Open Access Article. Published on 08 January 2025. Downloaded on 3/14/2026 5:04:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

W) Check for updates ‘

Cite this: Nanoscale Adv., 2025, 7, 1391

I ROYAL SOCIETY
PPN OF CHEMISTRY

Hydrothermal carbonization synthesis of
amorphous carbon nanoparticles (15-150 nm) with

fine-tuning of the size, bulk order, and the
consequent impact on antioxidant and
photothermal propertiest

Francesco Barbero,

*2 Elena Destro,® Aurora Bellone,
Valentina Brunella,® Guido Perrone,

b | udovica Di Lorenzo,?

® Alessandro Damin® and Ivana Fenoglio 22

Hydrothermal carbonization (HTC) of carbohydrates has been reported as a sustainable and green

technique to produce carbonaceous micro- and nano-materials. These materials have been developed
for several applications, including catalysis, separation science, metal ion adsorption and nanomedicine.
Carbon nanoparticles (CNPs) obtained through HTC are particularly interesting for the latter application
since they exhibit photothermal properties when irradiated with near-infrared (NIR) light, act as an

antioxidant by scavenging reactive oxygen species (ROS), and present good colloidal stability and

biocompatibility. However, due to the highly disordered structure, there is still a poor understanding of

the mechanism of synthesis of CNPs. Consequently, the modulation of the CNP properties by
controlling the synthetic parameters is still a challenge. In this work, a novel and simplified HTC synthetic

strategy to obtain non-aggregated glucose derived CNPs in the 15-150 nm size range with precise

control of the diameter is presented, together with an advance in the understanding of the reaction
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mechanism behind the synthesis. Modifications of the synthetic parameters and a post-synthesis

hydrothermal process were applied to increase the bulk order of CNPs, resulting in an increase of the

DOI: 10.1039/d4na00923a

rsc.li/nanoscale-advances properties of the nanomaterial.

1. Introduction

Carbon nanomaterials are a large family of different materials,
including carbon nanotubes,’ graphene,” carbon quantum
dots,’ nanodiamonds,* carbon black® and fullerenes.® They have
attracted continuous interest due to their wide current and
potential applications. In the last twenty years, increasingly
greater attention has also been paid to the use of carbohydrates
or carbohydrate-rich biomass to produce carbonaceous micro-
particles and, more recently, nanoparticles (CNPs), due to their
broad potential applications and derived economic, environ-
mental and societal issues.” To synthesise CNPs, among
different techniques, the hydrothermal carbonization (HTC) of
biomass, a traditional but recently revived method, is the most
effective, simple, and intriguing one and is a promising route
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photothermal and ROS scavenging activities, without affecting the morphological and colloidal

with broad potential applications.”® HTC of polysaccharides is
considered a low cost, sustainable and green technique to
produce nanomaterials (NMs) because carbohydrates and
carbohydrate-rich biomass are renewable and highly abundant
precursors, the use of water as solvent reduces pollution and the
hydrothermal process employed proceeds under relatively low
reaction temperatures (normally less than 200 °C).'® CNPs
derived from HTC of carbohydrates, like other carbonaceous
particles (soot, carbon black, etc.), are predominantly composed
of amorphous carbon. However, they may exhibit graphitic
patches with variable abundance. On the other hand, in
contrast to combustion derived carbonaceous particles like soot
or carbon black that are produced as powder, CNPs are
synthesized as colloids, and can be produced in high yield as
spherical monodisperse particles in water."

These NMs have several potential applications such as
sorbents for heavy metals,"”” composites for energy storage,*
catalysis or catalyst supports,** photocatalysis,'® electrode
materials’” and sacrificial templates.'® Several studies suggest
a possible use also in medicine as nanoplatforms for different
diagnostic and/or therapeutic applications, including photo-
acoustic imaging,"” photothermal therapy,”®*" photodynamic
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therapy," antioxidants," drug delivery,>**> and antimicrobial
applications.”®

A primary target when synthesising CNPs is to ensure that
they are monodisperse and that their size can be accurately
controlled.’ Strict control of these parameters and the produc-
tion of particles with diameters less than 150 nm are prereq-
uisites for many applications.*

Controlling CNP properties is also of primary importance in
medical applications since it is well known that there is a strong
correlation between the physicochemical properties of NMs, in
particular size, aggregation state, shape, surface and bulk
chemistry, and their interactions with biological systems.>*?® In
particular, the particle size strongly influences their bio-
distribution, since it modulates cellular internalization, barrier
crossing, and excretion from the body.*” In the case of CNPs, the
possibility of controlling their bulk structure would open the
way to the design of CNPs with optimized photothermal and
redox properties.

Sevilla et al.*® work and several following studies®'** clearly
showed that the parameters affecting the HTC synthesis of
CNPs using carbohydrates as carbon sources are mainly five: (i)
precursor molecule/s; (ii) additives; (iii) synthesis temperature;
(iv) precursor concentration; and (v) synthesis time. These
parameters were shown to affect the shape, mean size, size
distribution, aggregation state, bulk structure and reaction
yield of the synthesized CNPs. The most common morphology
of CNPs is micro/nano-spheres, while the other cited charac-
teristics can vary significantly depending on the synthesis
parameters.” Spherical morphology is typical of polymeric
nanoparticles,® since this shape corresponds to the minimum
state of energy. This is in line with the previously reported
formation mechanism of CNPs, claiming that the steps
preceding the formation of CNPs is the polycondensation of
polyfuranic nanostructures.*?*

Many studies focused on the control of CNP size and size
distribution and good control and fine-tuning were achieved for
diameters greater than 400 nm thanks to the addition of
sodium polyacrylate as the dispersing agent.”® With the use of
poly(sodium-p-styrenesulfonate) as the additive, CNPs with
a mean diameter of 70 nm were obtained by the HTC of glucose
and fructose but without the possibility of tuning the size and
forming particle aggregates in the dispersion.*” The addition of
poly(ionic liquid)s allowed the production of particles with
a size tuneable from 28 to 110 nm; however, these CNPs were
strongly interconnected.®® To the best of our knowledge, the
smallest mean hydrodynamic diameter reported for non-
interconnected and non-aggregated CNPs is around 130 nm."

