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 Carbon quantum dots (CQDs) are a class of fluorescent carbon nanomaterials. Carbon 

quantum dots (CQDs) were synthesized in this work from Mustard Leaves (Brassica 

juncea L) with the Addition of Urea via a microwave-assisted reflux method. This 

research aims to characterize CQDs' optical properties, energy gap, and emission under 

UV light computationally and experimentally. The studied optical properties obtained 

the maximum absorption peak observed from the UV-Vis spectrum of CQDs without 

urea shown at 233 nm. The UV-Vis spectrum of CQDs with the addition of urea (1 g, 

1.5 g, and 2 g urea) has maximum absorption peaks at 424 nm, 422 nm, and 418 nm. The 

addition of urea causes a shift in the peak of the UV-Vis absorption spectrum towards 

red wavelengths (redshift). CQDs display bright green emissions when exposed to UV 

irradiation. In this work, the structures of CQDs of various forms (CQD-24, CQD-54, 

CQD-24-NH2, CQD-54-NH2) are theoretically studied in detail, and the results present 

both models (CQD-24, CQD-54) shows that the calculation results are in accordance 

with the experimental results, namely having a maximum UV-Vis absorption at 233 nm 

and in the range 200-400 nm. The results of calculations based on experiments show the 

same trend, namely that with the addition of urea, there is a shift in the absorption peak 

(redshift). The gap energy obtained also decreased with the addition of urea. CQDs 

solution emits yellow-green light.  
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1. INTRODUCTION 
Carbon Quantum Dots (CQD) is a glowing 

nanomaterial that attracts the attention of some 

researchers; CQD has a size of about 10 Nm. CQD 

has low toxicity properties and strong 

photoluminescence, and biocompatibility is 

excellent, highly tunable photoluminescence 

behavior 1. In addition, CQD can be easily 

synthesized from natural materials with simple 

techniques. Therefore, CQD can be fabricated on a 

large scale. Various applications of CQD materials 

have been utilized as solar cells 2, displays, cancer 

detection, drug delivery carriers in biomedicine, 

absorbing material in photovoltaics 3, biomedical, 

fluorescent detection of Escherichia coli 4, and gas 

sensor 5.  

The abundant raw material has led to much 

research on CQD from natural ingredients derived 

from plant parts such as fenugreek seeds 6, 

watermelon rinds 7 , cucumber and green pepper 8, 

Catharanthus roseus (white flowering plant) leaves 
9, milk, pepper, coriander, honey, garlic, curcumin, 

rice husks 10. Apart from that, it has been 

synthesized from green mustard stems, green 

mustard leaves, Cerbera manghas skin, Cerbera 

manghas flesh, yellow pumpkin skin, and yellow 

pumpkin flesh 11 . From these studies, it was 

reported that the obtained CQD have good optical 

properties such as improved visible-light 

absorption (320-650 nm), high fluorescence (720-

840nm). Previous research also observed the gap 

energy of CQDs originating from natural materials, 

namely from 1.9 eV to 3.0 eV11. Therefore, CQD 

can be used as dyes in quantum dot-sensitized solar 

cells (QDSSC) 12. This is consistent with the optical 

properties of CQD, which can absorb the spectrum  
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       (a)      (b)      (c)                 (d) 

Figure 1. The CQD structure before optimization (a.) CQD-24, (b.) CQD-54 (c.) CQD-24-NH2 (d.) CQD-54-NH2 

 

of sunlight. The results of other studies also 

reported the photoluminescent optical properties of 

CQD, which can transmit a spectrum of light 

strongly, so that CQD has the opportunity to be 

used in the medical field as bioimaging or in the 

light-emitting (LED) 13. 

Computational CQD research has been 

widely carried out. CQD can be modeled as a 

graphene quantum dot shape. This research used 

computational analysis and interaction 

experiments of CQD with phenol in river water 14. 

Carbon nanoparticles that have less than 10 nm in 

size are called Cdots. CQD can also be modeled as 

Cdot 15. Many computational studies use Density 

Function Theory (DFT) and Time-Dependent 

Density Functional Theory (TD-DFT) methods. 

The DFT method has several advantages, including 

an efficient approach to calculating electronic 

properties, the ability to calculate complex organic 

molecules or solid materials, more computational 

precision with the GGA (Generalized Gradient 

Approximation) approach and more precise Meta 

GGA calculations 16. Another method used is TD-

DFT, which can predict absorption spectra 

regarding electronic properties in chemical 

processes 17. In this study, the calculations were 

carried out using the DFT and TD DFT. 

Calculations were performed to determine the 

electronic and optical properties of the CQDs. other 

studies have calculated the electronic and optical 

properties for N, P-doped CQDs 18. 

