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Introduction

Effect of the chemical nature of the nitrogen source
on the physicochemical and optoelectronic
properties of carbon quantum dots (CQDs)

Stephania Rosales,*® Karol Zapata,® Oscar E. Medina,® Benjamin A. Rojano,?
Esteban A. Taborda,? Farid B. Cortés,? Agustin F. Pérez-Cadenas, & E. Bailon-
Garcia, © ¢ Francisco Carrasco-Marin @ ¢ and Camilo A. Franco @ *2

This study investigates the influence of the chemical nature of nitrogen sources on the optical properties of
Carbon Quantum Dots (CQDs) and evaluates their suitability for various industrial applications through
a series of stability tests. Four nitrogen sources, —diethanolamine, diethylamine, ethylenediamine, and
1,2-phenylenediamine— were used to synthesize surface-active CQDs via a one-step microwave-
assisted carbonization method. All CQDs exhibited a negative surface charge, ranging from —24.1 to
—26.2 mV, indicating excellent colloidal stability at the working pH of 7. Nitrogen was successfully
incorporated in all cases; however, CQDs synthesized with ethylenediamine and phenylenediamine
showed significantly higher nitrogen contents. This increased incorporation was directly correlated with
higher fluorescence quantum yields (QYs), reaching 20.44% with ethylenediamine and 22.61% with
phenylenediamine, representing an improvement of up to 220% compared to those synthesized with
other nitrogen sources. In addition to the nitrogen content, the carbon structure also influences the QY.
Higher proportions of C=C bonds contribute to more extensive sp>-conjugated domains, promoting
electron delocalization and enhancing both electronic transitions and fluorescence efficiency. However,
physical properties, such as particle size and thermal stability, remained unaffected by the choice of the
nitrogen precursor. The CQDs demonstrated excellent thermal stability, ionic strength resistance, and
long-term fluorescence retention, maintaining up to 90% of their initial fluorescence intensity under
various storage conditions, making them suitable for use in harsh environments. However, an extremely
acidic pH had the most detrimental effect, causing fluorescence intensity losses of up to 80% in CQD-
phenylenediamine and CQD-diethylamine. These findings highlight the important role of nitrogen in
enhancing the optoelectronic properties of the CQDs. Appropriate selection of the nitrogen source can
significantly improve the fluorescence performance and optimize the response for practical applications.

atoms." The synthesis of CQDs is generally categorized into top-
down and bottom-up approaches, with the latter being more

Carbon Quantum Dots (CQDs) are a type of nanomaterial in the
carbon dot family, typically characterized by a nearly spherical
morphology with both amorphous and crystalline cores. They
are composed of graphitic or turbostratic carbon with sp?
hybridization and often contain graphene or graphene oxide
sheets fused or connected through sp*-hybridized carbon
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widely adopted owing to shorter reaction times and greater
control over product properties.” Various precursors, including
fruits, vegetables, organic waste® and human hair,* have been
employed for CQD synthesis. However, despite the many
synthesis routes proposed in the literature, achieving a high
Quantum Yield (QY) remains a significant challenge. Since their
discovery by Xu et al.,’ extensive research has been conducted
across multiple fields owing to their optical, electronic, and
chemical properties such as high photoluminescence,
biocompatibility, and ease of functionalization.® These attri-
butes have made CQDs ideal candidates for applications in
biomedicine, molecular sensing, optoelectronics, photo-
catalysis of contaminants, and the oil and gas industry.” Their
optical behavior is primarily governed by the structure of the
carbon core and nature of the chemical surface states.
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The doping of CQDs with heteroatoms, such as sulfur,
nitrogen, oxygen, phosphorus, or boron, is a common strategy
for enhancing quantum efficiency, optical properties, and dis-
persibility.® Among these, nitrogen is the most widely used,
largely because it is inexpensive, simple, and readily accessible.’
In addition, its small atomic size facilitates its incorporation
into the CQD lattice. Its high electronegativity and the lone pair
of electrons contribute to its chemical reactivity, enabling the
formation of diverse bonding configurations. Nitrogen can form
single, double, or triple bonds with carbon atoms, resulting in
optically more active structures compared with undoped
CQDs."

Despite the widespread use of nitrogen in the production of
CQDs, there is limited understanding of how the chemical
nature of the nitrogen precursors affects the morphology,
chemical characteristics, and optical behavior of the resulting
materials. In many cases, the synthesis of nitrogen-doped CQDs
(N-CQDs) relies on trial-and-error approaches. Although
numerous methodologies have been reported in the literature,
the specific role of the nitrogen source remains unclear.
Commonly used precursors such as urea, melamine, glycine,
and lysine' are often selected without a structured experi-
mental design. However, N-CQDs frequently exhibit superior
optical properties compared to those of regular CQDs. Their
enhanced performance has enabled promising applications in
biomedical imaging, biosensors drug delivery, photodynamic
therapy, the detection of Reactive Oxygen Species, and anti-
bacterial and antiviral agents."”** In geosciences, N-CQDs have
been used for environmental monitoring and contaminant
detection, reservoir geology, rock and sediment studies, soil
remediation, water quality monitoring and geothermal
studies.”®™” Although the choice of the nitrogen source is crit-
ical, it is often based on availability rather than on a rational or
chemically guided selection process. Therefore, it is essential to
systematically investigate the influence of different nitrogen
precursors on the synthesis of CQDs.

To the best of our knowledge, this study provides the first
systematic evaluation of different nitrogen sources, specifically
primary and secondary amines with distinct structural features
(aromatic and aliphatic). Additionally, robustness tests were
performed to assess the stability of these nanomaterials. This
approach aims to enhance our understanding of the structural,
chemical, and optical implications of nitrogen doping in heavy-
metal-free CQDs synthesized via simple and rapid methods.
These findings contribute to the advancement of this emerging
class of nanomaterials and support their potential scalability
and broader adoption across various industries through
demonstrated stability and performance at the laboratory scale.

Materials and methods
Materials

Anhydrous citric acid (United States Pharmacopeia-USP grade)
was obtained from ProtoKimica (Medellin, Colombia). All other
reagents were of analytical grade. Diethanolamine (Fig. 1a),
NaOH, and HCI were purchased from Thermo Fisher Scientific
(Waltham, MA). Diethylamine (Fig. 1b), ethylenediamine
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Fig.1 Molecular models of the different sources of nitrogen used for
the synthesis: (a) Diethanolamine, (b) diethylamine, (c) ethylenedi-

amine, and (d) 1,2-phenylenediamine. Constructed with Avogadro 2.1
software.

(Fig. 1c), and 1,2-phenylenediamine (Fig. 1d) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). All solutions for the
experiments were prepared using distilled water.

