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a b s t r a c t

Aligned multi-walled carbon nanotubes (MWCNTs) with high purity and bulk yield were achieved
on a silicon substrate by an aerosol-assisted chemical vapor deposition. The introduction of specific
amounts of water vapor played a key role in in situ controlling the purity and surface defects of the nan-
otubes. The morphology, surface quality and structure of MWCNTs were characterized by secondary and
backscattered electron imaging in a field emission scanning electron microscope (FESEM) and trans-
eywords:
atalysts
hemical vapor deposition
orrosion and oxidation
anomaterials

mission electron microscope (TEM). Crystallinity and defects of the MWCNTs’ were investigated by
high-resolution transmission electron microscopy (HRTEM) and Raman spectroscopy. In this work, water
vapor was found to provide a weak oxidative environment, which enhanced and purified the MWCNTs’
growth. However, excessive water vapor would inhibit the MWCNTs growth with a poor surface quality.
In addition, it has been found that the surface morphology of the CNTs can be modified intentionally

surfa
emic
through producing some
nucleation sites on the ch

. Introduction

Since their discovery in 1991 [1], carbon nanotubes (CNTs) have
xhibited great potentials in various applications, such as elec-
ron field emitter displays, nanoscale electronic devices, biosensors,
ydrogen storage and fuel cell electrodes. Among various synthe-
is techniques, aerosol assisted chemical vapor deposition (AACVD)
ffers more opportunities for generating large volumes of CNTs
ith excellent areal selectivity, vertical alignment selectivity and

elective doping with well-controlled stoichiometry [2]. However,
large amount of undesirable carbonaceous materials and impurity
articles are always simultaneously involved in products accom-
anying the generation of CNTs due to contamination of solvent
nd chemical reagents, or those formed from precursors in the gas
hase during AACVD, which severely degrade the performance of
NTs [3]. In order to achieve high quality CNTs, post-purification
uch as oxidations [4,5] and hydrothermal treatments [6] have been

mployed. Compared to post-purification processes, an in situ puri-
ying strategy is increasingly attractive due to its high efficiency
nd low cost [7]. Recently mild oxidizing agents (e.g. water vapor)
ave been introduced to induce the so-called “super growth” of

∗ Corresponding author.
E-mail address: xsun@eng.uwo.ca (X. Sun).

169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2010.02.074
ce defects by tuning the amount of the water vapor, which may offer more
ally inert CNT surface for various applications such as catalyst support.

© 2010 Elsevier B.V. All rights reserved.

single-walled CNTs [8–10]. However, few reports have focused on
the effect of weak oxidizing agent on the synthesis of MWCNTs,
which exhibit more promising potential in some applications such
as catalyst support, due to their established high electrical conduc-
tivity.

In the present work, aligned synthesis of MWCNTs with high
purity (low impurity particles and carbonaceous materials) has
been obtained in an AACVD process via an in situ weak oxidation
method. Further, it has been reported that CNTs with appropriate
defects can bestow high metal adsorption capability in aqueous
solution because of the functional groups attached on their surfaces
[11,12]. We found that the surface morphology of the CNTs can be
modified intentionally through producing some surface defects by
tuning the amount of the introduced water vapor, which may offer
more nucleation sites on the chemically inert CNTs surface for the
future catalyst deposition [13].

2. Experimental method
The synthesis of MWCNTs was carried out by a purpose-built
aerosol assisted CVD (AACVD) system that has been reported else-
where [14]. Briefly, the method is based on the decomposition
of an aerosol consisting of a liquid hydrocarbon source and an
evaporable catalyst for the CNTs growth. A 30 nm-thick aluminum