This research aims to synthesize CQDs 

based on Mustard green (Brassica juncea L) leaf 

with Urea addition and characterize the optical 

properties of CQDs (maximum absorption and 

light emission of CQDs solutions). Apart from that, 

this research also calculated the energy gap of 

CQDs experimentally and computationally. 

 

2. RESEARCH METHODS 

Experiment Method 

Preparation of Materials for Making CQD 
The synthesis of Carbon Quantum Dots 

(CQD) begins by preparing the ingredients: 

mustard leaves (20 g), urea (1, 1.5, and 2 g), and 

distilled water (140 ml). Mustard leaf extract is 

obtained by mixing 20 g of mustard leaves with 140 

ml of distilled water in a household blender. After 

mixing thoroughly, the solution is filtered using 

Whatman 40 filter paper to separate the part of the 

sample that is still coarse from the desired solution. 

20 ml of the filtered solution from the previous 

stage was taken into the crucible. After that, the 

urea was weighed with varying masses of 1 g, 1.5 

g, and 2 g to be mixed with the mustard leaf 

solution. Next, the mustard leaf and urea solution 

were made into carbon dots using the green 

synthesis method by heating with a microwave for 

15 minutes 19. The solution will turn into a 

brownish crust that sticks to the bottom of the 

container. This color indicates that CQD has been 

formed. Then, the precipitate was separated by 

drying at 60oC for one hour. Then, add 10 ml of 

distilled water and centrifuge, then pour in the 

carbon dots obtained by heating them on a hot 

plate. In order to obtain different samples, 

repetitions were carried out with the addition of 

different urea concentrations. Next, the optical 

properties of the CQDs were characterized by UV–

Vis spectrophotometer. The CQD characterization 

results were analyzed for their optical properties, 

calculate and analyzed the gap energy using the 

touch plot method 20. 

 

Computational Method 

CQD has been modeled (Figure 1) by 

reducing graphene to CQD-24 carbon atoms and 

CQD-54 carbon atoms. Another model was by 

adding an NH2 functional group. Then, the model 

was optimized with the DFT method and calculated 

the optical properties with the TDDFT method. 

Calculations were performed using Orca 5.0 

software 21. 

 

3. RESULTS AND DISCUSSION  
The UV-Vis CQD absorption spectra 

pattern of mustard leaf extract without adding urea, 

the addition of 1 g, 1.5 g, and 2 g urea, is shown in 

Figure 2. A red line spectrum shows the UV-Vis 

CQD absorption spectrum pattern without adding 

urea. The UV-Vis absorption spectrum of CQD 

without adding urea is in the absorption range of 
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200-400 nm and has maximum absorption intensity 

at a wavelength of 233 nm. This spectrum shows 

that 233 nm was assigned to the typical π → π* 

transition of the conjugated C=C bond 22 . The green 

line spectrum in Figure 2 represents the CQD 

resulting from adding 1 g of urea. This UV-Vis 

absorption spectrum has an absorption wavelength 

of 300 nm to 500 nm and has a maximum 

absorption intensity at a wavelength of 424 nm. It 

shows n–π* transition C=O 23  24. The UV-Vis 

absorption spectrum pattern of CQD mustard 

greens with adding 1.5 g of urea can be seen in the 

blue line spectrum (Figure 2). This spectrum has 

an absorption range of 300-500 nm and has a 

maximum absorption at a wavelength of 422 nm. 

The UV-Vis spectrum pattern of CQD produced by 

adding 2 g of urea to mustard leaf extract is shown 

by the spectrum of the yellow line in Figure 2. This 

spectrum has a 300-500 nm range with an 

absorption peak of 418 nm. The addition of urea 

causes a shift in the peak of the UV-Vis absorption 

spectrum towards the red wavelength (red shift). 

Urea contains carbon, oxygen, nitrogen, and 

hydrogen 25. Functional groups of NH2 can interact 

with the surface of CQDs. NH2 from urea acts as 

an electron donor, causing redistribution of 

electrons in CQD and giving rise to a new state in 

the gap energy, which produces new HOMO-

LUMO, which produces a lower gap energy 

(redshift) 26. 

Based on the TD-DFT calculation, the UV-

Vis spectra results agree with the experiment's 

(Figure 3). The calculation results for CQD- 24 

(Figure 3a) have an absorption opportunity in the 

wavelength range of 150-240 nm and 250-300 nm. 

Calculations to model the larger CQD are carried 

out by increasing the number of carbon atoms to 54 

carbon atoms (CQD-54). CQD-54 (Figure 3c) has 

an absorption opportunity at wavelengths of 250-

300 nm and 350-400 nm. The two models show 

that the calculation results are under the 

experimental results, which have a maximum 

absorption at 233 nm and are in the 200-400 nm 

range. 

