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ARTICLE INFO ABSTRACT

Keywords: Carbon nano-onions (CNOs) are a unique class of carbon nanomaterials, with a concentric fullerene-like structure

Carbon nano-onions and sp?-hybridized carbon atoms. Onions present high mechanical strength, good conductivity, the capability to

Carbon materials intercalate alkali metals, showing promising applications in diverse fields, such as tribology, energy storage, and

Analytical ultracentrifugation . . . . . . . .

Materials chemistry nanomedicine. .Thelr production ha.s been developed by several technllcllues, with the most interesting Pemg the

Exfoliation thermal annealing of carbon nanodiamonds because of the easy scalability (gram-scale) and morphologic control
(size and shape form perfectly spherical to polygonal). However, this synthesis is commonly affected by the
formation of strong aggregates larger than 100 nm, attributed to carbon soot formation or strong van der Waals
interactions, hindering the work with small and individual particles, leading to an altered yield of functionali-
zation. In this study we propose a method for CNO individualization based on strong acid treatment, yielding
highly water dispersible nanoparticles. Analytical ultracentrifugation (AUC) analysis is employed as a technique
to investigate the particle dimensions directly in dispersion, permitting an ensemble analysis free from further
sample preparation bias. Moreover, we also provide a comprehensive evaluation of the common post-synthetic
treatment methods, and their effects. By means of scanning transmission electron microscopy with medium angle
annular dark field detector and electron energy loss spectroscopy (STEM-MAADF and EELS) we have shown
images of individual CNOs. Their successful separation achieved in this study is significant for future research
and applications in nanomedicine, electrochemistry, and materials composites, where sample homogeneity is
critical.

1. Introduction their characteristic 2D and 1D morphologies respectively, are the two

most famous members of the family. These, together with fullerenes and

Carbon nanomaterials are a large family constituted of morpholog- carbon dots (OD), have been widely investigated, while carbon

ically different carbon allotropes, with two- (2D), mono- (1D) and zero- nano-onions (CNOs) represent a less explored, but very interesting and
(OD) dimensional materials [1]. Graphene and carbon nanotubes, with promising OD form.
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CNOs are carbon allotropes characterized by a crystalline structure
consisting of a series of concentric shells of graphitic carbon, with an
interlayer distance of ca. 0.344 nm. They were first reported by Ugarte in
1992, obtained by in-situ strong irradiation of carbon soot at 300 kV in a
high-resolution transmission electron microscope [2]. From their
matryoshka-like structure arose several interesting properties, such as
high mechanical resistance, conductivity [3], intercalation of alkali
metals [4], and surface chemical functionalization that maintain their
main properties [5]. This makes CNO suitable materials for different
fields, such as tribology [6], supercapacitors [7,8], energy storage [9]
and also for biomedical applications [10].

One of the great advantages of CNOs compared to the other carbon
allotropes is their production methods, allowing the gram-scale syn-
thesis of the material with controlled dimension from 2 to more than 50
nm [3]. Since their first observation, several methods have been
developed, mainly starting from carbon nanodiamonds (ND), based on
water arc discharge [11,12], ND detonation [13], mechanical milling
[14], or thermal annealing [15-17], to mention a few [3]. Thermal
annealing represents the easiest method for scalable industrial produc-
tion, which is also capable of producing controllable and reproducible
particles. The synthesis can be modified by varying the precursor size
production conditions and the maximum annealing temperature (Tp;qy),
in this way tuning the CNOs morphology. ND sp°-to-sp? conversion
begins above 600 °C, with the formation of amorphous carbon struc-
tures, that evolve in outer graphitic crystalline layers by carbon lattice
rearrangement at temperatures ranging between 900 and 1100 °C [18,
19]. The transformation occurs from the outside to the inside of the
particles, leading to the complete ND conversion at Tmpax>1500 °C.
Below  this  temperature, the  coexistence of  hybrid
crystalline-amorphous particles is observed, including the presence of
unreacted ND cores. When Tp,,x>1900 °C, the carbon lattice evolves,
mainly forming polyhedral structures, leading to samples with lower
morphological homogeneity [20]. Of fundamental interest are CNOs
physical states after synthesis. As reported by Presser and co-workers,
the reaction atmosphere plays an important role in the final particle’s
aggregation [21]. CNOs produced under vacuum appear to be more
separated and less defective compared to onions produced in argon at-
mosphere, with aggregates larger than 100 nm, while also containing
nanographene particles [17,20,21]. Aggregates were observed by dy-
namic light scattering (DLS) and reported for CNOs produced from ND
detonation [22], as well as for CNOs produced under argon [17,20,21]
or helium atmosphere, and after reductive-route covalent functionali-
zation [4].

Until now, this behavior has been attributed to two main reasons: I)
strong van der Waals and n-r stacking interactions, diminishing the
CNOs’ solvent dispersibility and increasing aggregation [23,24]; II) the
presence of an amorphous carbon soot or a small graphitic layer,
aggregating the onions and hindering their separation [22]. The first one
could be easily addressed by the employ of suitable solvents, whose
chemical-physical properties have been calculated to be the most
appropriated for their stabilization (e.g. N-Methyl-2-pyrrolidone
(NMP)), as in the case of 2D materials [25,26]. The second case would
require approaches capable of amorphous carbon removal. Following
this direction, post-production annealing treatment at 525 °C of CNOs
was reported to be sufficient to reduce or remove the amorphous carbon
layers, increasing the inter-onions gas permeability [21]. After similar
treatment at 400 °C, our group reported the alkali metal intercalation of
the CNOs’ outer layers, demonstrating the importance of the onions
surface defects [4]. However, in all the previously mentioned cases, a
hydrodynamic radius larger than 100 nm was always reported, with a
size distribution depending on the production conditions [27-29]. To
the best of our knowledge, only one example, where CNOs produced by
underwater arc discharge and further functionalized with BODIPY
moieties, reported DLS experiments with a size distributions of ~5 nm
[30]. It is clear that, despite the interest around CNO synthesis and
purification methods, there is still a lack of information about their
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aggregation state, especially when dispersed in solution. Different
studies demonstrated CNO dispersibility using surfactants, chemical
functionalization and surface oxidation, as well as biodegradability,
however without addressing the material’s size distribution [24,31-35].
Regardless, achieving water dispersibility for individualized CNOs re-
mains an open challenge.

