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Abstract 

 A rapid and sustainable microwave-assisted method was developed for synthesizing nitrogen-, sulfur-, and 

phosphorus-co-doped carbon dots (N,S,P-CDs) using citric acid as the carbon precursor, along with ethylenediamine, 

thioglycolic acid, and phosphoric acid as dopant sources, for the early detection of Cr(VI) in aqueous environments. The 

process achieved highly efficient dopant incorporation in just 30 s at 450 W, demonstrating its green, energy-saving 

characteristics. Beyond achieving an exceptional quantum yield of 89.64%, this study provides detailed insight into the 

N,S,P-CDs–Cr(VI) interaction and dual quenching mechanism, explaining the synergistic roles of IFE and SQE in N,S,P-

CDs, with high selectivity confirmed in the presence of various cations and anions, an aspect rarely discussed in previous 

research. In-depth analysis of morphological and optical features, including UV-Vis, FT-IR, Raman, XRD, HR-TEM, 

zeta potential analyzer, and spectrofluorometer, confirmed effective doping and co-doping, the formation of a 

carbonaceous core structure, and the resulting strong fluorescence emission. The synthesized N,S,P-CDs exhibited high 

photostability and strong stability against pH and ionic-strength variations, with a linear detection range of 0 - 100 µM, a 

low limit of detection of 0.07354 µM, and a limit of quantification of 0.2451 µM. The sensor demonstrated competitive 

sensitivity, together with high analytical accuracy and precision. Application to real water samples verified accurate 

Cr(VI) detection below WHO limits, confirming the N,S,P-CDs as a sustainable and sensitive fluorescent platform for 

monitoring toxic metal pollutants in water. 

 

Keywords: Tri-atom-doped carbon dots, Fluorescence sensing, Chromium (VI) detection, Inner filter effect, Static 

quenching, Environmental monitoring, Microwave-assisted synthesis 

 

Introduction 

 Water contamination has emerged as a significant 

global concern, posing severe risks to ecosystem 

stability and human well-being, particularly given 

water’s vital role in supporting all forms of life on Earth 

[1]. Escalating industrialization and urban expansion 

have intensified the discharge of heavy metal ions into 

aquatic systems, where they persist as non-

biodegradable and bioaccumulative pollutants [2]. 

Among these contaminants, hexavalent chromium 

(Cr(VI)) has attracted substantial attention due to its 

high solubility, strong oxidizing potential, and severe 

carcinogenicity. Chronic exposure to Cr(VI) can induce  

 

genetic mutations, oxidative stress, and cancer, posing 

long-term environmental and public health risks [3,4]. 

Its primary sources, such as electroplating, leather 

tanning, mining, and pigment production, continuously 

release chromium compounds into aquatic ecosystems, 

exacerbated by inadequate wastewater management [5]. 

Exhibiting toxicity nearly 500 times higher than 

trivalent chromium (Cr(III)), Cr(VI) remains highly 

mobile and persistent in aqueous media, readily 

penetrating biological membranes and triggering severe 

biomolecular degradation [6]. Consequently, the 

precise, accurate, and ultrasensitive detection of Cr(VI) 
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in water environments is crucial for effective 

environmental monitoring and safeguarding ecosystem 

integrity, particularly given that the World Health 

Organization (WHO) recommends maintaining Cr(VI) 

concentrations below 50 µg/L (0.96 µM). 

 Conventional analytical techniques, including 

chromatography, inductively coupled plasma mass 

spectrometry (ICP–MS), high-performance liquid 

chromatography (HPLC), and X-ray fluorescence 

(XRF), provide high reliability and selectivity [7-11]. 

However, their dependence on sophisticated 

instrumentation, sensitivity, labor-intensive sample 

preparation, and high operational costs restricts their 

applicability for rapid or on-site analysis [12]. In 

contrast, fluorescence-based sensing has emerged as a 

sustainable, cost-effective, and highly sensitive 

alternative, enabling real-time monitoring while 

adhering to green chemistry principles by reducing 

solvent use, energy consumption, and chemical waste 

[13-15]. 

 Among various fluorescent materials, carbon dots 

(CDs), as a fluorescent sensor, are quasi-spherical 

carbon-based nanomaterials smaller than 10 nm that 

have gained increasing prominence in environmental 

sensing due to their tunable photoluminescence, high 

aqueous dispersibility, chemical stability, and low 

toxicity [16-22]. Recently, CDs have attracted growing 

interest as fluorescent probes for heavy metal ion 

detection (e.g., Fe³⁺, Cu²⁺, Hg²⁺, Pb²⁺, Cd²⁺, Ag⁺, Al³⁺, 

and Cr(VI)), where the sensing response is commonly 

governed by static/dynamic quenching, photoinduced 

electron transfer (PET), energy transfer (FRET/SET), 

and/or the inner filter effect (IFE), depending on surface 

chemistry and spectral overlap. These established 

studies highlight that rational control of surface states 

and interfacial interactions is critical for achieving both 

sensitivity and selectivity in CDs-based metal-ion 

sensing, motivating the development of heteroatom-

engineered CDs for practical Cr(VI) monitoring in real 

water matrices [23-25]. Notably, the bottom-up 

synthesis of CDs allows precise control over their 

optical and structural properties while offering better 

energy efficiency and reduced material waste compared 

to top-down methods [26]. Nonetheless, many existing 

bottom-up synthesis routes remain energy-intensive, 

often requiring temperatures exceeding 200 °C and 

prolonged reaction durations [27-29]. Addressing these 

limitations aligns with the sustainability goals of 

reducing both energy input and waste generation during 

nanomaterial fabrication. In this context, microwave-

assisted synthesis has emerged as an eco-efficient 

strategy, providing homogeneous heating, rapid reaction 

kinetics, and superior energy conversion efficiency. 

Recent studies have shown that the optical/functional 

properties of CDs are highly dependent on processing 

parameters (e.g., precursor ratio, microwave 

power/time, and post-treatment), which regulate surface 

functional groups and emissive surface states. 

Consequently, rational control of synthesis and 

purification conditions is crucial for obtaining 

reproducible CDs with optimized photoluminescence 

and reliable sensing performance in real samples 

[30,31]. 

 Beyond process control, the optical and electronic 

characteristics of CDs can also be finely tuned through 

heteroatom doping, which modifies surface states, 

introduces defect sites, and enhances radiative 

recombination [32]. Non-metal dopants such as 

nitrogen, sulfur, phosphorus, boron, and fluorine are 

particularly favorable due to their ability to strengthen 

photoluminescence and expand functional group 

diversity without introducing toxicity concerns [33]. In 

contrast, metal doping (e.g., Fe, Ni, Mn) often raises 

environmental and biological safety concerns, limiting 

its practical applicability [34]. For instance, single-

dopant CDs synthesized from citric acid and 

polyethyleneimine achieved a detection limit of 62.4 nM 

with a QY of 11.65% [35]. Similarly, CDs derived from 

soluble starch and L-arginine showed a slightly lower 

performance, with a detection limit of 0.80 μM and a 

QY of 10.9% [36]. In metal-doped systems, Ni-doped 

lignin CDs demonstrated comparable efficiency, 

yielding a QY of 8.25% and a detection limit of 0.17 μM 

for Cr(VI) [37]. In comparison, dual-heteroatom 

systems such as B,N-CDs, exhibited improved 

luminescence performance (QY = 59.01%) but still 

suffered from a relatively high detection limit of 0.24 

µM [38]. These findings clearly reveal that, despite 

significant progress, conventional single- and dual-

doping strategies remain inherently constrained in both 

QY and sensitivity, limiting their applicability for trace-

level Cr(VI) monitoring. Therefore, a new generation of 

rationally engineered tri-atom doped CDs is urgently 

required—designed to harness synergistic heteroatom 
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interactions that simultaneously enhance emission 

efficiency and detection capability. Such an approach 

not only addresses existing performance bottlenecks but 

also aligns with the principles of energy efficiency and 

waste reduction, advancing the development of 

sustainable nanomaterials for real-world environmental 

sensing. 

