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Tunable emissive solid-state carbon nanoparticles (CNPs) have been successfully synthesized by a facile
synthesis through microwave irradiation. Modulating microwave interaction with the sample to generate
abrupt localized heating is a long-term challenge to tailor the photoluminescence properties of CNPs.
This study systematically revealed that the sample temperature through microwave irradiation plays
a crucial role in controlling the photoluminescence properties over other reaction conditions, such as
irradiation time and microwave duty cycle. When the sample temperature reached 155 °C in less than
three minutes, the CNP sample exhibited a green-yellowish emission with the highest quantum yield
(QY) of 14.6%. Time-dependent density functional theory (TD-DFT) study revealed that the tunable
photoluminescence properties of the CNPs can possibly be ascribed to their nitrogen concentrations,
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Introduction

Carbon-based phosphors, such as carbon nanoparticles (CNPs),
carbon dots, graphene quantum dots, and boron carbon oxy-
nitride (BCNO), have gained scientific interest in various
semiconductor applications, such as biosensing, bioimaging,
nanomedicine, solar cells, and catalysis."” Owing to their
superior properties (tunable photoluminescence emission, high
quantum efficiency, low cytotoxicity, facile production, cost-
effective preparation, photostability, chemical inertness, and
excellent biocompatibility), carbon-based phosphors are ex-
pected to be excellent potential substitutes for semiconductor
quantum dots and rare earth element-based phosphors.®®
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route for the well-controlled synthesis of luminescent CNPs through microwave irradiation.

Among other carbon-based phosphors, carbon nanoparticles
(CNPs) are the most promising materials for large-scale
production due to their scalable and facile synthesis with
superior properties.

In the last decade, much research has been devoted to
developing high-performance CNPS with tunable emission.
Most of these methods involve several syntheses and purifica-
tion steps that are unpreferable for up-scaled synthesis. In
addition, the solution-based synthesis process hinders the
optoelectronic application of CNPs due to their self-quenching
phenomenon.®" Similar to many organic molecules, fluores-
cence quenching occurs in the aggregate state, ascribed to
direct - interactions or excessive resonance energy transfer
(RET)."** To overcome this problem, many scientists have
made some efforts to develop solid-state CNPs."**¢ Therefore,
the challenge of developing a synthesis method for solid-state
CNPs has aroused great interest.

Among the various facile syntheses, microwave treatment is
the most popular method for synthesizing and modifying
carbon-based phosphors due to the environmentally friendly
process and high conductivity of carbon, leading to a strong
interaction with microwave radiation. Wang et al. reported the
tunable emission of a solid-state CNP prepared from citric acid
and piperazine as precursors via microwave heating.'* They
suggested a significant influence of the mass ratio of the
precursors on CNP size and PL properties. The tunable emis-
sion PL properties of these CNPs are mainly dictated by the size
effect, controlled by the precursors' mass ratio. A higher mass
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ratio between citric acid and piperazine leads to a red-shifted
emission peak that was preferable for the tunable emission of
the CNP. However, the PL intensity was significantly reduced
due to the rich surface defects preserved by excessive piperazine
precursors. Wei et al. successfully synthesized solid CNPs that
exhibited strong PL using citric acid and urea in the presence of
NaOH by a microwave heating process.'® The prepared CNP
exhibited a green emission with a maximum quantum yield
(QY) of 75.9%, higher than other reports. However, the NaOH
presence that serves as a matrix to prevent the self-quenching
phenomenon also impeded the tuning of the emission wave-
length of the CNP. Thus, even after several experimental
condition optimization, the PL emission of the CNP is limited
in the blue until green color range. These two reports suggest
the possibility of several emission pathways on CNPs that can
be controlled by experimental conditions to obtain tunable
emission with high QY.

Several explanations have been proposed to explain the
optical nature of CNPs. They are classified into three categories.
First, the quantum confinement effect that takes place from the
graphitic core, involving the presence of different r-conjugated
islands inside the core.” Second, the surface-mediated optical
property that arises from the surface defect states.*® Third, the
doping atoms that originate from the precursors and the
configuration of their bonds with carbon atoms." The experi-
mental conditions may lead to one of these pathways, selectively
enabling control of the PL properties of the CNPs. Therefore, in
this work, we developed solid-state CNPs by microwave heating
and elucidated the emission pathways of the as-synthesized
CNPs based on experimental and time-dependent density
functional theory (TD-DFT) studies.