Along this front, the hypothesis behind our investigation is that CNO
aggregates can be ascribed not only to amorphous carbon soot, but also
to the formation of covalent connections between onions and fused
particles [36,37], generated during its formation, similarly to what was
reported for Cgp fullerene network formation or to polymers vulcani-
zation processes [38]. This could also explain the relatively low func-
tionalization degree observed for CNOs. In fact, the formation of a
covalent network would limit the access of the reagents to the onions
external layer, allowing for functionalization primarily on the external
surface of the aggregates [4,16].

The aim of this work is to develop a chemical method to obtain
individualized CNOs, leading to dispersions free from aggregation,
while also identifying the most appropriate characterization techniques
(Scheme 1).

Herein, we will demonstrate the harsh acid treatment led to indi-
vidual CNOs (Scheme 1). In contrast, mild treatments do not show ef-
ficacy for CNOs individualization but maintain large aggregates, albeit
better dispersible in solvents. The particles distribution in solution will
be proven by application of analytical ultracentrifugation (AUC) anal-
ysis. Thanks to the real-time combination of centrifugation and absorp-
tion measurement, in dependence of time and the radial position of the
measuring cell, this technique permits to determine the entire bulk
particle distribution. Finally, HRTEM and STEM-MAADF EELS images of
individual CNOs undoubtedly support our findings on individualization.
The advances in CNO treatment demonstrated in this work will play a
fundamental role in the future development of research in fields such as
nanomedicine, electrochemistry, and composite materials, where sam-
ple homogeneity is of paramount importance.

2. Materials and methods

CNOs were obtained by thermal annealing of carbon nanodiamonds
in He atmosphere at a temperature of 1650 °C and further annealed at
400 °C (1 h, under air) as previously described [4]. Horn tip sonication
was performed using a SONICS, ultrasonic processor GEX750 instru-
ment. Centrifugation was performed using an Eppendorf centrifuge
5810R. All reagents employed were from Sigma-Aldrich. The samples
employed in the study were produced as following:

1) p-CNOs: A dispersion of pristine CNOs was obtained in N-methyl-2-
pyrrolidone (NMP, 1 mg/mL) by 1 h horn sonication (20% ampli-
tude, 1s sonication, 1s pause) maintaining the temperature lower
than 30 °C using an ice bath.

p-CNOs-15h sample — Mechanical treatment: p-CNOs were soni-
cated by a horn sonicator for 15 h at 40% amplitude with a 2s son-
ication + 1s pause program (NMP 1 mg/mL). The temperature was
maintained below 30 °C using an ice bath.

3) 6M-CNOs and ox-CNOs: CNOs dispersions (3 mg/mL, 20-30 mL) in
nitric acid (6 M or concentrated (~15.8 M)) were obtained by 30 min
bath sonication. The dispersions were heated at 120 °C for 48 h in a
round bottom flask equipped with a reflux system. In the first case,
~60% of the initial material mass was recovered, while for
concentrated acid solutions the recovered material was between 20
and 30% depending on the batch.

NH4OH-CNOs: A CNO dispersion (3 mg/mL, 20-30 mL) in 1:1H505/
NH4OH (concentrated solutions) was obtained by bath sonication
(30 min). The mixture was stirred at 80 °C for one day in a round
bottom flask equipped with a reflux system. After the treatment,
~90% of the initial material was recovered after purification.
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Scheme 1. Schematic representation of the CNOs separation treatments and their characterization.

Work-up was performed by a first centrifugation step at 18500 RCF
(xg) for 30 min at 5 °C. The precipitate was washed twice by centrifu-
gation in a HyO/i-propanol 4:6 mixture, then twice in an i-propanol-
hexane 1:1 mixture to finish with a hexane solution. Finally, the
recovered pellet was dried under vacuum overnight.

Analytical Ultracentrifugation (AUC): Analytical Ultracentrifuga-
tion experiments were conducted with a user-modified preparative
Optima L-90K ultracentrifuge from Beckman Coulter equipped with a
multiwavelength extinction detector from Nanolytics Instruments.
Further details about the method and the device can be found in pre-
vious works [39,40]. For sample preparation, the CNO dispersions in
either NMP or water were diluted so that the extinction of each sample
ended up at or below unity at a wavelength of 425 nm (Lambert-Beer
region). For the measurement, 400 pL of each dispersion was filled into a
measuring cell equipped with a two-sector titanium centerpiece with an
optical path length of 12 mm from Nanolytics Instruments. Sedimenta-
tion velocity measurements were carried out at a rotor speed of 15000
rpm while the temperature was kept constant at 20 °C. All data were
evaluated at a wavelength of 425 nm with the SEDFIT software (version
16.1c) using the 1s-g*(s) method to receive the apparent sedimentation
coefficient distribution of each sample with a resolution of 150 grid
points. The data analysis included regularization by the second deriva-
tive for which a confidence level (F-ratio) of 0.95 was chosen. The
meniscus position was fit for each sample and radial and time-invariant
noise were also corrected during data analysis.

