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Oxidation processes affect the structural integrity of carbon nanostructure (CN), leading to changes its physico-
chemical properties, as a result of oxidation of sp’-hybridized carbon atoms, and formation of appropriate
functional groups, further determining the surface properties of CNs. This work used several oxidation methods
to develop effective procedures for the selective modification of the carbon nano-onion (CNO). Hydrogen

Oxidation X - : . X ) L '
Functionalization peroxide, urea hydrogen peroxide complex, acetic chloride or anhydride, and trifluoroacetic acid were used as
Dispersion the primary reagents in various configurations for the functionalization of CNOs, which resulted in the formation

of oxygen-containing groups, mainly carbonyls, phenolic, carboxyl, ethers, and esters. The dispersion of func-
tionalized CNOs was tested in a series of protic, aprotic polar, and nonpolar solvents that were used to determine
the Hansen Solubility Parameters. The dispersion of oxidized CNOs was determined experimentally in water, by
designating the zeta potential of dispersed CNOs and their diameters using dynamic light scattering. The for-
mation of oxygen-containing groups ensures high dispersion of CNs in polar solvents and provides high stability
in water for more than two months. It is the first work describing such effective methods of functionalizing
spherical nanostructures containing C(sp?)-hybridized carbon atoms, where the dispersion stability in water is so
significant.

Polar solvent

1. Introduction that hinder their separation and usage [1]. Modifying their surface is one

of the most straightforward approaches to decreasing their aggregation

Selective oxidation is a key route to tailor the physicochemical
properties of carbon nanostructures (CNs). By converting selected sp*
hybridized carbons into oxygen-containing moieties, oxidation governs
surface energy, solvent interactions, and ultimately dispersibility,
properties central to applications in catalysis and energy storage.
Because these surface groups also arise alongside lattice oxidation, un-
derstanding how specific oxidation chemistries sculpt CN structure and
interfacial behaviour is essential for rational design.

Using CNs in many areas requires their high dispersibility in polar
solvents. Due to van der Waals and zn-m stacking interactions and an
amorphous carbon on their surface, CNs tend to form large aggregates

* Corresponding author.

and increasing their dispersibility. The most frequent method is based on
the chemical oxidation of CNs using concentrated inorganic acids, such
as nitric acid or a mixture of nitric and sulphuric acids [2-6]. The
oxidative treatment completely removes amorphous carbon from the CN
surface, leading to some structural degradations of the nanostructure. It
simultaneously introduces oxygen-containing functionalities, enhancing
CNs dispersibility in polar solvents. Although this simple modification
effectively increases dispersibility, it has some crucial limitations. This
uncontrolled functionalization causes damage and structural changes to
the integrity of the CN surface, which in turn has a destructive effect on
its physical and chemical properties. Additionally, the process leads to
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the adsorption of inorganic ions, which are challenging to desorb [7,8].

The modification of the CN surface mainly concerns wet chemical
oxidation [9,10]. The method uses, apart from the acids mentioned
above, other reagents with oxidizing properties, such as KMnO4 [6],
Hy0, [11,12], ozone [9,13,14], or (NH4)2S20g [15]. In addition to the
classic oxidation method, it is also used in constant-potential electrolysis
[16], sonochemical treatment [17] or plasma treatment [18,19], etc. In
effect, these oxidative processes can generate various oxygenated
functional groups on the CN surface, such as aldehydes, ketones, epox-
ides, esters, alcohols, and carboxylic acid moieties (the last two
mentioned are the most common) [10,9,13,20]. Still, the nature of these
groups is somewhat random, and uncontrollable. It has also been noted
that in many cases, oxidative treatment is the first step in further
modification with other chemical moieties. The nature of the functional
groups containing oxygen is essential because it determines the
following stages of possible reactions and further functionalization. The
product’s chemical purity after oxidative modifications is also critical.
Considering all the above-mentioned factors, the functionalization
process of CNs aimed at increasing dispersity by creating
oxygen-containing groups on the nanostructure’s surface should be
designed in detail.

A persistent gap in the literature is the lack of head-to-head com-
parisons: many studies introduce new oxidation methods sequentially,
without rigorous cross-evaluation of products under unified conditions.
Here, in addition to established protocols, we introduce several new
surface-functionalization routes that target specific oxygen functional-
ities on CNs, enabling selective oxidation with improved control over
product composition.

It should be emphasized that multi-layered fullerenes have a chem-
ical composition similar to carbon nanotubes, graphite, or graphene due
to the excessive presence of spz-hybridized carbon atoms and defects in
the structure, which are active sites of chemical reactions. Since multi-
layered fullerenes have many features similar to other CNs, we carried
out the oxidation reactions on the spherical structure of multi-layered
fullerenes (carbon nano-onions, CNOs) [21-23], which serve CNOs as
an appropriate model system. Herein, we used CNOs with a diameter of
approximately 5-9 nm that were formed by the thermal annealing of
nanodiamond (ND) particles [24-27]. CNOs were selected as the
sp2-carbon model because they combine high electrical conductivity, a
fully accessible external surface, nanometer dimensions, and scalable
synthesis from NDs, enabling precise control of defect density and sur-
face chemistry. Their spherical, multi-layered graphitic architecture
reduces bundling compared with nanotubes, simplifies dispersion
analysis, and provides a uniform platform for comparing oxidation
routes targeted to specific oxygen functionalities. CNOs also present
constraints. Curvature-induced strain can shift oxidation pathways
relative to planar graphene; concentric shells limit access to inner layers;
and as-prepared materials may be polydisperse with low intrinsic
porosity. We address these factors by focusing on outer-shell function-
alization, reporting size distributions and defect metrics, and bench-
marking dispersibility under matched conditions. CNOs offer a practical
and representative nanostructure within these boundaries for selective
oxidation. Finally, the availability of large-scale synthesis and robust
post-synthetic modification further supports their selection, with
demonstrated relevance across electrochemical energy storage [28-31],
catalysis [32-34], electrocatalysis [35-37], and biomedicine [38-40].

Oxidation outcomes depend sensitively on multiple parameters,
including pre-existing heteroatoms or adsorbates, purity and porosity,
graphitic character, defect density, and surface chemical state [41]. We
therefore implement a set of CNO oxidation protocols in which the
oxidant, reaction environment, and exposure are tightly controlled to
yield oxidized CNOs (0x-CNOs) with predefined surface functionalities.
Systematic structure-property analysis links each method to the
resulting defect landscape, functional-group distribution, and dispersion
behaviour in polar solvents. This framework identifies efficient, repro-
ducible routes to ox-CNOs that maximize dispersibility while preserving
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structural integrity and minimizing inorganic contamination.

This work introduces selective oxidation strategies that steer CNO
surfaces toward predetermined oxygen functionalities, overcoming the
random, damage-prone outcomes of conventional methods; it offers the
first unified, side-by-side comparison of multiple oxidation routes under
matched conditions, directly linking reaction chemistry to defect for-
mation and dispersibility; and it minimally damaged ox-CNOs with
tunable surface groups, enabling reliable downstream functionalization
and improved processing for catalysis and energy-related applications.
Collectively, these advances establish controllable, scalable pathways to
application-ready functionalization of sp>-hybridized CNs.

