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ince their discovery in 1991,' carbon

nanotubes (CNTs) continue to be a

subject of scientific research and de-
velopment. The functionality of CNTs can be
tailored by controlling their structures, ge-
ometries, and assembly.?~® Controlled
growth of CNTs toward different functions
remains a critical challenge for their applica-
tions in many fields. There is currently great
interest in controlled synthesis of CNTs
with unique structures.”~'® CNT arrays, in
which CNTs are nearly parallel to each other
and perpendicular to the substrate, have
been widely investigated for many poten-
tial applications, such as field emission
devices,>'® energy storage,' gas sensors,'°
and structural composites.?’ Controlling the
morphology of CNT arrays is an essential
step toward these applications.

The extraordinary mechanical proper-
ties of CNTs promise CNT fiber to be a very
promising candidate for next-generation ul-
trastrong and lightweight fibers,>621-26
They have been prepared by gas-state spin-
ning from reaction furnace?' and wet-
spinning from CNT solutions,???* in which
case the performance of fibers is highly lim-
ited by CNT dispersion, alignment, and
length. Much improved performance has
been attained when continuous CNT rib-
bons were directly drawn from vertically
aligned CNT arrays.?* This process results in
CNT fibers and CNT sheets with more inter-
esting properties.>? Following that, our
group has achieved sustained growth of
long (up to 1.5 mm) CNT arrays for fiber
spinning and has produced CNT fibers with
much improved strength and electrical
conductivity.>® It should be noted that
many groups have successfully synthesized
vertically aligned CNT arrays using Fe film as
catalyst.>1%1225-27 However, there exist only
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ABSTRACT Directly spinning carbon nanotube (CNT) fibers from vertically aligned CNT arrays is a promising

way for the application of CNTs in the field of high-performance materials. However, most of the reported CNT

arrays are not spinnable. In this work, by controlling catalyst pretreatment conditions, we demonstrate that the

degree of spinnability of CNTs is closely related to the morphology of CNT arrays. Shortest catalyst pretreatment

time led to CNT arrays with the best spinnability, while prolonged pretreatment resulted in coarsening of catalyst

particles and nonspinnable CNTs. By controlling the coalescence of catalyst particles, we further demonstrate the

growth of undulating CNT arrays with uniform and tunable waviness. The CNT arrays can be tuned from well-

aligned, spinnable forests to uniformly wavy, foam-like films. To the best of our knowledge, this is the first

systematical study on the correlation between catalyst pretreatment, CNT morphology, and CNT spinnability.

KEYWORDS: carbon nanotube - CNT array - carbon nanotube fiber - catalyst

pretreatment - spinnability - undulating structure

limited reports on the spinning of fibers
from such CNT arrays.>?>2° This raises the
question of why some CNT arrays are spin-
nable while others are not, given that the
same catalyst and similar gas composition
were used to produce the CNT arrays. It is
well-known that catalysts (particle size and
areal density) play an important role in de-
termining the properties (CNT diameter and
areal density) of CNT arrays.'? On the other
hand, bundle formation and alignment in
CNT arrays are crucial for their spinnability.?®
Here, we report the key points to synthesis
spinnable CNT arrays depending on the pre-
treatment of catalysts. We show that the
shortest catalyst pretreatment leads to
growth of CNT arrays with the best spin-
nability, while prolonged catalyst pretreat-
ment results in disordered and nonspinna-
ble CNTs. On the basis of understandings on
the crucial role of catalyst pretreatment,
we further demonstrate the growth of un-
dulating CNT arrays with uniform and tun-
able waviness, which present a class of
open-cell foam structures and may find a
wide range of applications.

*Address correspondence to
yyzhang@lanl.gov, qxjia@lanl.gov.

Received for review April 21, 2009
and accepted July 27, 2009.

Published online July 29, 2009.
10.1021/nn9003988 CCC: $40.75

© 2009 American Chemical Society

VOL.3 = NO.8 = 2157-2162 = 2009 a@%{\)

2157



i\ m ] .
A@i%&() VOL.3 = NO.8 = ZHANG ET AL.

