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This article reports key findings on the chemical functionalization of carbon nanotubes (CNT). The
functionalization of chemical vapor-deposited CNT was carried out by treating tubes with polyvinyl
alcohol through ultrasonication in water with the aid of a surfactant. The surfactant is expected to promote
the unbundling of aggregated CNT. The characterization of functionalized samples using thermogravi-
metric analysis, Fourier transform infrared spectroscopy, and Raman spectroscopy revealed that the CNT
were functionalized by the interaction of carboxylic acid and hydroxyl groups. From the characterization
studies, it is apparent that there is a strong interaction between these functional groups and the covalently
bonded carbon in the CNT network. The functionalization process enabled good CNT dispersion in the
solution, and the CNT remained in suspension for many days. To support the effective functionalization of
the tubes, the interaction of functionalized CNT with Ni ions is also demonstrated.
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1. Introduction

Chemical functionalization of carbon nanotubes (CNT) is
an area that has received considerable world-wide research
interest (Ref 1, 2). In particular, from a chemical point of view,
pure CNT are of relatively less practical importance due to the
absence of any active functional groups, despite the fact that
CNT have a seemingly useful structural motif (Ref 3-6). The
functionalization of CNT has been pursued in a number of
cases (Ref 7-9), either through direct chemical modification or
through chemical bonding. However, many of the chemical-
bonding procedures resulted in long-chain CNT compounds,
which act as a barrier to the anchoring of foreign elements onto
the surface of the CNT in a specific orientation. Despite the
few disadvantages (Ref 10-12), chemical modifications at the
CNT surface is regarded as the best method to functionalize the
tubes because it is known that chemical reactions can take
place at defect sites on a CNT in a colloidal state. Therefore,
the uniform dispersion of CNT has a potential role in the func-
tionalization of CNT. When CNT are mixed and agitated with
suitable solvents, they disperse to create a stable suspension.
The homogeneous dispersion of CNT in polyvinyl alco-
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hol (PVA) and CNT-PVA composites has been studied by a
number of researchers (Ref 13-15). In this article, the effective
functionalization of CNT using PVA (Nanolab, Newton, MA)
in the presence of a novel surfactant is discussed. The results of
Fourier transform infrared (FTIR) spectroscopy, Raman spec-
troscopy (RS), and thermogravimetric analysis (TGA) are pre-
sented to establish the functionalization of the CNT in the
polymer/surfactant system by interaction with the covalent car-
bon of the CNT. The analysis showed several interesting fea-
tures that have not been reported earlier. The FTIR spectros-
copy and TGA results were correlated with the authors new
results, which were obtained from the nickel sulfate/CNT/
polymer/surfactant system.

2. Experimental

The CNT were deposited onto 0.6 mm thick Cu substrates,
which were electroplated with Ni. The substrates were poly-
crystalline in nature and had a commercial purity of ~98%.
They were polished with SiC abrasive paper to improve their
roughness. The electroplating of Ni coatings onto the substrate
was performed in an electroplating bath. The substrates were
used as a cathode, and a Ni electrode served as the anode.
Commercial grade nickel sulfate was used as the electrolyte in
the direct current (dc) electroplating process. The bath tem-
perature was maintained at 40 °C, and the pH was constant at
4. The Ni layers, 50 nm in thickness, were treated in NH;
plasma for 5 min prior to CNT growth. The NH; plasma treat-
ment was necessary for the formation of nano-sized nickel
catalyst particles, which potentially act as seeds for subsequent
CNT growth using chemical vapor deposition. Methane (CH,)
and hydrogen (H,) were used as precursor gases for the CNT
growth, where the flow rates were kept constant at 6 and 40
standard cubic centilitres/min (sccm), respectively. The PVA
(98% hydrolyzed) used in this investigation was obtained from
Aldrich (St. Louis, MO). Different ratios of CNT and PVA
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Fig. 1 Dispersibility behavior of a CNT in an aqueous solution of
PVA and nanodisperse after being stored for 4 weeks