2. Experimental section
2.1. Materials and chemicals

Nanodiamond powder (ND) with crystal sizes between 4-6 nm and
content greater than 97 wt.% (uDiamond®Molto, Carbodeon) was used
for the preparation of CNOs. Molecular sieves (4 A MS; POCH Poland)
were dried by annealing with an open flame before use. Triethylamine
(TEA, >99 %; POCH Poland) was purified by distillation under Ar over
KOH flakes. The distillate was poured into a dark glass bottle with the
addition of freshly roasted 4 AMS (10 % by w/w). Fullerene Cgo (98 %,
Merck, Germany), 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU, >98 %,
Merck, Germany), trimethylamine hydrochloride (MesN, 98 %, Merck,
Germany), tripropylamine (iPrsN, >99 %, Merck, Germany), tributyl-
amine (n-BusN, >98 %, Merck, Germany), triethylamine (Et3N, >98 %,
Merck, Germany) N,N-diisopropylethylamine (DIPEA, 99.5 %, Merck,
Germany), N,N,N,N-tetramethylethylenediamine (TMEDA, >99 %,
Merck, Germany), N-methylmorpholine (NMM, >98 %, Merck, Ger-
many), 2,2,6,6-tetramethylpiperidine (TMP, >97 %, Merck, Germany),
N,N-dimethylpyridin-4-amine (DMAP, >99 %, Merck, Germany), N,N-
dimethylaniline (>99 %, Merck, Germany), N,N-diethylaniline (>>99 %,
Merck, Germany), pyridine (99.8 %, Merck, Germany), urea (>99.5 %,
Merck, Germany), tetrabutylammonium bromide (BusNBr, >98 %,
Merck, Germany), tetrabutylammonium hydroxide (BusyNOH, >98 %,
Merck, Germany), tetrabutylammonium hydrogen sulphate (Bu4NHSO4,
>98 %, Merck, Germany), urea hydrogen peroxide complex (UHP, 97 %,
Merck, Germany), 3-chloroperbenzoic acid (mCBPA, <77 %, Merck,
Germany), acetic chloride (AcCl, 98 %, Merck, Germany), acetic anhy-
dride (Acp0, >98 %, Merck, Germany), acetic hydroxide (AcOH, >98 %,
Merck, Germany), acetic chloride (AcCl, >98 %, Merck, Germany), tri-
fluoroacetic acid (TFA, >99 %, Merck, Germany), trifluoroacetic anhy-
dride (TFAA, >9 %, Merck, Germany), anhydrous aluminium chloride
(AICl3, 98 %, Merck, Germany), hydrogen peroxide (60 % H20, Aneva,
Poland), sodium hypochlorite (15 % H0, Warchem, Poland), acetic
acid (>99 %, POCH, Poland), potassium carbonate (>98 %, POCH,
Poland), sodium hydroxide (>98 %, POCH, Poland), magnesium sulfate
(>98 %, POCH, Poland), sodium thiosulfate (98 %, POCH, Poland),
molecular iodine (>99 %, POCH, Poland), sulfuric acid (>98 %, POCH,
Poland). 2-Propanol (IPA), acetone, hexane, toluene, tert-buthanol,
ethanol (EtOH, 96 %), acetonitrile (MeCN) were purchased from POCH
(Poland) and then purified by fractional distillation before use. Tetra-
hydrofuran (THF) and 1,2-dichloroethan (DCE) were purchased from
POCH (Poland) and then purified by fractional distillation over phos-
phorous pentoxide. Anhydrous THF was obtained after additional sim-
ple distillation over the ketyl radical (sodium/benzophenone).

2.2. Synthetic procedures

2.2.1. Preparation of pristine-CNOs from NDs using thermal annealing
Commercially available, nanodiamond powder (ND) with crystal
sizes between 4-6 nm and content greater than 97 wt.%
(uDiamond®Molto, Carbodeon) was used for the preparation of pristine
CNOs (p-CNOs). Annealing of NDs was performed at 1650 °Cundera 1.1
MPa He atmosphere (20 °C min’l) using carbonization furnace. The final
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temperature was maintained for one hour, and then the material was
annealed in air at 400 °C to remove amorphous carbon from the ob-
tained material.

2.2.2. Procedure of the functionalization of p-CNOs

p-CNOs were functionalized with P1-P11 procedures (please see SI
for a detailed description of the procedures). P7 and P11 were made
under the same experimental conditions, with the difference that the
substrate was a different starting material; therefore, sequential
numbering was introduced to distinguish the reaction products. Table 1
summarizes p-CNO functionalization, with the leading reagent indicated
in a chemical reaction and the abbreviations that will be used for the
products of individual chemical reactions. In brief, the dominant func-
tional groups identified based on X-ray photoelectron spectroscopy
(XPS) are included. To facilitate further identification of individual ox-
CNOs, in the further discussion, we use designations indicating the
number of dominant functional groups in the material and, in brackets,
the number of functionalization procedures summarized in Table 1 and
described below.

Procedure 1. (P1): To a 30 mL glass microwave (MW) tube, 30 mg of
CNO, 1.0 g UHP, 0.5 mL Et3N, and 10 mL of the IPA/H30 mixture (8:2,
v/v) were added [42,43]. The tube was capped and sonicated at room
temperature (RT) for 10 min, then heated under MW at 60 °C for 8 h.
Then, distilled water was added to the reaction mixture, the suspension
was centrifuged, and the supernatant was decanted. The solid residue
was then washed with several solvents, and the resulting precipitate was
dried under vacuum to give 29 mg of a black solid.

Procedure 2. (P2): To a 30 mL glass tube, 30 mg of CNO, 200 mg of
mCPBA, and 20 mL of anhydrous DCE were added [44]. The tube was
purged with Ar, sealed, sonicated for 1 h at 60 °C, and then magnetically
stirred for 12 h. Next, to the reaction mixture, hexane was added, the
suspension was centrifuged, the supernatant decanted, and the solid was
washed with several solvents. The obtained product was dried under
vacuum to give 30 mg of a black solid.

Procedure 3. (P3): To a 50 mL round-bottom flask, 30 mg of CNO was
added, 10 mL of AcOH, 20 mg of molecular iodine, and then 0.20 mL of
concentrated HySO4. The flask was cooled in an ice bath to 0 °C, and
then, 10 mL of 30 % H,0; solution was added dropwise. The suspension
was sonicated at RT for 1 h, and then heated at 60 °C overnight. To the

Table 1
Summary of the type of the modifications of CNOs based on XPS studies.
Substrate Procedure Main reagents Product/
Abbreviation
ND Molto Thermal p-CNO
treatment
p-CNO P1 UHP, Et3N, IPA/H,0 CNO>0/0OH(P1)
P2 mCPBA, DCE CNO>0(P2)
P3 AcOH, I, H3SO4, 30 % CNO>0/0H(P3)
H,0,
P4 60 % H03, n-BuyNBr, CNO>0/0OH(P4)
DBU
P5 30 % Hy0,, tert-BuOH, CNO>0(P5)
70 % H,S04
P6 AcCl, DCM CNO>0/COOR
(P6)
CNO>0/COOR P7 15 % NaClO CNO>0/COOH
(P6) P7)
p-CNO P8 [HTEA]CF5CO,, UHP, CNO>0/COOH
TFAA (P8)
P9 NayCOs3- Hy0,, TFAA, CNO>0O/0H(P9)
THF/DCM
P10 Ac,0 CNO>0/COOR
(P10)
CNO>0/COOR P11 15 % NaClO CNO—COOH
(P10) (P11)

Applied Surface Science Advances 30 (2025) 100906

reaction mixture, 5 % NaySOs3 solution was added, sonicated for 5 min at
RT, and then centrifuged on a rotary centrifuge. The liquid was decanted
from the precipitate and was washed with distilled water and acetone to
give 29 mg of a black solid.

Procedure 4. (P4): To a 50 mL PP tube, 30 mg of CNO, 2 mL of 60 %
water solution of Hy03, 1 mL of 1 M NaOH, 100 mg of n-BugNBr, and
0.50 mL of DBU were added. The suspension was sonicated at RT for 1 h,
then stirred magnetically for 24 h. Next, acetone was added, and the
carbon material was centrifuged. A liquid was decanted from the pre-
cipitate, and the solid residue was washed with 5 % AcOH, distilled
water, and acetone. Finally, the product was dried under a vacuum to
produce 30 mg of a black solid.

Procedure 5. (P5): To an intensively stirred 70 % solution of HoSO4
(8.75mL) at 0 °C, tert-BuOH (12 mL) was added dropwise, and then a 30
% solution of HyO5 (20 mL) was added dropwise during 1 h. The mixture
was stirred at RT for 12 h. Next, the aqueous layer was discarded, the
organic layer was washed with a saturated NaCl solution, and the extract
was dried with anhydrous MgSO4. Next, 30 mg of CNO, 20 mL of DCM,
and 2.0 mL of DBU were added to the filtrate. The reaction mixture was
sonicated at RT (1 h) and heated at 60 °C overnight. The suspension in
hexane was centrifuged, and the residue was then washed with hexane
and methanol to give 26 mg of a black solid.

Procedure 6. (P6): The reaction was performed under anhydrous
conditions under an Ar atmosphere. The 50 mg of CNO, freshly
powdered AlCl;3 (1.56 g, 11.8 mmol), and 50 mL of anhydrous DCM were
added to a 100 mL round-bottom flask. The resulting suspension was
sonicated for 10 min at RT, and after cooling in an ice bath to 0 °C, AcCl
(0.70 mL, 9.8 mmol) was added dropwise. The reaction mixture was
sonicated at the set temperature for 2 h, and then stirred at RT (12 h).
Next, the dry content was transferred with 10 % AcOH solution, and the
product was centrifuged. The supernatant was decanted from the pre-
cipitate, which was then washed with several solvents to give 54 mg of a
black solid.

Procedure 7. (P7): The product from modification (6) (20 mg) was
oxidized by 15 % NaClO solution (15 mL) at RT. The resulting suspen-
sion was sonicated for 2 h at 0 °C. Then, 10 % NayS503 solution (20 mL)
was added and acidified with 1 M HCI to pH 4-5. The carbon material
was centrifuged, the liquid was decanted from the precipitate, and the
solid residue was washed with distilled water and acetone to give 18 mg
of black solid.

