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Abstract Multiwalled carbon nanotube (MWCNT) fila-

ments were grown by catalytic chemical vapor deposition

on 2-D weave carbon fiber (CF) cloth substrates. Two

different sets of experiments were carried out to understand

the growth mechanism of these filaments. In the first set of

experiments where CF cloths were coated with the cata-

lysts particles, CNT filaments having long length

([200 lm) and large diameter (15–25 lm) were obtained.

In another set of experiment, where CF cloths without

catalyst particles were used, only MWCNTs without any

filament formation were obtained. On the basis of the

results, a growth mechanism has been proposed. These

MWCNT filaments can be used for preparing CNTs rein-

forced polymer composites having very good structural

properties, which are being sought after.

Keywords Carbon filaments � MWCNTs � Chemical

vapor deposition

Introduction

Carbon nanotube (CNT), a fascinating material with

outstanding properties has inspired the scientist, engineer and

technologist because of its wide range of potential appli-

cations (Ajayan and Zhou 2000) in many areas. To utilize

their properties for industrial applications, producing high

quality CNT on larger scale is necessary. Several methods

for the synthesis of CNTs, such as, arc discharge (Cho-

udhary et al. 2013; Mathur et al. 2007), laser ablation

(Choudhary et al. 2013; Guo et al. 1995) and chemical

vapor deposition (CVD) (Choudhary et al. 2013; Mathur

et al. 2008) have been developed. These methods have

been further modified to synthesize single walled carbon

nanotubes (SWNTs) (Dai et al. 1996; Ebbesen and Ajayan

1992; Thess et al. 1996) and multiwalled carbon nanotubes

(MWCNTs) (Chhowalla et al. 2001; Ebbesen et al. 1993).

For various specialized applications in electronic devices

and composites, CNTs having aligned and controlled

structure are required. CVD technique is very useful for

producing such structures. Various CVD methods have

been developed for synthesizing SWCNTs as well as

MWCNT, such as, catalytic CVD or thermal CVD, plasma

enhanced CVD (PECVD) (Cheng et al. 1998) and floating

catalyst CVD method (Ago et al. 2005; Chen et al. 2006).

In the CVD process, organic compounds are decomposed

in the presence of catalyst. In the catalytic CVD and

PECVD, CNTs growth takes place on the substrate. But in

the floating catalyst technique, large quantity of CNTs is

generated without use of any substrate. Therefore, the

floating catalyst technique is very competitive for produc-

ing CNT on large scale for industrial applications. But,

controlling the size and composition of the catalyst nano-

particles is a major issue for this technique (Andrews et al.

1999).
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Incorporation of carbon nanotubes (CNTs) into a

polymer matrix can improve various properties including

mechanical (Ruban et al. 2013; Lubineau and Rahaman

2012; Mathur et al. 2010, 2012; Singh et al. 2012a),

electrical (Gupta et al. 2013a, b; Pande et al. 2009a, b;

Singh et al. 2011, 2013a, b), thermal (Biercuk et al. 2002;

Shenogin et al. 2004; Meenakshi and Sudhan 2011; Singh

et al. 2008) and biosensing properties (Dhand et al. 2008;

Singh et al. 2012b). CNTs have excellent mechanical

properties. Tensile strength of 10–500 GPa and Young’s

modulus of 0.3–1.0 TPa have been reported (Xie et al.

2005). Several works related to CNTs reinforced polymer

composites for structural applications have been reported

(Jindal et al. 2013; Lubineau and Rahaman 2012; Mathur

et al. 2012; Singh et al. 2013a; Xie et al. 2005). Break-

through in the CNT-polymer composite properties is still

awaited, as it had not achieved the values reported for

carbon fiber (CF) reinforced polymer composites. There

are several reports on the growth of long fibers made

from CNT. But most of them are made by spinning of

CNT into fibers. In one such study, Zhang et al. (2004)

achieved yarn strengths [460 MPa by introducing twist

during spinning of MWCNTs. In other study, Ericson

et al. (2004) produced well-aligned macroscopic fibers

composed of SWNTs by conventional spinning. They

used solution spinning to grow macroscopic neat SWNT

fibers. Li et al. (2004) spun fibers and ribbons of CNT

directly from the CVD synthesis zone of a furnace using

a liquid source of carbon and an iron nanocatalyst. The

process was realized through the appropriate choice of

reactants, control of the reaction conditions and contin-

uous withdrawal of the product using a rotating spindle.

