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Abstract 

Carbon quantum dots (CQDs) were successfully synthesized from Syzygium aromaticum biomass using a 

carbonization-assisted ultrasonication approach. The resulting SA-CQDs exhibited a particle size of 3.31 nm, a 

quantum yield of 12.61%, and strong blue emission at 440 nm under 350 nm excitation. Spectroscopic analysis 

(FTIR, XPS, Raman) confirmed abundant oxygen- and nitrogen-containing functional groups, contributing to 

excellent aqueous dispersibility and optical responsiveness. The CQDs demonstrated high selectivity and 

sensitivity toward Ag⁺ ions, with a distinct color change and an absorbance peak at 431 nm. A linear response 

was obtained in the 10–500 µM range (R² = 0.95579) with a low detection limit of 0.103 µM. Stability 

assessments revealed excellent fluorescence and absorbance retention across a broad range of pH, temperature, 

storage time, and light exposure. Recovery tests in tap and underground water showed 96.94–100.08% with 

RSD < 1%. This study supports the application of SA-CQDs as a green, cost-effective, and sensitive colorimetric 

probe for Ag⁺ detection. 
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1 Introduction 

 

Carbon quantum dots (CQDs) are emerging carbon-

based nanomaterials (<10 nm) with strong 

photoluminescence, high solubility, biocompatibility, 

and chemical stability, making them valuable in 

sensing, bioimaging, optoelectronics, and 

environmental applications [1]–[3]. Their emission 

can be tuned through surface passivation, doping, or 

synthesis control [4]. Various synthesis methods exist, 

such as hydrothermal, ultrasonication, laser ablation, 

and pyrolysis [5]–[9]. Pyrolysis offers good graphitic 

cores but may be energy-intensive and less controlled 

[10], [11]. Carbonization-assisted ultrasonication 

improves dispersion, nucleation, and surface 

activation, yielding CQDs with enhanced fluorescence 

and a narrow size distribution. 

Industrial and domestic effluents contribute 

significantly to water pollution, releasing hazardous 

substances—particularly heavy metals—into aquatic 

environments [12], [13]. These metals are toxic, non-

biodegradable, and bioaccumulative, posing threats to 

ecosystems and human health. Traditional detection 

methods like AAS and ICP-MS are accurate but costly, 

complex, and impractical for on-site use [14], [15]. 

Carbon quantum dots (CQDs) offer a promising 

alternative due to their fluorescence, surface tunability, 

and water dispersibility, enabling sensitive detection of 

metal ions such as Cd²⁺, Fe²⁺, Ag⁺, and Hg⁺ [16]. Silver 

ion (Ag⁺) detection is especially important given its 

toxic effects on enzymes and organs [17]. CQDs 

interact with Ag⁺ via strong binding, inducing 

fluorescence quenching or color changes, making them 

ideal for green, real-time sensing [18]. 

Carbon-rich biomass and waste-derived 

materials have emerged as attractive precursors for the 

sustainable synthesis of carbon quantum dots (CQDs), 

offering an eco-friendly and cost-effective alternative 

to conventional methods that often require hazardous 

reagents and labor-intensive post-processing [19], 

[20]. Several studies have demonstrated the potential 

of biomass-based CQDs for the detection of silver ions 

(Ag⁺), primarily through fluorescence-based 

mechanisms. For instance, CQDs synthesized from 

broccoli via one-step hydrothermal treatment achieved 

a limit of detection (LOD) as low as 0.5 µM for Ag⁺ 

due to efficient photoluminescence quenching [19]. 

Similarly, amine-functionalized graphene quantum 

dots derived from biowaste showed a fluorescence 

“switch-on” effect toward Ag⁺ in the presence of L-

cysteine [21]. Nitrogen-doped CQDs from pomegranate 

juice enabled the detection of Ag nanoparticles with a 

LOD of 3.8 × 10⁻¹⁰ M through the inner filter effect 

and induced aggregation [20]. Other approaches 

include Ag-conjugated CDs from orange peel, with 

LOD ~0.85 µM for melamine detection via FRET-

based quenching [22], and green-emissive N-CDs 

from Lycium ruthenicum capable of detecting Ag⁺ 

with an impressive LOD of 59 nM and smartphone-

assisted visualization [23]. These findings collectively 

highlight the feasibility of transforming biomass into 

functional CQDs with selective and sensitive Ag⁺ 

detection capabilities, reinforcing the potential of 

green nanotechnology for environmental monitoring. 

For the first time, Syzygium aromaticum 

(commonly referred to as clove) is utilized as a new 

and sustainable carbon source for the synthesis of 

CQDs using a straightforward method that combines 

thermal carbonization with ultrasonication [24]. SA is 

rich in eugenol (80–90% of its essential oil), along 

with tannins, flavonoids, and terpenes, which provide 

essential heteroatoms like oxygen and nitrogen for 

effective surface functionalization [24]. Its aromatic 

structure, with abundant hydroxyl and methoxy 

groups, enhances intrinsic fluorescence and structural 

stability [25], eliminating the need for additional 

chemical passivation. Moreover, SA is inexpensive 

and abundantly available in Indonesia, offering a cost-

effective and eco-friendly route for CQD production. 

The resulting SA-derived CQDs exhibit strong, 

excitation-dependent photoluminescence, high water 

solubility, and excellent stability. Most importantly, 

they demonstrate selective and sensitive colorimetric 

detection of Ag⁺ ions in environmental water samples. 

This study represents the first report utilizing SA for 

green synthesis of CQDs, highlighting its potential for 

real-time silver ion monitoring in aquatic 

environments. 