 Accordingly, this study presents a rapid 

microwave-assisted synthesis of N,S,P-CDs using citric 

acid, ethylenediamine, thioglycolic acid, and phosphoric 

acid as low-cost and environmentally benign precursors, 

without the use of any metal species in the synthesis. 

Beyond producing high–quantum–yield, sensitively and 

selectively responsive nanomaterials for Cr(VI) 

detection, this work provides a systematic 

understanding of the interactions between N,S,P-CDs 

and Cr(VI), offering clear insight into the detection 

mechanism at the sensor–target interface. 

 

Materials and methods 

 Materials 

 Citric acid (C₆H₈O₇, ≥99%), ethylenediamine 

(EDA, 98%), thioglycolic acid (C₂H₄O₂S, ≥98%), and 

phosphoric acid (H₃PO₄, 85 wt% in water) were 

purchased from Merck Millipore and used as received 

without further purification. Hydrochloric acid (HCl, 

~37% (w/w) in water), sodium hydroxide (NaOH, 99%), 

and sodium chloride (NaCl, ≥99%) were purchased 

from Sigma-Aldrich. Analytical-grade inorganic 

salts/metal salts, including K₂Cr₂O₇, FeCl₂·4H₂O, 

Fe(NO₃)₃·9H₂O, Ni(NO₃)₂·6H₂O, Pb(NO₃)₂, 

Zn(NO₃)₂·6H₂O, Cu(NO₃)₂·3H₂O, Cr(NO₃)₃·4H₂O, 

Ca(NO₃)₂·4H₂O, Mg(NO₃)₂·6H₂O, AgNO₃, 

Al(NO₃)₃·9H₂O, Mn(NO₃)₂·4H₂O, NaHCO₃, KSCN, 

NaH₂PO₄, Na₂HPO₄, Na₂S, K₂CrO₄, K₂S₂O₈, KHSO₄, 

KH₂AsO₄, Na₂SO₄, Na₂CO₃, NaNO₂, NaNO₃, Na₂SO₃, 

Na₂S₂O₃, Na₂S₂O₅, Na₃PO₄, and NaF were used for 

analytical and selectivity tests. All aqueous solutions 

were prepared using deionized water. A dialysis 

membrane with a molecular weight cut-off (MWCO) of 

1,000 Da was obtained from Merck Millipore and used 

for product purification. 

 

 Synthesis of undoped carbon dots (CDs) and 

N,S,P co-doped carbon dots (N,S,P-CDs) 

 Microwave-assisted synthesis was carried out 

using a domestic microwave oven (Samsung ME731K; 

20 L cavity; cavity dimensions 330×211×309 mm3; 

turntable distribution; maximum microwave output 

power 800 W; operating frequency 2450 MHz). The 

microwave was operated at 450 W, with power 

delivered in a pulsed/duty-cycled mode (magnetron 

ON/OFF). The reaction mixture was placed in an open 

15 mL test tube (cylindrical geometry) positioned at the 

center of the turntable. The bulk temperature was 

measured immediately after irradiation using a digital 

thermometer and reached approximately 100 °C under 

the selected condition. 

 The undoped CDs were synthesized via 

microwave-assisted carbonization of citric acid. In a 

typical procedure, citric acid (200 mg) was irradiated in 

an open 15 mL test tube without solvent at 450 W for 6 

min, yielding a yellow-brown product after cooling. For 

the synthesis of N,S,P-CDs, citric acid (200 mg) was 

mixed with ethylenediamine (67 µL), thioglycolic acid 

(35 µL), and phosphoric acid (26 µL) and irradiated at 

450 W for 30 s under the same conditions. The obtained 

product was redispersed in 10 mL of distilled water and 

stirred for 10 min. The dispersion (10 mL) was purified 

by single-bath dialysis against 1,000 mL of deionized 

water using a 1,000 Da MWCO membrane for 3 h at 

room temperature under gentle stirring without water 

replacement.
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Figure 1 Schematic synthesis of N,S,P-CDs. 

 

 Characterization of CDs and N,S,P-CDs 

Optical properties were evaluated by UV–Vis 

spectrophotometry using a GENESYS 50 

spectrophotometer (Thermo Scientific; silicon 

photodiode detector) with a 2 nm spectral bandwidth 

and the default medium response time at room 

temperature, while fluorescence spectra were recorded 

using a Shimadzu RF-6000 spectrofluorometer (PMT 

detector; high-voltage mode) with excitation/emission 

slit widths of 5 nm and an integration time of 0.5 s at 

room temperature. Structural properties were analyzed 

by X-ray diffraction (XRD) using a D8 Advance Eco 

diffractometer (Bruker) with Cu Kα radiation (λ = 

1.5406 Å) at 40 kV and 40 mA over 2θ = 10° - 80° using 

a 0.02° step size, and crystallinity was further verified 

by selected area electron diffraction (SAED) on an FEI 

Tecnai G2 Supertwin TEM (Thermo Fisher Scientific) 

operated at 200 kV. Morphology, particle size 

distribution, and lattice fringes were examined by high-

resolution transmission electron microscopy (HR-TEM) 

using the same FEI Tecnai G2 Supertwin microscope 

(200 kV) after drop-casting onto carbon-coated copper 

grids and drying at room temperature; SAED was 

collected in diffraction mode under near-parallel 

illumination using a selected-area aperture of ~0.5 - 2.0 

µm and a camera length of 200 - 800 mm with 0.5 - 3 s 

exposure under low-dose conditions, and the camera 

constant was calibrated using a polycrystalline Au 

standard for d-spacing determination. Elemental 

composition and spatial distribution were determined by 

scanning transmission electron microscopy–energy-

dispersive X-ray spectroscopy (STEM-EDX) using an 

EDAX system attached to the HR-TEM (200 kV) with 

a live time of 30 - 120 s over an energy range of 0 - 20 

keV. Surface functional groups were identified by 

Fourier-transform infrared spectroscopy (FT-IR) using 

an IRPrestige-21 spectrometer (Shimadzu) over 4,000 - 

400 cm⁻¹ at 4 cm⁻¹ resolution with 32 scans per spectrum 

(fresh background recorded under identical conditions), 

while zeta potential was measured using a nanoPartica 

SZ-100V2 analyzer (Horiba) at 25 ± 0.5 °C after 2 - 5 

min equilibration (triplicate measurements, automatic 

acquisition). Structural defects and graphitic ordering 

were assessed by Raman spectroscopy using a LabRAM 

HR Evolution spectrometer (Horiba) with a 532 nm 

laser over 800 - 2,000 cm⁻¹ at ~1 - 2 cm⁻¹ spectral 

resolution, laser power < 5 mW, and 5 - 20 s integration 

time with 2 - 5 accumulations at room temperature. 

 

 Stability evaluation of N,S,P-CDs 

 The physicochemical stability of the synthesized 

N,S,P-CDs was systematically evaluated under diverse 

environmental conditions, including pH variation, ionic 

strength, UV irradiation, and storage duration. For pH 

stability assessment, the fluorescence response of 

N,S,P-CDs (10 mL) was monitored over the pH range 2 

- 12, adjusted with HCl or NaOH. Emission intensity 

was recorded at the maximum excitation wavelength. 