(a) Temperature
750°C .
1 Catalyst | CNT 1
I Pretreatmenti Growth |
1 1 1
[l 1 1
1 1 1
20°C--- i i |
: §1, S2 1 S3 | S4 :
(b) Time
s1 s2 s3
Samples Gas flow(sccm) :r::r:, Gas flow(sccm) (I::f) Gas flow(scem) (Tnl_::‘e)
1 Forming gas 10 Forming gas Forming gas 10
(140) +C;H, (30) (140) {140) +C;H, (30)
12 Forming gas 10 Forming gas Forming gas 10
(140) (140) {140) +C;H, (30)
Forming gas Forming gas Forming gas
3 (140) 10 (140) 0 a0)+coH, 30) Y
14 Forming gas 10 Forming gas Forming gas 10
(140) (140) (140) +C,H, (30)

Figure 1. Effect of deposition process on the alignment of CNT array. (a) CVD process for CNT array growth, including four
stages: S1, ramping up the temperature; S2, catalyst pretreatment; S3, CNT growth; S4, cooling down. (b) Gas composition
and time for the first three stages of four samples. All of the samples are cooled in a flow of 140 sccm forming gas to room
temperature (S4). (c—f) SEM images on the side view of four CNT arrays. The insets show magnified images. (c) Sample I-1, (d)
sample I-2, (e) sample I-3, and (f) sample I-4.

Figure 1 shows our CVD process conditions and the
resulting CNT arrays. A typical CVD process can be di-
vided into four stages (Figure 1a): temperature ramp-
ing up (S1), catalyst pretreatment (S2), CNT growth (S3),
and cooling down (S4). Using the same catalyst films,
the CVD process for different samples is varied (Figure
1b). It should be noted that the carbon source was in-
troduced at the beginning of S1 for sample I-1, which is
quite different from the general CVD processes where
the source gas should be introduced at the growth (S3)
temperature. For the convenience of discussion, we de-
fine the catalyst pretreatment time for sample I-1 as
—10 min (considering the introduction of C;H, at S1),
while that for samples I-2, I-3, and I-4 are 0, 10, and 60

min, respectively. Figure 1c—f shows clearly that pro-
longed catalyst pretreatment leads to increased disor-
der in CNT alignment. The CNTs of sample I-1 (Figure 1¢)
are straight and parallel to each other. In contrast, more
curly CNTs are observed in sample I-2 (Figure 1d). This
trend becomes much more obvious with longer catalyst
pretreatment time. Most of the CNTs of sample |-4 are
curly and show random orientations (Figure 1f).

The best spinnability was observed from the well-
aligned CNT arrays (Figure 2a). With deteriorating verti-
cal alignment, uneven ribbons containing big CNT
blocks and broken CNT connections were observed
(Figure 2b). In other words, long and uniform fibers up
to meters can be easily prepared from sample I-1, while
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Figure 2. Effect of alignment on the spinnability of CNT array. (a—d) SEM images showing carbon nanotube ribbons pulled
from sample I-1 (a), sample I-2 (b), sample I-3 (c), and sample I-4 (d), revealing the dependence of spinnability on the cata-
lyst pretreatment time of CNT array. The inset of (a) shows SEM image of as-spun CNT fiber from sample I-1. (e—h) Polarized
Raman spectra (532 nm) of the D and G bands from CNT array sample I-1 (e), sample I-2 (f), sample I-3 (g), and sample I-4
(h). The laser spot is focused on the side wall of CNT arrays; 0°, the polarization direction of the laser is parallel to the align-
ment of CNTs; 90°, the polarization direction of the laser is perpendicular to the alignment of CNTs. R is the intensity ratio of
the G band between spectra obtained at 0 and 90° (/g,+/Ic,00:). The decreasing of R indicates that the alignment degree of
CNTs is decreasing from sample I-1 to sample I-4.
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only short fibers with lengths of centimeters may be
spun from sample I-2. The spinnability drops dramati-
cally with prolonged catalyst pretreatment. No continu-
ous yarns can be drawn out from samples I-3 and -4
(Figure 2¢,d). These results suggest that the alignment
of CNTs plays a critical role in the formation of continu-
ous fibers. Good alignment of CNT arrays helps the for-
mation of CNT bundles, which is a precondition for
drawing out continuous CNT ribbons. Polarized Raman
spectroscopy can give a quantitative measure of align-
ment of CNT arrays.?® We find that the intensity ratio of
the G band for polarizations parallel and perpendicular
to the orientation of CNTs in the arrays decreases
monotonically from sample I-1 to sample I-4 (Figure
2e—h). These results indicate that a much higher de-
gree of alignment occurs in sample I-1. X-ray diffrac-
tion (XRD) has also been proven to be a useful tool to
characterize the orientation of CNTs.2® When the inci-
dent X-ray struck the top of arrays, the intensity of the
(100) peak at 42.4° was observed to decrease dramati-
cally from sample I-1 to I-4 (Supporting Information Fig-
ure S1).

