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simplified hydrothermal method. A 23 full factorial Design of Experiments (DOE) was
employed to optimize synthesis parameters, comprising temperature, reaction time,
and precursor ratio, with optimal conditions identified as 140 °C, 2 hours, and a 1:1
precursor ratio. The resulting N-CQDs exhibited strong photoluminescence, excellent
colloidal stability, and particle sizes ranging from 5 to 10 nm. Tauc plot analysis
indicated bandgap energies up to 5.81 eV, influenced by particle size and quantum
confinement. UV-Vis and FTIR spectroscopy confirmed the absorption behavior and
the presence of nitrogen and oxygen functional groups, respectively, while
photoluminescence measurements showed intense emission. FESEM, TEM, and EDX
analyses revealed uniform spherical morphology and confirmed successful nitrogen
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them promising for bioimaging, sensing, and optoelectronics applications. At the same
N-CQDs, hydrothermal synthesis, time, the sustainable, cost-effective hydrothermal synthesis method supports scalable
photoluminescence, green chemistry, production for use as functional fillers in nanocomposites.
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1. Introduction

Carbon quantum dots (CQDs) are a class of zero-dimensional nanomaterials that have attracted
significant attention due to their exceptional optical, electronic, and structural properties. These
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properties include tunable photoluminescence, high water solubility, excellent biocompatibility, and
low cytotoxicity, making CQDs highly suitable for a wide range of applications, such as bioimaging,
chemical sensing, drug delivery, and optoelectronic devices [1]. With sizes typically less than 10
nanometres, CQDs exhibit quantum confinement effects, which influence their optical
characteristics, further enhancing their potential in bioimaging, sensing, optoelectronics, and
functional filler for nanocomposites [2].

Traditional methods of synthesizing CQDs often involve energy-intensive processes and the use
of hazardous chemical reagents, limiting their sustainability and large-scale applicability [3]. To
address these limitations, hydrothermal synthesis has emerged as a more environmentally friendly
alternative, utilizing renewable carbon precursors such as citric acid, glucose, and various biomass
sources [4]. Among various doping strategies, nitrogen doping is particularly effective in enhancing
the optical and electronic properties of CQDs. By introducing additional energy states within the band
structure, it significantly improves fluorescence quantum yields and stability [5]. As highlighted by
Vercelli et al. [6], nitrogen doping can enhance the quantum vyield of CQDs, boosting their
fluorescence properties. Similarly, Safranko et al. [7] demonstrated that doping modifies the band
gap of CQDs, either broadening or narrowing it, thus influencing their electrical conductivity and
charge carrier dynamics.

Therefore, this study explores on the hydrothermal synthesis of nitrogen-doped carbon quantum
dots (N-CQDs) using citric acid derived from calamansi lime as the carbon precursor and urea as the
nitrogen source. Calamansi lime, a locally available and renewable resource, offers an efficient and
sustainable alternative for CQD synthesis in line with green chemistry principles. The nitrogen
incorporation is expected to enhance the photoluminescence intensity, stability, and surface
chemistry of the N-CQDs, enhancing their suitability for optoelectronic, biomedical, and functional
filler for nanocomposites applications [8].

To optimize the synthesis process, this study employs a statistical Design of Experiment (DOE)
approach, specifically the 22 full factorial method, to assess the effects of key synthesis parameters,
including reaction temperature, precursor ratio, and synthesis duration [9]. The resulting N-CQDs are
characterized using several analytical techniques, such as UV-VIS absorption spectroscopy to
determine optical band gaps, photoluminescence (PL) spectroscopy to analyze fluorescence
behaviour, Fourier-transform infrared (FTIR) spectroscopy to identify surface functional groups, and
field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM)
for morphological analysis.

By optimizing the synthesis conditions and characterizing the resulting N-CQDs, this study aims
to establish a direct correlation between synthesis parameters, particle size, and photoluminescence
properties. The findings will contribute to the expanding body of research on sustainable
nanomaterial synthesis and offer valuable insights into the potential applications of N-CQDs in
bioimaging, chemical sensing, and next-generation optoelectronic devices as functional fillers in
nanocomposites applications.

