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Abstract

Purification and shortening of carbon nanotubes have attracted a great deal of attention
to increase the biocompatibility and performance of the material in several applications.
Steam treatment has been employed to afford both purification and shortening of multi-
walled carbon nanotubes (MWCNTSs). Steam removes the amorphous carbon and the
graphitic particles that sheath catalytic nanoparticles, facilitating their removal by a
subsequent acidic wash. The amount of metal impurities can be reduced in this manner
below 0.01 wt.%. The length distribution of MWCNTSs after different steam treatment
times (from 1 h to 15 h) was assessed by box plot analysis of the electron microscopy
data. Samples with a median length of 0.57 um have been prepared with the reported

methodology whilst preserving the integrity of the tubular wall structure.
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1. Introduction

Bulk synthesis of carbon nanotubes (CNTSs) results in samples that contain several
impurities, namely amorphous carbon, graphitic particles in the form of fullerenes or
nano-onions, and metal nanoparticles when employed for the catalytic growth of CNTSs.
The presence of these impurities is detrimental for further processing and application of
CNTs. Metal nanoparticles not only might induce cytotoxicity [1-3] but can also
dominate the electrochemical response of the material [4] along with graphitic particles
[5-7]. On the other hand, the presence of amorphous carbon alter the adhesion
properties of the nanotubes [8] and might lead to the formation of oxidation debris
preventing the sidewall functionalization of CNTs [9]. A wide range of purification
strategies have been employed to remove these side products; liquid phase treatments in
oxidising acidic conditions being the most widely used. For instance, the combination
of HCI and HNO; has been shown to simultaneous remove non-nanotube carbon
material along with metal and metal oxide nanoparticles present in samples of multi-
walled carbon nanotubes (MWCNTS) [10], leading to purities above 96 wt.% [11].
Other liquid phases treatments for the purification of MWCNTSs involve the use of
hydrogen peroxide, followed by an HCI wash [12] or chlorine and ammonia water [13].
Gas phase reactions not only reduce the amount of chemical waste but also present
some advantages compared to liquid phase treatments [14, 15]. Gas phase purification
of MWCNTs commonly involve air [16] but steam [17], carbon dioxide [18], chlorine
[19], hydrogen [20], and plasma-thermal purification [21] have also been explored.
Purification studies on as-produced single-walled carbon nanotubes (SWCNTSs) have
revealed that air-oxidation can remove the associated impurities while inflicting
considerably less damage than oxidising acid-treatment, and avoid the formation of

oxidation debris [15]. Unlike liquid phase oxidation the gas phase process preferentially
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oxidizes SWCNTs without introducing sidewall defects [22]. Oxygen reacts with
carbon in a fast manner, above a given temperature. Therefore when air is employed for
the purification of CNT samples a careful optimization of the temperature and treatment
time is necessary from batch to batch to avoid the complete oxidation and loss of the
carbon material. Steam, being a milder oxidizing agent, allows a better control of the
purification with reactions with as-produced SWCNTSs that can last for several hours
[23]. Steam has been combined with oxidizing acid treatments for the purification of
cloth-like soot SWCNTSs from arc discharge [24], because steam can efficiently remove
the functionalities introduced by the acid treatment [17]. Steam treatment has also been
used for the controlled etching of multi-walled carbon nanotubes decorated with iron
nanoparticles [25]. The etching occurred only at the interface between the iron
nanoparticles and the nanotubes. Steam purified carbon nanotubes are being employed
for a wide range of applications such as lithium-ion batteries [26], supercapacitors [27,
28], ceramic composites [29], templated growth of novel structures [30], biomedical
applications [31, 32] or even for the formation of graphene by unzipping steam purified
nanotubes [28]. Furthermore, initial studies reveal that short SWCNTSs can be obtained
after prolonged steam treatment [23]. Short CNTs have an increased biocompatibility
and are desired for a wide range of applications including biomedicine [33, 34], sensors
[35], membranes [36] and electrode materials [37]. As such, a toolbox of cutting and
shortening strategies is nowadays available including ball milling [38], lithography [39],

fluorination [40] and oxidation [41].

