
C A R B O N 4 8 ( 2 0 1 0 ) 2 8 5 5 – 2 8 6 1

. sc iencedi rec t . com
ava i lab le a t www
journal homepage: www.elsevier .com/ locate /carbon
Dry spinning yarns from vertically aligned carbon nanotube
arrays produced by an improved floating catalyst chemical
vapor deposition method
Qiang Zhang *, Dong-Guang Wang, Jia-Qi Huang, Wei-Ping Zhou,
Guo-Hua Luo, Wei-Zhong Qian, Fei Wei **

Beijing Key Laboratory of Green Reaction Engineering and Technology, Department of Chemical Engineering,

Tsinghua University, Beijing 100084, China
A R T I C L E I N F O

Article history:

Received 3 February 2010

Accepted 12 April 2010

Available online 14 April 2010
0008-6223/$ - see front matter � 2010 Elsevi
doi:10.1016/j.carbon.2010.04.017

* Corresponding author: Fax: +86 10 6277 205
** Corresponding author: Fax: +86 10 6277 205

E-mail addresses: zhang-qiang@mails.tsin
A B S T R A C T

Carbon nanotube (CNT) yarn was drawn directly from super aligned CNT arrays synthe-

sized by an improved floating catalyst chemical vapor deposition method. The synthesis

of aligned CNT was performed as a multi-step interim reactant supply reaction to produce

a double-layered CNT array in a horizontal quartz tube reactor. During the growth period,

most impurities were blocked on the top surface of the first layer and therefore the top

aligned CNT layer was unspinnable. However, the bottom CNT layer was super aligned

CNTs, which were with clean surface and a tortuosity factor of 1.07. During the dry spin-

ning process, the tangles, friction, and van der Waals interaction between CNTs served

to hold them into CNT yarns. The tensile strength of the as-obtained CNT yarn can be fur-

ther improved from 0.24 to 0.30 GPa by twisting.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Creating carbon nanotubes (CNTs) with macroscopic lengths

is necessary to make use of the exceptional physical proper-

ties of CNTs at a macroscopic level. Various forms of macro-

scopic CNTs, such as horizontally aligned CNTs on flat

substrates [1], long vertically aligned CNTs [2], CNT strands

[3–5], CNT yarns [6–8], and CNT composite fibers [9,10], have

been obtained. Among various macroscopic CNTs, CNT yarns

simply by being drawn out from super aligned arrays of CNTs

attracted great attention for their great mechanical strength,

especially after twisting [7,11–13]. CNT yarns also show effec-

tive electrical transport, optical transmittance, and light

emission properties [6–8]. Further applications, such as fila-

ments for heaters [11], field emission display [14], polarizers

working in the ultraviolet region [6], and actuators [15] are re-
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ported. These applications can become feasible in daily life if

the CNTyarn can be produced in large scale and at a low cost.

Macroscopic CNT yarn can be directly spun from a super

aligned CNT array obtained by thermal chemical vapor

deposition (CVD), which was first demonstrated by Jiang

et al. in 2002 [6]. Later, Zhang et al. and Li et al. reported

that a multi-functional CNT film/fiber can be obtained from

an aligned CNT array [7,8,16,17]. The length of the CNT yarn

was arbitrary, and the diameter of the yarn could be easily

modulated during the spinning process [6]. However, the re-

ported spinnable CNT arrays were all grown on wafers by

thermal CVD. The aligned CNT growth by the thermal

CVD method is accomplished in a reaction furnace with

flowing gaseous carbon feedstock in the presence of cata-

lyst on a wafer. A catalyst film, such as Fe/Al2O3, must be

deposited on a wafer through a complicated process before
.
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the growth of CNT arrays [6–8,16–21]. Developing a facile

spinnable super aligned CNT synthesis strategy is still a

great challenge.

It should be noticed that another popular method for the

synthesis of aligned CNTs is floating catalyst CVD [22–24].

