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The properties of functionalized single-walled carbon nanotube (f-SWCNT) supernatant samples obtained through steps of acid
oxidation—centrifugation—decantation were characterized by spectroscopic tools. Fourier transform IR spectroscopy provided evi-
dence for the chemical and structural variations generated on the f~SWCNTSs within each supernatant sample. The results from
UV-visible near-IR spectroscopy revealed that the density difference of the carbonaceous impurity with functional groups on the
f-SWCNTs contributed to the attenuation of electrical conductivity. In the Raman results, the shift of frequency in the radial
breathing mode (RBM) was associated with an increase in diameter of the f-SWCNTs and a decrease in RBM intensity was
attributed to the depletion of valence band electrons. The redshift of the tangential mode indicates the reduction in the bandgaps

of the f-SWCNTSs by the decrease in carbonaceous impurity.
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Single-walled carbon nanotubes (SWCNTSs) have been perceived
as an attractive material due to their excellent electrical, thermal,
and mechanical properties. Recently, research on SWCNTSs has been
carried out in various fields from basic research to industrial
applications.l’2 For example, SWCNTs have been used as reinforc-
ing elements for composite materials.* Some researchers have de-
voted their attention to developing green technology such as solar
cell and h?/drogen and energy storages using SWCNTs as raw
materials.” > The transport studies of SWCNTs have been attempted
for nanosized electronic systems.13'16 In addition to the above re-
search issues, the research field for potential applications of
SWCNTs includes gas and flow sensors, electromechanical devices,
and nanobiosensors.'>* However, despite this extensive research,
several technical hurdles such as high cost, selectively separating the
nanotubes, solubility, difficulties in assembly, etc., still remain. To
overcome these barriers, effective methods have also been suggested
by many credible researchers. > 2®

Among these effective methods, the oxidation of carbon nano-
tubes by strong acids and other oxidizing agents is regarded as a
basic condition for the realization of vast potential applications and
is treated as an important issue in the area of physical and chemical
properties of carbon nanotubes (CNTSs). Through the oxidation pro-
cess by strong acids, the CNTs have experienced changes in length,
defect generation, and so on. In addition, the CNTs are functional-
ized by a high density of oxygen-containing groups, mainly car-
boxyl (COOH) groups. These oxidation products formed in the oxi-
dation process not only affect the structural stabilities and electronic
properties of functionalized CNTs but can also determine the main
properties of their potential applications.zg’33 For instance, the ex-
perimental results measured by Shao et al. showed that the oxidation
product called oxidation debris acts as a shielding material for the
nanotube walls. In addition, Shao’s group mentioned that its re-
moval should be considered before doing any chemical treatment.”’
Therefore, this paper tries to verify the interaction between oxidized
SWCNTs and oxidation products for applications of oxidized
SWCNTs as nanosized building blocks with a specific functional
group. The samples for measurement were prepared in three steps
and were characterized by optical spectroscopies. The results show
that the presence of the oxidation product is a significant parameter
in the electronic structures of oxidized SWCNTs.

* E-mail: kaiphy @kist.re.kr

Experimental

The SWCNTs produced by the arc-discharge method (ILJIN
Nanotec. Co. Ltd., Korea) were used for the experiments, and their
mean diameter and length were estimated to be 1.4 nm and
5-20 pm, respectively. The dispersion of SWCNTs was accom-
plished by a mixture of two strong acids. The SWCNTs (10 mg)
were suspended in 40 mL of a mixture of nitric and sulfuric acids
with a volume ratio of 1:3.***> The mixture was stirred for 48 h at
room temperature and sonicated for 10 h using a Branson water bath
sonicator (40 kHz, 185 W). This reaction mixture was diluted with
200 mL of distilled water. The diluted solution was filtered through
a 0.2 pm pore size Millipore filter membrane under vacuum with
an aspirator. The residue formed on the filter membrane was repeat-
edly washed using 10 mM NaOH solution and distilled water until
the pH of the filtrates was 7. The residue mat was immersed in
distilled water and sonicated for 30 min to separate the mat from the
filter. Subsequently, stirring was continued for 30 min at room tem-
perature. As a result, a stable and homogeneous SWCNT suspension
was obtained.

