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Single-wall carbon nanotubes (SWNTs) as well as multi-wall carbon nanotubes (MWNTSs) were characterized by Raman
spectroscopy to observe the changes in their physical and structural properties on functionalization. When SWNTs or MWNTs
are chemically treated, the defects are created. The analysis of radial breathing mode (RBM) showed that the diameter of the
single wall carbon nanotubes changed after functionalization. In the carboxylated sample, the intensity of the disordered band
(D-mode) increased more than in the pristine samples. The increase in the D-band intensity in SWNTs after functionalization
can be attributed to carbon atoms excited from sp? to sp> hybridization. A higher intensity ratio in D-and G-mode (Ip/1g) was
observed after functionalization with carboxylic group (COOH). The intensity ratio Ip/I; increased on acid treatment which
was evident from the Raman spectra and their analysis. In case of MWNTs, the intensity of D band became equal to the intensity
of G band, which was due to the huge number of defects that had been introduced in the sidewalls. Moreover, it was found in

this study that the MWNTSs can be much easier chemically functionalized than SWNTs under the same physical conditions.
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1. Introduction

Since their discovery in 1991 by lijima and co-
workers [1] carbon nanotubes (CNTs) due to their
unusual electronic, electrical [2] and adsorptive
properties as well as their good chemical stability,
have attracted the attention of researchers world-
wide. They are expected to have numerous poten-
tial applications, for example, high-strength com-
posites [3] sensors [4] actuators [5] gas storage me-
dia [6] field emitters [7] tips for scanning probe mi-
croscopy [8] and nanoelectronic devices [9]. CNTs
produced by different methods contain some cata-
lyst particles, amorphous and other carbon mate-
rials, and it is difficult to disperse CNTs in sol-
vents, which is the reason of their poor processabil-
ity. To overcome this limitation, several strategies
have been developed by functionalization. Initial
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studies indicated that chemical functionalization of
the open ends and the walls of CNTs would play
a vital role in tailoring their properties and appli-
cations [10]. Functionalization process decreases
van der Waals forces between CNTs leading to
their de-bundling, and aids binding to other ma-
terials [11]. As a model for functionalization [12]
the carboxylic groups (COOH) were found on the
sidewall or open end of a tube after oxidation of
carbon nanotubes by strong acids [13]. The lead-
ing approaches to functionalization include cova-
lent chemistry of conjugated double bonds within
the CNTs, w — 7 stacking, covalent interactions at
nanotube ends, sidewalls and defects as well as
wrapping of polymers [13-15].

An oxidation method is the oldest and the
simplest method that does not require any spe-
cial equipment and is still widely used for CNT
purification and functionalization [16-19]. Liu et
al. reported that 3:1 concentrated H,SO4/HNO3


http://www.materialsscience.pwr.wroc.pl/

Investigation of effects produced by chemical functionalization. . .

277

mixture could be used to cut the long CNT
ropes into short, open-ended pipes and thus pro-
duce many carboxylic groups (COOH) at the
open ends [20]. Strong acid treatments of CNTs
have been introduced traditionally for purification,
chemical oxidation [21] modification of lengths
and functionalization of the tube ends or sides. Due
to the chemical oxidation, the ends and walls of
the nanotubes are covered with oxygen contain-
ing the groups such as carboxylate groups or ether
groups [22-26].

In the present paper, we have systematically in-
vestigated the comparative effect of chemical treat-
ment on the structure of CNTs by means of Raman
spectroscopy at room temperature. We have carried
out the oxidation of SWNTs as well as MWNTs by
two methods (a) ultrasonication and (b) refluxing in
an oxidizing medium. The experimental conditions
of ultrasonication and acid refluxing were the same
for both SWNT and MWNT samples.

