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For quite some time, alkaline oxidation (or fusion) has been used to solubilize refractory materials and
mineral ores. Recently, its application scope was extended to facilitate batch-scale elemental analysis of
nanomaterials such as carbon nanotubes. Here, a sodium tetraborate salt was used to digest four
different types of single-walled carbon nanotubes. These samples were produced employing Co—Mo or
Fe catalyst systems. Their graphitic matrix was exposed to different melt temperatures for a short period
of time, following which the concentration of six transition metals was measured. Recoveries in excess
of 80% were obtained, with the melt temperature affecting more the elemental extraction in Fe-
catalyzed nanotubes. Together with previous results, the work described allows drawing pertinent
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1. Introduction

Carbon nanotubes (CNTs) have been extensively studied since
1991." Today, these nanofibers are part of the industrial land-
scape and have reached a higher stage of technological devel-
opment, explaining their year-on-year production output
increase.”

Classically, there are three main approaches to produce
CNTs, namely arc discharge, laser ablation and chemical vapor
deposition (CVD).* Not surprisingly, given the decades-old
know-how of growing micron-sized carbon fibers, catalytic
CVD has become the preferred industrial method to supply
nanotubes.® For the particular case of single-walled carbon
nanotubes (SWCNTs), a variety of transition metals are
commonly used in the CVD process as their different combi-
nations enable characteristics such as a tailored length and
chirality.” Key growth catalysts are Fe, Co and Ni,® but other
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approach for the routine chemical analysis of nanocarbons.

elements (e.g. Mg, Al, Cr, Mn, Cu and Mo) may be added to
promote the feedstock's decomposition, generally a hydro-
carbon gas such as methane or ethylene.”** Post-growth, elim-
inating these non-carbon elements is not entirely trivial.?
Furthermore, their presence can disrupt the performance of
SWCNTs such as in electrochemical®® and biomedical
applications.

In view of the above, the quantification of non-carbon growth
by-products is a critical step in validating the properties and
assessing the responses of nanotubes used in the research,
industrial and consumer arenas. Moreover, overlooking proper
quantitative analysis of SWCNTs will not only interfere with the
lab-scale study conclusions for next-generation technologies
but may also result in unforeseen side effects on the environ-
ment and public health when they get translated to mass-scale
commercial products. In fact, much of the toxicity attributed to
carbon nanotubes in the literature could well be related to
metallic impurities due to poor protocols of elemental quanti-
fication of the as-received powders."*™” For many years, analyt-
ical tools such as inductively coupled plasma optical emission
spectroscopy (ICP-OES) have been applied in this context.'®?*
Surprisingly, few teams have validated these studies against
chemically certified SWCNT standard samples that have been
commercialized for almost a decade.’*?® Also, and despite the
numerous analytical studies, the pre-treatment step continues
to be the main hurdle in routine elemental analysis of graphitic
nanocarbons. This problem was recently highlighted in
a comprehensive review by Dyjak et al.?* To disintegrate the sp*-
C matrix, stringent conditions are needed: if not combustion of
the nanotubes (a.k.a. ashing),*® then prolonged high-
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temperature exposure to concentrated acids and/or oxidizers
(e.g. peroxides) is employed.**

In 2016, we proposed alkaline oxidation (a.k.a. fusion) as
a viable approach to digest different types of carbons, hence
offering a pre-treatment alternative for the elemental analysis of
SWCNTs by ICP-OES." More recently, we validated fusion for
SWCNTs* and tested it on battery-relevant carbon materials with
different types of nanotextures (point, radial and planar).”® On the
whole, acceptable recoveries (usually, 80-90%) have been ach-
ieved for a number of transition metals. Amongst the recovery
optimization steps taken, the most successful was the replace-
ment of a receiving plate (where the melt solidifies as a glass-like
bead) by a container with diluted acid (where the melt quenches
and solubilizes). Whilst these demonstrations are encouraging,
we acknowledge that there is room for improvement as the
recovery levels remain lower than those provided by the more
mature methods of ashing and wet-digestion.

In fusion, a critical variable is the selection of the alkaline
salt (or flux). For our previous work, lithium compounds were
used (predominantly). Here, four different SWCNTSs were sub-
jected to alkaline oxidation using sodium tetraborate as the
flux. The nanotubes were divided in two categories: reference
materials and commercial samples. The effect of the reaction
temperature on the recovery of several transition metals was
examined along with possible interactions (structural and
chemical) of the sodium salt with the carbon species.

2. Experimental section
2.1 Materials, reagents and solutions

Two lots of commercial SWCNTs procured from Sigma-Aldrich
(named here: SWCNT-7867V, with =95% carbon content, lot
MKBW7867V, and SWCNT-5848V, with >70% carbon content,
lot MKBW5848V) and two SWCNT reference materials (SWCNT-
1, from the National Research Council Canada and SRM2483,
from the National Institute of Standards and Technology) were
analyzed. For the flux, sodium tetraborate (hereafter, NaT) was
used (Na,B,0,, CAS 1330-43-4, Sigma-Aldrich). As reaction
vessels, Pt/Au crucibles (95/5 wt%, Malvern PANanalytical) were
employed during the fusion procedure. For the ICP-OES
measurements, the melts were poured into a 10% nitric acid
(HNO3) solution, prepared from 70% HNO; (CAS-7697-37-2, lot
1118092, Aristar Plus, BDH, Canada) and deionized water
(resistivity = 18 MQ cm, produced with a Milli-Q system from
Millipore, UK).

