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Individualized p-Doped Carbon Nanohorns
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Abstract: A facile approach to individualize spherically aggregated
pristine carbon nanohorns (pr-CNHs) was established. Specifically,
we found that treatment of pr-CNHs with chlorosulfonic acid
generates positively charged polarized species, which disintegrate
toward individualized carbon nanohorns (in-CNHs). Interestingly, the
isolated in-CNHs unveiled to be p-doped owed to the adsorption of
chlorosulfonate units. The findings were justified and proved by data
derived from high-resolution transmission electron microscopy
imaging, Raman and ultraviolet photoemission spectroscopy, while
additionally ~ supported by theoretical calculations and
thermogravimetry.

Individualization of synthetic carbon allotropes, i.e. carbon
nanotubes (CNTs), graphene, and carbon nanohorns (CNHSs), is
critical for attaining full advantage of their novel properties. For
example, the characteristic photoluminescence of single-walled
CNTs (SWCNTSs) can be observed only in debundled material,
particularly in isolated SWCNTs,™ while graphene (1-10 layers),
a well known zero band-gap semiconductor, emits light under
femtosecond pump-probe excitation unlike graphite stacks.”?
Another important parameter for the better applicability of
synthetic carbon allotropes is to keep the individualized specigs
intact from chemical and structural defects. Incorporatio
defects on the sp*hybridized carbon lattice disrupt
extended mr-conjugation and lowers conductivity and mechanical

dissolved in those solvents employed en route for
and/or exfoliation," while application of mechanical
to cracking of the graphitic lattice.”’ Additionally

the graphitic lattice, hence, highly pure defeCt-
remain a challenge for organic electronics and
applications.
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Without surprise, individualization of CNHs is critical and in
jrection smaller aggregates were initially obtained upon
on of pristine CNHs in deuterated sodium dodecyl
ate followed by ultracentrifugation.” Later on,
ity gradient centrifugation of oxidized CNHs,
dispersed sodium cholate, allowed the isolation of low-yield
fractions of individualized CNHs, in a virtually non-scalable
method, thus non-applicable for bulk production.”! Recently,
of us succeeded the dismantling and individualization of
by the reductive dissolution of the raw aggregates in the
ence of potassium naphthalenide under an inert
osphere.®! However, in the latter methodology, the essential
equirement of a glove box, not only for performing the
processing en route for dismantling CNHs, but also for
protecting the reduced material from air and moisture, is itself a
serious drawback, particularly for handling the material.
Significantly, in all those three approaches for individualizing
CNHs, the final material was obtained functionalized and
accompanied by amorphous graphitic particles.

Carbon nanotubes, graphene and Cg, are weak Bronsted
bases and protonation of the graphitic lattice takes place under
treatment with a strong Bronsted acid. Considering that
superacids, stronger than 100% sulfuric acid, act as proton
donors, SWCNTs and Cs can be converted to protonated
nanocarbon derivatives upon superacid treatment.'” In fact
HCeo" carbocation has been successfully isolated in solid state
via treatment into an artificial superacid.'® The highly symmetric
carbon cage offers efficient electronic stabilization of the
carbocation, through delocalization of the positive charge. In
contrast to Cgo, nuclear magnetic resonance studies on
SWCNTs mixed with commercial superacids propose the
polarization of the carbon lattice due to the highly electrophilic
protons of the superacid, instead of a direct protonation
mechanism.['"!

Motivated by the aforementioned points, we succeeded in
the individualization and isolation of intact CNHs, without being
structurally modified, in bulk quantities, i.e. gram scale. Herein, a




scalable process based on superacid treatment of spherically
aggregated CNHs and the isolation of individualized nanohorns
is reported. The individualization process initiates via the
polarization of the sp? lattice of pristine CNHs by the proton of
the superacid, in a similar process to the one reported for
SWCNTs. Dispersions of individualized nanohorns with
concentration higher than 2 mg/mL are stable for more than a
year. Raman spectroscopy, high-resolution transmission
electron microscopy (HR-TEM) imaging and ultraviolet
photoelectron spectroscopy (UPS), complemented by theoretical
calculations, modeling and thermogravimetry, delivered
meaningful information in terms of nature and quality for the
nanohorn species isolated. Importantly, the individualized
material displays a p-doped behavior, arising from adsorbed
chlorosulfonate anions onto the graphitic skeleton (see below).
The dismantling process of pristine CNHs, abbreviated as
pr-CNHs, was carried out upon mixing with chlorosulfonic acid
under mild sonication. Similarly to other graphitic nanocarbon
materials, chlorosulfonic acid interacts electrostatically with
CNHs without prompting chemical oxidation. In this sense, the
highly electrophilic protons of the acid polarize the sp-carbon
network generating positively charged nanocarbon species,
abbreviated as chr-CNHs, and initiate electrostatic repulsive
forces within the spherically aggregated cluster, thereby,
inducing disintegration toward individualized nanohorn species,
abbreviated as in-CNHs. Ultimately, addition of water in the
reaction system hydrolyses the superacid and precipitates
in-CNHs. Additionally, the local heat and gaseous

generated upon the exothermic breakdown of chlorosulfonic acid
by water trigger further the individualization process.