Methods

CQDs synthesis. N-CQDs were synthesized using a modified
microwave-assisted carbonization method based on a previ-
ously reported procedure.'® Citric acid was used as the carbon
source at 3.6 M, with a fixed mass ratio of 3:1 between citric
acid and the nitrogen source. The nitrogen precursors used
were diethanolamine, diethylamine, ethylenediamine, and 1,2-
phenylenediamine, resulting in CQD-diethanolamine, CQD-
diethylamine, CQD-ethylenediamine, and CQD-
phenylenediamine, respectively. Distilled water was used as
the synthetic solvent. Prior to carbonization, the mixtures were
homogenized via ultrasonication to ensure the uniform
dispersion of the precursors. Microwave-assisted carbonization
was then performed at 600 W for 2 min in a GE 0.7 MGEO7SE]
microwave (General Electric, USA). Following the synthesis, the
products were cooled in a silica gel desiccator and subsequently
redispersed in distilled water. The suspensions were filtered
using 0.45 pm membrane filters, and the resulting CQDs were
stored at 4 °C until further analysis.

To evaluate the effect of varying the amount of nitrogen
precursor on the fluorescence quantum yield, an assay was
conducted in which the mass ratio of citric acid to nitrogen
precursor was modified. This evaluation focused on the CQDs
that had previously shown the highest quantum yield when
synthesized at a 3:1 ratio. The tested ratios included 3:0 (no
nitrogen precursor), 3:0.5, 3:1.5, 3:2, and 3:3. All other
synthesis steps were kept consistent with the previously
described protocol. The quantum yield of each resulting sample
was then measured.

CQDs characterization. Chemical characterization of the N-
CQDs was performed by Fourier Transform Infrared Spectros-
copy (FTIR), zeta potential analysis, and X-ray Photoelectron
Spectroscopy (XPS). FTIR measurements were performed
according to the protocol proposed by Siatis et al.,' using an
IRAffinity-1 spectrometer (Shimadzu, Japan) in transmittance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mode, with a resolution of 2 em™" over the range of 4000-
400 cm™". The zeta potential was determined via electrophoretic
light scattering using a NanoPlus Zeta/nanoparticle analyzer
(Micromeritics, Norcross, GA, USA) at room temperature.”® XPS
data were analyzed using XPS peak 4.1 software, applying
a Shirley-type background correction and fitting the deconvo-
luted peaks with appropriate Gaussian-Lorentzian ratios.
Physical characterization was performed by measuring the
hydrodynamic diameter, morphological analysis, and ther-
mogravimetric analysis (TGA). The hydrodynamic diameter was
determined by dynamic light scattering (DLS) using a NanoPlus
Zeta/Nanoparticle Analyzer (Micromeritics, Norcross, GA, USA)
under ambient conditions following the method described by
Nassar et al.** Morphological analysis was conducted using
Transmission Electron Microscopy (TEM) and images were
captured using a Tecnai G2 F20 microscope (FEI, Hillsboro, OR,
USA). Thermal stability was assessed following the protocol
proposed by Medina et al.** using a high-pressure thermogra-
vimetric analyzer (HP-TGA 750, TA Instruments Inc., Hillhorst,
Germany) with a heating ramp of 20 °C min ' from 50 °C to
800 °C, at 0.084 MPa, and an airflow of 80 mL min .
Optoelectronic properties, including light absorption and
emission, were measured using UV-Vis absorption and fluo-
rescence spectroscopy. UV-Vis spectra were recorded using
a Shimadzu UV-1600i UV spectrometer (Kyoto, Japan) with 1 nm
step intervals using standard quartz with a 10 mm optical path
length. The fluorescence spectra were acquired using a Jasco FP-
8350 spectrofluorometer. The QY was subsequently calculated

using eqn (1):
K. n)’
D=y x |— | x|— 1
) <K51> (nst> ( )

where @ is the quantum yield, subscript “st” refers to the
standard used for comparison, and “c” represents the CQD
sample. Where K is the slope obtained from the integral fluo-
rescence and absorbance curves. Where 7 is the refractive index
of the solvent. Quinine sulfate (dissolved in 0.05 M H,SO,), with
a known QY of 0.546, was used as the fluorescence standard.?

Stability tests for CQDs. A series of tests were designed to
assess the stability of the N-CQDs under various conditions.
Thermal stability was evaluated following the method proposed
by Huang et al.** with slight modifications. The CQD disper-
sions were prepared at a concentration of 100 mg L' in
distilled water and homogenized at 150 rpm for 15 min. The
samples were then placed in ovens at controlled temperatures
of 25 °C, 50 °C, and 70 °C for 2 h. The fluorescence emission
intensity at the maximum wavelength was measured before and
after the heating. The results are expressed as the % of the
remaining fluorescence intensity relative to the unheated
sample. The effect of ionic strength was evaluated using
a modified protocol reported by Weidgans et al* Sodium
chloride (NaCl) solutions were prepared at concentrations of
500, 1000, 1000, 30 000, and 50 000 mg L~" in distilled water.
The CQDs were added to the saline solutions at 100 mg L *. The
fluorescence emission intensity was measured for each sample
and the results were reported as the remaining fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

intensity (%) compared to the intensity observed in pure water.
Stability tests under storage time and pH conditions were con-
ducted following a modified protocol proposed by Cristea et al.>
For the storage test, CQD dispersions (100 mg L") were stored
in the dark at 25 °C for 2 months. Fluorescence emission
intensity was measured at 0, 2, 10, 30, 45, and 60 d of storage.
The results were reported as the remaining fluorescence
intensity (%) compared to the initial fluorescence intensity. For
the pH stability testing, solutions with pH levels between 2 and
14 were prepared using NaOH and HCI. Once the pH of the
solution was adjusted, CQDs were dispersed at 100 mg L™ . The
fluorescence emission intensity was measured, and the results
were reported as the remaining fluorescence intensity (%)
compared to the maximum fluorescence intensity observed
across the pH range. To assess the impact of these operating
conditions on the optoelectronic properties of the CQDs, data
analysis was performed using OriginPro 8.5 software. Statistical
significance was evaluated using analysis of variance (ANOVA),
followed by Tukey's post-hoc test, with a significance level set at
p <0.05.%

Results and discussion

Chemical characterization

FTIR analysis. FTIR spectra (Fig. 2) showed a band between
1703 and 1728 cm™ ', attributable to the stretching of the C=0
bond present in carboxylic, esters and anhydrides configura-
tions, as has been reported for carbon nanomaterials.”® The
signal observed between 1630 and 1632 cm ™" can be associated
with the stretching of conjugated C=C bonds characteristic of
the sp>-carbons of CQDs.? as well as to the carbonyl group of
amides, consistent with the incorporation of nitrogen into the
carbon network of CQDs-N. The bands at 1368-1400 cm '
correspond to deformations of methyl groups (CHj) or to the
symmetric stretching of COO™ carboxylates, while the regions of
1175-1217 and 1051-1061 cm " can be associated with the
stretching of C-O (of ethers or alcohols) and C-N (of amines or
amides) bonds of the CQD-N structures,* respectively. In
addition, the presence of a broad band between 3298-
3339 ecm ™! suggests O-H and N-H stretching, characteristic of
hydroxyl and/or amino groups.** confirming the hydrophilicity
and N-functionalization of the CQDs structures. Together, these
results indicate that the CQDs present a functionalized surface
with polar oxygenated and nitrogenated groups, which confer
water dispersibility and specific interactions, relevant in opto-
electronic applications.