It will be interesting to understand the limiting fac-
tors to grow highly aligned CNT arrays. Figure 3a illus-
trates our hypothesis on the evolution of catalyst par-
ticles and the morphological difference of the resulting
CNT arrays. There are two main stages involved in the
preparation of CNTs by CVD: the formation of catalyst
particles and the nucleation/growth of CNTs from the
catalyst. Under given processing conditions for the
growth of CNTs, the formation of uniform and densely
packed catalyst particles could be the key for growing
well-aligned CNT arrays. The effect of H, pretreatment
condition on the morphology of Fe/Al,O; film has been
reported.®® Furthermore, the dependence of CNT diam-
eter and areal density on the catalyst pretreatment has
been very recently demonstrated.'? In our process, the
forming gas, containing 6% H, in Ar, works as a carrier
gas as well as a reduction agent. It reduces the catalyst
film and enables the formation of catalyst particles. At
the same time, it will lead to the coarsening of catalyst
particles. In the coarsening process, small catalyst par-
ticles tend to shrink and/or aggregate where their mass
can be redistributed to larger particles. One can imag-
ine the increase of the particle spacing due to the for-
mation of large catalyst particles. This, in turn, will lead
to the growth of CNTs with large diameters and low ar-
eal density. In our experiment, sample I-1 has the short-
est catalyst pretreatment where the carbon source
along with forming gas was introduced into the reac-
tion chamber at the very beginning stage (S1). In this
case, the nucleation of CNTs will occur as soon as the
temperature is suitable. At the same time, the nucle-
ation of CNTs will prevent the catalyst particles from
growing larger. In contrast to sample I-1, the catalyst
particles of other samples experienced a longer coars-
ening time, resulting in non-uniform and low area den-
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Figure 3. Evolution of catalyst film and the resulting CNT array. (a)

Schematic illustration shows long catalyst pretreatment time leads to
coarsening of catalyst particles, and the resulting CNT array is not uni-

form and not spinnable. 1: Reduction of iron oxide by H,. 2: Forma-

tion of iron particles. 3: Coarsening of iron particles. 2’,3’: CNT growth
by CVD. (b,c) AFM images of the catalyst film with pretreatment time

of —10 and 60 min, respectively. (d,e) TEM images of CNTs derived

from sample I-1 (catalyst pretreatment: —10 min) and sample I-4 (cata-

lyst pretreatment: 60 min), respectively.

sity of catalyst particles. These catalyst particles have
the tendency to promote the growth of CNT arrays with
poor alignment. Experimentally, the CNTs in sample I-1
should have smaller and more uniform diameters. They
are more densely packed than in other samples, which
helps the formation of CNT bundles and the much im-
proved spinnability.

To validate the above hypothesis, atomic force
microscopy (AFM) and transmission electron micros-
copy (TEM) were used to characterize the morphology
of catalyst particles and the diameter of CNTs. Figure
3b,c shows AFM images of the catalyst films that have
undergone —10 and 60 min pretreatments, corre-
sponding to processing conditions of sample I-1 and
sample |-4, respectively. Figure 3b shows a relatively
smooth and uniform catalyst film with only scattered
large catalyst particles, while Figure 3c is totally domi-
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Figure 4. Growth of undulating CNT arrays. (a) CVD process for CNT array growth (sample II-1 to 1I-5) using Ar atmosphere
for stage S1 and forming gas with varied time for pretreatment stage (S2). The gas atmosphere and time for each stage are
marked in the illustration. (b—f) SEM images (side view) of CNT arrays synthesized according to the process shown in (a) with
varied pretreatment time (duration of S2). (b) Sample II-1, 1 min; (c) sample 1I-2, 2 min; (d) sample 1I-3, 3 min; (e) sample
1I-4, 4 min; (f) sample 1I-5, 5 min. The insets show magnified images. (g) SEM image of sample II-2 showing the different cur-

vatures of CNTs in the same array.

nated by large size catalyst particles. It is well-known
that the size of catalyst particles has an important influ-
ence on the diameter of CNTs. Figure 3d,e shows the
TEM images of CNTs derived from samples I-1 and |-4,
respectively. The CNTs from sample I-1 have uniform di-
ameters around 10 nm, while the diameters varied
from 10 to 25 nm for sample I-4.