From just the few examples noted above, it becomes clear that there is a growing

interest in the use of steam for the post-synthesis processing of CNT material. Steam is

actually widely employed as an oxidative additive during the synthesis of carbon
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nanotubes by chemical vapor deposition (CVD). When steam is added into the reactor,
not only the formation of amorphous carbon is suppressed, but also the activity and
lifetime of the catalysts are greatly improved [42, 43]. Thus, using steam is possible to
synthesize high-purity CNTs and is an efficient additive for the supergrowth of aligned
SWCNTSs [44]. However, the role of steam onto the post-synthesis treatment of
MWCNT samples has barely been studied. As in the case of their SWCNT counterparts,
it has been shown that steam removes the amorphous carbon and opens the ends of
MWCNTSs [17]. Here we report for the first time on the effect of the steam treatment on
the length distribution of MWCNTS, wall structure, and residual inorganic content of

the samples.

2. Experimental and methods

Chemical vapour deposition Elicarb® MWCNTs from Thomas Swan & Co. Ltd. were
supplied as dry powder, with an average diameter of 10-12 nm (value provided by the
company). The samples contained amorphous carbon, graphitic particles (carbonaceous
crystalline materials having few graphitic layers) and inorganic particles. COMoCAT®
CVD MWCNTs from SouthWest NanoTechnologies were purchased from Sigma-
Aldrich as dry powder. The COMoCAT® MWCNTSs have an average diameter of 10 nm
+ 1 nm and a purity of >98% carbon basis (values provided by the company). The as-
received material was finely grounded with an agate mortar and pestle and spread on the
center part inside a silica tube of 5 cm in diameter. The silica tube, opened at both ends,
was then placed into the alumina tube of the furnace and purged with argon (150 mL
min™) for 2 h to allow the complete removal of air. Steam was introduced by flowing
the incoming argon through a bubbler with hot water (98 °C). Therefore, a mixture of

Ar/steam gets in contact with the sample. The temperature of the furnace was then
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increased up to 900 °C and dwelled for different periods of time between 1 to 15 h. The
sample was next treated with 6 M HCI to remove catalytic particles. Finally the powder
was collected by filtration through a 0.2 um polycarbonate membrane and washed with

distilled water until the pH of the filtrate was neutral.

Thermogravimetric analysis (TGA) were performed on Netzsch instrument, model STA
449 F1 Jupiter® (Elicarb® MWCNTS) or in a Mettler Toledo TGA/SDTA851e/SF/1100
(CoMoCAT® MWCNTS). Experiments were conducted under a flow of air at a heating
rate of 10 °C min™ up to 950 °C. To examine the stability of as-received Fe-growth
MWCNTSs, TGA was performed on SETARAM Setsys Evolution instrument. Sample
was heated up to 1100 °C with a heating rate of 10 °C min™ under Ar/steam flow (190

mL min™ of argon and 2 g h™* of steam).

Magnetic measurements were done in a Superconducting Quantum Interference Device
(SQUID) magnetometer (LOT-QuantumDesign Iberia). A diamagnetic gelatine capsule
was filled with 3-4 mg of sample. Data was acquired with an applied field from -50.000
Oe to +50.000 Oe at 10 K to obtain the hysteresis loops. The sample holder contribution

was subtracted in all the measurements.

Raman spectra were recorded with a LabRam HR 800 Raman spectrometer, Jobin
Yvon® equipped with a microscope, through a 100-fold magnification objective. A 20
mW He-Ne red laser (633 nm) and - Ar" green laser (514 nm) were used. The spectra
were recorded from 100 to 2000 cm™. The abscissa was calibrated with a silicon
standard. Samples for Raman were prepared by sonicating the material with 2-propanol,

in an ultrasonic power bath. Afterwards, these were drop dried onto a glass substrate,
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building up a film of the material. To check homogeneity of the samples, three spectra
at different spots on the sample were recorded. Spectra were fitted using OriginPro 8
software. Each spectrum was fitted with one Gaussian and four Lorentzian functions

until satisfactory fitting criteria.