Ionic-strength tolerance was examined by adding NaCl 

solutions (0.01 - 1 M) to 200 µL of N,S,P-CDs and 

analyzing the resulting fluorescence spectra. 

Photostability was evaluated under continuous UV 
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irradiation (365 nm) for 0 - 50 min using a UV reactor, 

after which the fluorescence intensity was measured to 

assess photobleaching resistance. Lastly, storage 

stability was evaluated by monitoring the fluorescence 

intensity of N,S,P-CDs stored at ambient temperature 

over 14 days, with measurements performed on days 0, 

2, 5, 8, 11, and 14. These analyses collectively provide 

a comprehensive understanding of the environmental 

robustness and operational durability of the N,S,P-CDs.  

 

 Selectivity and sensitivity measurements 

 The selectivity and sensitivity of N,S,P-CDs 

toward Cr(VI) detection were extensively evaluated. 

Selectivity was assessed by recording the fluorescence 

response of N,S,P-CDs in the presence of a wide range 

of cations and anions, including Fe²⁺, Co²⁺, Fe³⁺, Ni²⁺, 

Pb²⁺, Zn²⁺, Cu²⁺, Cr³⁺, Ca²⁺, Mg²⁺, Ag⁺, Al³⁺, Mn²⁺, 

HCO₃⁻, SCN⁻, H₂PO₄⁻, S²⁻, CrO₄²⁻, S₂O₈²⁻, BrO₃⁻, 

H₂AsO₄⁻, HSO₄⁻, MnO₄⁻, HPO₄²⁻, SO₄²⁻, CO₃²⁻, NO₂⁻, 

NO₃⁻, SO₃²⁻, S₂O₃²⁻, S₂O₅²⁻, PO₄³⁻, F⁻, and Cl⁻. Each ion 

was introduced at 100 µM into 9 mL of N,S,P-CDs 

solution (pH 7), and fluorescence spectra were recorded 

to evaluate the selectivity of the N,S,P-CDs toward 

Cr(VI). Sensitivity toward Cr(VI) was investigated 

under optimized conditions by mixing 9 mL of N,S,P-

CDs with 1 mL of Cr(VI) at concentrations ranging from 

0 to 100 µM. Fluorescence quenching efficiency was 

determined, and the LoD and LoQ were calculated 

based on the standard deviation of the response (𝑆𝑦/𝑥) 

and the slope of the calibration curve (𝑏), according to 

the following equations: 

 

LoD =
3×𝑆𝑦/𝑥

𝑏
         (1) 

 

LoQ =
10×𝑆𝑦/𝑥

𝑏
         (2) 

 

 The validity of the calculated LoD and LoQ was 

further verified using the mean blank response ( 𝑦̄blank) 

and its standard deviation ( 𝑠blank). All measurements 

were conducted in triplicate. 

 

 Quantum yield determination and Real-sample 

analysis 

 Fluorescence emission spectra of the sample and 

reference were recorded under identical experimental 

conditions, using a spectrofluorometric setup with fixed 

excitation and emission slit widths, a constant 

integration time, and measurements performed at room 

temperature. The fluorescence quantum yield (QY) was 

calculated using a relative method according to the 

following equation: 

 

Φ𝐹 = Φ𝑅 (
𝐼𝐹

𝐼𝑅
) (

𝐴𝑅

𝐴𝐹
)        (3) 

 

where Φ𝐹 and Φ𝑅 are the quantum yields of the sample 

and reference, respectively; 𝐼𝐹 and 𝐼𝑅 are the integrated 

fluorescence emission intensities; 𝐴𝐹 and 𝐴𝑅 are the 

absorbances at the excitation wavelength.  

 The practical applicability of N,S,P-CDs was 

assessed using real environmental samples, including 

electroplating wastewater, river water, and tap water. 

Each sample was spiked with 1 mL of N,S,P-CDs under 

optimized conditions to a final volume of 10 mL, then 

analyzed by UV-Vis spectrophotometer and 

spectrofluorometer at the optimal excitation 

wavelength. All experiments were performed in 

triplicate. 

 

Results and discussion 

 Structural and optical properties of N,S,P-CDs  

 The successful synthesis and structural features of 

N,S,P-CDs were confirmed using a combination of UV–

Vis spectrophotometry, Raman spectroscopy, FT-IR 

spectroscopy, XRD, HR-TEM, SAED, EDX, zeta 

potential analyzer, and spectrofluorometer.
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Figure 2 UV-Vis absorbance of CDs and N,S,P-CDs (a), Comparison of Raman spectra between CDs and N,S,P-CDs 

(b), FT-IR spectra of CDs and N,S,P-CDs (c). 

 

 As depicted in Figure 2(a) (red line), the UV–Vis 

absorption spectrum of N,S,P-CDs exhibited two 

distinct peaks at 246 and 352 nm, corresponding to the 

π–π* transitions of aromatic C=C bonds within the sp²-

hybridized carbon core and n–π* transitions of 

heteroatom-containing functional groups (C=O, C–N, 

C=N, and C=S) in N,S,P-CDs surface. These absorption 

features verified the successful formation of conjugated 

carbon cores and effective surface passivation. In 

contrast, CDs showed negligible absorption (Figure 

2(a); black line), highlighting the essential role of 

heteroatom doping in modulating the electronic 

structure and optical properties of the carbon dots. This 

distinct optical behavior reflects the influence of N, S, 

and P incorporation on the π-conjugated system, thereby 

improving the material’s sensing performance.  

 Raman spectroscopy further provided insights into 

the degree of graphitization and the density of structural 

defects in the synthesized CDs and N,S,P-CDs (Figure 

2(b)). The Raman spectra revealed 2 major bands—D 

and G—corresponding to disordered sp³-hybridized 

carbon and the graphitic sp² network, respectively. CDs 

displayed D and G bands at 1,336.02 and 1,505.61 cm⁻¹, 

with an ID/IG ratio of 2.02, where ID/IG are the peak 

intensities (heights) of the D band and G band, 

respectively, indicating the presence of amorphous 

carbon and surface defects associated primarily with 

oxygen-containing functional group [39]. Conversely, 

N,S,P-CDs exhibited D and G bands at 1,372 and 1,582 

cm⁻¹, respectively, with a significantly higher ID/IG ratio 

of 6.67. The coexistence of both bands indicated a 

structure composed of sp²- and sp³-hybridized carbon 

domains, confirming a graphitic surface with moderate 

amorphous character. The elevated ID/IG ratio in N,S,P-

CDs indicated a higher density of defect sites and 

enhanced surface functionalization resulting from N, S, 

and P doping. This observation is consistent with 

previous studies showing that chemical doping can 

increase the D-band intensity by inducing lattice 

distortions in the graphite structure. The resulting 

disorder improves the exposure of surface-active sites, 

which in turn, enhances fluorescence [40]. 

