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Homogeneous carbon-based materials were prepared for endohedral functionalization
starting from carbon nanotubes (CNT) samples mainly containing double-walled and
very-thin multi-walled CNTs. Comprehensive structural characterization of end-opened
and shortened CNTs, which were prepared under mild oxidative conditions using dilute

aqueous H,0, solutions, is reported. 90% of the 400 measured nanotubes were shorter than

1 um with an average value of about 500 nm. TEM observations have confirmed the short-
ening and opening of the end caps. TGA analysis and Raman spectroscopy showed a
reduced impurity content after the oxidation treatment.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Since the landmark paper by Iijima, multi-walled nanotubes
(MWCNTs) [1] and single-walled nanotubes (SWCNTs) [2,3]
have drawn a great attention from the scientific community
for their great potential in a large number of different techno-
logical fields, such as high-strength composites, [4] photovol-
taic cells, [5-7] electronic devices, [8] hydrogen molecular
storages, [9] and biotechnology [10-13]. In particular, carbon
nanotubes (CNTs) have been proposed as nanometer-scale
scaffolds for DNA recognition and protein biosensors [14—
18], as bioseparators and biocatalysts [19], and as well as bio-
compatible nanocarriers of biologically-active molecules [20-

25]. Thus, CNTs modified with appropriate external and/or
internal appends could be regarded as potential radiotracers
and nanovehicles for both in vitro and in vivo imaging
[26,27]. Despite their great potentials, CNTs have shown some
severe restrictions regarding the manipulation of the raw
materials: first, the hydrophobic properties of the graphene
network are exalted by the high surface area of the nano-
tubes, causing extraordinary inter-tube Van der Waals inter-
actions (and thus very limited solubility of the unmodified
materials in the common organic solvents and aqueous solu-
tions); [28] secondly, pristine samples of CNTs are structurally
very inhomogeneous (i.e., different chirality, length, and
diameter) and they contain large quantities of metallic and
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carbonaceous impurities, which greatly differ by the produc-
tion technology (arc discharge, [3] laser ablation, [29] chemical
vapour deposition, [30] and HiPco processes [31]). Impurity
content and dimensional variance are thus the two major
parameters characterizing the heterogeneity of this material.
The controlled growth of these carbonaceous structures on
solid support has revealed to produce homogeneous CNTs
samples, but its recent development is still limited at the
mg scale.

Two main approaches have been widely investigated so far:
covalent and non-covalent modifications [32]. Amongst, the
common derivatization reactions, oxidative reactions seem
able to reduce the heterogeneity level of the pristine CNTs
and overcome most of the aforesaid limitations. So far, several
oxidation reactions have been used to generate shortened
SWCNTs bearing carboxylic moieties, [33] to remove or reduce
the amount of catalytic and carbonaceous particles adsorbed
onto their sidewall [33-39]. Moreover, various oxidative treat-
ments have been also developed to open the CNTs’ ends by
oxidizing the fullerene-like end tips, generating open-shell
nanotube [40-42]. In order to achieve one or more of these
goals, two main oxidation strategies have been extensively
studied: with liquid or with gaseous reagents under different
combinations of temperature and time. As liquid reagents,
many solutions of HNO3, H,SO,, or H,0, at different concen-
trations, proportions, and mixtures have been used [33,43-
45]. Heat treatments, under different atmospheres (wet and
dry air, CO, and inert gas), have been mainly applied to purify
raw materials [35,41]. The modifications generated onto the
CNT frameworks have been recently rationalized by means
of Raman spectroscopy investigations. Following the magni-
tude of the D-band feature at 1330 cm ™, as the oxidizing con-
ditions get stronger, the number of defects (related to the
presence of sp>-hydridized carbon atoms) proportionally in-
crease, thus affecting the probability of length shortening
[46]. Moreover, comparative study on gas- and liquid-based
oxidative treatments on SWCNTs allowed to conclude that,
unlike liquid-phase reactions, the gas-phase processes prefer-
entially oxidizes the SWCNTs without introducing sidewall
defects [34]. On the basis of high degree of available informa-
tion and the different results obtained for the oxidation of
CNTs, we used mild oxidative conditions to treat CNT samples
containing DWCNTSs and Vt-MWCNTs, in order to see if short-
ened, homogeneous materials end-opened CNTs could be ob-
tained without significant material loss. The structural
properties have been fully characterized via Thermogravimet-
ric analysis (TGA), Raman spectroscopy, low-and high-resolu-
tion Transmission Electron Microscopy (LR- and HR-TEM) and
Atomic Force Microscopy (AFM). In particular, a statistical
analysis of the structural properties, as evaluated from AFM
measurements, shows that 90% of the 400 measured units
were shorter than 1 ym with an average value of about 500 nm.

