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The increasing global demand for inexpensive and environmentally friendly fluorescent 

nanomaterials highlights the urgency of employing green synthesis approaches using biomass-based 

materials. Following the principles of green chemistry, the present study details a one-step 

hydrothermal synthesis of carbon quantum dots using green bean seeds as a carbon precursor, with no 

chemical additions. Photoluminescence (PL) spectroscopy showed excitation-dependent 

fluorescence properties with a peak green emission at 532 nm when excited at 490 nm and a quantum 

yield of 37.1%. Transmission electron microscopy (TEM) revealed uniform quasi-spherical 

nanoparticles (~5 nm). X-ray diffraction (XRD) confirmed a graphitic core. Fourier transform 

infrared spectroscopy (FTIR) and energy-dispersive X-ray spectroscopy (EDX) analyses revealed 

surface carbonyl and hydroxyl groups, with carbon and oxygen as principal elements. The CQDs 

demonstrated nanosensing capability for Cu²⁺ ions, with a limit of detection of 0.1 µM via 

fluorescence quenching. Temperature-dependent PL studies exhibited linearity in the 20 to 65°C 

range with a relative thermal sensitivity of 1.17% °C-1, confirming the nanothermometer capability 

of CQDs. Using the serial dilution method, CQDs represent antibacterial activity against Escherichia 

coli and Klebsiella bacteria. Multifunctional green bean-based CQDs have excellent potential for 

nanoscale temperature, heavy metal sensing, and biomedical applications. 

 KEYWORDS: Green Synthesis, Carbon Quantum Dots (CQDs), Green Bean Seeds, Sensor, 

Antibacterial Activity. 

 

1. INTRODUCTION 

        Much interest has been directed toward carbon 

quantum dots (CQDs) over the last decade, as they are a 

member of a growing class of carbon-based nanomaterials 

with dimensions less than 10 nm and exhibit outstanding 

luminescent performance, biocompatibility, and minimal 

environmental impact. The important optical and 

physicochemical features of CQDs, such as bright 

fluorescence, resistance to photobleaching, excitation-

dependent emissions, high quantum yields, low toxicity, 

smaller sizes, enhanced solubility in water, chemical 

stability, and simplicity of functionalizing, have inspired 

significant research on their potential uses (Scaria et al., 

2020; Sciortino et al., 2018; Yadav et al., 2023). These 

applications span biomedical fields such as bio-imaging 

(Das et al., 2024), cellular imaging (Xu et al., 2021), bio-

labelling (Sharma et al., 2020), drug delivery (Molaei, 

2023), metal sensing (Das et al., 2020), energy storage 

(Kumar et al., 2022), optoelectronics (Yuan et al., 2019), 

sensors (Li et al., 2021), light-emitting diode (Bucka et al., 

2024), pH sensing (D’Souza et al., 2024), temperature 

sensing (Hu et al., 2022) and antibacterial activity (Gagic 

et al., 2020).  

        Researchers have developed different synthesis 

techniques to generate CQDs, which generally fall into two 

categories: top-down and bottom-up approaches. Many 

studies have focused on creating straightforward, 
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inexpensive, and effective methods for CQD production, 

emphasizing safety and sustainability. In the top-down 

approach, scientists break down large carbon structures 

such as graphite, carbon nanotubes, and graphene oxide 

into smaller pieces using techniques like arc discharge, 

laser ablation, and electrochemical methods. In contrast, 

researchers synthesize CQDs suitable for large-scale 

production through bottom-up approaches by assembling 

small organic precursor molecules. This process involves 

hydrothermal or solvothermal treatments, pyrolysis, 

microwave irradiation, or combustion (Kong et al., 2024; 

Magesh et al., 2022; Yadav et al., 2023). The field of 

hydrothermal green synthesis of CQDs is rapidly 

expanding. Its low production cost, one-step synthesis, low 

reaction temperatures and long-term sustainability make 

this method environmentally friendly and widely 

accessible, with minimal use of hazardous chemicals 

(Nazibudin et al., 2023; Xie et al., 2019). 

        Precursor selection significantly influences the 

fluorescent and overall properties of CQDs due to the 

strong relationship between surface groups and the carbon 

source composition. Optimizing precursor choice and 

reaction parameters can enhance the photoluminescence 

characteristics of CQDs (Chahal et al., 2021; Verma et al., 

2022). Notably, surface functionalization can be achieved 

naturally, without chemical doping or passivation, due to 

the abundance of biomolecules such as carbohydrates and 

proteins present in plant-based precursors. Thus, plants 

provide unique and effective building blocks for 

sustainable CQD synthesis (Zulfajri et al., 2020). A variety 

of natural and food-derived materials have been 

investigated as carbon sources for CQD synthesis, such as 

fruit peels, juices, chicken eggs, vegetables, and plant 

leaves (Feng et al., 2015; Mehta et al., 2015; Yin et al., 

2013; Zhang et al., 2015). Legume-based precursors, such 

as black soybeans, mung beans, and red lentils, have been 

studied due to their abundant biochemical composition. 