Raman spectroscopy: Statistical Raman mapping was performed
with a LabRAM Aramis (Horiba) confocal Raman microscope equipped
with an automated XYZ table (Marzhéauser) and a laser spot size of
approximately 1 pm (100x objective, NA = 0.90). All measurements
were conducted using an excitation wavelength of 532 nm, D2 filter
(incident laser energy approximately 0.21 mW), and acquisition times of
5 s and 2 accumulations with a grating of 1800 g/mm. Raman mappings
were recorded on a 19 pm by 19 pm map, giving 361 single-point spectra
that were averaged for all samples. The spectrometer was calibrated to
the frequency of diamond (1332 cm™!). Spectra analysis was performed
with Labspec software (Horiba) equally for all measurements. All data
points of Raman mappings were baseline corrected using a polygonal
correction, despiked and the baseline noise was shifted to zero. Raman
peak analysis and fitting was performed using 8 different Lorentzian
peaks. The raw data of D, G and 2D bands of all individual and average
spectra was extracted and plotted using OriginPro (OriginLab). All dis-
played values are derived from the fittings of the individual spectra.

High-resolution transmission electron microscopy (HRTEM):
HRTEM images were recorded with a 200 kV field emission transmission
electron microscope (FEG) with a resolution (Point Resolution) of 0.24
nm. The instrument is equipped with a CCD GATAN camera and “Digital
Micrograph”, software for image acquisition and treatment.

STEM and EELS: Scanning transmission electron microscopy (STEM)
and electron energy loss spectroscopy (EELS) analyses were carried out

with the aberration corrected dedicated STEM instrument Nion Ultra-
STEM 100. The highest pressure in the system is in the range of 108
mbar, the typical pressure inside the sample area of the microscope is
10~° mbar. The microscope was operated at 60 kV, and the images were
recorded with the medium angle annular dark field (MAADF) detector
with an annular range of 60-200 mrad and with the high angle annular
dark field (HAADF) detector with the annular range of 80-300 mrad.
The convergence semiangle of the electron probe is 30 mrad. The EELS
acquisition setup consists of a Gatan PEELS 666 spectrometer retrofitted
with an Andor iXon 897 electron-multiplying charge-coupled device
(EMCCD) camera. The individual spectra were background subtracted
by fitting power law to the spectrum before the oxygen K edge (with an
onset at 532 eV). Furthermore, in additional cases, the individual
spectra were scaled by the corresponding HAADF intensity to account
for the varying thickness of the sample.

X-ray photoelectron spectroscopy (XPS): X-ray Photoelectron
Spectroscopy (XPS) was performed on a Thermo Scientific K alpha X-ray
photoelectron spectrometer, using a type of radiation: mono-
chromatized Al K-alpha radiation (1486.6 eV) at 4%*10° mBar. The
samples were deposited on copper tape and the analysis was conducted
using a laser spot of 400 pm.

Thermogravimetric analysis (TGA): Thermogravimetric analysis
was carried out with the TGA 8000 Thermogravimetric analyzer (Per-
kinElmer) over a temperature range from 50 °C to 900 °C and a N; gas
flow of 100 mL/min. The samples were first held at 50 °C for 15 min to
ensure an inert atmosphere and consequently heated to 100 °C at 10 °C/
min and held there for 2 min to ensure the removal of residual solvent.
Lastly, samples were heated from 100 °C to 1000 °C at 10 °C/min.

Dynamic light scattering (DLS): The Zetasizer Nano series
ZEN3600 (Malvern Instruments) was used for DLS and (-potential
determination. The Zetasizer is equipped with a 633 nm He-Ne laser. All
DLS measurements were performed at 25 °C, with an equilibration time
of 60 s at an angle of 173° (NIBS, “noninvasive backscatter”). DTS0012
polystyrene cuvettes (water dispersions) and quartz cuvettes (NMP
dispersions) were used to conduct measurements at 0.05 mg/mL sample
concentration in water. Aqueous HCl and NaOH solutions were used to
achieve the respective pH values. Three consecutive measurements were
performed for each sample (50 scans per measurement) and averaged.
Titration experiments were performed with the Zetasizer Nano series
ZEN3600 and the MPT-2 Autotitrator (Malvern Instruments) using
DTS1070 disposable folded capillary cells. The samples were titrated
starting from pH 13 to pH 3 utilizing aqueous HCl and NaOH solutions
(0.1 mol/L). Hydrodynamic diameters and {-potentials were measured
every 0.5 pH value (+£0.2 pH) three times.

Conductivity measurements: 5 mg of the CNOs powder was com-
pressed to form a pellet, further cut to 1 x 2 mm? and attached to the top
of a printed circuit board. The material was connected to the board by
platinum wires and conductive silver paint. The circuit board was con-
nected to a Keithley 6517B electrometer, to measure I/V curves.
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3. Results and discussion
3.1. CNOs treatment

The cleaning and individualization of CNO was investigated by
screening different chemical methodologies previously employed for
CNTs and CNOs [17,41,42]. Pristine CNOs were produced by thermal
annealing at 1650 °C of carbon nanodiamonds under He atmosphere, as
previously reported in other studies [43]. Their treatment was followed
by a thermal annealing at 400 °C in atmospheric air, giving p-CNOs,
employed as reference materials. This treatment was reported by several
studies as an effective way to remove the excess of amorphous carbon
and reduce the onions aggregation and was therefore applied as
pre-treatment for samples homogenization. Chemical and physical
treatments were applied to p-CNOs to increase their dispersibility and to
separate/break the aggregates. Chemical separation was investigated
dispersing p-CNOs in organic solvents and in acid or basic solutions,
followed by heating or strong sonication as described in the following: I)
p-CNOs sonicated by tip sonication for 1 h in NMP at 20 % amplitude
were employed as reference material; II) 6 M and concentrated nitric
acid (giving 6M-CNOs and ox-CNOs, respectively), 48 h at 120 °C; III)
Base piranha mixture (1:1H;02/NH4OH concentrated solution)
(NH4OH-CNOs) [42]; IV) Lastly, to break aggregation by physical
method, pristine CNOs were sonicated in NMP at high intensity (40 %
amplitude) for 15 h (p-CNOs-15h).

