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Abstract

Short carbon nanotubes (CNTs) are desired for a variety of applications. As a consequence, several
strategies have been reported to cut and shorten the length of as-produced carbon nanotubes via chemical
and physical routes. The efficiency of a given strategy largely depends on the physico-chemical
characteristics of the CNTs employed. In order to be able to directly compare the advantages and
disadvantages of commonly used protocols, a single batch of chemical vapor deposition single-walled
CNTs (SWCNTs) and a batch of multi-walled CNTs (MWCNTSs) were subjected to four
cutting/shortening strategies, namely acid cutting, piranha treatment, steam shortening and ball milling.
The length distribution was assessed by means of scanning electron microscopy. Sample purity and CNT
wall structure were determined by Raman spectroscopy, thermogravimetric analysis and magnetic
measurements. Within the employed experimental conditions, piranha treatment turned out to be the most
efficient to achieve short SWCNTSs with a narrow length distribution in a good yield, whereas a mixture
of sulfuric/nitric acid was preferred in the case of MWCNTs. A subsequent short steam treatment allowed
to remove functional groups present in the samples, leading to median length distributions of 266 nm and

225 nm for SWCNTs and MWCNTs respectively after the combined protocols.



1. Introduction

Carbon nanotubes (CNTs) are important players in the emerging field of nanotechnology.
Compared to other materials they show unique combination of mechanical, optical and electrical
properties. Their hollow structure allows the encapsulation of a wide variety of compounds in their
interior [1-3] while the modification of the external walls [4, 5] further expands their range of application
from composite materials, through energy field, to drug delivery [5-9]. However, some obstacles need to
be overcome in order to exploit their full potential. As-produced CNTs typically have lengths up to few
tens of micrometers and exhibit strong hydrophobicity, thus limiting their processability. Short and
functionalized nanotubes present a higher dispersibility and biocompatibility and are thus desired for
some of the targeted applications [10, 11]. In nanomedicine, CNTs with lengths typically below ca. 300
nm not only enhance their biocompatibility but also the cellular uptake [12, 13]. Biopersistence tests,
which can be an indicator of the toxicity of nanomaterials, revealed that short CNTs are cleared faster
from the lungs than their long counterparts [14]. Furthermore, short and properly functionalized
nanotubes present the best characteristics for undergoing an efficient biodegradation [15]. Short CNTs
can self insert into the lipid bilayer when their length is comparable to the thickness of the membrane
[16], and they have been recently investigated as potential biological channel platforms [17]. The
shortening of CNTs also has an impact on the properties of the CNTs themselves and on hybrid materials.
For instance, the use of short CNTs improves the magnetic resonance imaging properties of CNTs
decorated with iron oxide nanoparticles [18]. Short CNTs exhibit excellent transport properties for gas,
water, ions and DNA [19-23], making them attractive for gas separation and desalination [24, 25]. The
thermal and electrical conductivity of CNTs is also length dependent. One of the requirements to achieve
ballistic electron transport in these nanostructures is to decrease their dimensions. It has been reported
that single-walled CNTs of ca. 10 nm show negligible electrical resistivity and can withstand high
currents of up to 70 pA [26]. The processability of CNTs is also enhanced when dealing with short

nanostructures. For instance, cut CNTs can be more easily integrated into polymeric matrices, which is



of interest for tuning the mechanical properties of the resulting composite materials [27]. The presence
of short CNTs can also improve the permability of polymer membranes up to 40% [28].

Just from the examples mentioned above it is not suprising that several strategies have been
explored to reduce the length of as-produced CNTs via chemical or physical methods. Chemical
strategies are based on reactions which occur on side-wall defects (cutting) and highly reactive ends
(shortening). As a result, functionalized and/or open-ended nanotubes are generally obtained. These
strategies include but are not limited to acid etching [29], fluorination [30], ozonolysis [31] and steam
treatment [32]. Physical routes cover different types of radiation (electrons,[33] y-rays[34]), sonication
[35] (applying sound energy) and mechanical cutting [36] (when shear forces are involved).

Each of the performed protocols not only has different efficiencies and yields, but might also
result in samples with a variety of structural defects, functional groups and impurities. Therefore the
choice of one strategy or another will largely depend on the targeted application. Since the physico-
chemical properties of carbon nanomaterials are largely dependent on the source of the material (method
employed for their synthesis), direct comparison between already published protocols is not possible.
Therefore, comparative studies, where different cutting/shortening strategies are employed on the same
batch of CNTs, are necessary in order to get further insights on the advantages and disadvantages of a
given method. Here we report on a comparative investigation on commonly employed strategies to
prepare samples of short carbon nanotubes. The best cutting strategies under the employed experimental
conditions turned out to be piranha for single-walled CNTs (SWCNTs) and a mixture of nitric and
sulfuric acids for multi-walled CNTs (MWCNTs). In both cases we suggest a subsequent short steam

treatment to render samples of high quality short CNTs.