 Complementary FT-IR spectra (Figure 2(c)) 

further substantiated the successful doping of N, S, and 

P dopants into the CDs. In a comparative context, CDs 

exhibited characteristic absorption peaks at 3,945, 

2,962, 1,705, 1,635, and 1,180 cm⁻¹, assigned to O–H, 

C–H, C=O, C=C, and O–C–O stretching vibrations, 
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respectively, confirming the formation of oxygen-

containing functionalities on the CDs surface. For 

N,S,P-CDs, a broad absorption band observed in the 

3,000 - 3,400 cm⁻¹ range (3,344 and 3,248 cm⁻¹) was 

attributed to overlapping O–H and N–H stretching 

vibrations. A slight shift in the Csp³–H stretching peak 

to 2,993 cm⁻¹ and overlapping bands between 1,500 - 

1,712 cm⁻¹ indicated the presence of C=O and C=N 

stretching vibrations. The broad peak at 1,658 cm⁻¹ was 

ascribed to –CO–NH, C=O, and C=C stretching, 

suggesting the formation of amide linkages resulting 

from the reaction between ethylenediamine and citric 

acid. The disappearance of the carboxyl-related C=O 

band further verified the replacement of –COOH groups 

by amide bonds, likely formed through peptide-like 

condensation between the two precursors. In addition, 

distinct peaks at 1,543 and 1,404 cm⁻¹, corresponding to 

N–H and C–N stretching, confirmed nitrogen 

incorporation, while absorption at 1,226, 948, and 779 

cm⁻¹ corresponded to C–S, S–O–C, and S–H vibrations, 

respectively, validating sulfur doping. The P–O–C 

stretching observed at 1,072 cm⁻¹ provided clear 

evidence of phosphorus integration into the N,S,P-CDs 

surface. Collectively, these spectral features further 

demonstrated the successful doping of N, S, and P 

atoms, resulting in enhanced surface passivation and the 

formation of heteroatom-enriched functional groups. 

This synergistic heteroatom doping supports the 

observed optical properties and suggests a well-

passivated surface in N,S,P-CDs, advantageous for 

sensing applications. The consistency across UV–Vis, 

Raman, and FT-IR measurements provides strong 

evidence for the successful production of N,S,P-CDs, 

which possess a carbon core and passivating functional 

surface groups. 

 XRD analysis was employed to characterize the 

crystallinity and structural order of the N,S,P-CDs as 

depicted in Figure 3(a). The diffraction profile 

exhibited a broad peak cantered at 2θ = 22.2°, 

corresponding to the (002) plane of graphitic carbon, 

characteristic of an amorphous carbon structure with 

extensive lattice defects. The broadness of this peak 

reflects a high density of structural defects and 

disordered carbon arrangements, primarily attributed to 

the presence of N, S, and P dopants within the N,S,P-

CDs structure. In addition, relatively sharp peaks 

observed at 20.1° and 30.5°, assigned to the (100) plane 

and oxygen-related defect sites, indicate the partial 

formation of crystalline carbon domains within the 

predominantly amorphous matrix. The coexistence of 

these features suggests that the N,S,P-CDs are largely 

amorphous, while retaining a degree of graphitic 

ordering that can suppress light scattering and minimize 

energy loss, thereby enhancing luminescence efficiency 

and photostability [39,40]. Compared with previously 

reported carbon dots exhibiting diffraction peaks near 2θ 

= 25.5°, 23.8°, and 23.1°, the observed shift toward a 

smaller diffraction angles indicates an expanded 

interlayer spacing [41-43]. This enlargement results 

from the doping of nitrogen, sulfur, and phosphorus into 

the graphite structure, which increases the interplanar 

distance and shifts the diffraction angle to lower 2θ 

values. This shift is primarily attributed to surface 

defects and passivation, both of which increase the d-

spacing and induce uniform strain [44,45].
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Figure 3 XRD patterns of N,S,P-CDs (a), TEM image of N,S,P-CDs with a scale bar of 20 nm and the average particle 

size distribution (inset) (b), HRTEM image of N,S,P-CDs highlights with red circles showing the arrangements of 

graphitic packing as interplanar fringes (c), SAED pattern of N,S,P-CDs (d). 

 

 Moreover, the diffraction peak at 30.5° is 

associated with oxygen-containing groups and defect 

sites induced by N-doping within the carbon lattice. The 

broad full width at half maximum (FWHM) of the (002) 

reflection indicates the presence of nanoscale 

crystallites (<10 nm), consistent with the Debye–

Scherrer relation, which associates wider FWHM values 

with smaller crystallite sizes. This interpretation is 

further supported by the vast peak observed near 22.2°. 

HR-TEM (250,000×; Figure 3(b)) further revealed that 

the N,S,P-CDs possess a quasi-spherical morphology 

with uniform size distribution and minimal aggregation, 

likely due to electrostatic repulsion from surface 

functional groups. The particle diameters ranged from 7 

to 10 nm, with an average size of approximately 8.89 

nm, confirming excellent size uniformity. Furthermore, 

the internal structure of the N,S,P-CDs was examined 

using HR-TEM (Figure 3(c)), which revealed well-

resolved lattice fringes with an interlayer spacing of 

0.211 nm, corresponding to the (100) crystal facet of 

graphitic carbon (dₕₖₗ = 0.211 nm), as schematically 

illustrated in Figure S1. This observation confirms the 

presence of a conjugated sp²-hybridized carbon core, 

consistent with the dₕₖₗ values obtained from the XRD 

pattern. In addition, the SAED pattern in Figure 3(d) 

showed diffuse rings with weak and irregular bright 

spots, indicative of low crystallinity. Such partial 

amorphousness is attributed to the doping of nitrogen, 

sulfur, and phosphorus on the N,S,P-CDs. Despite this, 

the coexistence of localized graphitic domains within an 

amorphous carbon matrix suggests that the N,S,P-CDs 

possess a quasi-graphitic structure, providing an optimal 

balance between crystallinity and defect-induced 

emissive sites [46].
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Figure 4 EDX Spectrum for element analysis of N,S,P-CDs (a), Zeta potential graph of N,S,P-CDs before (b), and after 

(c) addition of Cr(VI), Fluorescence mechanism of N,S,P-CDs (d), Fluorescence intensity of CDs and N,S,P-CDs (e). 

 

 The elemental composition of the synthesized 

N,S,P-CDs was investigated through EDX 

spectroscopy, as shown in Figure 4(a). The EDX 

spectrum displayed distinct peaks corresponding to C, 

N, O, S, and P, confirming the successful incorporation 

of dopants into the N,S,P-CDs structure. Quantitative 

analysis revealed elemental distributions of C (57.95%), 

O (18.36%), N (10.93%), P (4.35%), and S (8.41%) 

(Table S1), demonstrating effective nitrogen doping 

and co-doping with sulfur and phosphorus. The presence 

of these dopants indicates successful surface 

modification and structural passivation, which are 

essential for enhancing the fluorescence intensity and 

electronic properties of the N,S,P-CDs. Zeta potential 

analysis was performed to elucidate further the surface 

charge characteristics (Figure 4(b)). The pristine N,S,P-

CDs exhibited a positive zeta potential of +18.9 mV, 

suggesting a positively charged surface dominated by 

protonated amine and nitrogen-containing functional 

groups. This observation aligns with the FT-IR results, 

confirming the introduction of amine functionalities 

during synthesis. Upon the introduction of Cr(VI) ions, 

the zeta potential decreased significantly from +18.9 

mV to –0.1 mV, as shown in Figure 4(c). This decrease 

in surface charge is attributed to effective interactions 

between the surface amine groups of the N,S,P-CDs and 

Cr(VI) species. The pronounced reduction in zeta 

potential highlights the efficient surface interaction 

mechanism, confirming the suitability of N,S,P-CDs as 

highly responsive nanomaterials for Cr(VI) detection. 

 As illustrated in Figure 4(d), tri-atom doping was 

selected because the functional groups introduced by N, 

S, and P broaden and enrich the distribution of surface 

energy states, thereby promoting the formation of new 

emissive surface states and enhancing fluorescence 

emission through synergistic effects. This enhancement 

arises from radiative recombination of trapped electron–

hole (e-h) pairs at various dopant-related energy levels. 

In particular, N doping effectively passivates the CDs, 

while co-doping with S and P further increases the 

density of emissive states by introducing additional 

defect- and surface-related functionalities and energy 

levels [47]. Accordingly, upon excitation, electrons are 

promoted into these dopant-associated higher-energy 

states and then undergo vibrational relaxation to lower 

vibronic levels, which favors radiative recombination 

and thus produces a markedly stronger fluorescence 

intensity for the N,S,P-CDs than for pristine CDs, as 
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depicted in Figure 4(e). This mechanism ultimately 

contributes to the significant improvement in QY. 