Prior to any type of material characterization, it was evident at first
glance that macroscopic changes in CNO dispersibility occurred after
these treatments. Acid-treated CNOs presented high water dispersibility,
and their sedimentation was not possible applying short centrifugation
times (<30 min), once redispersed in MilliQ water. These dispersions
required to be diluted in a 6:4 i-propanol/H,0 mixture. The particles
sedimentation was then obtained by centrifugation at 18500 RCF at 5 °C
(30 min centrifugation). On the other hand, NH4OH-CNOs were easy to
sediment with centrifugation at 1800 RCF in every solvent employed
(NMP, water, or i-propanol). Moreover, both 6M — and ox-CNOs were
easily redispersed in water by simple bath sonication after being dried,
giving stable suspensions with little sedimentation for more than six
months. Remarkably, ox-CNOs showed an absence of dispersibility in
nonpolar solvents such as hexane, while p-CNOs and NH4OH-CNOs
presented poor water dispersibility, sedimenting shortly after dispersion
by horn sonication. As expected, acid treatment increased the water
dispersibility of CNOs, while base piranha treatment maintained the
characteristic hydrophobicity of carbon materials.

3.2. Sedimentation analysis by analytical ultracentrifugation

AUC was used to study the disperse properties of differently treated
CNOs in their desired solvent, which is NMP for p-CNOs, p-CNOs-15 h,
and NH4OH-CNOs or deionized water (DIW) for 6M — and ox-CNOs
[23]. During sedimentation in an AUC experiment, the absorption at a
sample-specific wavelength is tracked by a UV-Vis detector, and from
the thereby obtained radial- and time-dependent sedimentation profiles,
the sedimentation coefficient distribution can be obtained with excellent
resolution and statistical significance by numerical modeling [44]. For
our experiments, we chose a wavelength of 425 nm for data analysis,
which is a good compromise of lamp signal and sample turbidity. The
measurements were performed at a rotor speed of 15000 rpm, which
was optimized after essaying lower speeds (3000, 5000, 10000 rpm) to
be sufficient to induce sedimentation of smaller CNO fractions, while
still being capable of tracking sedimentation of larger CNO fractions,
giving thus a full overview of the sedimentation coefficient distribution
for the whole sample. From the differential sedimentation coefficient
distributions, the extinction-weighted cumulative sedimentation coef-
ficient distributions were calculated. From this, we chose the median Ssg
value (in Sved) and deduced from it the median D5 value (in nm) based
on formula (1). While the density and viscosity of the solvents are
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standard tabulated values, we assumed a density of 1.9 g/cm® for CNOs
produced from ND thermal annealing at 1700 °C [9].

187,85\ >
Dsy = Qjﬂs SU> (€D)]
P Ps

The span ® = (D75 — D2s)/Ds gives an indication of the broadness of
the distribution and thus the polydispersity of the sample. Furthermore,
the equivalent molar mass Msq (in kDa) was determined from Ds(, when
assuming that the CNOs employed were mostly constituted by particles
with perfect spherical shape (further corroborated by microscopy
characterization, section 3.3) [45,46]. General considerations on the
dispersion behavior can be obtained from the differential sedimentation
coefficient distributions (Fig. 1a). p-CNOs show a broad sedimentation
coefficient distribution, while just a minor shift to lower Sved is
observed for p-CNOs-15 h and NH4OH-CNOs, suggesting that these
treatments have minor capacity in the aggregates’ reduction. On the
other hand, the opposite is observed in the case of acid treatments.
6M-CNOs and 0x-CNOs (in DIW), which exhibited a major shift to lower
Sved with increasing nitric acid concentration corresponding to an in-
crease in the particles separation. The same trend emerged when
considering the cumulative sedimentation coefficient distributions and
their related Ssg, Dsg values, and equivalent molar masses Msq (Fig. 1b
and Table 1). Particle aggregation is most pronounced for p-CNOs, with
a very broad size distribution and an average equivalent size of ~139
nm, representing a first confirmation of CNOs aggregation after thermal
annealing production [21]. Base piranha treatment was reported to
remove amorphous carbon from CNTs [42]. We applied this treatment to
investigate whether the CNOs aggregation is dependent on the presence
of an amorphous carbon soot. AUC analysis clearly showed a slight
reduction of aggregation compared to p-CNOs (Dso ~ 92 nm) suggesting
that aggregation is not dependent on amorphous carbon constraints. To
prove whether the aggregation is dependent on strong van der Waals
interactions, we prepared a dispersion applying strong tip sonication for
prolonged time (15 h) in the most appropriate solvent (NMP). These
conditions should be sufficient to promote separation, similarly to what
was reported for other carbon materials exfoliation, like CNTs, graphene
and other 2D materials [25,47,48]. However, even in this case,
p-CNOs-15h distribution exhibited little deviation from p-CNOs (~107
nm). Because of its similarity with p-CNOs, p-CNOs-15h was discarded
from the further characterization. Finally, concentrated nitric acid
treatment was confirmed as the most effective approach for CNOs
individualization. 0x-CNOs show a narrowed distribution centered
around two main populations with dimensions of ~6 and 9 nm (19.9 and
41.5 Sved, respectively) (Table S1), similar to what was previously
evaluated by microscopic measurements for this material [8]. None-
theless, despite the strong acidic treatment, aggregates with bigger size
remain present, causing an increase of the median size to ~32 nm, the
smallest obtained among the samples in this study and corresponding to
small aggregates of 5-6 onions each. Hereby it is shown that the indi-
vidualization of the CNOs leads to decreasing average sizes. However,
the spans increase due to the presence of small amount of big agglom-
erates in the dispersion, even after oxidative treatment. Finally, treat-
ment with 6 M nitric acid proved to be less effective in onion separation,
with an average distribution of ~55 nm and the presence of a small
prominent population with a Dsg value of ~13 nm (12.9 Sved). A similar
trend is also demonstrated when calculating the corresponding equiva-
lent molar masses Msj, with values decreasing from 1612 MDa of
p-CNOs aggregates to 18.9 MDa for ox-CNOs.

