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We describe here a new method for labeling the defects of single-walled carbon nanotubes (SWNTs) using
TiO2 nanoparticles as markers. SWNTs were prepared by chemical vapor deposition, and dilute nitric acid
(2.6M) oxidation was used to introduce carboxylic acid groups at the defect sites. Characterization of the
SWNTs using ultrastructural and spectroscopic analyses was carried out following introduction of TiO2

nanoparticles. The results indicated that TiO2 nanoparticles were chemically absorbed at SWNT defect sites
via an ester-type linkage between carboxylic acid groups at the defect sites and hydroxyl groups at the surface
of the TiO2 nanoparticles. In addition, the adsorption behavior of TiO2 nanoparticles on SWNTs was determined
following oxidization of the SWNTs using different processes. The results indicated that gas-phase oxidation
introduces very few defect sites as evidenced by the low adsorption density of TiO2 nanoparticles. Refluxing
in dilute nitric acid can be considered as a mild oxidation for SWNTs, affecting only those defects already
present and causing no further damage. In contrast, sonication of SWNTs in H2SO4/H2O2 increased the incidence
of carboxylic acid groups, not only at original defect sites but also at newly created defect sites along the
walls of SWNTs, resulting in a higher density of TiO2 nanoparticles. In conclusion, labeling of SWNT defect
sites using TiO2 nanoparticles permits direct determination of the density, distribution, and location of the
defects and offers new possibilities for the creation of heterojunctions between nanotubes and nanoparticles
in the future.

Introduction

The potential uses of single-walled carbon nanotubes (SWNTs),
for example, in field emission displays,1,2 nanoelectronic devices
(single-electron transistors3 and field-effect transistors4), polymer
reinforcement,5 and attached to atomic force microscopy (AFM)
tips for high-resolution studies of biological surfaces6 has been
recognized since their discovery in 1993.7 However, the pre-
paration, characterization, and functionalization of SWNTs re-
main complex and difficult. Previous studies have indicated that
any disruptions to the local order of SWNTs would strongly
influence their properties and behaviors. Theoretical calculations
have shown that local structural defects, such as topological
defects, vacancies, impurities, and deformations, substantially
modify the electronic and transport properties of SWNTs.8-11

Defects inevitably arise during the growth of SWNTs12,13 and
may also be introduced after some postsynthesis treatments such
as chemical etching,14 ultrasonication,15 or electron beam irra-
diation.16 To further the usefulness of SWNTs, it is therefore
essential to understand the distribution, density, and nature of
defects on SWNTs, as well as the influence of such defects on
their electronic properties.

However, investigations to determine the density, distribution,
and location of defects on SWNTs are still in their infancy due
to lack of direct and reliable methods to label defect sites. Pre-
vious attempts have been made to locate defects on nanotubes
using high-resolution TEM,17 STM,18 chemical titration,19 and
mid-IR spectroscopy.20 Using chemical titration, Smally et al.19

suggested that∼5% of the carbon atoms in SWNTs were located

at defect sites. Similar results were reported by Haddon et al.,20

using solution phase mid-IR spectroscopy. However, methods
such as these provide only an average measure of the defect
density in bulk samples. A more recent work by Fan et al.21

used a simple technique based on the formation of Se nano-
particles on the tubes upon exposure to hydrogen selenide (H2-
Se) under ambient conditions to locate the defects on SWNTs
which offered the advantage of a more specific characterization
of defect density.

Functionalization of carbon nanotubes by chemical oxidation
using H2SO4/HNO3, H2SO4/H2O2, HNO3, O3, KMnO4, OsO4,
and RuO4 has opened up new opportunities for carbon nanotube
chemistry19,22-27 and has added advantage of being able to both
modify and study nanotube properties in solution. Chemical
oxidation generally results in the production of carboxylic groups
at the defect sites located at the ends and/or the side walls of
the nanotubes because of the different chemical reactivity
between perfect structure and defects. In the present study, we
have developed a new method for labeling defects on SWNTs
using TiO2 nanoparticles as markers. TiO2 nanoparticles were
chosen based upon the reported chemical adsorption of car-
boxylic acid groups onto titanium dioxide surfaces via the
formation of ester-like linkages28,29 as used in solar photocon-
version systems.30-33 In addition, TiO2 nanoparticles can be
readily located using AFM or SEM, and the labeling process
itself is relatively rapid and simple compared with other
methods.19,20 This new approach therefore permits the direct
observation of the density, distribution, and location of SWNT
defects. Using this method, we have been able to investigate
the location of TiO2 nanoparticles on SWNTs functionalized
using different oxidation processes to further our understanding
of the mechanism of oxidation of SWNTs.
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Experimental Section

