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ABSTRACT

In this study, we report a sustainable strategy for the synthesis of functionalized graphene
quantum dots (GQDs) via pulsed laser ablation in liquid (PLAL), employing sodium-based salts
(NaCl, NaNOgs, and Na,SOs3) as functional sources to introduce chlorine, nitrogen, and sulfur,
respectively. This single-step green synthesis yields highly pure GQDs with tunable optical and
electrochemical properties. Comprehensive physicochemical characterization, including high-
resolution transmission electron microscopy (HRTEM), Fourier transform infrared spectroscopy
(FTIR), UV—Vis spectroscopy, photoluminescence (PL) spectroscopy, and X-ray photoelectron
spectroscopy (XPS), confirmed controlled particle size distribution, successful surface
functionalization, and distinct optoelectronic behavior. The GQDs were incorporated into
Nafion®-modified glassy carbon electrodes (GCE) to fabricate electrochemical sensors for
epinephrine (EP) detection. Among the GQDs, sulfur-functionalized samples exhibited superior
sensitivity due to enhanced surface charge, improved electron transfer kinetics, and favorable
interactions with the Nafion® matrix. The resulting sensor demonstrated a wide linear dynamic
range (0.1-10 uM) and a low detection limit (LOD = 77 nM), underscoring its potential for
pharmaceutical quality control. These findings demonstrate that salt-assisted PLAL can tune
surface chemistry and may be extended for broader sensing applications.

Keywords: Pulsed laser ablation, green synthesis, voltammetry, electrochemical sensor,

neurotransmitter.



1. INTRODUCTION

Graphene quantum dots (GQDs) are a class of zero-dimensional carbon nanomaterials,
typically under 10 nm in lateral size, that exhibit pronounced quantum confinement and edge
effects [1]. Their unique combination of tunable band gap, strong photoluminescence [2], high
specific surface area, and outstanding charge-carrier mobility has stimulated intensive research
across diverse fields [3]. Unlike many other fluorescent nanocrystals, GQDs can be derived in
bulk from inexpensive, environmentally benign carbon feedstocks, ranging from graphite
powder[4] and coal [5] to biomass [6] residues, without introducing hazardous heavy metals.
Their inherently low density, chemical stability in aqueous and organic media, and
responsiveness to surface functionalization make them particularly attractive for biological
imaging [7], targeted drug delivery [8], light-emitting diodes (LEDs) [9], solar cells [10], and a
new generation of electrochemical [11] and optical [12] sensors.

The production of graphene quantum dots may be achieved by two main approaches.
Top-down techniques begin with layered carbon allotropes, such as graphene oxide, multi-walled
carbon nanotubes, carbon fibers, or soot, and employ physical or chemical routes (e.g., ultrasonic
exfoliation, chemical oxidation, laser ablation) to cleave these bulk materials into nanoscale
fragments [13-15]. Parameters such as oxidant concentration, sonication power, laser fluence, or
etching time can be tuned to control size, shape, and surface functional groups. In contrast,
bottom-up approaches assemble GQDs atom-by-atom or molecule-by-molecule, often using
small molecular precursors (citric acid, glucose, benzene derivatives, or fullerenes) under
hydrothermal, solvothermal, or microwave-assisted conditions [16-18]. By adjusting reaction
temperature (typically 120-200 °C), pressure (1-5bar), reaction time, and precursor ratios,
researchers can steer the formation of the characteristic honeycomb lattice and engineer emission

wavelengths from the ultraviolet to the near-infrared. Recent advances also include heteroatom



doping (e.g., nitrogen, sulfur, phosphorus) to modulate electronic structure, and post-synthetic
passivation strategies to improve quantum yield [19], photostability [20], and biocompatibility
[21].

Doped GQDs are typically synthesized through a one-step hydrothermal or
solvothermal process, where carbon precursors such as citric acid, glucose, or polyethylene
glycol react with dopant agents at elevated temperatures between 120 and 200 °C under
autogenous pressure [22,23]. Common heteroatom dopants include nitrogen, sulfur, phosphorus,
and boron [23]. Nitrogen doping could involve the use of urea or ammonia [24], sulfur doping is
often obtained by using thiourea [25] or sodium sulfate (Na,SO4)[26], phosphorus doping
employs the utilization of sodium phytate [26], while boron can be added using boric acid [19].
During synthesis, dopants can be integrated into the graphitic core [27], at the edges [28], or
within the defects [29] of the graphene structure, each affecting the characteristics of the GQDs
differently. These modifications adjust the electronic structure by narrowing the band gap [30],
and introducing additional redox-active sites [31]. As a result, doped GQDs demonstrate
enhanced electrical conductivity, improved charge transfer kinetics, and superior electrocatalytic
performance [32,33]. In electrochemical sensing, these properties lead to lower overpotentials,
sharper redox peaks, and greater sensitivity and selectivity for analytes such as heavy metal ions,
environmental contaminants, as well as biological-related ones, such as glucose or dopamine
[34]. This makes doped GQDs a promising material for next-generation biosensors and
environmental monitoring devices.

Pulsed laser ablation in liquid (PLAL) has gained attention as an effective and adaptable
method for synthesizing GQDs, particularly within the framework of environmentally conscious
nanotechnology [35]. Unlike conventional chemical synthesis routes, PLAL is based solely on

physical interactions, which eliminates the necessity of large quantities of chemical precursors



and contributes to a reduced ecological footprint[36]. Owing to its use of ultrapure solvents and
the absence of secondary chemical waste, the method avoids toxic acids, metal catalysts, and
other hazardous reagents typical of hydrothermal or oxidative routes, ensuring high
environmental safety and biocompatibility of the resulting GQDs [37]. The process typically
involves directing high-intensity laser pulses onto a solid graphite target or dispersed graphite
particles within a liquid, leading to plasma generation and subsequent particle formation as the
plasma rapidly cools[38]. A notable advantage of PLAL is its ability to proceed under ambient
conditions, without the need for extreme temperatures or pressures, which enhances both its
practicality and energy efficiency. Furthermore, this technique enables the production of
nanomaterials with high structural and chemical purity, as the absence of reactive or corrosive
chemicals limits contamination risks and the formation of undesired by-products [39,40]. From a
sustainability perspective, PLAL technique aligns with several United Nations Sustainable
Development Goals (SDGSs), including SDG 9 (Industry, Innovation and Infrastructure) [40],
SDG 12 (Responsible Consumption and Production) [41], and SDG 13 (Climate Action) [42]. Its
clean, energy-efficient nature and minimal reliance on hazardous substances position PLAL as a
forward-thinking strategy for advancing green nanotechnology and sustainable materials
development.

Epinephrine (EP), also known as adrenaline, is a key catecholamine neurotransmitter
and hormone that coordinates both central and peripheral stress responses as well as
cardiovascular homeostasis [43,44]. Under basal conditions, circulating EP levels reside in the
low nanomolar range, yet acute physical or psychological stress can amplify their concentration
by an order of magnitude, or even up to fifty-fold, through sympathoadrenal activation, thereby
ensuring rapid mobilization of glucose and oxygen to vital organs and skeletal muscles [45,46].

Clinically, EP is also administered to manage critical conditions such as cardiac arrest, septic



shock, acute hypertension, bronchospasm in asthma, and anaphylaxis [47]. Given that deviations
from physiological EP levels are implicated in a spectrum of disorders, trace-level measurement
of EP in biological fluids is of crucial importance for both diagnostics and therapeutic monitoring
[48]. To this end, an array of analytical approaches has been investigated, ranging from
spectroscopic methods as UV-Vis, fluorescence [49], infrared, and chromatographic separations
to capillary electrophoresis, colorimetric assays, chemiluminescence, and Surface-Enhanced
Raman Scattering [49-54]. However, many of these techniques suffer from drawbacks such as
insufficient sensitivity at ultralow concentrations, lengthy analysis periods, complex sample
preparation protocols, high capital and operational costs, and reliance on environmentally
hazardous solvents [48]. In contrast, according to the inherent redox activity of EP, its
characteristic offers a promising direction for the design of electrochemical sensors that can
deliver rapid, highly sensitive, and selective detection while mitigating environmental impact and
simplifying the assay workflows [55].

To the best of our knowledge, despite growing interest in GQDs usage for
electrochemical sensing, conventional synthesis methods such as hydrothermal, chemical
oxidation, and solvothermal routes remain burdened by complex reaction schemes, hazardous
reagents, environmental toxicity, and poor scalability. Under these circumstances, PLAL has
emerged as an environmentally friendly, one-step, and solvent-free route for GQDs production.
While several studies have employed salt-assisted PLAL for heteroatom incorporation,
systematic comparison of different sodium salts under controlled conditions for tuning
electrochemical performance remains limited. In this study, we introduce NaCl, NaNOs, and
Na,SOj3 during PLAL process in order to incorporate chloride, nitrogen, and sulfur functionalities
into GQDs, aiming to improve their electron transfer kinetics and stability. This approach

eliminates corrosive reagents and reduces processing steps relative to hydrothermal methods.



Furthermore, the resulting GQDs offer enhanced sensitivity, selectivity, and operational stability
for epinephrine detection, representing a cost-effective platform for advanced electrochemical

sensing.