Supporting our hypothesis, the results retrieved from AUC analysis
suggest that CNO aggregation is more strongly related to the covalent
network than to particles constrained by a physical barrier. Indeed, in
this latter case, long sonication or amorphous carbon removal treatment
would be sufficient to overcome carbon soot containment or van der
Waals interactions, leading to smaller, separated particles. These results
are fundamental to making a distinction between dispersibility and
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Fig. 1. A) Differential and (B) cumulative sedimentation coefficient distributions of dispersed CNO samples. For better comparability, the distributions were
normalized to a value of 1 and were logarithmically plotted. (A colour version of this figure can be viewed online.)

Table 1

From the cumulative sedimentation coefficient distributions determined Ssq values with thereof calculated Dsq values, spans ® and eq. molar masses Msg.

Sample Solvent S50 (Sved) Dso (nm) span ® (a.u.) Eq. Molar Mass Ms, (MDa) Centrifugation time (h)
p-CNOs NMP 5182.94 139 0.91 1612 1.3
p-CNOs-15h NMP 3077.88 107 0.76 738 1.2
NH4OH-CNOs NMP 2262.58 92 0.99 465 1.7
6M-CNOs DIW 1526.64 55 1.44 101 1.8
0x-CNOs DIW 501.10 32 1.45 19 4.9

separation of CNOs. As a matter of fact, appropriate solvents, and con-
ventional treatments (3 or 6 M nitric acid, piranha base, sonication) lead
to improved CNOs dispersibility due to surface oxo-functionalization
(vide infra), nonetheless without a remarkable aggregate reduction. In
turn, individualized ox-CNOs exhibit an enhanced water dispersibility
requiring 5 h of ultracentrifugation (1814 RCF) to achieve complete
sedimentation (Table 1).

Furthermore, for the sake of reproducibility, we extended our study
to two more distinct CNOs batches, prepared under the same nominal
conditions. These batches, namely p2-CNOs and p3-CNOs were subjected
to concentrated nitric acid treatment, yielding ox,-CNOs and 0x3-CNOs.
In both cases, we observed similar behavior as for batch 1 (p-CNOs/ox-
CNOs). After oxidation, a clear decrease in the Sgg, Dsg and Msg-values
was observed compared to the pristine CNOs (Fig. S1 and Table S2).

3.3. Microscopy characterization

Because of the rigorous chemical treatment endured by the material,
questioning the integrity of the CNOs is one of the main concerns of this
study. High-resolution transmission electron microscopy was employed
for the discovery of CNOs by Ugarte in 1992, obtaining the material
formation under electron beam irradiation [2]. The high magnification
reached by this permits the direct observation of onions morphology, as
well as the presence of nanographene particles and amorphous carbon.
Indeed, p-CNO TEM images (Fig. 2A-B) show aggregates with di-
mensions above 100 nm, and the presence of small particles of low
contrast resembling nanographene sheets, probably produced during
carbon nanodiamonds annealing (Red arrow in Fig. 2 A, B). No presence
of isolated particles was observed in the sample, confirming our
conclusion on the strong aggregation. The result obtained for ox-CNOs
indicate the opposite. The images of single CNOs are represented in
Fig. 2D and E. The concentric layered morphology is clearly visible in
the images, confirming the integrity of the material and the effectiveness
of the strong acidic treatment. In addition, a peculiar particle is reported
in Fig. 2F. This resembles two fused onions, in a concentric

lemniscate-like structure (c0), pointing to the presence of covalent bonds
between them. These results highlight the relevance of our AUC study in
solution to distinguish post-drying non-covalent aggregates from actual
covalent ensembles. The observation of this structure, again, corrobo-
rates the hypothesis that CNOs produced under Ar or He flow tend to
covalently aggregate together and grow also as fused structures. Con-
firming our AUC measurements, neither in 6 M-CNOs (Fig. 2G-I) nor in
NH4OH-CNOs (Fig. 2J-L), individual CNOs were observed.

In contrast to the bulk spectroscopic techniques typically used in
CNT research, we aimed to characterize single CNOs to discern their
chemical composition. To tackle this challenge, 0x-CNO particles were
investigated by STEM-MAADF/HAADF analysis (using an aberration
corrected Nion UltraSTEM 100 dedicated scanning transmission elec-
tron microscope with an acceleration voltage of 60 kV). This permits
analysis with lower irradiation energy than HRTEM (200 eV) avoiding
possible particle modification and providing precise elemental analysis
at the same time.