 
Figure 1: Schematic representation of SA-CQDs 

formation and application.
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2 Materials and Methods 

 

2.1 Material 

 

The carbon precursor, Syzygium aromaticum (SA), 

was sourced from a local vendor at the traditional 

market in Ulee Kareng, Banda Aceh, Indonesia 

(5°33'03.2"N, 95°21'23.6"E). Chemicals including 

Cr(NO₃)₃·6H₂O, H₂SO₄, HCl, ZnCl₂, SnCl₂·2H₂O, 

FeCl₃·6H₂O, CdCl₂·H₂O, AgNO₃, HgCl₂, PbCl₂, 

Bi₅O(OH)₉(NO₃)₄, CoCl₂·6H₂O, FeCl₂·4H₂O, 

CuSO₄·5H₂O, dan NiCl₂·6H₂O. were purchased from 

Sigma Aldrich. Ultrapure water (resistivity ~18.2 

MΩ·cm at 25 °C), obtained from a Simplicity 

Millipore purification system, was used for all 

solution preparations throughout the study. Quinine 

TraceCERT® (Sigma-Aldrich) was utilized as a 

fluorescence standard for quantum yield determination. 

 

2.2 Synthesis of SA-CQDs 

 

Carbon quantum dots (CQDs) derived from Syzygium 

aromaticum (SA-CQDs) were synthesized through a 

modified two-step method combining thermal 

carbonization and ultrasonication, as adapted from 

reference [25] (see Figure 1). Initially, 100 grams of 

dried clove material were subjected to thermal 

treatment in a muffle furnace at 300 °C for 2 h to 

induce carbonization. The carbonized mass was then 

ground and sieved to achieve a uniform powder 

consistency. For the dispersion step, 1.25 grams of this 

powder were added to 40 mL of ultrapure water and 

sonicated in a water bath (40 kHz, 120 W) at room 

temperature for 30 min. The resulting mixture was 

passed through a 6 µm filter paper to remove coarse 

residues, and subsequently centrifuged at 4000 rpm 

for 1 hour to further purify the SA-CQDs suspension. 

The resulting supernatant was further purified by 

filtration through a 0.22 µm nylon membrane to obtain 

a transparent SA-CQDs solution, which was 

subsequently stored at 4 °C until use. To enhance the 

optical performance and yield of the carbon dots, 

essential synthesis variables—such as carbonization 

temperature, amount of precursor, and duration of 

sonication—were systematically optimized, as 

illustrated in Supplementary Figure S1. 

 

2.3 Instrumentation 

 

A comprehensive characterization of the synthesized 

SA-CQDs was performed using various analytical 

techniques. Carbonization of Syzygium aromaticum 

was carried out in a Nabertherm LE 1/11 muffle 

furnace, followed by dispersion using an EECOO 

MH-020S ultrasonic cleaner (40 kHz) and separation 

via centrifugation (DLAB DM0424). UV-induced 

fluorescence was observed under a Joyko FL-90UV 

lamp (365 nm), while photoluminescence spectra were 

recorded with a Shimadzu RF-5301PC 

spectrofluorometer. DLS and zeta potential were 

measured using a Horiba SZ-100z analyzer. FTIR 

analysis was conducted using a ThermoFisher Nicolet 

iS50, and UV–Vis absorbance using a ThermoFisher 

AQUAMATE 8000. Morphological and crystallographic 

structures were examined via TEM, HRTEM, and 

SAED using a Tecnai G2 Supertwin microscope. 

Raman spectra were acquired with a LabRam HR 

(Horiba), and XPS analysis was conducted on a Kratos 

AXIS SUPRA PLUS/ESCA system. These combined 

analyses confirmed the structural integrity, functional 

groups, and optical properties of SA-CQDs, 

supporting their potential in sensing applications. 

 

2.4 Quantum yield calculation 

 

The fluorescence quantum yield (QY) of the 

synthesized SA-CQDs was experimentally 

determined using quinine as a reference fluorophore. 

In this assessment, quinine (QY = 54%) was dissolved 

in 0.1 M H₂SO₄, while the SA-CQDs were diluted in 

ultrapure water. Both solvents have a refractive index 

of 1.33, ensuring consistency in optical conditions 

[16]. Solutions of the SA-CQDs and quinine were 

adjusted to have a matched absorbance of 0.05 at 350 

nm, using a 1 cm pathlength quartz cuvette. 

Fluorescence emission spectra were recorded at an 

excitation wavelength of 350 nm, and the integrated 

fluorescence intensities were used to calculate the QY 

based on a comparative method. The following 

Equation (1) was applied: 

 

𝑄𝑌𝑥 = 𝑄𝑌𝑦 (
𝐴𝑦

𝐴𝑥
) (

𝐼𝑥

𝐼𝑦
) (

𝜂𝑥
2

𝜂𝑦
2)             (1) 

 

Here, QY refers to the quantum yield, A indicates the 

absorbance, I represents the integrated fluorescence 

intensity, and η corresponds to the refractive index of 

the solvent. The subscripts x and y denote the test 

sample (SA-CQDs) and the reference standard 

(quinine), respectively.
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2.5 Detection of Ag+ Ions 

 

The ability of SA-CQDs to function as a colorimetric 

sensor for Ag⁺ ions was investigated through UV–Vis 

spectrophotometric measurements in the 200–800 nm 

range. In a standard assay, 100 μL of SA-CQDs 

solution was mixed with 900 μL of ultrapure water, 

and then different metal ions—such as Ni²⁺, Cu²⁺, Fe²⁺, 

Co²⁺, Bi³⁺, Pb²⁺, Hg²⁺, Cd²⁺, Fe³⁺, Sn²⁺, Zn²⁺, Cr³⁺, and 

Ag⁺—were added to achieve a final concentration of 

500 μM. [16]. The mixtures were briefly sonicated (30 

seconds, 40 kHz), adjusted to neutral pH (~7), and 

allowed to equilibrate at room temperature (~25 °C) 

for approximately 5 min prior to spectral analysis. The 

goal was to evaluate selective optical changes in the 

absorbance profiles of SA-CQDs upon interaction 

with different metal ions. Among the tested ions, Ag⁺ 

uniquely induced a noticeable increase in absorbance 

intensity, accompanied by the formation of a distinct 

brown coloration in solution. To further examine 

selectivity, Ag⁺ was also introduced in the presence of 

competing ions to assess interference effects, with 

results indicating minimal signal disruption. For 

sensitivity analysis, increasing concentrations of Ag⁺ 

(10–500 μM) were added to the SA-CQDs solution 

under identical conditions. The resulting gradual 

enhancement in absorbance, particularly around 431 

nm, confirmed a concentration-dependent response, 

establishing the viability of SA-CQDs as an efficient 

and selective colorimetric sensor for Ag⁺ in aqueous 

environments. 