Moreover, the successful synthesis, as confirmed by the 

above characterizations, further indicates that, under 

microwave irradiation, short external thermal waves 

provide more uniform heating and effectively shorten 

reaction time. This condition facilitates the chemical 

oxidation and carbonization of organic materials, 

ultimately leading to the formation of optimized N,S,P-

CDs by passivating organic molecules on their surfaces 

[48]. 

 

 The stability of N,S,P-CDs 

 As shown in Figure 5(a), the probe exhibits broad 

pH tolerance, with relatively stable fluorescence over 

pH 4 - 10, supporting its suitability for applications in 

both mildly acidic and alkaline environments. Notably, 

the fluorescence intensity peaks at pH 7, indicating an 

optimal emission condition that is likely related to 

effective surface passivation. Under more alkaline 

conditions, the fluorescence gradually decreases at pH 

11 and 12, which may be attributed to deprotonation of 

surface carboxyl groups and increased surface 

electronegativity, promoting aggregation and resulting 

in partial fluorescence quenching. Conversely, in 

strongly acidic media, the fluorescence drops sharply at 

pH 2 and 3, suggesting disruption of surface emissive 

states and/or partial structural degradation. To assess the 

stability, N,S,P-CDs were tested in various conditions. 

 The fluorescence intensity remained stable across 

NaCl concentrations from 0 to 1 M, as depicted in 

Figure 5(b), demonstrating excellent salt tolerance, 

optical stability, and resistance to aggregation in high-

ionic-strength environments. Photostability testing 

(Figure 5(c)) revealed negligible fluorescence loss after 

50 min of continuous UV irradiation, confirming strong 

photostability and suitability for UV-driven applications 

such as photocatalysis and optical sensing. Moreover, as 

shown in Figure 5(d), over 85% of the initial 

fluorescence intensity was retained after 14 days of 

storage at room temperature, validating the remarkable 

long-term stability and practical applicability of N,S,P-

CDs.

 

 

Figure 5 Fluorescence intensity of N,S,P-CDs at different pH (a), The effect of NaCl solution concentration (b), UV 

irradiation time (c), Storage time at room temperature (d) on the fluorescence intensity of N,S,P-CDs. 

 

 Cr(VI)–N,S,P-CDs interaction and quenching: 

Multi-technique evidence 

 A red shift accompanied by decreased absorbance 

at 246 and 362 nm in the UV–Vis spectrum (Figure 

6(a)) confirms coordination between Cr(VI) and N,S,P-

CDs [49], which is likely governed by interactions 

between protonated amine groups (–NH₃⁺) and 

dichromate anions (Cr₂O₇²⁻). Consistently, the zeta 

potential decreases from +18.9 to –0.1 mV (Figure 

4(c)), indicating association of Cr(VI) species on the 
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N,S,P-CDs surface. These spectral and surface-charge 

changes suggest the formation of a non-fluorescent (or 

weakly fluorescent) ground-state complex prior to 

excitation, a hallmark of static quenching. Time-

resolved fluorescence measurements further support this 

mechanism: The average lifetime (𝜏avg) of pristine 

N,S,P-CDs (0.852 ns) does not decrease but increases to 

2.022 ns after Cr(VI) addition (Figure 6(b)), while the 

decay profiles remain similar in shape and do not shift 

toward shorter times. Because dynamic (collisional) 

quenching typically leads to lifetime shortening, the 

absence of a reduced lifetime rules out dynamic 

quenching as the dominant pathway [50-52]. Therefore, 

the UV–Vis changes, preserved decay behavior, and 

reduced fluorescence intensity collectively confirm a 

static quenching mechanism (SQE) driven by ground-

state interactions between Cr(VI) species and surface 

functional groups of the N,S,P-CDs [53]. As illustrated 

in Figure 6(c), SQE occurs when N,S,P-CDs form a 

ground-state [N,S,P-CDs–Cr(VI)] complex; upon 

photoexcitation, radiative emission is suppressed due to 

non-radiative relaxation, resulting in diminished 

fluorescence intensity. In addition, the temperature-

dependent Stern–Volmer analysis (Table S2) shows 

good linearity with intercepts close to unity, confirming 

the applicability of the Stern–Volmer model. The Stern–

Volmer quenching constants (𝐾SV) were determined to 

be 8.0×103 M⁻¹ at 25 °C, 2.2×103 M⁻¹ at 35 °C, and 

2.0×103 M⁻¹ at 45 °C, respectively. Notably, 

𝐾SV  decreases with increasing temperature, indicating 

weakened quenching at elevated temperatures. This 

temperature dependence is characteristic of SQE, as 

elevated temperatures generally destabilize the ground-

state fluorophore–quencher complex.

 

 

Figure 6 Comparison of the absorbance of N,S,P-CDs in the absence and presence of Cr(VI) (a), Fluorescence decay 

curves of N,S,P-CDs and the mixtures of N,S,P-CDs with Cr(VI) (b), Fluorescence quenching pathways for Cr(VI) 

sensing: SQE through ground-state association (c) and IFE through absorption of excitation/emission light by Cr(VI) [54] 

(d), The chemical reaction between N,S,P-CDs and Cr(VI) (e). 

 

 In aqueous media, Cr(VI) mainly exists as 

hydrated oxoanions (Cr₂O₇²⁻), surrounded by a 

structured solvation shell formed through extensive 

hydrogen bonding with water molecules. This hydration 

environment can be described analogously to a Stern-

like inner layer and a more diffuse outer layer. Zeta-

potential measurements indicate that the N,S,P-CDs 

possess a positively charged surface due to the 
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predominance of protonated amine groups (–NH₃⁺), 

whose stabilization is facilitated by solvation and 

hydrogen bonding with interfacial water. Owing to the 

strong solvation of both species, their association in 

water is expected to occur mainly via solvent-separated 

ion pairs, with interactions mediated by hydrogen-

bonded water molecules, although transient direct 

contacts may also form. From a qualitative Hard and 

Soft Acids and Bases (HSAB) perspective, Pearson’s 

principle states that, in a competitive situation, hard 

acids preferentially interact with hard bases, while soft 

acids preferentially interact with soft bases. In our 

system, the surface RNH₃⁺ group does not behave as a 

Lewis base because the nitrogen atom does not provide 

a lone electron pair; instead, its “acidic” character is 

mainly associated with the proton in the N–H bond, 

which exhibits hard acid-like characteristics (small size, 

high charge density, and low polarizability). In contrast, 

Cr(VI) oxoanions (e.g., Cr₂O₇²⁻) act as hard bases, as 

their oxygen atoms serve as donor/acceptor sites and are 

characterized by high electronegativity and low 

polarizability. Accordingly, this hard acid–hard base 

complementarity supports hydrogen-bonded N–H·O 

interactions between surface –NH₃⁺ groups and Cr(VI) 

species in aqueous solution, as illustrated in Figure 6(e). 