The literature indicates that these materials have achieved 

high quantum yield (QY) values, particularly when 

enhanced through nitrogen doping (Jia et al., 2019; Kaur 

et al., 2019; Khan et al., 2019). 

        However, to the best of our knowledge, green bean 

seeds have not yet been reported as a precursor for CQD 

synthesis. Green beans represent an economical and 

sustainable food source, with a carbohydrate content 

ranging from approximately 50–68%. They also contain 

significant amounts of bioactive compounds and 

functional proteins (Singh et al., 2021). This study 

demonstrates that green bean seeds can yield a high 

quantum yield without requiring chemical additives, and 

offer multifunctional capabilities compared to previously 

investigated legumes. The distinctive biochemical 

composition of green bean seeds positions them as a 

promising candidate for the sustainable and efficient 

production of CQDs. This work presents a straightforward 

hydrothermal approach using green bean seeds for the low-

cost and eco-friendly synthesis of fluorescent CQDs. A 

range of experimental and spectroscopic techniques was 

employed to characterize the synthesized CQDs and 

explore their potential applications in antibacterial activity, 

nanoscale temperature sensing, and the selective detection 

of Cu2+ ions.  

2. MATERIALS AND METHODS 

Experimental Materials: 

        Fresh green beans were purchased from a local 

market in Zakho, Kurdistan region, Iraq. The beans were 

hulled to remove the outer layer, then thoroughly washed 

several times with distilled water to eliminate dirt and 

contaminants. After washing, the beans were sun-dried for 

two days to ensure complete moisture removal. The dried 

green bean seeds were then ground using a mixer until a 

fine, uniform powder was obtained. This green bean 

powder was used as a carbon precursor for carbon quantum 

dot synthesis. Distilled water was produced with the help 

of a Milli-Q ultrapure water purification system. Lastly, 

fluorescein dye (C₂₀H₁₂O₅, MW: 332.31 g/mol) was 

obtained from Sigma-Aldrich and used in this study. 

Instrumentation and Synthesis Equipment: 

        A Japanese JEOL JEM 1010 TEM was used for 

transmission electron microscopy (TEM) analysis. 

SEM/EDX analysis was conducted on an SEM FEI Quanta 

250 FEG, USA. A Bruker D8 Discover X-ray 

diffractometer (Germany) was used for X-ray diffraction 

(XRD) analysis. It employed Cu Kα radiation (λ = 

0.154060 nm) over a 2θ range of 5° to 80°, at 40 kV and 

30 mA. JASCO FTIR/4000 instrument (Japan) was used 

for Fourier Transform Infrared Spectroscopy (FTIR) 

analysis. For photoluminescence (PL) analysis, a 

handmade fluorescence spectrophotometer equipped with 

a tunable light source and a SCIENCETECH9702 

spectrometer (Canada) was utilized. UV–Vis absorption 

spectra were recorded using a CECIL CE 7200 

spectrophotometer. A Magnetic Stirrer and Hot Plate (HS-

12, China) were also used during sample preparation. 

Hydrothermal synthesis was performed in a 100 mL 

stainless-steel autoclave equipped with a Teflon (PTFE) 

layer. Centrifugation was carried out using a KT7-900-434 

high-speed centrifuge (Kenda, Germany's Heller 

International Trading Co., Ltd). Finally, a constant-

temperature drying oven (Model: WHL/50HZ, 

FAITHFUL, China) was used during the synthesis process. 

Synthesis of CQDs: 

        Figure 1 illustrates the process for synthesizing 

CQDs. A single-step hydrothermal technique was 

employed to synthesize CQDs, using distilled water as the 

solvent and green bean seeds as the carbon precursor. The 

process includes the following steps: First, a solution was 

prepared by mixing 4 grams of green bean powder with 40 

milliliters of distilled water and allowing it to mix for one 

hour. The solution was then transferred into a 100 mL 

autoclave reactor and heated to 200°C for 12 hours in an 

oven. After cooling to room temperature, the resulting 

CQD solution was subjected to two stages of purification. 

Initially, a 10-minute centrifugation at 10,000 rpm was 

performed to remove larger particles. The supernatant was 

then filtered using a 0.22 μm membrane filter to eliminate 

residual impurities and improve purity. The CQD 

preparation process was thus completed, and the samples 

were stored at 4 °C until further investigations could be 

conducted. 
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Figure 1: A schematic representation illustrating the single-step hydrothermal technique for preparing CQDs from green 

bean seeds. 