(e.g., 1 to 100 mg) were dissolved in 0.1 mL of novel nano-
disperse, which is a mixture of surfactants of 20 to 50% poly-
(oxy-1,2-ethandiyl, a-[nonylphenyl]-w hydroxy, 2 to 10% tet-
ramethyl-5-decyne-2,47,9), and 50 mL of deionized water. The
resultant mixture was ultrasonicated for 10 min (sonic tip 120
W and 60 kHz with 20% amplitude). The suspension was in the
form of a colloidal solution that remained in that state for 1
month without settling (Fig. 1). The functionalized CNT (F-
CNT)/nickel sulfate suspension was synthesized by the ultra-
sonic agitation of CNT, PVA, and nanodisperse in a nickel
sulfate-aqueous bath for 5 h.

The suspended solution was kept for four weeks and later
was filtered to separate the metal-F-CNT (MF-CNT) compos-
ites. For the FTIR spectroscopy analysis, the separated CNT
were washed with distilled water several times to remove the
unadsorbed PVA and surfactant. TGA was performed using a
PerkinElmer Pyris I TGA thermobalance (Wellesley, MA).
With the TGA experiments, the sample was heated in air from
30 to 900 C at a heating rate of 10 C/min. The FTIR spec-
troscopy analysis was performed using a Nicolet NEXUS
(Thermo-Electron Corp., Waltham, MA) bench machine with
128 scans. The Raman spectra were recorded at room tempera-
ture using a Renishaw 1000 (New Mills, Gloucestershire, U.K.)
micro-Raman system equipped with a Leica microscope (Carl
Zeiss, Thornwood, U.K.). The 50x magnifying objective of the
microscope focused a laser beam onto a spot of ~1 pwm diam-
eter. The excitation wavelength used was 514.5 nm from an
Ar* ion laser. A grating of 1800 lines/mm was used in all
measurements, which allowed a resolution of ~1 line/cm.

3. Experimental Results and Discussion

To identify the functional groups of CNT, FTIR studies
have been performed in the range 400 to 4000/cm™'. FTIR
spectroscopy has been used extensively in the structural deter-
mination of molecules. Its application in the study of surface
chemistry has provided one of the most direct means of ob-
serving the interactions and perturbations that occur at the sur-
face during adsorption and in determining the structure of the
adsorbed species. Some FTIR spectra are shown in Fig. 2 for
CNT (curve a), PVA (curve b), nano-disperse (curve c), and an
F-CNT treated with PVA and nanodisperse (curve d). The
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Fig. 2 (a) The FTIR spectra of as-grown CNT, (b) PVA, (c) nano-
disperse, and (d) F-CNT

characteristic vibrational modes of CNT, C=C (1650/cm)
and O-H (3400/cm), are apparent in the spectrum shown in
Fig. 2 (curve a). The C=C vibrations occur due to the internal
defects, and the O-H vibration is associated with the amor-
phous carbon because amorphous carbon easily forms a bond
with atmospheric air. However, the intensity of this O-H peak
is relatively lower and shows that a lesser amount of amor-
phous carbon formed during growth. A typical PVA spectrum
(Fig. 2, curve b) consists of major peaks centered at 3328,
2938, 1569, and 1423/cm, which are related to the O-H (stretch-
ing), C-H, O-H (bending), and C-C bonding (Ref 16). The spec-
trum for the nanodisperse consists of major peaks that are
centered at around 3400, 1716, 1455, and 1250/cm, which are
due to the OH and COOH bonds. However, the F-CNT exhibits
a higher intensity O-H peak that is centered at 3441/cm with a
major shift from CNT, polymer, and nanodisperse O-H peaks.