2. Experimental
2.1 Materials
Hydrochloric (37%) and sulfuric (98%) acids were purchased from Panreac Applichem. Nitric

acid (65%) and filtration membranes (Whatman Cyclopore, PC, pore size 0.2 pm) were bought from
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Fischer Scientific. Hydrogen peroxide (35 %) was purchased from Acros Organics. In this study Elicarb®
chemical vapour deposition (CVD) grown SWCNTs and MWCNTs were employed (Thomas Swan Co.
Ltd.). The as-received SWCNTs also contained a fraction of double-walled carbon nanotubes (DWCNTSs),
carbonaceous impurities and iron catalyst surrounded by graphitic shells. The outer diameter of the
SWCNTs is 2.1 nm and MWCNTs is 10-12 nm (values provided by the supplier). Two additional samples
were prepared using arc-discharged MWCNTs. The MWCNTs were collected from as produced cathod
deposit (>7.5 % MWCNTs basis, Sigma-Aldrich). The outer diameter of the arc-discharged MWCNTs
is 7-15 nm (value provided by the supplier).

2.2 Employed protocols

2.2.1 Steam treatment

CNTs (400 mg) were finely ground in an agate mortar with a pestle, and then were loaded into a
silica tube and placed in the center of an alumina tube in a tubular furnace. The whole system was purged
with argon for 2 h to allow the complete removal of oxygen. The CNTs were treated with water steam
under argon atmosphere at 900 °C for the desired amount of time (1, 12 or 25 h) and subsequently
refluxed with 6 M HCI overnight. The sample was vacuum filtered onto a polycarbonate (PC) membrane,
rinsed with distilled water until the pH of the filtrate was neutral and dried in the oven at 100 °C [32, 37].

2.2.2 Acid treatment

CNTs (300 mg) were immersed in 300 mL of a mixture of concentrated H2SO4/HNOs3 (vol/vol
3:1) and sonicated for 24 h at temperature between 35 °C and 40 °C as previously reported[38]. We
employed a concentration of 1 mg/mL. The resulting suspension was diluted with distilled water and
vacuum filtered onto a PC membrane, rinsed with distilled water until the pH of the filtrate was neutral
and dried in the oven at 100 °C.

2.2.3 Piranha reaction

Fresh piranha solution (96% H2SO4/ 30% H202, vol/vol 4:1) was prepared and cooled down to
room temperature in an ice bath. Then, CNTs (300 mg) were dispersed in the oxidant mixture (300 mL)
and stirred with magnetic bar for 2 h.[39]. We used the same concentration of CNTs (1 mg/mL) as in
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the acid treatment protocol. The reaction was quenched by dilution with distilled water and filtered
onto a PC membrane. Then, it was rinsed with distilled water until the pH of the filtrate was neutral and
dried in the oven overnight at 100°C.

2.2.4 Ball milling

This protocol was inspired by work of Rubio and coworkers,[36] but the parameters were adjusted
to the capabilities of our equipment. 50 mg of CNTs were placed into a 50 mL stainless steel grinding
bowl with six stainless steel balls (1 cm diameter). The setup was closed inside an Ar-filled glovebox
(Labconco). Next, the container was placed in the planetary mill (Retsch PM 100 Planetary Mill) for 30
min. The rotation speed was 500 rpm and the direction of rotation was reversed each 5 min. Ball milled
CNTs were subsequently refluxed with 6 M HCI overnight. The sample was filtered under vacuum onto
a polycarbonate (PC) membrane, rinsed with distilled water until the pH of the filtrate was neutral and
dried in the oven at 100 °C.

2.3 Characterization

Length distribution was determined by Scanning Electron Microscopy (SEM) on a FEI Magellan
400L XHR. The use of In-Lens Detector (TLD) at a landing energy of 2 kV enabled to obtain surface
sensitive images with spatial resolution below 1 nm, allowing the visualization of individual CNTs.
Acquired images were analyzed using Digital Micrograph software. 200 individual nanotubes were
measured in each case. For the samples of as-received SWCNTSs and steam treated SWCNTs (25 h +
HCl), 200 measurements were randomly taken from the analysis performed in Ref. [37]. To perform the
analysis of the rest of samples, CNTs were initially sonicated during 30-60 minutes in ortho-
dichlorobenzene (Sigma Aldrich) till good dispersion was achieved. Then, so-obtained lightly grayish
suspension was drop casted onto a carbon coated copper grid. Atomic Force Microscopy (AFM) images
were acquired with an Agilent 5100. A tapping mode was employed using FORT tips, with a frequency

of 65 kHz and a force constant of 3 N/m.



Thermogravimetric analysis (TGA) was performed with a NETZSCH-STA 449 F1 Jupiter
instrument under flowing air (25 mL/min) using a ramp of 10°C/min up to 900°C. Around 5 mg of each
sample were employed for each analysis.

Magnetic measurements were aquired in a Superconducting Quantum Interference Device
(SQUID) magnetometer (LOT-QuantumDesign Iberia) with an applied field from —50.000 Oe to
+50.000 Oe at 10 K to obtain the hysteresis loops. A diamagnetic gelatine capsule was filled with 5-8 mg
of sample. The amount of iron in each of the analyzed samples was determined by taking into account
the magnetic saturation of the bulk material (Msge = 221.7 emu-g™).