The centrifugal process was applied to separate the elements of
the SWCNT suspension. The prepared SWCNT suspension was dis-
tributed into 1.5 mL microcentrifuge tubes for centrifugation. The
microcentrifuge tubes were centrifuged at 15,000 rpm for 10 h at
4°C. The supernatants formed in the microcentrifuge tubes were
extracted using two decanting methods and were collected into the
sample bottles. The decanting methods were denoted as method A
and method B. The samples prepared by the decanting methods A
and B were denoted as group I and group II, respectively. After the
removal of the supernatant, the sediments were resuspended in
deionized water and the centrifugal process was again carried out.
The experimental process developed as the dispersion—
centrifugation—decantation cycle was repeated four times at 90 min
intervals (Fig. 1 and Table I).

The characterization of each sample was developed using a Fou-
rier transform infrared spectroscope (FTIR, Thermo Nicolet 6700,
Nicolet Almega FTIR spectrometer), an ultraviolet-visible near-
infrared (UV-VIS-NIR) spectroscope (Varian Cary 5000 spectropho-
tometer), and a Raman spectroscope with an excitation wavelength
of 532 nm and 25 mW laser power (Thermo Nicolet, Almega XR,
dispersive Raman spectrometer).

Results and Discussion

FTIR— The FTIR measurements were carried out to understand
both the chemical and the IR vibrational features of the acid-treated
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Figure 1. (Color online) Schematic of the dispersion—centrifugation—
decantation cycles containing two extraction methods used in the decantation
step. (a) Method A and (b) method B.

SWCNTs contained in the samples produced by methods A and B.
The FTIR spectra of each sample are shown in Fig. 2a and b. These
results did not indicate any obvious difference from the comparisons
drawn between group I and group II.

The main characteristics of the FTIR absorption bands were ob-
served around 15001750 and 3000-3500 cm™!. For convenience,
the former is denoted as IR-a and the latter is denoted as IR-b. IR-a
with a peak at 1630 cm™! as a point of inflection displays an asym-
metric shape. The asymmetric profile of the band at 1630 cm™!
reveals the presence of anionic carboxylates and this peak was also
assigned to the C=O0 stretching mode of carbonylic moiety.36 Typi-
cally, the peak at 1630 cm™' is detected as a very weak signal in
perfect SWCNTs because of the symmetry of the dipole
moment.*”° Furthermore, this peak corresponded to the C=C
stretching mode of SWCNT graphitic layers near the modified sites,
which is IR-activated by extensive sidewall functionalization.**4*4!
From these facts, it is evident that the peak at 1630 cm™' existed by
the functionalization of SWCNTs.

The SWCNTs used in this paper were oxidized by the nitric and
sulfuric acid mixture. Through the oxidation, the surface of
SWCNTs was covered with the oxidation impurity such as carboxy-
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Figure 2. (Color online) The FTIR results of oxidized SWCNT supernatant
samples. (a) Method A and (b) method B.

lic defects, small carbonaceous impurityfu’44 With regard to the as-
pects of electrical properties of SWCNTs, the oxidized SWCNTs
obtained b}/ the nitric and sulfuric acids are dominated with hole
carriers.*** These changes mentioned until now originated from the
functionalization. Considering together the chemical and electrical
changes, the peak at 1630 cm™' can be regarded as a feature of

Table 1. Centrifugal conditions for obtaining the samples used in the experiments.

Method A

Samples I-frl I-fr2

I-fr3 I-frd

Centrifugal condition 15 k rpm, 10 h

From the top of
the solution

From the top of
the solution

Sample pickup

15 k rpm, 11 h 30 min

15 k rpm, 13 h 15 k rpm, 14 h 30 min 0.192 mg/mL
SWCNT solution
From the top of Starting material

the solution

From the top of
the solution

Method B

Samples II-fr1 1I-fr2

1I-fr3 1I-fr4

Centrifugal condition 15 k rpm, 10 h

Sample pickup Without the precipitation

of the solution of the solution

15 k rpm, 11 h 30 min

Without the precipitation

15 k rpm, 13 h 15 k rpm, 14 h 30 min 0.192 mg/mL
SWCNT solution
Without the precipitation  Starting material

of the solution

Without the precipitation
of the solution
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carboxylic defects and hole carriers existing on the graphitic layer of S T T T T T T
functionalized single-walled carbon nanotubes (f-SWCNTs) in each 7L 7::2
sample. | —— 3

In the second band denoted as IR-b, the absorption spectra were 6L || :;:';ip“aﬁon
measured as an asymmetric broad band. This asymmetric broad IR starting material
band is estlmated to be due to the presence of water within the § 5_' \ Sy ]
samples ? The stretching mode of the —OH group of water is ob- 8 4L M i
served with a strong broad band at 3400 cm™". The other possible 'g n-plasmon ‘
reason is related to the —-COOH group. This substituent in water 23 \-
reveals the asymmetric band of the —OH stretching mode of the 5 r S,
—COOH group at 3400 cm™!. Finally, on the basis of FTIR results, i ]
it can be concluded that the carboxyl-terminated SWCNTs are pre- 1k 4

sented together with the feature of carboxylic defects and carboxy-
lated carbonaceous impurity.