STEM-MAADF images show typical CNOs with spherical shape and
diameters between 5 and 10 nm (Fig. 3A and B). Moreover, we also
observe an individual example of a relatively large polygonal particle
(Fig. S2) [20]. Finally, we employed electron energy loss spectroscopy
and spectral mapping within the same instrument to analyze the oxygen
content of the onions with spatial resolution. We recorded 32 x 32 pixels
spectrum maps over several CNOs. Because of a low oxygen content in
the single pixel spectra, the signal was summed over the area of 9 x 9
pixels to evaluate the oxygen distribution across the sample (Fig. 3C).
The background was subtracted for each pixel before the average spectra
was calculated. The oxygen K edge at 532 eV indicates the presence of
oxygen across the sample, even though definite distribution cannot be
resolved due to varying sample thickness. Nonetheless, localizing the
average calculated area at the edges and the center of the particles, the
oxygen content resulted lower at the edges and higher at the center,
indicating a dependence of oxygen to carbon distribution (Fig. S3), and
highlighting the homogeneous distribution across the surface.

The low oxygen content (low intensity) could be explained by the
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Ox-CNOs

5.nm

6M-CNOs

NH,OH-CNOs

Fig. 2. HRTEM images of different CNOs samples. A-C) p-CNOs after NMP dispersion. The red arrows indicate non-individual particles observed on the sample. Scale
bars represent 200, 100 and 5 nm for A, B, and C respectively; D-F) ox-CNOs, the white dotted line highlights the lemniscate structure. Scale bars represent 5, 5 and 2
nm for D, E, and F respectively; G-I) 6 M-CNOs. Scale bars values represent 5, 5 and 200 nm for G, H, and I respectively; L-N) NH4OH-CNOs. Scale bars represent 10

nm for J, K, and L. (A colour version of this figure can be viewed online.)

pre-treatment to which the sample were subjected before the STEM-
MAADF analysis. The grid with the 0x-CNOs was indeed heated at
180 °C for at least 8 h under vacuum before entering the microscope
column. It is reasonable to assume that part of the oxide groups were
annihilated with this treatment, with a consequent decrease in the ox-
ygen content, as also indicated by thermogravimetric analysis, showing
low weight loss from 110 °C (Section 3.4 and Fig. S6).

3.4. Raman spectroscopy

Raman spectroscopy is a fundamental tool for carbon nanomaterials
characterization, giving direct information about their crystalline
structure, defects (intended as sp3 to sp2 carbon atom ratio) as well as
electronic valence band modifications [49-51]. Raman spectra of car-
bon nanomaterials is constituted by three main bands, called in order, D,
G, and 2D. The so-called D band (1330-1342 em~! for graphene) is
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Fig. 3. MAADF-EELs analysis of 0x-CNOs. A, B) MAADF CNOs images. The images contain 2048 x 2048 pixels and have been filtered with a Gaussian blur using a
radius of 2 and 4 pixels respectively. Scale bars represent 5 and 2 nm for A and B respectively; C) 32 x 32 pixel HAADF spectrum image over the relevant energy
range of 530-550 eV of the onion in panel B, analyzed areas are indicated by colored squares; D) Average oxygen signal at the K edge (532 eV) recorded over 9 x 9
pixel areas indicated in panel C. (background is subtracted separately for each pixel). (A colour version of this figure can be viewed online.)

activated in the presence of defects and disorder induced by phonon
transitions and is generally related to sp® hybridized carbon atoms. The
G band, (1580-1590 cm ™! for graphene) arises from the first-order peak
with Ezg-symmetry and is related to sp? hybridized carbon atoms.
Finally, the 2D band (~2700 cm’l) is activated via double-resonance of
phonons at the K-point in the Brillouin zone [49,52]. The peak position
also gives information about the material morphology, indeed the G
band is expected to be shifted at higher energy values for CNOs
compared to graphene due to their surface tension (between 1590 and
1610 cm™ ) [17,53]. Moreover, for a correct spectra deconvolution,
other contribution must be taken into account. We have therefore fitted
the Raman spectra including the contributions of the D*, D", D, G* and
D + G bands, similarly to what reported by Bogdanov and Zeiger for
CNOs [20,21] and by Ferrari, Claramunt and Lee for graphene oxide
[54-56]. The D* is commonly attributed to sp3 orbital, observed in
nanocrystalline diamonds, while the D" band was observed in soot and
carbon black samples, but its origin is still controversial. However, the
discussion about the physical origins of these band goes beyond the
objectives of this study, and we leave their description to more
specialized chemical-physical investigations of carbon nanomaterial