Elemental Analysis was conducted with an elemental analyzer EA 1108 Instrument and
a microbalance Mettler Toledo MX5. For the measurement, 1 mg of sample was
weighed and a mixture of vanadium pentoxide and tin was added to ease the

combustion. Sulfanilamide was used as a pattern.

XPS were acquired with a Kratos AXIS ultra DLD spectrometer with an Al Ka X ray
font and a power of 120 W. Samples were measured as dry powder. Survey-scan was
conducted with a Pass Energy of 160 eV and high resolution scans at a Pass Energy of
20 eV. Hybrid-slot lens mode was employed, with an area of analysis of 700 x 300

microns.

Low magnification TEM images were obtained using a JEOL 1210 and operating at 120
kV. HRTEM images were acquired using an FEI Tecnai G2 microscope operating at
200 kV. TEM and HRTEM samples were prepared by dispersing a small amount of
powder in absolute ethanol and sonicated in an ultrasonic power bath. Afterwards, the

dispersion was drop dried onto a lacey carbon TEM grid.

3. Results and discussion

The reactivity of MWCNTSs towards steam was assessed by TGA analysis of as-

received Elicarb® Fe-grown MWCNTs under Ar/steam flow (Figure 1). As it can be
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seen, MWCNTSs present an excellent stability in the presence of steam until about ~900
°C were the sample starts to oxidize. Therefore, all the subsequent treatments were

performed at 900 °C.
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Figure 1. TGA of as-received Fe-growth CVD MWCNTSs under Ar/steam flow.

Thermogravimetric analysis (TGA) under flowing air was used to assess the amount of
solid residue in both as-received and steam purified samples for different periods of
time, namely 1 h, 1.5 h, 2 h, 2.5 h, 5h, 10 h and 15 h (Figure 2a). All the samples were
treated with HCI before TGA measurements. Taking into account that all carbon species
are oxidized to carbon dioxide, the residue from the TGA analysis must correspond to
inorganic impurities from the synthesis of the nanotubes. Compared to as-received
material, which contains 2.8 wt.% of inorganic solid residue, a decrease is observed up
to 1.5 h of steam treatment, down to 0.5 wt.%. Longer treatments result in an increase of
the inorganic content which levels off at about 1.9 wt.% for prolonged treatments (10-
15 h). The solid residue obtained after the thermogravimetric analysis of the samples in
air is typically attributed to the oxidation of the metal employed for the growth of the
CNTs. Therefore, in the present case the residue would correspond to iron oxide (Fe;Os)

since iron is used for the synthesis of the nanotubes. The amount of iron would then be
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2.0 wt.% (as-made), 0.4 wt.% (1.5 h steam) and 1.3 wt.% (10 h). To independently
assess the amount of metal content in the samples we performed magnetic
measurements which have been shown to be the most accurate statistical method for
quality control of CNTs [45]. Contrary to TGA, magnetic measurements are non-
destructive and preserve the sample. Figure 2b presents the hysteresis loops of both as-
received MWCNTSs and after 1.5 h steam purification followed by HCI treatment. The
as-received MWCNTSs present a clear ferromagnetic behaviour superposed on a
paramagnetic contribution, whereas in the purified sample a weak diamagnetic response
from the holder starts to prevail. This illustrates a dramatic decrease in the amount of
metal catalyst present in the sample. The saturation magnetization (Ms) of the samples
after removing the linear background is 2.19 emu-gsamp|e'1 for the as-received material
and 0.049 emu-gsample'1 for the purified sample. Considering that the nature of the
catalyst particles is pure Fe, and with iron having a bulk saturation magnetization of
221.7 emu-g ™ [46], the amount of metal catalyst in samples would be 0.99 wt.% for the
as-received material and 0.022 wt.% for the 1.5 h steam purified sample. In contrast to
their SWCNT counterparts where both TGA and SQUID revealed the same amount of
catalytic impurities [23], the quantity of Fe assessed by magnetic measurements in the
steam purified MWCNTS results to be an order of magnitude lower than that obtained
by TGA. The same trend occurs after a prolonged 10 h steam treatment where a 0.007
wt.% of Fe is determined by SQUID measurements (0.016 emu-gsamp|e'1) in contrast to a
1.3 wt.% Fe as per TGA. If the nature of the impurities present in the sample were iron
oxide or iron carbide, with bulk Ms(y-Fe,Os) = 87 emu-g™; Ms(Fes04) = 92 emu-g™ and
Ms(FesC) = 140 emu-g™* [46], then the observed saturation magnetization after 10 h
treatment would correspond to about 0.018 wt.% of iron oxide and 0.011 wt.% of iron