This study selected citric acid and urea as raw materials due
to their simple structures and known reaction mechanisms
through the heating process based on our previous research.”**
A commercial microwave was modified to monitor the sample
temperature through irradiation. A solid phase of the precursor
was used in microwave irradiation to avoid water molecule
resonance. Then, the microwave irradiation conditions were
systematically investigated, i.e., microwave duty cycle, irradia-
tion time, and sample temperature. This study revealed that the
nitrogen content firmly ascribed to the reaction temperature is
crucial to controlling the photoluminescence properties of the
solid-state CNPs. This study opens up a new understanding of
the well-controlled synthesis of solid CNPs through microwave
treatment. Furthermore, the tunable emission properties of the
CNPs induced by the nitrogen content were elucidated based on
comprehensive experimental and TD-DFT studies.

Experimental
Material and synthesis

The CNPs were prepared from citric acid and urea through
microwave irradiation, as reported in our previous work.”* In
brief, 0.18 mmol citric acid (Merck) and 50 mmol urea (Sigma
Aldrich) were dissolved in 6 ml distilled water. Then, the solu-
tion was stirred for 5 minutes at room temperature and heated
in an oven at 100 °C for an hour. The obtained white powder was
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irradiated by a modified microwave with 800 W of power for
several minutes (+2 minutes). This process increases the
powder temperature to 95-235 °C. The powder colour changed
to light yellowish-brown after microwave irradiation. To char-
acterize the temperature dependence of the sample, we devel-
oped an experimental microwave synthesis apparatus, as shown
in the ESI (Fig. S11). The sample temperature was monitored
during microwave irradiation by an infrared thermometer
mounted on top of the microwave. The infrared thermometer
was calibrated with a thermocouple to maintain measurement
accuracy, as shown in the ESI (Fig. S27).

Characterization

The photoluminescence of the sample was measured using
a spectrofluorophotometer (PL Spectra, RF-5300 PC, Shimadzu
Corp., Kyoto, Japan), which was equipped with a xenon lamp
that emitted a continuous spectrum with a wavelength of 200-
800 nm. Meanwhile, the internal QY measurements were
recorded using an absolute-PLQY measurement system
(C992002, Hamamatsu Photonics, Shizuoka, Japan) with
a BaSO,-coated integrating sphere and a xenon lamp as the light
source. To investigate their chemical bonds, all samples were
characterized by Fourier transform infrared spectrometry (FTIR,
Bruker ALPHA). Thermal analyses of the sample were con-
ducted by differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA, LINSEIS STA Platinum Series) under
flowing air in a 25 °C to 600 °C temperature range. The sample
morphology was characterized by transmission electron
microscopy (TEM, JEM-3000F JEOL, Japan) with an operating
voltage of 200 kV. In addition, the crystal structure of the
sample was characterized by powder X-ray diffraction (XRD,
Bruker, Advance, Germany) with Cu Ko radiation.

TD-DFT calculation method

The solid CNP was modelled as a C54 aromatic carbon ring.
Then, the geometry and ground-state calculations were opti-
mized by density functional theory (DFT) using the Becke three-
parameter Lee-Yang-Parr hybrid functional (B3LYP) and 6-31G
(dp) basis set in Gaussian 09. In this work, the calculations for
each model were conducted in the gas phase to represent the
solid-state structure. The visualizations of the CNP model and
the energy level diagram were generated using the Chemcraft
software.?