Fluorescence Detection of Cu2+ Ions: 

        Green bean-synthesized CQDs were utilized as the 

sensing material for detecting copper (ІІ) ions (Cu2+). The 

experiment began with 3 mL of CQD solution in a quartz 

cuvette. Then, solutions of metal ions at different 

concentrations were added and allowed to stand for 3 

minutes. The PL spectra of the CQDs were recorded using 

a 300 W xenon arc lamp, with an excitation wavelength of 

490 nm. The impact of different metal ions on the 

fluorescence intensity of the CQDs was assessed at room 

temperature. Cu2+ ions were found to significantly reduce 

the fluorescence intensity of the CQDs among the tested 

metals. 230 mg of copper nitrate trihydrate 

(Cu(NO₃)₂·3H₂O) was dissolved in 5 mL of distilled water 

to create a 0.1902 M stock solution of Cu2+ ions to examine 

the impact of Cu²⁺ ion concentration on CQD fluorescence. 

Different volumes of the stock solution were added to 3 

mL of the CQD solution, the mixture was left to equilibrate 

for three minutes. Fluorescence intensities for CQD 

solutions with concentrations of Cu2+ ranging from 0.09 to 

0.17 µM were measured. A calibration curve was 

constructed to illustrate the relationship between 

fluorescence quenching intensity and Cu2+ ion 

concentration. To evaluate the effectiveness of the sensing 

mechanism, a linear regression analysis was performed to 

determine the slope, standard deviation, coefficient of 

determination (R2), and limit of detection. 

Temperature-Dependent Fluorescence Intensity 

of CQDs: 

        Research into the potential applications of carbon 

quantum dot solutions in nanothermometry led to this 

investigation of their temperature sensitivity. A quartz 

cuvette was placed on a heating plate, and 3.5 mL of the 

CQD solution was transferred into it. During the 

experiment, temperatures ranging from 20 to 65 °C were 

applied in 5 °C increments. A thermometer was inserted 

into the mixture to obtain accurate temperature readings. 

Once thermal equilibrium was reached, 

photoluminescence measurements were taken at the 

excitation wavelength of 490 nm. A calibration curve was 

created to demonstrate the correlation between 

fluorescence intensity and temperature. This method 

allowed us to evaluate whether the CQDs' fluorescence 

intensity varied with temperature by measuring their 

response across a broad temperature range.  

Quantum Yield Measurement of CQDs: 

        The quantum yield (QY) of CQDs was calculated 

using the single-point relative technique, as is given in 

equation (1), and outlined in the previous literature (Saber 

et al., 2024; Salman, 2023). To determine the QY of the 

CQD solution, fluorescein dye, which has a constant 

quantum yield of 0.95 (Mohammed & Omer, 2020; Mousa 

et al., 2023), was utilized as a reference standard. To 

minimize the impact of reabsorption, the concentration 

adjusted to ensure that the absorbance of both the standard 

and sample solutions at the excitation wavelength of 490 

nm remained below 0.1. Afterward, the integrated 

fluorescence intensity was determined for the standard and 

sample fluorescence spectra, recorded at the optimal 

wavelength over the emission range of 490 to 620 nm 

range.  

 

QYCQDs = QYST (
FCQDs

FST
) (

AST

ACQDs
) (

ηCQDs

ηST
)
2

                           (1)  

 

      In this context, QYCQDs refer to the fluorescence 

quantum yield of the carbon quantum dots (sample), 

whereas QYST stands for quantum yield of the reference 

standard. The integrated fluorescence intensities, 

measured in arbitrary units (a.u.), correspond to the 

fluorescence emission spectra of the sample (FCQDs) and 

the reference standard (FST). Their refractive indices (η) 

were both 1.33 as distilled water was used to dilute both 

the reference standard and the sample. A represents the 

absorbance at the optimum wavelength, also measured in 

a.u. 
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3. RESULTS 

Morphological, Structural, Surface, and 

Elemental Characterization of CQDs: 

        The morphology of the synthesized CQDs was 

confirmed using transmission electron microscopy (TEM), 

which provided significant insights into their 

morphological characteristics and particle size 

distribution. Figure 2A shows a predominantly quasi-

spherical morphology, characterized by well-dispersed 

nanoparticles with minimal aggregation. The size 

distribution of the CQDs was narrow, with an average 

particle size calculated as davg= 5.01 nm. Based on the 

particle size analysis conducted using ImageJ software on 

the TEM image, the CQDs exhibited a diameter range from 

2.35 nm to 9.82 nm, as illustrated in the histogram in 

Figure 2B. X-ray diffraction (XRD) analysis was used to 

study the crystallinity and internal structure of CQDs. 