The addition of urea is modeled by adding 

the NH2 group to CQD-24 (Figure 3b). The 

calculation results show that the UV-Vis 

absorption opportunities are in the range of 140-

230 nm. The absorption peak is at a wavelength of 

184 nm. This absorption peak shifted to the right 

from the UV-Vis absorption peak without adding 

NH2. The absorption of the UV-Vis spectrum also 

has the opportunity to occur for the wavelength 

range 240-340 nm, and the peak occurs at 246 nm. 

After the addition of NH2, there was a broadening 

of the peaks in the 240-340 nm range. The second 

CQD model has a larger size (CQD-54) (Figure 

3d) by adding the NH2 group, which has been 

successfully calculated. The results obtained have 

a UV-Vis absorption spectral pattern in the 

wavelength range of 240-350 nm with peaks of 264 

nm and 350-470 nm. CQD 54-NH2 has two 

maximum UV-Vis absorption peaks at 396 nm and 

441 nm in the 350-470 nm absorption range. The 

results of this calculation are under previous 

research that has been done 27. From the calculation 

results, there is a suitability for the occurrence of a 

peak shift due to the addition of urea. The results 

show the same trend between the experiment and 

calculation; that is, with the addition of urea, there 

is a shift in the absorption peak (redshift). The 

effect of adding NH2 is that the greater the amount 

of NH2 on the CQD surface, the more electrons the 

CQD receives, resulting in more new molecular 

orbitals around the HOMO-LUMO, which causes 

the energy gap to decrease 28. 

 
Figure 2. UV-Vis spectrum of Carbon Quantum Dots derived from mustard leaves with the addition of variations of urea 

grams 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. UV-Vis absorption spectra by TD-DFT calculations (a) CQD24 (b) CQD24-NH2 (c) CQD54 and (d) CQD54-

NH2 
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Figure 4. The indirect energy gap on the carbon 

quantum dot comes from mustard greens with the 

addition of a variety of grams of urea 

 

The results of the gap energy calculation 

experimentally can be seen in Figure 4. The red 

line plot shows the gap energy for CQD without 

adding urea. CQD without urea has a gap energy of 

2.8 eV. The CQD obtained by adding 1 g of urea is 

shown in Figure 4 for the green line plot. The gap 

energy for CQD with adding 1 g of urea is 2.5 eV. 

The gap energy for CQD with adding 1.5 g urea is 

shown in Figure 4, the blue line plot. Calculation 

results were obtained for the energy gap of adding 

1.5 g urea of 2.57 eV. Gap energy for CQD with 

adding 2 g of urea was obtained at 2.6 eV. The 

yellow line plot in Figure 4 shows this gap energy. 

Computational calculations are performed, 

and variations of the CQD model are calculated as 

geometric optimization. The optimization process 

will obtain a change in the location of the 

coordinates (x,y,z) to a new position (x',y',z') for 

each atom.  This optimization aims to obtain a 

stable molecular geometric structure. The CQD-

24-NH2 model before optimization had a C-N bond 

length of 1.388 Å. After optimization the bond 

length became 1.390 Å. Likewise, for the CQD-54-

NH2 model, before optimization the C-N bond 

length was 1.391 Å, but after optimization the C-N 

bond length became 1.389 Å.  Figure 5a shows the 

optimized CQD with 24 carbon atoms. Figure 5b 

shows the optimized CQD with 54 carbon atoms. 

The CQD model with the addition of NH2 is shown 

in Figure 5c CQD24-NH2 and Figure 5d CQD-54-

NH2, which has been optimized. 

.    

(a)                (b)                (c)                    (d) 

 
Figure 5. The optimized molecular structure of (a) CQD-24, (b) CQD-54 (c) CQD-24-NH2 and (d) CQD-54-NH2 

 
               (a)                         (b)        (c)                    (d) 

 

Figure 6. Molecular structures and orbital HOMO-LUMO (a.) CQD -24, (b.) CQD-54 (c.) CQD-24-NH2 and (d.) CQD-

