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Abstract Chemical vapor deposition (CVD) is a powerful method to synthesize
various carbon nanostructures (e.g., carbon nanotubes). A conventional CVD process
has to be carried out at the temperatures over 600 °C. To extend the applications of
carbon nanostructures, for example in the semiconductor industry, low-temperature
synthesis processes are thus always pursued. In this chapter we review the CVD
growth of carbon nanostructures at low temperatures (<450 °C). These growth pro-
cesses are discussed in detail with respect to the applied catalyst system, carbon
source, reaction atmosphere, catalyst faces, morphology control as well as unique
structural characteristics of grown products. For the low-temperature CVD growth,
catalytic reaction occurring on the low index faces of a metal catalyst is a crucial issue,
and the growth is rate-limited by surface diffusion. Instead of the classical
Vapor-Liquid-Solid (VLS) growth mechanism, the growth mechanism at low tem-
peratures is interpreted with a novel Vapor-Facet-Solid (VFS) mechanism. Due to
their unique features, the synthesized carbon nanostructures are promising to be
applied for interconnects in large-scale integrated circuits, field emission, microwave
adsorption, and as the anode material of lithium ion secondary battery, etc.

Keywords Carbon nanostructure + CVD - Low temperature - Catalyst - Growth
mechanism

1 Introduction

One dimensional (1D) carbon nanostructures (CNs) usually refer to the structures,
which feature large aspect ratios and small diameters (<100 nm). The typical 1D
CNs, carbon nanofibers (CNFs) entered people’s consciousness initially as harmful
byproducts during metal-catalytic synthesis processes, and thus in the early studies
researches aimed to inhibit the formation of CNFs. An interesting turning occurred
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in 1991 due to the discovery of a special CNF by lijima [1], which is constructed by
cylindrical graphitic sheets. It was named as carbon nanotube (CNT). Researchers
are then attracted by distinct properties of the CNTs such as extremely high strength,
aspect ratio, specific surface area, as well as unique optical and electrical features
[2-4]. Since then many scientists worldwide have focused on exploring new tech-
niques to synthesize CNTs, because of their extensive application potentials.

Three main techniques have been developed to grow CNTs, including catalytic
CVD, arc-discharge [5, 6], and laser-ablation technique [7, 8]. Among them the
catalytic CVD strategy has the distinct advantages due to its large-scale production
ability of CNTs at relative low temperatures and low cost. Hence it is the most
popular technique. In a catalytic CVD growth process, the catalysts (e.g., small-sized
metal particles) are firstly heated in a reaction chamber. Carbon containing source
gas is then introduced, a series of chemical and physical processes start and lead to
the deposition of carbon and finally the formation of CNTs on the catalysts.

In the research fields of catalytic CVD growth of CNTs, lots of other types of
carbon nanostructures besides cylindrical CNTs have been synthesized. In term of
morphology, they can be sorted to straight nanofiber [9], nanohelix [10], nanocoil
[11], nanocone [12], and nanobelt [13], etc. According to structural characteristics
(the size and orientation of graphitic sheets constructing the CNs), they feature tubular
[14, 15], herringbone-like [16—18], bamboo-like [19-22], and amorphous nature [23].

The morphologies, microstructures and properties of CNs prepared in CVD
process are determined by both the catalysts preparation and subsequent growth
conditions. In this context, it has been found that transition metals, such as Fe, Co, Ni
and their alloys are the effective catalysts for the growth of CNs, and the transition
metals with different compositions and morphologies can lead to CNs with different
morphologies. As a result, the preparation of effective catalysts has become a sig-
nificant step for the synthesis of CNs. Numerous methods have been thus employed
to prepare these catalysts, including sol-gel method [24, 25], co-reduction of pre-
cursors [26, 27], impregnation and incubation [28, 29], ion-exchange-precipitation
[30], reverse micelle method [31], thermal decomposition of carbonyl complexes
[32, 33], and metal organic chemical vapor deposition (MOCVD) [29].

Different gases, including CH,, CO, C,H,, C;H,, benzene were used as carbon
source for the growth of CNs. The effects of flow rate, temperature, and additional
ingredient such as oxygen and sulfur in reaction atmosphere have been investigated.

Special configuration of the synthesis equipments has been also explored. By
using microwave assisted chemical vapor deposition (MWCVD) technique, Fe
catalysts were used to catalytically synthesize carbon nanocone [12], carbon
nanohelix [34], carbon nanotip [35, 36], and carbon nanobelt [37]. Aligned CNs
arrays were often synthesized in electric field induced by bias in the system
[38, 39]. Nowadays, the research of CNs is keeping more on the development of
their precise morphology control and their extensive applications.

To date, the upsurge of the research about CNFs, CNTs and other CNs has lasted
for two decades. During this period the investigations were not only focused on
their synthetic methods and applications, the attention was also devoted to the
essence of the CVD growth processes. In the commonly accepted growth
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Fig. 1 Sketch of the nanofiber growth: a VLS mechanism, b three different growth modes

mechanism, carbon dissolves into the catalyst and CNs grow due to the precipi-
tation of excess carbon on the surface of the catalyst (in most cases, it is a metal
particle). This idea originates from the vapor-liquid-solid (VLS) mechanism sug-
gested by Wagner et al. to explain the growth of single crystal Si wire [40, 41]. In
particular, it is now frequently used to interpret the catalytic CVD growth of 1D
CNs. As shown in Fig. la, the basic concept is as following: (i) adsorption and
dissociation of carbon containing gas on the surface of the catalyst, (ii) diffusion of
carbon atoms through the catalyst, and (iii) precipitation of carbon from saturated
catalyst particles to form 1D CNs. In this model, the catalyst forms a liquid droplet
and preferentially adsorbs the growth species from the surrounding vapor, and the
solid carbon wire grows from this supersaturated eutectic liquid.