 

2.6 Colorimetric detection of Ag⁺ in real water 

samples 

 

To assess the practical utility of SA-CQDs as a 

colorimetric sensor, their performance in detecting 

Ag⁺ ions was evaluated using unfiltered tap and 

groundwater samples. A 500 μL aliquot of each water 

sample was spiked with standard Ag⁺ solutions to 

yield final concentrations ranging from 10 to 300 μM, 

followed by mixing with SA-CQDs. The resulting 

mixtures were analyzed via UV–Vis spectroscopy to 

monitor absorbance changes. Recovery percentages 

were calculated to determine the accuracy of Ag⁺ 

detection in real matrices, using standard comparison 

methods. The results confirmed the suitability of SA-

CQDs for monitoring Ag⁺ in environmental water 

samples. 

 

 

2.7 Data processing and analysis 

 

All numerical data were processed and visualized 

using Origin Pro 2024, while statistical evaluations 

were performed using SPSS version 26. All 

measurements were conducted in quadruplicate (n = 

4), and results are expressed as mean ± standard 

deviation (SD). For validation, relative standard 

deviation (RSD) values were calculated to assess 

measurement precision. For comparative studies 

involving multiple groups, one-way ANOVA 

followed by Tukey’s post hoc test was applied, with a 

significance threshold of p-value < 0.05. Recovery and 

precision analyses for Ag⁺ detection in real water 

samples were used to evaluate method reliability (see 

Table 2), with recovery values ranging from 96.94% 

to 100.08% and RSDs below 0.7%, indicating 

excellent reproducibility. Additionally, ImageJ 

software was used to analyze HRTEM and SAED 

images to determine particle morphology and size 

distribution of the SA-CQDs. 

 

3 Results and Discussion 

 

3.1 Determination of optimal preparation parameters 

 

The synthesis parameters for SA-CQDs were 

optimized through systematic variation of 

carbonization temperature, precursor mass, and 

sonication time, with detailed results provided in 

Supplementary Figure S1. Among the tested 

conditions, carbonization temperatures ranging from 

200 °C to 500 °C revealed that 300 °C yielded the 

highest fluorescence intensity (Figure S1(a)), likely 

due to sufficient carbon core formation while 

preserving surface functional groups. Additionally, 

varying the mass of Syzygium aromaticum biomass 

from 0.2 g to 2.0 g indicated that 1.2 g was the optimal 

dosage, beyond which fluorescence intensity 

plateaued (Figure S1(b)), suggesting saturation of 

carbonization efficiency. Furthermore, the effect of 

sonication time from 5 to 60 min showed maximum 

intensity at 40 min (Figure S1(c)), indicating an 

effective dispersion and surface activation of CQDs. 

These optimized conditions—300 °C for 2 h, 1.2 g 

precursor, and 40 min sonication—were consistently 

used throughout the synthesis process and are 

supported by the fluorescence stability shown in Fig. 

S1d. This strategic optimization ensured reproducible 

synthesis of high-quality SA-CQDs. 
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Figure 2: FTIR spectrum of SA-CQDs (a), Raman 

spectrum (b), full-survey XPS spectrum (c), and high-

resolution deconvoluted spectra of (d) C1s, (e) N1s, 

and (f) O1s, revealing surface functional groups and 

elemental composition. 

 

3.2 Physicochemical properties of SA-CQDs  

 