The catalyst precursors, such as metal carbonyls and metal-

locenes, are fed into the horizontal or vertical reactor to-

gether with the carbon source. The catalyst particles for

the growth of CNT arrays form in situ, and aligned CNTs

grow at a temperature ranging from 550 to 850 �C. This

method requires simple equipments and eliminates the

procedure for the pre-preparation of catalyst layers. Usually,

a single layer of aligned CNTs were obtained on a flat [22–

25] or a spherical substrate [26]. The previously reported

aligned CNT arrays by floating catalyst CVD were usually

unspinnable [22–27]. Delicate controls for complicated super

aligned CNT synthesis and a general understanding be-

tween the aligned CNT array structure and spinnability

are still needed.

In this report, spinnable CNT arrays were obtained for the

first time through an improved floating catalyst CVD method.

The synthesis of aligned CNT array was performed as a multi-

step interim reactant supply reaction to produce a double-lay-

ered CNT array, in which the top CNT layer was unspinnable,

and the second CNT layer was spinnable. The relationship be-

tween the CNT array structure and spinnability was shown,

which provided a further understanding for the production

of CNT yarns.

2. Experimental

Spinnable carbon nanotube (CNT) arrays were synthesized by

the improved floating catalyst CVD using ferrocene (analytical

reagent grade, A.R.) as the catalyst precursor, and cyclohex-

ane (A.R.) as the carbon source. The concentration of ferro-

cene in the cyclohexane is 10 g/L. A horizontal quartz tube

with an inner diameter of 26.5 mm and a length of 1500 mm

served as their reactor, as well as the growth substrate. The

reactor designs are similar to our previous reports [28]. Before

the growth of CNT arrays, the quartz tube was soaked in a

hydrofluoric acid solution (2%) for 24 h, rinsed with flowing

deionized water, and then dried in air.

For aligned CNT growth, the quartz tube was laid into a

two-stage furnace. The first stage of the furnace was used

to vaporize the solution at a temperature of ca. 350 �C, and

the second stage was used to synthesize aligned CNT arrays

at a temperature of 810 �C. Cyclohexane solution, at a feed

rate of 5.0 mL/h, was injected by a motorized syringe pump

into the reactor at the first stage of the furnace. Meanwhile,

a carrier gas of 80% Ar (99.9995%) and 20% H2 (99.9995%) with

a flow rate of 800 sccm was also introduced into the reactor.

The carbon source was decomposed by the in situ formed me-

tal catalyst particles for the growth of aligned CNTs in the

second stage for half an hour. Then the feed of cyclohexane

solution was stopped and the second stage of the furnace

was cooled to 300 �C under the protection of Ar. The second

stage was again heated to the growth temperature for the

growth of second aligned CNT array layer. The CNTs can

therefore be synthesized as arrays in two layers. A multi-lay-
ered aligned CNT synthesis can be obtained through the mul-

ti-step interim reactant supply reaction. Most of the

contamination from the gaseous impurities was blocked by

the first top layer of the array; the aligned CNT arrays under

the first layer had a clean top surface. For the final cooling,

100 sccm CO2 was introduced into the reactor to minimize

the interaction between the aligned CNTs and the quartz sub-

strate [29].

The CNT array was harvested from the substrate by a razor

blade. It was found that CNTyarn could be continuously spun

from the aligned CNT synthesized through the improved

floating catalyst CVD method. Photos and videos of spinning

the CNT yarn from aligned CNTs were taken using a Ricoh

R4 video camera. In the post-spin twisting process, a 3 M tape

was attached to one end of a CNT yarn to provide tension in

the axial direction, while the other end of the fiber was at-

tached to a rotator. A 4-cm-long CNT yarn was typically

twisted at a rotation rate of 100 rpm.

The morphology of the product was visualized using a

JEOL JSM 7401F scanning electron microscope (SEM) operated

at 3.0 kV and a JEOL JEM 2010 transmission electron micro-

scope (TEM) operated at 120.0 kV. Raman experiments were

performed using a Renishaw RM2000 Raman spectrophotom-

eter. The purity of the CNTs in the as-grown product was

measured using thermal gravimetric analysis by TGA Q500.