In the VLS model, the catalyst is the core of the whole reaction system because
all important processes progress on or within the catalyst. Any change of the
catalyst will be finally reflected on the grown nanostructure. The size of the catalyst
(e.g., metal particle) is treated as the determining factor for the diameter of the
grown CNs; whilst the crystalline orientation plays a critical role in the determi-
nation of CNTs chirality [42, 43]. As for the preparation methods of the catalyst,
they influence as well the catalysts’ size and their dispersion on the surface of the
support and thereby their catalytic properties [44, 45]. For example, the interactions
between the metal catalyst and the surface of the support were found to determine
the growth mode [14, 46, 47]. Weak interactions yield a tip-growth whereas strong
interactions lead to a base-growth. Moreover, distinct activity for hydrocarbon
molecule dissociation or carbon atom extrusion on different surfaces of the catalyst
[48, 49] is believed to be responsible for a symmetrical growth, as schematically
shown in Fig. 1b. These experimental facts suggest that the geometric features of
the catalyst play important roles in the growth of CNs. However, in previous studies
the effect of the geometric shape of the catalyst on the growth of CNs did not attract
enough attention because this concept is beyond the basic framework of the VLS
mechanism and certain shaped catalyst is not necessary for a VLS process.
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On the other hand, according to the VLS mechanism, the peculiar ability of
transition metals (e.g., Fe, Co and Ni) to catalyze CNs’ formation is greatly linked
to their catalytic activities in the decomposition of hydrocarbons and their allow-
ance of extremely rapid carbon atomic diffusion (both through and over their sur-
faces). This ability depends strongly on the growth temperature applied. At low
temperatures the catalytic reactions on metal surface are quite different from those
at high temperatures. For example, carbon solubility and diffusion coefficient
decrease significantly [50, 51]. Therefore, in practical most of the CVD growth
processes were carried out at the temperatures higher than 600 °C.

However, the attempt to synthesize CNs through CVD growth at low temper-
atures has not been given up. Firstly, the carbon containing source gases applied in
the CVD growth processes (e.g., CHy, C,H,, C,H,) are normally explosive.
A process at lower temperatures is much safer. The low-temperature CVD process
also simplifies remarkably the equipment and reduces consequently the cost.
Secondly, the CVD processes are often accompanied by the decomposition of
hydrocarbons and coking. The process at lower temperatures mitigates the harmful
deposition from the wall of a reaction chamber as well as gas channels. Finally and
the most importantly, the growth at low temperatures is of great benefit to a lot of
applications when the substrate material cannot withstand a high-temperature
process. For example, to apply CNFs in semiconductor industry, the CVD process
has to be compatible with the CMOS technology. It means the CVD temperatures
must remain below 400-450 °C to avoid mechanical deterioration [52].

Therefore, in this chapter we focus only on the CVD processes which employ
temperatures below 450 °C. We summarize recent progress and achievements
about the low-temperature CVD growth of 1D CNs, and then discuss the unique
growth mechanisms for the growth of these 1D CNs. Some example applications of
these 1D CNs are shown as well.

2 Synthesis of 1D Carbon Nanostructure at Low
Temperatures

So far, the low-temperature synthesis of CNs has been achieved successfully by
applying normal catalytic thermal CVD methods. In a typical thermal CVD process,
the growth progresses in a reaction chamber (e.g., quartz tube) which is connected
to a gas supplying system. Metal catalyst is pre-placed in the chamber or brought in
by a carrier gas during the process. Once the chamber is heated up to reach desired
temperature, carbon containing source gas (e.g., C,H,, CHy) is introduced.
Consequently CNs grow with the aid of the catalyst. Different temperatures, from
195 to 450 °C, have been used for the growth of various CNs, including CNTs,
amorphous CNFs, carbon nanocoils (CNCs), carbon nanohelixs (CNHs), carbon
nanosheets (CNSs), and branched CNs. Table 1 lists some representative growth
conditions and related CNs achieved.
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Table 1 The reported low-temperature thermal CVD processes

Catalyst Carbon source | Temperature | Flow Product Reference
O
Ni, Cu-Ni, CH, 450 CNF [53]
Co—Ni, Fe—
Ni
Ferrocene C,H, 450 Ar, H, as carrier | CNT [54]
CsHio
Fe,Co C,H,/CO, 400 CNT [55]
Fe—-Co-Ni C,H, 400 C,H, 10 scem MWCNT [56]
N, 100 scem
Fe-Co CH, 400 C,H; 50 scem CNT [57]
N, 250 sccm
Ni-Fe CH, 400 CNT [58, 59]
CNF
Cu-Ni CH, 400 C,H; 3 sccm CNF [60]
He 12 sccm
Ni CH, 400 CNT [61]
Co Alcohol 400 SWCNT [52, 62]
Cu CH, 350 Ar 20 sccm CNF [63]
H, 10 sccm

C,H, 5/10 sccm
NH; 0/10 sccm

Fe CH, 350 CNF [64]
NizC Nickel(II) 300 H, 200 sccm CNF [65]
acetylacetonate
Nig 67Feo .33 CH, 300 C,H; 0.5 scem | CNT [66]
H, 50 sccm

Cu C,H, 250-350 2-, 3-, 6-, [67]
8-branched CNF

Cu C,H, 250 CNH [68, 69]
CNF

Cu C,H, 250 CNS [70]

Cu C,H, 195 CNH [71]

To get a deep insight into the characteristics as well as the mechanisms of low-
temperature growth, we discuss in the following sessions these processes in detail
from the aspects of catalyst system, catalyst evolution, the effect of gas composition
on the growth as well as the morphology control on the growth products.