2. METHODS/EXPERIMENTAL

Chemicals. Sodium chloride, sodium nitrate, sodium sulfite, and ethyl alcohol (analytical grade,
> 99.5%) were purchased from Sigma-Aldrich. Carbon black (Mulcan XC72R) was donated by
Cabot Corporation. All salts were dissolved in ultrapure water (resistivity ca. 18.2 MQ-cm)
obtained from a Milli-Q system (Millipore, Bedford, USA) to prepare the respective saline
solutions used in the experiments. Nafion® (Sigma-Aldrich, 5%) was used for the modification of
electrodes for cyclic voltammetry, while L-Epinephrine (Sigma-Aldrich, > 99%) was employed
to evaluate the sensor properties. The B-R buffer solutions were prepared from boric acid H;BO3
(Vetec, > 99.5%, analytical grade), acetic acid CH3COOH (Vetec, 95%), and phosphoric acid
HsPO, (Vetec, 95%). Solutions of hexamineruthenium(lll) chloride [Ru(NHs)s]Cl; and
hexaammineruthenium(l1) chloride [Ru(NH3)s]Cl» (Sigma-Aldrich, > 99%) at 1 mmol L™ were
used as redox probes for electrochemical measurements.

Preparation of Graphene Quantum Dots. GQDs suspensions were synthesized via pulsed laser
ablation of a carbon black suspension at 1 mg mL " in ethyl alcohol (99.5% v/v) placed in a glass
vessel containing 10 mL of the ethyl alcohol solution, by using a pulsed Nd:YAG laser (OEM
Plus, Italy) fundamental wavelength of 1064 nm. The laser was operated at an output power of
3.3 W, with a spot size of 3 um, a pulse width of 35 ns, and a repetition rate of 20 kHz. The laser
beam was focused on the carbon surface suspension using a fused quartz lens with a focal length
of 160 mm. Throughout the ablation process, continuous stirring was employed to ensure the
homogeneous distribution of the carbon particles and to prevent decantation.

The non-functionalized GQDs were prepared using only carbon black and ethyl alcohol. For their
functionalized variants, the respective salt precursors were dissolved in the ethanol medium to
synthesize functionalized variants to achieve a final concentration of 1 mmol L™ in the PLAL

medium. Sodium chloride (NaCl) was used for the preparation of chlorine-GQDs (CI-GQDs),



sodium nitrate (NaNO3) for nitrogen-GQDs (N-GQDs), and sodium sulfite (Na,SO3) for sulfur-
GQDs (S-GQDs). The duration of the ablation process was consistently set to 2 hours for all
experiments. Following ablation, the resulting yellow-orange solution was filtered through a 220
nm syringe filter and stored in a refrigerator until further characterization.

UV-Vis Absorption Spectroscopy. UV-Vis spectra were recorded using a Shimadzu UV—1800
spectrophotometer (Shimadzu, Kyoto, Japan). Measurements were conducted in a 10 mm
pathlength quartz cell with a sample volume of 2 mL, covering a spectral range from 190 to 800
nm.

Photoluminescence Spectroscopy. Photoluminescence (PL) spectroscopy was performed in a
bench spectrofluorometer (F-7000 FL Spectrophotometer). The excitation and emission
wavelengths were recorded in the 200-500 nm and 210-700 nm ranges, respectively, with
increments of 10 nm. Excitation and emission slits were set at 5 nm. A quartz cuvette with a 1 cm
optical pathlength and four polished faces was used. Measurements were taken using a 90°
geometry configuration between the excitation and emission beams.

Fluorescent Lifetime Decay. Fluorescence lifetime measurements were carried out using a time-
correlated single-photon counting (TCSPC) system incorporating a NanoLed® light source
(Horiba, Jovin-Yvon, IBH Ltd.) emitting at 370 nm, with a pulse repetition frequency of 1 MHz.
The excitation wavelength was selected via a monochromator, while fluorescence emission was
isolated using optical filters and detected by a Hamamatsu R2949 photomultiplier tube. Signal
acquisition was performed using a Becker & Hickl SPC-150 TCSPC module, and the resulting
data were analyzed using the FluoFit software package from PicoQuant [56]. Fluorescence decay

profiles were fitted using a multi-exponential decay model:

1(6) = S aexp(=) (1)



where I(t) represent the time-dependent fluorescence intensity, o; denotes the amplitude, and T;
corresponds to the fluorescence lifetime for each decay component. The quality of the fit was
evaluated based on the chi-squared (¥°) value and analysis of the residuals and their
autocorrelation. The contribution of each decay component to the overall fluorescence, denoted

as f;, was subsequently calculated using the fractional intensity equation (2) [56].

fi=s @

Y

ATR-FTIR. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra were
recorded using a PerkinElmer Spectrum 100 FT-IR in the range from 4000 to 600 cm*. To
collect each spectrum, a small powder amount (3 mg) of each sample was analyzed by using
ATR module equipped with a diamond/ZnSe crystal. Each spectrum was collected using 64 scans
and a resolution of 1 cm™.

High-Resolution Transmission Electron Microscopy (HRTEM). HRTEM analyses were
conducted using a Hitachi HD-2700 aberration-corrected STEM operated at 200 kV. Sample
preparation involved drop-casting 10 pL of the colloidal solutions onto carbon-coated copper
grids, followed by air drying.

X-Ray Photoelectron Spectroscopy (XPS). XPS measurements were carried out using a
Thermo Scientific K-Alpha spectrometer (ESCALAB™ XI+), equipped with a monochromatic
Al Ko radiation source (hv = 1486.6 ¢V), a 400 um beam spot, and a double-focusing
hemispherical analyzer. Analyses were performed under ultrahigh vacuum conditions (<10°®
mbar), with charge compensation achieved using a flood gun. For each sample, survey spectra
were collected over 10 scans using a pass energy of 200 eV, a step size of 1 eV, and a dwell time
of 10 ms. High-resolution spectra for C1s, O1s, Nals, N1s, CI2p, and S2p were also acquired in

10 scans, using a lower pass energy of 20 eV, a finer step size of 0.025 eV, and an extended



dwell time of 100 ms. The Cls peak of adventitious carbon at 284.8 eV was served as the
reference for energy calibration. Spectral deconvolution and oxidation states fitting were
performed using Thermo Advantage software (version 5.9921), applying a Shirley background
correction and a Gaussian-Lorentzian (GL (30)) peak shape.

Laser interferometry. The laser interferometry was performed using a contactless, three-
dimensional, and scanning green light interferometer by Zygo ZeGage™ equipment with an
optical resolution from 0.52 to 9.50 um. The sample was prepared by drop coating 15 pL of
Nafion® 0.15 % on the surface of a precleaned GCE (@ = 3 mm) and letting it dry in the oven at
60 °C for 5 minutes. The sample was positioned in the equipment with 10x magnification and the
acquired data were obtained and mathematically treated in ZYGQO's Mx™ software.
Electrochemical measurements. The measurements were carried out with the potentiostat
pStat-1 400s Methrom DropSens (Oviedo, Spain) and controlled by a PC with DropView 800
software for all the electrochemical studies. The setup containing three electrodes, such as GCE
(9@ = 3 mm) as the working electrode, Ag/AgCI/KCl sy as the reference electrode, and a platinum
wire as the counter electrode, was used for electrochemical analyses. All the measurements were
carried out in the electrolytic cell with a volume of 10 mL at room temperature. For each scan,
the peak height was measured to assess the current intensity.

The GCE surface was carefully polished with alumina beads (0.3 and 0.05 um), washed with
distilled water, and sonicated with an ethanol/water solution for 15 minutes. For the electrode
modification, eight solution systems were prepared with Nafion® and GQDs to reach 0.15% and
10 pg mL ™, respectively, each with a volume of 1000 pL. The GQDs/Nafion® solutions were
dispersed by ultrasonic for 30 minutes at room temperature. Subsequently, the GCE was

modified with 15 pL of the corresponding system using the drop-coating method and then placed



into the oven at 60 °C for 5 minutes for complete solvent evaporation. The same procedure was
repeated for each modification.
The sensors were characterized using a 1 mmol L™ solution of hexamineruthenium (111) chloride
[Ru(NH3)s]Cls and hexaammineruthenium (11) chloride [Ru(NH3)s]Cl, with a 0.1 mol L™ KCI
solution. CV was applied over a potential range from + 0.2 V to — 0.6 V (vs. Ag/AgCI/KClsa)) by
using a scan rate (v) of 50 mV. EIS measurements were made by — 0.15 V as VRef, 10 mV (rms)
as Eamp, in a frequency range of 100 kHz to 0.1 Hz with 100 points.
The pH-related studies were conducted at values from 2.0 to 8.0, and the effect of the scan rate
was carried out from 25 to 150 mV s * to evaluate electrochemical processes and mechanisms.
The determination of EP was performed using cyclic voltammetry (CV) under a 50 mV s * scan
rate. Finally, the values of the resulting current were used to construct the calibration curve with
successive additions of aliquots of EP (n=3).
3. RESULTS AND DISCUSSION
3.1 Morphology and Yield

HRTEM was employed to characterize the structural features and spatial arrangement of
GQDs, representative TEM micrographs (Figure la-d) of GQDs synthesized via PLAL exhibit a
spherical morphology. A particle size distribution analysis was performed by statistically
evaluating over 100 nanoparticles using ImageJ software. The resulting histograms fitted to a
Normal function, except the CI-GQDs system fitted with a Lognormal function (Figure 1b),
indicate diameters ranging from 2.0 to 7.5 nm, with a mean size of 4.0 £ 0.8 nm for pure GQDs
and 3.6 £ 0.5 nm for S-GQDs, the smallest system. These dimensions align with previously
reported values for GQDs synthesized under analogous conditions [35,57,58], corroborating the

reproducibility of the PLAL method in nanomaterial fabrication.
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Figure 1. TEM analyses of the GQDs generated via PLAL reveal a narrow size distribution, as
illustrated by a histogram with Gaussian profiles (a) for the pure GQDs, (b) for CI-GQDs system,

(c) for N-GQDs system and (d) for S-GQDs system.