Procedure 8. (P8): [HTEA]CF3CO, (0.5 g) [45], UHP (2.0 g), 30 mg
CNO, 50 mL THF were added to a 100 mL round-bottom flask, equipped
with a 0 °C sonication bath, followed by drops of TFAA (1.51 g, 1.0 mL)
[43]. The mixture was sonicated at the set temperature for 2 h and then
at RT for 1 h. Then, the distilled water (20 mL) was added, the sus-
pension was centrifuged, the liquid was decanted from the precipitate,
and the solid residue was washed with a mixture of H,O/acetone.
Finally, the resulting carbon material was dried under vacuum to give 30
mg of black solid.

Procedure 9. (P9): NayCOsel.5 Hy0O3 (1.0 g), 30 mg CNO, 50 mL of
THF/DCM (1:1, v/v) mixture was sonicated at O °C (1 h), followed by
drops of TFAA (1.51 g, 1.0 mL). Next, the mixture was stirred at RT for
12 h. Then the reaction mixture was centrifuged on a rotary centrifuge.
The liquid was decanted from the precipitate, and the solid residue was
then washed with several solvents to give 29 mg of a black solid.

Procedure 10. (P10): The reaction was carried out under anhydrous
conditions and an Ar atmosphere. 50 mg of CNO and 15 mL of AcO
were added to a 30 mL round-bottom flask. The suspension was cooled
in an ice bath to 0 °C, and 1.5 g of powder anhydrous AlCl3 was added in
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portions. The suspension was sonicated at RT for 1 h and refluxed for 12
h. Then, 50 g of crushed ice was added, and the carbon material was
centrifuged. Finally, the resulting carbon material was dried under
vacuum to give 51 mg of a black solid.

Procedure 11. (analogous to P7): 20 mg of the product (10) and 15 %
NacClO solution (10 mL) (cooled to 0 °C), and the resulting suspension
was sonicated for 2 h at 0 °C. Then, 10 % NaS,03 solution (20 mL) was
added and acidified with 1 M HCI to pH 4-5. The carbon material was
centrifuged, and the solid residue was washed with distilled water and
acetone. The carbon material was dried at RT under reduced pressure to
give 19 mg of a black solid.

2.3. Determination of Hansen solubility parameters for ox-CNOs

To assess the dispersion behaviour of 0x-CNO, their HSPs (&p, 8p and
8y ) were determined as previously described for p-CNOs [46]. Briefly, 3
mg of each CNO sample was mixed with 3 mL of a selected solvent (see
Table S5 for the complete solvent list) in a glass vial. The mixture was
then sonicated in an ultrasonic bath (40 kHz, 110 W) for one hour. After
sonication, the dispersibility of 0x-CNOs in each solvent was assessed
qualitatively. A score of 1 was assigned for good dispersions and 0 for
poor dispersions. The resulting dispersibility data were then fitted using
the algorithm developed by Gharagheizi to estimate the corresponding
Hansen Solubility Parameter (HSP) values [47]. The interactions be-
tween ox-CNOs and the tested solvents were further quantified using the
solubility parameter distance (R,) and the Relative Energy Difference
(RED) according to Egs. (1) and 2, respectively [48].

R, = \/4 (6DCNO - (SDSOLVENT)Z + (5PCNO - 5PSOLVENT)2 + (ﬁHcNo - 5HSDLVENT)2
(€))

7R‘1

RED = R, (2

where 8p, 8p and 8y represent the HSPs for the CNOs and the solvent, and
Ry is the interaction radius, defining the maximum interaction differ-
ence between the solute and solvent. A RED value <1 (R, < Rg) indicates
a relatively strong interaction between the CNOs and the solvent,
whereas a RED value greater than 1 suggests a weak interaction.

3. Results and discussion

3.1. Determining the conditions for CNOs functionalization based on the
reaction with fullerene Cgp

Some of the procedures developed in this study were adapted from
literature reports on analogous oxidation reactions of fullerene Cgg.
Reaction conditions were subsequently modified to suit CNOs, consid-
ering their larger surface area and lower curvature compared to Cep. As
highlighted by Hirsch [49], the efficiency of CNs functionalization de-
pends not only on the hybridization state of surface carbon atoms but
also on their curvature. Because CNOs possess a significantly lower
curvature than Cgp, higher concentrations of oxidants and
surface-modifying reagents are necessary to achieve comparable func-
tionalization degrees. The detailed synthetic procedures are provided in
the Supporting Information and summarized in Tables S1 and S2, while
the main findings are discussed below.

Fullerene Cgo was first used as a model system to identify efficient
oxidative functionalization routes. In addition to conventional oxidants
reported for CN oxidation [50-55], our approach employed aqueous
H,0; as the primary oxidant (Table S1). Previous studies demonstrated
that heating Cgp in 30 % H20; at 60 °C for 2-12 days, in the presence of
an interfacial transfer catalyst such as BuyNOH and Et3N in a biphasic
water/toluene system, yields highly oxidized products [51]. Under
optimized conditions, this process can be shortened to 30 min. In the
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present work, we achieved a remarkable acceleration by increasing the
Hy0, concentration, introducing catalytic amounts of MeCN, and
replacing EtsN with BuyNHSO4 as the phase-transfer catalyst (Table S2).
These modifications reduced the reaction time from 30 min to only 20s,
marking a significant advance in the oxidative functionalization of both
Ceo and CNOs.

Mechanistically, tertiary amines were found to play a critical role
(Table S2). They react with HyO» to form N-oxides that coordinate with
H20,, promoting the formation of epoxides on the carbon surface.
Comparative experiments indicated that amine basicity is the key
parameter controlling catalytic performance, with DBU showing the
highest activity. In contrast, sterically hindered amines such as DIPEA
and TMEDA exhibited lower efficiency, likely due to the restricted for-
mation or stabilization of N-oxides. The presence of MeCN further
enhanced oxidation through the formation of reactive peroxycarbox-
imidic intermediates [56,57]. Together, MeCN and strongly basic ter-
tiary amines significantly increased oxidation rates compared to NaOH
or conventional quaternary ammonium salts, confirming that
phase-transfer catalysis via amine N-oxides is more effective than clas-
sical quaternary systems. Moreover, n-BusNBr was observed to further
accelerate oxidation by improving HO:" transfer between phases [58],
though limited CNO dispersibility in nonpolar solvents remains a chal-
lenge. NaOH also facilitated epoxide ring-opening to diols, in agreement
with prior reports for polymers and simple epoxides [59,60].

From a broader chemical perspective, the oxidative systems
employed here draw on concepts of metal-free oxidation known from
organic synthesis, which have been adapted for fullerene chemistry.
Reagents such as TFAA and UHP have been shown to function as mild
oxidants under green conditions, offering sustainable alternatives to
metal-based systems. TFAA, typically an acylating reagent, can also
induce oxidation of tertiary amines to N-oxides via hydrogen transfer
[61,62], and, when combined with DMSO, facilitates the oxidation of
alcohols to p-diketones [63]. Similarly, UHP in the presence of tertiary
amines efficiently converts benzylic alcohols to carboxylic acids under
solvent-free, MW-assisted conditions, exemplifying atom-efficient and
environmentally benign oxidation. Acetyl derivatives, including acetic
anhydride, hydroxide, and chloride, have also been employed as auxil-
iary oxidants in analogous systems [64,65].

Overall, this study presents a novel, ultrafast, and metal-free oxida-
tion protocol for the functionalization of Cgg and CNOs, utilizing a
synergistic combination of Hy02, MeCN, and BusNHSO4 under mild
conditions. The novelty lies in coupling tertiary amine catalysis, inter-
facial transfer, and nitrile activation, enabling near-instantaneous
oxidation while adhering to the principles of green chemistry. This
method offers a novel, sustainable, and highly efficient route for the
surface oxidation of CNs, thereby expanding the scope of environmen-
tally friendly oxidation strategies to nanostructured carbon.

3.2. Structural properties of functionalized CNOs using HRTEM and XRD
studies

The CNO nanostructures were prepared from ND particles using
thermal treatment under reduced pressure and an inert atmosphere
using the modified Kuznetsov method [24]. Under these experimental
conditions, the ND structures with neighboring layers with a distance of
about 0.22 nm transform into spherical concentric graphitic shells of
p-CNO [66]. High-resolution transmission electron microscopy
(HRTEM) enables detailed imaging of CNs and the evolution of their
curved graphitic layers as a function of CNOs chemical treatment (Figs. 1
and S5). HRTEM observations of p-CNOs showed spherical carbon
structures formed aggregates ranging between 3 and 40 nm diameters
with a significant predominance of spherical ’small’ systems with a
diameter of approximately 5-9 nm (Fig. 1a). Graphitic shells surround
the central fullerene at the CNO core with an intershell spacing around
0.34 nm [67,68], similar to highly ordered pyrolytic graphite (HOPG)
[69].
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Fig. 1. Representative HRTEM images of (a) p-CNOs functionalized using (b) 3 M HNOj3 (0x-CNOs), procedures (c) P1, (d) P6, (e) P7, (f) P8, (g) P10 and (h) P11.