Figure 2C demonstrates that the synthesized CQDs 

exhibited a distinctive diffraction peak in their XRD 

spectrum at 24.8°. The observed peak corresponds to the 

(002) plane of the graphitic carbon crystalline structure, 

exhibiting an interplanar spacing (d-spacing) of 0.35 nm, 

calculated using Bragg's equation (Arul & Sethuraman, 

2019; Deme et al., 2023). However, some additional peaks 

did not correspond to CQDs and may originate from 

residual precursors or contaminants. The crystallite size of 

CQDs for the (002) plane, calculated using the Debye–

Scherrer equation, was approximately 8.48 nm (Deme et 

al., 2023). 

        To identify the functional groups on the surface of 

CQDs, Fourier transform infrared spectroscopy was used. 

Figure 2D displays the FTIR spectrum within the 4000-

400 cm-1 range. The figure reveals a pronounced broad 

band between 3327 and 3233 cm−1 corresponding to the 

O–H stretching vibrations, suggesting the presence of 

hydroxyl groups on the CQD surface. The band observed 

at 1627 cm-1 corresponds to the stretching vibration of 

carbonyl groups (C=O). The peak at 1381 cm−1 is 

attributed to the asymmetric stretching vibration of C–O–

C, indicating the presence of ether or epoxy linkages. A 

small absorption peak at 2101 cm-1 confirms the presence 

of an alkyne group (C≡C), due to the stretching vibration 

of carbon–carbon triple bonds. Additionally, the elemental 

composition of the synthesized CQDs was determined 

using energy-dispersive X-ray (EDX) analysis. As shown 

in Figure 2E, the EDX spectrum primarily indicates the 

presence of carbon (57.32%) and oxygen (32.17%), with a 

minor amount of potassium (10.51%) also detected. 

 

 

 

 
 

 

 

Figure 2: Characterization of the synthesized CQDs: (A) TEM image; (B) Histogram showing the particle size 

distribution; (C) XRD pattern; (D) FTIR spectrum; (E) EDX spectrum. 
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Optical Characterization of CQDs: 

        The optical features of the synthesized CQDs were 

evaluated by analyzing their fluorescence emission and 

ultraviolet–visible (UV-Vis) absorption spectra. One of the 

main properties of CQDs is their tunable 

photoluminescence, which allows them to emit light across 

a broad spectrum of wavelengths. Their emission peaks are 

most noticeable in the ultraviolet, visible, and near-

infrared regions. The synthesized CQDs exhibit excitation-

dependent emission characteristics, as shown in Figure 

3A. The excitation wavelengths used to measure 

photoluminescence emissions ranged from 430 to 530 nm, 

with intervals of 10 nm. From 430 to 490 nm, the emission 

peak becomes increasingly intense with increasing 

excitation wavelength, accompanied by a redshift of 12 

nm, moving from 520 nm to 532 nm. The emission peak 

reaches its maximum wavelength of 532 nm when excited 

at 490 nm. Nevertheless, beyond this most pronounced 

peak, a decrease in photoluminescence intensity is 

observed as the excitation wavelength increases from 500 

nm to 530 nm; a shift toward longer wavelengths is 

observed in the emission peaks, extending to 556 nm. Also, 

the fluorescence quantum yield (QY) of the CQDs 

prepared from green beans was determined to be 37.1%, 

using fluorescein as the reference standard. Additionally, 

the aqueous CQD solution exhibited strong green 

luminescence when exposed to 365 nm ultraviolet light 

(inset in Figure 3B), confirming that the synthesized CQDs 

exhibit remarkable photoluminescence characteristics. 

        Absorption spectroscopy is an extremely efficient 

approach for investigating the electronic transitions of 

CQDs. Fluorescent CQD samples were subjected to UV-

Vis spectra analysis, recorded between the wavelengths of 

200 and 800 nm. In general, pure CQDs exhibit two 

noticeable absorption peaks. The first one is linked to the 

π-π* transition of aromatic sp2 carbons, also known as 

C=C bonds, corresponding to bands with wavelengths less 

than 300 nm. The second peak, linked to surface functional 

groups n–π* transition, arises from intrinsic absorption 

between 300 and 400 nm (Bandi et al., 2016). Figure 3B 

shows two significant absorption peaks in the synthesized 

CQDs, with the highest absorption recorded at 274 nm and 

317 nm in the ultraviolet region. The absorption maxima 

at 274 nm and 317 nm for C=C aromatic bonds and 

functional groups like C=O, respectively, indicate the 

existence of π-π* and n-π* transitions (Bakier et al., 2020; 

Hu et al., 2015). Moreover, the optical characteristics of 

various materials can be studied by measuring the band 

gap energy, which is the difference in possible energy 

between the valence and conduction bands. A Tauc plot 

was used to determine the optical band gap energy (Eg) 

using UV-Vis spectral data. It was constructed by plotting 

(αhυ)² against hυ, where α is the absorption coefficient, h 

is the Planck constant, υ is the light frequency, and E is 

represented as hυ (eV) (Jumardin et al., 2021). As 

indicated in Figure 3C, a careful fit illustrates the indirect 

transition band gap of CQDs. The synthesized CQDs 

exhibited three energy band gaps at 3.35 eV, 3.92 eV, and 

4.25 eV, suggesting multiple electronic transitions. 