Mass yield was evaluated by comparing the dried weight of the final GQD product
with the initial mass of carbon precursor employed in the PLAL synthesis. As reported in
Table S1, N-GQDs exhibited the highest yield of 80.9 %, followed by sulfur variants at 76.9 %
and chlorine variants at 70.1 %, compared to 71.6 % for pure GQDs. Because ablation and
suspension parameters were identical to those of the previously established protocol [35], these
variations in yield are attributed primarily to salt-specific chemistry under cavitation and to

diminished thermal stress during drying.



Drying temperature was reduced from 60 °C to 50 °C to minimize evaporation of
weakly bound surface species, particularly halogen and sulfur functionalities, thus enhancing
material recovery without compromising colloidal stability. Under identical ablation conditions,
typical yields at 60 °C drying average approximately 61.5 percent [35]. The optimized 50 °C step
increases mean recovery to 74.8 %. This 74.8% value represents the overall mean recovery across
all systems at 50 °C. However, individual yields varied depending on precursor chemistry, with
N-GQDs reaching 80.9% and CI-GQDs remaining lower at 70.1% (Table S1). The observed
improvement is likely due to preservation of carbon, chlorine, and carbon-sulfur bonds that
would otherwise cleave or volatilize at higher temperatures while still ensuring efficient solvent
removal. The high reproducibility of these yield values and size distributions demonstrates the
robustness of the PLAL approach and its potential for scale-up. In particular, increasing laser
repetition rates or employing continuous-flow ablation configurations could enable
environmentally responsible, high-throughput production of functionalized GQDs while
maintaining purity and uniformity.

3.2 Functional Groups and Elemental Composition

The FTIR spectra of the GQDs provide valuable insights into the functional groups
present as a result of the synthesis process (Figure 2). Notably, the fingerprint region (1000-
1500 cm*) was especially informative for identifying distinct vibrational modes. The spectrum
of undoped GQDs exhibited well-defined characteristic bands, including a broad O-H stretching
vibration around ~3410 cm™, a sharp C=0 stretching vibration near ~1720 cm, and an aromatic
C=C stretching mode at ~1625 cm. Additional signals were observed at ~1220-1260 ¢cm* and
~1040-1100 cm™, corresponding to C-O-C and C-O stretching vibrations, respectively,
indicative of oxygen-containing functional groups [35]. Upon heteroatom functionalization (e.g.,

with Cl, N, or S), significant spectral modifications were observed. These included the



appearance of broader, less-resolved absorption bands and the emergence of new features
attributable to heteroatom-related bonding, reflecting structural and chemical alterations in the
GQD surface chemistry.

For N-GQDs, several distinct bands emerged. Peaks at approximately 1376 cm™, 1242
cm!, 1164 cm™, and 1074 cm™ were observed, corresponding to various C—N vibrations in
aliphatic and aromatic environments, as well as potential N—H bending. These features align with
previous reports [59,60], and confirm successful incorporation of nitrogen atoms into the GQD
lattice. The presence of these peaks reflects substitutional or edge effects and the formation of
stable nitrogen-containing functional groups.

S-GQDs exhibited absorption bands in the 1050-1250 cm™ range, notably near 1150
cm ', which are typically attributed to C—S stretching or S=O symmetric/asymmetric stretching.
These signals may correspond to thiophene-like or sulfonyl groups, although overlap with
oxygenated bands prevents unambiguous assignment [61,62]. Additional evidence supports this
interpretation, indicating successful sulfur functionalization [63,64]. Notably, these bands can
overlap with other oxygen- or halogen-containing moieties, complicating direct identification.

In contrast, CI-GQDs did not present clear or unique absorption features distinguishing
them from pure or S-functionalized samples. This limitation is consistent with the low
electronegativity-driven reactivity of chlorine toward the graphene framework, often resulting in
low doping efficiency or the formation of labile C—Cl bonds. The low IR activity and overlapping
region of C—CI vibrations (usually around 600-800 cm™) with broader GQDs background

features render chlorine incorporation difficult to verify via FTIR alone [65,66].
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Figure 2. FTIR of samples (a) pure GQDs, (b) CI-GQDs, (c) N-GQDs and (d) S-GQDs.

While FTIR spectroscopy revealed notable spectral changes upon treatment with
chlorine-, nitrogen-, and sulfur-containing precursors, suggestive of surface functionalization by

heteroatoms introduced during synthesis, these findings alone are not sufficient to confirm



effective doping. Given that FTIR detects vibrational modes associated with functional groups
regardless of their bonding strength or depth of incorporation, the observed features may also
arise from surface adsorption or weakly bound molecular residues rather than true substitutional
doping within the GQD lattice. Furthermore, the overlapping nature of certain vibrational bands,
particularly in the fingerprint region, may lead to ambiguous assignments when multiple
functional groups are present. To resolve these uncertainties and verify whether the heteroatoms
were covalently integrated into the carbon framework or merely associated with the surface, XPS
was employed. Owing to its superior elemental sensitivity and capacity to distinguish between
bonding environments, XPS offers a more definitive assessment of dopant incorporation at the
atomic level. While FTIR indicated spectral changes consistent with possible N- and S-
functionalization, these may also arise from weakly adsorbed or surface-bound species.
Therefore, XPS analysis was necessary to distinguish true lattice incorporation from mere surface
adsorption.

To assess whether these heteroatoms were covalently incorporated or merely adsorbed,
XPS was conducted to investigate the elemental composition and chemical states of the GQDs
synthesized via PLAL. The survey spectra (Figure 3a—d) revealed clear differences in dopant
presence and incorporation efficiency depending on the precursor used during synthesis.

Among the analyzed systems, only the CI-GQDs sample (Figure 3b) exhibited distinct
Cl 2p peaks between 198 and 200 eV, corresponding to covalent C—CI bonding and residual ionic
CI species, thus confirming partial substitutional incorporation of chlorine into the GQD lattice
[67]. In contrast, the N-GQDs sample (Figure 3c) showed a weak and broad N 1s signal near 408
eV, while the S-GQDs sample (Figure 3d) displayed no detectable features in the S 2p region.

These findings indicate that nitrogen and sulfur were not covalently integrated into the carbon



framework but are instead adsorbed or bound to surface defects and edge sites, reflecting surface
functionalization rather than true lattice doping under the applied synthesis conditions.
High-resolution XPS scans further elucidated the bonding nature of the potential
dopants (Figures Sla-c). For CI-GQDs, two distinct peaks at 198.4 eV and 200.0 eV were
assigned to covalent C—Cl bonding and residual ionic Cl-, respectively. These results confirm the
effective incorporation of chlorine into the GQD structure. In contrast, the N-GQDs spectrum
exhibited only a broad signal around 407 eV, attributed to physisorbed oxidized nitrogen species
rather than covalent bonding. Nevertheless, as discussed later in the optical analyses, nitrate-
derived residues may still influence surface passivation and defect restructuring, indirectly
enhancing photophysical properties despite the lack of direct lattice incorporation. Similarly, S-
GQDs showed no significant peaks in the S 2p region, confirming the absence of sulfur-carbon
interactions[57,67]. The absence of sulfur incorporation does not contradict the FTIR signatures,
since sulfite ions influenced the local reaction environment during PLAL. Acting as reductants,
they altered oxidation pathways without becoming covalently integrated into the GQD lattice.
The limited incorporation of nitrogen and sulfur is likely due to the low dopant
concentration (1 mmol L ™). Previous studies typically employ salt solutions of 1-3 mol L to
promote more extensive doping [57,68]. In this work, lower precursor levels were deliberately
selected to evaluate whether trace dopant concentrations could modulate GQD properties while
minimizing ionic contamination that complicates purification. This controlled use of 1 mmol L™
dopant precursors ensures a reproducible and mild reaction environment within the ablation
plasma, consistent with sustainable synthesis strategies reported for PLAL systems [37,57].
Employing low dopant levels limits excessive ionic residues, preserves optical and electronic
homogeneity, and supports the green, surfactant-free nature of the PLAL process while still

enabling measurable surface functionalization effects. Despite the reduced precursor



concentration, successful Cl-doping suggests a favorable interaction between CI™ ions and the
plasma plume during ablation. These findings underscore the critical role of precursor chemistry
in dopant incorporation efficiency and highlight chloride as a promising dopant candidate for

effective incorporation under mild, environmentally benign conditions.
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Figure 3. GQD characterizations (a) survey XPS spectra for the GQDs system, (b) survey XPS
spectra for the CI-GQDs system, (c) survey XPS spectra for the N-GQDs system, and (d) survey

XPS spectra for the S-GQDs system.



High-resolution XPS analysis of the C1s region (Figure 4) was performed to quantify
the carbon bonding environments, with the results summarized in Table 1. The undoped GQDs
exhibited a balanced composition, consisting of 49.16% sp?-hybridized carbon and 26.27% sp®-
hybridized carbon, along with notable contributions from C-O (17.23%) and moderate
contributions from C=0 (5.42%) and O-C=0 (1.92%) chemical groups. These oxygenated

chemical groups are characteristic of laser-ablated GQDs and contribute to their enhanced

hydrophilicity and colloidal stability [35,69].
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CI-GQDs exhibited a modest increase in sp2-hybridizedcarbon (51.08%) along with a
slight reduction in oxygen-containing functional groups. The observed decrease in C-O and C=0
groups suggests that chloride ions may have promoted graphitization or acted as radical
scavengers, thus preserving conjugated domains through the suppression of overoxidation[70].
The slight increase in O—C=0 (2.09%) groups could be attributed to the edge oxidation process
or the formation of chlorinated carbonyl species.

