable and
stable carbon supply.

Chirality-controlled growth of SWCNTs by catalysts
supported on flat substrates

There are two approaches to achieve chirality selective growth
of SWCNTs. One is epitaxial growth SWCNT from well-
defined SWCNT segments, such as segments of SWCNTs
with specific chirality and caps from opening fullerenes or
cyclodehydrogenation of polycyclic hydrocarbon precursors.

Figure 3. Enhancing the interaction between catalysts and substrate to realize diameter-controlled growth of single-wall carbon nanotubes
(SWCNTs). (a) (Top) Schematic of the growth of high-density horizontal SWCNT arrays (green) by reducing Fe buried into the substrate to
suppress aggregation, and the catalysts obtained by this process are named Trojan catalysts. (Bottom) Atomic force microscope (AFM)
images of substrates during different periods (left to right: before annealing, after annealing, and after reducing in hydrogen).8 (b) (Top)
Schematic of the process to obtain uniform size catalysts to grow (12, 6) tubes using monodispersed MoO, on a sapphire substrate.
(Bottom) Size distributions of (left) catalysts and (right) SWCNTs. The insets are AFM images of the (left) catalysts and (right) SWCNTs.®
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The Smalley group used SWCNTs with metal nanoparticles
docked on the open ends as the catalysts to restart the SWCNT
growth.’” The produced SWCNTs thus had the same chi-
rality as the seed tubes. Ultrashort capped (6, 6) nanotubes
were synthesized by Pt-catalyzed cyclodehydrogenation
of the well-designed polycyclic hydrocarbon precursor
Cy6Hs,’ The resultant ultrashort capped (6, 6) nanotubes
were elongated into long SWCNTs with the same chirality
through the incorporation of more carbon atoms. The use
of SWCNT seeds to achieve chirality-controlled growth of
SWCNTs has made great progress, but increasing the sta-
bility of the seeds and the yield and efficiency of SWCNT
production remains a challenge.

The second method is to control the structure of the
SWCNT cap though catalyst-epitaxial growth, since theo-
retical simulation has demonstrated that lattice-matched
caps are more stable.*® Fouquet et al. realized the dominant
growth of (6, 5) SWCNTs with an abundance of 27% from
a Co catalyst on an oxidized Si wafer.* The selectivity was
attributed to the homogeneous Co catalyst nanoparticles
stabilized by interfacial Co—Si interactions. Preferential
growth of (16, 2) tubes was achieved using Co-Mo cata-
lysts on the (1 1 -2 0) plane of sapphire, while SWCNTSs
grown on the (1 -1 0 2) plane are dominated by the near-
armchair SWCNTs.* They speculated that the different
atomic structures of the (1 1 -2 0) and (1 -1 0 2) plane sap-
phire surfaces induced different morphologies and orienta-
tions of the catalysts, which then influenced the SWCNT
chirality. Great efforts have been devoted to improve the
chiral selectivity of the SWCNTs though regulating the

functional theory (DFT) simulations indicated that the (0 0 12)
W,Co, plane perfectly matches the (12, 6) tube (Figure 4b).
With a W Co, catalyst prepared at 1030°C, (12, 6) tubes
were obtained at an abundance of 92% (Figure 4d).” HRTEM
images of the SWCNT—catalyst interfaces showed that the
(12, 6) tubes were always perpendicular to the (0 0 12)
plane of the W, Co, catalyst (Figure 4c).* Furthermore,
DFT simulations also revealed that (16, 0) tubes and (14, 4)
tubes match the atomic arrangements of (1 1 6) plane and
(1 0 10) plane of WCo,, respectively, (Figure 4b).2%*
The dominant growth of (16, 0) and (14, 4) tubes with the
purity of 79% and 97%, respectively, were therefore real-
ized at an optimized growth conditions (Figure 4d).>%*’
A high melting point, low crystalline symmetry, and suitable
catalytic activity are indispensable for catalysts designed to
give chirality-selective growth of SWCNTs. Maruyama’s
group also realized the selective synthesis of (12, 6) with
an enrichment of 50-70% using sputtered Co-W as the
catalyst.*!