Raman spectroscopy [49,54,55,57]. Herein, we report the average
Raman spectra deduced from statistic Raman mapping, obtained by
analysis of more than 400 single point spectra per sample in order to
unveil the spectroscopic shifts (Fig. S4 for spectra deconvolution) [4,58,
59]. p-CNOs and NH4OH-CNOs spectra are almost identical, with D and
G bands at ~1339 and 1579 cm ™! respectively, and the 2D band at
~2670 cm~! (Fig. 4A and B, Table 2 and S4). These values are very
similar to what was reported by Zeiger et al. [21] for CNOs produced
under Ar atmosphere at 1700 °C and by Bogdanov et al. [20], both
presenting nanographite particles, while the G band of the p-CNOs is
closer to what was reported for few-layer graphene [20,21]. This
behavior could be explained by a contribution given by nanographite
particles, shifting the peaks positions to lower energy. Conversely, acid
treatment results in an upward shift in the energy of the D and G bands
to 1346 and 1588 cm™ ! for 6M-CNOs, and 1344 and 1588 cm™! for
0x-CNOs respectively. The peak positions of these samples suggests a
decrease in nanographite particles, with an increased contribution of
CNOs to the average spectra. Moreover, from the statistical distribution
of peak positions, we can observe that the acid treatment leads to a
tightened peak position distribution compared to pristine and
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base-treated CNOs (Fig. S5). Surprisingly, the Ip/I ratio decreased after
acid treatments from 1.66 of p-CNOs to 1.58 and 1.53 respectively,
accompanied by a significant tightening of the statistical distribution
compared to both p-CNOs and NH4OH-CNOs (Fig. 4C and Figure S6
B-D). One would have expected an increase of this value following the
surface oxidation and increase of outer defects. However, it is possible to
explain this behavior based on the Ferrari and Robertson model on the
correlation between Ip/Ig ratio and graphene defects. The models pro-
pose two different behaviors of the Ip/Ig relation with increased defects
rates, one characterized by linearly increasing values when defects are
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located at a distance above 2 nm, followed by a non-linear decrease
when defects distance is below 2 nm. Taking into account that the acid
treatment reduces onion aggregation (until single onions in the case of
0x-CNOs), yielding particles with diameters <10 nm, and that the CNOs’
surface is oxidized (vide infra for XPS analysis), we can assume that this
treatment increases the surface defects to a distance below 2 nm, falling
in the non-linear Ip/Ig ratio behavior region [17,50]. These conjectures
are supported by the evaluation of the area ratio (Ap/Ag), and by the
intensity ratio of D* and D” (Ip+/Ig and Ig+/Ig). In the first case, the
Ap/Ag increases its value after an increased treatment strength
(Table 2), suggesting an augmentation of CNOs surface’s defects.
Nonetheless, the common discussion of CNOs Raman analysis only
present Ip/Ig values, making a comparison difficult based on this value.
In the second case, both values increase (Ip=/Ig from 0.08 to 0.11 and
0.19, Ig~/Ig from 0.18 to 0.24 and 0.38 respectively; Table S5) indicating
an increase of sp° carbon atoms, probably due to the formation of oxide
groups on the surface.

Finally, it is remarkable that the Raman signal intensity increases
with the increase of acid concentration. While NH4OH-CNOs showed
little intensity increase, 6M-CNOs and ox-CNOs showed an intensity
increase of 2.5 and 4.5-fold respectively compared to p-CNOs, suggest-
ing more isolated particles and lower signal attenuation (Fig. S6A).

3.5. XPS and TGA characterizations

The surface chemical composition after the chemical treatments was
analyzed by XPS. As expected, 0x-CNOs are the most oxidized species,
followed by 6M-CNOs and NH4OH-CNOs, with an oxygen content of
~19, 12.4 and 4.2 %, respectively (Table 3), similar to what was re-
ported by Datsyuk et al. for CNTs [42]. By deconvolution of the
high-resolution carbon spectra, we estimated the contribution of
different functional groups to the oxygen content, similar to what was
reported for graphene and graphene oxide. This appears to be mostly
due to carboxylic (531.5 eV) and hydroxylic groups (533.5 eV) in the
case of acid treatments, while the small amount of oxygen content
arising after piranha treatment appears to be constituted mostly by ke-
tones and hydroxyl groups (Fig. S7).

From the analysis of the Auger C KLL derivative spectrum, we
calculated the D parameter, related to the sp?/sp® carbon atoms ratio,
largely employed for the analysis of different carbon materials, such as
graphene, CNTs, and ND [60-63]. This parameter is reported to be 22.5
for graphite (100% sp2) and 14.5 for diamonds (100% sp3). It’s possible
to evaluate the sp2/sp° ratio from its linear interpolation [62,64]. In this
study, the D parameter for pristine CNOs was calculated to be 22, cor-
responding to a sp2/sp> percent distribution of 94/6. NH4OH-CNOs
were less affected by the treatment, with a D value of 21.5. As one could
expect, at the increase of the acid concentration we observed a decrease
of the D parameter, to 21 and 20 for 6 M — and 0x-CNOs respectively.
These results are in agreement with what is reported for multi-walled
CNTs (MWCNTSs) [62], that can be seen as the structurally closest car-
bon material to CNOs.

Thermogravimetric analysis (TGA) indicates p-CNOs high thermal
stability, with no weight loss until the temperature of 1000 °C (Fig. S8).
The other three samples showed similar weight loss profiles,
NH4OH-CNOs having the smallest loss, while 6 M — and 0x-CNOs pre-
sent a very similar behavior, with a slow gradual thermal decomposition

Table 2
Raman peak position of CNO samples.
Sample In/ Iop/ Ap/ Aop/ D G 2D
Ig Ig Ag Ag band band band
p-CNOs 1.66 0.35 2.59 0.79 1339 1578 2667
6 M-CNOs 1.58 0.19 3.25 0.46 1346 1589 2686
0x-CNOs 1.53 0.19 3.31 0.58 1347 1588 2685

NH,OH-CNOs 1.74 0.36 2.66 0.76 1339 1580 2671
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Table 3

Percentual atomic surface composition of CNOs after different treatments from
XPS analysis. The percentage of the functional group is calculated over the total
content of oxygen in the samples.

Atoms Pristine 0x-CNOs 6M-CNOs NH,4OH-CNOs

C% 99.08 79.25 86.91 94.92

0% 0.91 18.97 12.42 4.24

N% - 1.28 0.67 0.66

D parameter 22 20 21 21.5

sp?/sp® (%) 94/6 69/31 81/19 88/12
COOH (531.5 eV)% 27.75 47.3 36.6 8.8
C=0 (532.3)% 40.8 - - 44.2
C-OH (533.5)% - 40.7 38.1 38.1

occurring from 200 °C and a total weight loss at 600 °C of ~10%, similar
to previous reports for graphene oxide [65].