Few studies have reported on the effect of synthetic param-
eters on the resulting bulk structure. CNPs with different bulk
structures were obtained by modifying the precursor mole-
cule.?® However, the reason for this effect was not clarified and
the correlation between CNP bulk chemistry and their appli-
cative properties is not studied yet. Moreover, the possibility of
tuning the bulk structure without affecting the particle aggre-
gation state has never been reported.

In the present study, a simplified one-pot hydrothermal

synthesis was developed to produce stable colloidal
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suspensions of monodisperse CNPs in the hydrodynamic
diameter range of 15-150 nm. The synthetic parameters were
modified to tune the CNP bulk structure and, in turn, their
photothermal and antioxidant properties.

2. Materials and methods
2.1 Chemicals

p-(+)-Glucose, 30% (w/w) hydrogen peroxide, iron(u) sulfate
heptahydrate, and phosphate buffered saline powder were ob-
tained from Sigma-Aldrich (Steinheim, Germany). 5,5-Dimethyl-
1-pyrroline-N-oxide (DMPO) from Enzo Life Science (Farm-
ingdale, NY, USA). Ultrapure water was obtained from a Milli-
pore Milli-Q system.

2.2 CNP synthesis

All the CNPs were synthesised heating aqueous solutions of
glucose (50 mL) in a Teflon-lined stainless-steel autoclave (100
mL, Biichi AG) at 190 °C, in a pre-heated oven. The initial
glucose concentrations and synthesis times are reported in
Table 1. After the synthesis, CNP dispersions were purified with
ultrapure water by tangential flow filtration (Sartorius Viva-
flow® 50R, MW 30 kDa).

2.3 Gravimetric analysis

After the purification step, the CNP concentration was
measured by gravimetric analysis. 3 mL of CNP suspension were
transferred into a pre-weighed vial, weighed and dried in a lab
oven at 70 °C, and then the CNP mass was measured. All
weighings have been carried out using an analytical balance.

2.4 Electron microscopy

A droplet of the suspension was added to a TEM holey carbon
grid (copper mesh support). Once the solvent evaporated, the
material remained on the grid for analysis. TEM was carried out
using a Tecnai F30 microscope (FEI Company) at a working
voltage of 300 kv. TEM images were obtained with a coupled
CCD camera (Gatan). Field emission scanning electron
microscopy was carried out on a FESEM TESCAN S9000G
equipped with a Schottky-type field emission gun (FED) oper-
ating at 5 keV. Size distribution analyses were performed using
Fiji-Image] software. At least 150 particles from different
regions of the grid were counted.

2.5 Light scattering techniques

The hydrodynamic diameter (Dy;) of CNPs was determined by
dynamic light scattering (DLS) and by nanoparticle tracking
analysis (NTA). DLS measurements were performed using
a Malvern Zetasizer Nano ZS instrument (Malvern Panalytical
Ltd, UK), equipped with a light source wavelength of 632.8 nm
with the following settings: measurement angle = 173 °C,
temperature = 25 °C and equilibration time = 120 s. The
parameters used for the carbon materials were as follows:
refractive index = 2.420 and absorption = 1.00. The parameters
used for the water dispersant were as follows: refractive index =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.330; viscosity (25 °C) = 0.8872 cP; and dielectric constant =
78.5. Measurements were performed diluting pristine CNPs in
ultrapure water at concentrations that led the instrument to
automatically select an attenuator between 6 and 9. The results
were expressed as mean values of 3 independent measurements
and the diameters were reported as distribution by intensity
calculated by non-negative least squares analysis. NTA was
performed using a ZetaView® PMX-120 (Particle Metrix GmbH,
Germany) instrument, equipped with a light source wavelength
of 488 nm and a 90° laser scattering video microscope with 10x
magnification. Before the measurements, the pristine samples
were diluted in double filtered ultrapure water to have around
150 NPs measured per frame. After the optimization of the
instrumental parameters, the sensitivity and the shutter were
set at 80 and 100, respectively; 3 x 33 videos of 1 second for
each sample were recorded analysing a total of ~2500 NPs per
measurement.

(-Potentials were measured using an electrophoretic light
scattering analyser (Zetasizer Nano ZS, Malvern). The samples
were diluted to have an optimal scattering intensity.

2.6 Vibrational spectroscopy

Raman spectra of CNP dry powders were collected in back-
scattering configuration by using a Renishaw Raman Micro-
scope spectrometer. An Ar' laser emitting at 514 nm was used as
the exciting source, limiting the final power on the sample to
0.029 mW in order to avoid sample damage; note that at higher
power, variations in I(G)/I(D) were observed over time. A laser
beam has been focused on the sample through a 50x objective
(NA = 0.75) and an 1800 L mm ™" dispersive grating has been
adopted to analyse the backscattered light, previously cleaned
with Rayleigh light through the adoption of an edge filter. Each
registered Raman spectrum consisted of 20 acquisitions, each
with a duration of 10 s. Data are reported as the average of three
measurements performed at different points. The baseline was
corrected using Origin software with a rigid baseline set
between 1950 cm™ "' and 800 cm ™.

FT-IR spectra were recorded using a PerkinElmer Spectrum
Two FT-IR spectrometer equipped with a universal attenuated
total reflection (UATR) module performing 16 scans per sample.