2.1 Types of Catalysts

It is similar to those conventional high-temperature CVD growths, transition metals
such as Fe, Co, Ni and their alloys are often used as the catalysts for the
low-temperature growth of CNs. Comparing with pure metals, their alloys show
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higher catalytic activity. When other experimental parameters remain unchanged,
the catalyst from their alloy triggers a growth at lower temperatures, or causes
higher growth rates of CNs [56, 66]. However, tri-metallic catalysts do not show
any advantage over bimetallic ones [56, 57]. For example, Chiang and Sankaran
[66] tested different Fe—Ni alloyed catalysts and gave an optimal composition of
approximately 67 % Ni and 33 % Fe.

Cu has been used as the catalyst for the growth of CNs. Notably, in a con-
ventional high-temperature CVD process Cu is not an effective catalyst, because
carbon hardly dissolves (diffuses) in Cu [51]. In contrast, in the low-temperature
cases Cu is a quite attractive to aid the synthesis of various CNs. For example, by
applying a Cu catalyst the growth of CNs was achieved at a temperature as low as
195 °C [71]. It is 100 °C lower than the temperatures for those processes based on
Fe, Co, Ni catalysts. Therefore the Cu catalyzed growth of CNs is believed to be a
typical case of the low-temperature CVD growth. It might correspond to a unique
growth mechanism, different from the VLS mechanism.

Besides the chemical composition of the catalyst, its size is critical for the
growth of CNs as well. To effectively catalyze the growth of a nanostructure, the
catalysts (e.g., in a form of nanoparticle or nanonetwork) must be well dispersed on
a substrate. The size and the dispersion of the catalyst directly decide the dimension
and the amount of as-grown CNs. A simple and often used method for the catalyst
preparation is a coating-anneal route [57, 61]. Briefly, a metal film with a few to
tens of nanometers in thickness is firstly coated on a substrate. In the following
annealing the metal film at high temperatures splits and converges the metal film
into dispersive nanoparticles. As an example, SEM images of one 20 nm thick Cu
film before and after annealing are shown in Fig. 2a and b, respectively. In this way
one can use a target with a certain composition during sputter coating process to get
the catalyst with a required composition [57, 58]. The size of the catalyst is possible
to be adjusted by changing the thicknesses of the metal film and annealing
times/temperatures. Other methods are also available for the preparation of these
catalysts, for example, sol-gel [67], co-precipitation [55], thermal decomposition
[56], arc plasma jet evaporation methods [64], and thermolysis of various complex
precursors in hot surfactant solutions [72]. The as-prepared metal catalysts usually
have however random near-spherical or polyhedron shape.

Fig. 2 SEM images of a cross section of a 20 nm Cu film coated on Si substrate and b dispersive
Cu nanoparticles after annealing
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The pre-treatment of the catalysts influences their catalytic activities. For
example, Shyu et al. reported that by pre-treating the Ni or Fe—Ni catalyst with
low-concentrated carbon containing source gas, the growth of CNFs was promoted
in the following CVD processes. In contrast, if the catalyst was pre-treated with
reductive H,, the CVD growth was depressed [59]. The reason of such a promotion
was believed to be the formation of Ni—C or Fe-Ni—C alloy.

2.2 Catalyst Faceting

The growth of CNFs is always accompanied by tremendous shape change of the
catalyst. For instance, the Cu catalyst are always faceted with regular shapes after
the CNs growth, the majority of which have a rhombic projection. Detailed
investigations indicate that the Cu catalyst undergoes a shape change from an
irregular to a regular faceted form during the CNs growth. Moreover, their shapes
have considerable effects on the final cross-sections of CNs. Based on systemic
TEM observations as well as accompanying selected area electron diffraction
(SAED) indexes performed by Xia et al., the Cu catalyst (e.g., particles) in
as-grown nanostructures can be sorted to three kinds of basic highly symmetric
polyhedrons, namely octahedron, triangular prism and tetrahedron, as shown in
Fig. 3 [73]. Octahedron catalyst particle is in the left column (Fig. 3a, d, f, i) and
triangular prism catalyst in the middle column (Fig. 3b, e, g, j). From upper to
bottom row they are the TEM images of a straight nanofiber, the TEM image of a
helical nanofiber, the sketch of a catalyst particle, and the projection of a catalyst
particle along Cu {110) zone axis, respectively. In the right column (Fig. 3c, h, k),
it shows Cu catalyst with the shape of tetrahedron. From upper to bottom row they
are the TEM images of straight nanofiber, the sketch of catalyst particle, and the
projection of catalyst particle along Cu {110) zone axis, respectively. One can see
that for these grown nanofibers, regardless of the morphology of the nanofiber and
the shape of the catalyst, Cu particles are all encompassed by low-index faces and
CNFs always attaches on Cu {111} faces. In the TEM image as well as HRTEM
images of Fig. 4a, b, one can see the grown carbon product is connected to Cu
catalyst with a quite flat interface. When the focus is on the grown carbon product,
the HRTEM image shows discontinuous near-parallel fragments, indicating
amorphous nature of grown CNfs, as seen in Fig. 4c [73].