Raman spectroscopy was performed using a LabRAM HR Raman spectrometer (Horiba Jobin-
Yvon), and laser excitation energies of 2.54 and 2.33 eV (488 and 532 nm, respectively, Ar/Kr laser,
Coherent) and of 1.96 eV (633 nm, He-Ne). A 50x objective was used with a laser spot of about 1 pum.
The laser power was 1 mW and the spectral resolution was 1 cm™'. Each sample was measured in multiple
regions under ambient conditions and their average was analyzed. Raman mapping was used to
characterize the samples, because they were not homogeneous. Measurements were conducted with
lateral steps of 1 um (both in X and Y directions) on rectangular areas with varying sizes (49 data points
or 900 data points for each map). Intensity ratios were determined from the height of the peaks.

XPS measurements were performed with a Phoibos 150 analyzer (SPECS GmbH, Berlin,
Germany) in ultra-high vacuum conditions (base pressure 1E-10 mbar) with a monochromatic Kalpha x-
ray source (1486.74 eV). The overall resolution for XPS, as measured by the full width at half-maximum

intensity (FWHM) of the Ag 3d5/2 peak for a sputtered silver foil, is 0.57 eV.

3. Results and Discussion

Initially, the as-received SWCNTs and MWCNTs were independently treated via the following
methods: steam, ball milling, a mixture of concentrated sulfuric and nitric acids (H2SO4/HNOs3, vol/vol
3:1), and piranha (96% H2S04/ 30% H202, vol/vol 4:1). These are commonly used shortening and cutting
protocols that include both chemical (steam, nitric/sulfuric and piranha) and physical methods (ball
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milling). Among the chemical methods, both gas phase (water steam) and liquid phase reactions
(nitric/sulfuric, piranha) are objects of the present study. After each of the treatments, CNTs were
dispersed in ortho-dichlorobenzene and dropcasted onto a carbon coated copper grid so that individual
nanotubes were obtained, and characterized by SEM. Representative images of the different samples are
shown on Figure S1 (SWCNTs) and Figure S2 (MWCNTs). Just by visual inspection we can observe
that as-received CNTs have lengths of several um, which are significantly decreased after most of the
employed treatments. Since AFM is the most commonly employed technique to determine the length of
CNTs we initially confirmed that the length analysis by SEM would be as precise. To do so same areas
of as-received SWCNTs were imaged by both techniques and one of these comparative images is
included in Figure 1. The bright dots that are visible in both imaging modalities are attributed to catalytic
and graphitic particles present in the as-received material. Height profiles, such as the inset in Figure 1b,
were performed along several nanotubes and revealed the presence of individual CNTs. A low
magnification SEM of the imaged area is included in Figure S3 where a good dispersion of CNTs can be
observed. Having confirmed the suitability of SEM to determine the length of individual CNTs, the length
distribution of both as-received and the treated samples was next determined by measuring 200 individual
carbon nanotubes for each sample from SEM images. The performed SEM analysis can easily discern
between individual CNTs, bundles and aggregates. The resulting histograms are presented in Figure 2
(SWCNTs) and Figure 3 (MWCNTSs). The fraction of CNTs with lengths below 500 nm is represented

in Figure S4 (SWCNTs) and Figure S5 (MWCNTs).
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Figure 1. a) SEM and b) AFM images from the same area of as-received CVD SWCNTSs deposited onto
a carbon coated copper grid. The bright dots visible in both imaging modalities are attributed to catalytic
and graphitic particles. Inset in (b) shows the recorded height profile along the white arrow confirming

the presence of an individual SWCNT.
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Figure 2. Length distribution histograms of as-received and treated CVD SWCNTSs based on SEM image

analysis.
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Figure 3. Length distribution histograms of as-received and treated CVD MWCNTs based on SEM

image analysis.

As-received SWCNTs have a broad length distribution with a median length of 768 nm, which

decreased drastically after 25 h of steam treatment to 198 nm. However, despite being very efficient in
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shortening SWCNTs, this method is characterized by a low production yield, around 10 %. This is
because steam preferentially reacts through the ends of SWCNTSs and "eats" the SWCNTSs up,
therefore each long SWCNT will result in a corresponding short SWCNT. The steam shortening
strategy contrasts to cutting strategies where from one individual long CNT several short CNTs can be
obtained. The steam treatment goes through the following reactions [40]:

Cis) + Ha0gg) = COg) + Hz (g (1

COg) + H20(g) = €Oz () + Hy (g @)

In contrast to steam, ball milling is a physical method based on shear forces. Depending on the pressure
locally generated by collision of balls different morphologies can be achieved which range from cut
nanotubes [36] to carbonaceous nanoparticles[41]. Therefore, to avoid structural damage of CNTs we
employed a short time of milling but as it can be appreciated in the statistical analysis cutting turned
out to be not so efficient. The median length of the obtained SWCNTSs was 328 nm, but a high fraction
of nanotubes above 2 um was still preserved. We next investigated the liquid phase chemical strategies,
namely acid and piranha cutting. Acid H2SO4/HNO3 cutting led to a broader length distribution than
steam with a median length of 507 nm. Finally, cutting with piranha enabled to obtain short SWCNTs
(median 221 nm) with a much higher yield than the steam treatment. Our findings that piranha is more
efficient in cutting SWCNTs than the mixture of H2SO4/HNO3 are in agreement with the work of Liu et
al. [42] despite different conditions were employed.