2.7 Evaluation of the photo-thermal properties

The evaluation of the photothermal properties was conducted
by exposing the CNP dispersions to a collimated laser beam at
915 nm. The setup consisted of a cuvette holder from Thorlabs
(CVH100), to which a beam expander was attached to ensure
unchanged distances, thus beam size, and thus reproducibility
of measurement conditions. The cuvette contained 2 mL of
dispersion at 0.85 mg mL .

The laser beam was generated by a laser diode at a wave-
length of 915 nm and then expanded with a combination of
cylindrical lenses to a diameter of 23 mm. The power density
delivered to the sample in the cuvette was 2.4 W cm 2. The tests
were conducted three times under the same conditions for each
sample; the duration of the laser exposure was 10 minutes. The
photothermal effect involved an increase of temperature of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sample, monitored with an optical sensor based on the fibre
Bragg grating technology. Optical fibre sensors offer many
advantages in the application described in this work, in
particular the capability to not interact with the measured
system, altering the results. The fabrication and the calibration
are described in ref. 34 and 35.

2.8 Scavenging activity toward hydroxyl radicals

The scavenging activity of CNPs towards hydroxyl radicals was
evaluated using the electronic paramagnetic resonance (EPR)/
spin trapping technique. To 0.2 mL of CNP suspension, the
following were successively added under stirring in the dark: (i)
0.1 mL phosphate buffer saline (PBS), (ii) 0.25 mL of a solution
of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in water, (iii)
0.08 mL of a solution of FeSO, and (iv) the reaction was started
by adding 0.1 mL of a solution of H,O,. The final concentrations
were as follows: CNPs, 6.5 x 10'° nm? mL™%; PBS, 1.4 mM;
DMPO, 62 mM; FeSO,4, 0.5 mM; H,0,, 10.5 mM. EPR spectra
were collected using a Miniscope MS100, Magnettech (Berlin,
Germany). The gain was set at 500. EPR spectra were recorded
for the CNP suspensions and in the absence of NPs (negative
control) after 15, 30, 45 and 60 minutes. The experiments have
been repeated almost three times. The data in Fig. 8 represent
the average of different experiments after 60 minutes of incu-
bation, while ESI Fig. S9f reports the trend over time of the
average values and the standard deviation of the 3305 G peak
intensities of the different experiments.

3. Results and discussion

3.1 Effect of precursor concentration and synthesis time on
the size of CNPs

First, the role of precursor concentration and synthesis time
was systematically investigated. As one of the most common
and abundant monosaccharides, glucose was chosen as the
carbohydrate precursor.” Biomass is a precursor cheaper than
pure saccharides; however, the use of pure glucose increases the
reproducibility of the synthesis and facilitates the under-
standing of the mechanism of carbonization, simplifying the
HTC process since the initial hydrolytic steps occurring with
complex carbohydrates are skipped. Moreover, the synthesis
was performed without any addition of additives with the aim of
obtaining a simple, one-pot synthesis. The synthesis tempera-
ture was fixed at 190 °C (typical for HTC), while the precursor
concentration and reaction time have been varied one by one
with a systematic approach, to understand their effect on the

Table 1 Synthetic parameters applied for the HTC synthesis of CNPs

Precursor Time of reaction

Glucose

(M) 1th 3h 4h 45h 5h 6h 9h 15h
0.022 X X X X
0.22 X X X X X

2.2 X

Nanoscale Adv, 2025, 7,1391-1404 | 1393


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00923a

Open Access Article. Published on 08 January 2025. Downloaded on 3/14/2026 5:04:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale Advances

resulting nanomaterial. In Table 1, the different parameters
used are illustrated.

Morphological analysis of the resulting CNPs was performed
by Transmission Electron Microscopy (TEM) and Field Emis-
sion Scanning Electron Microscopy (FESEM) (Fig. 1). Under all
synthetic conditions, nanospheres were obtained, in line with
previous studies.® Interestingly, decreasing the precursor
concentration seems to bring about a rougher surface and less
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perfect spherical morphology (ESI Fig. S1%). Electron micros-
copy (EM) analysis evidenced a strong dependency of size on the
synthetic conditions. The results suggest that increasing the
synthesis time or the precursor concentration increases the
mean CNP size (Fig. 1), similarly to what was previously re-
ported for the synthesis in the presence of polyacrylate with
larger diameters. Light scattering techniques evidenced
a slightly larger mean diameter and diameter range (Fig. 1;
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Fig.1 Effect of the synthetic parameters on the CNP size distribution. (A) — upper graph — DLS size distribution (by intensity) of CNP dispersions
obtained at different concentrations and synthesis times (from the smallest diameter: glucose, 0.022 M — synthesis time, 3 h (black); 0.022 M -
6 h (red); 0.022 M - 9 h (blue); 0.22 M — 3 h (green); 0.22 M — 4 h (violet); 0.22 M — 5 h (mustard)); (A) — bottom graph — CNP mean diameters
determined by EM as a function of initial glucose concentration (0.022 M red circles, 0.22 M blue squares, and 2.2 M grey triangle) and synthesis
time (temperature fixed at 190 °C). (B—H) TEM and FESEM images, DLS and NTA measurements of CNPs synthesised at different precursor
concentrations and synthesis times. (B—D) glucose, 0.022 M: (B) synthesis time, 6 h, (C) 9 h, (D) and 15 h; (E-G) glucose, 0.22 M: (E) 3 h; (F) 4 h; (G)
5h; (H) glucose 2.2 M - 3 h. The hydrodynamic diameter evaluated by DLS is expressed as the relative percentage in intensity. DLS and NTA were
performed on suspensions of CNPs in water.
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Table 2; ESI Table S17). This is expected since TEM measures
the geometrical diameter on the dry sample, while DLS and NTA
measure the hydrodynamic diameters (Dy) in colloidal
suspension. Moreover, DLS is known to overestimate large
particles due to their higher intensity of the scattered light.*®
The size distributions evaluated by EM were close enough to
those obtained by DLS and NTA to prove that the particles in
water dispersion were mainly formed from single spherical
CNPs and not aggregates or agglomerates (Fig. 1; Table 2; ESI
Table S17), with the exception of CNPs prepared at the higher
synthesis times tested (2.2 M, 3 h; 0.22 M, 6 h; 0.022 M, 15 h), as
inferred by the discrepancy between EM and light scattering
techniques. The reproducibility of the synthesis and the
stability of the colloidal suspension were also monitored by
DLS, for the latter case by repeating the measurement on
a sample stored for 1 year at room temperature. The results
demonstrate very good stability and reproducibility (ESI
Fig. S2A-Ct).

