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SINGLE-WALL CARBON NANOTUBES PURIFICATION AND
OXIDATION

Constantin-Claudiu CIOBOTARU', Celina Maria DAMIAN?, Horia IOVU?

A study to optimize the purification and oxidation reactions of single-wall
carbon nanotubes (SWCNT) was realized. The main purpose of this study was the
removal of amorphous carbon and metal particles resulted from carbon nanotubes
synthesis and the oxidation of these purified nanotubes for grafting carboxyl
functional groups on their surface. Purified and oxidized nanotubes were extensively
characterized by analysis of Fourier transform infrared spectroscopy in order to
demonstrate the purification and oxidation, Raman spectroscopy to quantify the
defects introduced in the electronic structure, X-ray photoelectrons spectroscopy for
surface elemental composition, thermogravimetric analysis, scanning electron
microscopy and transmission electron microscopy.
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1. Introduction

Since they were discovered by Iijima in 1991 [1], single wall carbon
nanotubes (SWCNTs) have been studied by many researchers. SWCNTs have a
wide range of properties such as mechanical, electronic, thermal, optical,
pharmaceutical properties and very large surface area [2-6]. Even if SWCNTs
have a lot of good properties, samples from commercial sources usually contain
several impurities, especially amorphous carbon and metal particles, like Co or
Mo, derived from the catalysts used for their synthesis [7]. The purification
process can be achieved by several different methods. These are classified as
oxidative methods which can be made in liquid phase or gas phase, chemical
functionalization protocols, filtration and chromatography techniques, and
microwave heating methods [8].

T. Suzuki et al. [9] described a method for SWCNTSs purification which
involves the use of high-pressure micro reactor. In this purification process the
SWCNTs are mixed with distillated water and after that the liquid reacts with
H,0, in a quart container at different temperatures.
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Guo W. et al. have reported a procedure for SWCNTSs purification in four-
step [10]. First they made an oxidation process involving the use of HNO3;/HCl
mixture. The second step was the freeze-drying, and the third step was the steam
treatment, as the frozen mixture was heated and then the dissolution in HC1 6M
was done.

Rosario-Castro B. [7] et al. described an oxidation process which requires
the use of an acid mixture made by concentrated H,SO4 and HNO; (3:1 molar
ratio). Thus the purified SWCNTs were suspended in this mixture and then
sonicated and finally diluted in water. The diluted suspension was centrifuged
several times, washed with distillated water, filtered and dried overnight under
vacuum.

The aim of this study was to elaborate a cleaning procedure for SWCNTSs
that provides additional removal of amorphous carbon and metal catalyst particles
used for the growth of SWCNTs from commercial source and the oxidation of
these purified SWCNTs. The purification process is similar to that suggested by
Karatepe et al. [11] with the difference that this method is carried out at different
temperatures without using of H,O,. The method was optimized by monitoring
the Mo content at different times of purification.

2. Materials and methods

2.1 Materials

Single-wall carbon nanotubes (SWCNTs) were purchased from Sigma
Aldrich having chirality 6.5, more than 90% carbon basis, more than 77% carbon
as SWCNTs, and diameter range between 0.7 and 0.9, produced by CoMoCAT®
Catalytic Chemical Vapor Deposition (CVD) Method. Purification was made
using a solution of hydrochloric acid 3M (Sigma-Aldrich: Fluka-25%). In order to
remove the hydrochloric acid, samples were washed with ultra-pure water from
Millipore Milli-DI Purification Pack device and filtered on 0.22 pm pore PTFE
membrane.

Oxidation was made using a mixture of H,SO4 purchased form Sigma
Aldrich having concentration 95-98% and HNOj received from Fisher Chemicals
with concentration 70% and density 1.42 g/cm’.

2.2.  Methods

2.2.1. SWCNTSs purification

The main reason for purification was the removal of amorphous carbon
and the metals catalyst particles used to the growth of SWCNTs. Thus 100 mg of
SWCNTs were milled in order to decrease agglomerated dimensions and then 100
ml solution 3M of hydrochloric acid was added. The mixture was heated at 70 °C
in silicone oil bath and kept under a stirring rate of 500 rpm for 24 h. Then other
samples were subjected to the same purification method, but for 48 h, for 72 h,
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respectively. After that the mixture was filtered on 0.22 um pore PTFE membrane
and washed with ultra-pure water until the pH reached neutral value. Purified
carbon nanotubes were dried under vacuum for 48 h at room temperature (see Fig

1.

2.2.2. SWCNTs oxidation

Because of their very small size, SWCNTSs can be used as carriers. For that
reason the carbon nanotubes should be first functionalized. Thus 100 mg of
SWCNTs purified as described above were milled in order to decrease
agglomerated particles and then 80 ml of mixture of sulfuric acid and nitric acid
(3:1 molar ratio) were added. The mixture was heated at 70 °C in silicone oil bath
and kept under stirring rate of ~400 rpm for 4 hours. Then the mixture was cooled
and ultra-pure water was added. Next the mixture was filtered to remove the acid
residues. After filtration ultra-pure water was added and the mixture was
sonicated in a sonication bath for 90 min. Then the mixture was filtered, washed
with ultra-pure water, in order to reach a neutral pH, and dried in a vacuum oven
for 48h at room temperature (see Fig. 1).