 

  

 Selectivity performance of N,S,P-CDs toward 

Cr(VI) 

 As illustrated in Figure 7(a), the N,S,P-CDs 

display a clear preference toward Cr(VI), evidenced by 

a substantial decrease in fluorescence intensity. In 

contrast, the presence of other metal cations induces 

only minimal perturbations. This trend is further 

reinforced by the anion selectivity results in Figure 7(c), 

where Cr(VI) again emerges as the only species capable 

of producing a marked quenching effect. Visual 

assessments under UV illumination support these 

findings. As illustrated in Figure 7(b), the N,S,P-CDs 

preserve their bright blue fluorescence when exposed to 

a wide range of metal cations, confirming that these ions 

do not interfere with their emissive properties. In 

contrast, (N,S,P-CDs–Cr(VI)) complex exhibits a 

distinct loss of fluorescence, indicating a specific 

interaction between Cr(VI) and the surface states of the 

N,S,P-CDs. A comparable response is observed for the 

anion series in Figure 7(d), where all anions except 

Cr(VI) leave the fluorescence essentially unchanged. 

Overall, Cr(VI) suppresses the fluorescence intensity of 

N,S,P-CDs to below 50%, while all other tested ions 

maintain emission levels above 90%. This sharp 

discrimination underscores the exceptional selectivity of 

N,S,P-CDs toward Cr(VI). It highlights their strong 

potential as reliable fluorescent probes for detecting 

Cr(VI) in complex matrices.

 

 

Figure 7 Fluorescence intensity of N,S,P-CDs after addition of other metal cations (a) and anions (c) compared with 

Cr(VI), Fluorescence appearance of N,S,P-CDs after addition of other metal cations (b) and anions (d) compared with 

Cr(VI) under UV light at 365 nm (d). 
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Figure 8 Illustration of IFE resulting in fluorescence quenching of N,S,P-CDs. 

 

 As depicted in Figure 8, IFE occurs because 

Cr(VI) acts as an absorber/metal-ion quencher with an 

absorption spectrum overlapping the excitation and/or 

emission bands of N,S,P-CDs [55]. Specifically, Cr(VI) 

exhibits sharp absorbance peaks around 250 and 350 

nm, along with a shoulder near 450 nm, corresponding 

to the excitation and emission wavelengths of N,S,P-

CDs, at around 350 and 450 nm, respectively. The 

spectral overlap leads to the excitation of N,S,P-CDs 

partially blocked by the absorbance of Cr(VI). At the 

same time, the fluorescence emitted by the N,S,P-CDs 

is absorbed by Cr(VI), resulting in fluorescence 

quenching. This Cr(VI)-induced quenching via IFE, a 

pseudo-quenching mechanism involving fluorescence 

reabsorption by Cr(VI), as illustrated in Figure 6(d). 

Therefore, the Cr(VI)-induced fluorescence attenuation 

of N,S,P-CDs is governed by a dual mechanism 

involving SQE through ground-state complex formation 

and an IFE arising from spectral overlap. 

 

 Quantitative evaluation of IFE 

 To further clarify the contribution of optical 

attenuation to the observed steady-state fluorescence 

decrease, the IFE was quantitatively evaluated using 

absorbance-corrected fluorescence intensity 

calculations. The corrected fluorescence intensity was 

determined according to: 

 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 × 10(𝐴𝑒𝑥+𝐴𝑒𝑚)/2      (4) 

 

where 𝐴𝑒𝑥  and 𝐴𝑒𝑚 represent the absorbance values 

measured at the excitation wavelength (348 nm) and 

emission wavelength (452 nm), respectively.  

 As summarized in Table S8, the excitation 

absorbance (Aex) increases systematically with 

increasing Cr(VI) concentration, resulting in a 

correction factor (CF) increase from 1.45 to 1.49 across 

0 - 1 µM. This corresponds to approximately 31% - 33% 

optical attenuation attributable to IFE under the present 

optical density conditions. The total observed 

fluorescence variation within this concentration range 

remains below 1%, indicating that the steady-state 

intensity attenuation is predominantly governed by 

concentration-dependent IFE. Detailed numerical 

calculations of CF, %IFE, and total fluorescence 

variation are provided in the Supplementary Information 

(Section: “Calculation of quantitative parameters for 

absorbance-based IFE correction”). 

 The comparison of Stern–Volmer plots before and 

after absorbance correction (Figure S2) further supports 

this conclusion. While the uncorrected plot (F0/Fobs) 

exhibits excellent linearity (R² = 0.996), the corrected 

relationship (F0corr/Fcorr) shows a markedly altered 

trend (R² = 0.952), indicating that the intensity-based 

attenuation observed in the uncorrected data is largely 

influenced by optical attenuation under the present 

measurement geometry. 

 Importantly, time-resolved fluorescence 

measurements reveal no shortening of the average 

fluorescence lifetime upon Cr(VI) addition, thereby 

excluding dynamic quenching. The emergence of a new 
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UV–Vis absorption band further indicates ground-state 

interaction between N,S,P-CDs and Cr(VI), consistent 

with a SQE. Collectively, these findings demonstrate 

that the fluorescence response arises from the combined 

contribution of concentration-dependent IFE and SQE. 

Under the investigated conditions, IFE dominates the 

steady-state intensity variation, while SQE is 

independently supported by lifetime invariance and 

UV–Vis spectral evidence. 

 

 Sensitivity and application of N,S,P-CDs in real 

water samples 

 As illustrated in Figure 9(a), the fluorescence 

intensity of N,S,P-CDs gradually decreases with 

increasing Cr(VI) concentration, accompanied by a 

corresponding rise in % quenching. A strong linear 

relationship (R² = 0.9968) between % quenching and 

Cr(VI) concentration, as depicted in Figure 9(b), 

demonstrates excellent proportionality over a wide 

range, confirming high analytical precision and 

responsiveness at both low and high concentrations. 

This linearity and sensitivity enable accurate 

determination of the limit of detection (LoD) and limit 

of quantification (LoQ), corresponding to the smallest 

detectable analyte amount and the lowest reliably 

quantifiable concentration, respectively. The LoD and 

LoQ were calculated using the 𝑆𝑦/𝑥 from the low-

concentration calibration range. The validity of the 

calculated LoD and LoQ was further verified using the 

𝑦̄𝑏𝑙𝑎𝑛𝑘 and 𝑠𝑏𝑙𝑎𝑛𝑘. Based on these calculations, the 

resulting values were LoD = 0.07354 µM and LoQ = 

0.2451 µM, as shown in Tables S3 and S4. These values 

are significantly lower than those reported in previous 

studies (Table 1), underscoring the sensor’s superior 

sensitivity. Importantly, the LoD is far below the WHO 

permissible limit for Cr(VI) in drinking water (0.96 

µM), confirming the remarkable detection capability of 

N,S,P-CDs. Hence, the as-prepared N,S,P-CDs function 

as an ultrasensitive and reliable “turn-off” fluorescent 

probe for trace-level Cr(VI) monitoring in aqueous 

environments.

  

 

Figure 9 Effect of Cr(VI) concentration on fluorescence intensity (a), Linearity curve in the range of 0 - 100 µM Cr(VI) 

(inset: 0 - 1 µM) (b), Fluorescence intensity of N,S,P-CDs against their application on real samples in a water environment 

(c). 

 

 The practical applicability of N,S,P-CDs for 

Cr(VI) detection was validated using real water samples 

collected from various sites in Yogyakarta. As shown in 

Figure 9(c), tap water, Sample 1 (Code River), and 

Sample 2 (Gajahwong River) displayed fluorescence 

intensities above the Cr(VI) threshold (1 µM; brown 

line), corresponding to safe concentrations of 0.26 - 0.55 

µM. Conversely, Sample 3 (Piyungan River), Sample 4 

(wastewater near the Piyungan outlet), and Sample 5 

(electroplating wastewater) exhibited fluorescence 
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intensities below the threshold (see inset), indicating 

elevated Cr(VI) levels of 1.41, 12.16, and 15.34 µM, 

respectively. These findings confirm that water from the 

Code and Gajahwong Rivers remains within safe limits. 