These results show that small variations in the synthetic
conditions allowed the fine-tuning of the size of non-aggregated
CNPs with a resolution in the order of a few nanometers in
a mean Dy range between ~15 and 150 nm (Fig. 1; Table 2), in
the absence of any stabilizer. Note that after 1 h of synthesis no
evidence of CNP formation with any of the used techniques
using glucose 0.22 M was observed (Table 2), and just a decrease
of pH from 6.6 to 4 was observed (ESI Fig. 3At), an indication of
the formation of organic acids, as previously reported.”® The
yield of the reaction increases with the increase of the synthesis
time. A minimum yield of 2.3% up to 21.2% (with respect to the
initial precursor concentration) was measured by gravimetric
analysis (ESI Fig. 3B-Dt). The concentration of particles
increases with the concentration of the precursor, with values
from 0.1 mg mL " up to 28.1 mg mL " (ESI Fig. 3B-D1).

The kinetics of formation of particles appears to be relatively
slow, on the time scale of hours, and it is modulated by the
precursor concentration. For example, particles obtained after
5 h with 0.22 M glucose showed a Dy of around 140 nm, while
with 0.022 M glucose in 9 h just a Dy of 45 nm was observed
(Table 2).

Overall, the results presented herein demonstrate the
possibility of finely tuning the size of CNPs without the use of
any dispersant. The precursor was always in excess under all
conditions tested allowing the growth to be interrupted at
different time points by decreasing the temperature in order to

View Article Online
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choose the particle size of interest. The relationship between
time and particle size strongly suggests that further varying the
synthesis parameters with values in between the ones tested is
possible to further fine-tune the size of CNPs.

3.2 Surface properties of CNPs

{-Potential analysis of the obtained colloidal dispersions was
performed to get information on the CNP surface chemistry,
since they are strongly correlated,*” and on the colloidal stabi-
lization mechanism (Fig. 2).

(-Potential measurements in all cases showed negative
values in a range between —25 and —45 mV (measured at pH
~4), in line with the presence of hydrophilic negatively charged
groups on the NP surface, likely acidic carboxylic or phenolic
groups, as previously reported for this type of NP."* Another
piece of evidence of acidic moieties on the CNP surface was the
acidic pH values (~4) of the dispersion obtained, which remain
constant no matter how many purification steps were per-
formed (ESI Fig. S3At), discarding an effect due to soluble
secondary products. Note that, as reported above, pH analysis
indicates the formation of organic acids during the synthesis
process, even before particle formation (ESI Fig. S3A¥). The ¢-
potential (measured at the same pH and conductivity) becomes
more negative by increasing the precursor concentration
(Fig. 2), suggesting a higher acidity of the surface groups or
a higher surface density of charged moieties.* In contrast, the ¢-

ELS
r
-254
- b, g
E -30+ o
£ 35 P
L
8_ 401 [glucose]
N e 0.022M
. = 022M
-451 —<—22M
T T T T T T T —/
12 3 4 5 6 7 8 9 15

synthesis time (h)

Fig. 2 Effect of the synthetic parameters on CNP {-potential. ¢-
potential of CNPs synthesized starting from 0.022 M (red circles),
0.22 M (blue squares) and 2.2 M glucose solutions (grey triangle) at the
different synthesis times tested, all measured at pH ~4.

Table 2 Mean diameters of CNPs synthesised at different precursor concentrations and synthesis times measured by EM, DLS (by intensity) and

NTA

0.022 M glucose 0.22 M 2.2M
Size (nm) 3h 6 h 9h 15h 1h 3h 4h 5h 6h 3h
EM nd 26 + 44 303 415 53 £11 86 = 16 103 £ 11 nd 374 £ 40
DLS 16 + 4 33+9 45 + 16 164 + 62 80 £ 27 101 £ 24 195 + 64 672 £ 195 830 £ 233
NTA <LOD <LOD <LOD <LOD b 80 & 33 92 + 30 142 £ 54 175 £ 76 nd

“ The values refer to the mean size of the distribution and the standard deviation refers to the width of the distribution. ? After 1 h of synthesis no
evidence of particle formation was observed in any of the above used techniques.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential did not change significantly as the synthesis time
increased (Fig. 2).

The highly negative {-potential well explains the hydrophi-
licity and the colloidal stability of CNPs: according to the DLVO,
a high C-potential provides electrostatic stabilization to the
NPs.*>*° However, in the present case when the conductivity of
the dispersant was increased by NaCl (0.137 M corresponding to
~15 mS cm™ '), the CNPs did not lose their colloidal stability
(ESI Fig. S4t) even if the {-potential, as expected, dropped to
—13.0 £ 0.9 mV, due to the increase of ion concentration,
suggesting the presence of a steric stabilizing component that
prevented the aggregation of the NPs. In fact, a {-potential
larger than approximately £30 mV is needed to sustain colloidal
stability in the case of electrostatic stabilization,***° while steric
stabilization is independent of the ionic concentration.** It
could be speculated that, in addition to the moieties respon-
sible for the negative charge, the CNP surface possesses
a roughness due, for example, to hydrophilic polymeric-like
organic chains responsible for the observed steric component
of stabilization.