Chemical treatment with the oxidizing agents appears to lead to
CNO’s functionalization with varying effectiveness. HRTEM imaging
shows an interruption of the CNO layers, graphitization or even the
appearance of graphitic nanoribbons. The amount and type of structural
defects formed depend on the oxidizing agent used and the conditions
for carrying out this process, which are briefly summarized below.
Oxidation with concentrated HNO3 most commonly yields heavily
defected CNOs spanning a range of diameters (Fig. 1b). In HRTEM im-
ages (white arrows), outer graphene shells are torn, producing shell
discontinuities and distortions that disrupt the spherical morphology.
The resulting nanoparticles are polydisperse in size and shape. While
this treatment affords materials that disperse readily in polar solvents, it
is poorly suited for studies requiring strict control over particle size or
preservation of the outermost graphene layer. Oxidation perturbs the
integrity of graphitic shells in CNOs, with the extent of damage governed
by the oxidation protocol and oxidant strength (Table 1). To rationally
design hydroxylation strategies for multi-layered fullerenes, we first
used Cg (single-layer fullerene) as a model, given its curvature-driven
reactivity closely resembling that of CNOs [70]. Curvature generally
enhances the chemical reactivity of CNs [71]. In fullerenes, atoms
adjacent to pentagons exhibit increased pyramidalization and strain,
which modify local electron density and facilitate nucleophilic attack
and related reactions compared with planar graphitic lattices [71,72].
As curvature increases, reactivity rises accordingly, promoting trans-
formations such as oxidation and cycloaddition [72]. A detailed
description of the Cgo-based oxidation protocols and their subsequent
translation to CNOs is provided in the Supporting Information.

HRTEM studies show that only in the case of modification using P3
(product CNO>0/0H(3)) is a non-homogeneous material formed, in
which CNO particles and graphitic nanoribbons coexist (Fig. S5b). The
experimental conditions led to the destruction of some CNO’s spherical
structures, and the formation of graphitic nanoribbons was observed,
which other authors also noticed, where the oxidized CNs can serve as
precursors for synthesizing ribbon-like geometries [73,74]. For instance,
the edges of oxidized CNs possess functionalities that promote further
polymerization or cross-linking, which is essential for ribbon formation.
Additionally, oxidation processes can modify the electronic properties of
CNs, allowing for the selective activation of edges and defect sites, which
is crucial for the subsequent rearrangement of carbon atoms into
nanoribbons. Curved soot particles are oxidized more easily than planar
ones, and the oxidation rate depends significantly on the curvature and

structural modifications induced by the oxidative environment [72,75].
It should also be emphasized that in the case of P3, a unique reaction
environment was created to form pyrene-like radicals of CNs using
simultaneously iodine, concentrated HoSO4, and H20,. Iodine has been
known to act as a Lewis acid in some chemical contexts, facilitating the
activation of monomers for polymerization reactions. Additionally,
iodine enhances the electron-withdrawing ability of carbonyl groups in
carbon compounds, facilitating reactions such as the Diels-Alder reac-
tion, which can be relevant in polymerization mechanisms involving
conjugated systems [76]. In concentrated acidic environments, molec-
ular iodine can catalyze reactions by generating reactive iodine species,
potentially leading to radical formation. Research indicates that when
combined with HyO», radicals can be generated - hydroxyl radicals and
iodine radicals [77]. These radicals are critical initiators in radical
polymerization mechanisms, setting the stage for transforming small
molecular precursors or functionalized carbon substrates into larger
polymeric structures. All these factors resulted in the competitive for-
mation of ribbon-like structures during the oxidation reaction of CNOs.
This method also seems less valuable due to the need for more control
over the resulting material in correlation to its structure and
homogeneity.

Two successive outer layers in ox-CNOs, presented in Fig. 1, show the
breaking of the continuity of graphitic layers. Most of these nano-
structures retained their spherical shape. However, some have a
deformed spherical shape, which manifests in specific distortions. It is
most visible in HRTEM images of nanostructures oxidized using the P8
(Fig. 1f) and P10 (Fig. 1g) methodologies. Additionally, spherical
nanostructures with smaller diameters are obtained using P7 (Fig. 1e)
and P11 (Fig. 1h). Two subsequent modification reactions led to the
formation of the product as a result of P7 (substrate - CNOs oxidized as a
result of P6) and P11 (substrate - CNOs oxidized as a result of P10).
Decreasing the diameter of CNOs oxidized indicates that multiple pro-
cesses lead to some "chemical peeling" of multi-layered fullerenes,
forming CNs with a smaller diameter.

X-ray diffraction (XRD) is the standard method for crystal structure
analysis. The diffraction patterns for selected CNs are presented in Fig. 2.
The diffraction patterns of NDs, p-CNOs, and 0x-CNOs (3 M HNOg) are
presented as reference materials (Fig. 2a). The three phases of CNs are
visible during X-ray diffraction with different intensities, which enables
their structural analysis. For NDs, three primary reflexes are observed at
260 equal to 43.5° (111), 75.8° (220), and 92.0° (311), which correspond
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Fig. 2. XRD patterns of (a) NDs, p-CNOs and 0x-CNOs (3 M HNO3), (b-d) p-
CNOs and these functionalized using procedure P1 (orange), P2 (red), P6
(gray), P7 (blue), P8 (green), P10 (dark blue) and P11 (brown).

to diamond-like phases (Fig. 2a), the first of which is characterized by
the greatest intensity [67]. The reflex at 26 equal to 22° corresponds to
the (002) peak of graphite and, therefore, suggests that there may be
some contribution from small quantities of sp>-bonded carbon atoms.
The surface of the NDs is considered to be terminated by sp2-like
bonding [67,78]. This peak at 20 equals 25.3° (002), and the second at
20 equals 43.4° (100) are characteristics for p-CNOs (Fig. 2a) that are
characteristic of hexagonal graphite. The most apparent change in the
pattern is the growth of a broad graphite peak (002). The NDs have been
converted from a sp>-bonded structure to one containing many
sp>-bonded carbon atoms. The broadening of this peak indicates the
presence of sp>-hybridized carbon atoms and those atoms with sp®/sp?
hybridization. This broadening is also related to the size of the crystal-
lites, and to the presence of strains and defects [78].

Applied Surface Science Advances 30 (2025) 100906

Although the diffraction patterns for ox-CNOs did not show signifi-
cant differences, the profiles indicate the presence of a mixture of the
different phases containing diamond- and graphitic-like domains. For all
carbon materials, the most substantial asymmetric broad reflection was
observed at 20 = 25.3°, with an asymmetric broadening at about 22°,
suggesting the presence of some sp’-bonded carbons (Fig. 2¢). This
signal is related to the off-plane X-ray reflection and can be attributed to
the turbostratic (amorphous) carbon and graphitic carbon with the sp-
hybridization, as well as, to carbon atoms with an intermediate spz/sp3
character.

The most significant increase in the width of the first signal at 20 =
25.30° was observed for non-controlled oxidation using 3 M HNOj3
(Fig. 2a, profile assigned as 0x-CNOs), that confirms the structural dis-
order in their graphitic layers suggesting the most destructive reaction
environment.

It correlates well with the observation of these nanostructures using
HRTEM (Fig. 1b). The images indicate the discontinuity of more than
one graphene layer in the CNO structure and the deformation of the
spherical shape, indicating a large structural inhomogeneity manifested
by a broad peak. The diffraction broadening is connected with the size of
the nanoparticles and formed crystallites and can also be caused by
deformations and defects in the crystalline material.

Some XRD profiles show narrow peaks at approximately 18° (Fig. 2b,
samples P1 and P11), suggesting the existence of well-ordered domains
within the ox-CNOs. We interpret these peaks at 20 ~ 18° as repre-
senting the inter-lattice spacing between the oxidized outer surface layer
of the CNOs and the immediately adjacent inner graphene layer. At this
angle, the calculated d-spacing is about 4.9 A, which corresponds well to
the sum of a typical graphene-graphene interlayer distance (~3.4-3.5 A)
and a single C-O bond (~1.4 A) linking the oxidized surface layer. It
suggests that the oxidation is confined to the outermost shell and does
not significantly disrupt the inner graphitic layers. Importantly, these
peaks appear only for the two materials prepared by procedures P1 and
P11, in which the atomic percent of oxygen-containing groups (such as
C-OH, O—C-0-, and Ph-OH) is exceptionally high (77 % and 35 % of
the total oxygen content, respectively). In those cases, the outer gra-
phene shell must be both highly organized and uniformly functionalized
(via C-O bonds) to give the distinct narrow reflection. HRTEM images of
the two samples (Fig. 1c and h) confirm that no significant deformation
or interruption of the outer graphene shell is evident, implying that the
original ~3.4 A spacing between graphene layers is preserved during
modification. Thus, the outermost carbon atoms modified in P1 and P11
retain high structural coherence. The difference in peak intensity be-
tween P1 and P11 further suggests that P11 achieved a higher degree of
ordering (see Fig. 1h) and a greater extent of surface C-O functionali-
zation of the CNOs.