2. Methodology
2.1 Material

Urea (Sigma-Aldrich, CAS number 57-13-6) was used as the nitrogen precursor, and citric acid,
derived from calamansi lime purchased from the local market, served as the carbon precursor for
synthesizing nitrogen-doped carbon quantum dots (N-CQDs). Figure 1 illustrates the schematic
representation of the synthesis process, highlighting urea as the nitrogen source and citric acid from
calamansi lime as the carbon source.
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Fig. 1. Schematic illustration for the synthesis of CQDs from urea and citric acid (Calamansi Lime)

10000 rpm NCQD Solution

2.2 Synthesis of N-CQDs

The N-CQDs were synthesized using a hydrothermal method. A parametric study of the reaction
conditions was conducted using a two-level full factorial Design of Experiment (DOE) approach,
facilitated by the Design Expert Software (Stat-Ease, version 13.0.5). The study varied factors such as
temperature (140°C, 160°C, 180°C) as X;, reaction time (2, 3, 4 hours) as X2, and the urea-to-citric
acid ratio (1:1, 1:2, 1:3) as X3. The synthesis was carried out in a sealed autoclave to enhance reaction
efficiency, following a 23 full factorial DOE design with 3 repetitions at the centre point, across 11
experimental sets. The key parameters for N-CQD synthesis in the two-level full factorial study are
summarized in Table 1, while the specific parametric combinations are listed in Table 2. The
parametric study on the hydrothermal synthesis of N-CQDs used the band-gap results, determined
through Tauc-Plot analysis of the UV-Vis spectroscopy, as the main response.

Table 1

Key parameters for N-CQDs synthesis

Parameter Range Parameter Code
Reaction Temperature 140-180-°C X1
Reaction Time 2—4 hrs. X2

Precursor Concentration Ratio

1:1,1:2, 1: X:
(Urea: Citric Acid) ,1:2,1:3 3

Table 2
Parametric combination for N-CQDS synthesis using a two-level full
factorial method

Sample X1 X2 X3
1 140 2 1:1
2 180 2 1:1
3 140 4 1:1
4 180 4 11
5 140 2 1:3
6 180 2 1:3
7 140 4 1:3
8 180 4 1:3
9 160 3 1:2
10 160 3 1:2
11 160 3 1:2
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2.3 Characterization Techniques

To investigate the properties of nitrogen-doped carbon quantum dots (N-CQDs), several
characterization techniques were employed. UV-Vis absorption spectroscopy was used to examine
the absorption spectrum of the N-CQDs, which allowed for the estimation of their band gap [10]. This
technique provides important insights into the electronic transitions within the N-CQDs. The UV-Vis
analysis was conducted using a Shimadzu UV-1900i Plus spectrophotometer. An aliquot of N-CQDs
was first diluted (0.50 ml N-CQDs with 40 ml distilled water) and centrifuged at 10,000 rom for 15
minutes to obtain a clear supernatant for UV-VIS testing, which was then transferred to a cuvette for
analysis. The sample was scanned over 200—800 nm to record the absorption spectrum.

Photoluminescence (PL) spectroscopy was employed to measure fluorescence intensity and
emission spectra, which are essential for understanding the optical properties of the N-CQDs,
particularly their potential applications in bioimaging and sensing. The PL spectrum provides insights
into the emission behaviour under varying excitation conditions [10]. An aliquot of N-CQDs was first
diluted (0.50 ml N-CQDs with 40 ml distilled water) and centrifuged at 10,000 rpm for 15 minutes to
obtain a clear supernatant for PL testing. PL analysis was conducted using a PerkinElmer LS55
fluorescence spectrometer, which recorded 300 nm to 800 nm spectra under optimized excitation
conditions.

Fourier-transform infrared (FTIR) spectroscopy was used to identify the surface functional groups
of the nitrogen-doped carbon quantum dots (N-CQDs) [11]. This technique provided valuable
information on the chemical bonding and surface chemistry of the material, confirming the presence
of nitrogen-containing functional groups, which indicate successful nitrogen doping. FTIR analysis
was performed using the attenuated total reflectance (ATR) method on a BRUKER Alpha Il FTIR
spectrometer, with a scanning range of 4000 to 400 cm™ to identify the characteristic absorption
bands.

For morphological observation, the field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were employed to analyze the morphological and structural
characteristics of the N-CQDs. These imaging techniques revealed that the N-CQDs exhibited a
uniform spherical shape, smaller dots size, and crystalline structure [12-13]. For FESEM with EDX
analysis, about 5 ml of raw N-CQDs was mixed with 45 ml of acetone to facilitate the removal of
excess organic material. The solution was then centrifuged at 10,000 rpm for 15 mins, and the
collected sample was dried in an oven at 60°C for 3 hours. FESEM observation was using Hitachi
SU5000 at secondary and backscattered mode. TEM imaging was conducted using Talos L120C at a
resolution of 0.20 nm at 120 kV, under the magnification range from 35x to 910x.