In contrast, samples from the Piyungan River, the 

Piyungan wastewater outlet, and electroplating waste 

streams show substantial Cr(VI) contamination.

 

Table 1 Comparison of synthesis type, synthesis time, LoD, quenching mechanism, and % quenching of N,S,P-CDs with 

other CDs for Cr(VI) detection. 

No. Type of CDs Synthesis type LoD 
Quenching 

mechanism 

% 

Quenching 
Ref. 

1 N,P-CDs Hydrothermal (180 ℃; 6 h) 2.4 μM PET 15.10% [43] 

2 CS-CDs Hydrothermal (190 ℃; 15 h) 0.59 μM IFE 16.81% [41] 

3 
Metal-free 

TA-CDs 
Hydrothermal (160 ℃; 10 h) 0.51 μM DQ/FRET 27.11% [56] 

4 G-CDs Co-electrolyis 12 min 0.15 μM SQE 6.05% [57] 

5 
M− 6 %P-

CDs 
Hydrothermal (180 ℃; 12 h) 0.59 μM IFE 73.90% [58] 

6 MCDs Solvothermal (180 ℃; 12 h) 0.86 μM SQE + IFE 21.70% [59] 

7 NCDs Hydrothermal (180 ℃; 10 h) 0.173 µM FRET 21% [60] 

8 D-CDs Hydrothermal (200 ℃; 9 h) 0.08 μM IFE + SQE 4.02% [53] 

9 N,S,P-CDs Microwave (450 W (≈100 °C); 30 s) 0.07354 µM IFE + SQE 89.64% This work 

 

 

 Based on the calculations in Tables S5 and S6, the 

pristine CDs show a QY of 8.94%, whereas the N,S,P-

CDs exhibit a markedly higher QY of 89.64%, 

indicating highly efficient radiative emission upon tri-

atom doping. This enhancement is attributed to dopant-

induced surface/defect states that facilitate radiative 

recombination, along with an optimized precursor 

composition and controlled synthesis conditions that 

yield favorable structural and optical features. 

Compared with literature probes (Table 1), many CDs 

require hydrothermal/solvothermal processing (≈160 - 

200 °C, 6 - 15 h) and typically report higher LoD values, 

while electrochemical routes require dedicated 

instrumentation and do not always provide high QY. In 

contrast, our N,S,P-CDs are rapidly prepared by 

microwave irradiation (450 W, ~100 °C, 30 s), offering 

a favorable balance of high QY, low LoD, and energy-

efficient synthesis aligned with green chemistry 

principles. The applicability of the proposed N,S,P-

CDs–based sensor for real-sample analysis was 

evaluated by spike–recovery tests in different water 

matrices, including river water, wastewater, 

electroplating wastewater, and tap water. As shown in 

Table S7, recoveries for Cr(VI) spiked at 0.25, 0.5, and 

1.0 µM ranged from 96.96% to 101.52%, with relative 

standard deviations (RSD, n = 3) below 2%. These 

results confirm good analytical accuracy and precision 

across diverse and potentially complex matrices. The 

consistently high recoveries and low RSD values 

suggest that no significant matrix interference was 

observed under the tested conditions, supporting the 

applicability of the proposed method for practical 

environmental monitoring. 

 

Conclusions 

 In conclusion, N,S,P-CDs were successfully 

synthesized via a rapid, energy-efficient microwave-

assisted route, achieving a remarkably high QY 

(89.64%) within 30 s at 450 W. Structural and optical 

analyses confirmed effective N, S, and P doping, partial 

graphitization, and robust surface passivation. The 

resulting N,S,P-CDs exhibited superior optical 

performance, excellent photostability, broad pH 

tolerance, and strong resistance to ionic strength. Their 

fluorescence sensing capability toward Cr(VI) was 

governed by synergistic SQE and IFE mechanisms, 
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enabling highly selective and sensitive detection with a 

wide linear range (0 - 100 µM) and an ultralow detection 

limit (0.07354 µM). Application to real environmental 

water samples demonstrated reliable quantification of 

Cr(VI) below the WHO permissible limit, with 

satisfactory analytical accuracy and precision as 

evidenced by recoveries ranging from 96.96% to 

101.52% and relative standard deviations (RSD, n = 3) 

below 2%. Overall, these findings highlight N,S,P-CDs 

as a sustainable, high-performance, and green 

nanomaterial platform for practical Cr(VI) detection and 

broader environmental sensing applications. 
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Supplementary Material 

 

 

Figure S1 Lattice fringe suggest structure of N,S,P-CDs. 

 

 

 

Figure S2 Stern–Volmer before and after correction. 

 

 

Table S1 The elemental composition of N,S,P-CDs. 

Element Atom % 

C 57.95 

N 10.93 

O 18.36 

P 4.35 

S 8.41 
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Table S2 The Stern–Volmer plots at different temperatures. 

T (°C) 
 Regression line 

Ksv (M−¹) Intercept R² 

25 8.0×103 0.999 0.996 

35 2.2×103 1.0001 0.9957 

45 2.0×103 1 0.9881 

Calculating LoD and LoQ. 

 

 

Table S3 The LoD and LoQ of N,S,P-CDs. 

 Y Intercept Slope     

[Cr(VI)] Y (%Quenching) a (intercept) b (slope) bx y' = a + bx y-y' (y-y')2 

0 0 0.013 0.8341 0 0.013 −0.013 0.000169 

0.1 0.094542075 0.013 0.8341 0.08341 0.09641 −0.001867925 3.48914E-06 

0.2 0.199894509 0.013 0.8341 0.16682 0.17982 0.020074509 0.000402986 

0.3 0.278534793 0.013 0.8341 0.25023 0.26323 0.015304793 0.000234237 

0.5 0.420460676 0.013 0.8341 0.41705 0.43005 −0.009589324 9.19551E-05 

0.75 0.609352781 0.013 0.8341 0.625575 0.638575 −0.029222219 0.000853938 

1 0.865395953 0.013 0.8341 0.8341 0.8471 0.018295953 0.000334742 

      ∑(y-y')2 0.002090347 

 

 

𝑆𝑦
𝑥⁄ = √

∑(𝑦𝑖−𝑦𝑖′)²

𝑛−2
 𝐿𝑂𝐷 =

3 𝑥 𝑆𝑦
𝑥⁄

 

𝑏
  𝐿𝑂𝑄 =

10 𝑥 𝑆𝑦
𝑥⁄

 

𝑏
 

 

𝑆𝑦
𝑥⁄ = √

0.002090347

5
    𝐿𝑂𝐷 =

3 𝑥 0.0204467

0.8341
     𝐿𝑂𝑄 =

10 𝑥 0.0204467

0.8341
 

 

𝑆𝑦
𝑥⁄ = 0.0204467    𝐿𝑂𝐷 = 0.07354  µM  𝐿𝑂𝑄 = 0.2451 µM 

 

Here, 𝑆𝑦/𝑥is the residual standard deviation of the regression, 𝑦𝑖  is the measured response (% quenching), 𝑦𝑖
′is the 

response predicted from the calibration curve, 𝑛 is the number of calibration points, 𝑛 − 2 represents the degrees of 

freedom, and 𝑏 is the slope of the calibration curve indicating analytical sensitivity.  

 

 

Table S4 Blank-response–based validation of LoD and LoQ. 

