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A B S T R A C T

The reason why few carbon nanotubes (CNTs) nucleated in the catalyst region on sub-

strates grow into ultralong ones during gas flow directed chemical vapor deposition

(CVD) of horizontally aligned CNT arrays was explored. Small catalyst nanoparticles tend

to merge into large ones due to the high processing temperature, which accordingly pro-

duces multi-wall CNTs (MWCNTs). These MWCNTs usually follow a base-growth mecha-

nism and cannot be guided by the gas flow during growth. These MWCNTs are often

shorter than 20 lm. Only the CNTs that follow the tip-growth mechanism, which are cat-

alyzed by smaller nanoparticles and have fewer walls than most of the CNTs, tend to grow

into longer ones. Besides, other factors influencing the areal density of ultralong CNTs,

such as the entanglement of CNTs and the falling down of the growing tip of floating CNTs

to the substrate, were also discussed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ultralong carbon nanotubes (CNTs) usually refer to the hori-

zontally aligned CNT arrays with length up to centimeters or

even decimeters grown on flat substrates by chemical vapor

deposition (CVD) methods [1–4]. Due to their perfect structures

and extraordinary thermal, electrical and mechanical

properties, they show great potential as building blocks for

nano-electronics [5], superstrong fibers [2,6], and even space

elevators [7]. For the practical application of ultralong CNTs,

the key is to realize the bulk production of ultralong CNTs with

controlled structures. However, the main obstacle for the bulk

production of ultralong CNTs is their extremely low areal den-

sity. The areal density of ultralong CNTs is usually several

CNTs per 100 lm [3–5,8–10], which is far lower than that of

agglomerated CNTs [11] and vertically aligned CNT arrays .

Arc-discharge, laser ablation, and CVD are the main

methods for CNT synthesis. Compared with the other two
er Ltd. All rights reserved
a.edu.cn (Y. Zhang), wf-
methods, CVD has many advantages in controlling the

growth of CNTs, especially ultralong CNTs. It has a number

of controllable variables, such as temperature [12], feeding

gases [13], and catalysts [14], enabling the easy control of

the growth process [15]. Both metal and nonmetal nanoparti-

cles were used to catalyze the growth of CNTs [16]. Fe, Cu, Co,

Mo, and Ni nanoparticles are the most widely used metal

catalysts for producing ultralong CNTs using CVD methods

[3,14,17]. The diameter of CNTs are proportionally related to

the size of the catalytic nanoparticles [18,19]. Controlling

the structure of catalytic nanoparticles allows the variation

of diameter, length and even the chirality of CNTs [19].

A ‘‘kite mechanism’’ has been proposed for the growth of

ultralong CNTs [20]. During a CNT growing process, one end

of the CNT is floating over the substrate because of the ther-

mal buoyancy caused by the temperature difference between

the substrate and the flow gas. The catalyst nanoparticle is at

the floating end of the CNT, which follows a tip-growth
.
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mechanism (Fig. 1a). The kite-mechanism successfully

explained many facts, such as ultralong CNTs could continu-

ously grow up to 20 cm long [3] and cross over obstacles and

trenches on substrates [5,20]. For short CNTs, they were con-

sidered to follow a base-growth mechanism [17], in which the

catalyst nanoparticles anchored on substrate during CNTs

growth (Fig. 1b). To date, many progresses have been made

on synthesizing ultralong CNTs and continuous research is

ongoing [16]. However, it is still a challenge to improve the

areal density of ultralong CNTs. In this work, the reason for

few CNTs obtained in the catalyst region on substrates can

grow into ultralong ones during gas flow directed CVD growth

was explored.

2. Experimental

2.1. CNT growth

The growth of CNTs was carried out in a tube furnace equipped

with a quartz tube (Length: 1.5 m, outer/inner diameter:

35 mm/31 mm). Single crystal silicon wafers (3–10 cm long,

0.5–1 cm wide and 0.5 mm thick) with a 500-nm-thick SiO2

layer on the surface were employed as substrates. An ethanol

solution of FeCl3 (0.03 mol L�1) was coated onto the upstream

end of the substrates. After reduction in H2 and Ar

(H2:Ar = 2:1 in volume with a total flow of 200 sccm) at 900 �C
for 25 min, the precursor FeCl3 became Fe nanoparticles which

worked as the catalysts for CNT growth. Then, the sample was

heated from 900 to 1000 �C in two minutes and the inlet gas

was switched to CH4 and H2 (CH4:H2 = 1:2 in volume with a total

flow of 75 sccm), together with 0.43% H2O for accelerating the

CNT growth. The growth duration for the CNTs was usually

10–20 min, which depended on the length of CNTs desired.
Fig. 1 – The scheme of tip-growth mechanism (a
2.2. Characterization

The CNTs were characterized by a scanning electron micro-

scope (SEM, JSM 7401F, 1.0 kV), a high-resolution transmission

electron microscope (HRTEM, JEM-2010, 120.0 kV) and an

atomic force microscope (AFM, Veeco Nanoscope).