Metal catalyst particle

SWCNT Purified SWCNT SWCNT-COOH
Fig. 1. SWCNTs purification and oxidation reactions

2.3. Advanced characterization

Fourier transform infrared spectroscopy (FTIR) spectra of SWNCTs,
purified SWCNTs and oxidized SWCNTs were registered on an Bruker Vertex 70
equipment in 400 + 4000 cm™ range with 4 cm™' resolution and 32 scans. The
samples were analyzed in KBr pellets.

Raman spectra of SWNCTs, purified SWCNTs and oxidized SWCNTs
were recorded on a DXR Raman Microscope (Thermo Scientific) by 532 nm laser
line. The 10x objective was used to focus the Raman microscope.
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Thermogravimetry analysis (TGA) of the samples was done on Q500 TA
equipment, using nitrogen atmosphere from 20 °C to 900 °C with 10 °C/min
heating rate.

The X-ray photoelectron spectroscopy (XPS) spectra were recorded on a
Thermo Scientific K-Alpha equipment, fully integrated, with an aluminum anode
monochromatic source. Survey scans (0-1200 eV) were performed to identify
constitutive elements.

Study by the transmitted electron microscopy was performed using
transmission electron microscopy of high resolution (HRTEM) G2 F30 Tecnai
type with linear resolution of 1 A and a punctual resolution of 1.4 A. Small
amounts of powder were immersed in water or tetrahydrofuran (THF), the
suspension was homogenized by ultrasonication. Using a copper grid covered
with a layer (with holes) very thin carbon fine particles were collected from
homogenized suspension. The samples obtained were examined by transmission
electron microscopy in bright field (TEMBF) and transmission -electron
microscopy of high resolution (HRTEM).

Scanning electron microscopy (SEM) was done on a Quanta Inspect F, a
FEI instrument, with a field emission electron gun, 1.2 nm resolution and X-ray
energy dispersive spectrometer having an accelerating voltage of 30kV.

3. Results and discussion.
3.1.  XPS Analysis

From the synthesis of CNTs by CVD process a small amount of catalyst is
remaining in the final commercially available product. Thus, XPS analysis is
useful to monitor the removal of these types of impurities by purification reaction.
XPS spectra presented in Fig. 2 and XPS date from Table 1 show the decrease of
Mo quantity from samples of SWCNTs after purification. It can be shown that the
best result was obtained for purification process at 48 h. An interesting
observation was that, after 72 h purification time, the content of the Mo catalyst
was not lowered, this being explained by the use of different samples, and not the
cumulation of times for the same sample.

Table 1
XPS data for SWCNTSs as-received, SWCNTS purified and SWCNTS oxidized
amples SWCNTs SWCNTs SWCNTs SWCNTs SWCNTs-COOH p48h
p24h p48h p72h

At %

Cls 96.43 95.50 96.09 96.45 79.91

Ols 3.25 3.50 3.78 3.37 18.97
Mo3d 0.32 0.14 0.13 0.18 0

Fls 0 0.86 0 0 1.12
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The best efficiency of purification time was noticed for the 48 h method,
this being considered as optimal purification process in our study.
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Fig. 2. XPS spectra for SWCNTs and SWCNTs purified at 24, 48, and 72 h.
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Fig 3. XPS spectra for: a. SWCNTs; b. SWCNTSs purified at 48h and oxidized

o

The XPS spectra presented in Fig. 3 show the increase of oxygen
concentration from 3.78 % to 18.97 % after oxidation process. This demonstrates
that SWCNTs was successfully oxidized. The presence of Fls in XPS spectra of
SWCNTs is explained by the use of PTFE membranes for filtration process. Also
after oxidation process the amount of Mo3d was reduced to 0 %.
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3.2. FT-IR Analysis
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Fig. 4. FT-IR spectra of SWCNTs (1) and SWCNTS purified at 24 (2), 48 (3), and 72h (4)

FT-IR spectra shown in Fig. 4 correspond to SWCNTSs as-received and
SWCNTs purified at different times: 24, 48 and 72 h. The absorption at 3422 cm’™'
is assigned to the —OH stretching vibration from water absorbed during pellet
preparation. Carbon nanotube synthesis determined the bands at 2911 c¢cm™ and
2841 em™ corresponding to C-H stretching vibration, and the bands at 1715 cm™
and 1560 cm’* assigned to C=O0 stretching vibration [12].
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Fig. 5. FT-IR spectra of SWCNTs (1), SWCNTs purified at 48h (2) and SWCNTs-COOH (3).
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From the purified and oxidized SWCNTs spectra it can be noticed the
appearance of two new peaks at 1717 and 1635 cm™ corresponding to C=0O
stretching vibration, fact which is another proof that SWCNTSs were successfully
oxidized [13-14].