The catalyst faceting appears on Fe and Ni based catalyst along with the CNFs
growth as well [64, 65]. Figure 5a shows a TEM image of a CNF grown at 350 °C
where Fe catalyst is encapsulated in the fiber. The Fe particle has a polygonal
projection and features the {110} face as the growth front [64]. Figure 5b shows a
typical TEM image of a symmetrical CNF grown at 350 °C when a Ni catalyst
particle is applied. One can see an approximate rhombus projection in the TEM
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Fig. 3 a—e TEM images of different morphologies of nanostructures obtained along Cu {110)
zone axis. f-h Three kinds of catalyst polyhedrons: octahedron, triangular prism and tetrahedron,
respectively. i—k The respective projections of the polyhedrons (f-h) obtained along Cu {110)
zone axis [73]

image. For the Ni;C assisted growth at a quite low temperature of 300 °C, Yu et al.
performed HRTEM observation and stated that the growth of CNFs is initiated from
the {001} planes of the Ni3zC particles which exhibit a regular shape [57].

As a result of faceting, the shape of the catalyst evolves until specific stable
crystalline faces expose. In particular, the low index faces tend to appear. It indi-
cates that these faces play important roles in the growth of CNFs. Some critical
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Fig. 4 The enlarged TEM images of a CNF. a The TEM image on Cu [112] zone axis. The fiber
is grown on the catalyst along Cu {111) crystal direction. b HRTEM images of the areas indicated
with red square in (a). It shows a flat interface between grown carbon and the catalyst. ¢ HRTEM
image focusing on the grown carbon product [73]

Fig. 5 a TEM image of the tip of a CNF. The dark particle is Fe catalyst. The bright lines mark
the (110) plane of the Fe catalyst. b TEM image of a symmetrical grown CNF. The black spot is Ni
catalyst particle

processes such as surface reactions may progress on certain indexed metal planes,
e.g., the {111} faces of a Cu particle. Unfortunately, so far relatively limited
attention has been paid to the effect of the geometric features of the catalyst on the
low-temperature CVD growth of CNs.
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2.3 Gas Composition

In the CVD growth of CNs, the carbon feedstock relies on carbon containing source
gases. For the conventional high-temperature growth, many carbon containing
gases are applicable, such as CH,4, C,H,, C,Hy, CO, benzene etc. [74-78]. On the
contrary, only a few carbon sources have been successfully applied in the
low-temperature CVD growth up to now. As summarized in Table 1, most of the
successful processes were achieved with C,H,. Some researchers replaced C,H,
with other carbon sources (e.g., C,H4, CH4, CO) as controlled experiments, but
only negative results were obtained [58, 71], revealing a high selectivity of carbon
sources for the low-temperature CVD growth of CNs. Two hypotheses might be
workable for the high activity of C,H,. Firstly, at low temperatures, the cleavage of
C,H, to generate atomic carbon is easier, in comparison with other carbon con-
taining molecules [79]. Therefore the growth with C,H, can happen at lower
temperatures. Another possibility is the unique structure of C,H, allows it
adsorbing on the catalyst in a property way and participating in special catalytic
surface reactions.

Besides carbon sources, unreactive gases have been also introduced on purpose
during the growth process, such as N, Ar, He and sometimes H,_ Although they do
not contribute to the construction of CNs directly, their roles are somehow critical.
For example, in some experimental settings they work as the carrier gas to bring the
catalyst into the reaction chamber [54]. Moreover, except few special processes
which require ultra-high vacuum (UHV) condition [52, 62], most of the
low-temperature CVD growth can progress in a broad pressure range (even in
atmospheric pressure [64, 67, 71]). Therefore, the growth is often accompanied
with cocking and the generation of a large amount of organic byproducts. The
unreactive gas dilutes the reactive atmosphere [56, 57, 60] and then prevent or
alleviate the harmful deposition on the wall of the reaction chamber and gas
channels. Meanwhile, the reaction byproducts can be taken away if the unreactive
gas passes the reaction chamber as a constant flow.

It has been reported that a little amount of water (~ 100 ppm) in the reaction
atmosphere promoted the CNT growth in a high-temperature CVD process [80, 81].
Based on this idea, a method so-called water assisted CVD was developed [82, 83].
The truth of the promotion is that the mild oxidizer such as water helps to prevent
amorphous carbon deposition on the surface of the catalyst [80, 81], thus the poison
of the catalyst is efficiently avoided. This method was further extended to applying
other oxygen containing gas, for example O, [84] and CO, [85, 86]. Researches
confirmed that NH; has the ability to etch amorphous carbon [78, 87, 88]. However,
for the low-temperature CVD growth using additional etching gases seems to be
unnecessary. For most of reported low-temperature processes, only carbon con-
taining source gases and unreactive gases were applied. It implies that amorphous
carbon does not become an obstacle to the growth of CNs at low temperatures.
A possible explanation is that at low temperatures the diffusion of carbon atoms and
related molecules is mainly through the surface of catalyst, therefore the surface of
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the catalyst is always scoured by moving reaction products. In other words, the
surface of the catalyst is always fresh and active. Recently we found that some
gases (e.g., HCI) depressed the growth of CNs at low temperatures, as they elim-
inate specific active faces on the catalyst. For example, when a little amount of HCI
is introduced into the reaction atmosphere of a Cu assisted CVD process, the Cu
{110} face enlarges while the Cu{111} face shrinks. It is due to the strong inter-
action between HCI and the Cu{110} face [89, 90]. As the CNF only grows on the
Cu{111} face, consequently the as-grown nanofiber becomes thinner and the total
amount of growth product reduces [67].