3. Results and discussion

3.1. The comparison of ultralong and short CNTs

The inset of Fig. 2 shows the morphology of CNTs grown on

the substrate surface, where two regions can be observed.

The left side is the catalyst region (shown by a yellow rectan-

gle), consisting of a high density of randomly oriented short

CNTs. The right side is the ultralong CNT region. Most of

the as-grown ultralong CNTs are straight and parallel to the

gas flow direction. The length of ultralong CNTs ranges from

several millimeters to several centimeters. They are well sep-

arated with each other. The number distribution of ultralong

CNTs along their axial direction is shown in Fig. 2. With

increasing distance from the catalyst region, the number of

ultralong CNTs only showed a moderate decrease. It seems

that the maximum length of the ultralong CNTs grown by this

method is mainly limited by the length of the substrates and

the length of the high temperature zone of the furnace.

The areal density of the ultralong CNTs is far lower than

that of short CNTs at the catalyst regions (Fig. 3). In the cata-

lyst regions, there are numerous short CNTs which are ran-

domly oriented on the substrates (Fig. 3b and c). However,

only a few of them grow out of the catalyst regions and form

ultralong CNTs, which were guided by the gas flow and paral-

lel with each other.
) and base growth mechanism (b) for CNTs.



Fig. 2 – The number distribution of ultralong CNTs along

their axial direction. The inset is a series of SEM images of

ultralong CNTs taken along their axial direction. The yellow

rectangle refers to the catalyst region. (For interpretation of

the references to color in this figure legend, the reader is

referred to the web version of this article.)
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The length of short CNTs distributed in the catalyst regions

is typically less than 20 lm. These short CNTs normally

have one end embedded within catalyst islands (Fig. 3d). They

were overlapped and entangled with each other. As shown in

Fig. 3 c and d, many of the starting ends of the tussocky short

CNTs were from big catalyst islands (shown by the blue

curves in Fig. 3c and d), which can be regarded as their ‘‘root’’.
Fig. 3 – (a) The morphology of CNTs in catalyst region on substr

three ultralong CNTs (shown by the red arrows) lie across rand

CNT with a catalyst nanoparticle on its tip end. (c) and (d) The e

short CNTs. The areas in blue curves are the catalyst islands. (For

the reader is referred to the web version of this article.)
Besides, no catalyst nanoparticles can be seen at the free ends

of these tussocky short nanotubes, while large number of

nanoparticles can be found at the ‘‘root’’ ends of them. There-

fore the randomly oriented short CNTs mostly follow the

base-growth mechanism. In contrast, the ultralong CNTs are

parallel to the gas flow direction. From the inset of Fig. 3b,

we can clearly see there is a catalyst nanoparticle at the free

end of an ultralong CNT. The ultralong CNTs were believed to

float over the substrate and guided by the gas flow during

growth as illustrated by the kite mechanism. Only those occa-

sionally lifted CNTs by thermal buoyancy with Fe nanoparti-

cles at the floating ends have the chance to growth into

ultralong ones (Fig. 3b). Their growth were assumed to follow

the tip growth mechanism [20].

3.2. The mechanism for short CNTs exhibiting limited
length and random orientation

According to the base-growth mechanism, the catalysts stay

on the substrate throughout the whole growth process, the

strong van der Waals interaction between the CNTs and the

substrate surface causes the termination of the growth when

the CNTs reach certain length (such as 10 lm). The interac-

tion between the CNTs and the SiO2/Si surface is about

10 pN/nm [21]. In the base-growth mechanism of a CNT, since

the whole CNT needs to slide on the substrate, the nanotube/

substrate interaction would increase as a function of the

length. The growth eventually stops when the force needed
ates. (b) The enlargement of the selected area 1 in (a), where

omly oriented short CNTs. Inset: AFM image of an ultralong

nlargement of the selected area 2 in (a), showing tussocky

interpretation of the references to color in this figure legend,
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to move the whole CNT becomes energetically unfavorable,

leading to the deactivation of the catalyst and the formation

of a short CNT. Besides, the interaction between the densely

tangled and overlapped short CNTs also hindered their

growth [22].

The flow of a fluid can be divided into the laminar flow and

the turbulent flow according to Reynolds number Re [23].