Fourier-transform infrared (FTIR) and Raman 

spectroscopy were employed to examine the chemical 

composition and surface groups of the synthesized 

SA-CQDs. As shown in the FTIR spectrum (Figure 

2(a)), distinct absorption bands were observed, 

confirming the existence of oxygen-based functional 

groups on the CQD surface. A broad peak centered 

around 3285 cm⁻¹ corresponds to O–H or N–H 

stretching vibrations, indicating the presence of 

hydroxyl and amine groups, which contribute to the 

material’s water dispersibility and play a key role in 

metal ion binding [26]. Distinct peaks appearing at 

1565 cm⁻¹ and 1358 cm⁻¹ are associated with C=C 

stretching in aromatic structures and C–N or C–O 

vibrational modes, respectively. These features 

suggest the occurrence of partial graphitic domains 

and the incorporation of heteroatoms within the 

carbon matrix [27]–[29]. The absorption band near 

1663 cm⁻¹ is likely associated with the stretching 

vibration of carbonyl (C=O) groups. Meanwhile, the 

signals detected at 994, 1108, 843, and 772 cm⁻¹ are 

attributed to C–H bending, symmetric stretching of C–

O–C bonds, and out-of-plane bending vibrations of 

aromatic rings, respectively [30]. Raman spectroscopy 

provided additional evidence of graphitic structures 

and inherent defects in the carbon framework. The 

spectrum displayed two prominent features: the D-

band at 1329 cm⁻¹, which is linked to sp³-hybridized 

carbon atoms and lattice imperfections, and the G-

band at 1571 cm⁻¹, indicative of sp²-bonded carbon 

typical of graphitic domains [31] (Figure 2(b) and 

Figure S2)). It is worth noting that the G-band 

exhibited higher intensity compared to the D-band, 

indicating a greater extent of graphitic ordering and 

the presence of well-structured aromatic regions 

within the carbon network [32]. Although a direct 

comparison with the raw SA biomass was not 

conducted in this study, the observed spectral features 

of SA-CQDs are consistent with previous reports on 

CQDs derived from nitrogen- and oxygen-rich 

bioprecursors. This suggests that the key functional 

groups and graphitic structures were successfully 

retained or transformed during the carbonization-

assisted ultrasonication process. 
The elemental composition and surface 

chemistry of the synthesized SA-CQDs were further 

examined through X-ray Photoelectron Spectroscopy 

(XPS), as shown in the survey and high-resolution 

spectra. The survey spectrum revealed dominant peaks 

corresponding to C1s, N1s, and O1s, with atomic 

percentages of 75.14% for carbon, 6.41% for nitrogen, 

and 18.45% for oxygen, indicating successful 

incorporation of heteroatoms into the carbon matrix 

(Figure 2(c)) [33]. The high carbon content reflects the 

carbonaceous backbone of the CQDs, while the 

presence of nitrogen and oxygen supports the 

abundance of surface functional groups derived from 

the clove precursor [34]. The deconvoluted C1s 

spectrum shows multiple components: a primary peak 

at 284.6 eV attributed to graphitic sp² carbon (C–

C/C=C), a peak at 285.9 eV assigned to C–N bonding, 

and a weaker signal at 287.5 eV corresponding to C=O 

groups (Figure 2(d)) [35]. Additional minor 

contributions appear at 288.6 eV and 287.5 eV, 

representing C–O and C=O functionalities, respectively. 

This distribution confirms the presence of various 

oxygen-containing moieties critical for metal ion 

coordination and aqueous dispersibility [36]. The N1s 

spectrum is resolved into three distinct peaks: 399.2 

eV (C–N–C), 400.2 eV (N–H), and 401.5 eV (C=N), 

indicating multiple nitrogen bonding environments, 

which may arise from amine, imine, or pyrrolic 
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structures introduced during the carbonization of 

nitrogen-containing biomolecules in Syzygium 

aromaticum (Figure 2(e)) [37]. These nitrogen 

functionalities are known to improve the 

photoluminescence quantum yield and serve as 

electron donors in metal sensing mechanisms [38]. 

The O1s spectrum presents two primary peaks: one at 

530.7 eV associated with carbonyl (C=O) groups, and 

a broader peak at 532.7 eV corresponding to hydroxyl 

and ether (C–OH/C–O–C) functionalities (Figure 2(e)) 

[39], [40]. The significant contribution of oxygen-

based groups reinforces the hydrophilic character of 

the SA-CQDs and their affinity toward metal ions 

such as Ag⁺ through electrostatic interaction and 

surface complexation. These functional groups were 

not introduced through chemical passivation or 

surface modification, but rather originated naturally 

from the phytochemical constituents of Syzygium 

aromaticum. During the carbonization process, 

compounds such as eugenol, flavonoids, and 

tannins—rich in hydroxyl, methoxy, and amino 

functionalities—undergo thermal transformation, 

leading to their partial incorporation into the carbon 

matrix of the CQDs. This intrinsic chemical 

composition of the precursor thus imparts the SA-

CQDs with a variety of heteroatom-containing surface 

groups essential for water solubility, fluorescence 

activity, and selective metal ion coordination.

 

 
Figure 3: (a) SAED Pattern (b) HR-TEM image of the CQDs (c) the size distribution of particles (d) 

Hydrodynamic diameter by DLS (e) the zeta potential and (f) the electrophoretic mobility of CQDs.  

 

The HRTEM image clearly revealed quasi-

spherical nanoparticles with well-dispersed 

morphology and uniform contrast, indicating 

homogeneous synthesis. Lattice fringe measurements 

from the HRTEM micrograph showed two distinct 

interplanar spacings of approximately 0.335 nm and 

0.219 nm, corresponding to the (002) and (100) planes 

of graphitic carbon, respectively (Figure 3(a) and (b)) 

[16], [41]. These crystalline features are further 

supported by the SAED pattern, which displayed a 

characteristic ring pattern with diffraction spots 

indexed to the same (002) and (100) planes (Table S1), 

confirming partial graphitic structure within the 

amorphous carbon matrix of the CQDs [42], [43]. The 

particle size histogram obtained from TEM images 

showed a predominant diameter centered around 3.31 

nm, in good agreement with the DLS-derived size 

distribution, where the most frequent hydrodynamic 
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diameter was 3.89 nm (Figure 3(c) and (d)). The slight 

difference is attributed to the solvation shell and 

Brownian motion effects captured during DLS 

measurement, which tends to slightly overestimate 

particle size [44]. These values indicate that the SA-

CQDs possess nanometric dimensions suitable for 

quantum confinement effects and colloidal stability in 

aqueous media. 
The surface charge characteristics and colloidal 

stability of the SA-CQDs were further explored 

through zeta potential and electrophoretic mobility 

analyses. The zeta potential distribution revealed a 

prominent peak at –47.52 mV, with an intensity of 

265.87 a.u., indicating strong electrostatic repulsion 

among particles in suspension (Figure 3(e)) [16]. This 

high negative surface charge is associated with the 

abundance of oxygen- and nitrogen-containing 

functional groups on the SA-CQDs surface, such as –

COOH, –OH, and –NH₂, which were previously 

confirmed via FTIR and XPS analyses. Such a highly 

negative zeta potential reflects excellent colloidal 

stability in aqueous environments, minimizing the risk 

of particle aggregation over time [45]. In parallel, the 

electrophoretic mobility measurement showed a peak 

value of –3.6735 × 10⁻⁴ cm²/V·s, which is consistent 

with the strong negative surface charge and provides 

further insight into the behavior of these nanomaterials 

under an applied electric field (Figure 3(f)). The 

mobility data also suggest good uniformity of charge 

distribution on the surface, reinforcing the 

monodispersity observed from DLS and TEM results.  