2.4 Structural Characteristic of the Carbon Nanostructure
Synthesized at Low-Temperature

Most of CNs synthesized using the low-temperature CVD processes have amor-
phous natures. From their HTREM images one can see that these CNs feature
usually discontinuous fragments rather than integral graphitic sheets [64, 65, 67,
73]. The example TEM images are shown in Fig. 4. Consequently, their Raman
spectra often show a D peak with a high intensity, indicating their poor crystallinity,
as seen in Fig. 6. It should be pointed out that although a lot of literatures involving
the low-temperature CVD growth used ‘CNT’ to define their fiber-like products,
they did not give clear evidence (e.g., TEM) to prove these claimed structures.
Therefore it is doubtable to classify those products into CNT in standard sense,
which normally indicates a highly ordered graphic tubular nanostructure.

In a systematic investigation, we performed CVD growths under atmospheric
pressure of C,H, with the assistance of Fe, Co, Ni, and Cu nanopowder catalysts,
respectively. The process temperatures were set between 250 and 350 °C. Regardless
of the catalyst, all the synthesized CNs contain considerable hydrogen. Normally,

Fig. 6 Raman spectrum of a
CNF which was synthesized D band
via a CVD process at 350 °C.
Ni and C,H, were used as the B /
catalyst. and carbon source, / \ G band
respectively
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Fig. 7 Molecular fragments presented in the as-grown CNFs, which were identified from the

TD-GC/MS method [64, 91]. a connected by short carbon chain, b connected by five-membered
ring, ¢ form fused six-membered ring

the lower the growth temperature is, the higher percentage of hydrogen is contained in
as-grown CNs [71]. In a typical case, the Cu assisted growth progressing at 250 °C,
the product contains about haft hydrogen in atomic percentage. Therefore the CNs
synthesized via low-temperature CVD processes shows more or less polymer natures.
Furthermore, by means of thermal desorption-gas chromatography/mass spectrom-
etry (TD-GC/MS) technique, more detailed structural characteristics of synthesized
CNs were revealed. The synthesized CNs were firstly heated up to release fragments
(thermal desorption), and then these evaporated species were injected into GC for
separation and final identification by MS. No matter the catalyst is Fe, Co, Ni or Cu,
the measurements always reveal a series of planar benzene derivatives, such as
diphenyl, phenanthrene, anthracene, benz(a)azulene, 9-Methylene-fluorene, etc., as
shown in Fig. 7. They are believed to be the intermediate products or the fragments of
the CNs. Consequently it can be concluded that benzene rings act as the fundamental
structural units and form other planar molecules. The paths to construct other mole-
cules are a connection by short carbon chains, resulting in the formation of
five-membered rings as well as fused six-membered rings [64].

3 Morphology Control

The morphology of nanomaterials is of great significance for their electronic,
electrochemical, optical, magnetic, and catalytic features as well as their applica-
tions [92-97]. Therefore considerable effort was devoted to the morphology control
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during synthesizing nanostructures [98—100]. In terms of CNs, by applying
high-temperature CVD processes, various CNs have been synthesized, including
CNTs [101], nanocones [12], Y-junctions [102, 103], nanocoils [104], fullerenes
[105], etc. They are actually quite useful since specific CNs are preferred for some
special applications [106—-108]. However, comparing with the results achieved on
metal nanocrystals [93, 95, 97], metal oxides, and semiconductors [92, 98], the
morphology control of CNs is far less precise. Actually if a fact that highly ordered
crystalline lattice does not exist inside CNs exists, it is easy to conclude that most
shape-control methods developed for nanocrystals are not applicable over CNs.
Fortunately, the low-temperature CVD growth grants more chances to deal with the
precise shape-control of CNs.

Xia et al. [69] investigated Cu assisted low-temperature CVD growth and
reported a relationship between the size of the catalyst and the morphology of
as-grown CNFs, namely a size effect. They suggested there is a critical size of the
catalyst to divide the growth of two kinds of CNFs, as shown in Fig. 8. Straight
CNFs are formed with larger catalysts while helical CNFs are formed with smaller
ones. The critical value is ~70 nm for the octahedron shaped catalysts and
~ 110 nm for the triangular prism ones [69]. Therefore it is highly possible to
synthesize CNFs with desired morphology by use of certain sized and shaped
catalysts.

We further developed a method to control the growth and get CNs with more
complex shapes, so-named multi-branched CNs. The core idea of this method is to
tailor the shape of the catalyst which decides the morphology of grown CNs [13,
109, 110]. It is notable that metallic catalysts are intrinsically symmetric and always
tend to expose favorable low index facets in thermodynamic equilibrium status
[111]. In this context a precise shape control of CNs can be achieved via inten-
tionally tailoring the geometric features of the catalyst and exposing its specific
catalytic-active facets.

Figure 9 shows 4 different branched CNs [67]. By means of carrying out the
CVD growth with assistance of Cu catalyst at 250, 275 and 350 °C, we obtained 2-,
3-, and 6-branched CNs respectively. In these nanostructures, Cu nanocrystal works
as a node and carbon branches grow on {111} or {001} faces of Cu nanoparticle,
depending on the process temperatures. In general, the outer surface of Cu

(a)

Fig. 8 SEM image of two kinds of CNFs synthesized at 250 °C: a a straight nanofiber, b a helix
nanofiber
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Fig. 9 a SEM image and b TEM image, electron diffraction pattern, catalyst particle sketch of a
6-branched CN prepared at 350 °C. ¢ SEM image and d TEM image, electron diffraction pattern,
catalyst particle sketch of a 2-branched CN prepared at 250 °C. e SEM image and f TEM image,
electron diffraction pattern, catalyst particle sketch of a 3-branched CN prepared at 275 °C. g SEM
image and h TEM image, electron diffraction pattern, catalyst particle sketch of a 8-branched CN
prepared at 250 °C with additional HCI in the reaction atmosphere [67]

nanoparticle is a combination of {001}, {110} and {111} facets [111].
Corresponding to different process temperatures, the Cu particles show unique
equilibrium shapes and faceted surface with specific index distribution. The facet
distribution was further tailored via adding a little amount of HCI in the CVD
chamber. It changed the ratios of {001}, {110} and {111} faces, resulting in the
growth of 8-branched CNs. In terms of the carbon branches in these CNs, their
numbers and stretching directions follow the intrinsic symmetry of Cu nanocrystals.
Their lengths depend on the growth duration. Their diameters correlate to both the
size of Cu particles and the distribution of catalysis-active facets on Cu particles.
All these features are tailorable via changing experimental parameters.