To reveal the degree of hydrophilicity, CNPs were dried and
suspended in solvents with different polarity. CNPs formed
stable colloids in acetone or dichloromethane, while in n-
hexane the particles tended to aggregate as evidenced by visual
observation (ESI Fig. S5t). These results indicate that these
particles possess a peculiar amphiphilic nature that makes
them different from other carbon nanomaterials synthesized by
HTC like for example carbon quantum dots® that can be
precipitated just by adding ethanol.

The amphiphilic nature and the electro-steric stabilization
in water are properties exploitable for all applications that need
media change or for the manufacture of composites in which
CNPs need to be embedded in matrices of different polarity.

3.3 Tuning the bulk structure of CNPs

The bulk structure of CNPs was first investigated by Raman
spectroscopy. Raman spectroscopy is widely used to charac-
terize crystalline, nanocrystalline, and amorphous carbons and
provide information on the degree of order and crystallinity of
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carbonaceous materials.*»** Disordered graphite and also
amorphous carbons exhibit two main Raman modes, the G
(from “graphene”) peak between 1520 and 1600 cm ™' and the D
(from “defect”) peak around 1350 cm ™ '.*

Fig. 3A reports the normalized (with respect to the G band)
and baseline-subtracted Raman spectra of the CNP obtained
after 3 h of synthesis at the three different precursor concen-
trations tested. As expected, the profiles are those of carbona-
ceous materials containing sp sites, in all cases presenting G
and D modes, albeit in different proportions. The G peaks of all
three samples were found centred at around 1580 cm .
Regarding the D bands, decreasing the initial concentration of
glucose increases the D band intensity and consequently the
I(D)/I(G) ratio.

The G mode occurs at all sp? sites, even in olefinic molecules,
not only in the presence of sixfold aromatic rings.** Oppositely,
the D mode intensity depends exclusively on the presence of
sixfold aromatic rings and at the same time is forbidden in
perfect graphite, becoming permitted only if disorder is
present.** The intensity ratio between D and G peaks is known
to vary inversely with the graphitic cluster diameter, i.e., I(D)/
I(G) will grow with increasing disorder (Tuinstra and Koenig
relationship).*® However, as the disorder further increases,
clusters become more distorted, smaller and fewer in number.
As the G peak is just associated with C sp* atoms, I(D) will now
decrease with respect to I(G) and the Tuinstra and Koenig
relationship will not be valid anymore. It has been reported that
for graphitic clusters with diameters smaller than ~20 A, the D
band intensity is proportional to the probability of finding
a sixfold ring in the cluster, which in turn is proportional to the
area of the cluster. Consequently, in amorphous carbons the
growth of a D peak indicates ordering, exactly opposite of what
occurs in the case of graphite.*” The D band can be deconvo-
luted in several other modes;** however, the well-established
relationship between G and D bands for disordered and amor-
phous carbon described by Ferrari et al.** gives, for the purpose
of this work, the needed information. It is well defined that CNP
bulk is formed mainly by amorphous carbon with the presence
of graphitic patches,” consequently in terms of Raman

ATR-FTIR
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Fig. 3 Effect of the precursor concentration on the bulk structure of CNPs. (A) Normalized baseline-subtracted Raman spectra of CNPs
synthesized starting from 0.022 M (red), 0.22 M (blue) and 2.2 M (grey) glucose aqueous solutions with a synthesis time of 3 h at 190 °C. (B) ATR-
FTIR of the same samples (Greek letters refer to band assignation, see Table 3).
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behaviours it follows the second relationship, described above,
and therefore the observed increase of the I(D)/I(G) ratio with
decreasing precursor concentration (Fig. 3A) is an indication of
an increase of order. This is further supported by the decrease
of the photoluminescence (PL) background along with the
decrease of the precursor concentration in raw Raman spectra
of the same samples (ESI Fig. S61).** In fact, a decrease of PL was
observed for carbonaceous nanoparticles with increasing
graphitization grade obtained by annealing.'* Moreover, for
partially hydrogenated amorphous carbon materials, the
increasing Raman PL background was found to be a typical
signature of the increasing saturation, due to recombination of
electron-hole pairs within sp> bonded clusters in a sp® bonded
amorphous matrix.***’

The chemical composition of the three samples produced at
different precursor concentrations was further investigated by
Attenuated Total Reflection Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) (Fig. 3B). In all samples, several functional
groups containing C, H and O were present, as reported in other
studies. The main bands were assigned based on the
literature'®***¢5% and are summarized in Table 3.