The tensile strength of the CNT fiber was measured by an

YG0001B fiber tester. The CNT fibers were mounted on paper

tabs with a gauge length of 15 mm. The fiber diameter was

measured from the SEM photograph. The tensile speed was

0.04 mm s�1.

3. Results and discussion

3.1. Dry spin yarns from super aligned CNT arrays
produced by an improved floating catalyst CVD method

As shown in the video (Supplementary material) and Fig. 1a,

CNT yarn was continuously spun from the second layer of

the CNT arrays. There was no limitation on the physical

length of the CNT yarn. The spun out CNTs connected with

the remaining CNTs in the array end-to-end. Effective, contin-

uous transfer of connections between CNTs is the key factor

during the spinning process. Nodes were produced by the

interaction of the CNTs. Three kinds of connections among

CNTs were found after detailed observation, as shown in

Fig. 1b–d.

The first kind of connection is the tangle as shown in

Fig. 1b, which was formed by the connection of amorphous

carbon, the carbon spheres with the inner catalyst, and the

related CNTs (Fig. 2a). They were jointed by chemical bonds

between the carbon and the Fe catalyst. The contribution of

tangles around the Fe catalyst as connections among CNTs

was quite low. It should be noticed that too high density of

tangles is negative to the spinnability of aligned CNTs. The

second kind of connection was formed by the friction be-

tween the twisted CNTs at the end of the CNT arrays

(Fig. 1c). There were entanglements among CNTs at the

end of the array (Fig. 2b–d). Once the CNT bundles were

peeled from the substrate, the entanglements among CNTs



Fig. 1 – (a) Spun CNTyarn from the CNT array produced by the floating catalyst process. (b–d) Typical connection types of CNTs

in the CNT yarn.

Fig. 2 – (a) The bottom view of the spinnable CNT array. (b) The top view of the spinnable CNT array. (c and d) Cross-view

morphology of the spinnable CNT array.
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induced the friction between CNT bundles. The third inter-

action is the van der Waals interaction between CNTs

(Figs. 1d and S1). The van der Waals attraction is a large

contribution to the adhesions among CNTs, which is be-

lieved to be the most important interaction for spinnable

thin-walled CNT arrays obtained by thermal CVD [6–8,16–

19]. The van der Waals adhesion is a close-range force,

and is the dominant interaction among small diameter

CNTs. In previous reports, spinnable CNT arrays produced

by thermal CVD have a diameter less than 10 nm [16–19].

In the present study, the diameter of the CNTs produced

by floating catalyst CVD was about 35 nm. The number den-

sity of the CNTs in the spinnable array was about

1 · 1013 CNT/m2. This is larger than those obtained by a

common floating catalyst CVD (4.6 · 1012 CNT/m2). High

density CNTs corresponded to more connections of CNT

ends, indicating a stronger van der Waals adhesion. During

the spinning process, the van der Waals attraction can hold

CNTs into yarn for continuous spinning.
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3.2. The characteristics of super aligned CNT arrays
produced by an improved floating catalyst CVD method

Most of CNT arrays obtained by common floating catalyst

CVD are unspinnable. The spinnable CNT array obtained in

this article exhibits the following characteristics.

Firstly, the second layer of the array was spinnable, while

the first layer was unspinnable. During the multi-stage

growth procedure, most of the impurities were deposited on

the top surface of the first layer [28]. Then the top layer of

CNTs was always unspinnable. This is a main reason for that

CNTs grown by a common floating catalyst CVD were com-

monly unspinnable [22,23,25–27,30,31]. Moreover, the top sur-

face of the second layer is very clean. Fewer impurities can be

found in spinnable CNT array (second layer), as indicated by

Fig. 2.

Secondly, the alignment of CNTs has been greatly im-

proved. As shown in Fig. 3a, both Types 1 (straight) and 2

(curved) CNTs can be found in the spinnable CNT array. The
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Table 1 – Comparison between unspinnable and spinnable CNT arrays.