Herein, we report another simple method for producing

long MWCNT filaments having length[200 lm, diameter

up to 25 lm and consisting of several hundreds of

MWCNTs which might be a possible CNTs-based mate-

rials to realize the optimum mechanical properties when

mixed in polymer matrix.

Experimental

Synthesis

Two different sets of experiments were performed for the

growth of MWCNTs on CF cloth (code 6341, woven from

T-300 CF tows) obtained from Toray, Japan. In one set of

experiments, first, 8 wt% ferrocene was dissolved into

toluene by ultrasonication (Choudhary et al. 2013; Mathur

et al. 2008). The as received CF cloth having

200 9 50 mm sizes were dipped in the toluene–ferrocene

solution to deposit ferrocene on the cloth. Toluene was

evaporated by keeping the CF cloth in vacuum oven for 4 h

at 80 �C. After drying the cloth, it was placed in the fur-

nace for the deposition of MWCNTs. The reaction zone of

the furnace was maintained at 750 �C. Once the tempera-

ture was reached, the solution containing a mixture of

ferrocene and toluene in particular proportion (0.077 g

ferrocene in 1 ml toluene) was injected into the reactor at a

point where the temperature was 200 �C. The deposition

was carried out for 1 and 2 h, respectively. Argon was used

as the carrier gas. After completion of the reaction, the CF

cloth was removed from the furnace and weighed for

estimating the amount of MWCNT filaments grown on the

CF cloth.

In another set of experiments, as received CF cloth

(without soaking in the ferrocene and toluene solution) was

placed inside the tube furnace followed by injection of

toluene–ferrocene mixture for the growth of MWCNTs for

2 h under identical conditions.

Characterization

The as grown CNTs on CF cloth prepared by different

technique and duration were characterized using scanning

electron microscope (SEM, Zeiss EVO MA-10) to under-

stand the growth mechanism. To further characterize, TEM

studies were carried out by scrapping the CNTs from CF

cloth, dispersing them in acetone and drop casting one drop

of solution on carbon-coated copper grids. TEM studies

were carried out using Technai G20-stwin, 300 kV

instrument.

Results and discussion

Growth mechanism of MWCNT filament

On the basis of basic concepts of CNTs growth by

catalytic CVD technique and SEM measurements, we

have proposed a formation mechanism of CNT filaments

and is schematically depicted in Fig. 1. Initially ferro-

cene particles (clusters of ferrocene particles) get

deposited in the gap between CF tows. When the desired

temperature (750 �C) was reached, nucleation of the

CNTs occured in the catalyst clusters and CNT filament

formation started. Growth of filament continues because

of continuous supply of ferrocene–toluene mixture in the

reactor. Growth took place in the filament form because

of the presence of ferrocene in the cluster form (not as

individual particles). When the reaction time was

increased from 1 to 2 h; the filaments started growing in

curved or coiled form as shown in the scheme as well as

in SEM images.
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SEM/TEM of CNT filaments on CF cloth

The surface morphology of the nanotubes in the form of

filaments was investigated using SEM and the results for

the samples grown for 1 and 2 h using method 1 are shown

in Figs. 2 and 3, respectively. Figure 2a shows the optical

microscopic image of plain weave CF cloth and Fig. 2b

shows the SEM image of the CNT filaments layer depos-

ited on the CF cloth using method 1 and for 1 h (on CF

cloth coated with ferrocene). The SEM image is clearly

revealing the copious growth of CNT filaments and is

densely packed.