Results and discussion

The resonance between the microwave irradiation and precur-
sors induced an elevated sample temperature in the range of
95-235 °C. It is worth noting that the photoluminescence (PL)
emission of the samples did not shift significantly under
different molar ratios of citric acid and urea (Fig. S3 and S47).
0.18 mmol citric acid and 50 mmol urea are the optimum
concentrations that produce the best sample with intense PL
intensity. Thus, the effects of sample temperature on the PL
properties were investigated at a fixed concentration ratio of
citric acid and urea. Fig. 1a shows the colour change of the
powder samples, which were produced using the microwave-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 CNP samples synthesized through 80% DC microwave irradi-
ation. (a) Digital micrographs of the sample without UV excitation (top)
and under UV excitation (bottom). (b) PL spectra of the CNP samples
under 365 nm excitation. (c) PL peak wavelengths and PL intensities for
each sample with varying synthesis temperature.

assisted reaction with various final sample temperatures. The
initial sample powder has a white colour, and it turned to light
yellow when the sample temperature reached 125 °C. The
sample colour then became deep yellow as the final sample
temperature increased. Finally, the powder sample became
brown upon reaching a temperature of more than 215 °C. Under
UV irradiation (365 nm), a bright green-yellowish emission
could be observed from the samples prepared at 155-175 °C.
Fig. 1b shows the corresponding PL spectra of the as-
synthesized CNPs at different temperatures. When the
temperature reached 115 °C, the sample started to exhibit
emission in the wavelength range of 400-650 nm. The PL
intensity was enhanced with increasing sample temperature
and reached its maximum intensity at 155 °C with a 520 nm
emission peak. Then, the PL intensity decreased with increasing
temperature and no emission was observed for the sample with
the temperature of 235 °C. A red-shift of the PL emission was
observed from 487 nm to 528 nm in the samples that were
prepared until the temperature reached 115-195 °C (Fig. 1c). It
has been reported that a red-shifted emission may originate
from the increase of the m-conjugated graphitic core or the
presence of heteroatoms, such as nitrogen and oxygen.***
Furthermore, microwave irradiation can also be modulated
based on the duty cycle (Dc) of the irradiation pulse, i.e., Dc
17%, Dc 80%, and Dc 100%. At a fixed microwave irradiation
time, the sample temperature profiles of the different Dc modes
were monitored, as shown in Fig. 2a. After two minutes of
irradiation at 17% Dc, the sample temperature only reached
70 °C. This temperature remains constant, although the irra-
diation time was prolonged to 5 minutes. On the other hand,
using 80% Dc and 100% Dc, the sample temperature increased
abruptly, reaching 200 °C and 300 °C, respectively. 100% Dc is
more suitable for the rapid synthesis process since it provides
faster heating and is more energy efficient. Meanwhile, 80% Dc

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Temperature profiles of a sample through microwave irra-
diation for different Dc modes. (b) PL spectra of a representative
sample under 365 nm excitation.

provides a relatively moderate constant heating rate, preferable
for controlling the reaction mechanism.

Several samples were selected as representative samples for
investigating the effects of temperature and DC mode on the PL
spectra, as shown in Fig. 2b. A consistent red-shift in the
emission from Dc 100% to Dc 80% was observed for the
samples prepared at 155 °C and 215 °C. In contrast, a subtle
change was observed for the sample prepared at 175 °C. Inter-
estingly, the PL spectra were almost similar for all samples
prepared at the same temperature, although the irradiation
time and Dc modes differed. This finding suggested that the
sample temperature is a more influential parameter on the PL
spectra than the other reaction conditions, i.e., microwave
irradiation time and Dc mode. Another implication of this
finding is that the conventional heating process in ambient
atmosphere to prepare these CNPs is more crucial than the
molecular resonance of the sample with the microwave.

Microwave irradiation can generate heat rapidly and shorten
the heating time due to its penetration ability, leading to
a uniform sample temperature. This is vital to achieve in CNP
production since uniform temperature will produce both
a homogeneous morphology and surface functional groups.
The importance of the temperature of the sample for control-
ling the carbon structure has also been reported in our previous
works in the case of the hydrothermal route.”** In these
studies, the formation mechanism of carbon nanoparticle
structures from citric acid and urea as raw materials were
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investigated comprehensively. It was revealed that the molec-
ular reaction between citric acid and urea naturally began at
130 °C. Then, the emission of the as-synthesized carbon nano-
structure reached the highest QY at a reaction temperature of
160 °C. Consistent with our previous study, the as-synthesized
CNPs also began to exhibit emission at 125 °C and reached
the maximum QY at a temperature of 155 °C.