Similarly, Pérez-Ojeda et al. showed that reductive potassium
intercalation reorganizes the concentric graphitic shells of CNOs, pro-
ducing staged intercalation compounds with increased interlayer spac-
ings [79]. In p-CNOs, XRD reveals a broad (002) reflection at d ~ 0.35
nm, typical of graphitic stacking. Upon potassium intercalation, two
distinct periodicities appear at d ~ 0.76 nm and d ~ 0.38 nm, demon-
strating that chemical functionalization promotes ordered shell expan-
sion rather than amorphization [79]. These findings highlight that
surface chemistry and structural ordering evolve together: intercalants
or covalent addends can selectively expand and organize specific shells
while maintaining graphitic registry in the rest of the particle. By
analogy, the mid-angle reflection observed near 20 ~ 18° (d ~ 4.9 A) in
0x-CNOs can be attributed to a well-ordered outer oxidized shell sepa-
rated from the adjacent inner graphene layer by the sum of a C-O bond
length and the intrinsic intershell spacing [79]. This feature serves as a
structural signature of shell-selective oxidation and ordering in the P1
and P11 samples, analogous to the ordered staging reported for
potassium-intercalated CNOs.

Another plausible interpretation of the diffraction signal at 20 ~ 18°
is that it originates from layered or partially ordered graphitic-oxide
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frameworks. For example, Bhatti et al. reported a distinct peak at ~18°
XRD patterns as indicative of graphite oxide in composite membranes
[80]. Specifically, the presence of a peak at ~18° suggests a larger
interlayer spacing than pristine graphite (20~26.5°, d~3.35 A) and is
consistent with the insertion of functional groups, defects or structural
disorder in graphene-derived systems [81]. For instance, studies on
graphite oxide and reduced graphene oxide have shown interlayer dis-
tances on the order of ~10 A (26~9°) for highly oxidized material,
which collapse to ~3.6 A (26~24°) upon reduction [81]. However,
wider peaks (and lower 26) such as ~18° correspond to intermediate
states of graphitic ordering, partially exfoliated stacking, or the presence
of turbostratic carbon. In one report of N-doped carbon dots with
multi-layered structures, a broad peak centered at 20 ~ 18.5° was
associated with poor graphitic crystallinity and multi-layered assemblies
[82].

Thus, the diffraction feature at 18° in CNOs can be interpreted as
evidence of layered CNs, likely a mixture of oxidized graphene-type
planes or partly reassembled graphite-like domains. The existence of
this peak implies the presence of some degree of crystalline (or quasi-
crystalline) ordering. These reports support the interpretation that a
narrow reflection at 18° in CNO>0/0OH(P1) and CNO—COOH(P11)
signals an ordered, shell-selective expansion at the particle surface, here
plausibly the sum of a C—O bond length (~1.4 A) and the native
intershell spacing (~3.4-3.5 A), while inner shells remain largely un-
perturbed and graphitic (as also suggested by HRTEM). This diffraction
data provides insight into the structural coherence, interlayer spacing
variation, and layered nano-architectures of the carbon phase in the
material, as well as the functionalization of the surface CNOs oxygen-
containing groups.

3.3. Determination of surface topology using XPS analysis

The chemical state of C and O elements present on CN’s surface was
analyzed using X-ray photoelectron spectroscopy (XPS). The analysis of
XPS data for the functionalized CNs in the C 1 s and O 1 s regions pro-
vides information about the chemical bonds between carbon and oxygen
atoms, but also between the carbon atoms themselves, such as sp>- and
sp°-hybridized carbon and disordered carbon and defective carbon
atoms (assigned as DSC) [83-85]. Assessment of the percentage of C
atoms from the XPS spectra requires separating it into components
representing different chemical forms of carbon that are defined by the
binding energy (BE). Comparison of components of C1sand O 1 s
spectra for p-CNOs with those functionalized CNOs makes it possible to
observe the progress of the chemical modifications of the CN’s surface
that lead to changes in the parameters mentioned above (Fig. 3; Ta-
bles 1, S3 and S4). For perfectly HOPG structure, the C 1 s spectrum
consists of a single feature centered at 284.5 eV corresponding to
spz—hybridized C atoms [86,87]. For defective HOPG, additional com-
ponents appear at lower binding energies associated with the lost C
atoms (C vacancies) around the hexagons based on the density func-
tional theory [87].

Two prominent peaks for the NDs assigned as sp>-hybridized C atoms
in C—H and C—C are considered at 285.0 and 285.4 eV, respectively
[88,35,33,85]. In carbon nanomaterials, intermediate sp2 and sp3 states
of C atoms are also present at 285.0 eV and are defined as a disordered
carbon [84].

The deconvoluted XPS spectra show one dominant peak for p-CNOs
at 284.5 eV (Table 2, Fig. 3a, peak A.), which is related to the presence of
sp>-hybridized C atoms and their amount in the material is estimated at
84.5 at.%. The percentages of individual C and O atoms, calculated from
the deconvoluted XPS spectra of C 1s and O 1s, are summarized in Ta-
bles 2, $3 and S4. The presence of sp>-hybridized C atoms in p-CNOs was
also noted at 285.0 eV (C—H sp3) at 3.9 at.% and 286.5 eV (C—C sp3) at
4.4 at.%, presented in Fig. 3 as B. and C. peaks, respectively. In p-CNOs,
defective C atoms are also present at 283.9 eV, about 4.6 at.%. In the p-
CNOs sample, the presence of C—O bonds was also noted in quantity 2.6
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Table 2
Elemental analysis of p-CNOs and 0x-CNOs based on XPS studies.

Materials C o Other %sp? %sp®  Ratio C1s%
(%) (%) elements (%) Cls Cls spz/ %sp3

p-CNO 97.4 2.6 - 84.5 4.4 19.2

CNO>0/0H 94.6 5.4 - 82.5 4.9 16.8
(P1)

CNO>0(P2) 89.8 9.2 1.0 76.7 6.0 12.8

CNO>0/0H 88.3 10.5 1.2 73.7 6.3 11.7
(P3)

CNO>0/0H 94.1 5.9 - 81.9 5.3 15.5
(P4)

CNO>0(P5) 93.8 3.6 2.6 82.0 4.3 19.0

CNO>0/ 98.1 1.9 - 81.2 4.6 17.7
COOR(P6)

CNO>0/ 91.3 8.7 - 82.2 4.4 18.7
COOH(P7)

CNO>0/ 84.2 10.2 5.6 83.2 4.4 18.9
COOH(P8)

CNO>0/0H 94.9 1.7 3.4 83.3 4.7 17.7
(P9)

CNO>0/ 95.4 4.7 - 82.4 5.8 14.2
COOR
(P10)

CNO-COOH 81.5 13.0 5.5 73.7 6.2 11.9

(P11)

at.%, related to a small number of O atoms remaining after obtaining p-
CNOs from NDs. In the last stage, the sample is annealed at 400 °C in an
air atmosphere to remove amorphous carbon from the p-CNOs surface.
This value will not be considered further in the discussion about the
functionalization of the p-CNOs surface in the oxidation process.

The C 1s spectra in Fig. 3b and c show that after p-CNOs (Fig. 3a)
oxidation processes the sp? peak at 284.5 eV undergoes a line shape
modification by broadening of the C—C component, that transforms into
C—O bonds. Contribution of C—O bonds in the C 1s spectra is confined
to the region between sp-hybridized C atoms at 286.5 eV and n-1*
satellite at approximately 291 eV, which is defined as layer-to-layer
interactions and/or topographic effect [84]. In the range from 286.3
eV to 288.8 eV, after deconvolution of the C 1s peak, we identified five
different peaks (Fig. 3 and Tables S3 and S4), corresponding to the C-O
bonds, indicating the surface modification of the p-CNOs structure using
the successive P1-P11 procedures. In this range for HOPG and graphene,
characteristic regions can be distinguished for C-O bonds, namely C—O-
(285.4-287.0 eV), C-O-C (285.6-286.9 eV), C=0 (286.8-288.3 eV)
and O=C—OH/0O—=C—OR (288.0-289.5 eV) [86]. On this basis and
after a thorough literature analysis, after deconvolution of XPS C 1s
spectra for individual ox-CNOs, we determined the type of functional
groups on the p-CNOs surface for nanoparticles modified by the P1-P11
procedures, and the detailed data are summarized in Tables 2, S3 and S4.
Deconvolution of XPS spectra of the C 1 s spectral region of p-CNOs and
0x-CNOs gives the following assignments: DCS at 283.9 eV; A¢ at 284.5
eV (C=C sp?); Bg at 285.0 eV (C—H sp?); C¢ at 285.6 eV (C—C sp°
in-plane ether C—0-C); D¢ at 286.3 eV (-C-O; -C-OH; epoxy -C-O—C-);
Ec at 287.0 eV (ether C—0O-C); F¢ at 287.5 £ 0.1 eV (C=0); G¢ at 288.1
eV (0O—=C—O0-) and H¢ at 288.8 0.1 eV (O—C—OH) (Fig. 3).