200 400 600 800 1000 1200 1400 1600
UV-VIS-NIR spectra.— The UV-VIS-NIR spectroscopy was at- (a) Wavelength (nm)

tempted to know the variation in the composition of the pristine

arc-discharge SWCNTSs generated after the acid treatment. This op-

tical measurement was also done to observe the modification in the

electronic structure of f-SWCNTs in each sample. The absorption

spectra from sample groups I a;ld 11 are depicted in Fig. 3a and b, 045 | ‘

0.20 F T T T T
l \n-plasmnn

and Fig. 3c and d, respectively.

Generally, the UV-VIS-NIR absorption spectrum of the arc-
discharge SWCNTs consists of four bands. These four absorption
bands are divided into a m-plasmon (200-300 nm), the first metallic
interband transition (M;; = 590-765 nm), and the first (S ‘
=~ 1240-2100 nm) and the second (S,, = 760-1250 nm) semicon- 0.05 | | AL\
ducting interband transitions.” In contrast, the optical absorption NS —— it
spectra (Fig. 3a and c) are made up of three bands. The reason is that A B P -
the M, interband transition disappeared because of the selective 000f | . ‘T'j‘I ) —
reactivity between metagliich SWCNTs and mixed acids, as described 200 200 600 800 1000 1200
in the associated paper.” (b) Wavelength (nm)

Based on the absorption properties of arc-discharge SWCNTs,
the S;; and S,, interband transitions (Fig. 3a) are shifted to the right ' ' ' ' ' — :
relative to those of the arc-discharge SWCNTs. The S;; interband 25T 12 .
transition is shifted from 1240-2100 to 1350-1600 nm, and the S,, —aun
interband transition is shifted from 760-1250 to 800-1350 nm. 20 II-precipitation ||
These results are due to the modulation in the electronic structure of " g e
the pristine arc-discharge SWCNTs after the oxidation reaction by
acid treatment.

Figure 3b shows the enlarged image of the m-plasmon region
depicted in Fig. 3a. This result reveals that the absorption intensity
of each sample was reduced by repeating the experiments. The ori- =
gin of the peaks located at 200-300 nm (Fig. 3b) is attributed to 05
carbonaceous impurities such as small graphite particles, vacancy, b_/ —~
and carboxyl group. The position of these peaks is defined as the 00| [= & i
m-plasmon frequency of carbonaceous impurities. L L L L . : L ;

Meanwhile, the background under these peaks is associated with (© 200 400 600 w;\‘,’;’,en;{’,? (;nm;zoo 1400 1600
the - plasmon oscillation between carbonaceous impurities and
SWCNTSs.*® The interaction of these materials was estimated to form 020 F
the high energy absorption background. %% Moreover, the important
point is that the large proportion of the high energy absorption back-
ground of these peaks depends on the carbonaceous impurities.ss’57 015 -
Accordingly, the results of Fig. 3b proves that the profile changes of
the w-plasmon peak were caused by the decrease in interaction be-
tween carbonaceous impurities and the defective SWCNTs.

As with the results of group II (Fig. 3¢ and d), the absorption
spectra of the m-plasmon displayed an inclination which is not ex-
actly separated into other curves. Therefore, this result implies that
method B for preparing group II is less effective than method A.

Figure 4 shows the absorption spectra normalized to the values
of the absorption at individual ’lT plasmon peaks, based on the opti-
cal spectra illustrated in Fig. 3.7 The source of the m-plasmon peak o0 i
is mostly carbonaceous impurities. 3657 The purpose of normaliza- 200 400 600 800 1000 1200
tion of the m-plasmon peak is to investigate the electronic interband (d) Wavelength(nm)
transitions of the f-SWCNTSs that arise due to the carbonaceous im-

0.10

Absorbance

‘ml -

Absorbance

n-plasmon

0.10 -

Absorbance

0.05 - /A

it Figure 3. (Color online) The UV-VIS-NIR absorption spectra of oxidized
purity. o L . SWCNT supernatant samples. (a) and (b): Method A; (c) and (d): method B.
After the individual normalization of each sample, the obtained

absorption spectra were divided into two parts of the Sq; and S,
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Figure 4. (Color online) The UV-VIS-NIR absorption spectra obtained from
the oxidized SWCNT supernatant samples. (a) Method A and (b) method B.