 

3.3 Optical properties of SA-CQDs 

 

The optical properties of the synthesized SA-CQDs 

were investigated through UV–Vis absorption and 

fluorescence spectroscopy. The UV–Vis spectrum 

exhibited two distinct absorption bands at 252 nm and 

324 nm, which are attributed to π–π* transitions of 

conjugated C=C bonds and n–π* transitions of non-

bonding electrons from heteroatoms such as oxygen or 

nitrogen to π* orbitals, respectively (Figure 4(a) and 

Figure S3)) [46]. These features are characteristic of 

carbon-based nanostructures with aromatic domains 

and surface functionalities [47]. Excitation-dependent 

fluorescence behavior was observed, as evidenced by 

the red-shift in emission maxima upon varying 

excitation wavelengths from 300 nm to 500 nm 

(Figure 4(b) and Figure S4). This phenomenon is 

typical of carbon quantum dots and reflects a 

heterogeneous distribution of surface states and 

particle sizes [48]. Notably, the maximum emission 

intensity occurred at 440 nm when excited at 350 nm, 

consistent with the excitation spectrum peak. The 

strong blue fluorescence under UV illumination (inset 

image) further supports the presence of emissive trap 

states or surface defects contributing to radiative 

recombination. The broad and asymmetric emission 

profiles suggest multiple emissive centers within the 

CQDs structure, likely arising from different oxygen- 

and nitrogen-containing groups, which were 

previously confirmed via FTIR and XPS analyses. 

The chromaticity coordinates and fluorescence 

lifetime of SA-CQDs were evaluated to gain deeper 

insight into their optical emission behavior. The CIE 

1931 chromaticity diagram shows that the emission 

coordinates of SA-CQDs under 350 nm excitation are 

located at (0.155, 0.103), corresponding to the deep 

blue region of the visible spectrum (Figure 4(c)). This 

positioning reflects the high purity and consistency of 

blue luminescence observed under UV light, which is 

favorable for applications in optoelectronics and 

sensing [49]. Furthermore, the time-resolved 

photoluminescence (TRPL) decay profile was fitted 

using a double-exponential model, yielding two 

lifetime components: a short-lived component of 3.09 

ns and a longer-lived component of 11.59 ns (Figure 

4(d)). The average fluorescence lifetime (τavg) was 

calculated to be 3.86 ns, indicating that the emission 

predominantly arises from radiative recombination of 

excitons at surface defect states [50]. 

The optical activity observed in the 300–500 nm 

excitation range and the corresponding 400–520 nm 

emission range indicates a tunable and excitation-

dependent photoluminescence behavior, which is 

crucial for designing wavelength-selective sensing 

platforms. Among the range tested, excitation at 350 

nm and emission at 440 nm provided the most intense 

and stable fluorescence, making this condition the 

optimal window for practical applications. The strong 

fluorescence under 350 nm excitation is particularly 

advantageous for metal ion detection, including Ag⁺ 

sensing, where signal clarity and reproducibility are 

critical. The observed photophysical properties are 

influenced by factors such as particle size distribution, 

surface passivation, and the presence of electron-rich 

functional groups derived from Syzygium aromaticum, 

which modulate the electronic transitions and trap-

state emissions. This optical behavior highlights the 

versatility of SA-CQDs in fluorescent probe 

development and reinforces their applicability in real-

time environmental monitoring systems or bioimaging 

applications. 
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Figure 4: (a) fluorescence excitation and emission spectra of SA-CQDs (b) fluorescence spectra of SA-CQDs 

at various excitation wavelengths from 300 to 500 nm with a 10 nm increase (c) CIE chromaticity diagram (d) 

fluorescence decay curve of CQDs fitted by two-order exponential functions. 

 

3.4 Optical Stability of SA-CQDs 

 

The optical stability of SA-CQDs was systematically 

assessed under various environmental conditions to 

determine their robustness and applicability in real-

world sensing systems. During a 10-day storage test at 

room temperature, the fluorescence intensity (F/F₀) of 

the SA-CQDs remained above 0.95, indicating 

minimal photobleaching or aggregation over time 

(Figure S5(a)). Absorbance stability (A/A₀ at 431 nm) 

was also preserved throughout the test period, 

demonstrating that the structural and electronic 

integrity of the CQDs was not compromised during 

storage [51]. The pH-dependent response of the CQDs 

was examined in the range of pH 3 to 10 (Figure 

S5(b)). The fluorescence performance remained stable 

and peaked near pH 7, suggesting that the surface 

functional groups (e.g., –COOH, –OH, –NH₂) on the 

CQDs maintain optimal emissive properties under 

neutral conditions. However, slight quenching at 

extreme pH levels was observed, possibly due to 

protonation or deprotonation of these groups. 

Interestingly, the colorimetric response (A/A₀) 

remained strong even in alkaline pH, suggesting that 

the absorbance-based Ag⁺ detection mechanism is less 

affected by pH variation compared to the fluorescence 

process [52]–[54]. 

Thermal and photostability studies further 

confirmed the resilience of SA-CQDs. Upon exposure 

to increasing temperatures from 25 °C to 100 °C, 

fluorescence intensity decreased only slightly (F/F₀ 

remained >0.9), and no significant deterioration was 

observed in the absorbance signal, indicating strong 

thermal resistance (Figure S5(c)). This stability is 

attributed to the robust carbon core and the presence 

of thermally stable functional groups on the CQD 
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surface [55]. Under continuous UV light irradiation 

for up to 60 minutes (365 nm), the SA-CQDs retained 

over 90% of their fluorescence, and the absorbance 

remained unchanged (Figure S5(d)). This outstanding 

photostability reflects the durability of the emissive 

centers and surface states, ensuring that the CQDs can 

function effectively in long-term or repeated-use 

sensing scenarios [56]. 