The N-GQDs sample displayed a pronounced increase in sp?-hybridized carbon content
(71.76%), accompanied by a decrease in sp3-hybridized carbon and C-O functional groups.
Although direct evidence of nitrogen incorporation was not observed, the enhanced graphitic
character indicates that nitrate ions may have promoted selective oxidative etching and structural
reorganization. This behavior is likely driven by the reactive nitrogen-derived species, such as
NO and NO,, generated during laser ablation, which can effectively remove disordered carbon

regions without directly incorporating nitrogen into the carbon lattice [57,71].

Table 1. Relative percentage of carbon environments derived from C1s deconvolution.

Sample sp? (%) sp* (%) C—O (%) C=0 (%) O—-C=0 (%)
GQDs 49.16 2627 17.23 542  1.92
Cl-GQDs 51.08 25.13 1647 524  2.09
N-GQDs 71.76 1335 7.75 485  2.29
S-GQDs 67.46 20.78 929 222  0.26

S-GQDs showed an elevated sp? carbon content (67.46%) while maintaining a relatively
high proportion of sp3-hybridized carbon (20.78%). The significant reduction in carbonyl
functionalities, particularly O—C=0 groups (0.26%), suggests that sulfite ions created a reductive
environment that effectively suppressed overoxidation. However, this environment did not

significantly promote graphitic restructuring. These findings indicate that while SOs* ions



mitigate oxidative degradation, they do not facilitate efficient reorganization of the carbon
lattice[68,72].

Collectively, the Cls analysis reveals that different anions influence the degree of
graphitization and oxidation during PLAL, even at low concentrations. Chloride ions promote
moderate graphitization and enable covalent doping. Nitrate ions enhance carbon network
reorganization but do not result in nitrogen incorporation, acting mainly through surface
functionalization. Sulfite ions function primarily as reductants, suppressing oxidation without
providing significant structural refinement. This anion-dependent tunability highlights the
potential of salt-assisted PLAL as a versatile approach for tailoring GQD properties through
controlled precursor selection.

In summary, the elemental and chemical analyses of GQDs synthesized by PLAL
demonstrate that the chemical environment created by different sodium salts plays a pivotal role
in controlling graphitization, oxidation, and the balance between doping and functionalization.
Chloride ions not only enabled covalent incorporation but also modulated oxidation toward
carbonyl group formation. Nitrate ions promoted structural reorganization through surface
modification and defect passivation rather than direct lattice incorporation. Sulfite ions
influenced the plasma chemistry by creating a reductive environment that limited oxygen
incorporation and overoxidation, even though sulfur was not covalently integrated into the GQD
lattice. These findings highlight the versatility of salt-assisted PLAL as a strategy for tuning
GQD surface chemistry and provide a strong foundation for future studies aimed at optimizing
synthesis conditions for targeted functionalization with minimal contamination.

3.3 Optical Properties
The UV-Vis spectra (Figure S2) of the analyzed GQDs systems. GQDs typically

exhibit strong absorption bands in the deep ultraviolet (UV) region (<250 nm), attributed to m—n*



electronic transitions within the sp?-hybridized carbon lattice. In contrast, absorptions at longer
wavelengths (>250 nm) are generally assigned to n—m* transitions arising from oxygen-
containing surface functional groups [71,73]. All samples display intense absorption at 200-210
nm, indicative of =—n* transitions in the carbon core. The complete absence of absorption above
450 nm confirms that electronic transitions are confined to the UV and blue spectral ranges,
suggesting minimal interaction between the forming GQDs and the 1064 nm laser photons used
during PLAL process.

The spectra of GQDs, CI-GQDs, and S-GQDs reveal distinct shoulders at ~230 nm and
~265 nm, corresponding to 7—x* transitions in sp2 domains and n—* transitions from oxygenated
functional groups, respectively. Notably, N-GQDs exhibit an enhanced absorption peak at 210
nm, which may result from nitrate-induced surface modification rather than direct doping [73].
These modifications may enhance transition probabilities and introduce intermediate energy
levels, thereby strengthening UV absorption. Furthermore, all GQD variants show weak and
featureless absorption between 350 and 450 nm, implying a heterogeneous distribution of surface
functional groups.

Edge and size effects often provide the theoretical basis for GQD emission
characteristics. Comprehensive two-dimensional photoluminescence analyses produced an
excitation—emission matrix covering Aexc=200-500nm and Aemi=220-700nm at the same
concentration used in UV-Vis measurements. Figure S3a-d shows that the PL analysis of all
GQDs, whether pure or functionalized with chlorine, nitrogen, or sulfur, exhibits a pronounced
ultraviolet absorption band near 235 nm[74]. This feature originates from n—n* transitions within
the sp?-conjugated domains formed during pulsed laser ablation in ethanol, strengthening the
results previously presented from UV-Vis absorption measurements. Secondary absorption peaks

appear at approximately 273 nm and 365 nm, where a shoulder around 340 nm is also present



[35,73,75]. These bands reflect n—n* transitions of oxygenated groups such as carbonyl,
carboxyl, and hydroxyl, which arise from ethanol decomposition and subsequent surface
oxidation. Function atoms that bond at edge sites, such as thiol or sulfate groups for sulfur-
GQDs, amine or pyridinic functionalities for nitrogen counterparts, and C—CI for chlorine ones,
may introduce new non-bonding electron pairs in the systems[27,28]. These can feed into the
same n—t* manifold, increasing the overall emission intensity in this region without shifting the
peak centers. Thus, samples containing heteroatoms often show enhanced shoulder or band
amplitudes, even when peak positions coincide.

During pulsed laser ablation in liquid, dopant/functionalization incorporation follows
three principal routes: edge decoration, substitutional insertion, or adsorption process [68,76]. A
high-temperature plasma plume forms when nanosecond laser pulses strike the carbon black
suspension immersed in ethanol containing dissolved precursors (NaCl, NaNOgs, or Na,SO3). This
plasma contains carbon radicals, ethanol fragments, and dopant-derived ions or radicals (Cl-,
NOx-, SOx*). As the plume cools and cavitation bubbles collapse, carbon atoms recondense into
graphitic domains while dopant species bond to undercoordinated edge sites or become trapped
within lattice vacancies [57,68,71]. Nitrogen and sulfur, having atomic radii comparable to
carbon, can also substitute directly into the hexagonal lattice [76-78]. Exposure to dissolved
oxygen during bubble collapse fixes these heteroatoms in place by oxidizing surface sites
[57,78].

Specifically, nitrate ions (NOs") decompose within the high-temperature plasma into
reactive nitrogen oxides (NO-and NO,-) that transiently oxidize and etch disordered carbon
regions, creating edge vacancies and enabling nitrogen attachment at defect sites [57,79]. These
radicals primarily generate amine, pyridinic, or pyrrolic surface groups rather than substitutional

N atoms, consistent with the weak N1s XPS signal and enhanced graphitic ordering observed. In



contrast, sulfite ions (SOs%) act as mild reductants under plasma conditions, forming transient
sulfur oxide radicals (SO, and SO-) that couple with unsaturated carbon radicals during plasma
quenching [68]. This leads to the formation of surface C-S and S=0O functionalities, producing
thiophene-like or sulfonyl groups that introduce localized emissive trap states. Chloride ions
(CI"), meanwhile, readily form C—CI bonds through radical recombination with carbon fragments
in the plasma, a process confirmed by the Cl 2p XPS doublet (198-200 eV). These plasma-
mediated radical reactions collectively govern dopant incorporation during PLAL, where surface-

driven edge functionalization predominates over lattice substitution [80].
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Figure 5. 2D photoluminescence excitation and emission spectra of GQDs in ethanol at 100 pg

mL™ (a) pure GQDs, (b) CI-GQDs, (c) N-GQDs, and (d) S-GQDs.

Figure 5a-d shows two-dimensional fluorescence spectra of graphene quantum dots
(GQDs) at 100 pgmL'. Pure GQDs (Figure 5a) exhibit excitation and emission maxima at
340 nm and 460 nm, respectively. CI-GQDs (Figure 5b) display the same primary maxima at
340 nm excitation and 460 nm emission. A secondary excitation band of higher energy, from
250 nm to 270 nm, generates emission between 360 nm and 460 nm. N-GQDs (Figure 5c)
reproduce the pure profile with maxima at 340 nm and 460 nm. S-GQDs (Figure 5d) exhibit two
excitation peaks in a single region, the first at 340 nm excitation with 440 nm emission and the
second at 360 nm excitation with 460 nm emission.

Heteroatom functionalization of GQDs may introduces new surface electronic and trap
states that markedly alter their photoluminescence behavior [81]. GQDs synthesized by laser
ablation in liquid exhibit a single strong n—n* transition in the undoped material, with excitation
and emission maxima at 340 nm and 460 nm, respectively [30]. Nitrogen adsorption largely
preserves this intrinsic profile; nitrate adsorbs into the carbon lattice or decorates edge sites in
ways that generate mid-gap states close to the original band, so the 340 nm—460 nm band
remains dominant, and no additional features emerge [82]. Chlorine and sulfur, by contrast, give
rise to distinct secondary emissive pathways. In Cl-doped GQDs, Cl-related surface sites absorb
in the deep-UV (250-270 nm) and relax radiatively over a broad 360-460 nm range, producing a
secondary excitation—emission band alongside the native 340 nm—460 nm transition [83]. Sulfur
adsorption GQDs display even richer behavior: two separate excitation/emission pairs (340

nm—440 nm and 360 nm—460 nm) could reflect the coexistence of multiple S-site



environments (for example, thiophene-like versus oxidized sulfur moieties) that serve as
independent radiative centers [68,72].