electronic interband transitions. Some wavelength regions of these
absorption spectra appeared as a flat horizontal line. This result is
related to carbonaceous impurities. The presence of carboxylated
carbonaceous impurities was confirmed by the FTIR results. The
FTIR results revealed that each supernatant sample contained vari-
ous carbon structures, such as C=0, COOH, C-OH moieties, and
f-SWCNTs. The reason for the correlation between the flat spectra
and carbonaceous impurities is that the absorption spectra of the
oxidation derivatives consisting of high order carbon structures ap-
peared as flat absorption spectra. This view is supported by the
results from other groups studying the absorption spectra of the
oxidation _ derivatives comprised of high order carbon
structures.**>%

The first absorption band located in the wavelength range of
800-1350 nm was assigned to the second transition (S,,) between
van Hove singularities (VHSs) of semiconducting single-walled car-
bon nanotubes (s-SWCNTs). This S,, interband transition was used
mainly for the purity evaluation in the UV-VIS-NIR analysis of
SWCNTs. The purity evaluation was achieved through the method
proposed by Itkis et al. as a common method.? In Fig. 4a, the optical
spectra of the S,, transition display an increasing behavior in the
form of separate curves. This result indicates that the purity of each
sample is enhanced along with the repetition of experiments.

The second absorption band (1350-1600 nm) was assigned to the
first transition (S;;) between the vHSs of s-SWCNTs. The absorp-
tion intensity of S;; transitions shows an increasing trend. This be-
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Figure 5. (Color online) The Raman spectra of the oxidized SWCNT super-
natant samples. (a) Method A and (b) method B.

havior is assumed to be due to a variation in the number of charge
carriers, which can cause changes in the electronic structure of
f-SWCNTs within each sample. The reason is that the electronic
structure of SWCNTs can be monitored by the S;; transition.

For the interpretation of results obtained from S;; and S,, tran-
sitions, other research papers were reviewed. Wang and colleagues
described that the electrical conductivity of oxidized SWCNTs can
be enhanced when the density of vacancy-carboxyl pairs (VCPs) on
the surface of oxidized SWCNTs is increased.®’ The term “VCPs”
used in Wang et al.’s paper can be included in the meaning of the
carbonaceous impurity. This implies that the carbonaceous impurity
such as VCPs in s-SWCNTs is associated with the electrical con-
ductivity as charge carriers. According to Pekker et al. % and Geng et
al.,® the intensity of S;; decreased during functionalization. This
implies that the intensity of S;; is inversely proportional to the
amount of carbonaceous impurity yield in the functionalization pro-
cess.

From the above results, the increase in intensity in S;; absorption
with the increase in S, absorption clearly indicates the attenuation
of electrical conductivity. This is consistent with the views ex-
pressed by Shim and Siddons.** Takenobu’s group, who explained
the carrier accumulation and optical property, supports the relevance
of our experimental results.®

Raman spectra: RBM.— The Raman spectra of each sample,
measured in the range of 150-3000 cm™! using the laser excitation
source of 532 nm, are presented in Fig. 5a and b. Peaks labeled with
an asterisk (¥*) come from the Si/SiO, substrate (Fig. 5). As one of
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the features of the Raman spectra (Fig. 5), the radial breathing mode
(RBM) region is illustrated in Fig. 6a-h. The RBM frequencies in
these figures were determined by the Lorentzian fitting method.
After the Lorentzian fit, the Lorentzian-fitted frequencies in Fig.
6a-d shifted to lower frequencies on the basis of the main peaks.
This indicates that the diameter of f-SWCNTs increases gradually.
The reason is that the characterization of the diameter distribution
for the f-SWCNTs is determined with the relation wgpy = (A/dy)
+ B, where wgpy is the RBM frequency shift in cm™!, with d, the
tube diameter in nanometers. The values of constants A and B are

empirically determined, and the reported values for A and B are
224-248 cm™' nm and 8-14 cm™!, respectively.“'74 Especially,
constant B is a scaling constant for intertube interaction, which de-
pends on the bundle diameter.”””"" The results in Fig. 6a-d, showing
an increase in diameter of f~SWCNTs, are consistent with the ex-
perimental result in Ref. 34. In contrast, the results in Fig. 6e-h do
not show the consistency in the RBM frequencies (group II by
method B).

The peak shift in Fig. 6a-d also indicates that the movements are
attributed to the change in the resonance condition by the partial
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removal of the carbonaceous impurities in each sample. In conclu-
sion, the results in Fig. 6a-d indicate that the electronic structure of
f-SWCNTs in each sample is changed by the removal of carbon-
aceous impurities.