 

Figure 3: (A) Photoluminescence spectra of CQDs excited at various wavelengths; (B) Ultraviolet-visible absorption 

spectra of CQDs (with images of the CQD solution taken under natural light (left) and at 365 nm UV illumination 

(right), shown in the inset); (C) Tauc plot used to calculate the band gap energy of CQDs. 

 

 

APPLICATIONS OF CQDs: 

Detection of Cu2+ Ions: 

        To determine the CQDs' selectivity towards various 

metal ions, the fluorescence intensity of the CQDs was 

evaluated. The experiment was conducted in the presence 

of additional ions at an optimum wavelength of 490 nm, 

including (Ag+, Fe3+, Zn2+, Cd2+, Co2+, Na+, K+, Hg2+, Cu2+, 

Cl−, SO4
2-, and NO3

-). Figure 4A shows that introducing 

these ions into the CQD solutions had no noticeable effect 

on fluorescence intensity, except for copper (II) ions 

(Cu2+), which specifically quenched the PL intensity. The 

findings indicate that the produced CQDs exhibit greater 

selectivity and sensitivity in detecting Cu2+ ions than other 

metal ions. Figure 4B shows images of the CQD solutions 

exposed to 365 nm UV light, revealing a significant 

reduction in the fluorescence intensity of CQDs following 

the addition of Cu²⁺ ions. The image on the left shows the 

CQD solution after adding Cu2+ ions, while the image on 

the right is the original CQD solution before adding Cu2+ 

ions.  

        By introducing different concentrations of Cu2+ ions 

into the CQD mixture, we investigated the response of the 

CQDs' fluorescence intensity for quantitative detection of 

Cu2+ ions. As seen in Figure 4C, the fluorescence intensity 

of the CQDs consistently decreased as the amounts of Cu2+ 

ion concentration increased. As Cu2+ ions of varying 
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quantities (ranging from 0.09 to 0.17 µM) were added, the 

fluorescence intensity diminished. With a correlation 

coefficient R² = 0.975, as demonstrated in Figure 4D, the 

observed changes demonstrate a strong linear association 

and are reversible. To investigate how Cu2+ ions affect the 

fluorescence characteristics of CQDs, the fluorescence 

intensity ratio to the quencher was measured using the 

Stern-Volmer equation (Zu et al., 2017). The fluorescence 

intensity ratio (I0/I) of CQDs, where I0 = 2427 arbitrary 

units (a.u.), represents the fluorescence intensity of 

produced CQDs at the optimum wavelength with no 

quencher, while I represents the fluorescence intensity of 

the CQDs in the presence of the quencher.  The sensitivity 

of CQDs was estimated from the linear fit's slope by 

utilizing the coefficient of determination; the fitting 

yielded R² = 0.987, indicating that CQDs are an excellent 

sensor for Cu²⁺ ions with high precision, as illustrated in 

Figure 4E. The quenching impact demonstrates the robust 

and specific interaction between Cu²⁺ ions and CQDs. 

        The reduced limit of detection (LOD) of CQD 

fluorescence sensors renders them useful in numerous 

areas. A low level of detection indicates that the sensor 

exhibits high sensitivity. The limits of detection (LOD) and 

quantification (LOQ) were established utilizing the 

formulas provided by (Fu et al., 2017). The LOD for the 

synthesized CQDs is 0.1 micromolar (µM), while the limit 

of quantification is 0.3 µM. The standard deviation (σ) of 

the measurements used in the LOD and LOQ calculations 

was 50.1557 a.u./µM. Figure 4F demonstrates how the 

quencher affects the absorption characteristics of the 

CQDs. The absorption spectrum of CQDs shows a peak 

with an absorbance of 1.55 a.u. before introducing Cu2+ 

ions. Adding Cu2+ ions decreased the absorbance to 0.67 

a.u., while the absorption peak wavelength remained 

unchanged. This suggests that Cu2+ ions interact with the 

CQDs through quenching mechanisms. 

 

 

Figure 4: (A) Bar chart of the fluorescence intensity of CQDs when different materials are added, demonstrating their 

selectivity towards Cu2+ ions; (B) Images of CQD solutions under 365 nm UV illumination before (right) and after (left) 

adding Cu2+ ions; (C) Photoluminescence intensity changes of carbon quantum dots with varying concentrations of Cu2+ 

ions; (D) Correlation between fluorescence intensity of CQDs and Cu2+ ion concentrations; (E) Stern-Volmer plot 

showing the quenching mechanism and sensor response; (F) UV-Vis absorption spectra of synthesized CQDs in the 

absence and presence of Cu2+ ions. 