3. Results
3.1 Optimization of Synthesis Parameters

The optimal synthesis conditions for nitrogen-doped carbon quantum dots (N-CQDs) were
determined using a Design of Experiments (DOE) approach, focusing on three critical parameters:
reaction temperature, reaction time, and the urea-to-citric acid ratio. The DOE analysis identified the
ideal combination as a reaction temperature of 140 °C, a reaction time of 2 hours, and a 1:1 ratio of
urea to citric acid. Under these conditions, the synthesized N-CQDs demonstrated excellent
photoluminescence and a uniform dots size distribution. These results were consistent with findings
in previous studies, where the optimization of synthesis parameters significantly affected the
structural and optical properties of carbon quantum dots [14]. The optimization process indicated
that these conditions led to the highest desirability value for the synthesis of N-CQDs with a bandgap
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of 5.813 eV, which is ideal for their potential applications in optoelectronics and bioimaging as a
functional filler for nanocomposites. The DOE results indicated that these synthesis conditions were
optimal for producing N-CQDs with enhanced fluorescence, which is attributed to smaller particle
sizes that result in the quantum confinement effect.

During the DOE optimization, several trials were conducted with varying temperatures, precursor
ratios, and reaction times. It was observed that higher temperatures (greater than 160°C) resulted in
the formation of larger dot sizes, which led to a reduced band gap and lower photoluminescence.
Similarly, lower temperatures (below 140°C) were not as effective, as they resulted in lower quantum
yields and less efficient fluorescence. These findings are consistent with the quantum confinement
effect, where smaller particle sizes lead to higher energy states, increasing the material's
photoluminescence.

Furthermore, the urea to citric acid ratio played a crucial role in the synthesis. The ratio of 1:1
produced the most stable and uniform N-CQDs, with no significant aggregation or defects. When the
ratio was altered to 1:2 or 1:3, the resulting N-CQDs exhibited poorer dispersion and lower
fluorescence, likely due to excess urea disrupting the nitrogen doping process or causing other by-
products that reduced the optical performance of the N-CQDs.

The following Figure 2 shows a three-dimensional response surface plot that illustrates the
relationship between the synthesis parameters and the band gap of the N-CQDs. The plot highlights
the optimal synthesis conditions (140°C, 2 hours, 1:1 urea to citric acid ratio) that maximize the band
gap of 5.18 eV.
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Fig. 2. Three-Dimensional Response Surface Plot of Bandgap Response in Calamansi Lime N-CQD
Synthesis
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Table 3 summarizes the optimization results from the response surface methodology (RSM),
detailing the experimental conditions that led to the highest band gap.

Table 3
Optimization Result of RSM on Synthesis of Calamansi Lime N-CQD
Level imizati

Parameter Units Goal Optimization

Lower Upper Result
Reaction °C is in range 140 180 140
Temperature
Reaction Time Hours is in range 2 4 2
Precursor Ratio (Urea: - . . .
Concentration Citric Acid) I In range 11 31 11
Bandgap (direct) eV maximize 4.6494 5.81 5.813

Figure 3 presents the ramp graphical view, showing the trend of photoluminescence properties
such as band gap concerning the changes in synthesis parameters (temperature, reaction time, and
precursor ratio). It helps visualize the variation in optical properties and supports the selection of the
optimal conditions.

T T

140 180 2 4
A:Reaction Temperature = 140,341 B:Reaction Time = 200122
1 3 4.6494 5.81

LK ]

C|Precursor Concentration (Urea : Citric Acid) = 1.015( Band Gap (direct) = 5.81314

Desirability = 1.000
Solution 1 out of &7
Fig. 3. Optimization Results of Calamansi Lime N-CQD Synthesis in Ramp Graphical View

Figure 4 illustrates the histogram view, depicting the material's ability to absorb and emit light
across different experimental setups. It clearly shows the peak in band gap when the 1:1 urea to citric
acid ratio and 140°C temperature are used.

In conclusion, the DOE analysis provided critical insights into the synthesis of N-CQDs, and the
results indicate that 140°C, 2 hours, and a 1:1 urea to citric acid ratio are the optimal conditions for
obtaining N-CQDs with high photoluminescence and uniform dot size distribution. These findings
were further validated through response surface analysis, and the quantum confinement effect was
confirmed, demonstrating the correlation between particle size and band gap.
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Fig. 4. Optimization Results of Calamansi Lime N-CQD Synthesis in Histogram View
3.2 Optical and Structural Properties