TiO2 nanoparticles were synthesized by adding 25 mL of
tetrabutyl titanate dropwise to 300 mL of HNO3 solution (pH
) 1) while vigorously stirring. The solution was then incubated
at 80°C for 8 h with continued stirring. After leaving it to settle
at room temperature for 7 days, a stable colloidal dispersion of
TiO2 was obtained.34

SWNTs were produced using the CVD method, described in
detail elsewhere.35 Using CVD methodology, the resulting
impurities in the as-prepared SWNTs product were mainly
amorphous carbon and catalyst particles. The catalyst (support
and metal particles) can be removed by sonicating in 37 wt %
hydrochloric acid for 30 min, leaving in the acid overnight, and
then diluting with deionized water followed by filtration through
φ0.1µm Supor membrane disk filters (Gelman). Figure 1 shows
a typical SEM image of the purified SWNTs prepared using
this method. Abundant rope-like nanotube networks can be
observed, with little evidence of contaminants, indicating that
the product consists of relatively high-purity SWNTs.

The SWNTs preparations were then treated with one of three
different oxidation processes: refluxing SWNTs in 2.6 M
HNO3 for 30 h, gas-phase oxidation in air at 500°C for 1 h,
and sonicating SWNTs in H2SO4/H2O2 (4:1 by volume) for 0.5
h. Each of these methods leads to the formation of oxygen-
containing groups at defect sites of SWNTs to a greater or
lesser extent. The oxidized SWNTs were then dispersed in
dimethylformamine (DMF), forming a pale, brown-colored

suspension. Scheme 1 shows an overview of the basic meth-
odology for locating defects on SWNTs using TiO2 nanopar-
ticles as markers. The defect sites on SWNTs are preferentially
oxidized to terminal carboxylic acid groups because they are
more reactive than perfect sites.36 A certain amount of TiO2
nanoparticles was then added into the suspension of SWNTs,
and the mixture was ultrasonicated for 30 min before being
deposited on a Si wafer.

Figure 1. Typical SEM image of the purified SWNTs.

Figure 2. FTIR spectra of the SWNTs before (a) and after refluxing
in 2.6 M HNO3 (b). Figure 3. Typical tapping mode AFM images of the location of TiO2

nanoparticles on SWNTs before (a) and after refluxing in 2.6 M HNO3

(b).

SCHEME 1: Schematic Illustration of the Basic
Methodology for Labeling the Defects on SWNTs Using
TiO2 Nanoparticles as Markers
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The morphology and microstructure of the SWNTs were
characterized using AFM and SEM. AFM characterization was
performed on a NanoscopeIII (Digital Instrument, USA) in
tapping mode. SEM was conducted at 25 kV using a Hitachi
H-800 field-emission instrument. Raman characterization was
conducted on a Renishaw System 1000 Raman imaging system
equipped with a 632.8 nm, 25 mW He-Ne laser. The IR spectra
were obtained by using a Nicolet AVATAR-360 Fourier
transform infrared (FTIR) spectrometer.

Results and Discussion

Figure 2 shows the IR spectra of the SWNTs before (a) and
after (b) refluxing in 2.6 M HNO3. Both of the spectra show a
peak at 1589 cm-1, corresponding to the IR active phonon mode
of SWNTs.20 After refluxing in 2.6 M HNO3, a new peak around
1720 cm-1 was apparent, corresponding to the stretch mode of
carboxylic acid groups24. This indicated that carboxylic acid
groups had formed at both of the ends and sidewalls of the
SWNTs after refluxing in HNO3.