To understand the above occurrence, the molecular struc-
ture and its possible formation mechanism were investigated
using FTIR spectroscopy, DFT calculations, TGA, and DSC. The
FTIR spectra of the samples exhibiting different PL spectra,
such as those prepared at 95 °C, 155 °C, and 235 °C, showed
strikingly distinctive features, as shown in Fig. 3a. A sample
prepared at 95 °C showed a strong presence of N-H bond
vibration (3330 em™' and 1586 c¢cm™') and O-H bonds
(3420 cm ™" and 1150 cm ‘). The signature of the carbon
graphitic core of this sample could not be observed clearly,
indicating that the graphitic core of the CNP had not formed
yet. This sample did not generate any PL (Fig. 1b), suggesting
that the conjugated graphitic core might be responsible for the
CNP fluorescence mechanism.

Furthermore, the sample prepared at 155 °C showed a slight
blue-shift of the O-H bond to 3450 cm ™' relative to the signa-
ture observed in the sample prepared at 95 °C. The observation
of this blue-shift corresponds to the increase of the isolated

hydroxyl groups. Absorbance at around 3170 cm ™' was
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Fig. 3 (a) FTIR spectra of CNPs synthesized until the reaction
temperature reached 95 °C, 155 °C, and 235 °C, and (b) FTIR spectra of
a CNP sample that exhibits PL emission (reaction temperature sample
of 115 °C to 215 °C).
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observed, which corresponds to the C-H sp> bond vibration,
indicating the formation of the graphitic core. The other FTIR
absorbance peaks related to the graphitic core of the CNP were
also observed at lower wavenumbers of 1000-1800 cm ™', which
correspond to the C=C, C=0, and C-O-C bonds. The presence
of the C-H sp”> and C=C bond signatures indicates the
formation of the m-conjugated system as a core of the CNP
structure.'”***” These m-conjugated systems play a crucial role
in the energy level diagram of the CNP, which dictates their PL
properties.>*® On the other hand, the sample prepared at
235 °C showed a significant decrease of N-H bonds (3200-
3400 cm '), accompanied by increase of the C-H sp® and C=0
bonds at 3060 cm™ " and 1680 cm ™, respectively. The observa-
tion of the signatures of these functional groups suggests the
carbonization of the sample. This observation can explain the
physical appearance of the sample in Fig. 1a.

To scrutinize the carbon structure that might cause the PL
shift, we compared the FTIR spectra of the samples prepared at
115-215 °C (Fig. 3b). To accurately observe the absorbance
tendency, the integrated peak height ratios for the C-H sp?, C=
C, C=N, N-H, and C-OH bonds should be determined (Table
1). From these ratio comparisons, we obtained several caveats.
First, the absorption band at 1150 cm ™", assigned to the C-OH
stretching vibration, is steadily weakened by the increase of the
sample preparation temperature, as indicated by the ratio of
Ic—c/Icon (Table 1). This tendency indicates the loss of the
hydroxyl groups due to a nucleophilic reaction with the amino
groups from urea.*®

Second, the ratio between the two absorption bands at
around 1500 cm ™' and 1660 cm™ ", respectively indicating the
presence of C-N amide groups®* and C=C bonds,* is enhanced
when the sample preparation temperature increases from
115 °C to 155 °C. The presence of C-N amide groups might be
correlated with the existence of free electrons, explaining the
increased probability of having more excited electrons, which
results in enhanced PL intensity.” On the other hand, an
increase in C=C bonds would indicate the increase of the 7-
conjugated graphitic core. Incorporating heteroatoms such as
nitrogen and oxygen as both surface defects and in the core
structure would provide a nonradiative relaxation mechanism
that leads to red-shifted PL (Fig. 5a).*® However, at higher
temperatures, the heteroatom incorporations were reduced, as
seen from the ratios of Io_y/In_n, Ic—=c/Ic—N, and Ig—c/Ic-ou. The
loss of surface defects would reduce nonradiative emission,
causing an increase of the bandgap and the PL blue-shift.