During the preparation of piranha the generation of Caro’s acid (H2SOs) occurs [39]:

H,S$0,+H,0, - H,SO5 + H, 0 (3),

which decomposes to singlet oxygen that reacts with carbon atoms [43]:

HSOZ + S0%~ - HSO; + S0+ 10, (4),

When the mixture of sulfuric and nitric acids is employed, nitronium ions are generated [44]:

HNO; + 2H,50, & NOS + H;0% + 2HSO; (5).
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From the statistical analysis performed so far on the length distribution of SWCNTSs samples,
piranha arises as an appealing option when a large amount of sample is needed, because short SWCNTs
are obtained in a good yield. However, the use of strong oxidants may alter the structure of CNTs and
add functional groups. Since steam has been proven very efficient in removing defects and
functionalities from the walls of SWCNTs [40], we next employed a combined piranha and a short
steam (1 h) followed by an HCI treatment. This combined treatment resulted in a good yield (ca. 70%)
of short SWCNTs (median 266 nm). Actually, the steam treatment does not introduce significant
differences in the length distribution of the material. To compare both groups of SWCNTs (piranha
treated with and without the 1 h steam + HCI treatment), we employed the Mann-Whitney (Wilcoxon)
test because the data do not follow a normal distribution. The statistical hypothesis testing is not
significant (p-value = 0.120 > 0.05), meaning that the two groups present no differences.

Before analyzing the quality of the different samples by thermogravimetric analysis (TGA) and
Raman spectroscopy, let us first focus on the effect of the different treatments on the length of
MWCNTs.

The median length of as-received MWCNTs was 708 nm. Steam-treated MWCNTSs show a
similar trend as in the case of SWCNTs where short nanotubes (median 274 nm) with a narrow length
distribution were obtained. The time of steam treatment employed for MWCNTSs was 12 h and in the
case of SWCNTSs was 25 h, because in the present case shortening occurs faster [32]. Although steam is
very efficient in shortening CNTs leading to samples with a narrow length distribution, the major
drawback of the steam treatment compared to the other employed protocols for cutting MWCNTs is
that it presents the lowest yield of reaction. MWCNTs processed by ball milling reveal a broad length
distribution with a high fraction (ca. 15%) of nanotubes above 2 pum. When it comes to liquid chemical
processing of MWCNTs, whereas piranha treatment turned out to be very efficient for shortening
SWCNTs, this is not the case for MWCNTSs. The Mann-Whitney (Wilcoxon) test between both groups
(as-received and piranha) is not significant (p-value = 0.805 > 0.05). This means that these groups
present no significant differences. Therefore the length distribution of as-received MWCNTs (median
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708 nm) has not been altered by the piranha treatment (median 714 nm). In contrast, short nanotubes
with a median length of 365 nm were obtained by etching MWCNTs with a mixture of H2SO4/HNO3 at
room temperature with a narrow length distribution and a good yield. We should note that following the
protocols employed in the literature, CNTs were exposed to H2SO4/HNOs3 for 24 h and to piranha for 2
h. Further studies would be therefore needed using both piranha and H2SO4/HNOs for different periods
of time on samples of as-received SWCNTs and MWCNTs. From the different employed strategies,
H2SO4/HNO3 turns out to be the most attractive when it comes to cutting MWCNTs. Nevertheless, as
mentioned before the use of strong oxidizing acids is known to introduce functional groups into the
CNT structure[38, 45, 46]. Therefore, as in the case of SWCNTSs we next performed an additional short
steam treatment (1 h) followed by HCI to remove the introduced functionalities. The combined
treatment resulted in a median length of 225 nm with 85% of MWCNTs below 500 nm. The yield of
cutting was about 75%. We also performed the Mann-Whitney (Wilcoxon) test to compare the length
distribution of both groups of MWCNTs (H2SO4/HNOs treated with and without the 1 h steam + HCI
treatment). In this case, the statistical hypothesis testing revealed significant differences (p-value =
0.002 x 102 < 0.05). Therefore a subsequent 1h steam treatment to the MWCNTS previously cutted
with H2SO4/HNOs further reduces the length distribution. The median length is decreased from 365 nm

down to 225 nm.

Figure 4 displays the box plot analyses of both as-received and treated CNTs and the
corresponding descriptive statistical analysis of the different samples is presented in Table S1.
Box plot analysis shows a graphical representation of the distribution of the data through their quartiles,
indicating the range where most values fall and those values which differ considerably from the norm
(atypical values). Regardless of the employed treatment, a non-symmetric length distribution is
presented by all of the investigated samples. As-received CNTs are characterized by a broad length

distribution with maximum adjacent observations of 4.4 um (SWCNTs) and 3.2 um (MWCNTs). A
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much narrower length distribution is clearly achieved after the proposed combined treatments of

piranha and sulphuric/nitric acids with steam, for SWCNTs and MWCNTs respectively.
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Figure 4. Box plot analysis of the as-received and treated a) CVD SWCNTs and b) CVD MWCNTs.