54-NH2 
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After the model has been optimized, the 

distribution of electrons in the molecular orbitals is 

calculated to obtain variations in the HOMO-

LUMO energy levels. After the HOMO-LUMO 

energy levels in the CQD variation (Figure 6) are 

known, the difference in HOMO-LUMO energy 

levels (energy gap) can be seen (Table. 1). This 

aims to determine the molecular electronic 

properties of CQD. The calculation results show 

that the CQD-24 energy gap is 4.01 eV, and the 

CQD-54 energy gap is 2.81 eV. The calculation 

results show that the smaller the size of the CQD, 

the greater the gap energy. The computational 

CQD-54 gap energy has almost the same value as 

the CQD gap energy without adding urea to the 

experimental results. By adding the NH2 group to 

CQD, the CQD-24-NH2 energy gap is 3.50 eV, and 

the CQD-54-NH2 energy gap is 2.65 eV. These 

results indicate that adding NH2 lowers the gap 

energy in CQD-24 and CQD-54. Decreasing the 

energy gap is also appropriate and occurs 

experimentally. The calculated CQD-54-NH2 

energy gap has a value (2.65 eV) that is close to 

CQD addition of 1 g, 1.5 g, and 2 g urea from the 

experimental results (2.50 eV, 2.57 eV, and 2.60 

eV). The energy levels of the highest occupied 

molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) in carbon quantum dots 

(CQD) allow them to be effective sensitizers in 

dye-sensitized solar cells (DSSCs). When exposed 

to sunlight, CQDs can inject electrons across the 

dye/semiconductor interface into the titanium 

dioxide (TiO2) semiconductor. These injected 

electrons are then replenished by the electrolyte 

(I
3−/I−), which acts as an electron donor. This 

electron injection and transfer process contributes 

to the efficient conversion of sunlight into 

electricity in DSSCs 29. 

This study obtained the results of the 

synthesis of CQD without urea and the addition of 

urea. The result emits a green light. These results 

can be seen in Figure 7. The results obtained are in 

accordance with previous research; CQD was 

synthesized by the microwave method. It can emit 

yellow–green and green color fluorescence under 

UV light (365 nm). The resulting particle size is 

around 2-6 nm.29. The photoluminescence (PL) 

origin of carbon quantum dots (CQDs) is explained 

by three main viewpoints: surface-state emission, 

core-state emission (quantum confinement), and 

molecular fluorescence. Surface-state emission is 

determined by hybridizing the carbon backbone 

and connected chemical groups. In nearly perfect 

carbon crystal regions with fewer defects and 

modified groups, core-state emissions arise from 

quantum confinement effects. Molecular 

fluorescence is induced by fluorescent impurities 

formed during synthesis. CQDs' PL behavior and 

quantum yield (QY) can be influenced by their 

particle size, surface states, heteroatom doping, and 

surface functionality. For example, as the size of 

the dot increases, the emission wavelength red-

shifts, and the fluorescence intensity decreases. 

Additionally, heteroatom doping and changes in 

surface functional groups can also control the PL 

intensity 30. 

 
Table 1. The comparison of gap energy CQD from the 

experiment result and computation analysis. 

  

Energy 

LUMO 

(eV) 

Energy 

HOMO 

(eV) 

Energy 

Gap 

(eV) 

CQD   2.80 

CQD 1.0 gr Urea   2.50 

CQD 1.5 gr Urea   2.57 

CQD 2.0 gr Urea   2.60 

CQD24 -1.621 -5.632 4.01 

CQD24- NH2 -1.576 -5.144 3.50 

CQD54 -2.309 -5.114 2.81 

CQD54- NH2 -2.284 -4.935 2.65 

 

 
 

Figure 7. Presentation of the synthesis of CQD from 

mustard green (Brassica juncea L) leaf with the 

microwave treatment and visible green emission under 

UV; and (a) CQD, (b)CQD 1g urea (c)CQD-1.5 g urea 

(d) CQD 2 g urea 

 

4. CONCLUSIONS  
This research succeeded in synthesizing 

environmentally friendly CQD, through 

microwave irradiation of Mustard leaf (Brassica 

juncea L) with the addition of urea as a precursor 

without adding urea for synthesis. The optical 

properties of the CQD synthesis results have a UV-

Vis CQD absorption spectrum (without the 

addition of urea) in the absorption range of 200-400 

nm and a maximum absorption intensity at a 

wavelength of 233 nm. UV Vis CQD spectra with 

the addition of urea (1 g, 1.5 g, and 2 g CQD urea) 

have maximum absorption peaks at 424 nm, 422 
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nm, and 418 nm. The addition of urea causes a shift 

in the peak of the UV-Vis absorption spectrum 

towards red wavelengths (redshift). The results 

show similar trends between experiments and 

calculations; that is, with the addition of urea, there 

is a shift in the absorption peak (redshift). In 

addition, CQD from Mustard leaves (Brassica 

juncea L) with the addition of urea precursors 

without the addition of urea having carbon 

quantum dots (CQD) allows it to be an effective 

sensitizer in dye-sensitive solar cells (DSSCs). The 

addition of urea in the synthesis decreases the 

energy gap. These properties can be applied as 

needed. Since synthesized CQDs can emit yellow-

green light, this property is suitable for use as 

optoelectronic and bioimaging devices.  
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