Third, an absorption band at 1720 cm ™", which indicates the
presence of C=0 (carbonyl) groups, started to appear at 155 °C.

Table 1 The integrated peak ratios of the different functional groups
in the PL-generating CNP samples

Temperature (°C) 115 125 155 175 195 215
Ie n/lnn 091 090 098 098 1.04  1.06
Ie—cllon 082 079 078 079  0.85 0.1
Ie—c/lc-on 122 131 133 132 161  1.56

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In addition, a broad absorption band is present at 3150-
3500 cm ™' in all samples. This band can be assigned to the O-H
and N-H stretching vibrations, which are the hydrophilic
groups that ensure the excellent solubility of the species in
water.**?

We modelled and simulated the gap energy of each sample
with different synthesis temperatures assuming different
nitrogen concentrations on simplified CNP structures (Fig. 4). It
is worth pointing out that the different nitrogen concentrations
could also influence other physicochemical properties of the
CNPs, such as the absorption feature, carrier mobility and
structural stability, as reported elsewhere.**** In this TD-DFT
study, we only focus on bandgap energy calculations to indi-
cate the different nitrogen concentration effects on the CNP PL
emission. Even though the nitrogen content could not be
indicated precisely, the CNP model presented in Fig. 4a was
constructed based on the C/N bond ratios from the FTIR
spectra. Thus, these TD-DFT calculations could emphasize the
tendency of the gap energy depending on the C/N ratios. This
simulation assumed that the surface functional groups on the
CNPs did not alter their optical properties. Therefore, the
optical and electronic properties of the CNP are mainly attrib-
uted to the C/N ratio. To simulate the lowest formation energy
of those configurations, nitrogen atoms were incorporated in
the CNP structure in pyridinic-N and graphitic-N.>*** The
calculations showed that the bandgap of the CNP was reduced
from 1.47 eV to 1.23 eV by increasing the nitrogen concentration
from 5.6% to 9.9%, as can be seen in Fig. 4b. These results agree
with the PL spectra, which showed a red-shift of the emissions
emitted from the samples prepared from 115 °C to 195 °C. It
also further confirms that the presence of heteroatom species
provides a different fluorescence mechanism. Surprisingly, the
high nitrogen concentration induces red-shifts of both the PL
emission and absorption spectra (Fig. S5t). Broadening the UV-
vis absorption spectra in the same wavelength emission range

=
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‘ Nitrogen content
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Fig. 4 (a) CNP models with different nitrogen concentrations for

different sample temperatures assumed from the FTIR discussion, and
(b) the occupied and unoccupied energy levels of each model
generated from the DFT calculations. AE was calculated from the
difference in the HOMO and LUMO energy levels.
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leads to re-absorption of the emission, suppressing the
quantum yield. As observed in this study, the high nitrogen
concentration induces a red-shift phenomenon with low PL
intensity (Fig. 1c).

Fig. 5 shows the TGA and DSC graphs of the solid precursor
obtained after drying the liquid precursor using an oven at
100 °C for an hour. The TGA curve showed weight loss over the
temperature range of 122-400 °C, with a prior weight increase
that started from 45 °C. The initial weight increase results from
water vapour adsorption by the hydrophilic functional groups of
citric acid.**' The sharp drop to 30 wt% that happened from
122 °C until 224 °C can be attributed to the solid precursor, i.e.,
a mixture of citric acid and urea. The weight loss corresponds to
the DSC graph, which shows an endothermic peak at 125 °C.
Since citric acid starts to decompose at 180 °C and its concen-
tration in the mixture is lower than that of urea, it is reasonable
to expect that the weight loss can be attributed to the melting
process of solid urea.”” This melting process resulted in
ammonium gas and isocyanic acid gas. Note that the solid urea
started to melt into ammonium gas and isocyanic acid gas at
133 °C.* The melting temperature of urea could also be
decreasing as the heating rate increases. However, the weight
loss occurred until 224 °C, while the DSC graph shows three
endothermic peaks in that range. This indicates that other
reactions probably take place in that temperature range instead
of only the melting of urea. One of the possible reactions is the
formation of citric acid amide due to the nucleophilic reaction
between citric acid and ammonia gas,**** indicated by the loss
of hydroxyl groups shown in the FTIR spectra (Fig. 3a).