The UV-VIS absorption spectrum of the N-CQDs revealed characteristic absorption peaks, which
were analyzed to determine the optical band gap of the material. The band gap was determined using
the Tauc plot method, resulting in an optical maximum band gap of 5.813 eV. The Tauc plot analysis
involved plotting (ahv)¥? versus hv, where «a is the absorption coefficient, and hv is the photon
energy (h = Planck’s constant = 6.626 x 103% J.s; v = frequency of the electromagnetic wave
associated with photon). By extrapolating the linear portion of this plot, the band gap was identified.
This method proved effective in determining the electronic structure and bandgap of the synthesized
nanomaterials. In this study, the bandgap values ranged from a minimum of 4.6494 eV to a maximum
of 5.813 eV, depending on the experimental conditions. These findings are consistent with previous
research on carbon-based quantum dots, such as that by Sharma and Chowdhury (2023) [14], which
highlights the influence of synthesis parameters on electronic properties. The maximum band gap
was observed when the N-CQDs were synthesized under optimal conditions, resulting in a smaller
dot size. Conversely, the minimum band gap was associated with larger N-CQDs. The relationship
between the band gap and the size of the particles is governed by the quantum confinement effect,
where smaller particles exhibit larger band gaps due to more pronounced electronic confinement.
This effect significantly influences the photoluminescence (PL) and optical properties of the material
[15].

Given the importance of photoluminescence characteristic for applications such as biocimaging
and sensing, we selected the maximum band gap (5.813 eV) for further analysis. This choice was
based on the correlation between a larger band gap and enhanced photoluminescence properties.
Smaller particle sizes with larger band gaps tend to emit higher intensity fluorescence, as the
confined electrons exhibit more efficient recombination. These properties are desirable for
applications requiring high fluorescence intensity and stable emission in various optoelectronic
devices [16].
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3.2.1 Tauc Plot Calculation: Direct or Indirect Transition

For the direct band gap calculation, n was chosen to be 1/2 (Equation 1). This is appropriate for
materials with direct band gap transitions, where the electron transition occurs without the
involvement of phonons, as seen in some quantum dots and nanomaterials. For direct transition, the
Tauc plot is given by:

(ahv)Y2=A(hv-E) (1)
Where A is a constant and Ej is the direct band gap.

However, for N-CQDs, which exhibit size-dependent quantum confinement effects, the indirect
band gap transition was also considered. In this case, the exponent n is 2 (Equation 2), suitable for
materials with an indirect transition, where the electron must interact with a phonon to transition
between the valence and conduction bands. For indirect transition, the Tauc plot is given by:

(ahv)?*= A (hv-Ey) (2)
Where A is a constant and Ey is the indirect band gap.

The decision to choose between the direct and indirect band gap calculation was made based on
optical absorption characteristics observed in the UV-VIS absorption spectrum. The direct transition
model was more appropriate for N-CQDs in this study due to their typical electronic structure, which
behaves similarly to direct band gap semiconductors. Figure 5 displays the UV-VIS absorption
spectrum of the N-CQDs and the corresponding Tauc plot. The plot clearly shows the linear region
used to calculate the direct band gap, which was found to be 5.813 eV for the N-CQDs synthesized
under the optimized conditions.
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Fig. 5. UV-VIS Absorption Spectrum and Tauc Plot of N-CQDs
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The photoluminescence (PL) spectrum further confirmed the relationship between band gap and
photoluminescence. The N-CQDs exhibited excitation-dependent fluorescence, with the maximum
emission peak at 554 nm when excited at 500 nm. This behavior is typical of carbon quantum dots,
where the emission spectrum shifts depending on the excitation wavelength, indicating a tunable
photoluminescence property [16]. As particle size decreased, the emission intensity increased, which
is consistent with the quantum confinement effect. Figure 6 illustrates the PL emission spectra at
various excitation wavelengths, showing the typical excitation-dependent fluorescence behavior.
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Fig. 6. Photoluminescence Spectrum of N-CQDs