2. Experimental

2.1. General

Reagents and solvents were purchased reagent grade and
used without further purification; H,O, 30 wt% (PERDRO-

GEN®) was purchased from Riedel de Haen, CNTs and p-CNTs
(purified CNTs), both produced by the Catalytic Carbon Vapor
Deposition (CCVD) process, were purchased from Nanocyl
(respectively, Nanocyl®-2100 and Nanocyl®-2101). Both sam-
ples revealed to contain a considerable amount of Vt-
MWCNTs. In a typical experimental procedure, 100 mg of
CNTs were dispersed in 100 ml of a 15% H,0, solution. The
resulting suspensions were heated at 100°C for 3h under
moderate stirring; afterwards the reaction mixtures were
quickly diluted in 1.5 L of H,0, in order to quench the oxidiz-
ing reaction. The diluted suspensions were then filtered un-
der reduced pressure through Millipore GTTP 0.2 um filter
with the aim of separate the black precipitates (sh-CNTs)
from the transparent acidic solutions. The sh-CNTs on the fil-
ter were washed with 0.5 L of water and with some MeOH to
facilitate their drying. Dried products were dispersed in
50 ml of 2N HCI solutions via sonication (1 min) and then stir-
red at r.t. for 10 min, before being diluted with 50 ml of H,O
and filtered in the same conditions (Millipore GTTP 0.2 pm fil-
ter) as those used before yielding 48.3 mg (starting from 2100
grade) or 66.3 mg (starting from 2101 grade) of sh-CNTs. These
amounts of sh-CNTs were successively placed in an oven at
450 °C under external air purge for 45 min, giving 23.0 and
42.2 mg of 0x-CNTs, respectively.

2.2. Instrumentation and samples preparation for the
analysis

All the thermogravimetric analysis (TGA) were performed
with a TGA Q500 instrument manufactured by TA instru-
ments (Italy), under a N, flow of 50 ml min~" following this
method: equilibration from room temperature to 100 °C in
6 min, isothermal heating at 100 °C for 30 min, then thermal
ramp from 100°C to 1000°C in 90 min (heating rate of
10°Cmin~"). All the TEM images were obtained from the
deposition onto Nickel grids (with carbon layer coating, 200
mesh) of dispersions (approximately 1 mgml~) of pristine-
CNTs (both types), sh-CNTs, and ox-CNTs in 1,2-dichloroben-
zene; these grids were analyzed with a Philips 208 electron
microscope at a 100 kV voltage, and the resulting images were
collected with an AMT high-resolution digital imaging cam-
era. All the high-resolution TEM images were obtained from
the deposition onto lacey C grids of dispersions (approxi-
mately 1mgml™") of ox-DWCNTs in 1,2-dichlorobenzene;
these grids were analyzed with a F. E. I. Tecnai F20 electron
microscope operating at 200 kV equipped with a Schottky type
electron emitter. TM-AFM measurements were carried out in
air at 298 K, using a Nanoscope Illa (Digital instruments Metrol-
ogy Group, USA) instrument, model: MMAFMLN. The tips
used in all measurements were phosphorous-doped silicon
cantilevers (T =20-80nm, L=115.135mm, f,=200-400 kHz,
k=20-80 Nm™?, VEECO, USA) at a resonance frequency of
ca. 316 kHz. 1-2 Drops from dispersions in 1,2-dichloroben-
zene (less than 1 mgml~?) of pristine CNTs (both types), sh-
CNTs, and ox-CNTs were spin-coated (spinning rate:
2000 rpm) on clean Si(111) surfaces; the silicon substrates
were previously cleaned using boiling 1,1,2,ﬁ-tetrachloroeth-
ane for 10 min, copiously rinsed with acetone, then dried with
a N, stream. Micro-Raman measurements were performed
with an inVia Renishaw spectrometer, equipped with a
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633 nm laser source using a 50x objective and power below
1 mW. Samples were prepared pressing them on a KBr disk.
2.3.  Lengths evaluation