Figure 3 shows typical tapping mode AFM images of the
SWNTs following attachment of TiO2 nanoparticles before (a)
and after (b) refluxing in 2.6 M HNO3. No TiO2 nanoparticles
were detected on SWNTs before refluxing (Figure 3a). In
contrast, TiO2 nanoparticles appeared to have attached selec-
tively to SWNT surfaces after refluxing, with nonequal spacing
along the tubes or thin bundles. Based upon measurements from
the AFM section profiles, the oxidized SWNTs present as
individual tubes and thin tube bundles (2-4 nm in height). The

TiO2 nanoparticles are∼15 nm in height with well-defined
dispersion (Figure 3b). TiO2 nanoparticles tended to be pre-
ferentially attached to the ends, the curves, and the connecting
regions of the SWNTs, where there is the larger concentration
of carboxylic acid groups and, thus, the higher possibility of
ester-like formation (Figures 3b and 4a). A closer inspection
of higher magnification AFM images revealed that the TiO2

nanoparticles were in intimate contact with the SWNT surface,
positioned sometimes on the nanotube sides and sometimes on
top of the tubes (Figure 4b). In addition (see Figure 4c), the
density of TiO2 nanoparticles on the thicker bundles of SWNTs
was greater than that on the thinner or individual tubes. This is
commensurate with the expectation that the number of defects/
carboxylic acid groups on the thicker bundles is greater than
that on the thinner bundles because of the aggregate effect.37

Figure 4d shows the internanoparticle distances from a large
number of AFM images. This distance is interpreted as reflecting
the chemical defect density on oxidized SWNTs and should
therefore represent the maximum distance over which ballistic
electrical transport is possible.21 The result demonstrates that
center-to-center separations of TiO2 nanoparticles absorbed
chemically on oxidized SWNTs fall in the range between 100
and 800 nm, with an average distance of∼392 nm. This is in
close agreement with previous experimentally derived values
based on phase coherence length of 150-750 nm.38,39

To characterize the interaction between oxidized SWNTs and
TiO2 nanoparticles, FTIR spectroscopy was used. Figure 5
shows FTIR spectra of TiO2 nanoparticles (a), oxidized SWNTs

Figure 4. AFM images of the location of TiO2 nanoparticles on SWNTs after refluxing in 2.6 M HNO3 (a), of a magnified view (b), of the location
of TiO2 nanoparticles on the thicker bundles of SWNTs (c), and the corresponding histogram of the TiO2 nanoparticle distances (d). The solid lines
correspond to Gaussian fits.
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(following refluxing in HNO3) (b), and after adsorption of the
oxidized SWNTs with TiO2 nanoparticles (c). The spectrum of
pure TiO2 nanoparticles showed strong absorbance due to
hydroxyl groups around 3400 cm-1. A peak at 1635 cm-1 was
also observed, which is probably due to the adsorption of
undecomposed tetrabutyl titanate. Comparing the spectrum for
oxidized SWNTs with that obtained for the oxidized SWNTs
following adsorption with TiO2 nanoparticles revealed that the
CdO stretching mode of the carboxylic acid groups had shifted
from 1720 to 1741 cm-1. This shift to higher frequency can be
explained by the adsorption and binding of oxidized SWNTs
onto the TiO2 nanoparticle surfaces. Furthermore, it is important
to note that the peaks at 3400 and 1635 cm-1 are present in
both of the spectra of pure TiO2 nanoparticles and TiO2
nanoparticles absorbed to oxidized SWNTs. The result presents
strong evidence for chemical adsorption between surface hy-
droxyl groups of TiO2 nanoparticles and carboxylic acid groups
contained on oxidized SWNTs via the formation of ester-like
binding as predicted.

To further demonstrate the capabilities of this method, we
investigated the adsorption of TiO2 nanoparticles on SWNTs
following treatment with different oxidizing processes (see
experimental section). Figure 6a shows the SEM image of TiO2

nanoparticles located on gas phase oxidized SWNTs. Nanopar-
ticles were rarely absorbed on to oxidized SWNTs prepared by
this method. The original SWNTs can be seen to have been
reduced in length and are relatively “clean” implying that the
defect sites on SWNTs (as well as any amorphous carbon
impurities) have been eliminated by the gas oxidation process,
presumably because defect sites would be more chemically
reactive compared with nondefect sites.21 Further support is
provided from Raman spectra. Figure 6b shows the Raman
spectra of SWNTs before and after gas-phase oxidation in air
at 500°C for 1 h. Typical SWNT features are observed for the
tangential and radial modes near 1590 and 189 cm-1, respec-
tively.40 The intensity of the peak at 1350 cm-1, which is
assigned to the amorphous carbon or fine graphitic particles,
was greatly reduced after gas-phase oxidation, indicating that
the product consists of high-purity SWNTs. In this regard, the
gas oxidation process may be targeted as an effective strategy
for the efficient cutting and purification of SWNTs.