carbide; still well below the inorganic residue observed by TGA. The observed
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differences between TGA and SQUID determination of the catalytic impurities can not
only arise from the fact that the Ms values of nanoparticles are typically smaller than
that of the bulk material [47]. Therefore, we performed XPS analysis of the 10 h steam
treated sample to determine the presence of any other inorganic species. Whereas the
amount of iron was below the detection limit of this technique, an aluminium peak is
clearly visible (Figure S1). Most likely aluminium is present in the sample in the oxide
form as alumina, a commonly employed refractory material for high temperature
syntheses. The presence of alumina impurities would indeed contribute to the TGA
residue but not to the SQUID analysis, and accounts for the differences observed
between both methods. Table 1 summarizes the inorganic content of representative
samples. The presence of alumina in the samples becomes more visible after prolonged
treatments because the carbon content diminishes with time due to its continuous
removal by steam. The steam treatment followed by HCI wash is indeed an efficient
approach for the removal of catalytic particles reaching levels below 0.01 wt.% Fe. The
catalytic particles present in the as-received CNTs are sheathed by graphitic layers that
are difficult to be oxidized even under strong acidic conditions [48]. Steam reacts with
these graphitic shells leaving the metal particles exposed and susceptible to be dissolved
by HCI wash. The very low residual amount of iron particles after the steam and HCI
treatments makes the whole range of steam purified samples interesting for further

application.
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Figure 2. TGA and SQUID analysis of as-received and steam purified MWCNTS. a)
Amount of residue present in the MWCNTS before (0 h) and after steam treatment (1 h
up to 15 h) followed by an HCI wash, determined from TGA. b) Hysteresis loops at 10
K for as-made MWCNTs and 1.5 h steam and HCI purified MWCNTSs, after linear

substraction. Raw data are presented in the inset.

sample | TGA residue (wt.%) F; Q(VL\;tlb%) ALO; (Wt.%)

as-made 2.84 0.99 1.42
15h 052 0.022 0.48
10h 1.87 0.007 1.86
15h 1.89 0.013 1.87

Table 1. Inorganic impurities present in as-received and steam treated samples (after

HCI wash) as determined by SQUID (wt.% Fe) and TGA. The Al,O3 content has been
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calculated by subtraction of the wt.% of Fe,O3 (product of the oxidation of Fe during the

TGA analysis) from the total TGA residue.

Both the amount of inorganic particles and amorphous carbon present in the samples of
CNTs can influence the onset of the combustion temperature observed by TGA.
Samples with a higher amount of inorganic material, such as metal nanoparticles, start
to oxidize at lower temperatures [49, 50]. The same trend is also observed when
amorphous carbon is present because it is more easily oxidized than carbon nanotubes
[51]. In agreement, the onset of combustion of all the purified samples is higher than
that of raw material (Figure S2), showing the higher quality of the steam-treated
nanotubes. For the ease of comparison, TGA data of the sample holding the lowest
residual content (1.5 h steam) along with the data for the as-received material are shown
in Figure 3. Whereas the as-received material presents an onset of combustion at 571
°C, an increase of 63 °C up to 634 °C is observed for the purified material. A detailed
analysis of the shape of the TGA curve via the 1% derivative (inset) indicates two
distinctive peaks for the as-received material: the first one at about 608 °C can be
assigned to the combustion of amorphous carbon and the second one at about 642 °C
can be attributed to the oxidation of carbon nanotubes [51]. Accordingly, the 1%
derivative of the steam purified sample presents a single peak indicating a higher
homogeneity and the successful removal of the amorphous carbon during the steam

treatment.
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Figure 3. TGA curves in air and 1* derivative (inset) of as-received and 1.5 h steam and

HCI purified MWCNTSs.