However, a different intensity ratio of the bands was
observed depending upon the synthesis conditions, an indica-
tion of chemical structures composed of similar moieties but
with different abundances. In particular, a different relative
intensity ratio between C=0 and C=C stretching bands (at
approx. 1703 and 1605 cm ™', respectively) is observed. As the
glucose concentration increases, the C=0/C=C intensity ratio
increases, suggesting that high precursor concentrations
promote the formation of carboxylic moieties in line with more
negative (-potential and/or result in fewer C=C moieties
ascribable to a less ordered bulk structure observed by Raman.
Moreover, this C=C band shifts from 1618 to 1604 to 1600 cm ™ *
decreasing the glucose concentration, ascribable to a more sp”
aromatic carbon contribution.*>** It is also notable that there is
a strong difference in the peak at 1513 em ' (C=C ») that
disappears with decreasing precursor concentration and
a difference in the zone 1280-1208 cm™*, attributed to C-O-C,
further indicating different chemical composition. Further-
more, the signal at 1023 cm ™", widely claimed in the literature
as typical for the presence of furan, is more predominant in the
CNP obtained from higher glucose concentration, likely due to
a more polyfuranic structure. Polycondensation of polyfuranic
nanostructures was shown to be the step preceding the forma-
tion of CNPs and several studies indicate this polymer as the
main component of NPs obtained from HTC of

Table 3 Assignment of FTIR bands
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carbohydrates.>** Therefore, tuning from NPs having mainly
a polyfuranic skeleton to amorphous carbon particles with
increasing graphitization is possible by modifying the initial
precursor concentration.

The effect of the synthesis time on the chemical composition
of CNPs was also studied by FTIR and Raman spectroscopy
(Fig. 4).

No significant differences were observed in the sample
prepared starting from 0.22 M glucose at different synthesis
times (Fig. 4A). In contrast, a slightly more intense C=C
vibration peak, along with a small decrease of the peak at
1023 cm ' (typical of furan), was observed increasing the
synthesis time for CNPs prepared starting from 0.022 M glucose
between 3 h and 6 h, a possible indication of an increase in the
carbonization grade (Fig. 4B). However, after 6 h of synthesis no
significant differences were observed in the FTIR spectra
(Fig. 4B) and Raman analysis of CNPs synthesized in 3 h or 15 h
starting from 0.022 M glucose shows no significant differences
between the two spectra (Fig. 4C and ESI Fig. S6B7).

Overall, the results obtained from vibrational spectroscopy
techniques indicate that the graphitization grade and the
chemical composition of CNPs are poorly affected by the
synthesis time, especially if compared with the effect of the
precursor concentration. However, it has to be taken into
account that these are bulk techniques that give an average
measurement of the samples; consequently, possible variation
of the particle core, which experiences longer residence time,
could be not detected. In contrast, vibrational spectroscopy data
suggest that the precursor concentration modulates not only
the particle size and the surface chemistry, but also the bulk
structure of the particles, in particular their carbonization
grade.

The results presented so far evidenced that, with this
approach, it is not possible to modulate the carbonization
degree independently from the glucose concentration and
partially from their size. To obtain particles with a higher
carbonization degree, the precursor concentration needs to be
decreased, which leads to a decrease in the concentration of the
synthesized CNPs.

To further modulate the bulk structure, independently from
the initial glucose concentration and keeping constant the size
and concentration, CNPs synthesized in 3 h with 0.22 M glucose
were purified from the remaining precursor/byproducts (by
tangential dialysis) and subjected again to a hydrothermal
treatment at 190 °C for 24 h. First, the size distribution of the
obtained sample was measured by DLS and NTA. Interestingly,

Broad band around 3400 cm™*

2964 cm ™t

Around 1710 cm ™!

Around 1605 cm ™"

1513 cm ™!

1380 cm ™!

Between 1280 and 1208 cm™*
1023 cm !
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0.022 M (B) glucose at different synthesis times. (C) Normalized baseline-subtracted Raman spectra of CNPs synthesized in 3 h (red) and 15 h

(green) starting from 0.022 M glucose.

the treated CNPs maintained their colloidal stability and pre-
sented a very similar diameter and narrow size distribution; just
a slight decrease in the size (~15 nm) was observed by both light
scattering techniques and TEM (Fig. 5A and B and ESI
Fig. S7Bt). Concurrently, the ELS analysis indicated a decrease
of ~10 mV in the re-heated CNP {-potential value. Interestingly,
a clear increase of I(D)/I(G) was observed in the Raman spectra
of the re-heated CNPs (Fig. 5C). Moreover, a shift to a higher
wavenumber of the G band (from 1576 cm ™" to 1597 cm ™ ') was
observed, a well-known indication of graphitization.** Further-
more, the raw Raman spectra of the same samples (ESI
Fig. S6Ct) clearly show a decrease of the PL background, addi-
tional evidence of increased graphitization. The FTIR spectrum
(Fig. 5D) clearly indicates a transformation of the chemical
structure, with an increase of the contribution of C=C (around
1600 cm™ ") and with a shift of this band from 1604 cm™" to
1582 cm™ ', an indication of a more sp®> aromatic carbon
contribution.”* Both results are in line with the result ob-
tained by Raman spectroscopy. Furthermore, a substantial
reduction of the 1023 cm ™' vibration (typical of furan), the
disappearance of the 1513 cm ' band (C=C ») and the
appearance of a pronounced band peaking at 1225 cm ™" (C-O-
C) are observed. As observed above, the 1023 cm ™" band is more
prominent in less graphitic CNPs, hypothesized to be an indi-
cation of a more polyfuranic structure, and consequently its
strong reduction is another piece of evidence of more advanced
carbonization. Moreover, the C-O-C zone undergoes an evolu-
tion with an increase of ether moieties (as inferred by the higher
intensity) and ether species (as inferred by the presence of
a broad single band). Note that the FTIR of the same CNP re-
heated for a shorter time (6 h) showed similar results, but
with less pronounced variation (ESI Fig. S7A7).

These results highlight the possibility of modulating the
bulk structure of pre-synthesized CNPs, increasing their
graphitization and, unlike the commonly used annealing
process, performing this procedure in aqueous dispersion at

1398 | Nanoscale Adv, 2025, 7, 1391-1404

relatively low temperature without having particle aggregation
and retaining their narrow size distribution.