 

3.5 Selective detection of Ag+ 

 

The selective detection capability of SA-CQDs toward 

Ag⁺ ions was evaluated by monitoring their UV–Vis 

absorbance response in the presence of various 

potentially interfering metal ions, each introduced at a 

concentration of 500 µM. The metal ions tested 

included Ni²⁺, Cu²⁺, Fe²⁺, Co²⁺, Bi³⁺, Pb²⁺, Hg²⁺, Cd²⁺, 

Cr³⁺, Sn²⁺, Zn²⁺, and Fe³⁺. As shown in the absorbance 

spectra, only Ag⁺ induced a substantial enhancement 

in absorption centered at 431 nm, while the other metal 

ions resulted in negligible or no spectral change 

(Figure 5(a)). The corresponding visual observation 

confirmed the unique color development—Ag⁺ 

produced a prominent brownish hue, unlike the 

colorless or pale appearance of the other samples [17]. 

Quantitatively, the absorbance intensity ratio (A/A₀) at 

431 nm for Ag⁺ reached a value significantly higher 

than that for other ions, with more than a 15-fold 

increase compared to the baseline, demonstrating 

excellent optical selectivity (Figure 5(b)).

  

 

 
Figure 5: (a) UV–Vis absorbance spectra and (b) A/A₀ intensity ratio of SA-CQDs after treatment with various 

metal ions (500 µM). (c) Selective absorbance response and (d) corresponding A/A₀ values of SA-CQDs in the 

presence of Ag⁺ and competing metal ions, demonstrating high selectivity. 
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This behavior is likely attributed to the strong 

binding affinity between Ag⁺ ions and surface 

functional groups present on the SA-CQDs, including 

hydroxyl, carboxyl, and amine moieties [18], [57].  

These interactions may induce localized aggregation 

or surface complexation that contributes to new 

absorbance features. The absence of similar spectral 

shifts with other cations suggests that the mechanism 

is highly specific to Ag⁺, possibly due to its unique 

electronic structure and coordination preferences [58]. 

This selectivity makes SA-CQDs highly promising for 

use in colorimetric Ag⁺ detection in real-world 

environmental monitoring, where accurate ion 

discrimination is critical.  

To examine the anti-interference capability of 

SA-CQDs in complex ionic environments, binary 

mixtures of Ag⁺ with other common metal ions were 

evaluated. Each test solution contained Ag⁺ (500 µM) 

combined with an equimolar amount of a potentially 

interfering ion, including Ni²⁺, Cu²⁺, Fe²⁺, Co²⁺, Bi³⁺, 

Pb²⁺, Hg²⁺, Cd²⁺, Cr³⁺, Sn²⁺, Zn²⁺, or Fe³⁺. The 

absorbance spectra of these mixtures demonstrated 

that the distinctive peak at 431 nm—induced by the 

presence of Ag⁺—remained largely unchanged despite 

the coexistence of other ions (Figure 5(c)). 

Furthermore, the corresponding A/A₀ ratios at 431 nm 

in all combinations were consistently high and nearly 

identical to the signal from Ag⁺ alone (Figure 5(d)). 

This indicates that none of the tested ions interfered 

significantly with the detection response of Ag⁺, either 

by competing for binding sites or inducing similar 

optical transitions [17], [18], [57]. The robustness of 

this response suggests a highly selective interaction 

mechanism between Ag⁺ and the surface 

functionalities of SA-CQDs, likely governed by 

favorable coordination chemistry and reduction 

potential differences [58], [59]. It is also possible that 

the colloidal stability imparted by the SA-CQDs’ 

surface charge (as supported by zeta potential data) 

prevents nonspecific aggregation in the presence of 

other cations [19], [20]. These findings confirm the 

reliability of SA-CQDs in multi-ion systems, a 

necessary feature for practical deployment in 

environmental and industrial water monitoring, where 

metal ion mixtures are common. The combination of 

high selectivity and strong anti-interference 

characteristics positions SA-CQDs as a powerful 

platform for colorimetric Ag⁺ sensing applications. 

 

 

 

3.6 Possible mechanism of colorimetric response 

 

The observed colorimetric response of SA-CQDs 

upon the addition of Ag⁺ ions is believed to originate 

from a strong interaction between the CQD surface 

and Ag⁺, leading to changes in both the electronic 

environment and aggregation behavior of the carbon 

dots. As shown in the fluorescence spectra, the pristine 

SA-CQDs exhibit intense blue emission with a peak 

centered at 440 nm under 350 nm excitation. 

However, upon the introduction of Ag⁺ ions, a 

dramatic quenching of fluorescence is observed, 

indicating a highly efficient non-radiative decay 

pathway likely facilitated by surface complexation or 

charge transfer interactions (Figure 6(a)) [17], [19]. 

The visual change from a pale yellow to a dark brown 

solution further supports the occurrence of significant 

electronic interactions or aggregation phenomena, 

which alter the light absorption and scattering 

properties of the system [22], [60]. Time-resolved 

photoluminescence (TRPL) measurements further 

confirm the quenching mechanism [20], [60]. The 

average fluorescence lifetime (τavg) of SA-CQDs 

decreased from 3.86 ns to 2.90 ns after the addition of 

Ag⁺ (Figure 6(b) and (c)). This notable reduction 

suggests that dynamic quenching is involved, 

potentially through electron transfer from the excited 

CQDs to Ag⁺ ions or via enhanced non-radiative 

recombination at Ag⁺-induced trap states [57]. The 

presence of Ag⁺ may also facilitate the formation of 

Ag⁰ nanoparticles or Ag–CQD hybrid structures, as 

indicated by the increased absorbance in the 400–500 

nm region [21], [61]. 