Other than the atomic-level structural match, Zhang’s
group proposed a symmetry matching model based on the
experimental results shown in Figure 5a.° The edge of the
SWCNTs and plane of the catalyst share a similar symmetry
in thermodynamics, which was also proved by theoretical
calculations (Figure 5b). They further optimized the kinetic
growth conditions after considering the growth rate for dif-
ferent carbon nanotubes. Eventually, they obtained a sixfold
symmetry (12, 6) nanotube array using sixfold Mo,C cata-
lysts and fourfold symmetry (8, 4) nanotubes from fourfold
(1 0 0) WC catalysts, as shown in Figure 5¢.°

catalyst size, composition, and morphology.
Nevertheless, chiral selectivity of SWCNTs
is still far from satisfactory. E

Li et al., inspired by the extremely high
selectivity of enzyme-catalyzed reactions
endowed by the molecular recognition effect,
proposed that a solid catalyst with low crystal
symmetry and a unique atomic arrangement
can epitaxially grow a SWCNT with a designed
chirality (Figure 4a).* Tungsten-based inter-
metallic compounds with a rhombohedral
structure were considered suitable candidates
for this purpose. W tends to give the catalyst
a high melting point and retain its crystal-
line structure during the CVD process while
other components (Fe, Co, and Ni) provide
the correct catalytic activity for SWCNT
growth. In situ high-resolution (HR)TEM

(n,m) SWCNT EI (12, 6) SWCNT (16, 0) SWCNT

DFT

{14, 4) SWCNT

s o5

W,Co, (118) W,Co; (10 10)

(14, 4)

Figure 4. (a) A schematic of an enzyme-catalyzed reaction and templated growth

observations at 1100°C proved that W,Co,
nanoparticles maintained their crystal struc-
ture.” In addition to a high melting point, the
crystalline symmetry of the rhombohedral
W,Co, was low, both of which help the cata-
lyst offer a structure to specifically recognize
SWCNTs with different chiralities. Density

of a single-wall carbon nanotube (SWCNT) with specific chirality by WsCo, catalyst.*
(b) Density functional theory (DFT) simulation of SWCNTs on WCo, nanocrystal.

Side views of interfaces between the (12, 6) SWCNT and (0 0 12) plane of W¢Co,
catalyst, the (16, 0) SWCNT and (1 1 6) plane of WsCo;, catalyst, and (14, 4) SWCNT
and the (1 0 10) plane of W¢Co, catalyst.”2%27 (c) High-resolution transmission electron
microscope image of a (12, 6) SWCNT around the (0 0 12) plane of a W,Co, nanocrystal.”
(d) Relative abundances of various chiralities from Raman measurements denoted in a
partial SWCNT chiral map.”?%?” Note: n, m; chiral indices.
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Figure 5. Thermodynamics and kinetics principle put forward to control the chirality of single-wall carbon nanotubes (SWCNTSs). (a) A tube
grown from a WC (1 0 0) plane proved by the transmission electron microscope (TEM) and the inset is the corresponding Fourier transform
pattern of high-resolution transmission electron microscope images on right. (b) Theoretical calculation results showed the symmetry
matching between the edges of different tubes and the WC catalyst (1 0 0) plane would lead to the lowest formation energies of the tubes
on this solid catalysts plane. (c) Two-step control of the chirality of SWCNTs in ethanol chemical vapor deposition (CVD): (1) symmetry
matching between the nanotubes and solid catalysts and (2) optimizing the kinetic growth condition according to the number of
screw dislocations (kinks). Note: N, nucleation possibility of SWCNTSs; kg, Boltzmann constant; T, growth temperature; P, population
of SWCNTs with specific chirality; R, kinetics growth rate; n and m are the integers (n > m); y.e» NUMber of kinks; and AE;, energy

difference led by the symmetry matching.®

Chirality-controlled growth of SWCNTs by supported
catalysts on porous substrates

In the heterogeneous catalyst industry, catalysts are com-
monly loaded onto a porous substrate because the substrate
has a large specific surface area that can load more catalyst,
thus improving the yield of SWCNTs. Furthermore, the inter-
actions between metal catalysts and porous substrates are
usually stronger than those with a flat substrate. This strong
interaction allows the catalysts to avoid sintering and keep
their uniformity.