Black dots identify outliers, empty squares mean length, cross border 99% or 1% of population, dash

maximum or minimum length. The lower and maximum adjacent observations are represented with

horizontal lines at the end of the whiskers.

Raman spectroscopy measurements were performed to evaluate the effect of different shortening

protocols on the structure of CNTs (Figure 5). Raman spectra of CNTs present several features. Here we

analyzed the tangential mode (G-band) centered at 1588 cm!, containing an axial and a circumferential
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components, which can be used to distinguish between metallic and semiconducting SWCNTs by its line
shape;[47, 48] additionally, for samples containing structural defects, the disorder induced mode (D-
band) at lower frequencies than the G-band was observed. The D-band originates from a second-order
Raman process. In this process, the incident photon resonantly excites an electron-hole pair. The electron
is subsequently scattered under emission/absorption of a phonon. To satisfy the conservation of
momentum, the electron has to be scattered back to a point in k-space where its momentum is near that
of the initial hole. For the D mode in the Raman spectrum, the backscattering is achieved by a defect.
The intensity of the D-band has been used to analyze the quality of the CNTs as it is sensitive to structural
defects in the graphitic sp? network[49].

The D-band is the most frequently used mode for the characterization of the treated and
functionalized CNTs since the relative intensity of this mode can provide evidence of covalent
modification and/or defect concentration. The intensity ratio Ip/lG is suggested to be a sensitive measure
for the concentration of defects in carbon nanotubes. Figure 5 shows the D-band and the G-band spectra
of CNTs excited by different laser lines: 1.96 eV (a), 2.33 eV (b) and 2.54 eV (c¢).

The shapes of G-bands are typical for CNT bundles where the widths of the G-band are about 20
cm™! (isolated nanotubes exhibit smaller widths)[49]. The line shape of the G-band indicates that
semiconducting and metallic carbon nanotubes are in resonance at the used laser excitation energies.
When nanotube bundles are excited in resonance with the transition of metallic nanotubes, the G™ is
broadened[50]. The D-band appears at 1347 cm™ using 2.54 eV, at 1343 cm™! using 2.33 eV and at 1320
cm’! using 1.96 eV as excitation energy, because the frequency of the D-band is laser excitation energy
dependent[51]. The intensity ratio of the D-band and the G-band (Ip/lc ratio) reflects the defect density

of CNTs. The values of Ip/lg ratio are shown in Table 1 and plotted in Figure S6.
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Table 1. Summary of the length, purity and spectroscopic properties of as-received and treated CNTs.

n.d. = non-detectable.

Fraction ) Raman Ip/lg ratio®
: Inorganic Iron Onset of
Median below . . .
Sample length 500 nm impurities content combustion Laser wavelength (nm)
0/4)a) 04)\b) o) a) 633 532
(nm) (%) (Wt %)2  (wt. %) (°C)

SWCNTSs
as-received 768 39 4.6 1.43 557 1.00 1.00 1.00
steam 25 h+HCl 198 82 7.8 0.84 580 022 0.60 036
ball milling + 328 65 2.4 1.42 560 1.02 061 123
HCI
H>S04/HNO3 507 49 2.5 0.60 500 097 216 1.08
Piranha 221 77 3.5 0.04 516 069 126 1.17
piranha + 266 68 2.2 0.91 575 0.57 0.77 0.69
steam 1 h + HCI ’ ) ’ ’ )
MWCNTs
as-received 708 39 3.5 1.54 576 1.00 1.00 1.00
steam 12 h+ HCl 274 78 0.5 n.d. 631 147 134 134
ball milling -+ 474 52 1.6 0.03 373 1.09  1.08 1.01
HCI
H>S04/HNO3 365 68 1.9 0.79 567 1.08 1.00 1.05
Piranha 714 33 3.6 1.31 535 1.05 1.03 1.02
H2804/HNOs + 225 85 13 0.01 633 150 146 130

steam 1 h + HCl

a) based on TGA; b) based on magnetic measurements; c¢) spectra were normalized to ID/I G ratio of as-received CNT

In the case of SWCNTSs, a decrease in the Ip/lg ratio is observed after the steam treatment,

regardless of the laser energy employed, which can be assigned to the removal of amorphous carbon and

the SWCNTs containing a large number of defects. The Ip/lc ratio recorded for the samples treated by

ball milling, sulfuric/nitric acid and piranha is highly dependent on the laser excitation energy. The