When these doped and undoped GQDs are dried and then resuspended, they tend to
form small aggregates whose photophysics are governed by the competition between
aggregation-induced quenching (AlQ) and aggregation-induced emission (AIE) [35,73]. In
planar, undoped and N-GQDs, close m—m stacking in clusters opens non-radiative decay
channels—exciton hopping and annihilation—so both experience net quenching of their 340
nm—460 nm emission upon aggregation [83,84]. By contrast, Cl- and S- GQDs carry bulky or
flexible substituents that prevent perfect n—n overlap and instead restrict intramolecular motions
when clustered. This restriction suppresses non-radiative vibrational relaxation and so enhances
radiative decay from the CI- and S-related trap states in wider bands. Consequently, the
secondary Cl-derived band in Cl-doped GQDs and the dual S-derived bands in S-functionalized
GQDs not only persist but often become more pronounced after drying and resuspension, an
archetypal AIE effect that opposes any AIQ of the native n—n* transition [84,85].

Overall, sulfur functionalization modulates the surface electronic structure of GQDs
rather than altering their lattice. The introduction of C-S and S=O surface groups generates
localized emissive trap states that give rise to dual excitation—emission features (Aexc = 340 nm —
Aemi = 440 nm and Aexe = 360 nm — Ay = 460 nm). These surface states enhance radiative
recombination, yielding a higher quantum yield (8.6 %) compared to undoped GQDs (4.2 %),
despite the absence of covalent sulfur incorporation. This behavior agrees with previous
observations that surface-bound heteroatoms can introduce mid-gap energy levels and improve
photoluminescence efficiency in functionalized carbon nanostructures [86].

3.4 Photoluminescence Efficiency and Dynamics



The QY of GQDs was determined using Rhodamine B as a reference standard (Table
S1). The pure GQDs synthesized in this study showed an average QY of 4.2%, which aligns with
the typical range reported for this type of synthesis [35,87]. In contrast, the doped/functionalized
variants demonstrated significantly higher QY values: CI-GQDs reached 7.3%, N-GQDs 6.2%,
and S-GQDs 8.6%. Literature reports indicate that undoped GQDs generally exhibit QY values
between 1% and 10%, influenced by variables such as precursor materials, synthesis techniques,
and subsequent modifications [35,87]. Incorporating heteroatoms into the GQD structure can
introduce additional emissive centers, often resulting in higher QY values compared to pure
GQDs, exceeding 10% [74,88,89]. Thus, PLAL synthesis combined with appropriate doping
strategies offers a viable route for producing GQDs with enhanced optical properties, making
them promising candidates for bioimaging and optoelectronic applications.

The fluorescence-decay kinetics of all four types of graphene quantum-dot (GQD)
samples, pure, Cl-doped, N-functionalized, and S-functionalized, were found to be best described
by a three-exponential model, as shown in Equation (1). In this model, the ultrafast component t;
(0.4-0.5 ns) corresponds to radiative recombination from intrinsic or shallow surface-related trap
states, while the longer-lived decay components 1, (2.2-2.5 ns) and 13 (7.4-8.1 ns) are attributed
to exciton recombination influenced by surface functional groups and deeper emissive traps [57].
The model yielded satisfactory goodness-of-fit values (x> = 1.14-1.25), supporting its ability to
describe the main deactivation pathways in all samples. Table 2 presents the fluorescence
lifetimes and relative amplitudes of the GQDs at 360 nm emission via TCSPC. Table S3
provides the detailed exponential fitting parameters, and Figures S4-S7 illustrate the time-

resolved fluorescence decay curves.



Table 2: Fluorescence lifetimes and fluorescence fractions contributions of GQDs and
functionalized GQDs at 360 nm of emission, determined by time-correlated single-photon

counting (TCSPC).

System 11 (ns) f1 (%) t2(ns) (%) t3(ns) f3(%)
GQDs 0471 363 2441 446 7.759 19.0
CI-GQDs 0471 372 2454 444 7.842 184
N-GQDs 0.524 37.7 2547 449 8.123 17.4
S-GQDs 0.407 36.9 2257 437 7.444 193

Pristine, pure GQDs exhibit a dominant intermediate component (12 = 2.44 ns, {2 = 44.6
%), followed by the ultrafast component (t1 = 0.471 ns, f1 = 36.3 %). The slower t3 component
(7.76 ns, f3 = 19.0 %) contributes more modestly, resulting in an average lifetime (t) =~ 2.74 ns.
This distribution reflects a high density of diverse surface states formed under the employed
laser-ablation synthesis conditions [90].

Chlorine doping leads to subtle modifications in the decay dynamics. The 12 component
remains dominant (f2 = 44.4 %), while 11 increases slightly to fl = 37.2 %. The average lifetime
decreases modestly to (t) = 2.71 ns. This suggests that Cl atoms act as partial passivating agents,
quenching slower emissive states while redistributing excitons toward faster recombination
channels [91,92].

In contrast, nitrogen functionalization enhances the radiative contribution of longer-
lived states. 12 remains the major contributor (f2 =~ 44.9 %), while 11 extends to 0.524 ns with f1
~ 37.7 %. 13 contributes more modestly (f3 = 17.4 %), producing the longest average lifetime
among all samples ({(t) = 2.76 ns). These results indicate that nitrogen incorporation, particularly
in pyridinic or pyrrolic configurations, effectively passivates non-radiative traps and prolongs

excitonic recombination [92-94].



By contrast, sulfur functionalization results in the shortest average lifetime ((t) = 2.58
ns). While 12 remains the dominant component (f2 = 43.7 %), t1 (f1 = 36.9 %) and 3 (f3 = 19.3
%) are also significant. This redistribution suggests that sulfur introduces efficient quenching
channels, which suppress deeper emissive states even though a fraction persists [68,95,96].

As detailed in Section 2 (Fluorescent Lifetime Decay), the fluorescence decay profiles
were analyzed using the multi-exponential model (Equation 1), and the fractional intensity of
each emissive population was calculated according to Equation 2. For the S-GQDs sample, the
predominance of the intermediate T, component indicates radiative recombination from sulfur-
related surface trap states, while the longer-lived 13 component represents deeper emissive
centers contributing to persistent luminescence. The slight reduction in average lifetime
compared with pristine GQDs ((t) = 2.74 ns) reflects partial non-radiative quenching introduced
by sulfur functionalities. This trend is consistent with the mechanism proposed by Xu et al. [97],
in which sulfur incorporation modulates the balance between radiative and non-radiative decay
pathways, enhancing the density of emissive centers while maintaining photostability.

Taken together, these results demonstrate that heteroatom doping and functionalization
can be used to tailor the photophysical response of in-liquid laser-synthesized GQDs. Nitrogen
incorporation most effectively prolongs excited-state lifetimes by passivating trap states and
enhancing radiative decay, making N-GQDs attractive for time-gated imaging and fluorescence
sensing. Chlorine has only a modest effect, whereas sulfur dramatically accelerates non-radiative
decay, suggesting its use in applications requiring ultrafast quenching or photothermal
conversion. Such tunability of ti and fi via surface chemistry offers a versatile route to optimize
GQDs for targeted optoelectronic and biomedical technologies.

3.5 Electrochemical Performance and Application Assessment



GQDs possess outstanding electrochemical properties, including high surface area,
excellent conductivity, and abundant edge-plane defects, making them highly suitable for
electrochemical sensors. It is important to note that the present work focuses exclusively on the
liquid-phase electrochemical sensing of EP and does not include gas-phase adsorption
experiments or density functional theory (DFT) modeling. Theoretical concepts are discussed
only to provide contextual support for the experimental adsorption and charge-transfer
mechanisms. Heteroatom doping or functionalization of GQDs with elements such as chlorine,
nitrogen, and sulfur can significantly enhance their electrochemical performance by modulating
electronic structure, increasing conductivity, and introducing active surface sites. In this study,
GQDs synthesized via PLAL were employed for the detection of EP, benefiting from the high
purity and tunable surface chemistry inherent to this method. The colloidal GQDs were deposited
onto a glassy carbon electrode (GCE) by drop casting, followed by a small amount of Nafion® to
ensure film adhesion, prevent nanomaterial leaching, and promote uniform coverage.
Additionally, the sulfonate groups (—SOs") in the Nafion® matrix electrostatically attracted
protonated EP molecules to the electrode interface, enhancing signal intensity [11,98]. This
configuration effectively combines the electrocatalytic activity of GQDs, the ion-exchange
capability of Nafion®, and the performance benefits of heteroatom or functionalization to achieve
sensitive and selective electrochemical detection of EP.