Repetition yi blank |yi-yi'| (yi-yi')² 

1 0.0336 0.02061 0.0004248 

2 0.0062 0.00679 0.0000461 

3 0.0064 0.00659 0.0000434 

4 −0.0039 0.01689 0.0002853 

5 −0.0048 0.01779 0.0003165 

6 0.0172 0.00421 0.0000177 

7 −0.0214 −0.03439 0.0011827 
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𝑠 𝑏𝑙𝑎𝑛𝑘 = √
∑(𝑦𝑖 𝑏𝑙𝑎𝑛𝑘−ȳ 𝑏𝑙𝑎𝑛𝑘)²

𝑛−1
  

 

𝑠 𝑏𝑙𝑎𝑛𝑘 = 0.0204  

 

 𝐿𝑂𝐷 = ȳ 𝑏𝑙𝑎𝑛𝑘 + 3 𝑠 𝑏𝑙𝑎𝑛𝑘 𝐿𝑂𝑄 = ȳ 𝑏𝑙𝑎𝑛𝑘 + 10 𝑠 𝑏𝑙𝑎𝑛𝑘 

 

 𝐿𝑂𝐷 = 0.01299 + 3 𝑥 0.0204 𝐿𝑂𝑄 = 0.01299 + 10 𝑥 0.0204 

 

 𝐿𝑂𝐷 = 0.07354 µM   𝐿𝑂𝑄 = 0.2451 µM 

 

Here, 𝑠blankis the standard deviation of the blank response (noise estimation), 𝑦𝑖 blank is the measured blank response, 

𝑦̄blankis the mean blank response, and 𝑛 − 1 represents the degrees of freedom for blank measurements. 

 

 Calculating quantum yield 

 Fluorescence quantum yield known as QY (𝜑𝐹) is a key factor in evaluating fluorescent materials for photonic 

applications. It is typically determined by comparing the fluorescence efficiency of the sample to that of a standard 

reference, such as quinine sulfate. Defined as the ratio of emitted to absorbed photons,  𝜑𝐹 reflects how efficiently a 

material converts absorbed light into fluorescence Da et al. (2022). QY can be calculated using the following formula: 

 

Φ𝐹 = Φ𝑅 (
𝐼𝐹

𝐼𝑅

) (
𝐴𝑅

𝐴𝐹

) 

 

Here, Φ𝐹 represents the QY of the N,S,P-CDs, while Φ𝑅 represents the QY of the reference standard.  𝐼𝐹  and 𝐼𝑅   denote 

the integrated fluorescence intensities of the N,S,P-CDs and the reference material, respectively, while 𝐴𝐹 and 𝐴𝑅 

correspond to their absorbance values.  

 

 

Table S5 The quantum yield of CDs. 

𝑰𝑭 𝑰𝑹 𝑨𝑭 𝑨𝑹 𝚽𝑭 or QY 

7,109.2 462,257.7 0.02006 0.21596 8.940725 

 

 

Table S6 The quantum yield of N,S,P-CDs. 

𝑰𝑭 𝑰𝑹 𝑨𝑭 𝑨𝑹 𝚽𝑭 or QY 

973,836.6 462,257.7 0.27405 0.21596 89.64771 

 

 

 

 

Repetition yi blank |yi-yi'| (yi-yi')² 

8 0.0357 −0.02271 0.0005157 

9 0.0431 0.03011 0.0009066 

10 0.0178 0.00481 0.0000231 

ȳ blank = 0.01299 ∑(yi blank-ȳ blank)² = 0.0037619 
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Table S7 Accuracy and precision. 

Sample Spiked (µM) Found (µM) Recovery (%) RSD (%, n = 3) 

 0.25 0.600 97.88 1.69 

Code River 0.5 0.854 101.06 1.19 

 1 1.356 100.68 0.70 

 0.25 0.807 100.12 1.40 

Gajahwong River 0.5 1.060 97.33 1.08 

 1 1.563 98.31 0.80 

 0.25 1.674 99.80 0.79 

Piyungan River 0.5 1.943 98.43 0.59 

 1 2.455 97.71 0.75 

 0.25 12.436 96.96 0.13 

Wastewater near the Piyungan outlet 0.5 12.656 97.01 0.10 

 1 13.167 101.24 0.19 

 0.25 15.599 99.97 0.09 

Electroplating wastewater 0.5 15.853 101.52 0.06 

 1 16.347 99.80 0.37 

 0.25 0.516 100.88 0.80 

Tap water 0.5 0.763 99.59 1.49 

 1 1.303 101.48 0.47 

 

 Calculation of quantitative parameters for absorbance-based IFE correction 

 To quantitatively assess the contribution of the inner filter effect (IFE) to the observed fluorescence attenuation, 

absorbance-based correction was performed using the measured excitation (Aex at 348 nm) and emission (Aem at 452 

nm) absorbance values at each Cr(VI) concentration. The corrected fluorescence intensity was calculated according to: 

 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 × 10(𝐴𝑒𝑥+𝐴𝑒𝑚)/2           

 

 The IFE contribution was quantified from the absorbance-based correction factor (CF) using: 

 

𝐶𝐹 = 10(𝐴𝑒𝑥+𝐴𝑒𝑚)/2  

 

 The fraction of fluorescence intensity attenuated by IFE is given by: 

 

%𝐼𝐹𝐸 = (1−
1

𝐶𝐹
) × 100  

 

Table S8 Quantitative parameters used for absorbance-based IFE correction in the Cr(VI) sensing system. 

[Cr(VI)] 

(µM) 
Fobs (avg) Aex Aem Aex + Aem 

Correction 

factor 
Fcorr %IFE 

0 1,492,704 0.31753 0.00544 0.32297 1.45039 2,165,004 31.05 

0.1 1,491,292.767 0.31872 0.00557 0.32429 1.4526 2,166,247 31.16 

0.2 1,489,720.167 0.31987 0.00578 0.32565 1.45487 2,167,353 31.27 
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[Cr(VI)] 

(µM) 
Fobs (avg) Aex Aem Aex + Aem 

Correction 

factor 
Fcorr %IFE 

0.3 1,488,546.3 0.32306 0.00589 0.32895 1.46041 2,173,889 31.54 

0.5 1,486,427.767 0.3254 0.00601 0.33141 1.46455 2,176,952 31.72 

0.75 1,483,608.167 0.334 0.00621 0.34021 1.47948 2,194,867 32.41 

1 1,479,786.2 0.337 0.00651 0.34351 1.4851 2,197,627 32.66 

 

 

Using the values in Table S8: 

 

At 0 µM Cr(VI): 𝐶𝐹 = 1.45039 

 

%𝐼𝐹𝐸 = (1−
1

1.45039
) × 100 = 31.05%  

 

At 1.0 µM Cr(VI): 𝐶𝐹 = 1.48510 

 

%𝐼𝐹𝐸 = (1−
1

1.48510
) × 100 = 32.66%   

 

Therefore, the optical attenuation attributable to IFE across 0 - 1 µM is approximately 31% - 33%. 

 The total observed fluorescence variation across the tested concentration range (0 - 1 µM) was calculated from the 

measured steady-state fluorescence intensity 𝐹𝑜𝑏𝑠 as: 

 

%Δ𝐹𝑜𝑏𝑠 =
𝐹𝑜𝑏𝑠,  𝑚𝑎𝑥−𝐹𝑜𝑏𝑠,  𝑚𝑖𝑛

𝐹𝑜𝑏𝑠,  𝑚𝑎𝑥
× 100   

 

From Table S8: 

 

• 𝐹𝑜𝑏𝑠,  𝑚𝑎𝑥 = 1492704 (at 0 µM) 

 

• 𝐹𝑜𝑏𝑠,  𝑚𝑖𝑛 = 1479786.2 (at 1.0 µM) 

 

%Δ𝐹𝑜𝑏𝑠 =
1492704−1479786.2

1492704
× 100 =

12917.8

1492704
× 100 = 0.865%   

 

Thus, the total observed fluorescence variation across 0 - 1 µM Cr(VI) is 0.865% (<1%). 
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