explanation for these effects may not be straightforward, because only Raman modes of tubes which are
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in resonance with laser excitation energies can be found in the spectra. The resonance conditions are
different for different tube diameters and also for metallic and semiconducting type of nanotubes. If the
content of different electronic types or specific diameters of tubes are selectively removed by the
treatment method, the Raman response would be different and also its dependence on laser excitation
energy will be changed. For example piranha, as well as HxSO4/HNOs3, have been reported to selectively
eliminate the smaller diameter nanotubes from the material[42]. Whereas a decrease in the Ip/lg ratio is
observed when the piranha treated sample is excited using 1.96 eV (633 nm), an increase in the Ip/l
ratio is recorded upon excitation with 2.54 eV (488 nm, blue laser) or 2.33 eV (532 nm, green laser).
Interestingly a decrease on the Ip/lG ratio is achieved on this piranha treated sample after performing a 1
h steam treatment, regardless of the energy employed to record the Raman spectra. This confirms the
removal of functionalities, structural defects that might have been introduced by piranha or residual
amorphous carbon (which could be created by the destruction of CNTs). As expected, the sulfuric/nitric
acid treatment results in an increase of the Ip/lG ratio up to 2.16 when using the green laser. It is well
established that this chemical treatment leads to structural damage of the SWCNTSs. Actually, the use of
strong acids can even result in the formation of carboxylated carbonaceous fragments (CCF) that will
contribute to the D-band[52]. Until now it has not been possible to distinguish between the contribution
to the D-band from amorphous carbon and from defects on nanotubes.

In the case of MWCNTs, the Ip/lc ratio is not reduced with any of the employed treatments.
Particularly, after the steam treatment, the Ip/lg ratio increases significantly. This observation is in
contrast to the steam treatment of SWCNTSs, where a decrease of the Ip/lG ratio is observed. In case of
MWCNT only the outer wall tube is expected to be modified by the used treatment methods. As the outer
tubes represent only a small fraction of the sample their contribution to the Raman spectrum is also very
small. In a recent study by Baik et al. a decrease of Ip/l ratio is also reported on carbon nanotubes fibers
after being treated with steam[53]. The steam treated nanofibers present an increase on their electrical
conductivity.[53] To get further insights on the structural integrity and impurities on the CNT samples,
thermogravimetric analysis (TGA) was next performed.
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Figure 5. 1. CVD SWCNTs, 2. CVD MWCNTSs. Avaraged resonance Raman spectra (D and G-band
region) of as-received (black line) and treated CNTs (color lines from bottom to top: steam treatment 25
h and HCI, ball milling and HCI treatment, acid H2SO4/HNO3 treatment, piranha solution treatment,
combination of acid H2SO4/HNOs3 and steam treatment (followed by HCI)) excited by different laser
lines a) 1.96 eV, b) 2.33 eV and c) 2.54 eV. Each spectrum is an average based on 900 (1.96 eV)
and 49 spectra (2.33 and 2.54 eV) measured in different points. Spectra were normalized by the G-band.

The spectra are offset for clarity.

The TGA curves recorded for as-received and treated CNTs are shown in Figure 6. Samples
with a high amount of structural defects and/or amorphous carbon, i.e. higher Ip/lG ratio, would be
expected to present a lower temperature of combustion than samples with high purity and pristine
walls. This is because structural defects and amorphous carbon are more reactive towards oxygen than
carbon atoms forming the honeycomb graphene structure of the CNT walls. Indeed, steam treated

SWCNTs present the lowest Ip/lG ratio and the highest onset of combustion (580 °C) whereas
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sulfuric/nitric acid treated SWCNTs show the highest Ip/lg ratio and the lowest onset of combustion
(500 °C). Actually, the mixture of H2SO4/HNOs3 (3:1) is one of the most commonly used oxidants to
introduce oxygen-bearing moieties on the surface of CNTs.[54] The TGA curve of this sample is
characterized by three different weight losses. The first weight loss at ca. 100 °C corresponds to the
evaporation of absorbed molecules (including water), which is followed with a continuous weight loss
attributed to the removal of oxygen functionalities that leads to the complete combustion of the sample
at 600 °C (this last process starts at ca. 500 °C). Piranha treated SWCNTs also start to lose weight at
lower temperatures than the rest of samples and presents an onset of combustion at 516 °C. The
temperature of the onset of combustion increases from 516 °C up to 575 °C after the steam treatment,
with the corresponding decrease of the Ip/lg ratio. This indicates that the structure of the SWCNTSs can
be greatly improved by performing a subsequent steam treatment.

In the case of MWCNTs, the samples presenting the highest onset of combustion are those that
have undergone a steam treatment, either alone (12 h steam) or combined after the nitric/sulfuric
cutting step (1 h steam). This observation seems contradictory to Raman data since the highest Ip/l
ratio is recorded for both of these materials. According to Raman a large amount of defects or
amorphous carbon is present in the samples, which as mentioned should result in a higher reactivity
towards oxygen during TGA, i.e. low onset of combustion. Previous analyses by HRTEM revealed that
no major differences were observed on the structure of the CNT walls before and after the steam
treatment, nor functional groups could be detected by XPS or elemental analysis[32]. It is also worth
pointing out that in the case of MWCNTs only the outer wall gets functionalized. Therefore, even if
some functional groups were present their contribution to the whole sample would still be smaller than
when using SWCNTSs. The end-opening and shortening of the nanotubes could contribute to the Ip/lc
ratio since when opened, CNTs exhibit a higher amount of C sp®[32]. TGA reveals the lowest onset of
combustion temperature for ball milled MWCNTs at 373 °C. Several works have reported on the
structural modification[55] and introduction of oxygen-containing functional groups by ball milling
CNTs[56, 57] which might be at the origin of such low onset of combustion. H2SO4/HNOs3 treatment is
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well known to introduce functionalities and as a consequence the sample is oxidized faster than the as-
received material. The TGA curve of piranha treated MWCNTs is similar to that of as-received
MWCNTs. This is in agreement with the statistical analysis performed above, which revealed no
significant differences in their length distribution.