4 Mechanism of Low-Temperature Thermal CVD Growth

With respect to the mechanism of the low-temperature CVD growth of CNs, the
core issue is the approach to convert carbon containing gas into solid carbon
structures. In this context we have to explain not only the generation of carbon
feedstock but also the route for carbon transportation, for example carbon diffusion
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through/on the catalyst. For high-temperature CVD growth, the classical VLS
model has given appropriate explanation on above issues, see Sect. 1.
Unfortunately, the VLS mechanism cannot be used to interpret the low-temperature
cases, if the fact that the carbon solubility and diffusion coefficient decrease sig-
nificantly with the reduction of the growth temperature is noticed [50, 112, 113]. In
particular, for the typical Cu assisted growth which produces polymer-like CNss, it
completely excludes the possibility of VLS approach, because neither carbon nor
hydrocarbon molecules dissolves (diffuses) in the Cu catalyst [51]. Therefore a new
model is necessary to interpret the mechanism of the low-temperature thermal CVD
growth of CNs on these metal catalysts.

4.1 Fundamental Reactions

Since at lower temperatures a direct dissociation of hydrocarbons is more difficult,
various reaction paths have been proposed to interpret carbon feedstock during the
CVD growth. For example, Magrez et al. [55] proposed an oxidative dehydro-
genation reaction to explain the growth of CNTs below 500 °C

C,H, +CO, — 2C +H,0+ CO

This approach is however only applicable for those processes with additional
CO, introduction into the reaction atmosphere. For most CVD processes which
progress in pure C,H,, the reactions should follow fully different routes.

Fortunately, the interaction of hydrocarbons such as acetylene with the surface
of low-index metal single-crystals under ultra-high vacuum (UHV) conditions has
been investigated for a long time. These efforts contribute well to a fundamental
understanding of important catalytic surface processes, unravel fundamental
mechanisms in heterogeneous catalysis, and identify important surface intermedi-
ates in practical reactions. Taking the Cu/C,H, system as an example, the
adsorption and surface reactions of acetylene on Cu low-index surfaces ({110},
{001}, and {111}) under UHV conditions have been widely investigated both
theoretically and experimentally [114-118]. The coupling of acetylene on Cu
surface has been demonstrated, which forms benzene (CgHg) on Cu{001} [119], Cu
{110} [120], Cu{111} facets [121] and cyclooctatetraene (COT, CgHg) on Cu
{111} facet [121]. In these investigations, no coverage threshold for the onset of the
cyclization reactions was observed on any Cu facets, implying high adsorbate
mobility [119-121]. It was also confirmed that the reaction pathways of Cu cat-
alytic reactions in atmospheric pressure of acetylene were in good agreement with
the model under UHV conditions [71, 121]. Another aspect that should be taken
into consideration is the fact that a graphene sheet matches a Cu{111} facet very
well (both are in Dg;, symmetry and the mismatch of lattice parameter is about 2 %),
which can dramatically increase the interactions between a Cu{111} facet and a
graphene sheet as well as its derivatives. Therefore, the fundamental reaction in the
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Cu assisted CVD growth is proposed to be the trimerization of C,H, on the
low-index Cu surface. It was achieved in following path [71, 119-121]

C,H, + C,H, — C4Hy
C4H4 + C2H2 — C6H6

Based on these reaction pathways various planar benzene derivatives (oligo-
mers) are formed. The oligomers are further polymerized to construct larger planar
fragments as well as CNs eventually.

In terms of other catalyst system, above approach is also workable. Previous
research carried out under UHV conditions showed that the adsorption of C,H, on a
Fe surface induces the formation of various hydrocarbons such as methane, ethane,
butane and benzene, but no C3 and C5 products. It was always assumed that the
former were created via hydrogen abstraction, C—C bond breaking, dimerization,
and trimerization of C2 entities [122]. The literatures have shown that that adsorbed
C,H, can dehydrogenize or couple on Ni surface to form a series of hydrocarbon
molecules [123—-126]. Among these surface reactions, oligomerization [127, 128],
e.g., the cyclic trimerization of C,H, on Ni(111) face to from benzene [124], and
following polymerization which generates polymer-like products [129] are notable.
They can provide fundamental structural units for the construction of CNs.

4.2 Feedstock Transportation/Diffusion Route

For the growth a nanostructure such as a nanofiber, a stable transportation path
between reaction products’ generation and precipitation/extrusion has to be estab-
lished on the catalyst. Otherwise the reaction products will simply accumulate on the
surface of the catalyst and prevent any further surface reactions as well as the further
growth. Therefore the feedstock transportation on the catalyst is a critical issue.

Based on the experimental data of bi- and tri-metallic catalysts assisted
low-temperature thermal CVD growth, Pitkénen et al. performed simulation and got
very low activation energies for the CVD growth of CNs. It was suggested that the
carbon diffusion is the rate-limiting step rather than the hydrocarbon cracking [57].
Yazyev et al. calculated a barrier of 0.39 eV for the diffusion of adsorbed carbon
atoms on the Ni(111) surface, which agreed with the activation energy obtained
from the experimental CNT growth process. Therefore surface diffusion is the
rate-limiting step for low-temperature CVD growth of CNs [130-132].