The statistical treatment was carried out on samples contain-
ing ox-CNTs. The data files collected with the AFM instru-
mentation were analyzed with WSxM 2.1 (Nanotec
Electronica, Spain) software, in order to generate image files
containing the samples topology. The criteria adopted for
the discrimination between isolated and bundled ox-CNTs
will be discussed below.

2.4.  Statistical analysis

The length values obtained after the AFM characterization
and evaluation were analyzed with the statistics tools of Ori-
gin Pro (version 7.0383), in order to obtain the frequency count
necessary to draw the plots reported in Fig. 6, and the
descriptive statistic values, such as the mean, the standard

deviation, the standard error of the mean, the lower, interme-
diate and upper quartiles (P25, P50 and P75).

3. Results and discussion

Starting from CNT samples, containing DWCNTs and a cer-
tain fraction of Vt-MWCNTSs, uncappened and shortened
CNTs have been obtained in a two-step oxidative treatment,
as displayed in Fig. 1. The first step consists in a wet oxidation
reaction using H,0, (15%), which mainly causes the uncap-
ping of the tube ends and the shortening of the CNT’s length
via oxidative attack on the defects present on their sidewalls
(sh-CNTs, constituted of sh-DWCNTs and sh-Vt-MWCNTSs).
After acidic wash, necessary to remove the residual oxidized
catalyst particles and other carbonaceous material, sh-CNTs
with a good purity were obtained, with yields ranging from
~48% (from the 2100 grade) to ~66% (from the further purified
2101 grade). In the second step, a heat treatment (at 450 °C for
45 min under an external air purge) has been carried out with
the aim of maximizing the CNT tip destruction and further
reducing the content of amorphous carbonaceous material
(0x-CNTs, constituted of ox-DWCNTs and ox-Vt-MWCNTSs).
We cannot exclude that during this step a further moderate
shortening of the nanotubes could happen, as reported in lit-
erature when similar conditions were applied onto SWCNTSs
using different combinations of temperature and time
[43,44]. As expected, no major differences have been found
using 2100 and 2101 grade CNTs, a part the overall yields after
the two oxidations, which revealed to be 23% and 42 w/w for
the 2100 and 2101 grade CNTs, respectively.
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Fig. 2 - Thermogravimetric traces (—) for pristine-CNTs
(0.770 mg, top graph), sh-CNTs (0.924 mg, mid graph) and ox-
CNTs (1.608 mg, bottom graph). The abridged weight loss of
sh-CNTs and ox-CNTs shows a dramatic decrease of the
impurity content in the sample after the oxidizing
treatments. Differential thermogravimetric plots (- - -),
underlying the temperature ranges of decompositions.
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Fig. 1 - Schematic representation of the reaction conditions employed in our two-step mild oxidative protocol.
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3.1. Thermogravimetric analysis

Thermogravimetric analysis [47-49] has been used as first
technique to characterize the sh-CNT and ox-CNT samples;
the analytical data are reported as temperature modulated
and differential thermogravimetric plots (Fig. 2).