Standard stock solutions of single elements (PerkinElmer,
US) were used to calibrate the ICP-OES instrument, namely 2%
(v/v) solutions of: Cr (CAS 7440-47-3, lot 15-65Cr), Mn (CAS
7439-96-5, lot 15-91Mn), Fe (CAS 7439-89-6, lot 15-185Fe), Co
(CAS 7440-48-4, lot 16-76Co) and Ni (CAS 7440-02-0, lot 15-
121Ni). In addition, a Mo standard on a matrix of H,O/tr
NH,OH (lot D2-M002036, Inorganic Ventures) was employed.

2.2 Alkaline oxidation

The crucibles were thoroughly washed with a diluted acid
solution and then cleaned with 70% (v/v) ethanol. The fusion
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sample was prepared by adding 25 mg of the SWCNT powder to
250 mg of the NaT flux (ie, in a 1:10 ratio) and carefully
mixing them, inside a Pt crucible, with the assistance of
a vortex. Then, the vessel was placed in a furnace (Claisse
LeNeo, Malvern PANalytical), where the melting process was
performed at a target temperature (850 °C or 1050 °C) and with
a dwell period of four minutes. Afterwards, for the chemical
analysis, the crucible was tilted and the melt was dropped into
a polypropylene beaker filled with a 10% HNOj; solution. Stir-
ring took place until the total dissolution of the melt (less than
five minutes). Note that, for each SWCNT powder, three
different aliquots/melts were prepared (N = 3). Differently, for
the structural analysis, the melts were allowed to solidify in the
crucible and collected as glass-like beads. They were then
carefully broken and ground, with an agate pestle and a mortar,
until a fine powder was obtained. The fusion blank (control) was
prepared by weighing 250 mg of the NaT flux that were sub-
jected to the same melting/collection procedures.

2.3 Elemental analysis

The instrumental neutron activation analysis (NAA) measure-
ments were performed as described previously.** Briefly, 30 mg
portions of the carbon nanotubes were heat-sealed into irradi-
ation capsules made from two polyethylene discs with 25 mm
diameter and 0.15 mm thickness. The NAA procedures devel-
oped and routinely employed at the Nuclear Physics Institute
laboratory were used with minor modifications. Quantification
was carried out by the comparator method. Irradiations were
performed in the experimental reactor LVR-15 of the Research
Centre Rez, the Czech Republic.

For the ICP-OES measurements, an Agilent 5110 instrument,
bearing a synchronous vertical dual view configuration and
a wavelength window between 167 nm and 785 nm, was
employed. The instrumental parameters used are listed else-
where.*” To calibrate the equipment, single-element solutions
(with different concentrations) of Cr, Mn, Fe, Co, Ni and Mo
were used. They were all derived from the respective 1000 ppm
single-element standards. In order to check the instrument
performance and ensure that its precision was not degrading
over the period of the analysis, a quality control sample (1 ppm)
and solutions for continuing calibration verification (5 ppm)
were prepared. All recovery levels are given in percentages
relative to the elemental concentration values measured from
NAA.

2.4 Structural characterization

For the 1D "*C magic angle spinning (MAS) nuclear magnetic
resonance (NMR) analysis, a known amount of sample was
placed inside zirconia rotors. The spectrum was acquired on
a Bruker AVANCE 111, operating at a resonance frequency of 100
MHz and using a conventional double resonance 4 mm cross
polarization magic angle spinning (CPMAS) probe. The spin-
ning frequency was set to 10-15 kHz. NMR chemical shifts are
reported with respect to an external reference, tetramethylsilane
(TMS). The spectra were recorded via a spin echo pulse
sequence (pulse length 3.4 ps) with four-phase alternation
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synchronized with the spinning rate for the MAS experiments
(to delete all background signals from the probe). The inter-
scan delay was set to 15 s, to allow complete relaxation, and
5000-30 000 scans were performed. An apodization function
(exponential) corresponding to a line broadening of 80 Hz was
applied prior to the Fourier transformation. The 1D ''B (I = 3/2)
MAS NMR experiments were performed on a 21.1 T Bruker
AVANCE III spectrometer (vL(''B) = 288.826 MHz) with a double
resonance 3.2 mm MAS probe and a MAS frequency of 20 kHz
with a short pulse (7t/12 with a pulse width of 1 ps and repetition
time of 2 s). "B multiple quantum MAS (MQMAS) experiments
were carried out using the three pulse MQMAS sequence with
a z-filter and a spinning frequency of 20 kHz. The excitation and
conversion pulse lengths were 5.7 us and 1.9 ps, respectively,
and the read pulse length was 20 ps. The t1 increment was 50 s
to ensure rotor synchronized data acquisition. Chemical shifts
are referenced to an external sample of 1 M boric acid solution.
The 1D **Na (I = 3/2) MAS NMR experiments were performed on
a 21.1 T Bruker AVANCE III spectrometer (VL(**Na) = 230.869
MHz) with a double resonance 3.2 mm MAS probe and a MAS
frequency of 18 or 20 kHz. >*Na MQMAS experiments were
carried out using the three pulse sequence with a z-filter and
a spinning frequency of 20 kHz. The excitation and conversion
pulse lengths were 5.7 ps and 1.9 us, respectively, and the read
pulse length was 20 ps. The ¢ increment was 50 s to ensure
rotor synchronized data acquisition.