To evaluate the electrochemical behavior of the modified electrodes, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed using EP
and hexaammineruthenium solutions, respectively (Figure 6a-b). For electrochemical
measurements, epinephrine (EP) solutions were freshly prepared at 1 mmol L™* and diluted to 50
pumol L™ for voltammetric testing, a concentration that provides well-defined oxidation and

reduction peaks within the linear response range of the modified electrodes. CV experiments



were carried out at a scan rate of 50 mV s ' in 0.1 mol L™ Britton-Robinson buffer solution (pH
4.0). The unmodified GCE exhibited an anodic peak at +0.66 V with a corresponding current of
1.07 £ 0.01 pA. When the GCE was modified with Nafion®, the voltammogram displayed an
anodic peak at +0.50 V (Ip = 2.00 £ 0.31 pA) and a cathodic peak at +0.17 V (Ip = -1.91 + 0.06
MA). This behavior is attributed to the ion-exchange characteristics of Nafion®, which favor
electrostatic attraction between its sulfonate (-SO3 ) groups and protonated epinephrine species,
enhancing redox activity [98]. lectrodes modified with GQDs synthesized via PLAL
demonstrated further improvements in electrochemical response. Among these, the electrodes
incorporating GQDs produced in the presence of 1 mmol L™ Na,SOs exhibited the highest
anodic and cathodic peak currents (4.70 £ 0.16 pA and —4.46 + 0.20 pA, respectively), indicating
that GQD incorporation significantly enhances electron transfer kinetics and overall sensing
performance.

The improved electrochemical behavior of the GQDs/Nafion® composites arises from
the complementary roles of both components. Nafion®, a perfluorinated cation-exchange
polymer, preconcentrates positively charged epinephrine molecules via electrostatic attraction
between its sulfonate (—SOs") groups and the analyte, thereby enriching the local concentration of
EP near the electrode surface. The embedded GQDs contribute by providing high electrical
conductivity and abundant n—x interaction sites with the aromatic ring of epinephrine, facilitating
charge transfer and enhancing signal intensity. This cooperative effect between Nafion® and
GQDs accelerates electron exchange across the electrode—solution interface, improving redox
kinetics and analytical sensitivity, consistent with prior studies on Nafion®-nanocarbon
composites [98].

Additionally, the homogeneous dispersion of S-GQDs within the Nafion® matrix,

supported by their colloidal stability and nanoscale uniformity, ensures continuous electron-



transport pathways and reproducible signal responses, consistent with previous Nafion—carbon
nanocomposite systems [99,100].

The enhanced sensitivity of the Nafion®-GQDs composites for EP detection stems from
carefully engineered electrostatic and electrochemical interactions. The S-GQDs system’s
success arises from its negative surface charge ({ = —16.4 mV), which balances two critical
factors: electrostatic attraction of protonated EP (at pH 4.0) to Nafion®’s sulfonate groups (—
SOs7) and minimized repulsion between S-GQDs and the negatively charged polymer matrix, as
presented in Figure S8 [98]. The slightly oxidized surface of the S-GQDs further improves
electron transfer kinetics, likely due to the higher density of electroactive sites. By contrast,
GQDs with lower surface charge (e.g., N-GQDs, { = —4.1 mV) introduce destabilizing repulsion,
whereas moderately charged variants (e.g., CI-GQDs, { = —13.0 mV) offer weaker electrostatic
preconcentration. These results highlight the importance of optimizing GQD surface charge to
harmonize with Nafion®’s ion-exchange characteristics.

The superior electrochemical response of the S-GQDs arises from their negatively
charged, sulfur-functionalized surfaces rather than true lattice doping. XPS analysis (Figure 3 and
Figure S1c) confirmed the absence of distinct S 2p features associated with covalent S—C or S=0
bonds, indicating that sulfur species are not incorporated into the graphitic lattice but are instead
weakly adsorbed on the GQD surface. These surface-bound sulfate and sulfite groups, derived
from Na2SOs during the PLAL process, interact through physisorption, hydrogen bonding, and
Coulombic attraction with oxygenated moieties (C=0, C-OH) on the GQD edges. Such
physisorptive interactions modify the surface energy and polarity of the nanomaterial, enabling
strong interfacial compatibility with the sulfonate (—SOs") domains of Nafion®. This interfacial
coupling promotes uniform film formation and efficient charge mediation at the glassy carbon

electrode. Consequently, the binding energy within the GCE/Nafion®/S-GQDs architecture



originates primarily from these weak electrostatic and hydrogen-bonding interactions rather than
covalent sulfur—carbon linkages, consistent with reports describing surface-mediated charge
tuning in laser-synthesized carbon nanostructures [97].

The selective interaction of the composite material with charged species was further
confirmed using hexamine ruthenium, a positively charged redox probe. As illustrated in Figures
6¢ and 6d, EIS indicated a notable rise in charge-transfer resistance (R for electrodes modified
with the Nafion®-GQDs composites compared to the unmodified GCE. This increase in Ry is
likely due to the adsorption of cationic molecules onto the negatively charged surfaces of the
Nafion®-GQDs matrix. Both GQDs and Nafion® carry negative charges, enabling them to
effectively retain cations within the film, thereby limiting their transport to the electrode interface
[101]. Nevertheless, the CV results (Figure 6b) showed an enhanced peak current, which can be
attributed to the large surface area and catalytic activity of GQDs that enhance redox processes
once the initial charge barrier is surpassed [100]. Additionally, Nafion®s ion-exchange
capabilities may promote the accumulation of cations near the electrode, increasing the local
concentration of the redox species within the composite layer [101]. The observed variations in
redox peaks intensity and position during CV are likely a result of heterogeneous electron
transfer dynamics introduced by the nanocomposite, as well as diffusion and charge transport
constraints within the modified structure [102].

The influence of Nafion® film concentration on electrochemical performance has been
extensively investigated in proton-exchange membranes and catalytic layer systems [103-105],
and similar considerations apply to its role in electroanalytical electrodes. In this context, the
thickness and morphology of the Nafion® film are critical determinants of ionic conductivity and
analyte accessibility. Extremely thin coatings tend to exhibit low ionic conductivity and limited

preconcentration capacity, whereas excessively thick films hinder both proton and electron



transport, increasing ohmic resistance and slowing electrode kinetics [105]. In the present study,
a Nafion® concentration of 0.15% (w/v) was chosen as an optimal compromise. This composition
produced a continuous Yyet relatively thin film that facilitated efficient EP* accumulation while
maintaining low charge-transfer resistance and good proton mobility. The interferogram of the
GCE coated with 0.15% Nafion® (Figure S9) revealed an average central thickness of
approximately 4 pm, gradually tapering toward the electrode edges. Such morphology,
characteristic of solvent-cast Nafion® layers, promotes rapid mass transport and a uniform

electrochemical response across the electrode surface.
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Figure 6. Electrochemical application of GQDs as a sensor for EP and electrochemical
correspondent characterization (a) Voltammetry analysis for 50 uM of EP for GCE (black curve),
GCE/Nafion® (red), GCE/Nafion®/GQDs  (blue), GCE/Nafion®/CI-GQDs  (green),
GCE/Nafion®/N-GQDs (purple) and GCE/Nafion®/S-GQDs (dark yellow), B-R buffer solution at
pH 4.0, (b) CV analysis of hexamineruthenium chloride [Ru (NHs)s] Cls (Ill) and
hexaammineruthenium chloride [Ru (NHs)s] Cl, (11) in a 0.1 mol L™ KCI solution, (c) EIS using
hexamineruthenium (111)/ hexaammineruthenium (11) in a 0.1 mol L™ KCI solution and (d)

Calculated R for the materials based on Randles-Circuit.



The EIS data, analyzed using a Randles equivalent circuit (Figure S10) and
summarized in Table S4, revealed an increase in Rct at high frequencies and diffusion-limited
behavior at low frequencies, consistent with the function of Nafion® as a charge-selective barrier
[101]. This behavior facilitates the preferential accumulation of cationic analytes such as EP
while restricting interferents, enhancing selectivity in complex matrices. Sulfur functionalization
of GQDs was performed via PLAL, a method that yields ultra-pure, surfactant-free
nanomaterials. During ablation in sulfur-containing media, sodium sulfate may be adsorbed onto
the GQDs, modifying their electronic properties, increasing surface charge, and improving redox
activity [106]. These alterations in interfacial chemistry strengthen electrostatic interactions with
target species and promote more efficient electron transfer, contributing to enhanced
electrochemical sensing performance under biologically relevant conditions.

Moreover, CV demonstrated that both GQDs and S-GQDs-modified electrodes
preserved stable anodic and cathodic responses over consecutive measurements (n = 3),
confirming excellent interfacial stability within the Nafion® matrix. The n—n stacking between
GQDs and the polymer backbone, combined with electrostatic coupling through sulfonate
groups, maintains efficient charge-transfer pathways during repeated operation. This robust
interface ensures durable electrochemical performance comparable to that reported for other
carbon—Nafion® composites [102,107].

This interfacial robustness is further supported by the intrinsic chemical purity of the
nanomaterials. The GQDs and S-GQDs obtained via PLAL are free of residual acids, surfactants,
or metallic impurities, as verified by XPS and FTIR analyses, ensuring biocompatibility and

minimal environmental risk. The sulfur-functionalized GQDs (S-GQDs) contain only surface-



bound sulfate and sulfonate groups, not lattice-incorporated dopants, which significantly reduces
ecotoxicity compared with chemically doped nanocarbons.