 

 

CQD-Based Optical Nanothermometer: 

        The temperature-dependent fluorescence 

characteristics of the synthesized CQDs were studied to 

evaluate their potential effectiveness as optical 

nanothermometers. Figure 5A presents the CQDs' 

photoluminescence emission spectra, demonstrating their 

temperature dependence at an optimum excitation 

wavelength of 490 nm. As the temperature increased from 

20 to 65 °C, in 5 °C increments, a gradual reduction in 

fluorescence intensity was observed at the emission peak 

of 537 nm. In contrast, the emission wavelength remained 

unchanged (Kalytchuk et al., 2017). As shown in Figure 
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5B, a strong correlation between the temperature and 

fluorescence intensity of CQDs was identified, featuring a 

coefficient of determination (R²) of 0.9755. These findings 

indicate that the CQDs can function as precise 

nanothermometers within this range of temperatures, 

underscoring their potential for accurate thermal sensing 

and biological monitoring applications. The thermal 

sensitivity of the synthesized CQDs, as indicated by the 

slope of the linear fit (-9.198 a.u./°C), results in a relative 

thermal sensitivity (SR) of 1.17% °C⁻¹ at 65°C (Sun et al., 

2024).

 

 

Figure 5: (A) Fluorescence emission spectra of CQDs over the temperature range of 20–65 °C; (B) Linear relationship 

between temperature and fluorescence intensity of the CQDs. 

 

Antibacterial Activity of CQDs: 

        The produced CQDs' antibacterial effectiveness 

against Gram-negative bacteria, namely Klebsiella and 

Escherichia coli (E. coli), was evaluated through the serial 

dilution method. Treatment with CQDs significantly 

reduced the number of E. coli and Klebsiella colonies, as 

shown in Figure 6. A consistent concentration of CQDs 

was applied to bacterial cultures that were diluted to 10⁻⁶, 

10⁻⁵, and 10⁻⁴. The culture plates provided visual evidence 

of the antibacterial effect. The findings indicated that E. 

coli and Klebsiella displayed decreased viability at all 

dilutions, demonstrating that CQDs inhibited bacterial 

growth and confirming their antibacterial properties of the 

CQDs regardless of bacterial density. 

 

Figure 6: Photographic comparison of E. coli (left) and Klebsiella (right) colony formation under control (left) and 

CQD treatment (right) at various bacterial dilutions using the serial dilution method. 
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4. DISCUSSION 

        This study describes the green synthesis, 

characterization, and multi-applications of CQDs 

generated from green beans using a straightforward 

hydrothermal process. The prepared CQDs were found to 

be primarily quasi-spherical in shape and consisted of 

uniformly distributed nanoparticles with a small size 

distribution ranging from 2.35 nm to 9.82 nm, with an 

average particle size (davg) of 5.01 nm, which is in line with 

prior TEM results reported for CQDs made from citrus 

juice (Tadesse et al., 2018). The XRD analysis of the 

synthesized CQDs revealed that their reduced crystallinity 

and disordered structure were caused by the intrinsic 

growth of oxygen-containing functional groups. These 

results are supported by previous studies on the 

environmentally friendly production of CQDs using 

sugarcane industrial waste and Phyllanthus emblica fruit 

(Arul & Sethuraman, 2019; Pandiyan et al., 2020). 

      In addition, FTIR data show that oxygen functional 

groups (OH, C=O, and C-O-C) significantly enhance the 

water dispersibility and fluorescence efficiency of CQDs. 

This facilitates the creation of CQDs with notable surface 

functional groups aligning with sustainable, 

environmentally friendly methods (Sailaja 

Prasannakumaran Nair et al., 2020).  Carbon quantum 

dots' elemental composition was studied by 

EDX spectroscopy. The produced CQDs are largely 

composed of oxygen and carbon atoms. The detection of 

oxygen indicates that oxygen-functional groups remain in 

the sample, while a high carbon percentage suggests that 

the precursor was successfully carbonized and converted 

into carbonaceous nanoparticles. Potassium appears to be 

present naturally in green bean seeds, as its detection 

occurred despite the absence of any external compounds 

containing potassium during synthesis. Surface-adsorbed 

potassium, partially integrated into CQD structures, can 

potentially affect the optical characteristics and surface 

charge of CQDs. Filtration and repeated washing with 

distilled water are two post-synthesis treatments that can 

effectively eliminate or reduce the most leftover potassium 

ions (Meiling et al., 2016). 