The identified functional groups are consistent with typical
assignments of carbon quantum dots synthesized with citric
acid and functionalized with oxygen and/or nitrogen.** This
agreement indicates that the surface chemistry of the synthe-
sized CQDs is comparable to that of similar nanomaterials
described in previous studies.

Zeta potential. The functional groups on the surface of the
CQDs provide a relatively negative surface charge. The zeta
potential values for CQD-diethanolamine, CQD-diethylamine,
CQD-ethylenediamine, and CQD-phenylenediamine at pH =
7.0 were —24.5 mV, —24.1 mV, —26.2 mV, and —24.1 mV

Nanoscale Adv., 2025, 7, 5193-5211 | 5195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00554j

Open Access Article. Published on 14 July 2025. Downloaded on 4/5/2026 6:24:50 PM.

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

(cc)

Nanoscale Advances

View Article Online

Paper

1400 1217
1045
1632
S
g
=
S
Ei
2
£
=
—— CQD-Diethanolamine
—— CQD-Diethylamine
——— CQD- Ethylenediamine 1711
—— CQD-Phenylenediamine 1630 1368 1180
4600 4100 3600 3100 2600 2100 1600 1100

600

Wavenumber (cm™)

Fig. 2 The spectrum obtained by Fourier Transform Infrared Spectroscopy (FTIR) for the different CQDs synthesized by the microwave

carbonization method.

respectively, indicating that the CQDs dispersions have high
stability at working pH, resulting from the ionization of the
carbonyl (C=0) and amine (-NH,) groups present on the N-
CQD surface.* Similar zeta potential values (—21.86 mV) have
been reported for N-doped carbon quantum dots synthesized
from castor seeds.** These studies indicate that the surface of
such CQDs typically exhibits negative zeta potentials in the
range of —15 to —30 mV, consistent with the presence of oxygen-
and nitrogen-containing functional groups that contribute to
colloidal stability and surface charge characteristics. Particu-
larly zeta potentials far from zero under dispersion pH are
desirable for commercial applications, as aggregation
phenomena are not expected.

XPS analysis. The elemental composition of CQDs is not
fixed, as it depends on the synthesis methods, precursors, and
carbonization conditions used. Literature reports for similar
nanomaterials indicate oxygen contents ranging from 15% to
55% and carbon contents between 20% and 70%.%*****¢ The
surface composition of the synthesized CQDs falls within these
ranges: XPS revealed carbon contents of 42.36-44.69%, oxygen
contents of 38.92-48.16%, and nitrogen contents of 9.48-
16.39% (Table 1). While carbon and oxygen contents remained
relatively stable, nitrogen incorporation showed significant
variation, depending on the nitrogen precursor. CQD-
Ethylenediamine exhibited the highest nitrogen content
(16.39%), attributed to the presence of two nitrogen atoms per
molecule and its high reactivity during carbonization.

The high-resolution Ny spectra (Fig. 3a) showed three main
components centered at approximately 399.1 eV, 399.9 eV, and
400.6 eV, tentatively attributed to pyridinic-N, amine, and
pyrrolic-N, respectively. These assignments are consistent with
previous studies on nitrogen-doped carbon nanomaterials,
though some overlap in peak positions is acknowledged.’”
Pyridinic-N, commonly found as N-C-N bonds, can be found in

5196 | Nanoscale Adv,, 2025, 7, 5193-5211

the core and surface of the CQD, while pyrrolic-N related to the
N-H bond is exclusively found on the surface of the CQD.*”
Pyridinic and pyrrolic nitrogens are commonly associated with
enhanced reactivity due to the availability of lone pair electrons,
contributing to the chemical functionality of the CQDs.

The Cy; spectra displayed contributions from sp>-hybridized
carbon (C=C, ~284.2 eV), ether (C-O-C, ~287.2 eV), amine (C-
N, ~288.3 eV), and carboxylic acid (-COOH, ~289.8 eV) groups.
These assignments are broadly consistent with reported values
for carbon-based quantum dots, although it is important to
note that signal overlap may occur, particularly in the higher
binding energy region.*”

The O, spectra exhibited peaks at 529.9 eV (C=O0) and
531.5 eV (C-O), suggesting the presence of carbonyl and
hydroxyl functionalities on the CQD surface.

Notably, all N-CQDs synthesized exhibited a similar carbo-
naceous nature, with variations of ~2%, characterized by rela-
tively low sp”> carbon content (C=C) and a predominant
presence of carbon-oxygen-carbon linkages (C-O-C). Interest-
ingly, the content of carboxylic acid groups (COOH) varied
significantly among the samples. CQD-Diethanolamine and
CQD-diethylamine exhibited the highest concentration of acidic
functionalities (nearly 23.3%), whereas CQD-ethylenediamine
had the lowest (around 1.3%). This is consistent with the
basic nature of ethylenediamine, which contributes more N-
groups while incorporating fewer oxygen-based groups.

Although the carbon content remained relatively constant
across all samples, nitrogen incorporation varied by up to 7%,
strongly influenced by the structure of the nitrogen precursor.
For instance, ethylenediamine contains two nitrogen atoms and
has a lower molecular weight, facilitating higher nitrogen
incorporation (16.39%). In contrast, diethylamine, with one N-
atom per molecule, resulted in a lower nitrogen content
(9.48%) in the final CQD. Finally, an inverse relationship

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00554j

Open Access Article. Published on 14 July 2025. Downloaded on 4/5/2026 6:24:50 PM.