Analysis of the O 1 s XPS spectra of the ox-CNOs can complete the
data obtained by analysis of the C 1 s spectra. Deconvolution of the O 1 s
spectra for the ox-CNOs resulted in four peaks located at the range
530.9-534.2 eV and one additional peak at 536.0 + 0.1 eV, that is
assigned to adsorbed water (Fig. 4) [89,90]. Peaks Ag at 530.9 + 0.4 eV
(quinonic C=0), Bp at 531.8 + 0.4 eV (O—C—O0-; ketonic C=0; epoxy
C—0-C), Cp at 532.9 + 0.4 eV (ether-like C—0-C; C—OH), D¢ at 534.2
+ 0.6 eV (Ph—OH; O=C—O0-) and Eg at 536.0 + 0.1 eV (adsorbed water)
are determined for the 0x-CNOs obtained from the deconvolution of the
O 1 s spectra by XPS (Fig. 4 and Tables S3 and S4) [91,89,92,93,90].
Quantitative analysis of C—O bonds in p-CNOs oxidized according to
procedures P1-P11 allowed us to propose dominant functional groups
present on the surface of 0x-CNOs (Table 1). Due to the fact that the
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convolution of XPS C 1s and O 1s spectra gives peaks at a specific BE, for
which several functional groups can be assigned (Tables S3 and S4), we
performed a simple test of the dispersibility of ox-CNOs in water (Fig. 4).
The images shows 0x-CNOs divided into two groups, those that even
after two months gave very ‘well-dispersed’ nanoparticles at a concen-
tration of 0.1 mg mL"! in water (Fig. 5b) and those, hereinafter referred
to as ‘poorly-dispersed’, not dispersing at all or in a small amount
(Fig. 5a). For comparison, pictures of p-CNOs and oxidized nano-
particles, in the standard procedure using 3 M HNOg, are also presented.
Procedures P1-P3 and P5 are used for the oxidation of p-CNOs, and they
give reaction products, the functional groups of which on the surface of
functionalized nanostructures are nonpolar, giving CNO>O/OH or
CNO>O functionalization. It should therefore be assumed that on the
surface of 0x-CNOs, C—=O groups, which are assigned to quinone,
ketonic and aldehyde groups, alcoholic or phenolic, and C—O-C groups
of epoxy and ether-like type, dominate. For ox-CNOs oxidized using

procedure P4, the XPS O 1s deconvolution spectrum indicates a signif-
icant percentage of C—O groups for BE 531.8 eV (44.9 at.%) and 532.9
eV (33.9 at.%) (Table S1). Similarly, for the P9 procedure, for BE, 531.8
eV calculated values 38.0 at.% and 532.9 eV calculated values 37.0 at.%.
In this case, the XPS O 1s spectrum deconvolution indicates the presence
of a peak at 534.2 eV with a determined percentage content of 14.6 %
(Table S4). For both 0x-CNOs oxidized using the P4 and P9 procedures,
taking into account also the XPS C 1s spectra deconvolution, it can be
concluded that in both cases, on the CNOs surface, there are also polar
O—C—O0- and C—OH/Ph—OH groups, which provide a ‘low dispersion’
of carbon nanoparticles in water (Fig. 5a).

It should be emphasized here, however, that a significant share of
ketonic and aldehyde C—O-C groups and epoxy and ether-like C—O-C
groups is noted in both cases. In the case of the procedures P6-P8 and
P10 and P11, a ’stable dispersion’ of 0x-CNOs in water was obtained
(Fig. 5b). In all cases, the XPS C 1s and XPS O 1s spectra deconvolution



M.E. Plonska-Brzezinska et al.

a

g--l
5

0, B2
P8 P10

pCNO P6 P7

Fig. 5. Images of the (a) poorly- and (b) well-dispersed functionalized p-CNOs
in water (after two months, 0.1 mg mL™). For the comparison, p-CNOs oxidized
in (a) 3 M HNOj3 and (b) non-functionalized p-CNOs were presented in water.

indicate a significant amount of polar groups of the O—C—O- and
O—C—OH type on the CNOs surface [89,92,93], which ensures their
excellent and ’stable’ dispersion in water (Fig. 5b, Tables S3 and S4).

For CNOs, the variation of the sp? to sp® carbon ratio from fitting the
C 1s core level was used to confirm the progress of the oxidation reaction
of the p-CNOs surface (Table S1 and Fig. 3d) during the chemical
treatment of these nanoparticles. For p-CNOs, the sp? to sp® carbon ratio
(expressed in at.%) from fitting the C 1s core level is 19.2 at.%. As a
result of the functionalization of the CNO surface, in all cases, a decrease
in the value is observed to the minimum values of 11.7 at.% for CNO>0O/
OH(P3) and 11.9 at.% for CNO—COOH(P11). In each case, as a result of
the P1-P11 reaction procedures, the sp to sp> hybridized carbon atoms
are oxidized, which indicates the progress of the oxidation reaction in all
cases. It should be emphasized, however, that the degree of oxidation is
expressed as a decrease in the amount of at.% cannot be considered as an
absolute degree of functionalization directly influencing the increase in
the dispersity of the obtained material. Therefore, the type of functional
groups formed on the CNO surface should be carefully considered, as
they play a significant role in this process.

For the functionalized CNOs, XPS revealed an increase of the oxygen
content from 2.6 at.% for p-CNOs to 13.0 at.% for CNO—COOH(P11),
with a simultaneous decrease in sp? content at C 1s core level. Only in
the case of CNO>0/COOR(P6) was a decrease in the amount of oxygen
observed concerning p-CNOs, to a value of 1.9 at.%. However, it should
be emphasized that the amount of sp?-hybridized carbon atoms
decreased from a value of 84.5 to 81.2 at.% and the sp2/sp° ratio from
19.2 to 17.7 at.% for p-CNOs and CNO>O/COOR(P6), respectively
(Table 2). Additionally, it should be noted that the XPS O 1s deconvo-
lution spectrum (Fig. 4d and Table S3) indicates that for BE at 534.2 eV
16.0 at.% O—C—O- (peak D,) is assigned; for BE, it is at 531.8 eV 36.1
at.% O—C—O- (peak B,) is assigned. It indicates many carboxyl-like
groups on the ox-CNO surface responsible for the high dispersion of
CNO>0/COOR(P6).

Qualitative analysis of XPS O 1s spectra also indicates that the
deconvolution spectra for CNO>0/COOR(P10) and CNO—COOH(P11)
differ significantly from the other ox-CNOs (Fig. 4, Tables S3 and S4).
For CNO>0O/COOR(P10), the deconvolution XPS O 1s spectrum in-
dicates the presence of three peaks (Fig. 4h). The first one, characteristic
for quinonic groups, is shifted by 0.4 eV (531.3 eV) concerning HOPG
and the amount of these atoms is estimated to 20.1 at.% O atoms. The
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second peak of C, at 532.9 eV, dominant in the deconvoluted spectra of
XPS O 1s, is assigned in this case to a significant amount of ether-like
C—O-C groups (50.9 at.%). The last D, peak, corresponding to
O—=C—O- bonds, at 534.2 eV, corresponds to the estimated 29 at.% O
atoms. On this basis, it was indicated that on the ox-CNOs surface, the
decisive groups on the nanoparticle surface are ester groups, which
determine the excellent dispersibility of these nanoparticles in water. In
turn, for CNO—COOH(P11), the deconvoluted XPS O 1s spectrum in-
dicates the presence of five peaks (Fig. 4i). In this case, the dominant
peak is B, at 531.8 eV, estimated at 53 at.% O (Table S4). In this case, a
significant amount of adsorbed water was also noted, the E, peak at
536.0 eV, in the amount of 5.3 at.% O. The presence of these two peaks
allowed us to conclude that, in this case, the 0x-CNO surface is modified
mainly with carboxylic groups, which enabled the adsorption of water
molecules on the surface of CNs due to hydrogen interactions.

3.4. Spectroscopic evaluation of the surface functionalization of CNOs

Spectroscopic studies were applied to determine the surface modi-
fication of the CNOs (Fig. 6) and progress of the surface functionaliza-
tion of CNOs by controlling a ratio of the sp> to sp>-hybridized carbon
atoms in its nanostructure (Fig. 6). The Fourier transform infrared
(FTIR) spectra (Fig. 6a and b) showed that regardless of the chosen
oxidation procedure and targeting a specific type of functionalization,
hydroxyl, carboxyl, carbonyl, and epoxide groups were present on the
outer layer of all modified CNOs. Differences in the intensity of indi-
vidual bands are, in most cases, insignificant, which indicates a slight
dominance of groups of a particular type resulting from the applied
modification procedure.