Figure 7a shows the SEM image of TiO2 nanoparticles located
on SWNTs previously oxidized by sonication in H2SO4/H2O2.
The density of absorbed nanoparticles is obviously higher than

that on refluxed SWNTs and gas phase oxidized SWNTs,
indicating a greater number of defects present on the oxidized
tubes. The tubes were also substantially shortened after the
sonication process. Furthermore, statistical analysis revealed that
interparticle separation on SWNTs prepared using the sonication
method fell in the range between 50 and 500 nm, with an
average distance of∼103 nm (Figure 7b), clearly demonstrating
greater particle density. It is therefore possible that oxidation
of SWNTs by sonication in H2SO4/H2O2 generates a greater
number of carboxylic acid groups,41not only at defect sites
already present in the tubes but also at newly created defect
sites along the walls of SWNTs induced by the sonication
process.42 However, the SWNTs treated with H2SO4/H2O2 tend
to form bundles during the sonication process (see inset of
Figure 7a), resulting in the higher density of nanoparticles. This
may be attributed to the hydrogen bonding between the
carboxylic acid groups of the oxidized SWNTs. Given these
results, refluxing in 2.6 M HNO3 can be considered as a mild
oxidation compared with sonication in H2SO4/H2O2. In other
words, refluxing in 2.6 M HNO3 merely oxidized defects already
present in SWNTs and caused no severe damage to SWNTs.

FT-IR spectra provide further evidence for the differences
between the oxidation processes used here. Figure 8 shows FTIR
spectra of SWNTs treated with the different oxidiation processes.
All the spectra show a peak at 1589 cm-1, corresponding to
the IR active phonon mode of SWNTs irrespective of the
oxidation procedure used.20 The intensity of the peak around

Figure 5. FTIR spectra of TiO2 nanoparticles (a), oxidized SWNTs
(refluxing in HNO3) before (b) and after absorbed with TiO2 nanopar-
ticles (c).

Figure 6. SEM image of the location of TiO2 nanoparticles on gas-
phase oxidation SWNTs (a; inset shows a magnified view) and the
Raman spectra of SWNTs before and after gas-phase oxidation in air
at 500°C for 1 h (b).
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1720 cm-1 is assigned to the stretch mode of carboxylic acid
groups.24 However, it was found to vary according to the
oxidation process used. Sonication in H2SO4/H2O2 created the
most carboxylic acid groups on SWNTs (Figure 8c). In contrast,
gas phase oxidation produced hardly any carboxylic acid groups
(Figure 8a). This result is in close agreement with the adsorption

behavior of TiO2 nanoparticles on the oxidized SWNTs. The
greater the number of carboxylic acid groups contained on
SWNTs, the greater the chemical adsorption of TiO2 nanopar-
ticles. However, IR measurements can only provide a macro-
scopic estimate of the defect density on SWNTs. By using the
proposed nanoparticle method, the density, distribution, and
ultrastructural location of the defects on SWNTs can be directly
observed. Furthermore, TiO2 semiconductor nanocrystals are
known as quantum dots whose intrinsic properties are electroni-
cally configurable.43 Once oxidized SWNTs have been reacted
with them to form nanoscale heterojunctions, and such novel
nanostructures will have the potential for tailoring the electronic
properties of SWNTs and, subsequently, their application in
nanoelectronic devices.

Conclusion

We have demonstrated that well-defined TiO2 nanoparticles
can be used to label defect sites on oxidized SWNTs via
chemical adsorption between carboxylic acid groups of SWNTs
and surface hydroxyl groups on the titanium dioxide nanopar-
ticles via the formation of ester-like bonds. This method is
potentially useful not only as a rapid tool to reveal the defect
location on SWNTs but also to directly determine defect density.
Moreover, the strategy is readily extended to generate a
heterojunction incorporating nanotubes and nanoparticles. Fur-
ther studies are currently underway to examine the effect of
such heterojunctions on the electronic properties of SWNTs.
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