Figure 2c, d shows the magnified SEM images of sam-

ples grown for 1 h by method 1. These images clearly

reveal the uniform growth of filament. The diameter of the

filaments varies from 15 to 25 lm. According to the pro-

posed growth mechanism, the filament growth depends on

the presence of ferrocene clusters/particles in the gap

between the CF tows. The size of the filament depends on

the size of the ferrocene cluster/particles in the gap. The

filaments shown in Fig. 2c, d, nucleated from the ferrocene

clusters available at various sites of the CF cloth placed

inside the furnace at 750 �C. The length of these filaments

is very high which cannot be so unless catalyst particles

coming through the injection of ferrocene–toluene solution

also participate. Further magnified SEM image (Fig. 2e)

shows the individual CNT.

The further characterization of the scraped materials

from the CF cloth was carried out using TEM. The TEM

image is shown in Fig. 2f. The multiwalled structure of

CNTs can be clearly seen in the TEM micrograph. These

MWCNTs are densely packed. Except the presence of few

catalytic particles which are source of growth, MWCNTs

were free from impurities.

When the growth was carried out for 2 h, the

structure of the filament was quite different from the

samples grown for 1 h. Figure 3 shows the structure of

CNT filament grown for 2 h on CF cloth. It has been

observed that up to 1 h of growth, slightly straight

CNT filaments were formed, but after certain time it

does not continue in similar fashion and CNT filaments

having helical shape were observed. In SEM image,

many such filaments are seen. The diameter is almost

similar to sample grown for 1 h, i.e., 15–25 lm

(Fig. 3a, b). Magnified SEM images (Fig. 3c) show that

filaments are made of CNTs having uniform diameter.

It is evident that in both the cases (1 h, straight fila-

ment and 2 h, coiled filament), filaments are made of

very uniform diameter CNTs. The coiled CNTs were

further characterized by TEM and the results are shown

in Fig. 3d. TEM micrograph is also confirming the

presence of MWCNTs. The diameter of CNTs does not

depend upon the diameter of ferrocene cluster but it

depends upon the size of individual ferrocene particle

Fig. 1 Schematic

representation of growth

mechanism of CNT filaments on

the surface of CF cloth
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Fig. 2 a Optical micrograph image of CF cloth, b–e SEM image of CNT filaments grown on CF cloth for 1 h by method 1, and f TEM image of

MWCNTs scraped from the CF cloth grown for 1 h by method 1
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and, therefore, the diameter of CNTs in the filaments is

nearly similar in both the cases (1 and 2 h). The

diameters of the individual ferrocene particle in both

the cases are similar. Therefore, the growth time is the

only parameter to influence the structure of filaments.

When the MWCNTs were grown on CF cloth substrate

by method 2 (without coating the CF cloth with ferrocene)

for 2 h, the structure is entirely different than sample

grown by method 1. In this case, growth of only CNTs took

place which was confirmed by SEM (Fig. 4a–c) and TEM

images (Fig. 4d). Figure 4a shows that the entire CF cloth

substrate was covered with CNTs. The mechanism of the

growth of this type of CNTs is different. Here, ferrocene–

toluene mixture was passed through the reactor chamber.

The ferrocene–toluene mixture produced individual Fe

particle and C particle. The individual Fe particles got

deposited on the CF substrate and after that carbon particle

diffused through the Fe particle and individual tube was

formed.

Conclusions

MWCNTs were synthesized on CF cloth by two different

methods and for growth times (1 and 2 h). In one method,

first ferrocene particles were deposited on the CF cloth and

CNTs growth occured with the help of additional available

ferrocene ? toluene mixture. Using this method, 1 h

deposition time was sufficient for the growth of straight

CNT filaments having diameter ranging from 15 to 25 lm

and length [200 lm. When the samples were grown for

2 h, CNT filaments in the form of coiled structure were

obtained. In another method, when CF cloth without fer-

rocene was used, only CNTs (without filament formation)

Fig. 3 a–c SEM image of CNT filaments grown on CF cloth for 2 h by method 1, d HRTEM image of MWCNTs scraped from the CF cloth

grown for 2 h by method 1
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were obtained. It shows that using ferrocene-coated CF

cloth, good quality CNT filaments can be obtained only in

1 h which can be used for enhancing the structural prop-

erties when used in CNT-polymer composites.
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