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

(cc)

Paper

Table 1 XPS analysis from Cys, O15 and Nys spectra for N-CQDs”
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Element Material Binding energy (eV) Functional group Contribution (%) Total elemental%
Cys CQD-diethanolamine 284.2 C=C 14.94 43.75
287.2 C-0-C 44.64
288.3 C-N 17.14
289.8 —COOH 23.26
CQD-diethylamine 284.2 C=C 15.29 42.35
287.2 C-0-C 46.31
288.3 C-N 15.04
289.8 —COOH 23.34
CQD-ethylenediamine 284.2 C=C 19.65 44.69
287.2 C-0-C 52.42
288.3 C-N 26.57
289.8 —COOH 1.34
CQD-phenylenediamine 284.2 C=C 19.20 43.30
287.2 C-0-C 35.77
288.3 C-N/-OH 26.21
289.8 —COOH 18.80
Oy CQD-diethanolamine 529.9 C=0 57.99 46.38
531.5 C-0 42.01
CQD-diethylamine 529.9 C=0 55.81 48.16
531.5 C-0 44.18
CQD-ethylenediamine 529.9 C=0 58.91 38.92
531.5 C-O0 41.08
CQD-phenylenediamine 529.9 C=0 54.16 42.06
531.5 C-0 45.83
Ny CQD-diethanolamine 399.1 Pyridinic-N 38.85 9.86
399.9 Amine 50.44
400.6 Pyrrolic-N 10.69
CQD-diethylamine 399.1 Pyridinic-N 46.41 9.47
399.9 Amine 44.51
400.6 Pyrrolic-N 9.07
CQD-ethylenediamine 399.1 Pyridinic-N 47.84 16.38
399.9 Amine 46.43
400.6 Pyrrolic-N 5.72
CQD-phenylenediamine 399.1 Pyridinic-N 37.74 14.62
399.9 Amine 45.39
400.6 Pyrrolic-N 16.86

“ The elemental percentages correspond to the atomic percentage (% atomic).

between nitrogen and oxygen content was observed, with more
basic nitrogen precursors tending to reduce the presence of
oxygen-containing acidic functional groups.®®

All N-CQDs synthesized exhibited a similar carbonaceous
nature, with variations of ~2%, characterized by relatively low
sp®> carbon content (C=C) and a predominant presence of
carbon-oxygen-carbon linkages (C-O-C). Interestingly, the
content of carboxylic acid groups (COOH) varied significantly
among the samples. CQD-Diethanolamine and CQD-
diethylamine exhibited the highest concentration of acidic
functionalities (nearly 23.3%), whereas CQD-ethylenediamine
had the lowest (around 1.3%). This is consistent with the
basic nature of ethylenediamine, which contributes more N-
groups while incorporating fewer oxygen-based groups.

Since, in all cases, a significant proportion of nitrogen was
found on the CQD surface, it can be asserted that the synthesis
strategy allowed the inclusion of this type of heteroatom in the
CQD structure.* The structure of the precursors can be relevant
during the functionalization of CQDs; in the case of CQD-

© 2025 The Author(s). Published by the Royal Society of Chemistry

ethylenediamine and CQD-phenylenediamine, the amino
groups are located at the ends of the molecule, which can
facilitate the modification of the number of holes and surface
electrons in the CQD structure.*®

The presence of pyrrolic and pyridinic nitrogen in the
structure of CQDs suggests the formation of nitrogen-
containing aromatic structures within the graphitic network
of the material. Although none of the precursors used initially
contain nitrogen in these forms, their detection in CQDs indi-
cates that, during synthesis, the different nitrogen sources and
citric acid self-assemble to create an extensive network.** This
process occurs through the formation of amide bonds, resulting
from intermolecular and intramolecular dehydration and
polymerization among carboxyl, hydroxyl, and amine groups.*
Consequently, a carbon core structure is obtained, in which
nitrogen atoms are predominantly incorporated as pyridinic,
pyrrolic, and amine entities, leading to the formation of N-
CQDs.*

Nanoscale Adv., 2025, 7, 5193-5211 | 5197
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Fig. 3 High resolution (a) Ny, (b) Cis and (c) Os¢ XPS spectra for CQD-
diethanolamine, CQD-diethylamine, CQD-ethylenediamine and
CQD-phenylenediamine.

To better understand the compositional correlation and
chemical properties of the CQDs, correlations between the
measured variables were performed. It was found that con-
cerning the elements present on the surface of the CQDs and
the zeta potential, the bonding configuration of oxygen to the
carbon atom had an influence on the nanomaterial's charge
potential. Specifically, a second-order polynomial correlation
was observed in relation to the % of C=0. Lower C=0 content
corresponded to smaller zeta potential values, which also
suggests that the presence of oxygen in the form of C-O
promotes smaller negative potentials (Fig. 4).
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Fig. 4 Correlation between the z-potential and (a) the percentage of
C=0 content present on the surface of the synthesized CQDs and (b)
the percentage of C-O content present on the surface of the
synthesized CQDs.

The influence of how oxygen is bonded to carbon on the zeta
potential may be related to the polarity of these functional
groups. In particular, the carbonyl group (C=0) is more polar
than the (C-O) group due to resonance effects.”* Although the
carbonyl group is not considered an acid, its presence can
generate an inductive effect on neighboring groups, causing
their polarization and consequently resulting in a surface with
a greater negative charge.** On the other hand, C-O in the form
of esters or non-deprotonated alcohols does not contribute to
the generation of negative charge.

It is worth mentioning that the nitrogen incorporation path-
ways observed in the synthesized CQDs also offer valuable
insights for the use of biomass-derived precursors. Many agro-
industrial residues contain organic nitrogen primarily in the
form of proteins, which are polymers of amino acids bearing
primary amine groups. Under thermal treatment and carboniza-
tion conditions like those used in this study, these nitrogen-
containing moieties can undergo dehydration and condensation
reactions analogous to those proposed for the synthetic amines,
leading to the incorporation of nitrogen into graphitic structures
as pyridinic, pyrrolic, or amine species. Therefore, the results
presented here support the feasibility of employing protein-rich
biowastes as sustainable sources to produce N-doped CQDs,
expanding the potential of circular and green synthesis routes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hydrodynamic diameter by DLS for synthesized N-CQDs.

Physical characterization

Hydrodynamic diameter. Fig. 5 shows the hydrodynamic
diameter for synthesized N-CQDs. The recorded sizes were 138
+ 2 nm for CQD-diethanolamine, 61 + 1 nm for CQD-
diethylamine, 39 + 2 nm for CQD-ethylenediamine and 46 +
2 nm for CQD-phenylenediamine. The data reveals a clear
decreasing size trend in the following order: CQD-
diethanolamine > CQD-diethylamine > CQD-
phenylenediamine > CQD-ethylenediamine.

Although the precursors used to obtain the CQDs undergo
a transformation during the various stages of synthesis, their
primary structure does influence the characteristics of the
resulting CQDs. For example, it is possible that the hydroxyl
groups at the ends of the diethanolamine used for the CQD-
diethanolamine synthesis work as termination points during
the polymerization reaction, remaining exposed at the edges of
the CQD. A CQD with polar terminations reveals a greater number
of hydrogen bonds with the surrounding water molecules,
causing a considerable increase in hydrodynamic diameter.