To further elucidate the mechanism underlying 

the colorimetric response of SA-CQDs toward Ag⁺ 

ions, band gap energy and FTIR analyses were 

conducted. The Tauc plot revealed a significant 

narrowing of the optical band gap from 4.64 eV in 

pristine SA-CQDs to 3.81 eV after Ag⁺ addition 

(Figure 6(d) and (e)). This reduction indicates an 

alteration in the electronic structure, likely due to the 

introduction of new energy states or enhanced π–π* 

conjugation as a result of surface coordination or 

partial reduction of Ag⁺ to Ag⁰ on the CQDs’ surface 

[21], [23], [61]. Such modifications can facilitate 

charge transfer interactions and enhance non-radiative 

decay pathways, contributing to both fluorescence 

quenching and optical absorbance changes. 

Complementary FTIR spectra supported this 

interpretation. The SA-CQDs exhibited characteristic 

absorption bands corresponding to O–H/N–H 
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stretching (~3285 cm⁻¹), C=O (~1663 cm⁻¹), aromatic 

C=C (~1565 cm⁻¹), and C–O (~1108 cm⁻¹) (Figure 

6(f)). Upon addition of Ag⁺, the intensities of these 

peaks decreased markedly, particularly in the carbonyl 

and hydroxyl regions, suggesting direct involvement 

of these groups in Ag⁺ binding [22]. These interactions 

may cause local structural rearrangement or 

aggregation, which perturbs the electronic 

environment of the CQDs and leads to the observed 

optical responses [20], [60]. 

Taken together, the sensing mechanism of SA-

CQDs toward Ag⁺ involves a combination of surface 

complexation, electron (or charge) transfer, and 

aggregation-induced quenching, supported by 

fluorescence lifetime shortening, FTIR peak shifts, 

and band gap narrowing. While the inner filter effect 

is less likely due to the absence of overlapping 

absorption at the excitation/emission range, the 

formation of Ag⁰ or Ag–CQD hybrids may also 

contribute to the observed optical changes. Therefore, 

the detection process is primarily governed by 

dynamic quenching mechanisms involving electron 

transfer and coordination binding, rather than static 

absorption-based interference.

 

 
Figure 6: Comparison of optical and chemical properties of SA-CQDs before and after Ag⁺ interaction: (a) 

fluorescence quenching effect, (b–c) fluorescence lifetime decay, (d–e) Tauc plot showing band gap narrowing 

due to Ag⁺ complexation, and (f) FTIR spectra highlighting changes in functional groups post-interaction. 

 

3.7 Sensitivity of SA-CQDs toward Ag+ ions 

 

The sensitivity of SA-CQDs as a colorimetric probe for 

Ag⁺ ions was evaluated by monitoring the absorbance 

response at 431 nm across a range of Ag⁺ 

concentrations (10–500 µM). As shown in the UV–Vis 

spectra, the absorbance intensity at λ = 431 nm 

increased progressively with increasing Ag⁺ 

concentration, accompanied by a distinct color 

transition from pale yellow to dark brown (Fig. 7a). 

This visually observable gradient corresponds well with 

the quantitative response, where the absorbance 
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intensity ratio (A/A₀) demonstrated a strong linear 

correlation with Ag⁺ concentration, yielding a 

coefficient of determination (R²) of 0.95579 (Figure 

7(b)). The resulting LOD was found to be 0.103 µM, 

which corresponds to approximately 0.0111 mg/L 

(Table 1). This value is well below the maximum 

permissible silver concentration in drinking water 

established by the World Health Organization (WHO) 

at 0.1 mg/L, and also lower than the Canadian Drinking 

Water Quality guideline of 0.050 mg/L. These results 

confirm that the SA-CQDs are highly sensitive and 

suitable for detecting Ag⁺ at environmentally and 

biologically relevant levels [62], [63]. 

 

 
Figure 7: (a) Colorimetric response and (b) linear 

calibration curve of SA-CQDs for Ag⁺ detection at 

431 nm.

 

Table 1: Summary of CQDs synthesized from different carbon precursors for Ag⁺ sensing. 
No. Carbon Source Synthesis Method Quantum Yield (%) LOD Values Ref. 

1 Broccoli Hydrothermal NA 0.5 μM [19] 
2 Pomegranate juice Hydrothermal NA 38 × 10−3 μM [20] 

3 Neem leaves Pyrolysis and hydrothermal 54 0.2–0.6 × 103 μM [21] 

4 Lycium ruthenicum Hydrothermal 21.8 59 nM [23] 
5 Citric and folic acid Hydrothermal NA NA [60] 

6 Sucrose and oleic acid Hydrothermal NA 26 nM [57] 

7 Polyurethane Pyrolysis 33 2.8 μM [18] 
8 Glycine and 2,4-diflouor 

benzoylacetonitrile 

Hydrothermal 20.5 and 42.7 15 nM [59] 

9 Neera Hydrothermal NA 0.26 mM [58] 
10 Ethyl glycol Heat treatment 3.02 320 nM [61] 

11 Syzygium aromaticum Carbonization-assisted 

ultrasonication 

12.61 0.103 μM This 

work 

Table 2: Detection Performance of Ag⁺ Ions in Tap 

and Groundwater Samples (n = 4). 
Water 

Samples 

Added 

(μM) 

Measured (μM) Recovery 

(%) 

RSD 

(%) 

Tap water 10 10.005 ± 0.022 100.05 0.22 

30 29.975 ± 0.091 99.92 0.30 

50 49.965 ± 0.036 99.93 0.07 

100 99.88 ± 0.213 99.88 0.21 

200 199.44 ± 0.442 99.72 0.22 

300 292.43 ± 1.992 97.48 0.68 

Underground 

water 

10 9.9875 ± 0.043 99.88 0.43 

30 29.9525 ± 0.047 99.84 0.16 

50 50.04 ± 0.071 100.08 0.14 

100 99.3325 ± 0.431 99.33 0.43 

200 198.055 ± 1.264 99.03 0.64 

300 290.8075 ± 1.877 96.94 0.65 

 

3.8 Analysis of Ag+ ions in real water samples 

 

To assess the practical applicability of the SA-CQDs-

based colorimetric sensor for Ag⁺ detection, recovery 

tests were conducted using real water matrices, 

namely tap water and underground water, with spiked 

Ag⁺ concentrations ranging from 10 to 300 µM (Table 2). 