The use of surface-sensitive redox probes in the characterization of electrochemical
sensors necessitates careful analysis, as interactions between the probe and the electrode surface
can significantly affect the observed R.:. Even substrates with high intrinsic conductivity, such as
glassy carbon (GC), may display elevated R values if electron transfer is impeded by
unfavorable interfacial interactions, potentially leading to an underrepresentation of the material’s
inherent electrochemical performance. The need for analyte-specific evaluation is highlighted by
findings such as those reported by Ricardo et al. (2025) [98], where gold nanoparticles (AuUNPs)
synthesized by PLAL using NaNO3 demonstrated improved detection of serotonin compared to
AUNPs synthesized in the presence of other salts. In the present study, results indicate that even
PLAL-derived GQDs require case-specific optimization depending on the target analyte, as
residual ions from the synthesis medium (e.g., ClI', NO3 ) can compete with analyte adsorption.
For example, GQDs synthesized in a sulfur-containing medium showed enhanced EP detection
(4.70 pA), attributed to sodium sulfate adsorption effects that can facilitate electron transfer. In
contrast, GQDs prepared in nitrogen-based systems exhibited lower sensitivity due to competitive
adsorption of sodium nitrate species into the GQD structure, which may obstruct access to
catalytically active sites. These observations underscore the importance of considering both
nanomaterial purity and the complex interaction between synthesis conditions and analyte
adsorption dynamics in sensor development.

GQDs synthesized via PLAL offer key advantages over those produced by chemical
methods, particularly in terms of purity, surface reactivity, and doping control. Chemical
synthesis typically involves harsh reagents and high-temperature conditions, which can introduce

residual contaminants and undesired functional groups [108]. In contrast, PLAL is a single-step,



surfactant-free process conducted under ambient conditions, yielding cleaner nanomaterials with
accessible active sites and minimal environmental impact. When performed in dopant or
functionalization containing media, PLAL enables the direct incorporation of heteroatoms, such
as chlorine, or salts as sodium sulfate, and sodium nitrate, into the GQD structure, resulting in
uniform material without the by-products commonly associated with chemical routes [98,109].
This approach allows for better control of surface and electronic properties, enhancing the
electrochemical performance of GQDs in sensing applications.

The bonding configurations and surface characteristics of the pristine and heteroatom-
functionalized GQDs, derived from FTIR and XPS analyses, directly influence their
electrochemical stability. Pure GQDs contain abundant oxygenated groups (C-O, C=0) that
promote hydrophilicity but also increase oxidative susceptibility. CI-GQDs show covalent C—ClI
bonds and slightly higher graphitization, improving conductivity. N-GQDs exhibit greater sp?
hybridization and C-N bonding, enhancing electron mobility but retaining residual oxidation
sites. In contrast, S-GQDs combine high sp? content with minimal O—C=0 species, yielding a
more conjugated and stable carbon network. These structural distinctions explain the superior and
more stable redox response of S-GQD-modified electrodes in cyclic voltammetry, as sulfur
functionalities and extended m—m conjugation facilitate charge transfer and suppress surface
oxidation. Overall, dopant-induced modulation of bonding and graphitic order governs both the
electronic and electrochemical robustness of the PLAL-synthesized GQDs.

3.6 Influence of pH and Electrolyte Composition

The influence of pH on EP detection was examined using CV across the pH range of 2.0
to 8.0. This interval was chosen to maintain EP predominantly in its protonated form (pKa ~ 8.6),
facilitating electrostatic interactions with the sulfonate groups of Nafion®, while avoiding pH

extremes that could compromise the electrochemical sensor’s stability [99,110]. Measurements



were conducted in Britton-Robinson buffer solution (0.1 mol L-Y). As shown in Figure S1la-c,
the anodic peak current increased from pH 2.0 to 4.0, accompanied by a decrease in cathodic
current intensity. Beyond pH 4.0, the anodic current progressively declined, and cathodic
responses diminished significantly, becoming negligible at pH values above 5.0. The anodic peak
potential exhibited a negative shift with increasing pH, consistent with a proton-coupled electron
transfer mechanism involved in EP oxidation. Among the tested conditions, pH 4.0 produced the
highest anodic current (10.39 pA) and a well-defined voltametric peak. This sharper peak
contributes to better resolution of EP oxidation from potentially interfering redox processes. The
results suggest that pH 4.0 provides a suitable balance between electrostatic preconcentration,
electron transfer Kinetics, and voltametric peak resolution. Consequently, pH 4.0 was selected for
subsequent analytical measurements.

The observed decrease in current from pH 4.0 to 5.0 may be explained by a reduction in
proton availability in conjunction with the interaction between the Nafion® polymer and the
GQDs. The sulfonate groups of Nafion®, together with the negatively charged surfaces of GQDs,
contribute to the retention of cationic species, such as H*, within the polymeric matrix. This
retention limits the diffusion of cations toward the electrode surface, thereby diminishing the
redox current detected by cyclic voltammetry. As the pH increases, although electrostatic
interactions between the negatively charged components and cationic species persist, the overall
decrease in free proton concentration leads to a lower retention of cations within the matrix [98].
This reduction facilitates the diffusion of redox-active species to the electrode interface,
contributing to the slight recovery in current observed at pH 5.0.

3.7 Electrochemical Kinetics and Mechanistic Insights
The investigation of the effect of scan rate variation is essential for elucidating key

aspects of the electrochemical reaction mechanism and sensor performance, as well as for



identifying optimal conditions for EP determination. The influence of the scan rate on the
electrochemical response of EP at the GCE/Nafion®/S-GQDs sensor was investigated using CV.
It was observed that the peak currents increased progressively with increasing scan rate, ranging
from 25 to 150 mV s~ (Figure S12a).

To analyze the charge transfer kinetics, the anodic peak current (I,,) was plotted against

both the square root of the scan rate (v

) and the scan rate (v), yielding two distinct linear
correlations with coefficients of determination (R%) of 0.9942 and 0.9958, respectively. This dual
linearity indicates that the electrochemical process is governed by a combination of diffusion and
adsorption mechanisms (Figure S12b) [11,111]. A similar trend was observed for the cathodic
peak current (I,c), which also displayed strong linearity with both v and v, with R? values of
0.9945 and 0.9956, further supporting the involvement of mixed mass transport processes
(Figure S12c).

To corroborate these findings, logarithmic plots of Ipa and Ipc versus scan rate were
constructed (Figure S12d). The anodic current showed a linear relationship (R? = 0.9995),
described by the equation log Ipa = 0.844 log v + 1.999. The slope value of 0.844 lies between
the theoretical limits for diffusion-controlled (slope = 0.5) and adsorption-controlled (slope ~ 1.0)
processes, indicating a mixed control mechanism, as reported in previous studies [11,98,111].
Similarly, the cathodic current exhibited a linear fit (R? = 0.9981), with the equation log Ipc =
0.914 log v + 2.054. The slope value of 0.914 suggests a predominantly adsorption-controlled
reduction process. These results imply that the oxidation of EP at the GCE/Nafion®/S-GQDs
interface is regulated by both diffusion and adsorption mechanisms, while the reduction process
is mainly driven by adsorption.

These experimental findings align well with theoretical predictions regarding the

adsorption and charge-transfer behavior of heteroatom-functionalized graphene quantum dots.



Density functional theory studies have shown that nitrogen and sulfur doping substantially
modify the electronic structure of GQDs, introducing localized polar sites and enhancing w-
electron delocalization across the sp? lattice [112,113]. These modifications increase the surface
dipole moment and strengthen electrostatic and van der Waals interactions, with DFT-calculated
adsorption energies for doped GQDs typically ranging between —0.25 and —0.45 eV. Such
theoretical results corroborate the experimentally observed strong preconcentration of
epinephrine at the negatively charged Nafion®/S-GQDs interface and the efficient electron-
transfer processes reflected in the enhanced oxidation currents. Consequently, the synergistic
influence of sulfur-induced surface polarization and extended conjugation provides a sound
explanation for the high redox sensitivity and reproducibility demonstrated by the developed

sensor.
The observation of dual linearity between current and both scan rate (v) and v'/2 further

supports that the electro-oxidation of EP at the Nafion®/S-GQDs interface does not follow a
purely diffusion-limited process, as would be expected for freely diffusing species, nor a strictly
adsorption-controlled process typical of strong surface confinement. Instead, the system operates
under a hybrid regime: EP molecules are partially preconcentrated at the electrode surface
through electrostatic interactions with the negatively charged sulfonate groups of Nafion® and
the surface functionalities of S-GQDs, while additional EP remains accessible in bulk solution
[98]. This dual contribution enhances local analyte concentration at the interface, increasing
sensitivity, while bulk diffusion ensures continuous replenishment of EP molecules. Such
adsorption/diffusion coupling is advantageous for sensing applications, as it combines the
selectivity of adsorption with the linear dynamic range of diffusion-controlled processes. The

predominance of adsorption in the cathodic pathway (slope = 0.91) further suggests that once EP



is oxidized, its reduced species may interact more strongly with the Nafion®/GQD matrix,
possibly through n—n stacking or hydrogen bonding, leading to surface retention that governs the
reduction process [114,115].