TEM images. Fig. 6 shows the TEM results. The images
allowed for the morphological observation of the N-CQDs,
which were distinguished by their spherical or quasi-spherical
shape. N-CQDs appear as dark-contrast regions against
a lighter background due to their higher electron density
compared to the support.*® Diffraction patterns are often
observed, indicating the presence of graphitic domains or
graphene-like structures. In the obtained images are similar to
the ones reported by Xu et al.*® in witch this pattern is visible as
consecutive parallel lines (highlighted sections in the images),
confirming the successful synthesis of CQDs through a simple
methodology and using various nitrogen sources.

The particle sizes determined by TEM were 11.55 nm for
CQD-diethanolamine, 5.24 nm for CQD-diethylamine, 4.72 nm
for CQD-phenylenediamine, and 4.04 nm for CQD-
ethylenediamine.

The measured hydrodynamic diameters are consistently
larger than the individual particle diameters determined by
TEM. This disparity stems from the nature of each technique.
TEM visualizes the solid, bare structure of the CQD, whereas
DLS measures the effective size of the particle in solution. In an
aqueous medium, CQDs are surrounded by a layer of solvent
molecules, ions, and hydrated surface functional groups. This
solvation layer moves cohesively with the nanoparticle,
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CQD-ethylenediamine, and (g and h) CQD-phenylenediamine.

increasing its apparent hydrodynamic volume and, conse-
quently, the diameter measured in solution compared to the
intrinsic size of the dry particle.”” However, the size continued
the decreasing trend observed in the DLS analysis, with CQD-
diethanolamine > CQD-diethylamine > CQD-
phenylenediamine > CQD-ethylenediamine, showing a posi-
tive association with the type of N precursor.

Thermogravimetric analysis. Fig. 7 presents the thermogra-
vimetric analysis (TGA) curves of the synthesized N-CQDs. The
results showed minimal mass loss (=10%) at temperatures
below 100 °C, which can be attributed to the evaporation of
water molecules either present in the final dispersion or
superficially adsorbed onto the surface of the CQDs.**

It is important to highlight that the degradation curves of
CQD-diethanolamine and CQD-diethylamine show a single-
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Fig. 7 Thermogravimetric curves for (a) CQD-diethanolamine, (b)
CQD-diethylamine, (c) CQD-ethylenediamine, and (d) CQD-phenyl-

enediamine, using a heating ramp of 20 °C min~* from 50 °C to 800 °C

under an air flow of 80 mL min~™%.

stage degradation profile, with no significant intermediate
transitions. Maximum decomposition occurred at 250 °C and
148 °C. This behavior has been associated with simpler CQD
structure, which may facilitate direct decomposition into low-
molecular-weight volatile products. The XPS analysis showed
that the percentage of C=C unsaturation in these two CQDs is
lower than in CQDs with greater thermal stability. The abun-
dance of carbon-carbon double bonds contributes to the
formation of more rigid structures due to their higher bond
energy (~614 k] mol ') compared to C-C single bonds
(~348 kJ mol ").* Therefore, a higher concentration of these
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bonds correlates with more rigid and compact structures,
resembling graphitic or aromatic frameworks. This rigidity
reduces atomic mobility and decreases the material's suscepti-
bility to thermal degradation.

In contrast, CQD-ethylenediamine and CQD-
phenylenediamine exhibited two-stage thermal degradation.
The first degradation occurred above 200 °C and after the
second beyond 300 °C. Notably, thermal degradation occurring
above 400 °C is typically associated with highly graphitized
domains in the CQD core.*® Overall, these results indicate that
CQD-ethylenediamine and CQD-phenylenediamine exhibit
more complex structures and a highly stable carbon network.

This distinction is particularly relevant for practical applica-
tions. In many fields where CQDs are proposed as replacements
for conventional tracers—such as in hydrogeological, agricul-
tural, or construction studies—materials are generally subjected
to ambient temperatures. In more demanding applications, such
as those in the oil and gas industry, operational temperatures
may vary depending on the reservoir and the recovery method.**
Among the samples, CQD-ethylenediamine demonstrated the
highest thermal stability above 400 °C, retaining approximately
40% of its initial mass. The behavior could be strongly related to
the nitrogen source used during N-CQDs synthesis. The chemical
nature of the nitrogen precursor is an essential factor for
modulating the optical properties and generating thermally more
resistant structures. Ethylenediamine, which contains two amino
groups in its structure, can form strong covalent bonds with the
core of the CQD, developing a more stable and reticulated
network.””> On the other hand, phenylenediamine, with its
aromatic structure, offers an additional advantage in the forma-
tion of covalent bonds, as this precursor also allows the intro-
duction of -7 interactions,” which favors graphitization and
contributes to a more thermally resistant CQD structure.
Conversely, diethanolamine contains hydroxyl groups that are
more susceptible to thermal degradation and form weaker bonds
with the carbon matrix. Diethylamine with fewer and less diverse
functional groups, may lead to a simpler and less interconnected
carbon framework, ultimately resulting in lower thermal stability.

Significant correlations between the evaluated physical
properties and the surface composition of the CQDs were also
investigated. The hydrodynamic diameter of the CQDs was
found to have a significant correlation with the % carbon in the
form of a double bond (C=C), as shown in Fig. 8.

CQD-
21 ethylenediamine

13

cQD-
19 t 2

phenylenediamine

CQD-
diethanolamine

Content C=C (%)
3

15 H
CQD-
diethylamine

15 35 55 75 95 115 135 155

Diameter (nm)

Fig. 8 Correlation between the content of C=C and the hydrody-
namic diameter of the synthesized CQDs.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00554j

Open Access Article. Published on 14 July 2025. Downloaded on 4/5/2026 6:24:50 PM.

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

(cc)

Paper

a)

non*

——CQD-Diethanolamine

——CQD-Diethylamine

——CQD- Ethylenediamine
CQD-Phenylenediamine

Absorbance
o
o

200 300 400 500 600 700
Wavelength (nm)

b)

Intensity (i.u)

480

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

c)

\ —280
200 300
—320
340
360
380
400
420
440
460
—480

Intensity (i.u)

50

0

250 300 350 400 450 500 550 600 650
Wavelength (nm)

d)
10000

8000

(iu)

= 6000

y

2 4000 -

Intensit

2000

300 400 500 600 700
Wavelength (nm)

e)

2500

—300
—320
—340
360

2 1500 b 380
f 400

420
1000 / 440
‘ \ 460

— 480

2000

u)

Intensity (i

500

\
0 — —t R
300 350 400 450 550 600 650 700

500
Wavelength (nm)

Fig. 9 (a) Absorbance spectra of CQD-diethanolamine, CQD-dieth-
ylamine, CQD-ethylenediamine, and CQD-phenylenediamine (b)
fluorescence emission spectra at varying excitation wavelengths
ranging from 280 nm to 480 nm for a CQD-diethanolamine water
dispersion, (c) fluorescence emission spectra at varying excitation
wavelengths ranging from 280 nm to 480 nm for a CQD-diethylamine
water dispersion, (d) fluorescence emission spectra at varying
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While the reactions involved in the formation of the final
CQD structure can vary depending on the synthesis precursors,
the route, and the condition; one of the most studied stages is
nucleation. This stage involves the formation of the initial
carbon nuclei from which the structure will subsequently
grow.”* Finding a higher content of C=C bonds in CQDs with
smaller sizes is attributed to a growth restriction process. The
C=C bonds are more rigid and less prone to fusion,>* which
limits the structural reorganization of carbon atoms. Addi-
tionally, this type of bond favors the formation of aromatic rings
and conjugated regions that are more stable but smaller
compared to an extended graphitic structure dominated by
single C-C bonds.