In order to confirm that the steam purification was not dependent on the source of
MWCNTs, COMoCAT® MWCNTs were steam treated, followed by an HCI wash.
Since the reactivity towards steam of COMoCAT® MWCNTs might differ from that of
Elicarb® Fe-grown MWCNTS, both the temperature and time of steam treatment should
be optimized. Even small differences in reactivity can be encountered from batch to
batch samples of a given supplier. Nevertheless, as a first approximation we employed
the experimental conditions that led to the lowest amount of solid residue on Elicarb®
MWCNTSs (1.5 h at 900°C). As it can be seen in Figure 4, the steam treated sample
presents a higher onset of the combustion temperature compared to the as-received
CoMoCAT® MWCNTs, indicating the removal of the amorphous carbon by the steam
treatment. In agreement with the Fe-grown MWCNTS, a decrease in the solid residue is
also observed for the steam treated COMoCAT® MWCNTSs, from 0.2 wt.% in the as-
received material down to 0.004 wt.% for the steam purified sample. SQUID data also
reveals a dramatic decrease in the content of magnetic catalytic particles in the sample,
from a Mg of 0.57 emu-gsamph;1 in the non-treated sample down to a Ms of 0.028

emu-Qgsample - for the purified MWCNTS.
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Figure 4. a) TGA curves in air and b) hysteresis loops at 10 K, of as-received and 1.5h

steam and HCI purified COMoCAT® MWCNTs.

We next investigated the effect of the steam treatment time on the length distribution of
the MWCNTSs. We focused on the Fe-growth MWCNTSs for this and subsequent studies.
For comparison we analysed the as-received material, the sample presenting the lowest
amount of solid residue (1.5 h steam), and three additional samples with longer steam
treatments (5 h, 10 h and 15 h). Visual inspection of the low magnification transmission
electron microscopy (TEM) images presented in Figure 5 reveals a marked decrease of
the MWCNTSs’ length with increased steam treatment time. Note that images are
presented at different scales to allow observing the entire MWCNTSs and contain a large

amount of nanotubes for ease of inspection. We observed that steam shortened
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nanotubes presented a larger amount of bundles than their long counterparts, and were
more difficult to disperse. For each sample, the length of about 175 individual
nanotubes was measured to quantitatively assess the decrease (Figure S3), and the
results are presented as histograms in the figure. Since the samples present a non-
symmetric length distribution it is not possible to determine an average mean length and
a box plot analysis was performed (Figure 6, Table S1). An initial inspection of the box
plot indicates a similar degree of outliers/faroutliers in all the samples, indicating that
all the samples present a small amount of nanotubes that have a much longer length than
the majority of the nanotubes present in each of the samples. Both as-received (0 h
treatment) and 1.5 h steam treated MWCNTSs are statistically similar and therefore this
treatment can be employed to purify the as-received material without a significant
alteration on the length distribution of the sample. As-received MWCNTS contain a
high fraction of long nanotubes, with 32.2 % above 2.5 um and a median length of 1.9
um. When steam purification is carried out for a prolonged time, not only the length of
the resulting MWCNTSs is extremely diminished but also a much narrower length
distribution is observed. For instance after 10 h most of the nanotubes are shorter than
2.07 um (maximum adjacent observation, Table S1) and a median length of 0.58 um is
achieved for MWCNT samples treated with steam for 15 h. Therefore the length of the