Next, the RBM intensities (Fig. 6a-d) have shown a decreasing
trend. However, it is difficult to find appropriate features from the
RBM intensities shown in Fig. 6e-h. The Raman signal intensity is
associated with the laser photon energy (E;), the optical transition
energy (Ej), and the phonon energy (Eph).78 The optical transition
energy Ej; presents the energy separation between the ith vHSs, and
this value is inversely proportional to the tube diameter.”’

It is already confirmed from the shift of RBM frequency that the
diameter of f-SWCNTs increased from I-frl to I-fr4. If this result is
applied to the optical transition energy Ej;, it can be concluded that
the energy separation Ej; of f~SWCNTs within each sample de-
creased.

In addition, the RBM intensity can be determined by the deple-
tion or ﬁlllng of the nanotube electronic bands due to chemical
dopmg

According to the paper of Wang s group, bandgap Ej; is propor-
tional to the density of VCPs.”! The samples mentioned in this paper
were prepared by a centrifugation step for the purpose of controlling
the amount of carbonaceous impurities in each sample. It is con-
firmed that the amount of carbonaceous impurities decreased after
the centrifugation, which implies the decrease in both the density of
VCPs and energy separation E;. The attenuation of energy separa-
tion Ej; presents the loss of resonance enhancement between the ith
vHSs because the Raman spectra of SWCNTs are resonance-
enhanced via the optical transition between vHSs.” This behavior,
which is related to the optical transition energy, occurred when the
electrons in valence band singularities were depleted.” Therefore, it
is concluded that the decrease in the intensity of RBM profiles is
attributed to the depletion of valence band electrons in the electronic
structure of f-SWCNTs contained in each sample.

Tangential mode.— Figure 7 shows the Raman sgeectra of the
tangential mode (G band) obtained for each sample The G band
spectra in Fig. 7a moved toward low frequencies, and this shift
corresponds with the redshift. In Fig. 7b, the tangential modes did
not show the shift. The result in Fig. 7a appeared as the redshift of
the G band and can be regarded as evidence of the reduction of the
f-SWCNTs energy gap by the equation E = hc/\. To elucidate the
reason for the variation in the energy gap, the comparison of relanve
1nten51ty ratios between D, G, and G’ bands were introduced.®” The
comparison of relative intensity changes in the D and G bands
(Ip/lg) of the Raman results is plotted on the left side of Fig. 7c.
The intensity ratio in the D and G’ bands (Ip/Ig/) is plotted on the
right side of Fig. 7¢.3%%2 The ratios of Ip/lg and Ip/lG: decreased
only in group I. This implies that the carbonaceous impurity in
group 1 was gradually reduced by the repetition of decantation.
These behaviors of Ip/lg and Ip/Ig: conform to the decrease in the
density of VCP’s treated in Wang et al.’s paper ! Therefore, from
the redshift in the G band and the changes in relative intensity ratios,
it is possible to presume that the reduction of the energy bandgap
was affected by the decrease in carbonaceous impurity. This rela-
tionship, with respect to the results obtained from Fig. 7, is sup-
ported by Wang et al.’s result that the upward shift of the defect
band is achieved by the decrease in the density of VCPs.®' Accord-
ingly, the interpretation of our results and Wang et al.’s results is
derived from the conclusion that the redshift observed in the tangen-
tial mode indicates the reduction in the bandgaps of f-SWCNTs by
the decrease in carbonaceous impurity.

Conclusions

This study provides insight into the relationship between
f-SWCNTs and the carbonaceous impurity generated in the func-
tionalization process. The characteristics of f-SWCNTs coexisting
with the carbonaceous impurity have been evaluated by FTIR, UV-
VIS-NIR, and Raman spectroscopy. The FTIR data show evidence
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Figure 7. (Color online) The G band Raman spectra of oxidized SWCNT
supernatant samples. (a) Method A, (b) method B, and (c) relative intensity
ratio of I'y/lg and Ip/Ig:.

of chemical and structural variations generated on the f~SWCNTs
within each supernatant sample. The UV-VIS-NIR results indicate
that an increased absorption at the transition between the first pairs
of vHSs is related to the decrease in the electrical conductivity. The
results obtained from Raman measurement verified that the carbon-
aceous impurity is a material associated with the control of the
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bandgap. Our results demonstrate that a quantitative control of car-
bonaceous impurity after acid oxidation is needed for various appli-
cations of f-SWCNTs.
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