      Under 365 nm UV light, the produced carbon quantum 

dots fluoresced bright green and displayed excitation-

dependent behavior in their photoluminescence emission 

spectra. Variations in particle size are the primary reason 

CQDs emit in response to different 

excitation wavelengths. Emission at specific wavelengths 

indicates variations in the band gaps of CQDs. In addition, 

this phenomenon is significantly influenced by the surface 

features of CQDs. The emission peaks can shift with the 

excitation wavelength when surface traps, functional 

groups, or defects create new energy states that affect the 

emission characteristics (Gan et al., 2016; Sharma et al., 

2020). The CQDs prepared from green beans exhibited a 

fluorescence quantum yield of 37.1%. As demonstrated in 

Table 1, the obtained results exceeded those reported in the 

literature for hydrothermally synthesized CQDs from 

various eco-friendly sources. The oxygen-functional 

groups present in the green bean precursor improved 

surface passivation, thereby increasing fluorescence 

efficiency.

 

Table 1: Comparison of the fluorescence QYs of CQDs synthesized from natural precursors using the hydrothermal 

method. 

Precursor QY (%) Ref. 

Barberry 12.82 (Mohammadnejad & Ghiasi, 

2025) 

Red lentils 13.2 (Khan et al., 2019) 

Chia seeds 17.8 (Marouzi et al., 2021) 

Banana peel waste 20 (Atchudan et al., 2021) 

Morus nigra fruit 24 (Atchudan et al., 2022) 

Sour whey 28 (Aydin et al., 2024) 

Green bean seeds 37.1 This study 

 

       Two bands in the UV-Vis spectra indicate the 

formation of conjugated CQDs and the presence of surface 

groups containing oxygen (Sudolska et al., 2015). The 

CQDs exhibited three distinct energy band gaps at 3.35 eV, 

3.92 eV, and 4.25 eV. The first energy gap at 3.35 eV can 

be attributed to surface-related defect states and localized 

electronic transitions associated with functional groups on 

the CQD surface. The second band gap at 3.92 eV 

corresponds to free electrons connected to oxygen atoms 

within sp² or sp³ hybridized carbon structures. The highest 

energy band gap at 4.25 eV represents the π–π* transition 

of sp² carbon domains in the CQDs (He et al., 2018; 

Kroupa et al., 2017). The presence of multiple band gaps 

is linked to the size heterogeneity of the CQDs, which 

leads to different degrees of quantum confinement, as well 

as the formation of various emissive states due to structural 

defects and surface functional groups. These findings are 

consistent with previous studies on biomass-derived 

CQDs, highlighting that both particle size variation and 

surface states significantly influence the optical properties 

of CQDs synthesized from green bean seeds (Elkun et al., 

2024). 

      For practical applications, the synthesized CQDs serve 

as a cheap, safe, and effective method for detecting low 

concentrations of Cu²⁺ ions via fluorescence-based 

quenching mechanisms. Cu²⁺ ions interact with CQDs 

through electrostatic interactions between the ions and 

functional groups on the CQD surface. The pronounced 

linearity observed in the Stern-Volmer plot (Figure 4E) at 

low Cu²⁺ ion concentrations suggests that dynamic 

quenching is the predominant mechanism. Although a 

decrease in absorbance intensity from 1.55 to 0.67 without 

any wavelength shift was recorded upon the addition of 

Cu²⁺ ions, as shown in Figure 4F, this indicates potential 

weak interactions between the quencher and CQDs. 

Therefore, static quenching is likely present to a minor 

extent but does not play a significant role in this study (Liu 

et al., 2014; Luo et al., 2023). Table 2 summarizes 
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previously reported green carbon sources used to produce 

CQDs for Cu²⁺ ion detection. Their linear ranges and limits 

of detection vary depending on the precursor used. Green 

bean-derived CQDs demonstrated notable sensitivity, with 

a limit of detection (LOD) of 0.1µM, which is comparable 

to the other green precursors.

 

Table 2: Summary of green synthesized CQD-based sensors for Cu2+ ion detection. 

Carbon source LOD Linear range Ref. 

Bamboo leaves 0.115 µM 0–66 µM (Liu et al., 2014) 

Prawn shell 5× 10−3 µM 0.1–5 µM (Gedda et al., 2016) 

Sago waste 7.78 µM 0–47 µM (Tan et al., 2014) 

Kelp 7× 10−3 µM 1–12.5 µM (Zhu et al., 2017) 

Grass 1× 10−3 µM 0–50 µM (Liu et al., 2012) 

Green bean seeds 0.1 µM 0.09-0.17 µM This study 

 

 

      Additionally, the synthesized CQDs demonstrated 

temperature-dependent fluorescence, exhibiting 

diminished intensity as the temperature rose from 20 to 65 

°C. The reduction in fluorescence intensity with increasing 

temperature corresponds to the thermal activation of non-

radiative trapping states. With increasing temperature, 

excited electrons are more likely to dissipate energy via 

thermal vibrations instead of photon emission, resulting in 

decreased quantum efficiency and, consequently, lower 

photoluminescence intensity (Zhao & Kim, 2017). The 

synthesized CQDs exhibited a relative temperature 

sensitivity of 1.17% °C⁻¹, markedly surpassing the 

sensitivities documented in certain prior investigations of 

carbon-based nanothermometers, as detailed in Table 3. 