Fig. 2 displays the sudden weight loss of both 0x-CNTs and
sh-CNTs with respect to the pristine samples, due to the com-
positional changes occurred during the progressive mild-oxi-
dation: the differential thermal plots, Fig. 2b, shows three
distinct temperature ranges in which the CNT materials
decompose. In the range between 400 and 625K, one can
measure the weight loss mainly caused by the pirolysis of
the carboxylic groups; as can be observed (5% of weight loss,
approximately 1.14 pmol COOH-mg %), both pristine-CNTs and
sh-CNTs seem to possess similar content of COOH functional-
ities, due to the mild oxidative conditions of the first step. The
second oxidation step (air purge at 673 K) has confirmed the
further decrease of the carboxylic groups content in the ox-
CNT samples: the reduction of the carboxylated carbona-
ceous fragments (CCFs) and of the simple decarboxylation
process, the weight loss till 625 K is limited to 1.4% (0.32 umol
COOH per mg). In the temperature range between 650 and
1050 K only the pristine samples show a relevant weight loss
(17%) that is probably associated to the decomposition of
metallic and carbonaceous impurities, the presence of which
is limited in the oxidized samples (6.5% and 3% for sh-CNTs
and ox-CNTs, respectively) as also suggested by the Raman
observations. At last, the decomposition temperatures, occur-
ring in the range between 1125 and 1150 K, appear to be sim-
ilar for all the three materials.

3.2. Raman spectroscopy

By analyzing the Raman spectra, one can obtain information
about the type of nanotubes present in a sample and their de-
fects and about the presence of other impurities [50]. Defects
and impurities of carbon origin are usually understood on the
basis of the D-band at about 1330 cm 7, the intensity of which
is related to their concentration [51]. The type of nanotubes
can be recognized, on the other hand, from the radial breath-
ing mode (RBM) vibrations, found below 400 cm™". The fre-
quencies of these vibrations are proportional to the inverse
of the diameter of the nanotubes and can also be used, con-
sidering the resonance condition for recording the spectrum,
to obtain information about the chiral numbers of individual
nanotubes [51,52]. It is of particular interest, especially for
DWCNTs, to distinguish the RBM of nanotubes which are
internal and external. Considering that the diameter of nano-
tubes was found to be larger than about 0.6 nm and that the
difference in diameter between internal and external nano-
tubes is about 0.68-0.72 nm, one can conclude that vibrations
which are above 190-200cm™! can be assigned to internal
walls. The Raman spectra of pristine-, sh-, and ox-CNT mate-
rials, recorded using the 633 nm laser line of a He-Ne laser,
are reported in Fig. 3. All spectra have been normalized using
the G-band at 1588 cm™*. We can observe in Fig. 3a that the
D-band shows a decreasing intensity after the shortening
process with H,0, and a further decrease after the oxidizing
processes in air. Since the shortening and oxidizing processes

introduce defects in the nanotube structure and, therefore,
should increase the intensity of the D-band, its smaller inten-
sity shows that these processes also operated a cleaning of
the samples from carbon impurities (inset Fig. 3a). This is in
accord with the data obtained from TGA measurements,
which clearly show an enhancement of the purity after the
oxidative treatments. In Fig. 3b, the Raman spectra variations
in the RBM spectral region are also reported. In particular it
can be observed a clear decreasing of the intensity of those
RBM modes with frequencies at 210-220 cm 2. Since the spec-
tra were excited at 633 nm, the decrease of the RBM bands
intensities accounts for a preferential reaction of metallic
CNTs [53] and also shows that internal nanotubes (bands
above 190-200 cm™!) are attacked in contrast to what has
been observed with a permanganate oxidation of DWCNTs
which preserved the internal nanotubes [54]. In the present
case the variation of the RBM bands are consistent with the
shortening of the nanotubes which implies attacking of both
external and internal nanotubes. The different reaction

a

i

s

>

‘w

< 1260 1320 1380

3 =

E

A; i n
T * T+t 1 — T T Tt T T T
400 800 1200 1600
Raman shift (cm")

b

8

&

=

‘®

c

&

=

A T

100 150 200 250 300
Raman shift (cm”)