3.3. Raman spectroscopy

Raman spectroscopy is a very useful tool for SWCNTs characterization.
Raman spectra presented in Fig. 6 showed that the purification process led to an
increase of defects on SWCNTs surface. This can also be explained by the
removal of metals derived from catalyst used to the nanotube synthesis. This was
demonstrated by the increase of band from 1300 cm™.

Fig. 6. Raman specta of SWCNTs (1) and SWCNTs purified at 24 (2), 48 (3), and 72 h (4).

Fig. 7 shows that the oxidation process of purified SWCNTs induced the
defect formation on SWOCNTs side-walls, because the D band increased.
Moreover, the band from 2600 cm™ (known as G’ band) disappeared, due to the
extreme oxidation conditions. The band from 265 cm™ also disappeared, as a
result of the presence of acid anions inside the tubes which were inserted during
oxidation process [15-16].
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Fig. 7. Raman spectra of SWCNTs (1), SWCNTs purified at 48h (2) and SWCNTs-COOH (3).

From table 2 it can be seen that Ip/lg ratio is getting higher as the
purification time increases. A possible explanation of these findings can be the
increase of defects number (considered as sp” hybridized C atoms) resulted in the
end cap area of the nanotubes after purification. Compared to literature [11] the
difference between the Ip/Ig ratio of raw SWCNTs and purified SWCNTs is
lower, meaning that the sidewalls of the nanotubes are not affected and the
amount of the amorphous carbon is lower. Besides, the Ip/Ig ratio for oxidized
SWCNTs is much higher than for as-received SWNCTs and SWCNT purified at
different times [15].

Table 2
Raman data for SWNCTs as-received, purified SWCNTSs and oxidized SWCNTSs

Ip XD' Cm_l I Xa, Cm_l ID/IG
Samples
SWCNTS 115.0 1308.3 1556.4 1581.2 0.07
SWCNTS p24h 128.4 1303.5 1501.5 1578.3 0.09
SWCNTS p48h 174.2 1311.0 1679.1 1582.9 0.10
SWCNTS p72h 20.1 1344.8 122.9 1584.7 0.16
SWCNTS-COOH 226.9 1349.6 284.7 1598.4 0.78

3.4.  Thermogravimetric analysis (TGA)

The as-received SWCNTs start to decompose near to 180 °C and continue
with decomposition of amorphous carbon close to 315 °C (Fig. 8) [17]. It can be
seen that the increase of purification time leads to an increase of weight loss. This
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demonstrates that the SWCNTs were purified from the amorphous carbon and
metal particles, like Co or Mo, derived from the catalyst which would not
decomposed in the temperature domain of the analysis.
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Fig. 8. TGA curves of: a) as-received SWCNTs (1) and SWCNTs purified at 24 (2), 48 (3), 72 h
(4); b) as-received SWCNTs (1), SWCNTs purified at 48h (2) and SWCNTs-COOH (3).

Fig. 8 b) shows that TGA curve for SWCNTs-COOH p48h exhibits a
different shape. This is explained by the presence of COOH groups. Therefore,
the decarboxylation and dehydrogenation of —COOH groups introduced by
oxidation process occur between 25-200 °C [16]. Moreover, the weight loss
increases, being explained by the presence of defects on sidewall of SWCNTs
induced by oxidation process.

3.5.  Morphological characterization
The surface morphology of as-received SWCNTs and purified SWCNT at

48h was studied by scanning electron microscopy (Fig. 9) and transmission
electron microscopy (Fig. 10).

Fig. 9. SEM images of: a) as-received SWCNTSs; b) SWCNTs purified at 48h
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a) b)

Fig 10. TEM images of: a) as-received SWCNTs; b) SWCNTs purified at 48h

The comparison of SEM and TEM images from as-received SWCNT and
purified SWNCT could clearly define the differences between before and after the
purification process. It can be observed that the as-received SWCNTs are
agglomerated and include particles of metals used during the synthesis [7].

In the case of purified SWCNT at 48h it can be observed that the
nanotubes are not so crowded and the small black particles representing the metals
used to the SWCNTSs synthesis were removed [18].

4, Conclusions

A study was accomplished in order to optimize the purification reaction of
singlewall carbon nanotubes by treatment with 3M HCI at different times: 24, 48
and 72 h. By using Thermogravimetry analysis, Raman spectroscopy and X-ray
photoelectrons spectroscopy, it was demonstrated that SWCNTSs were purified and
the optimal purificatio time is 48 h.

Compared to literature data, the method described showed lower
amorphous carbon content after purification, and lower sidewall defects, given by
Ip/Ig ratio calculated from Raman spectra

The oxidation of SWCNTs was proved by FTIR spectra which show
distinctive bands assigned to C=O bond. The TGA analysis showed the
decarboxylation of carboxyl groups in the temperature range of 25-200 °C. The
oxidation of SWCNTs was also proved by the increase of O content through
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XPS and by the increase of the defects number of C sp3 type through RAMAN
spectroscopy.
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