Porous or mesoporous SiO,, porous MgO, and zeolite
are commonly used porous substrates for the growth of
SWCNTs.* It is obvious that the selection of the substrate
will directly influence the formation of the catalyst and thus
affect the growth of SWCNTSs. Kauppinen et al. used SiO,-
supported Co as the catalyst and realized the selective growth
of (6, 5) SWCNTs.* The interaction between cobalt and
the substrate facilitated the formation of uniform subnano-
meter Co catalysts, which favored the formation of small
diameter SWCNTs.** Porous MgO was also used as the
substrate for Co catalyst. FCC Co nanoparticles formed in
CO through lattice-mismatched epitaxy from the Co Mg, O
solid solution. Meanwhile, due to strong interaction between
Co?" and MgO in the solid solution, only Co*" in the first
few top atomic layers was reduced, thus forming uniform,

small-sized Co nanoparticles, which contributed to the prefer-
ential growth of (6, 5) with 53% purity.*

In addition to the substrate, researchers also controlled the
size and structure of the catalyst by introducing other metallic
components to achieve chiral selective growth. Resasco et al.
obtained (6, 5) SWCNTs with a purity of 54% using SiO,-
supported CoMo catalysts.* The interactions between Mo
oxides and Co stabilized the Co catalyst against aggregation,
so the size of Co nanoparticles was small and uniform, which
contributed to the preferential growth of (6, 5).*” Similar results
were also obtained for FeCu,*** CoMn,*® CoCr,*! FeMn,>? and
CoPt*3catalysts. The involvement of uniform intermediates
is an additional strategy to obtain catalyst nanoparticles with
a narrow size distribution for chirality-selective growth of
SWCNTs. >3

Catalysts for the bulk synthesis of SWCNTs
Synthesis, dispersion, and evaluation of the
catalysts

Supported catalyst and free catalyst

Both supported and free catalysts have been used in synthesiz-
ing bulk CNTs. Catalysts can be preloaded onto a porous or
flat substrate to grow CNTs. It has been reported that aligned
CNTs can be synthesized in zeolite® or gel®” templates with
catalysts well dispersed in the nanopores. For the growth of
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SWCNTs on flat substrates, catalyst nanoparticles or cata- Catalyst lifetime
lyst precursors are deposited on the substrates by solution The lifetime is a key characteristic among catalyst prop-
routes®3% or sputtering. The supported catalysts often offer erties, especially for growing long CNTs. The lifetime of
precise control of the size, composition, and morphology of  the catalyst is highly dependent on the reaction conditions.
the particles. Liu’s group developed a method to introduce marks on CNTs

A free catalyst features simultaneous formation of catalyst by reducing the carbon source concentration at designed
particles and the carbon feed source, which is more suitable times,* which can be post-identified and facilitate subse-
for the continuous and bulk synthesis of CNTs. Wei’s group quent study of the kinetics (Figure 6¢—d). Another approach
have used this method in a designed nano-agglomerate flu- involves an isotope labeling technique,® where '2C and *C
idized-bed reactor, achieving bulk synthesis of aligned CNTs ethylene gases were fed into the reactor to reveal the growth
with a yield of 3 kg/h.%® The product is now commercially mechanism and the growth rate.
available at CNano Technology Limited (China), however, a
notable disadvantage is the difficulty in controlling the CNT  Effects of support materials on the catalysts and
diameter. Ago et al. proposed a method to narrow the diameter ~ bulk SWCNT growth
distribution by lowering the Fe loading on Fe/MgO catalysts®! Conventional support materials and interactions with
(Figure 6a—b). This was attributed to the smaller catalyst par- catalysts
ticles formed when the metal loading amount was low, and the The commonly used support materials in CVD include SiO,,
dominating surface diffusion on the catalyst particles resulted Al,0,, MgO, CaO, Zr0,, TiO,, and graphite. The choice of
in the selective formation of SWCNTSs.®? Despite that, further support material and catalyst determines the quality and
research is needed to precisely control the size and dispersion yield of the as-grown SWCNTs, as shown by the following
of catalyst particles for the stable bulk synthesis of CNTs. relationships: (1) Only certain combinations of catalyst and
substrate contribute significantly to SWCNT
growth, such as Fe on Al,O, or SiO,, Co on
MgO or Al,O;, and Ni-Co on silica;* (2)
Inappropriate combinations of catalyst—and
substrate decrease the catalytic activity; and
(3) the catalyst—substrate interaction strong-
ly affects the melting temperature of catalyst
particles and thus the growth of SWCNTs.
These catalyst—substrate relationships are
attributed to their physical and chemical
interactions. Physical interactions induced by
100/um van der Waals and electrostatic forces reduce
' the mobility of catalyst particles. For example,
the theoretical study shows that supported
catalysts possess higher melting temperatures
than the free catalysts owing to reduced sur-
873K face curvature in the former.®