Surfactants (i.e., surface-active molecules) are a class of
molecules exhibiting a strong tendency to adsorb at interfaces.
They are characterized by the presence of both polar (hydro-
philic) and nonpolar (hydrophobic) moieties. They typically
have a hydrophobic chain, known as a tail, and a hydrophilic
group, known as a head. At the interfaces, the molecule can be
oriented in different ways. In general, the hydrophilic head is
directed toward the bulk water, and the hydrophobic chains
will orient themselves to avoid the water. The PVA also acts as
a surfactant in the presence of water. The hydrophilic part in
water overcomes the van der Waals attraction, and, therefore,
there is no self-aggregation of PVA molecules in water. Sur-
factants, however, tend to form micellar structures, which is a
common phenomenon that was originally observed in the self-
association process of the surface-active materials in aqueous
solutions (Ref 17). Although micellization represents a self-
association phenomenon, in general it is conventionally limited
to the self-association initiated by the hydrophobic-hydrophilic
imbalance. It is likely that the presence of a polymer would
result in the formation of small aggregates (micelles) of sur-
factant by adsorbing onto the long chain of the PVA. The
adsorption of surfactant on a polymer alkyl chain was reported
by Dibakar and Shah (Ref 18). Because CNT are hydrophobic,
there is a strong possibility for the hydrophobic interaction
between the CNT and the hydrophobic head of the surfactant,
consequently resulting in the adherence of the surfactant to the
CNT. The possible interactive mechanism of the polymer, the
surfactant, and the CNT is schematically shown in Fig. 3. On
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Fig. 3 Schematic diagram showing the interaction of the surfactant
with CNT

the addition of the surfactant to the polymer solution, some of
the surfactant micelles are bound to, or adsorbed onto, the
polymer chain.

The hydrophilic groups of the PVA chain form an ion-
dipole association with the ionic head groups of the surfactant,
and a net local electrostatic charge is developed. An electro-
static force exists between the surfactant and the covalent car-
bon. The interaction is evidenced by the shift of the O-H bond
of the surfactant to a higher wave number. The shift is also
observed in the O-H bending region. The C-H bonds (~2900/
cm) of PVA and the nanodisperse appeared in the same posi-
tion in the F-CNT spectrum with almost similar intensity. This
shows that the C-H bond does not play any role in the inter-
action between CNT and PVA-nanodisperse. The strong C-H
bonds of PVA-nanodisperse were unable to form a bond with
the covalent carbon of the CNT, and therefore, there was no
vibrational energy transaction between them. It was interesting
to observe the appearance of new peaks centered at around
1737 and 1258/cm in the F-CNT sample, which were due to the
COOH group (Ref 19). This is assumed to be formed as a result
of the interaction between the surfactant and the CNT. The
interaction is confirmed by the shift in peak position compared
with the original surfactant spectrum. It was assumed that the
steric hindrance of the OH and COOH functionalized groups is
responsible for the suspension of the CNT in the polymer so-
lution.

To support these findings, FTIR spectroscopy analysis was
performed on an MF-CNT, which was prepared as described in
the Experimental Results and Discussion section. Metal com-
posites are expected to be useful in a diverse range of appli-
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Fig. 4 The FTIR spectrum of MF-CNT
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Fig. 5 Raman spectra of (a) CNT and (b) F-CNT

cations, such as molecular electronics, photocatalysis, and solar
energy conversion, and as probes for scanning force micros-
copy. However, very few investigations have been carried out
on CNT/metal composites (Ref 20-22). The main difficulty in
the formation of this composite is the anchoring of the metal
onto its surface through a specific bond or interaction. Al-
though few researchers have tried the electrodeposition of met-
als (Ref 23) onto CNT, the adherence of the metal is the cause
of the problem for researchers. The uncontrolled electrodepo-
sition can even affect its properties inversely, due to the high-
melting point of the metal and the possible reverse solubiliza-
tion of CNT. From the FTIR spectroscopy analysis (Fig. 4) of
the metal-interacted sample, two strong peaks were found to be
related to the C =C vibrations at 1132 and 1680/cm. However,
the peak positions were shifted and were found to be different
from both the as-grown CNT and the F-CNT, which is a clear
indication of the interaction of the F-CNT with the metal. The
Ni being a positive ion can potentially interact with the charged
F-CNT system.