Raman spectroscopy was carried out to assess the diameter
distribution and structure of the four as-received nanotube
samples. A WITeC 300RA system fitted with a 532 nm laser and
a UHT300 spectrometer was used.

To complement the NMR and Raman structural analyses,
localized imaging of the SWCNTs was performed with a FEI
TECNAI G* Spirit TWIN transmission electron microscope
(TEM), operated at 120 kV. To prepare the sample for TEM, a few
drops of nanotubes suspended in ethanol were poured onto Au
(or Cu) holey carbon grids and dried, in a vacuum oven, at 70 °C.

3. Results and discussion

Subsequent to the fusion and dissolution steps, the elemental
analysis of the two sets of SWCNTs (standards and commercial
samples) was performed by ICP-OES. Under normal pressure
and temperature conditions, NaT melts at 741 °C. Accordingly,
to shed light on the effect of the alkaline oxidation temperature
on elemental recovery, two reaction temperatures were consid-
ered: 850 °C and 1050 °C.

3.1 Reference materials

One standard reference (SRM 2483) and one certified reference
(SWCNT-1) SWCNTs were used. Of these materials, SWCNT-1
was previously employed to validate the fusion method with
a lithium borate flux.>” This Canadian standard differs signifi-
cantly from SRM2483 (NIST), not just in composition and
certified elements but also in the structure and allotrope
homogeneity of the carbon powder.** In fact, the latter is
labelled “soot”.
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3.1.1 Elemental analysis. In the following, we focused on
those certified elements that are most relevant for the carbon
community, namely the transition metals that have a known
catalytic activity towards the growth of nanotubes. Hence, six
elements were considered (Cr, Mn, Fe, Co, Ni and Mo) for
SWCNT-1 while only two are listed for SRM2483 (Co and Mo).

As for SWCNT-1, we previously analyzed it employing
microwave-assisted acid digestion as the pre-treatment step.>®
The recoveries and respective standard deviations were quite
satisfactory for the six elements mentioned, further verifying
the efficiency of wet-digestion for elemental analysis by ICP-
OES. In the present work, the SWCNT-1 beads exhibited
a dark blue color after the fusion process. The same hue was
seen when a lithium flux was used as the reaction medium and
attributed to the presence of Co®* species.*> Upon pouring the
melt into the beaker containing the diluted acid, a colorless and
transparent solution was obtained. The bar charts in Fig. 1a and
b summarize the recoveries of the six transition metal elements
studied. Generally, there were only minor differences in the
average values obtained at 850 °C and 1050 °C. The exception
was Cr. However, given the large standard deviation in its
1050 °C readings, the variation in the recovery value is ques-
tionable. In fact, the higher temperature process seems to
increase the uncertainty of measurements for SWCNT-1. It is
possible that the additional 200 °C altered the evaporation rate
of the elements and, by doing so, led to competing physico-
chemical processes that weakened the retention of transition
metals in the flux. It is interesting to compare these results to
those obtained using a lithium salt flux.** In that study,

850°C

c) SRM2483

a) SWCNT-1

Analytes Analytes

1050°cC
d) SRM2483

b) SWCNT-1

Recovery %
Recovery %

Analytes Analytes

Fig.1 Elementalrecovery of catalytically active transition metals in the
two SWCNT reference materials, with the averages and standard
deviations obtained with N = 3. (a, b) Calculated percentages for
SWCNT-1, fused at 850 °C and 1050 °C, respectively; (c, d) SRM2483,
fused at 850 °C and 1050 °C, respectively.
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a melting temperature of 1075 °C was used, close to the current
1050 °C, but the exposure time of SWCNT-1 was four times
longer (17 min). Still, the average recovery values obtained for
Co, Ni and Mo were also within the interval of 80-90%. Overall,
it appears that short exposure times can be used without
compromising the recovery levels in nanotube powders.
Regarding SRM2483, we previously quantified it using wet-
digestion with the recovery levels for Co and Mo being well
above 80%.%¢ After exposure to the NaT melts, its glass beads
also showed a dark blue color. However, and in contrast to
SWCNT-1, there was a pronounced temperature effect on the
average recovery values. As shown in Fig. 1c and d, increasing
the flux temperature resulted in a 20% decline of elemental
recovery. We attribute this to faster evaporation rates and/or
elemental heterogeneity. In fact, the certificate of analysis of
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SRM2483 indicates that there is some degree of heterogeneity in
the powdered soot (for the two elements considered, Co and
Mo).*

From the above, it seems that a higher fusion temperature
(i.e. several hundred degrees above the melting point of the flux)
leads to a recovery decrease. As mentioned, one possible reason
is faster evaporation rates. In the molten salt, the transition
metals are most likely ionized, forming metal oxides upon
condensation. Logically, this charged state would considerably
decrease the element's vapor pressure when compared to the
metallic atomic state. Still, given the limited number of aliquots
(and heterogeneity of SRM2483), additional experiments will be
required to consolidate this hypothesis.