http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:xsun@eng.uwo.ca
dx.doi.org/10.1016/j.apsusc.2010.02.074
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data, a correlation between the growth rate and the wet argon flow
rate is plotted in Fig. 2. The growth rate of CNTs reached its maxi-
mum when the flow rate of wet argon was controlled in the range
of 100–150 sccm. When the flow rate of wet argon was increased
beyond 200 sccm, the growth of CNTs was evidently restricted as
ig. 1. SEM images of CNTs showing water effects (a) without water, (b) a little
et argon (700 sccm). All scale bars in inserted images are 500 nm. In each image
agnification SEM image and the down-right corner one is back scattered electron

uffer layer was sputtered onto a silicon wafer with a 600 nm-
hick SiO2 layer. The silicon substrate was set in a ceramic boat,
nd the substrate/boat assembly was placed inside the chamber.
fter 20-min-evacuation of the air, the furnace was heated to 850 ◦C
ithin 15 min. As soon as the temperature reached 850 ◦C, the

erosol droplets were produced by ultrasonication and transported
y argon gas with a flow rate of 1500 sccm. Diluting argon gas was

ntroduced from two additional inlets at a flow rate of a further
00 sccm in total. Keeping the total argon flow rate unchanged,

ntroduction and amount control of water vapor was realized by
uning the flow rate of argon which passed through a water bub-
ler from one of the two additional inlets. Meanwhile, hydrogen
as introduced through a fourth inlet with a flow rate of 1800 sccm.

he growth time was 30 min.
The samples were characterized by various analysis techniques

ncluding Hitachi S-4800 field-emission scanning electron micro-
cope (SEM) operated at 5.0 kV, Philips CM10 transmission electron
icroscope (TEM) operated at 80 kV, JEOL 2010F transmission elec-

ron microscope (TEM) operated at 200 kV, and a Horiba Jobin Yvon
igh resolution (HR800) confocal Raman spectrometer operated
ith an incident laser beam at 632.8 nm.

. Results and discussion

Fig. 1 shows cross-sectional SEM images of the as-synthesized
NTs. The lengths of the aligned CNTs are approximately 150 �m,
00 �m, 400 �m and 150 �m with the wet argon flow rates of 0,
0, 150 and 700 sccm, respectively. In each image, the left image

s low magnification SEM image, the up-right corner one is higher
agnification secondary electron SEM image and the down-right

orner one is the corresponding backscattered electron image.

The close SEM examinations reveal that all synthesized CNTs

re perpendicular to the substrate. Without water vapor, shown
n Fig. 1a, lots of catalyst particles are observed either inside the
NTs or clinging to the outer surface. With 10 sccm wet argon as
hown in Fig. 1b, the surface of the synthesized CNTs is cleaner than
gon (10 sccm), (c) optimized amount of wet argon (150 sccm), and (d) excessive
igger left image is low magnification SEM image, the up-right corner one is high
.

the ones without water. However, the backscattered electron SEM
image shows that there are still several catalyst particles inside the
CNTs other than clinging to the outside layer. As the wet argon
flow rate increases to 150 sccm as shown in Fig. 1c, hardly any par-
ticles can be observed inside or outside our CNTs, revealing that
the quality of CNTs is greatly improved with the introduction of
the oxidative wet argon. The secondary electron SEM and backscat-
tered SEM images of the CNTs synthesized with 700 sccm wet argon
in Fig. 1d show that the CNTs are not as straight as other tubes and
catalyst particles appear both inside and outside CNTs.

In order to investigate the effect of water vapor on the CNTs
growth, systematic experiments have been conducted under differ-
ent flow rates of wet argon from 10 to 700 sccm. Based on our SEM
Fig. 2. Growth rate of MWCNTs as a function of flow rate of wet argon.
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ig. 3. TEM images and Raman spectra of CNTs using different wet argon flows. (a) D
ith dry argon and 150 sccm wet argon.

hown in Fig. 2. According to the previous report, CNTs growth suf-
ers from the generation of amorphous carbon on the surface of
he catalyst particle, which deteriorates the activity and lifetime of
he catalyst and hinders the nanotube growth [3]. When an appro-
riate amount of water vapor was introduced into the system, the
morphous carbon was etched away through selective oxidation
eactions with the water vapor and the lifetime of active catalyst
articles could be extended [8,9]. Therefore, the growth rate of the
NTs was significantly enhanced. However, it is crucial to control
he relative level of water and hydrocarbon (m-xylene was used
ere) to optimize the growth rate of the CNTs. With further increase
f the water vapor amount, diffusion and penetration of m-xylene
hrough the nanotube bundles were lessened and it was more and

ore difficult for the m-xylene molecules to reach the catalysts.
onsequently, the height of the CNTs was reduced.