3.4 Mechanism of CNP formation

There is not a general consensus on the mechanism of forma-
tion of hydrothermal CNPs. The most accepted formation
process for CNPs is the “LaMer model”,*** namely, the concepts
of “instantaneous” nucleation and “diffusion-controlled”
growth of the nucleus until all the monomers are consumed.
Conversely, Jung et al.*® and Qi et al.*® claimed that, after the
particle nucleation, the CNP growth results from the primary
particle coalescence/aggregation.

To shed light on these discrepancies, the particle concen-
tration of the dispersions obtained at the different time points
starting from 0.22 M glucose was quantified by NTA (Fig. 6A,
blue squares).

Interestingly, as the synthesis time and in turn the particle
size increased, the concentration of CNPs remained almost
constant, a strong indication of a seeded growth mechanism
where at the beginning of the synthetic process small particles
are formed and subsequently on these nuclei new material is
deposited increasing the initial size. This observation is in line
with the measured yield of the reaction that increases with the
increase of the synthesis time and without reaching 100%
(Fig. 6B). These results suggest that under these conditions, the
growth process is not driven by the coalescence/aggregation of
the previously formed particles. Instead, it resembles the LaMer
model, which conceptualizes two distinct stages, the particle
nucleation and their subsequent growth. According to the
LaMer mechanism, a rapid nucleation occurs, which signifi-
cantly reduces the concentration of free monomers in the
solution, thus inhibiting further nucleation. Following this,
particle growth proceeds as a result of the diffusion of the
remaining monomers through the solution.® However,
although the mechanism is similar, in our case the reaction
yields are low (ranging from 2.3% to 21.2%). Therefore, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of CNPs before and after hydrothermal treatment at 190 °C for 24 h (both samples were purified by 30 kDa tangential dialysis).

mechanism involving nucleation inhibition due to a significant
reduction in precursor concentration, which in turn favours
nucleus growth, in our case, is likely to be excluded.

The process appears to be quite slow with kinetics depend-
ing upon the precursor concentrations. In fact, at equal
synthesis time, lower glucose concentration leads to smaller

CNPs (Fig. 6C). As shown above, the variation of the glucose
concentration also has a remarkable effect on the graphitization
degree and on the {-potential of the particles: low precursor
concentration led to a more ordered bulk structure (Fig. 3) and
less negative {-potential (Fig. 2). It could be speculated that the
slower particle growth kinetics observed upon decreasing the
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Fig. 6 CNP formation process. (A) Concentration of particles in NPs per mL (blue squares) and mean Dy (orange circles) of CNPs synthesised
starting from 0.22 M glucose solution at different synthesis times, measured by NTA, and concentration values reported are the average of 3
measurements. (B) Yield of reaction of CNPs prepared starting with 0.22 M glucose solution. (C) CNP mean Dy (DLS < 50 nm, NTA > 50 nm) as
a function of initial glucose concentration (0.022 M red circles, 0.22 M blue squares, and 2.2 M grey triangle) and synthesis time.
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precursor concentration allows the formation of a more ordered
carbon framework and a less defective surface.

In the previous paragraph, it was shown that the increase of
the residence time during the synthesis did not lead to a strong
modification of the average bulk structure, while re-heating at
the same temperature pre-synthesized CNPs (purified from the
precursor/byproducts) had a notable effect on the bulk struc-
ture, basically increasing the carbonization degree. This
suggests that the CNP bulk structure evolves with increasing the
residence time at the synthesis temperature. It could be
hypothesised that, in the growing process, which follows
a seeded growth mechanism, the new layers deposited on
already formed CNPs are composed of amorphous carbon with
chemical characteristics that depend upon the precursor
concentration. In the meantime, the CNP core experiences
a longer residence time and it likely evolves to a more ordered
structure. However, the increase of the particle volume is
probably faster than the graphitization process; for instance,
the volume of CNPs synthesized from 0.22 M glucose between
3 hand 4 h increases by ~80%, while differences in the average
bulk chemistry in purified pre-synthesized CNPs were observed
after several hours. Ultimately, the CNPs synthesized at
different times (at an equal glucose concentration) present an
overall similar carbon framework order, indicating that essen-
tially there is no impact of the residence time on the average
bulk chemistry while particles are growing due to the deposition
of new layers.

3.5 Photothermal properties

In previous studies, the ability of CNPs to generate heat once
irradiated with NIR light has been demonstrated."* Being also
biocompatible,>*” CNPs appear to be promising agents for
photothermal therapy (PTT).>* PT conversion arises as a result
of vibrational relaxation processes (photon to phonon conver-
sion).*® To improve the PT conversion, high light absorption
and good thermal conductivity are required so that the photon
energy can be effectively converted into heat,* along with
inhibition of light emission (PL), intersystem crossing and
a reduction of scattered light.**®* It is reported that in
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amorphous carbon, the thermal conductivity is greatly affected
by phonon scattering on grain boundaries or by disorder®* and
that carbon black particles with higher crystallinity possess
a more efficient PT conversion once illuminated with NIR light
in water."