3.1.2 Structural analysis. In our previous study,* the
structure of SWCNT-1 (and the lithium flux) was examined,
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before and after the fusion procedure. Additionally, we used
solid-state NMR spectroscopy (1D MAS of **C, 'B and ’Li) to
evaluate the interaction of the borate salt with the carbon
material. Briefly, it was possible to infer the presence of nano-
tube fragments in the condensed flux and confirm the absence
of carbides and doping (whether by intercalation or substitu-
tion). Here, we performed a similar analysis and extended the
"B and **Na NMR spectral acquisition to 2D.

In Fig. 2a, the ''B 1D MAS spectra of sodium tetraborate are
shown for the as-received (in red) and post-fusion states, at
850 °C (in grey) and 1050 °C (in black). Initially, two resonances
are present in the NaT salt. They are related to the tetrahedral
units of BO, (or B4) and the trigonal units of BO; (or B3).** The
corresponding ''B MQMAS (Fig. 2b) shows that the B4 reso-
nance has a double symmetric site with two different
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orientations. As for B3, it is more diffuse. Its resonance points to
a diversity of chemical environments originating from the
anisotropic shift contribution. Accordingly, four components
may be attributed: two to the symmetric trigonal sites (con-
taining either three bridging or non-bridging oxygen atoms)
and two to the asymmetric trigonal sites (with one or two
bridging oxygen atoms).*® After the fusion procedure, the salt's
resonances in the '"B 1D MAS high temperature spectra became
broader (Fig. 2a), which is understandable given the glassy
nature of the samples. In Fig. 2¢ and d, the "B MQMAS spectra
of the 850 °C and the 1050 °C experiments, respectively, showed
some variations between them. For the B3 sites, besides the
anisotropic shift in some of the four resonance components (by
1 to 2 ppm), the isotropic distribution was changed. They are
due to the rearrangement of boron coordination and the
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Fig.3 23Na solid state NMR of the sodium flux and SWCNT-1. (a) 1D MAS spectra of NaT in the as-received state (red), and after melting at 850 °C
(grey) and 1050 °C (black); (b) 2D MQMAS spectrum of the as-received NaT; (c, d) 2D MQMAS of NaT after melting at 850 °C and 1050 °C,
respectively; (e, f) 2D MQMAS of the fused mix containing the SWCNT-1 sample, at 850 °C and 1050 °C, respectively.
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existence of multiple B3 sites. As for the B4 resonance, the post-
fusion flux contained a single symmetric site.

Concerning SWCNT-1, its post-fusion "'B MQMAS spectra
are given in Fig. 2e (850 °C) and Fig. 2f (1050 °C). For the first,
when compared to the analogous spectrum of the blank flux
(Fig. 2c), there was an isotropic shift and just a single site for
both the B3 and B4 regions. Additionally, broadening of the B4
resonance took place. At the highest fusion temperature, both
resonances became more diffuse. The 2D profiles indicate that
the chemical environment for the B3 units is dominated by the
symmetric coordination. The B4 lobes, on the other hand, are
indicative of lower ordering of these units in relation to the
blank flux.

A similar study was performed for SRM2483 (Fig. S17). The
"B MQMAS spectra showed patterns that are similar to those of
SWCNT-1. The main difference was the B3 resonance compo-
nent at lower ppm as this showed a more defined peak at both
temperatures.

Following the above, an analogous NMR study was carried
out for the salt's alkali cation. Ideally, the **Na spectra of the
sodium tetraborate should show two chemical environments
for the cation (Nal and Na2 sites).*” Fig. 3a shows the 1D MAS
spectra of NaT in its as-received (20 °C, in red) and post-fusion
states, at 850 °C (in grey) and 1050 °C (in black). The spectrum
of the initial state included a range of sharp peaks with
a chemical shift that coincided with a broader and overlapping
band. In the corresponding **Na MQMAS (Fig. 3b), four peaks
could be resolved, interpreted as four crystallographically
distinct Na" environments in the asymmetric Na,B,0, unit cell.
The presence of additional and less-resolved peaks is explained
by the highly hygroscopic nature of the salt. Accordingly, as
water molecules penetrate through the crystalline network, the
chemical environment and mobility of the cation are altered
due to its progressive solvation. Post-fusion, the 1D spectra
(Fig. 3a) can be read as just one broad peak (tough, at 1050 °C,
two small protrusions are observed). The lack of spectral defi-
nition is attributed to the glassy state of the flux, a result of the
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quenching process which impairs the ordered formation of
sodium sites. In Fig. 3c and d, the 2D spectra (at 850 °C and
1050 °C, respectively) are shown. Despite being less resolved
than the ones from the as-received salt, it is possible to distin-
guish two peaks, particularly in the higher temperature spec-
trum. While the anisotropic shift did not change, a noticeable
variation occurred in the isotropic part. The two peaks at
negative ppm (one of which was the Na1 site, at —12 ppm) either
disappeared or lost all definition. On the other hand, the profile
shows two peaks on the Na2 site. The shorter isotropic ppm
interval of the signals could arise from the glassy-state. In fact,
the disappearance of long-range order would compromise the
cation mobility in the structure. Besides this, water molecules
should have been entirely eliminated. Consequently, the
missing Nal sites (or the resonance at —30 ppm) would origi-
nate from sodium surrounded by water.

With respect to the **Na MQMAS of SWCNT-1, the post-
fusion spectra (Fig. 3e and f) show a set of resolved peaks
(more so at the higher temperature), the profiles and chemical
shifts of which are similar to those in the 2D spectrum of the
flux (at 1050 °C). Essentially, the only difference is the intensity
reduction of the baseline-like bump seen in the fused blank 2D
spectra (¢f. Fig. 3c and d).