Figure 1. Representative HR- Bges for (a) pr-CNHs, and (b) isolated
in-CNHs. (c) Schematic highlighting the presence of the two in-CNHs shown
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in Fig. 1b, with possible atomic scale structures at different points around the
cone tips indicating the number of pentagons corresponding to the change in
observed angle.
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materials and obtain information about their size in liquid phase.
wil@ DLS assays performed on pr-CNHs in DMF, it
he apparent hydrodynamic radius of in-CNHs,
lated by employing cumulant analysis, was smaller as
red to that owed to pr-CNHs (i.e. 50 nm vs 100 nm). The
size for in-CNHs vs pr-CNHs identified in the DLS
in accordance with the HR-TEM findings, particularly
ence of individualized species. However, one
n mind that the actual values for the hydrodynamic
radius as estimated by DLS cannot be directly compared with
the size of species imaged by HR-TEM, since the former reflect
inteyactions with solvent in liquid phase, which are obviously
ab when performing HR-TEM imaging in the solid state,
wiile also depend on the shape of the dispersed nanostructure,
! in-CNHs possess elongated conical morphology, in contrast
O spherical pr-CNHs.

UV-Vis spectroscopy assays of as prepared dispersions of
CNHs in chlorosulfonic acid, chr-CNHs, do not reveal any new
spectral features (Supporting Information, Fig. S2), unlike
SWCNTs and Cso, Where the protonated nanocarbon materials
exhibit an absorption peak at 800-1000 nm corresponding to in-
situ generated carbocationic species."™ " Moreover, the
electronic absorption spectrum of in-CNHs remains featureless,
likewise the UV-Vis spectrum of pr-CNHs.

In the Raman spectrum of pr-CNHs, two characteristic
bands are present (Fig. 2), the G-band located at 1574 cm™ and
assigned to the Eag-like vibrations within the sp? hybridized
carbon atoms and the D-band ascribed to the Ajg-symmetry
modes located at 1335 cm™ and attributed to the loss of the
basal symmetry. The D-band in the Raman spectrum of in-
CNHs was identical to the one owed to pr-CNHs, demonstrating
that no chemical oxidation, via introduction of oxo-functionalities
onto the graphitic framework, took place under the chlorosulfonic
acid treatment, proving that the composition of the lattice was
maintained.'? As already discussed, it is well established that
treatment of Cgo, SWCNTs and graphene with superacids either
directly protonates (i.e. Cgo) or polarizes (i.e. SWCNTs and



graphene) the C=C bonds in a reversible and non-oxidative
manner.['% 112
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Figure 1. Raman spectra for pr-CNHs (black), chr-CNHs (blue) and in-CNHs
(red), obtained upon excitation at 514 nm.
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Figure 3. Ultraviolet photoemission spectra for (a) pr-CNHs, and (b) in-CNHs
at ambient conditions. The arrows show the HOMO level, which corresponds
to the ionization potential.



Density-functional (local density approximation) calculations!™
were employed to explore the interaction of chlorosulfonate
anions with both graphene (using a 128-carbon atom hexagonal
8x8 unit cell supercell with a 2x2x1 k-point grid) and a 5-
pentagon nanohorn (Cis3His). The charge density was fitted
using plane waves, with wave functions constructed using
18/28/40/40 independent Gaussian based functions used for
C/S/CI/O with angular momentum up to 1=2, and electron
temperature of kT = 0.01 eV. The chlorosulfonate anion
preferentially arranges itself above a pentagon of the nanohorn
tip with two oxygen atoms above neighbouring carbon atoms
and Cl above the opposite carbon (Figure 4a). A charge transfer
of 0.77e is seen from the nanohorn tip to the anion. In contrast
the anion binding is 0.288 eV (6.64 kcal/mol) stronger to
graphene, with a 0.91e transfer. This suggests preferential
binding of the anion to the nanohorn sidewalls rather than tips.