It is worth stressing that the combined protocol proposed herein (red TGA curves, Fig. 6), for
SWCNTS (piranha + steam 1 h + HCI) and for MWCNTs (H2SO4/HNOs3 + steam 1 h + HCI) presents a
higher onset of combustion temperature than the as-received CNTs (black TGA curve, Fig. 6). This
indicates the removal of amorphous carbon and the most defective CNTs from the samples and the
presence of a low amount of functional groups. The results of additional TGA measurements under
flowing nitrogen are in agreement with this conclusion (Fig. S7). Both SWCNTs and MWCNTs cut by
the combined treatment present a high thermal stability in an inert atmosphere, indicating the presence
of minimal amounts of functional groups. Silva et al. have recently reported that steam treated CNTs
are of such purity and crystallinity, that their oxidation temperature is closer to that of pristine

graphene[58].
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Figure 6. TGA of as-received and treated CVD CNTs with different methods: a) SWCNTSs, b) MWCNTs.

Measurements were performed under flowing air with a heating rate of 10 °C/min up to 900 °C.

The amount of residue collected after the complete combustion of CNTs corresponds to the

amount of inorganic impurities present in the samples in their oxidized form. As-received SWCNTs
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contained a 4.6 wt. % of inorganic material after TGA in air. The amount of inorganic impurities
determined by TGA increases after the steam treatment (25 h steam + HCIl) and decreases when
employing any of the other treatments, in the range of 2.4-3.5 wt %. The increase of inorganic solid
residue upon steam (and HCI) treatment has been previously observed. It does not mean that additional
impurities are introduced during the processing but rather that the continous consumption of carbon from
the sample results in an apparent increase of the amount of inorganic impurities [59]. Interestingly, the
lowest inorganic content is achieved when employing the suggested combined protocol of piranha and
steam (2.2 wt%).

The complete combustion of as-received MWCNTs leads to 3.5 wt. % of inorganic impurities.
These can be efficiently decreased by any of the employed shortening/cutting strategies (down to 0.5-1.9
wt.%) but with the piranha treatment, which has no significant effect. The suggested combination of
sulfuric/nitric acid followed by steam results in a 1.3 wt.% of inorganic impurities, after the complete
oxidation of the sample. Taking into account that for instance iron nanoparticles, employed as catalyst
for the growth of CNTs, would be oxidized to iron oxide after TGA, a smaller content of inorganic
impurities is actually present in the sample of short CNTs. For instance if we consider that the collected
solid residue arises only from iron present in the sample, 1.3 wt.% of iron oxide (Fe203) would actually
correspond to 0.9 wt. % of Fe. Actually, silica and alumina have been detected in samples of as-received
CNTs[32, 37]. Therefore, silica or alumina together with iron (from the catalyst) will contribute to the
inorganic solid residue remaining after TGA in air. In order to evaluate the iron content in the samples,
magnetization measurements were performed using a superconducting quantum interference device
(SQUID). The iron content determined by SQUID has been included in Table 1, which summarizes the
main characteristics of as-received and treated CNT samples. As it can be seen, a decrease in the iron
content is observed for the suggested cutting strategies, from 1.4 wt. % to 0.9 wt. % when using the
combined piranha and steam treatments for SWCNTs and from 1.5 wt.% down to 0.01 wt. % for the
sulfuric/nitric acids and steam in the case of MWCNTs. The presence of high amounts of iron (ca. 40
wt. %) have been reported to contribute to CNTs’ toxicity, because it acts as a catalyst for oxidative stress
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[60, 61]. Although the levels of iron do not present a major concern for their use in the biomedical field
for any of the investigated samples, the presence of catalytic impurities can dominate the electrochemical
response of the material and cannot be overlooked [62].

XPS analysis was next performed on as-received CNTs on the samples obtained after using the
proposed combined protocols to achieve of short CNTs. Analysis of the Cls high resolution spectra
allows the detection of different functional groups [63]. For instance, oxygen-bearing functionalities that
could have been introduced during the processing would be observed at binding energies below 290 eV.
In the present case, no difference can be observed between the XPS curve of as-received CNTs and the
processed material. According to previous analyses, as-produced Elicarb® CVD SWCNTs and
MWCNTs do not present functional moieties on their backbone structure [32, 59]. Therefore, from the
analyses performed so far we can conclude that no detectable functional groups are present after the

proposed combined strategies to achieve samples of short CNTs.
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Figure 7. XPS spectra on the C 1s region of as-received CVD CNTs and after the optimized shortening

treatment for a) SWCNTs and b) MWCNTs. Spectra have been normalized for an ease of comparison.