Fig. 3 - Raman spectra of pristine-CNTs (black line), sh-CNTs
(red line) and 0x-CNTs (blue line) using laser exciting line at
633 nm; insert in (a) is an expansion of the spectrum where
the D-band appears; in (b) the RBM spectral region is
reported. All spectra are normalized to the G-band at

1588 cm™ . (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)
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behaviour can be related to the mechanism of oxidation of
permanganate which is sterically more hindered and can be
less effective for the internal walls than for the external ones.

3.3.  Microscopy characterization

All DWCNTs samples were also investigated by means of TEM
microscopy. TEM analysis has been carried out in order to
evaluate at first the purity [55] of the samples (on the basis
of the aspect of the collected images) and, in a second step
(by means of high-resolution microscopes), the successful
uncapping and shortening. The low magnification TEM
images of pristine- and ox-CNTs are shown in Fig. 4a and b,
respectively. As it clearly appears, unambiguous differences
in the images taken before and after the oxidative treatment
are displayed: picture (a) shows bundles of long and some less
aggregated DWCNTs and Vt-MWCNTSs as the most represen-
tative species in the pristine samples. On the other hand,
after the oxidation, the average length and the aggregation le-
vel of the nanotubes have been clearly reduced (picture (b)).
With regard to the purity issue, we only found minor differ-
ences between the ox-CNTs and pristine-CNTs, accounting
for a high level of purity of the starting sample of CNTs.

In order to further demonstrate the effectiveness of our
mild method to shorten and cut the CNT tips, the changes
on the individual structure of the 0x-DWCNTs have been ob-
served with high-resolution TEM imaging. We were also able
to observe many tips of isolated and bundled nanotubes. As
a consequence of the oxidation reaction, the majority of the
terminations were found to be opened. In particular, open
ends were mostly associated at the isolated nanotubes, while
in the CNT bundles, partially opened and close tips were
found. In the above image of Fig. 5, an ox-DWCNTs open
end is displayed (a), in which the related inner cavity, as in
many other cases, is partially filled with a carbonaceous
material (b). These observations further confirm the feasibil-
ity of the insertion, after previous removal of the inner carbo-
naceous material, of molecular species inside the inner
cavities of these opened DWCNTs.

In the literature, several papers report the ability to purify
(and/or shorten) SWCNTSs, but a few of them clearly report a
detailed structural analysis, ie., lengths and diameters
[33,43,44,56-62]. This structural aspect is very important be-
cause, on the basis of the length distribution of the CNT con-
tent, the materials’ physico-chemical and mechanical
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Fig. 5 - HR-TEM micrograph images of an ox-DWCNT (above)
and of an ox-Vt-MWCNT (below) deposited on Cu grids with
lacey carbon film, showing open nanotube tips (a) and the
material present in the inner cavity (b).

properties are changing, thus dramatically affecting their
applicability in specific functional materials. In order to eval-
uate the effectiveness of the employed oxidizing conditions
on the shortening reaction, a statistical evaluation of the
CNTs’ length as measured by AFM, is reported.

By means of AFM imaging in the tapping mode, we have
analyzed several samples of 0x-CNTs, in which the oxidized

Fig. 4 - Low magnification TEM micrographs images deposited on Cu grids coated with a carbon film, showing long bundled
and isolated CNTs (picture (a), pristine sample) and shortened, less aggregated nanotubes ox-CNTs, picture (b).
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Fig. 6 - Tapping mode AFM images (scan size of 10 (left)
and 3 pm (right)) at 298 K of 0x-CNTs deposited on clean Si
(111) surface.

material was deposited on Si(111) surfaces by spin-coating a
dispersion of 0x-CNTs in 1,2-dichlorobenzene. Due to the low
tendency to aggregate, all nanotubes dispersed very well in
such solvent, facilitating the preparation of many reproduc-
ible samples and the collection of several images containing
several individual CNTs, as those depicted in the images of
Fig. 6.