Moreover, an increase in both anodic and cathodic peak potentials (E,) was observed as
the scan rate increased, indicating kinetic limitations in the electron transfer process. The electron
transfer coefficient (o) was estimated by evaluating the shift in anodic peak potential with respect
to the logarithm of the scan rate. A linear relationship between Ep and log(v) was established
(Figure S13), which allowed for further analysis using Laviron’s theory. Based on this approach,
Equations (3) and (4) were applied, respectively, to estimate the number of electrons involved in

the electrochemical oxidation and reduction of EP:
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Where (0) and (p) are the slopes, (n) is the number of electrons transferred, (R) is the
universal gas constant (8.314 J mol™ K ™), (T) is the temperature (298 K), (F) is the Faraday
constant (96,485 C mol %), and () is the electron transfer coefficient. According to established
literature, for irreversible electrochemical systems, a is typically approximated as 0.5
[11,98,116]. Using this assumption, the number of electrons exchanged during EP oxidation and
reduction at the sensor interface was calculated to be 0.80 and 0.87, respectively, close to 1.
These results support a one-electron oxidation mechanism for EP, which leads to the formation of
a semi-quinone intermediate, identified as leucoadrenochrome-o-semiquinone. This radical
species subsequently undergoes a second electron transfer step, producing adrenochrome, a more

stable oxidation product [45]. The findings underscore the suitability of the GCE/Nafion®/S-



GQDs sensor for investigating EP’s electrochemical pathways, while also providing meaningful
insights into the associated charge transfer and mass transport processes.

In summary, the detection of EP at the GCE/Nafion®/S-GQDs interface is governed by
a synergistic adsorption—electron transfer mechanism. At pH 4.0, EP exists mainly as a
protonated cation (pK. =~ 8.6), which is electrostatically attracted to the negatively charged
sulfonate (-SO3 ) groups of Nafion® and the surface of S-GQDs ({ = -16.4 mV).
Simultaneously, n—n stacking between the aromatic rings of EP and the conjugated carbon
domains of S-GQDs enhances molecular preconcentration at the electrode surface. The
subsequent redox process follows a two-step, quasi-reversible mechanism, where EP undergoes
an initial one-electron oxidation to form the leucoadrenochrome semiquinone intermediate,
followed by a second electron transfer leading to adrenochrome formation [45]. The calculated
electron number (n = 0.8-0.9) and linear Laviron correlation confirm this pathway. The
Nafion®/S-GQDs composite exhibits high structural stability and reproducible voltammetric
behavior due to strong m—m and electrostatic coupling between the polymer matrix and the
embedded GQDs, maintaining intimate contact and efficient charge mediation. These results
align with previous reports showing that Nafion—carbon hybrid films enable adsorption-
controlled electrocatalysis and stable redox cycling through synergistic charge mediation at the
polymer—nanocarbon interface [99,107].
3.8 Analytical Performance for Epinephrine Detection

The EP determination was carried out by CV in a potential window between 0.0 and +
1.0 V (vs. Ag/AgClary). Voltammograms were recorded as the EP concentration increased
incrementally, and the corresponding current responses were analyzed (Figure 7a). The
calibration curve shown in Figure 7b demonstrates a linear response over the concentration

range of 0.1 to 10 umol L. The linear relationship between the EP concentration ([EP]) and the



peak currents was established as follows: for the anodic peak current (lpa), lpa (MA) = 0.129 x
[EP] (umol L") — 0.011 (R? = 0.9924), and for the cathodic peak current (lyc), lpc (LA) =—0.128
x [EP] (umol L") + 0.033 (R? = 0.9953). It is important to note that each calibration point was
measured in triplicate, with the GCE/Nafion®/S-GQDs electrode surface being renewed before

every measurement.

S [pa (A = 0.129 [EP] (umol L) - 0.011
R? = 0.9924
< b (WA) = -0.128 [EP] (umal L) + 0.033
R? = 0.9953

00 01 02 03 04 05 06 07 08 09 1.0 0 2 4 6 8 10
Ep vs Ag/AgCI, KCl(sat) (V) Concentration (uM)

Figure 7. Calibration curve of EP for GCE/Nafion®/S-GQDs sensor. (a) CV measurements at
varying EP concentrations (0.1 to 10 uM) and (b) Correlation between the anodic and cathodic

peak currents and the concentration of EP.

The theoretical limits of detection (LOD) and quantification (LOQ) were estimated
using the standard equations: LOD = 3.3 x Sa/b and LOQ = 10 x Sa / b, where Sa represents the
standard deviation of ten blank measurements, and b corresponds to the slope of the linear
regression curve [117]. Based on these calculations, the LOD and LOQ values derived from the

oxidation calibration curve were 77.6 nmol L™ and 235.1 nmol L™, respectively. For the



reduction calibration curve, the calculated LOD and LOQ were 78.2 nmol L™ and 237.0 nmol
L%, respectively.

The sharp and well-defined voltammetric peaks, together with the minimal potential
separation between oxidation and reduction processes, indicate fast response and recovery
dynamics, consistent with sub-second electron-transfer behavior typically observed in GQD-
based electrochemical sensors [118].

This enhanced analytical response also reflects the intrinsic sensitivity and selectivity of
the S-GQDs surface, where sulfur-induced polarity and n—7 interactions promote preferential
adsorption of protonated EP molecules under the working conditions. These interfacial effects

further contribute to the low detection limits achieved in this study [99].

To contextualize the analytical performance of the developed GCE/Nafion®/S-GQDs
sensor, Table 3 summarizes representative EP electrochemical sensors based on carbon

nanomaterials and GQDs.

Table 3. Comparison of recent electrochemical sensors for epinephrine determination.

Techni Modifier Linear range LOD Real sample Refere
que (umol L™  (umol L™) P nce
DPV  NiO/CuCo0:04/GQDs i)OO_Z gO% 0.0117 Artificial sweat; urine  [119]
DPV CQDs/CuO 10— 100 1599  EPinjection; chicken .,y

blood serum
N—
CA GQD/PEDOT/CuO/Cu 10 - 220 0.088 Urine [121]
mesh
B,N-
CA GQD/PEDOT/CuOI/Cu 10 - 220 0.084 Urine
mesh [121]
SWV GQDs—Chi 0.36 — 380 0.0003  Human blood serum; .

EP injection



Human urine; DA

DPV AUNC/GQDs/Si 0.01-4 0.01 L [123]
injection

. This

CVv Nafion®/S-GQDs 0110 0.077 ] work

Abbreviations: CA — chronoamperometry; SWV — square wave voltammetry; DPV — differential
pulse voltammetry; CV — cyclic voltammetry. Modifiers: NiO/CuCo0:0./GQDs: nickel oxide—
copper cobalt oxide—graphene quantum dots nanocomposite conductive ink on a screen-printed
electrode; CQDs/CuO: carbon quantum dots decorated copper oxide nanoparticles on a glassy
carbon electrode; N-GQD/PEDOT/CuO/Cu mesh: nitrogen-doped graphene quantum dots
embedded in poly(3,4-ethylenedioxythiophene) film on a CuO-treated copper mesh; B,N—
GQD/PEDOT/CuQ/Cu mesh: boron and nitrogen co-doped graphene quantum dots incorporated
into a PEDOT matrix on a CuO/Cu mesh; GQDs—Chi: graphene quantum dots dispersed in a
chitosan matrix on a carbon paste electrode; AuUNC/GQDs/Si: gold nanoclusters anchored to
graphene guantum dots functionalized via a silane coupling agent on a glassy carbon electrode;
S-GQDs/Nafion®: sulfur-functionalized graphene quantum dots entrapped in a Nafion® film on
a glassy carbon electrode.

The proposed PLAL-derived GCE/Nafion®/S-GQDs sensor demonstrates a competitive
detection limit (LOD = 77 nM) and a broad linear range (0.1-10 pM), rivaling or surpassing
several multi-component hybrid sensors prepared via hydrothermal or chemical oxidation
methods. Importantly, the salt-assisted PLAL synthesis is a green, one-step, surfactant-free
process that produces GQDs without toxic reagents or post-treatment. The incorporation of
Nafion® further enhances epinephrine preconcentration through electrostatic attraction of EP*
species, boosting sensitivity and selectivity. This synergy enables nanomolar-level detection with
a minimal material architecture, positioning the S-GQDs/Nafion® system among the most

sustainable and facile electrochemical platforms for epinephrine sensing reported to date.

The results obtained in this study are encouraging, especially when compared with those
reported in previous works [124-126]. It is worth noting that while cyclic voltammetry is widely
used for preliminary evaluation of electrochemical sensors, it generally offers lower sensitivity

compared to techniques like SWV and DPV, as employed in the referenced studies. Therefore, it



is reasonable to suggest that the performance of the sensor could be further enhanced by

optimizing the electroanalytical technique used for detection.



4. CONCLUSIONS

We demonstrated a sustainable strategy to engineer GQDs through salt-assisted PLAL.
The approach successfully incorporated chloride into the carbon lattice, while nitrogen and sulfur
treatments primarily induced surface functionalization rather than lattice doping. These
modifications enhanced quantum yield and charge-transfer properties, particularly for sulfur-
treated GQDs. When applied to epinephrine sensing, S-GQDs exhibited the most favorable
electrochemical performance, enabling detection down to 77 nM. Although this sensitivity is
higher than that reported for advanced voltammetric techniques, it is notable for a CV-based
sensor and highlights the promise of PLAL-derived GQDs in biosensing.

Beyond analytical performance, these findings emphasize the synergy between material
design and green synthesis in electrochemical sensing. By leveraging the eco-friendly, surfactant-
free nature of PLAL, this work demonstrates the feasibility of producing high-purity GQDs with
tunable surface chemistry and improved electrocatalytic activity. The incorporation of chlorine,
together with surface modifications from sulfur and nitrogen treatments, modulated
physicochemical properties and enhanced interaction with electrode modifiers and analytes,
thereby improving sensor functionality.

Taken together, the results position PLAL-derived GQDs as sustainable and versatile
building blocks for electrochemical sensors. Their ability to combine environmentally
responsible synthesis with strong performance in biologically and clinically relevant detection
opens promising avenues for real-time monitoring and broader applications in environmental and

biomedical technologies.
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