The FTIR spectroscopy as shown in Figure 7 revealed nitrogen-containing functional groups such
as amines and carboxyl groups, confirming that nitrogen doping was successfully incorporated into
the carbon matrix of the N-CQDs. Nitrogen doping enhances the optical and electronic properties of
the quantum dots by introducing additional energy states within the band gap. This increases the
material's stability and fluorescence efficiency, which are critical for applications such as sensing and
bioimaging. The FTIR spectra highlight the presence of functional groups that verify the successful
nitrogen doping and surface modification of the N-CQDs [17-18].
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Fig. 7. FTIR Spectrum of N-CQDs
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The morphology and particle size distribution of the N-CQDs were analyzed using FESEM and
TEM. Both imaging techniques revealed that the N-CQDs were spherical with sizes ranging from 5 to
10 nm, which aligns with the desired size range for quantum dots used in optoelectronics [19, 20].
The particle size distribution was relatively uniform, and the crystalline structure of the N-CQDs was
confirmed through TEM analysis. The smaller particle sizes corresponded to the larger band gap and
enhanced photoluminescence observed [21-22]. Figures 8, 9, 10, and 11 include FESEM and TEM
images showing the uniform spherical morphology and crystalline structure of the N-CQDs.
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Fig. 8. (a) FESEM image showing the uniform spherical morphology of N-
CQDs (Sample 1); (b) EDX elemental analysis; (c) Concentration plots
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Fig. 9. FESEM image showing the uniform spherical morphology of N-
CQDs (Sample 6)); (b) EDX elemental analysis; (c) Concentration plots
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Energy-Dispersive X-ray (EDX) analysis confirmed the presence of carbon, nitrogen, and oxygen
in the synthesized N-CQDs, validating successful nitrogen doping and oxygen functionalization. The
EDX spectra for both samples displayed distinct peaks for these elements, indicating effective
incorporation during the synthesis process. Nitrogen doping is particularly significant, as it alters the
electronic structure of the N-CQDs, influencing their bandgap and enhancing their optical properties.
Surface functionalization and elemental doping collectively contribute to the fine-tuning of these
nanomaterials, making them highly adaptable for a range of advanced applications [23].

TEM images of Sample 1 (Figure 10) and Sample 6 (Figure 11), both synthesized via the
hydrothermal method, revealed distinct differences in particle size distribution. TEM analysis showed
that Sample 1 had a smaller average particle size of approximately 3.47 nm, with individual particles
ranging from 2.34 nm to 4.33 nm. The particles displayed a relatively uniform size distribution and
minimal aggregation. In contrast, Sample 6 exhibited a larger average particle size of about 4.06 nm,
with particle sizes ranging from 2.78 nm to 5.09 nm, and showed more noticeable aggregation in the
TEM micrographs.
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Fig. 10. (a) TEM images showing the uniform spherical morphology of N-
CQDs (Sample 1); (b) Particle size distribution

121



Malaysian Journal on Composite Science and Manufacturing
Volume 16, Issue 1 (2025) 111-124

Penerbit

Akademia Baru

(@ |

(b)

121

1.0f

o
©

Frequency
(=1
o

0.4r

o

Mean =3.91
Std. Dev. =0.71

N\

™S

D'%.B 3jU

Fig. 11. (a) TEM images showing the uniform spherical morphology of N-

3.5

4.0 4.5
Particle Size (nm)

CQDs (Sample 6); (b) Particle size distribution

5.0

Aggregation of nanoparticles can significantly influence their optical properties, often resulting in
increased scattering losses and decreased fluorescence efficiency. The differences in particle size
distribution were further validated by the corresponding histograms. For Sample 1, the yellow
histogram showed a mean particle size of 2.88 nm with a standard deviation of 0.48 nm, indicating a
more uniform and tightly distributed particle size. In comparison, Sample 6’s pink histogram indicated
a mean particle size of 3.91 nm with a standard deviation of 0.71 nm, reflecting a broader size
distribution and larger average particle size. These results, supported by both TEM micrographs and
histograms, confirm the disparity in uniformity and aggregation behavior between the two samples.
The broader size distribution and increased aggregation observed in Sample 6 may contribute to
heterogeneous optical behavior, potentially limiting its suitability for applications requiring
consistent and uniform particle characteristics.

122



Malaysian Journal on Composite Science and Manufacturing
Volume 16, Issue 1 (2025) 111-124

4. Conclusions

This study successfully synthesized nitrogen-doped carbon quantum dots (N-CQDs) via an eco-
friendly hydrothermal method. The optimization of synthesis parameters using the Design of
Experiment (DOE) approach led to the production of high-quality N-CQDs with excellent optical
properties and colloidal stability. The N-CQDs exhibited strong photoluminescence, small particle
sizes below 6 nm, and a maximum band gap of 5.813 eV, making them suitable for bioimaging,
sensing, and optoelectronics. Future research should focus on improving N-CQD performance
through surface functionalization and surfactant modifications to enhance stability and optical
properties. Scaling up the synthesis process while maintaining quality is essential for real-world
applications. Additionally, deeper studies on biocompatibility, toxicity, and interactions with
biomolecules will be crucial for medical and biosensing applications. Advanced characterization
techniques such as HRTEM and improved purification methods like dialysis can further refine N-CQD
properties. By addressing these aspects, N-CQDs can be developed into versatile materials for
applications in nanotechnology, healthcare, and sustainable technologies.
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