In all the functionalized CNOs in the area of 3600-3000 cm™ a strong
broad signal corresponding to the stretching vibrations of the O—H
groups was present (Fig. 6a and b) [94,20,13]. In the range 1640-1620
cm’! the bending vibration of hydroxyl groups overlapped by the band
from stretching vibrations of C=C (1590 cm'l), that were observed in all
spectra and were characterized by different intensity ratios (Fig. 6a and
b) [14,13,94]. The symmetric stretching vibration of C=0 in deproto-
nated carboxyl groups at wavenumbers 1390 and 1350 cm™ were pre-
sent in almost all oxidized materials despite CNO>O(P2) and
CNO>0/0H(P3). For CNO>0/0H(P3) and CNO>0/COOR(P6), the out
of plane bending vibrations O—H at wavenumbers 670 and 615 cm™
were also noticed, respectively.

In the case of the modification based on carboxylation and acetyla-
tion, the primary evidence of CNOs functionalization was the band
corresponding to the vibrations of the C—=O bond in the recorded
spectra. The increase in intensity concerning the signal characteristic of
vibrations in the C=C skeleton indicated an increase in the degree of
modification of a given structure. On this basis, it can be assumed that
CNO>0/COOR(P10) have a much greater number of acetyl groups
compared to the number of functional groups on the surface of the
modified CNOs (CNO>O/COOR(P6), CNO>O/COOH(P7) and
CNO—COOH(P11)).

The dependence of the intensity of the v C=0 and v C=C signals on
the degree of functionalization of the structure is mainly well observed
in the case of epoxidized CNOs (CNO>O(P2) and CNO>0/0OH(P3)), for
which the mentioned bands show similar intensity and overlap. Since
the epoxy groups are built into the outermost layer’s structure, the vi-
brations from the CNOs skeleton become stronger so that the bands
corresponding to the C—=C vibrations become more intense. In addition,
the bands observed at 1180 and 1100 cm™ most likely corresponds to
asymmetric C—O—C bending vibrations in ether, ester or lactone [95,
96]. Interestingly, this signal in the spectra of CNOs, which were also
modified to obtain epoxide groups (Fig. 6a, spectra P5 and P9; Fig. 6b,
spectrum P8), show a low intensity, which indicate a smaller amount of
these groups in the structure of mentioned CNOs. For all materials two
less distinct bands were also observed at wavenumbers 1505 and 1450
cm'l, which are associated with hexagonal C—C domains in the CNs [13,
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Fig. 6. FTIR spectra of p-CNO oxidized by various procedures from P1 to P11 leading to obtaining (a) poorly- and (b) well-dispersed CNOs in water. Raman spectra of
(¢) poorly- and (d) well-dispersed CNOs in water. (e) Variation of the Ip/Ig (Raman spectroscopy) and sp2/sp° ratios (XPS studies) for the oxidized CNOs.

97,20].

Raman spectra were recorded for ox-CNOs (Fig. 6a and b), and two
characteristic modes were observed for all carbonaceous materials [98].
The band occurring at about 1350 cm’l, the so-called ‘D’, results from
disturbances in the graphite crystal lattice. Defects correspond to va-
cancies, additional atoms, curvature, and edges [99]. In all spectra, the
D-mode was more intense than the G-mode, attributed to sp>-hybridized
carbon atoms and presented in-plane stretching vibrations (Ezg). The
G-mode in Raman spectra for the highly oriented pyrolytic graphite is
observed at 1582 cm’! [100]. It indicates the samples’ large share of
functional groups and structural defects. For p-CNOs, the D- and
G-modes are observed at 1300 and 1590 cm™! (Fig. S1). Along with the
G-mode, another weak shoulder is observed near 1610 em™, which is
assigned as D’, that is a disorder-induced in highly-defective graphite
[100]. As shown in Figure S1, the D- and G-modes show a broad shape at
the base, which sharpens near the maximum. For the G-mode, the
doublet structure is caused by the appearance of a distinct shoulder at
higher frequencies. This effect is explained by the occurrence of disor-
dered nanocrystalline particles, the existence of different carbon species
in the sample (e.g., graphitic nanoribbons) and the tight aggregation of
nanoparticles [99,101].

The high inhomogeneity of the material and the increase in size of
the nanocrystalline aggregates are evident after surface modification of
p-CNO. In Fig. 6¢, Raman spectra for poorly-dispersed nanostructures
show that the D- and G-modes are weakly formed for CNO>0/OH(P3)
due to the numerous epoxy groups observed on the CNO surface. The
lack of polar groups on the CNO surface led to the formation of sub-
stantial aggregates of nanocrystalline structures. Additionally, it should
be emphasized that in the material designated as CNO>0/OH(P3), the
presence of a large number of graphitic nanoribbons was observed
(Fig. 1d), which confirms the earlier indicated conclusions and obser-
vations noted by Zeiger et al., that non-homogenous samples give a
picture of poorly developed broad modes D and G [99].

It should also be noted that the D- and G-modes in the Raman
spectrum are less developed. For almost all modified CNOs, the D-mode
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is shifted towards higher wavenumbers by about 10 cm™. For the G-
mode, this difference is even more significant; for CNO—COOH(P11),
the value increased by 25 cm™. This effect was previously observed for
0x-CNOs in 6 M nitric acid and suggested a decrease in the diameter of
the graphitic nanoparticles with the simultaneous contribution of
smaller CNOs in the material [1]. The sp® content against the sp>-hy-
bridized carbon atoms was evaluated based on the areal intensity ratio
of Ip/Ig. These values were correlated with the ratio of the percentage of
C=C bonds vs. the sum of C—C bonds, C—H bonds and DSC determined
based on XPS results. The Ip/Ig ratio decreased due to functionalization
relative to the analogous ratio for pristine CNOs for almost all samples.
The exceptions are the materials CNO>0/OH(P3) and CNO>0/0OH(P9)
(Fig. 6€). XPS results were also used to determine the ratio of sp® to sp?
carbon atoms for comparison (Fig. 6e). Also, in this case, the largest
share of carbon atoms with sp> hybridization was determined for the
CNO>0/0H(P3) nanostructure. A significant increase in carbon atoms
with sp3 hybridization was also observed for the CNO—COOH(P11)
nanostructure. It proves substantial structural changes in the outermost
layer of the modified CNOs. The sp3/sp2 intensity ratio value for this
nanostructure has a similar trend to that determined by Raman
spectroscopy.

3.5. Determination of surface properties and Hansen solubility parameters
of ox-CNOs

The obtained values of zeta potential for 0x-CNOs (Table 3) explain

Table 3
Zeta potential and DLS data for well-dispersible 0x-CNOs.

Materials Zeta potential (mV) DLS diameters (nm)
CNO>0/COOR(P6) —42.50 + 0.18 551.3 + 101.6
CNO>0/COOH(P7) —26.11 £ 1.07 217.1 £101.0
CNO>0/COOH(P8) —37.89 + 1.34 709.8 + 121.6
CNO>0/COOR(P10) —39.27 + 0.26 268.4 + 128.9
CNO-COOH(P11) —38.46 + 1.02 277.8 +£123.0
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the good stability of these functionalized CNOs in water. The zeta po-
tential values are strongly negative, in the range of —26.11 £+ 1.07 mV
(CNO>0/COOH(P7)) +~ —42.50 + 0.18 mV (CNO>0O/COOR(P6)), due
to the presence of acidic and ester groups on the 0x-CNO surface. Ob-
tained hydrodynamic diameters of the ox-CNOs (Table 3) confirm that
nanostructures formed nanoaggregates, which confirms their modifi-
cation, and the small size of the aggregates enables their permanent
dispersion in water for a very long time - even up to several months. It
should be emphasized, however, that there is no strict correlation be-
tween the zeta potential value and the size of nanoaggregates, and based
on the obtained results, it cannot be concluded that a lower zeta po-
tential value indicates the formation of smaller nanoaggregates. It is
because DLS is a dynamic quantity, and its determination is subject to a
significant error of approximately 100 nm. It, as in the case of CNO>0O/
COOH(P7), is approximately 50 % of the estimated value, 217.1 - 101.0
nm.

It should be emphasized, however, that the size of aggregates in all
tested nanostructures is in the nanometric scale. Assuming that one p-
CNO has a diameter of about 5-6 nm, it can be concluded that CNOs
oxidized using the P6-P8, P10 and P11 procedures, form aggregates in
water, accumulating about 40-120 nanostructures.