Re = qvd/l, where q is the gas density, v is the gas velocity, d

is the diameter of the quartz tube and l is the viscosity of

the gas. When Re < 2000, the flow belongs to the laminar flow;

otherwise, it belongs to the turbulent flow. Here, under our

experimental conditions, Re is 0.081, which is far lower than

1, so the gas flow is a laminar flow (see Supplementary infor-

mation for calculationdetails). For the laminar flow, the veloc-

ity profile in a cylinder tube is a parabola (Fig. 4a) according to

the fluid mechanics theory.

The velocity distribution along the radial direction of the

quartz tube can be expressed as u ¼umaxð1 - r2

R2 Þ, where u is

the velocity at the radial distance r from the axis of the quartz

tube, umax is the highest velocity at the axis of the quartz tube

and R is the the radius of the quartz tube (15.5 mm for our

case) (see Fig. 4b). According to the above equation, the veloc-

ity of gas flow around short CNTs (<20 lm) is nearly zero and

almost stagnant, which has almost no dragging effect on

CNTs within this layer (see Supplementary information for

calculation details).

On the other hand, we can also get some ideas from the

comparison of different forces acting on the CNTs by a

back-of-the-envelope calculation to know why the short

CNTs have random orientations. There are four main forces

acting on floating CNTs: gravity, dragging from gas flow, ther-

mal buoyancy and a Hooke force arising from the rigidity of

CNTs (see Fig. 4c) [24]. While for CNTs contacted with the sub-
Fig. 4 – (a) and (b) The scheme of gas velocity distribution for lam

is the dragging force from gas flow. Ft is the thermal buoyancy

from rigidity of CNTs. Fvdw is the van der Waal interaction betwe

shows the working scale for FH, and the blue square (small squar

references to colour in this figure legend, the reader is referred
strate, the van der Waals interaction between CNTs and the

substrate should also be taken into consideration. Both the

gravity and the thermal buoyancy per unit length are con-

stant for a given CNT. The rigidity of CNTs is sufficient to

oppose the gravity only at short length scales (0.8 lm) to keep

a CNT from contacting the surface. For ultralong CNTs float-

ing in the gas flow, the gravity and the thermal buoyancy

should be equivalent with each other to keep the CNTs float-

ing (the van der Waals interaction between the CNTs and the

substrate can be negligible for the floating CNTs because it

works only on a very small portion of CNTs that near to the

substrate (on the order of nanometers) [25]). For CNTs vertical

to substrate with length shorter than 0.8 lm, the dragging

force is too small to make the rigid CNTs to bend with the

gas flow. For CNTs not vertical to the substrate and shorter

than 10 lm, they are easy to be attracted to the substrate

due to the strong van der Waals interaction. Only for the CNTs

longer than 20 lm and only partly contacted with the sub-

strate (contact length shorter than several nanometers) the

dragging force can overcome the van der Waals interaction

and the CNTs be guided by the gas flow (see Supplementary

information for calculation of dragging force).

3.3. The reason for the low density of ultralong CNTs

3.3.1. Influence of aggregation of catalyst nanoparticles
The ultralong CNTs tend to have fewer walls than the short

CNTs. Fig. 5 shows that some CNTs are obviously thinner

than others. In order to investigate their structures, the CNTs

were characterized by HRTEM. Fig. 6 shows the HRTEM

images of CNTs obtained from both the catalyst region and

the ultralong CNT region. The ultralong CNTs are few-wall

CNTs (FWCNTs), such as single-wall CNTs (SWCNTs),
inar flow in a quartz tube. (c) The forces exerted on CNTs. Fu

from temperature difference. Fg is gravity. FH is Hooke force

en CNTs and the substrate. The purple square (large square)

e) shows the working scale for Fvdw. (For interpretation of the

to the web version of this article.)



Fig. 5 – SEM image of CNTs in catalyst region. The red

arrows show two CNTs with smaller diameters. The other

thick curved structures in white are CNTs with large

diameters. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version

of this article.)
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double-wall CNTs (DWCNTs) and triple-wall CNTs (TWCNTs).

These FWCNTs have perfect structures and small diameters

of ca. 1–4 nm, as shown in Fig. 6a–c. However, almost all of

the short CNTs are MWCNTs with many structural defects

(Fig. 6c and d). There are also many anomalous structures.

These MWCNTs and anomalous structures usually have

diameter of tens to hundreds of nanometers.

The growth of MWCNTs is mainly caused by the aggrega-

tion of catalyst nanoparticles enabled by the high processing
Fig. 6 – (a)–(c), TEM images of a SWCNT (a), a DWCNT (b) and a T

structural defects.
temperature. Fig. 7a–c shows that there are many metal clus-

ters with different sizes in catalyst region on the substrate.