Unspinnable CNT array Spinnable CNT array-A Spinnable CNT array-B

CVD methods Floating catalyst Floating catalyst Thermal
Growth temperature (�C) 600–900 780–830 680–750
Length (lm) 1–8000 200–700 150–900
Densities (CNTs/m2) �4.6 · 1012 �1 · 1013 2.5–10 · 1014

Mean diameter (nm) �40 �35 �6.6
Standard deviation of diameter (nm) �9 �3 1–2
Transition length (lm) �120 �30 –
Tortuosity factor �1.30 �1.07 �1.06
ID/IG 0.8–1.5 0.8 0.5
Purity (%) �97 �99 –
Refs. [28] This work [11,14,18]
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power spectrum [32,33], which was obtained by fast Fourier

transform (FFT) of related SEM images, was shown in the in-

serted figure of Fig. 3a. The SEM image and power spectrum of

unspinnable CNT array were shown in Fig. 3b. A sharp peak

can be found in the angular intensity of the power spectrum

for the spinnable CNT array, as indicated by Fig. 3c. The orien-

tation state factor for the spinnable array was estimated to be

0.93, and the tortuosity factor [28] of spinnable CNTs was 1.07

after 30 lm from the top surface (Fig. 3d). For the unspinnable

CNT array, the tortuosity factor was obviously higher than

1.30 at the initial 300 lm (Fig. 3d).

The detailed comparisons among the unspinnable array

[28], the spinnable array-A obtained by floating catalyst

CVD, and the spinnable array-B obtained by thermal CVD

[11,18], are shown in Table 1. The spinnable array possesses

a large number density and a small tortuosity factor. Super

aligned CNTs with good orientation and uniform diameter

were required in the spinnable array. The diameter of the

spinnable CNTs obtained by floating catalyst CVD was obvi-

ously larger than those obtained by thermal CVD. It demon-

strated similar mean diameter to that of the unspinnable

array, but with a smaller standard deviation. In the improved

floating catalyst CVD method, a multi-stage growth was car-

ried out, and catalyst particles with a high density were
Fig. 4 – (a) The yarn obtained by directly spinning the CNTs prod

spin twisting.
deposited on the quartz tube. Compared with unspinnable

CNT arrays (such as the first layer), the spinnable CNT arrays

are with a higher density and a shorter transition distance

(Figs. 2 and 3d), which can be attributed to the space limita-

tion of the first layer during CNT nucleation and uniform cat-

alyst particle formation. Furthermore, the Types 1 and 2 CNTs

with small differences in both the growth rate and the diam-

eter distribution were synthesized by a synchronous growth,

and thus the super aligned structure was obtained. The CO2

introduction during the cooling process weakened the con-

nection between CNT array and substrate and facilitated the

free-standing spinnable CNT harvest [29].

3.3. The properties of CNT yarns

Large amount of CNT yarns can be obtained from the super

aligned CNTs produced by the improved floating catalyst

CVD method. A typical as-obtained CNT yarn was shown in

Fig. 4a. The as-spun fiber is relatively loose with noticeable

spaces between CNTs or CNT bundles. The tensile strength

was approximately 0.24 GPa. To improve the tensile strength

of the CNT yarn, post-spin twisting was carried out. The

twisted CNT fiber was shown in Fig. 4b. The diameter of the

CNT fiber decreased to about 10 lm and its strength increased
uced by floating catalyst CVD. (b and c) The fiber after post-
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to 0.3 GPa. This was attributed to the fact that the CNTs were

in closer contact with each other, thus enhancing the van der

Waals adhesion and friction, which improved the load trans-

fer between the CNTs. However, the tensile strength is still

smaller than those of twisted CNT yarn obtained from ther-

mal CVD (usually 0.15–1.91 GPa [7,12]). In general, the tensile

strength of a twisted fiber can be described by the following

equation [7,12]:

df

dCNT
� cos a 1� ðdQ=lÞ1=2=3L

sin a

 !" #
ð1Þ

where df and dCNT are the tensile strengths of the twisted fiber

and the CNT, respectively; a is the twist angle, d is the CNT

diameter, L is the CNT length, l is the friction coefficient be-

tween CNTs, and L is the CNT migration length. Here, the

diameter of the CNTs in the present study was 30–40 nm,

which was obviously larger than that obtained from previous

mentioned thermal CVD (3–10 nm) [6–8,16–19]. The ID/IG ratio

illustrated in Table 1 indicated more defects could be found

on super aligned CNTs obtained through floating catalyst

CVD compared with those on CNTs obtained through thermal

CVD [14,28]. Moreover, the predicted tensile strength of multi-

walled CNT (dCNT) decreased with increasing the diameters of

multi-walled CNTs [34]. As indicated by Eq. (1), the fiber

strength (df) decreases with increasing the diameter of CNTs.

During the twisting process, the alignment of CNTs turn

bad, and some of CNTs scattered from the fiber (Fig. 4c). Main

parts of CNTs were held together with a surface twisting angel

of 40�. If the CNTs can be held closely, the fiber probably breaks

due to relative sliding between CNTs attributed from large

diameter, and low contact area. As illustrated by Zhang et al.

[12], the increase in load capacity by post-spin twisting is

caused by stronger inter-CNT interaction and higher radial-

compressive stress. The stronger inter-CNT interactions attri-

bute from the closer inter-CNT distance after the twisting,

which increases the van der Waals adhesion along individual

CNTs. The radial-compressive stress increases with the ten-

sile stress during the fiber-tensile testing, which increases

the effectiveness of load transfer via mechanical interlocking

between the CNTs [12]. Thus, CNTs with small diameter and

long length are easy to form large contact area for strong fiber

with an optimized twisting angles and twisting procedure.

This consisted well with the tensile strength of a twisted fiber,

as illustrated by Eq. (1). Recently, using molecular dynamics

simulation, Zhang et al. reported the inter-tube frictional force

could be increased by a factor of 1.5–4, depending on tube

chirality and radius of single walled CNTs, when all tubes col-

lapse and when the bundle remains collapsed with unloading

down to atmospheric pressure [35]. Based on those analyses,

growth of small diameter super aligned CNTs by the optimized

improved floating catalyst CVD method is still a necessary

step to obtain strong CNT fibers.

Finally, it should be noticed that bulk long CNT strands

were firstly fabricated by Cheng et al. through floating catalyst

CVD 10 years ago [3,4]. The long CNT strands over 20 cm in

length with a tensile strength of 0.8–1.1 GPa [5] and continu-

ously spinning of CNT fiber from the reactor [36–38] were also

reported. However, the reported CNT strands generated by the

floating catalyst process were obtained at a temperature above
1000 �C [3–5,36–38]. The present reported improved method

required a lower temperature (800 �C) for the growth of super

aligned CNT arrays. Various process intensification strategies

for aligned CNTs synthesis, such as chloride mediated catalyst

[39], combination between catalyst formation, reduction, and

continuous growth [18,21], natural resources for low cost

synthesis [40,41], floating substrate for high aspect-ratio CNT

‘‘flying carpets’’ growth [42], has been developed. There is still

scope for further exploration of CNTyarns with extraordinary

mechanical, thermal and electrical properties obtained by the

improved floating catalyst CVD method.
4. Conclusions

A CNT yarn spinning process from super aligned CNT arrays

produced by an improved floating catalyst method was re-

ported. The CNTs in the super aligned array had a tortuos-

ity factor of 1.07, and an orientation state factor of 0.93.

The tangles, friction, and van der Waals interactions be-

tween the CNTs provided connections between the CNTs

during the spinning process. Then CNT yarn could be con-

tinuously drawn from the arrays. Since there was no pre-

deposition of catalyst or high temperature (over 1000 �C)

treatment, an easy method to prepare spinnable CNT array

was provided, which is of significance for potential applica-

tions of CNTs.
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