Certain diffusion mechanisms on base of carbon diffusion on the surface of the
catalyst have been thus proposed for CVD growth of 1D CNs [133-139], especially
for the low-temperature CVD growth process, which is a low energy path for the
growth of CNTs [130]. The surface diffusion channel is also believed to be the
reason of increased catalytic activity of nanoparticle alloys at low temperatures
[66]. Meanwhile, the calculation of adsorbed atomic carbon diffusion on Cu
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surfaces featured surprisingly low barriers of 0.07 eV. The energy barrier of atomic
carbon diffusion on Cu surfaces is also lower than that on Ni [131]. Thus the
relative low-temperature Cu assisted CVD growth of CNss is reasonable, as listed in
Table 1.

4.3 VFS Mechanism

Based on the characteristics of low-temperature thermal CVD growth of CNs, we
describe a 3-step mechanism to interpret the polymers/CNFs growth on the surface
of the metal catalyst, as schematically shown in Fig. 10.

Here we still take the Cu/C,H, system as an example. In first step, at a typical
growth temperature of 250 °C which is much lower than the melting point, Cu/CuO
particles remain in a solid phase. They initiate from irregular shapes. Along with the
reduction process on the Cu surface, the acetylene molecules adsorb on the Cu
surface and start to couple and polymerize with each other as well as induce Cu
surface to reconstruct. The interaction and reaction route of acetylene molecular
with Cu facets differ according to the index of facets. On Cu{001} and Cu{110}
facets, the coupling reaction products, oligomers such as benzene and its deriva-
tives, have high mobility; while on Cu{111} facet, in addition to benzene forma-
tion, small amount of COT forms and it is immobilized at the surface of the Cu
catalyst when the temperature is lower than approximately 300 °C [121]. Therefore,
at a relatively low reaction temperature like 250 °C, eventually the Cu{111} facet is
blocked by COT and its derivatives because of the strong interaction between the
Cu surface and the compound. It leads to two consequences, a terminated coupling
reaction and stabilized Cuf{111} facets. The reaction activity of the blocked facets
dramatically drops, so that the coupling reaction is terminated. As a result, a
concentration gradient of movable oligomers and the further derivatives between
Cu{001}, Cu{110} facets and Cu{111} facets establishes since reaction products
are accumulated unceasingly on Cu{001} and Cu{110} facets whereas the surface
reaction terminates on Cu{111} facets. In the second step, the concentration gra-
dient drives the movable oligomers and derivatives to diffuse from Cu{001} and Cu
{110} facets to Cuf{111} facets through the Cu surface, thus excess oligomers and
derivatives precipitate on Cu{111} facets to build up CNs in the third step.

This model could be described as an adsorption (Vapor)—diffusion (Facet)—
precipitation (Solid) process and then we name it as a VFS mechanism to distin-
guish from the classical VLS mechanism and vapor-solid-solid (VSS) mechanism
[140], since a surface diffusion process of hydrocarbon dominates the whole pro-
cess instead of bulk/surface diffusion of carbon atoms. This mechanism features:
(1) Competition among different catalyst facets is the core factor (see Fig. 10). The
facets on which C,H, molecular is absorbed and coupled are defined as adsorbent
facets, while the facets receiving coupling products and finally building up the CNs
are defined as the growth facets. The adsorbent facets and the growth facets may
reverse, depending on surface reactions and surface energies of the catalysts, which
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Fig. 10 Sketch of the VFS
growth mechanism: a C,H,
adsorbs on Cu surface,
coupling to form different
oligomers, movable ones on
Cu{110} facets and
immobilized ones on Cu
{111} facets. b The
immobilized oligomers block
Cu{111} facets, and the
movable oligomers diffuse
from Cu{110} to Cuf{111}
facets. ¢ Movable oligomers
and further derivatives creep
to overlay those immobilized
oligomers and form
nano-sheets during the
diffusion [67]

Y. Ma et al.

are actually influenced by reaction temperatures and gaseous environment; (ii) The
loose stacking nanostructure of polymer sheets allows the new build-up units to
insert themselves into the gaps between existing nanofibers and the copper facets,
and consequently to lift the old nanofibers up a bit to become a new part of the
existing fiber. It presents that the existing nanofibers do not act a barrier blocking
further the growth of themselves. (iii) Catalytic nanocrystals have undergone a
surface reconstruction process, and turned into a regular appearance with certain
low indexes and smooth facets, which correspond to its intrinsic symmetry.
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4.4 The Applicability of VFS Mechanism

As the typical case of the low-temperature CVD growth of CNs, Cu catalyzed
reaction is the most suitable one for the fundamental modeling research. Based on
the model extracted from Cu/C,H, reaction system, the growth with other transition
metal catalysts can be interpreted. For example, in a growth which is based on
Fe/C,H, system and progressed at 350 °C, the Fe nanoparticle catalyst always
exposes {110} face during growth. C,H, is adsorbed on the active {110} face to
form oligomers, and then the oligomers diffuse towards {001} face which is
blocked by carbon and thus loses catalytic activity [64]. This process finally ini-
tiates the formation of CNs. Figure 11 shows related TEM images of the grown
CNFs and schematically a possible growth route. Regardless of the detailed surface
reactions and diffusion routes, the transportation and precipitation of aromatic
species on the surface of the catalyst induce the growth of CNs. The surface
processes can be generalized as a competition and cooperation between different
catalytic crystalline faces. All these essential commons between the processes based
on different catalysts illustrate an extensive adoptability of the proposed VFS
mechanism for the explanation of low-temperature CVD growth of CNs on the
metal catalyst.