For the *?Na MQMAS of the fused SRM2483 sample
(Fig. S27), the 850 °C spectrum is similar to the previous ones.
Conversely, the higher temperature spectral profile is entirely
stripped of noticeable peaks and only a featureless bump
remains. It is possible that the higher fusion temperature and
extensive oxidation of the carbon lattice destroyed the short-to-
medium range order of the borate units that accommodated the
Naz2 sites.

To complete the structural analysis by NMR, >C 1D MAS
spectra were acquired for the two standards in the as-received
and post-fusion states (Fig. 4). Note that an insufficient
amount of carbon residues in the flux beads (after the melting
procedure) precluded the **C 2D studies. In the initial state (20
°C), both nanotube samples showed a single resonance with the

a) b)
sp2 )\ sp?

° S 2 3
1050°¢ 1050°C P sp
850°C

XW\J\A\/

20°¢ 20°¢

2% 200 1% 100 %0 i 250 200 150 100 0 " ppm

13C Chemical Shift (ppm)

13C Chemical Shift (ppm)

Fig.4 1C solid state 1D MAS NMR of the two standards. (a) SWCNT-1in the as-received state (bottom spectrum) and after melting (top spectra),
at 850 °C and 1050 °C; (b) SRM2483, in the as-received (bottom spectrum) and after melting (top spectra), at 850 °C and 1050 °C.
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same chemical shift (125 ppm). The peak can be assigned
straightforwardly to the sp>-hybridised carbon atoms that make
up the nanotube's lattice.® In contrast, after the fusion, there
was a visible difference in the spectral response of the
standards.

With respect to SWCNT-1 (Fig. 4a), the chemical shift and
shape of the peak were mostly maintained at the lower melting
temperature. However, at 1050 °C, two overlapping resonances
were observed. The sharp peak at 145 ppm is still within the
region where the sp>-C peaks are expected. The 20 ppm shift is
reasoned by the presence of graphitized debris and their
interaction with electronegative elements (e.g. oxygen from the
borate units). At 75 ppm, the less intense and broader peak
corresponds to the carbon fragments richer in sp>-C. In our
previous study,®* SWCNT-1 was also subjected to alkaline
oxidation but a different flux was used. The post-fusion **C
NMR analysis identified a ~10 ppm upfield shift and broad-
ening of the sp>C resonance. In comparison, the present
changes are more pronounced and imply that the NaT melt
results in a higher degree of structural degradation of the
nanotubes (despite the shorter exposure time and similar
fusion temperature). Further experiments will be required to
confirm and understand this observation.

As for SRM2483 (Fig. 4b), the initial sp>-C peak shifted to
110 ppm and became significantly broader at 850 °C. When the
melt temperature was raised further, the resulting spectrum
showed weaker spectral features. Still, two overlapping reso-
nances could be identified. The first was the sp>-C peak that
remained centered at about 110 ppm. The second was a diffuse
band that ranged from 90 to 25 ppm and had an intensity spike
at 35 ppm. This falls in the known interval of sp*-C resonances.
The more dispersed spectral signature of SRM2483 implies that
a faster and more extensive degradation took place, when
compared to SWCNT-1. This is understandable given the lower
structural purity of the NIST standard.*

The above multi-nuclei NMR analysis provided some inter-
esting results. To start with, SRM2483 undergoes oxidative
structural degradation of the carbon lattice at lower tempera-
tures and gets more digested than SWCNT-1. Also, the resilience
of sp’>-C is remarkable and suggests that some sections of the
well-structured nanotubes (or, more likely, sections of these
nanotubes) resist the alkaline oxidation, in particular when
bundled together. This chemical sturdiness justifies the
constancy of the **Na spectra for SWCNT-1 as opposed to
SRM2483 which, at 1050 °C, loses spectral definition. From this,
the higher concentration of sp>-C would contribute to the
disruption of the formation of regular sodium sites in the glassy
borate salt. Hence, the carbon lattice degradation induces
a more extensive effect on the alkali metal sites than on the
borate units in the fused salt. Finally, there was no evidence of
the presence of carbonates, carbides or dopants.

3.2 Commercial materials

The two commercial samples, SWCNT-7867V and SWCNT-
5848V, were selected after a preliminary screening of several
nanotube materials. Besides the degree of carbon content
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(chemical purity), differences in their elemental composition
(transition metals) were taken into consideration.

3.2.1 Elemental analysis. In the following, the six elements
measured above (Cr, Mn, Fe, Co, Ni and Mo) were again the
object of investigation. In contrast to the pair of standard
samples, the concentration of these catalytic transition metals
was unknown. Since there was no certificate of analysis for the
commercial SWCNTs, benchmark concentrations
measured by NAA, a primary measurement method.*>** While
the analysis of SWCNT-7867V was previously reported,* that of
SWCNT-5848V is shown in Table S1.T Below, all the fusion/ICP-
OES recovery values are given relative to the NAA readings and
derived from the average concentration of three different
aliquots per carbon powder, i.e. N = 3.