Meanwhile, there may be chemical inter-
actions involving charge transfer and even
reactions between catalysts and some sub-
—— strates. Some supports such as oxide sub-
strates are beneficial for not only SWCNT
growth, but also the ultrafast growth of
single-crystal graphene.®’” The researchers

Figure 6. (a-b) Transmission electron microscope (TEM) images of single-wall carbon assume that the gradual release of oxygen
nanotubes (SWCNTs) grown over (a) 0.6 wt% and (b) 3 wt% Fe supported on porous MgO. fonid

Reprinted with permission from Reference 61. © 2005 American Chemical Society. Insets, from the Substr.ates may Slgnlﬁcantl}./ .lower
histograms of the outer diameter of CNTs determined from TEM images. At 0.6 wt%, only the energy barrier for the decomposition of
SWCNTs were observed, while 3 wt% loadings gave 74% SWCNTs. The outer diameter exhibits carbon precursors.

a wider distribution with increased Fe loading. (c) Scanning electron microscope image of
as-grown marked carbon nanotube (CNT) array formed through a sequential shortage of carbon . . .
feedstock. The growth rate can be obtained by measuring the distance between lines with the Functional nanocomposites derived from
known time sequences. (d) Measured growth rates plotted against time at different temperatures CNTs and support materials

ranging frorq 873 Kto 953 K. At relatively low temperature, the growth rate is almost con;tant Some substrates such as alumina strongly inter-
while at relatively high temperature, CNT growth accelerates before entering steady state with a R . .
constant growth rate. (c-d) Reprinted with permission from Reference 63. © 2005 Elsevier. act with catalyst particles, allowing better metal
dispersion and high-density SWCNT growth.®
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o
l\
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Figure 7. (a) Different morphologies and lengths of carbon nanotubes (CNTs) synthesized on spheres as a function of growth time. The
length of CNTs linearly increases with time. Reprinted with permission from Reference 68. © 2007 Wiley. (b) Scheme and scanning electron
microscope images of the as-synthesized hybrid materials by intercalating a vertically aligned CNT film into layered vermiculite. Reprinted
with permission from Reference 69. © 2009 Wiley. (c) Schematic of the as-formed composite from the in situ growth of CNTs (gray) with
layered double hydroxides (pink). Reprinted with permission from Reference 70. © 2010 Wiley.

Although some substrates initially serve as a support for
the as-grown CNTs, they may make substrate/CNT com-
bination that can be utilized for subsequent applications.
For example, Si/SiO, substrates are used for ultralong CNT
growth, and the combination is suitable for use as gate elec-
trodes for the direct fabrication of transistors.’® Wei’s group
has developed a technique to make full use of natural sup-
port materials, not only as substrates, but also as function-
al hybrid materials. The initial strategy was related to the
continuous production of aligned CNT arrays with milli-
meter-diameter spheres (Figure 7a) as substrates.®® Layered
vermiculite (a type of exfoliated clay compound) was further
developed as a support (Figure 7b) for the production of
CNT-based hybrid materials.®” The introduction of strong
yet flexible CNTs produced a highly ductile and resilient
composite with an energy absorption capacity nearly 10x that
of the original compounds.

Carbon-based nanocomposites supported by a layered
double hydroxide, schematically shown in Figure 7c,
exhibited excellent electrical conductivity, mechanical
strength, and chemical reactivity.”” These layered inorganic
supports play vital roles in stabilizing the catalyst particles
and preventing sintering at high temperature, and are also
promising for applications in new generation functional
composites.

Summary

Catalysts play critical roles in the growth of SWCNTs.
The composition, size, and structure of the catalysts highly
affect the structure and quality of the SWCNTSs produced.
In SWCNT growth on substrates, catalysts for the chirality-
selective growth of SWCNTs with a high density are
greatly needed. Catalysts with a high melting point, unique
atomic arrangements, and reasonable activity are the
rational choice for such a purpose. In the bulk synthesis of
SWCNTs, future attention may shift from high-yield growth
to structure-controlled growth. More efforts are needed in
catalyst design for the bulk preparation of SWCNTs with
specified structures.
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