Optoelectronic characteristics. The UV-Vis absorption
spectra for synthesized N-CQDs are shown in Fig. 9a. The results
showed a typical pattern for CQDs with N groups.*® A significant
absorption peak was observed in the UV region (230-320 nm),
along with an absorption tail extending into the visible region.
With maximum absorption values of 221 nm, 250 nm, 215 nm,
and 270 nm for CQD-diethanolamine, CQD-diethylamine, CQD-
ethylenediamine, and CQD-phenylenediamine, respectively.
This is in agreement with Vercelli et al.,”” who synthesized CQDs
from citric acid using urea as a nitrogen source.

The absorption spectrum of CQDs has been attributed to
electronic transitions occurring within the material, which
depend on its composition and structure. The peaks observed
around 220-250 nm for all synthesized samples have commonly
been associated with ® — =* transitions occurring in C=C
bonds present in graphitic domains.*® This result aligns with
the diffraction pattern observed in the TEM micrographs. The
absorption spectrum of CQD-phenylenediamine shows
a second absorption region around 260-280 nm, which has
been associated with 7t — 7t* transitions in aromatic structures
or more extended conjugated systems.* These systems contain
multiple alternating double bonds or connected aromatic rings,
allowing for greater w-electron delocalization throughout the
CQD structure. In this sense, using a nitrogen precursor with an
aromatic structure, such as phenylenediamine, could serve as
a starting point in the synthesis to facilitate the formation of
multi-ring connected structures. This is because phenylenedi-
amine contains a stable aromatic ring, which can be incorpo-
rated into the carbon network during carbonization without
undergoing complete breakdown.

The peaks observed between 320 and 400 nm have been
associated with n — 7* transitions arising from heteroatom-
containing functional groups, such as oxygen or nitrogen,
present in C=0 or C-N bonds.*® Although all synthesized CQDs
contain nitrogen in their structure, a higher proportion of this
heteroatom was found in CQD-etilendiamine and CQD-
phenylendiamine with N/C ratio up to 1.7 times higher
compared to other N-CQD, which explained more pronounced
bands in the region between 300-400 nm.

excitation wavelengths ranging from 280 nm to 480 nm for a CQD-
ethylenediamine water dispersion, and (e) fluorescence emission
spectra at varying excitation wavelengths ranging from 280 nm to
480 nm for a CQD-phenylenediamine water dispersion.
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The fluorescence emission of CQDs varies depending on the
excitation wavelength. CQD-Diethanolamine shows an
excitation-dependent red shift when excited above 400 nm,
while excitations at shorter wavelengths (<360 nm) produce
blue emissions, with a maximum at 445 nm. This behavior is
attributed to nitrogen doping, and no fluorescence is detected
beyond 480 nm. CQD-Diethylamine exhibits a distinct emission
peak at 345 nm when excited between 280 and 300 nm, followed
by a redshift for excitations between 320 and 400 nm. Emission
is minimal above 440 nm. In contrast, CQD-ethylenediamine
displays a fixed emission at 456 nm for excitation wavelengths
ranging from 280 to 380 nm, with no fluorescence detected
above 420 nm. CQD-phenylenediamine exhibits similar
excitation-independent behavior, with a peak emission at
442 nm upon excitation at 380 nm. It also exhibits more
degenerate spectra below 320 nm and no fluorescence beyond
400 nm. The maximum emission wavelengths observed were
445 nm (CQD-diethanolamine), 345 nm (CQD-diethylamine),
456 nm (CQD-ethylenediamine), and 442 nm (CQD-
phenylenediamine). Most of these CQDs can be classified as
violet/blue emitters, except CQD-diethylamine, which shows
emission in the UV region as well as at 443 nm.

Despite using various nitrogen precursors
synthesis, all CQDs exhibited a maximum fluorescence emis-
sion between 345-453 nm. This indicates that a significant
redshift in emission is not primarily driven by the nitrogen
source. Instead, it's more likely influenced by other experi-
mental factors such as the carbonization method, reaction
conditions (pressure, temperature, time), and the solvent
used.®* Therefore, modifying only the nitrogen precursor,
without altering these other parameters, will not result in
significant shifts in the emission wavelength.

The dependence of emission wavelength has been attributed
to the introduction of energy levels between the nitrogen dopant
and the w — 7* transitions of carbon in the CQD structure,
resulting in multiple emission peaks.*

The main chemical difference affecting the CQD-
diethylamine emission is the abundance of pyrrolic-N, as
shown in the XPS analysis, the presence of pyrrolic nitrogen
generates electronic defects within the carbon matrix, creating
intermediate states within the band gap. These additional
electronic levels can act as energy traps and modify the
recombination dynamics of electrons.®® The behavior observed
in CQD-ethylenediamine and CQD-phenylenediamine differs
from the commonly reported excitation-dependent emission in
CQDs. The mechanisms explaining the fluorescent behavior in
CQDs are related to oxygenated functional groups, quantum
size effects, zigzag edge sites, defect effects, and electron-hole
pair recombination.®*

Mechanisms such as zigzag edge sites, quantum size effects,
and electron-hole recombination are more plausible for single-
emission centers, as observed in CQD-ethylenediamine and
CQD-phenylenediamine. The coincidence of the excitation
wavelength with the maximum peak in UV-Vis spectrum for
CQD-ethylenediamine and CQD-phenylenediamine suggests
that the fluorescence mechanism is associated with zigzag edge
sites and n — 7* transitions of C=0 groups. These findings

for their
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Table 2 QY values of the different N-CQDs
Sample QY N/C ratio %N
CQD-diethanolamine 0.12 0.193 9.86
CQD-diethylamine 0.10 0.191 9.48
CQD-ethylenediamine 20.44 0.314 16.39
CQD-phenylenediamine 22.61 0.289 14.62

imply that the latter two CQDs lack significant emissive traps or
defect states, resulting in single-emission centers.