With respect to SWCNT-7867V (the one with the highest
carbon purity), its fused beads exhibited a dark blue color,
similar to that of the two nanotube standards. Fig. 5a and
b show the average elemental recoveries (and corresponding
standard deviation bars) obtained at 850 °C and 1050 °C,
respectively. Given the lack of benchmark values for Fe and Ni,
these elements were not considered. With the exception of Co,
minor differences were observed (for Cr, Mn and Mo). The Co
recovery at 850 °C was 81 + 9% whilst, at 1050 °C, it increased to
89 + 6%. Again, the deviation bars are relatively large meaning
that the improvement in Co extraction is indicative. Interest-
ingly, the uncertainties did not differ as widely with tempera-
ture as in the SWCNT-1 standard. In the past, we tested SWCNT-
7867V under different fusion conditions.*® A lithium borate flux

were

850°C

a) SWCNT-7867V ¢) SWCNT-5848V
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Fig. 5 Elemental recovery of selected transition metals present in
commercial SWCNT samples (average recoveries and standard devi-
ations based on N = 3). (a, b) Calculated percentages for SWCNT-
7867V, at 850 °C and 1050 °C, respectively; (c, d) SWCNT-5848V, at
850 °C and 1050 °C, respectively.
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was used and the exposure lasted six minutes, at 1050 °C. The
recoveries obtained were higher than those here, namely 97 +
2% (for Cr), 107 £ 0% (for Mn), 86 + 3% (for Co) and 93 + 1%
(for Mo). The additional two minutes of melt exposure may have
contributed to leaching more of these elements into the lithium
salt.

As for the SWCNT-5848V sample, NAA revealed that Cr, Mn,
Fe and Ni were the predominant transition metals in the as-
received powder (Table S17). In fact, Fe was several orders of
magnitude more abundant than the other three elements. Co
and Mo were present in relatively small quantities. Post-fusion,
the quenched glassy beads were dark yellow, a color consistent
with the oxidation of Fe. From Fig. 5¢ and d, it is clear that an
increase in the recovery levels occurred in the higher tempera-
ture experiment. While for Cr and Mn this improvement may be
disputed (given the magnitude of the deviation bars at 850 °C),
there is no doubt about the other two elements. In the case of
Fe, the average value jumped from 70% to 83%. For Ni, the
increment was even more pronounced, from 75% to 92%.
Remarkably, this response to the fusion temperature contrasts
with that of all other nanotube samples.

From the elemental analysis of the commercial samples, it is
possible to infer that different catalysts were used to produce
the nanotubes. Whereas SWCNT-7867V follows the well-known
CoMOoCAT CVD approach (as disclosed by the vendor), where Co
and Mo are prominently used,* the growth of SWCNT-5848V
was based on an Fe-catalyzed reaction, likely promoted by
a free-floating CVD process.** If so, this would help understand
the exceptional increment in recovery levels at 1050 °C. A
common by-product of Fe-catalyzed free-floating CVD is
metallic nanoparticles enveloped by a thin shell of turbostratic
carbon. It is logical that the hotter melt was more efficient in
disintegrating them, accelerating the dilution of the trapped Fe
(and Ni, if alloyed).

3.2.2 Structural analysis. By definition, standards are
thoroughly characterized materials and the two reference
SWCNTs used in this work were no exception. In contrast,
commercial powders may show large variability (e.g. within the
same batch and/or lot-to-lot) and often lack a detailed certificate
of analysis."**® To complement the NMR studies, the
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commercial nanotubes were assessed with Raman spectroscopy
and electron microscopy.

The morphology and structural characteristics of SWCNT-
7867V were previously described by us.*® Generally, the as-
received nanotubes were well-structured, with an average
diameter of 0.96 + 0.29 nm and arranged in bundles of less
than ten SWCNTs. However, by-products such as catalyst
particles (alloys of Co and Mo) were also identified. With this
information in hand, the "'B and **Na MQMAS NMR spectra
were acquired for the SWCNT-7867V fusion products. At 850 °C
(Fig. S3at), the anisotropic shift contribution in the B 2D
spectra showed a diversity of chemical environments for the B3
units. They were similar in the number, shift and intensity of
the resonances to those present in blank NaT (¢f Fig. 2c).
Conversely, the B4 sites showed a resonance profile that was
sharper than that of the analogous of the SWCNT-1 and
SRM2483 samples. Remarkably, the increase in the melt
temperature led to a slight enlargement of the boron reso-
nances (Fig. S3bt). This contrasts with the response of the
standards where the opposite trend was observed. In SWCNT-
7867V, the higher disorder of the anionic B3 and B4 units
could be a consequence of increased leaching of trapped cobalt
and the formation of glassy cobalt(n) borate domains (¢f. Fig. 5a
and b). The analysis of the alkali cation sites by *>Na MQMAS
NMR (Fig. S47) showed a slightly more diffuse spectrum at the
higher temperature. While the induced disorder was not as
large as that seen for SRM2483 (¢f. Fig. S2t), it showed
a different response from that of the blank and the SWCNT-1
samples. Cobalt leaching, or the oxidation of the nanotubes
and other carbon aggregates in this sample (see TEM analysis in
ref. 23),%° could be the reason for this behavior. Finally, the "*C
1D MAS NMR spectra for the as-received nanotubes and the
post-fusion samples were acquired (Fig. 6a). The initial spec-
trum (20 °C) of SWCNT-7867V is similar to those of the stan-
dards, with a single resonance centered at 125 ppm. However,
the peak is less symmetric possibly due to a greater presence of
sp>-C species that are not nanotubes (e.g. carbon aggregates).?®
Post-fusion, the *C spectra are comparable to those of the
standards. At 850 °C, the resonance's broadening is quite visible
indicating higher anisotropy and less structural order in the C
lattice. At 1050 °C, the spectrum follows a profile that somehow