Using WSxM 2.1 (Nanotec Electronica, Spain) software, the
objects found on the silicon surface were analyzed through
the evaluation of their cross section. Depending on the diam-
eters values reported by the CNT manufacturer (aver-
age = 3.5 nm) and considering the deconvolution of the AFM

tip, we have classified the observed objects in two groups:
all the measured diameter values smaller than 7 nm have
been associated to isolated ox-DWCNTSs or ox-Vt-MWCNTs,
whereas all values greater than 7 nm have been correlated
to bundled or very thick MWCNTs. Only those objects classi-
fied as isolated nanotubes (a total of 400 units) were mea-
sured in their lengths, to give the basis for a set of values
being subjected to the statistical treatment (Table 1).

On the basis of manufacturer’s datasheet, the length val-
ues of the pristine-CNTs can vary from 1 to 10 um. After the
shortening treatment, both weighted and arithmetical means
possesses similar values, respectively, of 534.13 and
537.19nm, with a correlated standard deviation of
377.35nm. Over the 400 counted objects, 383 tubes were
shorter than 1pum, and only a narrow number were longer
than 1.5 or 2 um, with the latter values severely affecting
the standard deviation. In the frequency count diagram
(Fig. 7a), the upper quartile has a value slightly greater than
those of the calculated means, thus indicating that the 75%
of the AFM-observed CNTs are shorter than 710 nm. The
information reported in Table 1 became thus clearer if associ-
ated with the frequency histograms depicted in Fig. 7a, where
the frequencies of the observed lengths have been plotted as
functions of the different dimensional classes. In plot (a) the
length distribution of the analyzed ox-CNT materials is re-
ported as functions of the length’s dimensional classes,
showing a bimodal course; as reported in the statistical re-
sults summarized in Table 1, the most frequent lengths falls
in the dimensional classes from 200 to 400 nm. In plot (b)

Table 1 - Results of the statistical analysis on the 400 length values obtained from the AFM analysis, expressed in
nanometers. X and X, represents the arithmetic and the weighted means, respectively; ¢ and p,, are the standard
deviations and the standard error of the mean, respectively; Q;, Q2, and Qs are the lower, median, and upper quartiles,

respectively.

377.35

275.70 398.53 710.81
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Fig. 7 - Frequency (a) and cumulative percentage (b) curves of the AFM measured ox-CNTs, as functions of the length’s
dimensional classes. Plot (a) shows the observed bimodal length’s distribution, in which the most frequent length values are
comprised between 200 and 400 nm. Plot (b) illustrates that half of ox-CNTs fall in the range from 100 to 500 nm, and 90% of
them are shorter than 1 pm.
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the cumulative frequency histograms illustrate that the 90%
of the measured objects falls in dimensional classes associ-
ated at length values shorter than 1 pm.

4, Conclusions

In every oxidizing process there is a balance between catalyst
removal (if present), total loss of the CNT content, shortening
of the tubes, and amount of carboxylic moieties onto their
tips and sidewalls. This balance is affected by several param-
eters, like the properties of the pristine samples, kind and
strength of the oxidizing agents, time and temperature of
the reaction. All the analytical and statistical results dis-
cussed in this report unambiguously confirm that the mild
oxidative conditions employed in this work controllably
shorten the CNTs’s length. We have shown that the employed
mild oxidizing agent (H,O, 15% solution) and the reaction
conditions (100 °C for 3 h) here described represent a better
synthetic path toward controlled shortening and uncapping
of DWCNTs and Vt-MWCNTs since stronger oxidizing proto-
cols (e.g., HNO3 and H,S0,) are known to dramatically reduce
the materials quantity. By means of HR-TEM, we have also
demonstrated that most of the shortened CNTs are opened
at their tips, thus making their inner cavity accessible to-
wards any potential guest.
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