Summing up, applied in this study, procedures of CNO modifications
have a remarkable influence on the zeta potential as well as on the sizes
of CNO aggregates, and this can have a crucial impact on potential ap-
plications [1]. The dispersion behaviour of 0x-CNOs prepared following
procedures P2, P6-8, P10, P11, and oxidation in 3 M HNOj3 was
addressed in a series of protic, aprotic polar and nonpolar solvents as
described previously for p-CNOs [46]. After ultrasonic treatment of the
0x-CNOs/solvent mixture, an arbitrary score of 1 was assigned to sol-
vents where good dispersions were obtained, and O to those yielding
poor or no dispersions. The criterion for good or bad dispersion was
based on visual inspection. The results of the dispersion tests are sum-
marized in Table S5. The HSPs of each tested solvent were obtained from
the literature [48]. In all cases, dispersive (5p), dipolar (8p), hydrogen bond
dn) and minimum radius (Rp) values are expressed in MPa®? units. Each
0x-CNOs presented a particular dispersion behaviour corresponding to
the different nature and relative proportion of functional moieties on
their surfaces as indicated by XPS analysis.

The experimental dispersibility data was then used to determine the
HSPs for these 0x-CNOs. The HSPs represent the contributions from &p,
dp, and 8y interactions between two species. Determining these pa-
rameters effectively evaluates material solubilities or dispersibilities in
different solvents or, in general, the interaction between two substances.
The HSPs for ox-CNOs were determined using the algorithm developed
by Gharagheizi, which has been successfully employed in previous
research to estimate HSPs for polymeric materials [102,103,47]. The
algorithm seeks to fit the experimental dispersion data to a sphere with
Ry and the center defined by the &p, 8p, and 8y for the material, such as
that only good solvents lie inside and all bad solvents outside the sphere.
This task can be considered an optimization problem and was solved
using different global and local solvers implemented in the Optimization
Toolbox of MATLAB® version R2018b.

The average values of &p, 8p, 8y and Rg for each ox-CNOs are sum-
marized in Table 4, and the reported parameters for p-CNOs. The esti-
mated HSP values reflect some features of the ox-CNOs under study. The
small diameter of these CNOs increases the number of n-n interactions
between them, which results in the relatively high value of the 8 term
among pristine and 0x-CNOs [104]. The 8p term was also high for most
of the 0x-CNOs. This term accounts for the dipole moment, which is
increased by introducing defects or carbon atoms with sp® hybrid or-
bitals on the structure of these materials [105]. Thus, it might indicate
the degree of functionalization of the carbon material.

These values correspond with the XPS analysis that indicated many
polar groups of the 0O—C—0-, 0—=C—OH, and C—OH/Ph—OH type on
the 0x-CNOs surface. Moreover, the CNO—COOH(P11) nanoparticles
presented the highest 8p term among the analyzed 0x-CNOs. It is clear

11

Applied Surface Science Advances 30 (2025) 100906

Table 4
HSPs for pristine and functionalized CNOs calculated using different optimiza-
tion algorithms implemented in MATLAB®.

Materials Parameters

8p Sp Sy Ro
CNO>0(P2) 18.1 9.9 4.3 4.6
CNO>0/COO0-(P6) 17.1 10.2 18.0 8.2
CNO>0/COOH(P7) 16.9 9.4 14.8 4.6
CNO>0/ COOH(P8) 18.0 5.2 4.8 3.9
CNO—COCH3/ COOH(P10) 18.9 8.6 18.8 6.9
CNO—COOH(P11) 17.0 15.1 14.3 6.3
CNOs (3 M HNO3) 18.2 7.2 13.8 6.5
CNO* 15.9 10.0 8.0 8.4

evidence of their high functionalization degree, which is also reflected in
a higher percentage (13 %) of oxygen atoms attributed mainly to car-
boxylic moieties. The similar 6p value for CNO>O(P2), CNO>0,/COO
(P6), CNO>0/COOH(P7), and CNO—COCH3/COOH(P10) concerning
the reported values for p-CNOs might be a consequence of the presence
of a defect and oxygen-containing species on the latter. In the case of the
8y term, the higher values were obtained for CNO>O/COOR(P6),
CNO>0/COOH(P7), CNO—COCH;3/COOH(P10), CNO—COOH(P11),
and 3 M HNO3 ox-CNOs. Since this term accounts for the hydrogen-bond
interactions, the greater the number of functional groups that form
hydrogen bonds, the greater the value of this parameter. Hence, it might
be inferred that these materials contain a high number of hydrogen-
bonding moieties on their surfaces. The XPS analysis indicated that
the surface of these ox-CNOs was mainly functionalized with carboxylic
and ester moieties. These functional groups are very effective in forming
hydrogen bonds with polar solvents and explain the dispersibility of
these nanostructures in water.

A piece of visual evidence that the optimization algorithms were
valid to determine the HSPs for 0x-CNOs can be obtained by using the
estimated HSPs and Rg values to construct the Hansen solubility sphere
(Fig. 7). The Hansen solubility sphere has a radius R, and a center at 8p,
Sp, and SH.

Fig. 7 shows the Hansen solubility sphere plotted in a three-
dimensional space with axes &p, 8p, and 8y for CNO>0/COOR(P6) and
CNO—COOH(P11) nanostructures as a representative example. The
good and bad solvents were also plotted in green and red symbols,
respectively. It is seen that all ‘good solvents’ were inside the sphere
while most of the ‘bad’ ones were outside. However, in a few cases, some
bad solvents (less than three) laid inside the spheres. These solvents
might be considered outliers and might be an expected result due to the
limitations of the Hansen approach.

4. Conclusions

Selective oxidation of sp?-carbon nanostructures enables introduc-
tion of targeted surface functionalities. By systematically comparing
multiple oxidation routes on CNOs, we identified efficient, condition-
matched protocols to deliver predefined functional groups with high
dispersibility in polar solvents. Microwave heating provided rapid re-
action acceleration. It was determined that substances such as quater-
nary ammonium salts, acetonitrile and primary tertiary amines behave
as co-catalysts hydroxylation and epoxidation reaction of C(sp?)-hy-
bridized CNs.

For CNOs, the variation of the sp? to sp® carbon ratio from XPS and
Raman spectroscopic studies was used to confirm the progress of the
oxidation reaction of the p-CNOs surface during the chemical treatment
of these nanoparticles. For p-CNOs, the sp? to sp® carbon ratio
(expressed at.%) from fitting the XPS C 1s core level is 19.2 at.%. In all
cases, a decrease in the value is observed to the minimum values of 11.7
at.% for CNO>O/OH(P3) and 11.9 at.% for CNO—COOH(P11). It
should be emphasized, however, that not all of the proposed procedures
are effective in obtaining CNs with high dispersion in polar solvents.



M.E. Plonska-Brzezinska et al.

a

0.l X - 30
30 —— <
20 — — 20
10 T 10
0o o0
b b

Applied Surface Science Advances 30 (2025) 100906

30 -
20
=
10
0l x T30
30 T— —
—_ 3 0
20 X 2
L 0
0o o
b %

Fig. 7. Hansen solubility sphere for the functionalized CNO calculated with the HSPs and R values in Table 4 (a) CNO>0/COO(P6) and (b) CNO—COOH(P11).
Green sphere points indicate good solvents and red crosses indicate bad solvents from Table S5.

Using reagents such as urea hydrogen peroxide complex, acetic chloride,
acetic anhydride, sodium hypochlorite, and trifluoroacetic acid leads to
forming oxygen-containing groups. Those reactions that led to the for-
mation of CNs with carbonyl, ether, epoxy, and phenolic/hydroxyl
groups on their surface determined the lack or low dispersion. The most
effective functionalization of CNOs, leading to high dispersity of struc-
tures, was achieved in the presence of trifluoroacetic acid and/or acetic
anhydride. XPS studies confirmed that the ester and carboxyl groups on
the surface of CNOs were created due to this modification. Particularly
effective is the modification in the presence of sodium hypochlorite,
which was used as a subsequent reaction of the two preceding CNO’s
oxidation reactions, giving CNO>0/COOH(P7) and CNO—COOH(P11)
products. On the CNO>0/COOH(P7) surface was found XPS 8.7 at.%
and 13 at.% of oxygen on the CNO—COOH(P11) surface, in which
carboxyl groups constituted the largest share. The zeta potential values
are strongly negative, in the range of —26.11 + 1.07 mV (CNO>0/
COOH(P7)) + —42.50 £ 0.18 mV (CNO>O/COOR(P6)), due to the
presence of acidic and ester groups on the CNO surface. Obtained hy-
drodynamic diameters of the ox-CNOs confirm that nanostructures
formed nanoaggregates, which confirms their modification, and the
small size of the aggregates enables their permanent dispersion in water
for a very long time. The calculated HSP parameters agreed with the
nature of the functional groups introduced on the p-CNOs and with the
XPS results, revealing their usefulness in estimating the surface prop-
erties of carbon nanomaterials and the possibility of predicting their
dispersion behaviour in other solvents. Collectively, these advances
provide practical guidance for choosing oxidation pathways that bal-
ance functional-group introduction with dispersion stability, enabling
rational surface design of CNOs for electrochemical, catalytic, and
biomedical applications.
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