The improved sensitivity underscores the capability of 

these CQDs as effective and precise fluorescent 

nanothermometers for real-time nanoscale temperature 

monitoring. 

 

Table 3: Comparison of the temperature sensitivity of fluorescent CQDs synthesized from different carbon sources. 

Carbon source Linear range Temperature sensitivity Ref. 

Citric acid 5-75 °C  0.41% °C−1 (Zhang et al., 2019) 

Trisodium citrate 10-70 °C  0.64% °C−1 (Guo et al., 2020) 

C3N4 20-80 °C  0.85% °C−1 (Yang et al., 2015) 

Green bean seeds 20-65 °C  1.17% °C−1 This study 

 

       Furthermore, the present study provides visual 

evidence of antibacterial activity. Our findings show that 

CQDs exhibit a stronger inhibitory effect on E. coli 

compared to Klebsiella bacteria. The observed difference 

can be mainly assigned to the different features of their 

capsular structure and the mechanisms they employ for 

defense. Klebsiella features a thick polysaccharide capsule 

and strong antioxidative resistance mechanisms, which 

defend its outer membrane against CQDs. Klebsiella 

exhibited diminished responsiveness to CQD-induced 

membrane destabilization. In comparison, E. coli does not 

possess the comprehensive protective mechanisms and 

thick protective structures, rendering it more vulnerable to 

cellular damage (Zierke et al., 2025). This finding is 

consistent with previous studies that have shown carbon 

quantum dots derived from turmeric leaves to exhibit 

complete bactericidal activity against E. coli within an 8-

hour period. In contrast, Klebsiella required 24 hours to 

achieve complete inhibition, attributed to the variation in 

their capsular structure (Saravanan et al., 2021). The 

ultrasmall size of the synthesized CQDs with a 5 nm 

diameter greatly enhances their antibacterial activity. The 

results confirm that CQDs are low-cost and 

environmentally-friendly antibacterial agents effective for 

bacteria-related infections. All the findings confirm that 

green bean-derived CQDs are cost-effective, sustainable, 

and multifunctional platforms that can be employed for 

environmental sensing, nanothermometry, and biomedical 

applications. 

 

CONCLUSIONS AND RECOMMENDATIONS 

        This work reports a single-step hydrothermal 

technique for synthesizing green-bean-based 

multifunctional CQDs. The results of the characterization 

studies confirm the effective development of quasi-

spherical CQDs with an average particle size of 5.01 nm 

and a surface capped with groups containing oxygen (–

OH, C=O), greatly improving their excellent water 

dispersibility. The structural attributes support the 

photoluminescence (PL) analysis, which exhibits bright 

green fluorescence (λEx/λEm = 490/532 nm), leading to a 

notable quantum yield of 37.1%. The prepared CQDs 

demonstrate a selective fluorescence reduction in response 

to copper ions (Cu²⁺) with an LOD of 0.1 µM. 

Additionally, the photoluminescence features of CQDs are 

explored through temperature sensitivity studies 

conducted in the range of 20-65 °C, highlighting their 

important application in nanoscale thermometry. The 

findings also reveal efficient antibacterial activity against 

E. coli and Klebsiella bacteria, with a stronger inhibitory 

effect observed against E. coli. Using low-cost and readily 

available biomass such as green beans represents a cost-

effective and eco-friendly approach to synthesizing new 

nanomaterials with attractive features like small particle 
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size, rich functional groups, biocompatibility, intense 

green emission, excellent QY, and time-saving sensing 

properties. The findings demonstrate the remarkable 

versatility of green bean-derived CQDs in advanced 

fluorescence-based sensing and biomedical applications. 

      For the usability of CQDs to be increased, future 

studies need to explore new synthetic routes to produce 

CQDs with high stability and yields that emit longer-

wavelength or near-infrared light. In addition, efforts must 

be made into expanding emission to longer wavelengths, 

e.g., yellow, orange, and red, beyond the typically reported 

blue and green regions. This development will greatly 

enhance the performance in a variety of potential uses, 

such as sensing, optoelectronics, and bioimaging. 

Furthermore, CQDs exhibit significant potential as core 

materials for the next phase in nanocomposite materials 

due to their multifunctional characteristic, affordability, 

safety, and improved biocompatibility. Following the 

principles of green chemistry, developing CQD-based 

nanocomposites from waste- or biomass-derived 

precursors using low-energy and environmentally friendly 

pathways can induce a tremendous research renaissance in 

material science applications. 
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