The number of walls and diameter of CNTs are mainly deter-

mined by the size of catalyst nanoparticles at the initial stage

of growth [18,19]. At the high temperature (1000 �C) used for

growth of CNTs, small catalyst nanoparticles in catalyst

region tend to merge into large ones to reduce their surface

energy, which accordingly promote the growth of MWCNTs.

From Fig. 7d, we can see that the typical diameter of large cat-

alyst clusters ranges from tens to hundreds of nanometers,

which are consistent with that of MWCNTs, but far larger

than that of FWCNTs. From Fig. 7e we can see that the diam-

eter distribution of MWCNTs is similar with that of catalyst

nanoparticles. These MWCNTs tend to follow base-growth

mechanism due to the strong interactions between the large

catalyst nanoparticles and the substrate, which does not ben-

efit their growth into ultralong ones. Only those isolated small

catalyst nanoparticles can catalyze the growth of FWCNTs

with a tip-growth mechanism. Therefore, it is crucial to pre-

vent the agglomeration of catalyst nanoparticles and to create

an upward force to lift up more CNTs for producing a high

density of ultralong CNTs.

3.3.2. Influence of entanglement of short CNTs
From Figs. 3, 5 and 7, we can see that there are many entan-

glements of short CNTs at the catalyst area. The entangle-

ment could be an obstacles which hinders the CNTs from

being lifted up to float in the gas flow. From Fig. 4c and the

force analysis of CNTs we know that the probable reason for

the entanglement and the random orientation of the short

CNTs is their short length, which makes it difficult for them

to be guided by gas flow. Thus it is crucial to reduce the
WCNT (c) (d) and (e), TEM images of as-grown MWCNTs with



Fig. 7 – (a) SEM image of short CNTs and the catalyst nanoparticles in catalyst region. The red circles refer to catalyst particle

clusters agglomerated from small metal nanoparticles at high temperature. The inset in the left corner is a typical region with

a catalyst particle cluster. The inset in the right corner is a magnified image of a cluster. (b) AFM image of short CNTs in the

catalyst region. (c) AFM image of agglomerated catalyst nanoparticles (d) Height profile of catalyst nanoparticles along the line

shown in (c) (e) Diameter distribution of CNTs and catalyst nanoparticles (NPs). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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catalyst aggregation to make more CNTs grow longer to

decrease their entanglement and to obtain a higher areal

density of them. Recently, by anchoring catalyst nanoparticles

on silica nanospheres, we effectively reduced the catalyst

aggregation and improved the areal density of ultralong CNTs

(the result will be reported elsewhere).

3.3.3. Influence of falling down of growing tip of floating
CNTs to the substrate
As shown in Fig. 2, many long CNTs gradually stopped growth

and their density decreased, which may be induced by the

falling down of the growing tips of floating long CNTs. There

are probably several factors contributing to the falling down,

such as CNT types, temperature variation, catalyst deactiva-

tion and gas flow disturbance, etc. For example, many reports

have found that semiconducting CNTs are much easier than
metallic CNTs to grow into ultralong ones [3,4,8,13]. Adding

of trace water during CNTs growth can effectively get rid of

the amorphous carbon on the catalyst and improve the life-

time of catalysts, resulting in a much higher areal density of

ultralong CNTs [3]. Stable gas flow was also found to be effec-

tive to improve the areal density of ultralong CNTs [5]. There-

fore, to avoid the floating CNTs falling down to the substrate,

a stable gas flow, improved catalyst lifetime, and stable tem-

perature should be helpful.
4. Summary

We have investigated the difference between the structures of

short CNTs and ultralong CNTs and interpreted their different

growth mechanism. Due to the agglomeration of catalyst
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nanoparticles on the substrate at high temperature, small

nanoparticles tend to merge into large ones, which accord-

ingly produced MWCNTs. These MWCNTs tend to follow

base-growth mechanism due to the strong interaction

between the large catalyst nanoparticles and the substrate,

which hinders their extension into ultralong ones. Further-

more, these MWCNTs are usually shorter than 20 lm and

are hard to be guided by gas flow due to the almost stagnant

gas flow near the wall of the quartz tube and the weak drag-

ging force acting on them, resulting in short and randomly

oriented CNTs. The entanglement of CNTs is another obstacle

blocking their growth. Only those FWCNTs with small diame-

ters and with length longer than several hundred microns can

be effectively directed by the gas flow. Besides, the falling

down of growing tip of floating CNTs to the substrate is also

one of the factors restricting the areal density of ultralong

CNTs. In general, for effective growth of ultralong CNTs, the

factors which should be taken into consideration include pre-

venting the merging of small catalyst nanoparticles into large

ones, creating an upward force to lift up more CNTs and pro-

viding a stable growing environment for ultralong CNTs.
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