With respect to the explanation of various morphologies of CNs, the VFS
mechanism can be employed as well, since they only depend on the size and
geometric features of the catalyst. For the highly symmetrical catalyst such as Cu
nanocrystal, it causes symmetrically straight or helical nanofiber. It is also
responsible for branched nanostructures when the Cu nanocrystal shows a more
complex faceted shape. In cases that catalyst features a low symmetry, it results in a
tip-grown nanofiber. The nanofiber can be solid or tubular. However, such a tubular
product prepared at low temperatures is quite different form the CNT synthesized at
high temperatures. The former has actually amorphous natures instead of graphitic
walls.

Fig. 11 TEM images of CNFs synthesized at 350 °C using Fe catalyst and C,H, carbon source:
a a solid nanofiber; b a tubular nanofiber; ¢ sketch of the growth mechanism [64]
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5 Enhanced Low-Temperature CVD Growth

Referred to the low-temperature CVD growth, it’s necessary to mention a group of
processes which are progressing with some enhancement factors, for example,
plasma enhanced chemical vapor deposition (PECVD). By introducing plasma into
the CVD growth, the process temperature was reduced remarkably [141-143], and
then CNFs were even grown at room temperature [144]. However, the reported
growth temperatures have been questioned due to the argument on temperature
measurement [145]. In addition to the application of plasma, some other experi-
mental setting also achieved enhancement effect on the CVD growth of CNs. For
example, with the assistant of hot filament, CNFs were successfully synthesized at
low temperatures [146—148]. The enhanced CVD growth concerns a lot of extra
issues such as the complex plasma environment, the non-uniform heating, etc.

6 Applications

In terms of the one-dimensional carbon nanostructures synthesized via the
low-temperature CVD method, their special morphologies, unusual atomic archi-
tectures as well as the properties associated with the unique growth mechanism
grant them extensive applications. For example, Na et al. [61] synthesized densely
packed CNT arrays on the conductive substrate at 400 °C. They were used in
large-scale integrated circuits as interconnects to carry high density electric current
[149]. The low process-temperature is compatible with other materials which are
applied in semiconductor industry. Similar vertically aligned CNTs were also
applied for field emission [58]. Qin et al. prepared pure carbon nanocoils (CNCs),
and then coated these CNCs with Fe, Ni and Al,0O; with aid of atomic layer
deposition (ALD) technique to synthesize Fe;04/Al,O3/CNC and Ni/Al,03/CNC
coaxial multilayer nanostructures. The prepared magnetic CNCs showed enhanced
microwave absorption properties [108]. This is attributed to the highly controllable
morphologies of the synthesized CNCs. Furthermore since CNFs prepared via the
low-temperature CVD method often feature disordered stacking graphene frag-
ments, namely having large interlayer distances and abundant diffusion channels,
these CNFs are therefore promising to be utilized as the anode of lithium-ion
secondary batteries. They are supposed to bring high capacities and super-fast
charge/discharge abilities. Meanwhile, they overcome the structural fragmentation
during charge/discharge cycles. For example, no deterioration was found even after
85 cycles [91]. In addition, using such a low-temperature growth process in-situ
doping of CNss is possible. The doped elements, such as nitrogen, silicon and boron
will change the morphologies as well as the band structures of CNs. For instance,
when the carbon anode in Li-ion secondary battery is doped by Si, the capacity was
doubled, or even more. Doping nitrogen into CNTs not only improved the per-
formance in supercapacitors [150, 151], but also resulted in a new application,
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namely metal-free catalyst, which can be used in fuel cells to replace expensive Pt
and Pd catalysts [152].

7 Summary

The growth of one dimensional carbon nanostructure is possible at relative low
temperatures (<450 °C). Nanoparticles from transition metal such as Fe, Co, Ni,
their alloys, and Cu are the suitable catalysts for these low-temperature growths.
The low-temperature thermal CVD process tends to produce amorphous carbon
nanostructures rather than graphitic ones. Considerable hydrogen is often contained
in the as-grown carbon nanostructures. Therefore these carbon nanostructures are
polymer sheets. By means of tailoring the size and geometric features of the cat-
alyst, precise morphology control of grown carbon nanostructure is achievable.
The classical VLS mechanism is not applicable to the low-temperature CVD
process. An alternative model namely VFS mechanism has been proposed. It is based
on the coupling of hydrocarbons (e.g., acetylene on metal surface) and subsequent
surface diffusion of the coupling products. The core process in this mechanism is
generalized as a competition and cooperation between different catalyst crystalline
faces. This process results in the generation and transportation of carbon feedstock for
the construction of carbon nanostructure. The rate-limiting step of the low-
temperature CVD growth is the diffusion of carbon species through a pathway with
a low activation energy on the surface of the catalyst, instead of the dissociation of
carbon source gas. The fundamental structural unit, which diffuses on the surface of
the catalyst and finally precipitates to construct carbon nanostructures, is most likely
formed through catalytic reactions occurring on the surface of the metal catalyst.
The one-dimensional carbon nanostructures synthesized via the low-temperature
CVD method have controllable special morphology, unusual atomic architecture as
well as unique properties associated to the distinct VFS growth mechanism. These
nanomaterials have the features of carbon materials as well as the unique properties
of nanostructures. They are therefore promising as the absorbent for hazard mate-
rials in environmental clean-up, as the electrode for supercapacitors and lithium
batteries, as well as the metal-free catalyst for different catalytic reactions.
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