MWCNTSs can be easily modulated by applying a given steam treatment time.
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Most shortening and cutting strategies take place via a progressive introduction of
defects/functionalities into the wall structure until a complete cutting is achieved [52,
53]. From the TGA curves of the steam treated samples it becomes clear that this is not
the case for the steam shortened nanotubes. All the samples are completely stable under
air until their complete combustion above 500 °C (Figure S2). To determine the amount
of functional groups, if any, on the samples we performed both elemental analysis and
X-ray photoelectron spectroscopy (XPS). Any functionality derived from the steam
treatment should contain hydrogen and/or oxygen as constituent elements. Elemental
analysis gives information on the amount of C, N, H and S in the sample. Steam treated
samples during 1.5 h and 15 h were measured after being treated in HCI (Table 2). From
these analyses it can be seen that the quantity of hydrogen in the samples is negligible
(<0.2 wt.%), indicating that no functional groups containing this element are present on
the MWCNTSs. The threshold of <0.2 wt.% used for hydrogen quantification is the same

than that of N and S which are certainly not expected in these samples. Next, XPS
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analysis was carried out to determine the presence/absence of oxygen in the steam
treated samples. Integration of the high resolution spectra in the C1s and O1s regions
(Figure S4) indicate similar levels of oxygen for as-received (1.3 % O/C) and steam
treated samples for 1.5 h (1.0 % O/C) and 15 h (1.5 % O/C). It is therefore likely that
such small levels of oxygen arise from the alumina impurities because the O/C ratio in
the different samples follow the same trend than the alumina content as determined by
TGA. Contribution from absorbed atmospheric species is also expected since the
samples were exposed to atmospheric moisture and oxygen. Analysis of the C1s high
resolution spectra allows the detection of different functional groups [54]. For instance,
oxygen-bearing functionalities that could have been introduced during the treatment
would be observed at binding energies below 290 eV. As it can be observed in Figure 7
there are no differences between the Cls peaks of as-made MWCNTSs and the steam
treated ones. Therefore, combining both XPS and elemental analysis we can conclude
that no detectable functional groups are introduced in the MWCNT structure even after

15 h of steam exposure.

at.% C at.% H at.% N at.% S

Steam1.5h| 9779 <0.2 <0.2 <0.2
Steam 15 h 954 <0.2 <0.2 <0.2

Table 2. Amount of carbon, hydrogen, nitrogen, and sulfur obtained by elemental

analysis of steam-treated samples for 1.5 h and 15 h (after HCI wash).
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Figure 7. XPS spectra on the C 1s region of as-received MWCNTSs and steam-purified
MWCNTs during 1.5 h and 15 h. Spectra have been normalized for an ease of

comparison.

Because no functionalities are detected either by XPS or by elemental analysis, we next
performed Raman spectroscopy which provides information on the wall structure and
purity of the MWCNTSs. The two most prominent features in the Raman spectrum of
MWCNTSs are the G band arising at about 1575 cm™, which is related to well-ordered
sp® graphite-type structures, and the D band centred at about 1341 cm™, which is
commonly attributed to disordered sp>-hybridized carbon material from defects and
functionalities [55]. Beside those, in the Raman spectrum of MWCNTSs it can be found
a band at ~1620 cm™ which appears as a shoulder on the G band and is denoted as D'
band [56], a broad band at ~1200 cm™ [57], and a band located between G and D band
which is denoted as D" band [58]. Whereas the origin of D band can be attributed to
both tube-related defects and amorphous carbon, D" band at ~1500 cm™ originates only
from the presence of amorphous carbon [58, 59]. Therefore, Choi et al. used intensity
ratios of D" and G bands to estimate the purity of MWCNT samples [60]. It has been
previously established that D" band has a Gaussian line shape [56, 58], in contrast to all

the other aforementioned bands in Raman spectrum of MWCNT that have a Lorentzian

Page 21 of 34



line shape.