To get insight into detailed structure of the CNTs, the samples
ere examined by TEM and HRTEM. As shown in Fig. 3a, there are

ome particles clinging to the surface of the CNTs when they were
ynthesized with dry argon. The average diameter of the CNTs is
bout 60 nm. Some defects are observed on the graphitic layers,
nd an evident amorphous carbon layer of about 2 nm is observed
n the CNTs surface and the walls of CNTs are curved with the adhe-
ion of catalyst particles, shown in inserted HRTEM image. In this
ase, almost all graphite layers are parallel. When 150 sccm wet
rgon was used, the TEM images in Fig. 3b show that the nanotube

iameter is reduced to 40 nm and the walls of the CNTs become
hinner. Meanwhile, more curved defective structures are observed
long the tubes. The HRTEM image inserted in Fig. 3b shows that
he first several outer layers of the nanotube display lower crys-
allinity compared to the inner layers. Furthermore, most of the
on, (b) 150 sccm wet argon, (c) 700 sccm wet argon, and (d) Raman spectra of CNTs

outer surface of the tube wall is free of amorphous carbon layers.
When the wet argon flow rate reached 700 sccm shown in Fig. 3c,
ordered structures are destroyed and large numbers of defects are
presented in the cylindrical graphitic sheets, which resulted in a
lower crystallinity. Our systematic TEM investigation (not shown)
has indicated that the defect increases with increasing water vapor
amount. Although there are many defects that curl the CNTs, the
CNTs are still aligned because of the mutual support effect provided
by adjacent CNTs. The HRTEM image shows that many small defects
(instead of amorphous carbon) are observed on the surface of CNTs,
and that crystallinity declines.

From the TEM and HRTEM observations, the amorphous car-
bon and particles clinging on the surface of the CNTs decrease as
the addition of wet argon increases, while this oxidative gas also
increases crystallization defects of the graphene structure. Conse-
quently, the structural defects of the CNTs can be controlled by
modulating the amount of wet argon. Evidently, water vapor played
an essential role in removing the amorphous carbon by weak oxi-
dation effect during the CNTs growth. On the other hand, metal
particles could enhance the oxidation of carbon contacting with
the particles at the reaction temperature [15], which may both
assist the water vapor against the amorphous carbon and reduce
the chances of the metal particles to cling on the nanotube sur-
face. Therefore, CNTs with clean morphology, amorphous carbon
free and different defect amount could be obtained by balancing

the level of water to m-xylene. In addition, the controlled level
of water to m-xylene ensured continuous and stable growth of
the CNTs by tuning the activity and lifetime of the catalyst and
thereafter balancing the rate of carbon supply and that of solid car-
bon precipitation as well. Maybe that is one of the reasons why
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ardly any particles were observed inside the CNTs at the proper
mount of the water vapor. When the water content was raised to
high level, the excessive water vapor would lead to the discon-

inuous supply of carbon source to the catalyst as discussed above.
n this case, it was difficult to keep the balance between the carbon
upply and the solid carbon precipitation. Consequently, distorted
NTs with high level defects were grown, which provided more
ites for metal particles to attach and some catalyst particles reap-
eared on the CNTs. This is in consistent with our SEM and TEM
bservation.