Since the bulk structure of the CNPs can be tuned using the
synthetic parameters, tuning of the PT properties is also ex-
pected. The correlation between graphitic orders in CNPs and
their PT activity in water dispersion under NIR laser beam
irradiation (915 nm diode laser) was investigated. CNPs pre-
senting different carbonization grades, prepared starting from
different glucose concentrations, were used in PT experiments.
Specifically, CNPs obtained from: (i) 2.2 M glucose in 3 h (mean
Dy; 830 nm); (ii) 0.22 M glucose in 3 h (mean Dy 80 nm); (iii)
0.022 M glucose in 15 h (mean Dy 164 nm) were first tested. For
the PT experiments, all the dispersions were normalized for
mass concentration (0.85 mg mL ™). As shown in Fig. 7A, all the
samples produced heat release. However, the capability of the
samples to generate heat was different and was found to
increase directly with the carbonization grade of the CNPs (from
a AT, measured after 10 minutes of irradiation, of 11.4 + 0.5 °C
to 16.7 & 0.6 °C). A lower ability to generate heat could be due to
a lower efficiency in converting the absorbed energy into heat or
a lower adsorption of the light. In particular, light scattering
(which increases with the particle size) decreases the adsorption
of light, consequently having an effect on the PT activity.® In the
present case, no correlation between size and PT activity was
found, although this effect cannot be totally discarded. To
distinguish between these two effects, the PT efficiency of CNPs
obtained from 0.22 M glucose in 3 h was compared with that of
the same sample re-heated for 24 h at 190 °C. In this case, the
two samples have a similar size but different graphitization
grades (Fig. 5). Note that the re-heated sample had a higher
absorption at the laser wavelength used (915 nm) when
measured at the same mass concentration (ESI Fig. S81). Fig. 7B
clearly shows that the re-heating significantly increases the
ability to generate heat compared to the non-re-heated one (AT
from 13.3 & 0.5 °C to 17.3 £ 0.6 °C). Consequently, these results
further indicate that the PT ability of CNPs increases with the
graphitic degree of the material, which can be correlated with

——CNP
16 CNP re-heated

AT (°C)

0+=L— : : : :
0 100 200 300 400 500 600
time (s)

Fig.7 Photothermal activities of CNPs irradiated with NIR light: (A) CNPs obtained as follows: 2.2 M glucose in 3 h (grey); (i) 0.22 M glucose in 3 h
(blue); (ii) 0.022 M glucose in 15 h (red). (B) CNPs obtained as follows: from 0.22 M glucose in 3 h (blue) and the same sample subsequently re-

heated for 24 h at 190 °C (green).
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an increase in the NIR light absorption and a higher thermal
conductivity, thus confirming what was found previously on
other types of carbon nanomaterials.”* It is then possible to
tune the PT efficiency by modifying the CNP precursor
concentration or re-heating pre-synthesised CNPs.

3.6 Antioxidant properties

Carbon nanomaterials exhibit antioxidant properties due to
their ability to scavenge free radicals. This ability has been
observed for graphene-based materials,** fullerenes,* carbon
nanotubes,®® carbon soot and carbon black,*”*® and CNPs."
These properties are a promising feature in all applications
where radical reactions need to be controlled. In the medical
field, the ability to scavenge oxygenated radical species like
hydroxyl or superoxide radicals makes these materials useful in
several oxidative stress-associated disorders, including cancer.>®

Particularly relevant is the ability of carbon nanomaterials to
scavenge hydroxyl radicals, the most aggressive among the
reactive oxygen species (ROS). This activity is related to the
structural characteristics of carbon nanomaterials.***® For
disordered carbon nanomaterials like soot and carbon black**
and for graphene-based materials,* the scavenging ability has
been shown to increase with the degree of graphitization, sug-
gesting that the radical scavenging is associated with the pres-
ence of sp® carbon domains. We therefore hypothesized that the
modulation of the crystallinity through re-heating treatment
would also affect the antioxidant activity of this material. To
investigate this, CNPs obtained from 0.22 M glucose by 3 h of
heating and the same sample re-heated for 24 h were compared
for their scavenging ability toward hydroxyl radicals (HO") by
electron paramagnetic resonance (EPR) spectroscopy coupled
with spin trapping using DMPO as the spin-trap molecule.
Hydroxyl radicals were firstly generated by the Fenton reaction.
The generation of HO" radicals was confirmed by the intense (1 :
2:2:1) fourline EPR signal recorded (Fig. 8, red line)
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Fig.8 Scavenging activity of CNPs toward hydroxyl radicals generated
by a Fenton reaction measured by the EPR spin-trapping technique.
DMPO was used as the spin-trap molecule. EPR spectra recorded after
60 minutes of incubation in the absence of CNPs (red, Ctrl —); EPR
spectra recorded in the presence of CNPs obtained from 0.22 M
glucose in 3 h (blue) and the same sample subsequently re-heated for
24 h at 190 °C (green). The number of radicals produced is propor-
tional to the intensity of the EPR signal. The reported signals are the
average of at least 3 independent experiments.
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corresponding to the DMPO/HO" adduct (aN = aH = 14.6 G)."*
When the reaction was performed in the presence of the CNPs
(Fig. 8, blue line and ESI Fig. S91), the EPR signal was slightly
reduced, indicating a negligible scavenging ability. When the
reaction was repeated in the presence of the re-heated CNPs
(dosed at an equal surface area, Fig. 8, green line and ESI
Fig. S91), the EPR signal was almost suppressed. These results
highlight that a higher bulk order in the CNPs leads to an
increase in the ROS scavenging ability, thus confirming what was
found previously on other types of carbon nanomaterials."**%
The results indicate that it is possible to tune the antioxidant
properties of these NMs by adjusting the CNP synthesis, specif-
ically the precursor concentration or introducing a second
hydrothermal treatment on pre-synthesised particles.

4. Conclusions

This study represents a significant step forward towards the
understanding of the HTC process, enabling the synthesis of
CNPs for medical applications with definite size, bulk order, PT
and antioxidant properties.

By varying the HTC synthetic parameters, CNP sizes between
15 and 150 nm forming highly stable colloids in water have
been obtained, a range that allows for fine-tuning the bio-
distribution of CNPs. A novel post-synthesis treatment has been
applied to increase the graphitic degree of the particles without
affecting the colloidal stability. Both PT and antioxidant prop-
erties of CNPs were enhanced with the increase of sp> carbon
domains.
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