3.6. DLS analysis

Furthermore, we focused our efforts on finding a more widespread
and easier-to-use bench alternative to AUC for CNO dispersion analysis.
DLS is a common technique employed to evaluate hydrodynamic di-
ameters of nanoparticles in daily routine laboratory work. Its outcome
depends on several factors, reaching from sample light absorption,
concentration, and stability in solution. Big aggregates, even if scarcely
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present, can affect the final analysis, and lead to an overestimation of the
particle size due to their major contribution in the scatter process. Be-
sides, the particles’ surface charge can be evaluated using (-potential
analysis, obtaining valuable information about the particles’ colloidal
stability. We have therefore conducted {-potential measurements of ox-
CNO dispersions at different pH values using an automatic titration
system, to understand the effect of functional groups protonation on the
CNOs stability. Furthermore, to partially mimic the AUC technique, the
final CNO dispersions (p-CNOs in NMP, ox-CNOs in Hy0O) were analyzed
before and after centrifugation (0.05 mg/mL, 20000 RCF, 30 min) to
remove the influence of residual aggregates (above 50 nm), developing a
simple method to evaluate the CNOs’ hydrodynamic size distribution.
0x-CNOs {-potential absolute value exhibited an increasing trend at the
increment of pH (—25, —32, and —35 mV at pH 3, 7, and 14 respec-
tively). It is worth mentioning that samples at pH < 3 aggregated at a
fast ratio that hindered the measurements. This behavior was to be ex-
pected since 0x-CNOs contain oxidized surface groups. Indeed, carbox-
ylic acid deprotonation at higher pH values leads to the increase of
negative charge, decreasing aggregation and ameliorating particle
colloidal stability. The hydrodynamic diameter evaluated during the
repetitive measurement showed a homogeneous and stable value above
pH 5 between 50 and 70 nm (Fig. S9). However, as anticipated, this
value is affected by the presence of CNO aggregates. By subjecting the
dispersions to short centrifugation times, the biggest aggregates sedi-
mented, revealing a distribution with smaller sizes (Fig. 5). At pH 7 the
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particles’ aggregation decreased from ~34 nm (30-100 nm distribution)
to a distribution between 5 and 40 nm, with three main peaks of ~7, 10,
and 16 nm, in complete agreement with AUC measurements conducted
for the same media. Similar behavior was observed at pH 12, with two
main peaks after centrifugation at ~9 and 28 nm. In general, non-
centrifuged dispersions slightly decreases their hydrodynamic diam-
eter at the increase of pH (from 46, 34, and 26 nm respectively), as a
consequence of deprotonation and the increase of surface charges.
Partially different is the case of the pH 4 dispersion. The non-centrifuged
sample presented two populations (16 and 46 nm) and a triple separa-
tion of the dispersion after centrifugation, at ~ 4, 9, and 21 nm. On the
other hand, pristine CNOs in NMP showed a wider distribution (44-540
nm) with a main population at ~ 79 nm before centrifugation, while
sedimented completely after centrifugation. With this last analysis, we
have demonstrated that pre-centrifugation can be employed as a tool to
remove big aggregates (even if in small amounts) which mask the real
size distribution, allowing the straightforward use of DLS to determine
the CNOs lateral size distribution.

It is worth mentioning here that by means of these results, it is
possible to rationally separate CNOs by centrifugation, obtaining rich
dispersions of individual onions. 0ox3-CNOs in H,O (pH ~ 5.5 after first
step of cleaning, conc. ~ 3 mg/mL) was centrifuged at 18500 RCF for 30
min and the supernatant recovered from the sediment. Indeed, AUC
analysis revealed a Dsg value of 12 nm mostly, with a main population of
~7 nm, therefore mostly constituted by individual CNOs (Fig. S10,
Table S6). On the other hand, the sediment distribution presented a Dsg
value of ~83 nm, confirming the possibility of obtaining dispersions
with great separation between individual CNOs and aggregates.

3.7. Electronic properties

Finally, we investigated the electronic properties of treated CNOs in
comparison to p-CNOs. For this, small pellets were obtained by pressing
5 mg of dry powder at 3 atm. The impedance of the samples was
measured by a two-point system. p-CNOs were the most resistive ma-
terial, with a value of ~12 Q/cm (Fig. 6). Interestingly, contrary to
expectation, individualized ox-CNOs presented higher conductivity,
with a resistance of only ~3 Q/cm, showing great potential for elec-
trochemical applications. Following a similar trend to the other char-
acterization techniques, 6M-CNOs exhibited a value of ~3.7 Q/cm and
NH4OH-CNOs a value of ~7 Q/cm. This result illustrates the importance
of the CNOs separation, suggesting that the single particles can be pro-
cessed in pellets with better conductivity than pristine CNOs attributed
to their improved packing, despite their higher surface oxidation.

4. Conclusion

In this work, we have systematically investigated different method-
ologies for carbon nano-onions separation. CNO aggregation is observed
during their conversion by thermal annealing of carbon nano diamonds,
hindering scientists from working with individual fullerene-like carbon
nanomaterials. Applying physical and chemical techniques we demon-
strated that only the application of strong oxidizing acid treatment allow
for CNO individualization, increasing their water dispersibility, while
other treatments (e.g. prolonged sonication, mild acid conditions) are
not sufficient to achieve a complete separation. In addition, we propose
analytical ultracentrifugation as the gold standard technique for a
complete ensemble characterization of CNOs directly in dispersion,
overcoming re-aggregation issues upon sample preparation typical of
microscopy techniques, and we suggest a methodology to correlate these
dispersions by DLS analysis. The results obtained from this study indi-
rectly indicate that CNOs aggregation is likely a result of covalent in-
teractions among the particles formed during production, rather than
being hindered by graphitic layers that prevent their dispersion. We
believe that the accomplishments showcased here will provide a sig-
nificant contribution and will help to enhance the research centered
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around CNOs, especially in fields such as nanomedicine, electrochem-
istry, and energy storage.
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