We also used Raman spectroscopy to evaluate the quality of
he CNTs in terms of the crystallinity and defects in the absence
r presence of water vapor. Two representative Raman spectra are
hown here for the samples grown under dry argon and the opti-
ized 150 sccm wet argon (Fig. 3d). Both spectra present three

ands at ∼1355 cm−1 (D band), attributed to defects such as pen-
agons in graphite and amorphous carbon [16,17], ∼1580 cm−1 (G
and), indicating the formation of well graphitized carbon tubes,
nd ∼2690 cm−1 (G′ band), known as indication of clean samples
17]. As shown in Fig. 3d, the intensity ratio of D band to G band
ID/IG) decreases from 0.54 to 0.41 for the samples grown under
ry and wet argon, respectively. This indicates the degree of long-
ange ordered crystalline perfection of the CNTs increased when
ater vapor was introduced into the reaction chamber. Structures
ith pentagons, heptagons and amorphous carbon were etched

way first by the selective oxidation [3,5]. This result is consistent
ith the TEM observation that catalysts on the surface of CNTs dis-

ppeared in indirect proportion to the addition of water, which
reatly reduced the defects. The ratio of G′ band to G band (IG′ /IG)
s also calculated to estimate the quality of the CNTs. The IG′ /IG
ncreases from 0.57 to 0.81 with the introduction of water vapor,
ndicating a lower amount of carbonaceous impurity [18] in the
NTs when the water vapor was involved in the growth process.
his agrees with the result from ID/IG analysis. Frequency width
t half maximum (FWHM) in the Raman spectrum has been con-
idered as a criterion in evaluating the structural disorder of CNTs,
hich arises from bond angle and bond length distortions [19]. The

WHM of the D band, G band and G′ band (FWHM (D), FWHM (G)
nd FWHM (G′)) for CNTs growing without water are 60, 53 and
1, respectively, which are a little wider than those for CNTs grow-

ng with water i.e. 50, 46 and 81. It is obvious that introduction
f water vapor narrowed down the FWHM (D) and FWHM (G) but
eft FWHM (G′) unchanged. This is consistent with our observa-
ion that the CNTs grown with water vapor have less disordered
onds and amorphous carbon since the FWHM (D) has the same
endency as ID/IG [20]. Therefore, the spectra show great consis-
ency to support the hypothesis that the addition of water during
he growing process is an effective way to get high quality CNTs.

hen the flow rate of wet argon was increased to 700 sccm, the
aman spectrum shows only one wide band between 1200 cm−1

nd 2000 cm−1 (not shown), due to the distortion of graphene lay-
rs. We can conclude that an oxidative atmosphere has at least two
ffects on the growth of CNTs, i.e. the purification of CNTs by oxidiz-
ng the amorphous layer and the disfiguration of CNTs by destroying
he graphene layers. The former effect can increase the crystallinity
f the CNTs while the latter one has a negative influence on the
rystallinity.

Therefore, it can be concluded that the growth of purified and
efect-controlled CNTs can be realized by introducing appropriate
mount of oxidative water vapor. The CNTs as supporting materials
ill have great potentials in catalysts and adsorption applications.
or instance, as an attractive adsorbent, CNTs have been targeted
o remove trace pollutants such as Zn2+ [11], Cd2+ [21], Pb2+ [22],
u2+ [23] and Cr6+ [24] from water. The purposely introduced sur-

ace defects of the CNTs would provide preferable sites for catalyst
eposition.

[

[
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4. Conclusion

A detailed investigation on the purity and structure control of
MWCNTs was conducted in the present work. The water vapor
effect on the CNTs growth was determined by SEM, TEM, HRTEM
and Raman spectroscopy. The crystallinity was improved with the
introduction of wet argon at first and then deteriorated with the
excessive wet argon amount. The carbonaceous impurities cover-
ing the tube walls were reduced substantially with an optimized
amount of water vapor and some defect structures could be inten-
tionally produced on the CNTs surface. The CNTs produced in the
optimum conditions have great potentials for various applications
such as electrodes in fuel cell, catalyst supports and sensors.
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