Raman scattering is a powerful technique to characterize
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Fig. 6 Thermogravimetric thermogram (dashed lines) and differential thermogram (solid lines) of (a) CNT, (b) PVA, (c) F-CNT, and (d) MF-CNT

and probe the structure-property relationship in both CNT and
polymers. Figure 5 shows the typical Raman spectra of CNT
(Fig. 5a) and F-CNT (Fig. 5b). Two strong scattering peaks
were observed for both CNT and F-CNT centered at 1345 and
1590/cm, respectively. The band centered at 1590/cm has been
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assigned to the graphite-like tangential mode “G” band, and the
so-called “D” band centered at 1345/cm has been attributed to
disorder or to sp>-hybridized carbon in the hexagonal frame-
work of the nanotube walls. The intensity ratio of the band at
~1590/cm to that at 1345/cm (G to D) reflects the proportion
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and purity of the CNT in the samples. Although the shape and
positions of peaks in the spectra are fairly similar to each other,
the value of the G-to-D ratio displayed some regular and sub-
stantial changes, which can reveal something about the struc-
tural information of the sample. The increase in the relative
intensity of the disordered mode can be attributed to the in-
creased number of structural defects and to the sp® hybridiza-
tion of carbon for chemically induced disruption of the hex-
agonal carbon order in the nanotubes after treatment with the
polymer. This may be due to the attachment of carboxylic acid
groups to the CNT (Ref 15).

To obtain further information, TGA was performed. Figure
6 shows a comparison of the mass losses of as-grown CNT
(Fig. 6a), PVA (Fig. 6b), and F-CNT (Fig. 6¢). The solid and
the dashed dotted lines correspond to thermogravimetric and
differential thermogravimetric (DTG) curves, respectively. A
~5% mass loss observed at around 250 °C in pure PVA is
attributed to the moisture loss. The onset of degradation of pure
PVA occurs at 342.92 °C, and the thermogram is characterized
by a mass loss of 65%. The mass loss at 439.57 and 493.07 °C
may be due to the decomposition of structurally transformed
PVA at higher temperatures. The onset temperature of F-CNT
(470 °C) was higher compared with raw PVA, although it was
lower compared with as-grown CNT. The thermogram dis-
played a mass loss of 55%. A mass loss of multiwalled CNT-
COOQOH at 460 °C has been reported by Zhao et al. (Ref 24).
Although the TGA of MF-CNT (Fig. 5) displays a different
behavior, it shows a sharp DTG curve at 421.51 °C, which is
believed to be due to the functionalization of CNT. The shift in
the curve may be due to the difference in the degree of inter-
action. The curves at 80 and 189.82 °C, respectively, are as-
signed based on the mass loss of water and Ni. It is noteworthy
to mention that both the F-CNT and MF-CNT show extremely
different thermal behavior compared with the as-grown CNT,
which has a typical mass loss of amorphous carbon and CNT
at 580 and 650 °C, respectively.

4. Conclusions

The present work demonstrates the effective functionaliza-
tion of CNT using PVA in the presence of a surface-active
agent. The research findings show that the OH and COOH
functional groups are assumed to be attached to the covalent
carbon of CNT. Well-dispersed CNT were obtained, and the
dispersion is due to the steric hindrance of the OH and COOH
groups that were functionalized to CNT. The special attainment
of this work is in the simplified method for the functionaliza-
tion of CNT in the aqueous phase at normal temperature with-
out any complex reactions. The presence of functional groups
attached to CNT was confirmed by TGA and FTIR spectros-
copy. The modification of CNT and their extended properties
may be promising for use in applications such as polymer-CNT
composites and coatings.
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