On the basis of the above understanding, we rede-
signed the process by replacing the forming gas (Ar/
H,) with pure Ar in step S1 (Figure 4a). Interestingly, we
observed the growth of undulating CNTs. These undu-
lating arrays were also characterized by Raman spec-
troscopy, which showed very similar Raman spectra, as
shown in Figure 2, verifying that the obtained products
are CNTs. Undulating CNT arrays, which are lightweight
and super compressible, have been suggested to
present a class of open-cell foam structures and may
be useful as compliant interconnectors and energy dis-
sipation coatings.?' Considering the chemical activity of
Fe at room temperature, the Fe catalyst film is assumed
to be oxidized before starting the thermal process.'? In
the process shown in Figure 1a, the temperature ramp-
ing up stage (S1) is performed in forming gas, which al-
lows the formation and coarsening of catalyst particles
to occur in stage S1. In contrast, the use of pure Ar in the
modified process (Figure 4a) prevents the reduction
and dewetting of catalyst film until the introduction of
H, (S2), thus helping to better control the catalyst pre-
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treatment process. Using the process shown in Figure
4a, CNT growth was performed with catalyst pretreat-
ment (S2) varied from 1 to 5 min (samples lI-1 to lI-5).
The morphologies of the resulting CNTs show a very in-
teresting undulating shape where the curvature in-
creases with catalyst pretreatment time (Figure 4b—f).
The intensity ratio of the Raman G band for polariza-
tions parallel and perpendicular to the orientation of
CNTs in the arrays shows a decreasing trend from
sample II-1 (R = 2.0) to sample II-5 (R = 1.1), which is
similar to the trend found in sample I-1 to sample |-4.
These results are also consistent with the SEM images
shown in Figure 4. The maximum in-plane displace-
ments of CNTs also tend to keep increasing from
samples II-1 to II-5 (Figure 4 and Supporting Informa-
tion Figure S2). At the same time, the heights of arrays
decreased rapidly with their increased curvature. The
height of sample II-1 is 480 pm, while that of sample II-5
is only 100 pwm. It should be noted that sample II-1
could be spun into short CNT fibers (several centime-
ters long) while others were not spinnable.

The mechanism for the formation of such uniform
undulating CNT arrays is not fully understood yet. How-
ever, our experimental results do provide some in-
sights. We argue that the size distribution of catalyst
particles is responsible for this phenomenon. Similar to
the situation shown in Figure 3a, long catalyst pretreat-
ment will result in large catalyst particles. With both
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small and large catalyst particles coexisting on the sub-
strate, the growth rate of CNTs is not uniform. In other
words, the growth rate of CNTs with smaller diameters
is faster than that for larger diameters. Since the growth
mode is base growth, the top of CNTs maintains the
same distance from the substrate due to the van der
Waals interactions between adjacent CNTs. Conse-
quently, smaller diameter CNTs have to become wavy
to match the height of larger diameter CNTs. This hy-
pothesis is consistent with the magnified SEM image of
sample II-2 (Figure 4g), where both straight and wavy
CNTs can be clearly seen. Because long catalyst pre-
treatment leads to a broad size distribution of catalyst
particles, prolonged pretreatment will lead to an aggra-
vated difference in CNT growth rates. This, in return, re-
sults in large waviness in small diameter CNTs. It should

METHODS

The CNT arrays were synthesized in a 2.54 cm diameter
quartz tube furnace. A thin layer of Fe (~1.0 nm) catalyst film
was deposited on Al,O; (~10 nm) on SiO, (~1 um) coated Si wa-
fers. Forming gas (Ar with 6% H,) was used as carrier gas, and
ethylene served as carbon source. CNT growth was carried out
at 750 °C for 10 min with 140 sccm forming gas and 30 sccm
ethylene. Under such processing conditions, the effect of cata-
lyst pretreatment on the morphology of CNT arrays was investi-
gated by changing the time and gas environment of the catalyst
pretreatment stage.

The spinnability of CNT arrays was investigated by using
tweezers to pull out CNT yarns from the side walls of CNT ar-
rays. A more controlled spin process can be performed by stick-
ing the yarns on a spindle tip, which can move and spin at an ad-
justable speed. The CNT arrays and the CNT yarns pulled from
different arrays were examined by scanning electron microscopy
(SEM). Polarized Raman spectrocsopy (532.15 nm excitation)
and X-ray diffraction (XRD) were used to examine the align-
ment of CNTs in arrays. Atomic force microscopy (AFM) was used
to characterize the morphology of catalyst particles. The samples
for AFM measurement were prepared by following the proce-
dures shown in Figure 1a except for changing CNT growth time
to 1 min (stage S3) and then burning off the CNTs at 600 °C for 30
min in air. Transmission electron microscopy (TEM) was used to
characterize the diameters of CNTs. The samples for TEM mea-
surement were prepared by drop CNTs/ethanol solutions onto
copper grids in the open air.
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