As shown in Table 1, the measured concentrations 

were in excellent agreement with the spiked values, 

with recoveries ranging from 97.48% to 100.08% for 

tap water and 96.94% to 100.08% for underground 

water. At low concentrations (10–100 µM), the 

recovery rates remained consistently close to 100%, 

indicating that the sensing system exhibits high 

sensitivity and precision even at environmentally 

relevant levels [64]. Only a slight decline in recovery 

was observed at higher concentrations (300 µM), 

potentially due to saturation effects or minor matrix 

interference; however, the performance remained 

within acceptable analytical error margins [15]. 

The relative standard deviation (RSD) values for 

all measurements were below 1%, highlighting the 

excellent repeatability and precision of the method. 

The lowest RSD was recorded at 0.07% (50 µM, tap 

water), while the highest was only 0.68% (300 µM, tap 

water). These results suggest that SA-CQDs maintain 

stable and accurate performance in complex aqueous 

environments without requiring extensive pre-

treatment or filtration, underscoring the robustness of 

the system [65]. Overall, the SA-CQDs sensor 

demonstrates not only high selectivity and sensitivity 

under controlled conditions but also excellent 
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accuracy and reproducibility in real-world samples 

[66]. This makes the platform highly promising for 

routine monitoring of silver contamination in drinking 

water supplies, especially in areas susceptible to heavy 

metal pollution from industrial or mining activities 

[67]. 

 

4 Conclusions 

 

In this work, a green and efficient approach was 

employed to synthesize carbon quantum dots (CQDs) 

using Syzygium aromaticum through a carbonization-

assisted ultrasonication process. The synthesized SA-

CQDs demonstrated strong fluorescent characteristics 

with a quantum yield of 12.61% and exhibited high 

specificity in detecting Ag⁺ ions, achieving a low 

detection limit of 0.103 µM. The sensor also displayed 

excellent environmental stability and reliable 

performance when applied to real water samples, with 

recovery rates reaching 100.08% and relative standard 

deviations (RSDs) of less than 1%. These findings 

highlight the potential of SA-CQDs as reliable and 

eco-friendly sensors for monitoring silver 

contamination in aquatic environments. Future 

research could explore their adaptation for detecting 

other toxic metals or biomolecules, surface 

functionalization for targeted sensing, or integration 

into portable and paper-based sensing platforms. 

Moreover, the approach offers promise for scalable 

green nanomaterial production in fields such as 

environmental monitoring, food safety, and 

wastewater treatment. 
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Supporting Information 

 

 

 
 
Figure S1: Comparison of SA-CQDs synthesized under varying conditions: (a) carbonization temperatures (200, 

250, 300, 350, 400, 450, and 500 °C) for 2 h, (b) mass of Syzygium aromaticum (0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 

1.75, and 2.0 g) at a carbonization temperature of 300 °C for 2 h, (c) sonication durations (5, 10, 15, 20, 25, 30, 

35, 40, 45, 50, 55, and 60 min) at a carbonization temperature of 300 °C for 2 h using 1.25 g of carbonized SA 

powder, and (d) FL intensity under the optimized synthesis conditions (carbonization temperature of 300 °C for 

2 h, 1.25 g of SA powder, 30-min sonication) with an excitation wavelength of 350 nm and emission wavelength 

of 440 nm. 

 
Table S1: Lattice spacing and crystallographic planes of SA-CQDs from SAED analysis. 

No. Label 1/2r (nm–1) 1/r (nm–1) r (nm) d-spacing (Å) (hkl) 

1 Acquire SAED.tif 6.002 3.001 0.333222 3.332222592 (002) 
2 Acquire SAED.tif 8.498 4.249 0.235349 2.35349494 (100) 
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Figure S2: Optical microscopy image of SA-CQDs during raman spectroscopy measurement. 

 

 
Figure S3: (a) UV–vis spectrum of SA-CQDs and (b) UV–vis spectra of SA-CQDs solutions with different 

dilution factors. 

 
Figure S4: Normalized FL spectra of SA-CQDs at various excitation wavelengths from 300 to 500 nm with a 

20 nm increase. 
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Figure S5: Optical stability of SA-CQDs under various environmental conditions (a) storage time, (b) pH, (c) 

temperature, and (d) light irradiation. 

 

Quantum Yield Calculation 

 

𝑄𝑌𝑥 = 𝑄𝑌𝑦 (
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) (
𝐼𝑥

𝐼𝑦

) (
𝜂𝑥

2

𝜂𝑦
2

) 

 

Fluorescence and absorbance measurements at 350 nm for Syzygium aromaticum 

• Refractive index (η) = 1.33 

• Absorbance at 350 nm (A) = 0.05 

• Fluorescence intensity at 350 nm (I) = 57.234 

 

Fluorescence and absorbance measurements at 350 nm for quinine 

• Refractive index (η) = 1.33 

• Absorbance at 350 nm (A) = 0.05 

• Fluorescence intensity at 350 nm (I) = 245.04 

• Quantum Yield (QY) = 54% 

 

𝑄𝑌𝑥 = 54 (
0.05

0.05
) (

57.234

245.04
) (

1.33 
2

1.33 
2

) 

        = 12.61% 