<)

SWCNT-5848V

Intensity (a.u)

RBM 2D

1000 2000 3000

Raman shift (cm“)

Fig. 6 Structural characterization of commercial nanotube samples. (a) **C solid state 1D MAS NMR for the SWCNT-7867V sample in the as-
received state (bottom spectrum) and after melting (top spectra), at 850 °C and 1050 °C; (b) high magnification TEM micrograph of the as-
received SWCNT-5848V; (c) Raman spectrum of the nanotube sample shown in (b).
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falls in between that of SWCNT-1 and SRM2483. On one hand,
the sp>-C peak shows up with a comparable chemical shift to
that of SRM2483 (30 ppm). On the other hand, the sp>-C reso-
nance is maintained but its sharpness and intensity are akin to
those of the SWCNT-1 sample. From this, a considerable
degradation of sp>-C in SWCNT-7867V took place but not as
extensively as in SRM2483. It is worth recalling that SWCNT-
7867V was also subjected to oxidation using a lithium salt.**
Interestingly, at 1050 °C, the spectrum was constituted solely by
the sp>-C peak, centered at 37 ppm. The absence of the sp>-C
resonance implies a larger disintegration of the nanotubes,
which agrees well with the higher recoveries obtained with the
lithium salt when compared to the present sodium tetrabo-
rate.”® As stated before, the additional two minutes of melt
exposure could account for this.

For SWCNT-5848V, the morphological and structural char-
acterization is shown in Fig. 6b and c. Besides the bundles of
SWCNTs (marked with a white arrow in Fig. 6b), the presence of
metallic catalyst particles was observed (red arrows). Judging
from the elemental analysis, they are composed of Fe. The
corresponding Raman spectrum identified the typical bands for
SWCNTs, namely the radial breathing mode (RBM), the
graphitic peak (G) and the 2D overtone. The defect-related peak
(D) was barely noticeable, verifying the structural quality of
these nanotubes. The estimated diameter distribution was 1.7
+ 0.5 nm (see Fig. S5bf). Unfortunately, due to the high
concentration of magnetic Fe particles in the as-received
sample, it was not possible to carry out the structural analysis
by solid state NMR.

3.3 Final discussion

It is common knowledge that the synthesis of SWCNTs, may
that be via CVD or other methods, relies on the use of transition
metals. They act as catalysts that promote the cracking of
carbon feedstocks (e.g. a hydrocarbon gas or vaporized graphite
powders) as well as the subsequent integration of atomic carbon
species in a tubular graphitic lattice. Not surprisingly, catalyst
nanoparticles are the most common by-product of these
processes. In general, the metal remainders are found nested
inside the nanotubes or encapsulated in onion-like carbon
particles. These graphitic shells are quite sturdy and act as
a formidable barrier to liquids capable of solubilizing transition
metals. Hence, destroying the carbon matrix is a necessary step
to ensure appropriate recovery of transition metals when
analyzing SWCNT samples by ICP-OES.

Throughout this and past reports, we have explored different
flux systems, carbon materials and molten salt reaction condi-
tions to evaluate how feasible is alkaline oxidation as an ICP-
OES pre-treatment step for the analysis of transition metals in
nanocarbons. Given the availability of chemically certified
SWCNTs, a special emphasis was placed on this class of allo-
tropes. With the results of the present study, an interesting
perspective arises on the points described hereafter.

3.3.1 Borate flux. Apart from the first report,”> we have
consistently used alkali borate salts, with the anionic moiety
being in the form of meta-borate, tetra-borate or a mix of both.
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As confirmed in the present work, changing the alkali cation
induces a negligible effect on the elemental analysis of the
nanocarbon samples. However, there may be some influence in
the extent of carbon oxidation at higher temperatures. With this
in mind, other important variables can be examined, namely
melt temperature, exposure time and the type of SWCNT
powder.

3.3.2 Melt temperature. In the present work, we demon-
strated the influence of temperature. However, its relation to
the efficiency of metal recovery was not identical for all nano-
tube samples. In fact, the extent to which changing the melt
temperature affects the metal recoveries is dependent on the
type of SWCNT powder. In three of the samples (SWCNT-1,
SRM2483 and SWCNT-7867V), Co and Mo were the basis of
the synthesis catalyst system. For these powders, increasing the
temperature of the NaT flux resulted in varied outcomes, from
larger standard deviations to (perceived) lower recovery levels
or, simply, no statistically meaningful changes. As for SWCNT-
5848V, this was the only case where an Fe catalyst system was
used. Here, increasing the melt temperature leads to a clear
increase of metal recovery. To understand the differentiated
response, and neglecting considerations of sample composi-
tional heterogeneity (which would not apply for the certified
elements in the standards), it is important to acknowledge the
nature of the by-product onion-like particles. Depending on the
catalyst system employed, the average graphitization degree
and number of carbon shells enveloping the metals will differ.
Therefore, cracking these particles open will imply a judicious
choice of the melt temperature and/or exposure time. For
instance, in the as-received SWCNT-5848V, the microscopical
analysis showed a large population of Fe particles with varied
dimensions. Knowing that Fe can solubilize well C atoms and
form Fe;C, the number of extruded carbon layers would be
larger and better structured than those present in the Co-Mo
based nanotube samples. For this reason, a higher temperature
was necessary to ensure better recoveries in SWCNT-5848V. By
contrast, increasing the temperature for SWCNT-1, SRM2483
and SWCNT-7867V is counterproductive. The average number
and graphitization degree of the carbon shells are smaller,
making the transition metals more accessible. As seen,
increasing the temperature leads to higher uncertainty (or even
decreased recoveries), a phenomenon explained by faster
evaporation rates.