2. Experimental section

SWNTs (purity 90 %, ash 1.5 %, length 30 um
and diameter < 1 — 2 nm) and MWNTs (purity
95 %, length 1 — 2 ym and diameter < 10 nm) were
procured from NTP, China. 15 mg CNT of both
types, SWNTs as well as MWNTs were added to
a solution containing HNO3: H;SOy4 at a ratio of
1:3 in separate containers. A multi-frequency ul-
trasonicator was used to disperse the CNTs in the
acid solution. The sonication was conducted at a
frequency of 40 kHz for 10 min. After dispersion,
the solution was transferred to an acid refluxing
flask and refluxing was carried out for 10 h, using
a rotary evaporator. After acid treatment the solu-
tion was quenched in ice-cold water, and the sam-
ples were diluted. After base neutralization of the
acid solution, the CNTs were extracted on a poly-
carbonate membrane with 0.2 um pore size using
a vacuum filtration assembly. The resulting CNTs
were dried in an oven at 70 °C for 12 h. The pris-
tine (raw) and functionalized samples were studied
by Raman scattering measurements with a Raman
spectrometer (Lab Ram HR 800, JY). The samples
were excited with a laser at a excitation wavelength
of 488 nm.

3. Results and discussions

One of the most popular techniques for the ana-
lysis of carbon nanotubes is Raman spectroscopy.
It is a non-destructive measurement, which is made
at ambient conditions. In particular, resonance Ra-
man spectroscopy can select those nanotubes in a
nanotube sample which are resonant with the exci-
tation laser energy. Thus we can observe the prop-
erties of a nanotube by resonance Raman spec-
troscopy even for a bundle of nanotubes. However,
a specific nanotube with a definite diameter/or chi-
rality cannot be produced or selected at will. Ra-
man spectroscopy is very informative and impor-
tant for characterizing functionalized carbon nano-
tubes (F-CNTs). The most important is that it in-
dicates the evidence of covalent functionalization
by the analysis of D-mode. It has the greatest sig-
nificance among all available techniques applied
to characterization of functionalized carbon nano-
tubes.
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Figure 1. Raman spectra of pristine and functionalized
single-wall and multi wall-carbon nanotubes
for laser excitation line 488 nm.

Raman spectra are usually divided into three
first order bands called modes, the radial breathing
mode (RBM), the disorder mode (D-mode), and
the tangential mode (G mode). We have focused on
three main features of CNT Raman scattering: the
radial breathing mode (RBM) (~ 100 — 300 cm™! ),
the Raman active D band (~ 1300 cm™!), G
band (~ 1592 cm™!) [27-29]. Fig. 1 shows the
comparative Raman spectra of pristine and func-
tionalized single-wall and multi-wall carbon nano-
tubes.
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Figure 2. RBM-mode Raman spectra of pristine and
functionalized SWNTs and MWNTs for laser
excitation line 488 nm.

In all the spectra, the RBM, the D-mode and
the G-mode can be observed. The RBM gives the
information about diameter distribution in the sam-
ple, the D-mode appears due to disruption of sp?
network of SWNTs. However, the occurrence of D-
band in Raman spectra can also be related to the
presence of defects such as vacancies, 5 — 7 pairs,
or dopants. The tangential G-mode is characteristic
of sp? carbon in the hexagonal graphene network.
The RBM spectra of single and multi-wall nano-
tubes in pre and post fuctionalization are shown in
Fig. 2.

It is seen from Fig. 2 that the Raman intensity of
the RBM spectra decreases for SWNTs after oxi-
dation. On the other hand, the RBM in MWNTSs
is usually too weak to be observable because of
the large diameter of the outer tubes for typical
MWNTs. Fig. 3 shows the RBM spectra of SWNTs
in pre and post fuctionalization states. Consider the
peaks at 138, 143, 160, 172 and 199 cm™! in the
RBM spectra of pristine SWNTs (Fig. 3a), which
represent the major peaks in the tube diameter dis-
tribution of the SWNTs. Using the relation:

Wrpy =A/d; +B (D

where A and B are determined experimentally
(A= 234 cm™!, and B = 10 cm™' for SWNT
bundle) [30], the corresponding diameters d, are
1.828, 1.759, 1.570, 1.444, 1.238 nm respectively.
Similarly, considering the peaks at 131, 150, 160,
200, 223 cm~! in the RBM spectra of func-
tionalized SWNTs (Fig. 3b) and using the re-

lation 1, the corresponding tube diameters are
1.933, 1.671, 1.560, 1.231, 1.098 nm respectively.
It is clear that the diameter of the carbon nano-
tubes after functionalization changes. The spectra
of pristine and functionalized SWNTs are shown
in Fig. 4a and 4b, respectively. The D mode at
1350 cm™! has been known in graphite for over
a few decades and this is induced by disorder
and not by I' point phonon. In carbon nanotubes
the D mode is observed at somewhat smaller
wavenumber than in graphite and shifts at a rate
between 38 and 65 cm~!/eV with laser excita-
tion energy. In our spectra, Fig. 4a, the D-mode
is observed at 1339 cm™' which is lower than
the D-mode wavenumber from graphite. The in-
tensity of D-mode peak increases in SWNTs after
functionalization, Fig. 4b. The Raman spectra indi-
cate that the acid treatment leads to a high level of
defects on the tube walls. This results in the relative
intensity of the D mode which can be attributed to
the increased number of structural defects and to
the sp> hybridization of carbon for chemically in-
duced disruption of the hexagonal carbon order in
the nanotube after chemical functionalization.

In MWNTs (COOH) (Fig. 5b) the D-mode at
(1000 — 1400 cm ') caused by sp? defects is almost
equal to G-mode (1594 cm™!) peak intensity [31].
The intensity ratio of D-mode to G-mode was com-
pared for the pristine and functionalized MWNTs.
In SWNTs spectra shown in Fig. 4 the intensity ra-
tio Ip/I; increases from 0.083 for pristine to 0.118
for the COOH functionalized. In MWNTSs shown
in Fig. 5, the intensity ratio Ip/lg increases from
0.541 for pristine to 0.974 for the COOH function-
alized.

This shows that the intensity ratio of func-
tionalized MWNTs is greater than in the pris-
tine MWNTs. This is due to oxygenated func-
tional groups introduced onto the sidewalls and
the end walls of the tubes. Furthermore, the dif-
ference in the ratio Ip/Ig for MWNTSs is higher
than for SWNTs. This shows that more oxygenated
functional groups are introduced onto the side-
walls of MWNTs than on the sidewalls of SWNTs.
The attached chemical functional groups can per-
form as either an electron acceptor or a donor and
it makes possible to transfer charge with nanotubes.
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Figure 3. RBM Raman spectra of pristine (a) and SWNTs (COOH) (b) for laser excitation line 488 nm.
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Figure 4. Raman spectra of pristine (a) and SWNTs (COOH) (b) for laser excitation line 488 nm.
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Figure 5. Raman spectra of pristine (a) and MWNTs (COOH) (b) for laser excitation line 488 nm.
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The increase in the D-band intensity may be at-
tributed to the sp> carbons present in the CNTs af-
ter functionalization. In pristine MWNTs, the peak
at ~ 1566 cm~! in the G band region, related to
metallic tubes, is clearly observed in Fig. 5. But
this peak is no longer observed in the spectrum of
the tubes after functionalization due to the loss of
metallic tubes. Our result is in agreement with the
published reports [30, 31].

4. Conclusions

Pristine CNTs were functionalized by carboxyl
group (COOH) through chemical route and charac-
terized by Raman spectroscopic analysis. The vi-
brational modes like RBM, D-and G-mode were
observed in pristine as well as functionalized sam-
ples. The analysis of RBM spectra showed that
the diameter of SWNTs changed after chemical
functionalization. It was observed that the ratio of
Ip/Ig of functionalized CNTs is greater than in the
pristine CNTs. The shift of D- and G-mode con-
firmed the attachment of the functional group to
the sidewalls of the tubes and charge transfer from
the functional group. It was observed that there
were more defects in the MWNTs compared to the
SWNTs. The increase in the D-band intensity af-
ter functionalization can be attributed to the car-
bon atoms excited from sp? to sp> hybridization.
The results of this study show that the diameter of
SWNTs changes after acid treatment and the multi-
wall carbon nanotubes can be easier functionalized
than the single-wall carbon nanotubes under the
same chemical and physical conditions.
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