The QY results for synthesized CQDs are presented in Table
2. CQD-Ethylenediamine and CQD-phenylenediamine showed
QY up to 200 times higher than other N-CQDs. Since the
formation of CQDs involves oxidation, amination, and carbon-
ization processes,*” the variations in QY appear to be more
closely linked to amination processes than to others. This
conclusion is supported by the observation that CQDs with
higher QY contain higher nitrogen content, and consequently,
a higher N/C ratio on the surface of the CQD. Therefore,
nitrogen sources that better facilitate the incorporation of
nitrogen atoms into the carbon network of the CQD will enable
the synthesis of nanomaterials with enhanced optical
properties.

The reactivity and nature of the molecule containing the
nitrogen atom appear to strongly influence the QY of the CQDs,
as they condition their incorporation into the nanomaterial's
structure and control the ease with which amination processes
occur.

Due to the high-temperature conditions during the reaction
and the nature of the precursors used in the synthesis (citric
acid and primary or secondary amines), a plausible amination
reaction for CQD formation is an amide condensation reac-
tion.® This reaction occurs between the carboxylic acid groups
(COOH) present in citric acid and an amine (primary,
secondary, or even quaternary). The mechanism involves
a nucleophilic attack by the nitrogen of the amine on the
carbonyl carbon of citric acid, resulting in the formation of an
amide bond (-CONH) and the elimination of a water molecule.®’
The mechanism of this reaction is illustrated in Fig. 10a.

Because the amide condensation reaction is considered one
of the initial steps leading to the subsequent nucleation and
growth of CQDs, its efficiency is crucial as it can significantly
influence the following stages. Therefore, the selection of
a nitrogen source for synthesis is critical. Among the precursors
chosen in this study, primary amines (ethylenediamine and 1,2-
phenylenediamine) yielded CQDs with noticeably higher
quantum yields compared to those obtained using secondary
amines (diethanolamine and diethylamine). The accessibility of
the amino group on the exterior regions of the primary amine
molecules facilitates their reaction with citric acid. In contrast,
steric hindrance caused by carbon atoms surrounding the
amino group of secondary amines might be limiting their effi-
ciency as nitrogen sources for incorporation into the CQD
structure, thereby affecting their optical properties (Fig. 10b).

In addition to steric and structural aspects, the electronic
characteristics of each nitrogen source also play a key role in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the steric hindrance produced in the contact of citric acid with the primary and secondary amines used during the synthesis of CQDs.

determining QY. Nitrogen atoms can act as electron-donating
sites within the CQD framework, facilitating radiative recom-
bination by passivating surface traps and reducing non-
radiative decay pathways. Primary amines tend to donate elec-
trons more effectively and integrate more uniformly into the
CQD matrix, promoting better surface passivation and
enhancing photoluminescence. Conversely, secondary amines
like diethanolamine and diethylamine may have lower electron-
donating ability due to electron-withdrawing effects from
adjacent alkyl or hydroxyl groups, leading to insufficient trap
passivation and lower emission efficiency.®® These effects

© 2025 The Author(s). Published by the Royal Society of Chemistry

highlight how both structural accessibility and electronic reac-
tivity of nitrogen precursors converge to influence the optical
performance of nitrogen-doped CQDs.

Also, hydroxyl groups of diethanolamine can form hydrogen
bonds and interact with the environment, hindering contact
with citric acid during the amination process. On the other
hand, diethylamine presents a larger and less reactive structure
than ethylenediamine and phenylenediamine, as the ethyl
groups (-CH,CHj;) are bulky and tend to interfere with the
amination reaction.®
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used during the synthesis of (a) CQD-ethylenediamine and (b) CQD-
phenylenediamine.

Given the significantly higher QY observed for CQD-
ethylenediamine and CQD-phenylenediamine, an experiment
was conducted to evaluate the effect of increasing the nitrogen
precursor-to-citric acid ratio. The goal was to identify the
optimal CA:N ratio for maximizing QY. The results are pre-
sented in Fig. 11.
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The results showed that nitrogen sources can increase the
QY of N-CQDs by up to 10 times compared to synthesis without
an N-precursor. A control experiment using only ethylenedi-
amine or phenylenediamine (without citric acid) yielded QYs of
just 2.2% and 2.4% for CQD-ethylenediamine and CQD-
phenylenediamine, respectively. This highlights the necessity
of both citric acid and a nitrogen source for efficient CQD
formation. While the nitrogen precursor plays a key role in
enhancing QY, citric acid is essential during synthesis. It serves
two main functions: (1) It provides reactive sites for interaction
with ethylenediamine, phenylenediamine, and other citric acid
molecules via its three carboxyl groups and one hydroxyl
group,” and (2) it maintains a low pH in the reaction mixture,
which acts as a catalyst for addition-elimination reactions,”
such as Fischer esterification, that occur during the early stages
of synthesis.

The relationship between nitrogen precursor content and
the QY of CQD-ethylenediamine and CQD-phenylenediamine
showed an asymptotic trend beyond a certain ratio. This
plateau is likely due to the saturation of available binding sites
on citric acid or stoichiometric limitations. A CA: N ratioof 3:1
yielded the highest QY for both systems. Beyond this ratio,
further increases in nitrogen content resulted in minimal QY
improvements—less than 2%-—making additional nitrogen
additions inefficient.

These findings highlight the importance of optimizing
precursor ratios and reaction conditions to maximize QY while
minimizing reagent consumption. It would be useful for future
research to also evaluate the effect of the precursor's chemical
nature on the QY parameter of CQDs.

Given their potential use as tracers, CQDs with higher QY
enable fluorescence detection at lower concentrations, thereby
reducing the required dosage and overall implementation costs.
Proper selection and optimization of precursor quantities are,
therefore, key for efficient and cost-effective applications.

Stability tests results. For the application of N-CQDs as
tracers in various fields, it is essential to evaluate their stability
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under operational conditions. The influence of temperature,
salinity, and storage time on the fluorescence emission of the
synthesized N-CQDs is discussed below. Fig. 12 illustrates the
effect of temperature on the emission properties of all N-CQDs.
As shown, none of the samples exhibited significant fluores-
cence loss under the thermal conditions tested. This finding is
consistent with the thermogravimetric analysis, which
confirmed that the nanomaterials remain stable up to 100 °C.

The results showed that the observed variations in fluores-
cence intensity across the evaluated temperature range were
statistically similar and fell within the expected experimental
margin of error. This confirms that the CQDs maintain stable
photoluminescent properties under thermal conditions, indi-
cating that the emission is not significantly affected by
temperature changes. These findings highlight the robustness
and stability of the synthesized N-CQDs, making them suitable
for applications where thermal fluctuations may occur.