As mentioned in the introduction, the physico-chemical properties of carbon nanotubes are largely
dependent on the source of the material (method employed for their synthesis). Therefore to complete
the study, we investigated to which extend it was possible to achieve similar shortening/cutting degrees
and length distributions when using CNTs from a different source. For this purpose, arc-discharged
MWCNTs were independently treated by liquid phase (nitric/sulfuric) and gas phase (steam) reactions
following exactly the same protocols employed for CVD grown MWCNTs. The length distribution of
as-received and treated CNTs was determined by analysis of at least 200 individual CNTs by SEM. The
resulting histograms are presented in Figure 8 and the fraction of arc-discharged MWCNTSs with lengths
below 500 nm in Figure S8. Visual inspection of the histograms already reveals that both strategies have

reduced the lenght of arc-discharged MWCNTs.
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Figure 8. Length distribution histograms of (a) as-received, (b) steam 12h + HCI and (¢) H.SO4/HNOs

arc-discharged MWCNTs based on SEM image analysis. Representative SEM images employed to
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determine the lenght distribution of MWCNTs are shown in (d) as-received, (e) steam 12h + HCI and

and (f) HzSO4/HNO3 .

Table 2. Descriptive analysis of the length distribution for as-received and treated CVD and arc-

discharged CNTs. At least 200 CNTs were measured for each sample.

Faction Lower Maximum Maximunm
| Medi i 1 i .
MWCNTS below edian adjacer?t Q Q3 adjacer?t observation
500 nm (nm)  observation (nm) (nm) observation (nm)
(%) (nm) (nm)
Arc-discharge
as-received 3 1356 374 858 2032 3437 11909
steam 12 h+ 36 632 149 410 1173 2294 4176
H,>SO4/HNO; 51 495 115 274 926 1874 3397
CvD
as-received 39 708 27 330 1469 3172 10084
steam 12 h + 78 274 35 145 470 924 1899
HCl
H,>SO4/HNO; 68 365 31 183 611 1249 1779

Q1 - 25" percentile, Q3 - 75" percentile, IQR - interquartile range

For ease of comparison Table 2 presents the descriptive analysis of the length distribution for as-
received, steam and nitric/sulfuric acid treated MWCNTSs produced by CVD and arc-discharged. Note
that the data for CVD MWCNTs was already included in Table 1 and Table S1. As it can be seen samples
containing much shorter CNTs are obtained when using CVD MWCNTs than when employing arc-
discharged MWCNTs using exactly the same treatments. The median lengths after steam + HCI turned
out to be 274 nm (CVD) and 632 nm (arc-discharged), and after the nitric/sulfuric treatment 365 nm
(CVD) and 495 nm (arc-discharged). Several factors can influence on the final length distribution of
CNT samples such as the initial length of the as-received CNTs, the diameter of the CNTs and structural

defects which in turn will affect their morphology.
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Furthermore, whereas nitric/sulfuric is more efficient to reduce the length of arc-discharged
MWCNTs (51 % below 500 nm) than steam (36 % below 500nm), the opposite seems to occur when
using CVD MWCNTs (68 % below 500 nm for nitric/sulfuric and 78 % for steam). Steam has been
reported to react through the ends of CNTs. As a consequence, longer reaction times would be needed to
efficiently shorten arc-discharge MWCNTs (1356 nm median length, as-received) than the 12 h
employed with CVD MWCNTs (708 nm median length, as-received).

From this comparative analysis, it becomes clear that the efficiency of a given method and the
final lengths reported for CVD MWCNTs in this study can not be directly extrapolated to other types of
CNTs. If short CNTs of a given length are needed for a given application, the experimental conditions
will need to be adjusted to fulfill the requirement. CVD MWCNTs were employed in for the comparative
study reported herein because CVD grown MWCNTs are the most commercially available source of

CNTs nowadays.

4. Conclusions

We have shown that the source of CNTs might have an impact on the final length distribution of
the CNTs after applying a given shortening/cutting strategy. Several commonly used shortening and
cutting protocols have been employed onto a single batch of SWCNTs and another one of MWCNTSs
grown by CVD. These include chemical (steam, nitric/sulfuric acids and piranha) and physical methods
(ball milling). Among the chemical methods, both gas phase (water steam) and liquid phase reactions
(nitric/sulfuric, piranha) have been investigated. After each of the treatments, CNTs have been analyzed
by SEM, Raman, SQUID and TGA to assess their length distribution, structure and purity. We have
shown that SEM is as precise as AFM to determine the length of individual CNTs. Piranha cutting arises
as a good approach to prepare short SWCNTSs with a narrow length distribution in a good yield. In the
case of MWCNTs the mixture of sulfuric/nitric acids turned out to be the most efficient in achieving a
sample of short CNTs in a good yield. A subsequent 1 h steam treatment is suggested after processing
the samples with either piranha (SWCNTs) or sulfuric/nitric acids (MWCNTs) to remove functionalities

25



from the sample, which is reflected in a higher thermal stability of CNTs and XPS data. The median
length after the proposed combined treatments is 266 nm for CVD SWCNTs (piranha-steam) and 225
nm for CVD MWCNTs (sulfuric/nitric). Short CNTs are of interest for a broad range of applications,

including biomedicine, electronics, water purification and composite materials.
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