Figure 8 displays Raman spectra of all the steam treated samples along with the as-
received material. For the ease of inspection all the spectra are normalized to the G band
intensity for both the green (514 nm; Fig. 6a) and red lasers (633 nm; Fig. 6b). Raman
spectra measured with both laser for the as-received, 1.5 h and 15 h steam treated
MWCNTs (followed by HCI wash) were fitted using four Lorentzian and one Gaussian
component (Figure S5). The relative intensities of D and G bands are considered as
probes of the CNT wall integrity and their degree of functionalization. The D/G
intensity ratios derived from the fitted spectra are summarized in Figure 8c and Table
S2. As expected, the D/G intensity ratio of a given sample is higher when measured at
633 nm than at 514 nm illustrating the dependence of this ratio on the laser excitation
frequency [61]. An increase in the D/G intensity ratios can be observed for the steam
treated samples which appears to be more pronounced at higher steam treatment times.
As mentioned earlier, an increase in the D/G intensity ratios is typically attributed to
disordered sp>-hybridized carbon. From the analysis performed so far, it is clear that the
functional groups present in the samples after the steam treatment are very limited. On
the other hand, if side-wall defects were introduced onto the MWCNTS the reactivity of
the resulting material with oxygen would be increased, and this is not the case according
to TGA. Therefore, although side-wall defects cannot be discarded, it appears that the
increase in the D/G intensity ratio is associated with the end-opening and shortening of
the nanotubes. We advocate that MWCNTSs oxidation takes place through the ends of
the tubes, and, when opened, MWCNTSs exhibit a higher amount of C sp®. Moreover,
this oxidation leads to a decrease of the CNT length during the treatment and an

increase of the end-to-wall carbon ratio on the MWCNTS that gets reflected on the D-
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band. To estimate the content of amorphous carbon in our samples, the D"/G ratios are
presented in Figure 8d and summarized in Table S2. As it can be seen, for both Raman
lasers D"/G ratios decrease for the steam treated samples compared to the as-received
material. The decrease is more prominent when using the 633 nm Raman laser.
Therefore, analysis of the Raman data also allows us to confirm that steam decreases the

amount of amorphous carbon present in samples of as-received MWCNT.
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Figure 8. Raman spectra of as-made MWCNTs and steam-treated MWCNTSs for
different periods of time. a) Spectra obtained with green laser (514 nm). b) Spectra
obtained with red laser (633 nm). ¢) Summary of the D/G band intensity ratio with
respect of steam purification time for both lasers. d) Summary of the D"/G band

intensity ratio with respect of steam purification time for both lasers.

To get further insight on this aspect, we analysed several individual MWCNTSs by high
resolution TEM (HRTEM) before and after a prolonged steam treatment. This technique
allows the direct visualization of the carbon nanotube structure [62, 63] and provides
information down to the atomic scale [64-66]. Figure 9 displays HRTEM images of a

MWCNT from the as-received material where the walls are clearly visible, and a
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MWCNT after a prolonged steam treatment (10 h). Albeit it is a long treatment, the
MWCNT structure has been well preserved. The walls have no apparent breaks and the
tubular structure remains intact. From a qualitative point of view the steam-treated
MWCNTSs have comparable structural integrity compared to as-received CNTSs, which
also natively contain defects (additional images are included in Figure S6). Therefore
HRTEM confirms that the amount of defects introduced during the steam purification is
sensibly low and that the observed increase in the D/G intensity ratio by Raman

spectroscopy is most likely related to the end-opening and shortening of the MWCNTS.
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Figure 9. HRTEM images of a) as-received MWCNTSs and b) Steam treated MWCNTSs

during 10 h.
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4. Conclusions

We investigated the role that the steam treatment time plays on the purification, wall
structure and length distribution of MWCNTSs. Steam allows the removal of graphitic
particles that sheath the metal catalysts (impurities from the CNTs’ growth) and the
amorphous carbon whilst reducing its impact on the wall structure of the MWCNTSs.
Oxygen- and hydrogen-bearing functionalities have not been detected on steam treated
samples; neither by XPS nor by elemental analysis. Samples with a metal content below
0.01 wt% have been achieved by steam purification followed by an HCI wash. The
steam purification treatment has been successfully achieved in both Fe-grown and
CoMoCAT® MWCNTs. Steam is a simple, economic, and environmentally friendly
method that results in end-opened high-quality nanotubes, the length of which can be
easily modulated by a mere change of the treatment time. Open-ended CNTs with a low
degree of functionalities are of interest for subsequent filling experiments since
functional groups at the tips have been shown to block the entry ports of the
nanochannels [67]. Therefore, steam further expands the toolbox of purification, end-
opening and shortening strategies that allow the preparation of tailored MWCNT

samples for selected applications.
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