The thermal resistance of CQDs can be attributed to struc-
tural and chemical factors. These nanomaterials are primarily
composed of carbon atoms organized in either graphitic or
amorphous structures. The covalent bonds within these struc-
tures provide high resistance to temperature increases.” Addi-
tionally, the high dispersibility of CQDs in water creates
a stabilized medium where heat is uniformly dissipated, pre-
venting the formation of hotspots that could promote thermal
degradation.

Fig. 13 shows the effect of ionic strength on the fluorescence
intensity of synthesized CQDs. The results revealed that in
general, CQDs did not exhibited fluorescence attenuation under
the evaluated saline conditions. Bayati et al.”> have studied this
phenomenon and suggest that CQDs functionalized with
nitrogen show excellent stability in saline environments due to
their surface chemistry, provided by amino groups. In this
study, the dispersions of N-CQDs were prepared at high
concentrations of NaCl, according to the salinity scale proposed
by the United States Geological Survey (USGS), waters classified

View Article Online
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as highly saline can contain up to 35 000 mg L™ " of NaCL.”® The
results suggested that up to concentration of 30 000 mg L™ " the
fluorescence intensity of the N-CQD suspension remained
stable. However, even though animo groups offer optoelectronic
stability to CQDs, other studies have established that the pres-
ence of pyrrole structures play an important role in mitigating
cation-induced fluorescence quenching.” Due to the occur-
rence of a lone pair of electrons on the ring nitrogen in pyrrole
groups that are capable of interacting with cations such as Na*
through coordination or ion-dipole interactions to partially
stabilize the cations in the surface environment of the material,
preventing them from coming into direct contact with the
emitting centers responsible for fluorescence, this explains why
for CQD-ethylendiamine with lower pyrrole content by XPS -
a quenching effect was evident at 50 000 ppm of ionic strength.
Overall, the optical stability of CQDs at high salt concentrations
reveals their potential for a wide range of industrial
applications.

It's important to note that for CQD-diethanolamine, a slight
increase in fluorescence was observed as a function of ionic
strength; similar results were reported by Rhamanian et al.”
When the salt concentration increases, the electrical double
layer around the CQDs becomes compressed, leading to
areduction in electrostatic repulsion and thus promoting closer
proximity between the dots. This interaction could be respon-
sible for the increase in fluorescence intensity, as it enhances
the energy transfer efficiency between the CQDs, improving the
overall fluorescence emission.

Fig. 14 shows the results of evaluating the storage time (2
months) on the emission properties of the CQDs. As shown, the
CQDs dispersion did not exhibit any variation in fluorescence
intensity during the evaluation period. The fluorescence values
measured at the end of the test were statistically identical to
those recorded at the initial time (zero), demonstrating that
CQDs are highly stable structures. This stability makes them
suitable for applications requiring prolonged storage.
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The stability of these nanomaterials is attributed to both
chemical and structural factors. The functional groups on the
surface of CQDs play a critical role in maintaining optical
stability, as they can stabilize the excited states and protect the
emissive centers from fluorescence-quenching processes, such
as collision-induced quenching.”® Additionally, the core struc-
ture of the CQDs influences the emission efficiency and fluo-
rescence stability. A well-organized core can minimize non-
radiative energy losses, ensuring a stable fluorescence emis-
sion, as observed during the evaluation period.

As can be seen in Fig. 15 the pH significantly affects fluo-
rescence intensity, with acidic pH values causing a reduction of
up to 80% compared to the maximum intensity observed in the
studied range.

The fluorescence intensity of CQD-diethylamine, CQD-
ethylenediamine, and CQD-phenylenediamine was notably
more affected by pH than that of CQD-diethanolamine.

However, the best optical performance was observed at
neutral or slightly alkaline pH levels. For CQD-diethylamine
and CQD-phenylenediamine, a neutral pH resulted in signifi-
cantly higher fluorescence intensity, whereas for CQD-
ethylenediamine and CQD-diethanolamine, optimal optical
performance was observed at a pH of 9. At acidic pH, the
protonation of functional groups on the surface of the CQDs
likely accounts for the reduction in fluorescence intensity.”” In
strongly acidic environments, protonation reduces the negative
surface charge of the CQDs, promoting the formation of
aggregates. Within these aggregates, non-radiative energy
transfer occurs due to the overlap of CQDs, which diminishes
fluorescence. This aggregation is minimized as the pH
increases and approaches the optimal range. However, the
opposite process occurs in a strongly alkaline environment.
This repulsion hinders proximity between CQDs, reducing
resonant energy transfer between particles and lowering
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fluorescence intensity.”® In addition to surface-related
processes, studies such as those by Zeng et al.”® suggest that
hydroxyl ions (OH") present in alkaline solutions can act as
quenching agents. These ions may collide with the CQDs or
chemically bind to their surface functional groups, promoting
non-radiative deactivation of the excited states and thereby
diminishing fluorescence emission. The ideal operational pH
range for optimal fluorescence lies in neutral or slightly alkaline
conditions. Therefore, the pH of the medium in which CQDs are
used as tracers should be measured and, if possible, controlled
to ensure better optical performance of the CQDs.

Conclusions

This study systematically investigated four different nitrogen
sources with varying chemical natures, employed for the one-
step, rapid synthesis of carbon via microwave-assisted carbon-
ization. Characterization of the CQDs revealed that the nitrogen
content directly influenced the fluorescence QY. Therefore,
nitrogen precursors that promote the incorporation of hetero-
atoms into the CQD structure enable the synthesis of nano-
materials with enhanced optical properties. In this study,
ethylenediamine and phenylenediamine were found to be
superior. The structural characteristics of the precursor,
including the positioning of the amino groups at the molecular
terminals and cyclic geometry, appeared to facilitate nitrogen
incorporation into the CQDs. Additionally, sp>-hybridized
carbon (C=C) is directly related to the fluorescence QY, likely
due to the electronic transitions involved in fluorescence and
the enhanced delocalization of charge carriers within these
bonds. However, the physical properties of the CQDs, such as
hydrodynamic size and particle size, did not appear to be
significantly influenced by the nitrogen source used.

It is important to highlight that although higher nitrogen
content leads to an increased QY, there is a precursor mass ratio
beyond which no further improvement was observed. In this case,
the QY does not significantly increase beyond a 3:1 carbon-to-
nitrogen ratio, possibly because of the saturation effect. The
CQDs exhibited different responses at varying excitation wave-
lengths; CQD-ethylenediamine and CQD-phenylenediamine dis-
played fixed emission behavior associated with their structure. No
operating conditions, including temperature, salinity, or storage
time, had a significant impact on the optical properties of the
CQDs. However, a low pH attenuated the fluorescence emission
of CQDs-N, likely due to the quenching effect caused by nano-
particle aggregation. These results highlight the emerging
potential of this nanotechnology for the future replacement of
conventional tracers, and the use of an appropriate nitrogen
source enables the production of more efficient and stable CQDs.
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