We can use the calculated charge transfer and
experimental Raman G-band shift to estimate the surface
coverage of chlorosulfonate anions. Calculations of the G-band
frequency for graphene were performed on a 2-atom graphene
unit cell with a 24x24x1 k-point grid, 38 functions per carbon and
finite electron temperature of kT = 0.04 eV. Figure 4b shows the
frequency shift for a graphene sheet as a function of charge
state. Considering curvature effects as negligible these
frequencies can be compared directly to the experimental G-
band Raman modes of the nanohorns. Within the range of
experimental error they agree well with the observation that
CNHs begin typically n-type (1574 cm™) and after separati
their individual components, in-CNHs shift towards p-type (1581
cm™). This 7 cm™ shift, from Fig. 4b implies a charge-tr

atoms.
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Figure cture of CISO; at the tip of 5-pentagon in-
CNH (Cys3H+5); top ide view (right). The distance to the nearest
carbon atom in the nanohorn tip'1s: 2.44 A and 2.66 A (two O atoms), 2.96 A
(Cl) and 3.27 A (S). (b) Calculated variation in G-band frequency (cm'w) for a
ggpphene sheet function of graphene charge state (electrons per carbon
). The be line corresponds to the formula y = (1272.6x+1583.4) cm™.

ilute DMF dispersions of pr-CNHs and in-CNHs were
d onto a glassy carbon electrode (GCE) and with the
voltammetry we found that the current was
to the higher conductivity of nanohorns
(Supporting” Information, Fig. S3). Moreover, from CV assays
conducted in the presence of Fc/Fc®, which can be reversibly
oxidized under an applied potential, it was deduced that Fc

n-CNHs (Supporting Information, Fig. S4).

Finally, the thermal stability of in-CNHs was examined by
ermogravimetric analysis (TGA) conducted under nitrogen
atmosphere. The exceptional thermal stability of pr-CNHs, up to
900 °C under inert conditions was initially proved. However,
when in-CNHs examined, a weight loss in the temperature
range 195-250 °C was observed (Fig. 5). Considering that (a) in-
CNHs were vacuum dried (100 °C, 0.3 bar, 12 hrs) before
conducting the TGA assays, and (b) covalently functionalized
CNHs thermally decompose at 250-500 °C by first losing the
attached organic addends,!"™ the relatively lower temperature
thermal decomposition identified for in-CNHs is assigned to
adsorbed residual chlorosulfonate-based species. This is further
corroborated by considering that sulfonated resins decompose
above 220 °C"® affirming that if sulfonate moieties were
covalently anchored on in-CNHs their decomposition would
have been observed above that temperature. However, the first
derivative of the TGA curve for in-CNHs shows a major thermal
degradation step at 196 °C, a temperature far above the boiling
point of trapped sulfuric acid produced during the hydrolysis of
chlorosulfonic acid or water molecules and low enough to the
one assigned to covalently attached sulfonate functionalities.
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100 was carefully quenched under stirring with deionized water [EXTREME
1 — CARE SHOULD BE TAKEN. The reaction of chlorosulfonic acid with
98 + water is extremely exothermic followed volution of gaseous HCI. The
1 quenching procedure must be perform e hood.]. The in-CNHs
96 precipitated as the quenching proceeds. The of water continued
o) 1 until no HCI evolution was observed. The h wed reaching
E\, 94 4 room temperature, then filtered filter (0.1 um
[72] 1 pore size) and finally extensi ith water, methanol and
% 92+ dichloromethane to remove acid r residues. Afterwards, in-
= 1 CNHs vacuum dried (100 °C nd collected as a black
90+ E 3 powder, which gave stab, The procedure can
88-. ' easily be carried out i tional cleaning sonic
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Figure 5. Thermographs for pr-CNHs (black) and in-CNHs (red), obtained This project has
under inert atmosphere. The first derivative of the thermogravimetral curve for ~ Horizon 2020 rese
in-CNHs is also shown (red dotted). Marie
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The information derived by TGA, referring to the presence of

residual chlorosulfonate species adsorbed on in-CNHs, is
additionally supported by attenuated-total-reflectance infrared
spectroscopy (ATR-IR). The ATR-IR spectrum of in-CNHs
resembles that of pr-CNHs, both dominated by the lack of
vibrations due to the absence of any oxo-functionalities (i.e.
0O-C-, -COOH), hence, validating the non-oxidative supe
treatment. The evolution of two weak broad spectral features
around 1050 cm™ and 1250 cm™ (Supporting Informatj
S5), assigned to symmetric and asymmetric stretching i 3]
of chlorosulfonate anions,"” proves that those
adsorbed onto the carbon framework of in-CNHs.

In conclusion, a facile approach for the indj
carbon nanohorns was developed. Until now
route for obtaining in-CNHs suffer from serious drawb
as handling the material in an air-and-moisture pro
environment, while they are also non-scalable. We showed tha
treatment of spherically aggregated pr-CNHs with chlorosullgni
acid, in a scalable process to gram a
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A facile approach for the
individualization of aggregated carbon
nanohorns, by treatment with
chlorosulfonic acid, leading to p-doped
species, is demonstrated.
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