This observation is consistent with our previous findings,
revealing that citric acid and urea are condensed into a citric
acid amide. They would self-assemble to become carbon sheets,
then the sheets would be cut into carbon nanoparticles under
heating treatment.>* We also confirmed that upon heating, the
citric acid amide generation started from 130 °C, and the self-
assembling process that initiates the carbon nanoparticle
generation takes place at this temperature up to 200 °C.*

The PL measurement indicates that the PL intensity of the
CNP is strongly affected by the sample temperature rather than

Onset: 122 °C
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Fig. 5 TGA and DSC curves of a sample that was synthesized by
microwave heating until the reaction temperature reached 155 °C.
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the microwave irradiation power. With the elaboration of the
FTIR, DSC and TGA curves, this fact suggests a high possibility
that the CNP formation mechanism in a microwave-irradiation-
assisted synthesis is similar to a hydrothermal synthesis route.
Achieving a specific temperature in microwave-assisted
synthesis is also crucial in obtaining highly luminescent
CNPs. An intense PL emission was observed for the samples
that have final temperatures in the range of 125-215 °C, sug-
gesting the importance of this range. Specifically, the optimum
temperature to obtain the brightest CNP is 155 °C. The
synthesis temperature control enables the tuning of nitrogen
concentration management, thus tuning the PL characteristics
of the produced carbon nanoparticles.

We further analysed the sample that was synthesised at
155 °C, which exhibits the highest PLQY. This sample structure
was characterized using TEM and XRD, as shown in Fig. 6.
Fig. 6a shows that the solid sample exhibits blue to green-
yellowish emission, with the highest QY of 14.6%. The TEM
image (Fig. 6b) reveals that the sample was dominated by
spherical particles in the diameter range of 40-100 nm, with an
average diameter of 66.9 nm (Fig. 6¢). This indicates that the as-
synthesized CNP is out of the quantum confinement range,
implying that the size effect did not significantly affect the
electronic and optical properties of the CNPs. To evaluate the
possible reaction mechanism of CNP formation, XRD charac-
terization was conducted on a sample that was synthesized by
microwave heating until the reaction temperature reached
155 °C. The XRD pattern (Fig. 6d) indicates that these spherical
particles were polycrystalline, with predominantly graphitic
carbon corresponding to JCPDS 01-075-0444.% It also indicates
that this sample possibly still contained some residues of
unreacted raw materials, i.e. urea and citric acid.*”"*® In line with
the TGA and DSC measurements (Fig. 5), the urea started to
melt at a temperature of 133 °C. Thus, at a temperature of

(b)

(d ® C-graphite
{JCPDS 01-075-0444)

¥ Citric acid

® Urea

]
Intensity (a.u.) =~

Fraction (%)

-
o

10 20 30 40 50 60 70
20 (degree)

0
40 50 60 70 80 90 100
Diameter (nm)

Fig. 6 The CNP sample that was synthesized by microwave heating
until the reaction temperature reached 155 °C: (a) CIE diagram; (b) TEM
image. (c) Size distribution determined by measuring one hundred
particles. (d) XRD pattern.
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155 °C, the melting of urea and citric acid formation compete
with each other, dictating the nitrogen concentration on the
CNP.

Conclusions

In conclusion, the PL properties of the CNPs prepared by
a microwave-assisted method strongly depend on the temper-
ature reached in the samples. Our systematic studies showed
that the generated sample temperature is the most important
parameter affecting the PL spectral peak and intensity. This
factor eclipses the other parameters controlling the reaction
conditions, i.e., the microwave irradiation time and Dc mode.
Comprehensive measurements of the physical characteristics of
the produced CNPs suggest that 125-155 °C is the critical
temperature range to establish highly luminescent nano-
particles. This study opens a new avenue to the facile and well-
controlled synthesis of CNPs through microwave heating.
Furthermore, a synergetic study of TD-DFT and experimental
characterization suggest an efficient way to tune the CNP
emission from blue to yellow, which is preferable for any
optoelectronic application.
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