3.3.3 Exposure time. The samples SWCNT-1 and SWCNT-
7867V were previously investigated using lithium salts. For
the first material, a temperature of 1075 °C and an exposure
time of 17 min were used. For the commercial sample, the
reaction conditions were a temperature of 1050 °C and 6 min of
melt exposure. They compare with the 1050 °C and 4 min of
exposure that were employed for the same nanotube samples in
the present work (using a NaT flux). For SWCNT-1, similar
recoveries were obtained with the two salts, despite the much
longer exposure time employed with the lithium flux. On the
other hand, for SWCNT-7867V, the exposure time varied by two
minutes only but higher recoveries were obtained for the longer
exposure with the lithium fusion. Overall, there seems to exist
an optimized time of exposure for alkaline oxidation processes.

This journal is © The Royal Society of Chemistry 2020
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For the case of Co-Mo based nanotubes, it is situated in the
range of 5-10 min for a melt temperature of ca. 1050 °C.

3.3.4 Type of SWCNT powder. So far, we have no evidence
for the presence of carbonates or carbides in the residues. Irre-
spective of using lithium or sodium borate salts, the oxidation of
the nanotubes takes place without meaningful side reactions
besides the combustion and disintegration of the sp>C lattice.
The extent to which the oxidation takes place is a function of not
just the time and temperature of fusion but, more importantly,
the type of SWCNT powder analyzed. The carbon purity of the
sample, the homogeneity of the carbon allotropes that it contains
(nanotubes, onions, amorphous) and the number of nanotubes
in the bundles are essential variables to take into account. Still,
the structural analysis of the remainders could always identify the
presence of fragments with a varied degree of sp>-C. Such was the
case of SRM2483, soot containing SWCNTs that underwent the
most extensive degradation of all the nanotube powders tested (cf:
Fig. 4b). While a more complete oxidation of the carbon matrix is
helpful, it may not be entirely necessary. The key point is, as
mentioned above, to crack open the carbon-onions which are the
main metal reservoirs. Once this takes place, further oxidation
may be counterproductive as mass losses through evaporation
become possible. That explains why, for the nanotubes produced
with the Co-Mo catalyst, lower temperatures can be used without
compromising the recovery of the target elements.

3.3.5 Alkaline oxidation versus wet-digestion. In 2016, we
analyzed the two reference materials using a microwave-
assisted acid digestion pre-treatment method.*® For SWCNT-1,
the extraction was more efficient with wet-digestion than
fusion. In fact, for Mn, Fe and Mo, the wet-digestion recovery
was practically quantitative. Likewise, for SRM2483, Co and Mo
were recovered at values of 83% and 87%, respectively. This is
above the 78% and 84% obtained in the present work (at 850
°C). On average, and for any given element, there was a differ-
ence of 5% to 10% between the optimized recoveries of wet-
digestion and alkaline oxidation, the latter consistently
showing lower values.

3.3.6 Why bother with alkaline oxidation? Fusion has been
validated as an alternative pre-treatment method for the
chemical analysis of nanotubes.?> SWCNTs, originating from
different catalyst systems and synthesis approaches, can be
processed in aliquots as small as 10 mg. There are also indi-
cations that it may be applicable to other carbon allotropes.
While the recoveries achieved are not yet competitive when
compared to the more mature ashing and wet-digestion
methods, there are a number of advantageous points to note:
(1) the reaction times are short (<10 min), (2) the process is
straightforward and avoids the use of high-pressure autoclaves
or toxic oxidizers, (3) the analytes are transferred directly into
solution (no need to scrap and solubilize ash from a crucible),
and (4) it is suitable for processing the heavier powder aliquots
required by industrial production lines.

4. Conclusions

Four different types of SWCNTs were subjected to alkaline
oxidation using a sodium tetraborate flux. For each sample, two
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different temperatures were considered. The solubilized prod-
ucts of the fusion processes were used to perform elemental
analysis by ICP-OES. With reference to benchmark concentra-
tions, the recoveries obtained for six transition metals were
commonly in excess of 80%. Depending on the catalyst system
employed to synthesize the nanotubes, the fusion temperature
induced a different effect. For those samples using a Co-Mo
catalyst, a lower temperature was sufficient. For the one sample
produced via an Fe catalyst, the best recoveries were obtained at
1050 °C. When put into context with previous literature, the
present results show that the structural purity of the nanotubes
and the characteristics of the catalyst remainders are the key
drivers for the selection of the reaction conditions. A balance
between the extent of graphitic matrix digestion and evapora-
tion of the leached target elements needs to be attained.
Remarkably, the fusion processes can be quite fast, with reac-
tion times (melt exposure) as short as four minutes. Overall,
alkaline oxidation is a relatively safe and simple alternative to
digest carbon materials, one that may be particularly useful in
settings where batches are handled at a high throughput.
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