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ABSTRACT: An effective and facile method of generating nitrogen-doped carbon dots (N-CD) by microwave irradiation is
presented in this study. A precursor, succinic acid (SA), and a nitrogen source, bis-(3-aminopropyl)-amine (BAPA), were used
to obtain N-CD. A precious quantum yield (QY) of 49.0% was obtained from the preparation of N-CD, which was well-
soluble in water. The N-CD material was highly selective and sensitive for the detection of nickel ion (Ni?*), with a detection
limit of 0.26 pM and a linear concentration range of 5-175 uM. The quenching of the N-CD by the presence of Ni?* was
referred to formation of complexes because of the interaction of Ni?* on the N-CD. Hence, the proposed study has great

promise regarding Ni?* detection in broad applications.
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INTRODUCTION

Currently, the use of nickel (Ni) is widespread in a
variety of fields as a result of its abundance, mainly for
catalysts in  the food industry, processes of
metallurgies, and the production of batteries
(Chakraborty & Rayalu, 2015; Mudd, 2010). Although
Ni is among the most widely used transition metals in
the world, several facts indicate that Ni can be toxic to
biological systems (Genchi et al., 2020). Furthermore,
direct exposure to Ni would possibly cause undesirable
effects on human health like lung cancer, respiratory
system, and kidney cancer, and can badly increase
blood cells (Dudek-Adamska et al., 2021). Drinking
water and food consumption are the main contributors
to Ni accumulation in the human body affecting the
health of humans. Consumption of drinking water
resulted in a relatively high absorption of Ni (25-27%)
compared to food (0.7-2.5%) (Schrenk et al., 2020).
In accordance with the WHO (2000), drinking water
has been set at @ maximum permissible limit (MCL) of
0.02 mg L' for the amount of Ni?* (Pimsin et al.,
2021). Because of that, detection and monitoring of
nickel pollution levels in waters, which is an important
part of daily human survival, is very crucial.

It has been discovered that several methods can be
used to detect Ni2* ions in samples of chemical and
biological materials. The common methods are FAAS
(Karimi & Kafi, 2015), GFAAS (Han et al. 2018), HPLC
(Rekhi et al., 2016), and ICP-MS (Quarles et al.,
2014). There have been promising results obtained
with all of the methods above, but there are some

limitations in the use of environmental samples due to
the slow speed, high cost, and complicated operation
required for the methods. Thus, finding an appropriate
and good method that is capable of detecting Ni?*
ions successfully is one of the most important
recommendations.

Organic molecule fluorescent methods have been
widely developed to overcome these shortcomings, but
these methods require chromophore organic
compounds which are relatively difficult to prepare
due to the complexity of synthesis processes.
Therefore, probes that are quickly and easily
synthesized with good specificity and accuracy are
needed for Ni?* detection. Recently, researchers have
been paying a great deal of attention to carbon dots
(CDs) because of their excellent properties such as
great chemical stability, high solubility in water, easy
and safe synthesis route, intensely bright fluorescence,
strong resistance to photobleaching, low toxicity, and
widely used for ion and small molecule detections, as
well as other fields (Ding et al., 2014; Kaczmarek et
al., 2021; Kong et al., 2017). In addition, the intrinsic
benefits of electron-rich CDs render them highly
appropriate for the detection of particular compounds,
such as metal ions. Several CDs made from different
substances have been employed for a variety of
purposes, including the detection of metal ions in
water. Fluorescent CDs nanocomposites have more
practical applications, are convenient, stable over
time, and rapidly detection for mercury ions in water
samples (Wang et al., 2023; Yin et al., 2023). For the
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quick identification of trace Fe(lll) ions in water, the
silica  compound-modified CDs demonstrated
exceptional photoluminescence characteristics and
fluorescence switch performance (Chen et al., 2023;
Li et al.,, 2023). Even though CDs have many
advantages and are increasingly being used in ion
detection methods, only a handful of studies have
reported that CDs can detect Ni?* ions selectively.

The work presented here involved the fabrication
of a new fluorescence method of N-CD for Ni?*
detection via a one-step microwave irradiation
technique through implementing succinic acid (SA) as
carbon source and bis-(3-aminopropyl)-amine (BAPA)
as nitrogen dopant. SA, a promising bio-based
platform chemical, serves as a starting material for
industrial ~ chemicals and a feedstock for
biodegradable polybutylene succinate production
(Chen et al., 2023). A four-carbon dicarboxylic acid
known as succinic acid (SA) has the potential to serve
as a precursor for the synthesis of heteroatom-doped
carbon dots (Chae et al., 2017; Prathumsuwan et al.,
2018). When CDs were first synthesized using only SA,
they had no fluorescence and were poorly distributed
in polar solvents such as water. Therefore, it becomes
important to develop CDs with good quantum yield
and dispersion in polar liquids.

A simple method to achieve this was to combine it
with a functional group such as BAPA which contains
three amine groups in its molecular structure.
Modification of original CDs with amino groups had
been successfully carried out using electrochemical
techniques which resulted in the production of red,
green, and blue luminescence as fluorescent probes
(Zhao et al., 2022). Due to its similar atomic size to
carbon and the fact that each nitrogen atom has five
valence electrons, nitrogen is frequently employed as
a doping in the creation of doped CDs. By introducing
electrons created by nitrogen atoms in the
nanostructure, CDs' internal electronic environment
can be changed, enhancing their fluorescence
characteristics (Redondo-Fernandez et al., 2023). The
electron cloud density of CDs will rise with nitrogen
doping, adjusting its electron energy levels and raising
the quantum yield. In addition, n-type or p-type carrier
features can be produced by adjusting the CD's
electrical structure (Yoo et al., 2019; Yoo et al, 2019).
Furthermore, heteroatom doping techniques and
surface passivation which typically involves functional
groups like amine and hydroxyl groups are elements
that can enhance the quantum yield, fluorescence
characteristics, and other physicochemical attributes of
CDs. These intriguing qualities have spurred the
development of new sensing and other application
capabilities (Omar et al., 2022; Redondo-Fernandez
et al, 2023; Xu et al., 2021). By combining SA with
BAPA, it was expected that N-CD would be able to
achieve better detection limits and detection ranges
when applied to Ni?* detection applications. The
performance of N-CD to detect Ni?* was investigated
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through a series of tests. Furthermore, good results
were shown by the probe when applied to real water
samples.

EXPERIMENTAL SECTION
Chemicals

During the entire experiment, analytical grade
chemicals were used for all of the chemicals.
CuaoHs52N4O0S, HN[(CH2)3sNH,]2, C4HsO4, RbCI, HgCly,
and CsCl were purchased from Sigma-Aldrich (USA).
Cr(NO3).9H,0 was obtained from Alfa Aesar (USA).
Mg(NQO3)2.6H,O and NiCl,.6H,O were purchased
from Showa (Japan). MnSO4.H,O was procured from
PanReac AppliChem (Germany) as well as
CuSO4.5H,O was obtained from Choneye pure
chemicals.

N-CD Synthesis

The strategy for utilizing microwave irradiation to
create N-CD was developed based on prior methods
(Kamali et al., 2021). This study was performed by
dispersing 0.50 g of SA in 15.0 mL of deionized water
(DI water), along with 1 mL of BAPA. The mixed
solution was heated in the microwave for five minutes
at 700 watts, then naturally cooled with the air.
Following the complete dissolving of the product in 10
mL of DI water, centrifugation at 10.000 rpm was
conducted on the resulting solution. In the next step, a
cylinder membrane filter (0.22 pum) was used to filter
the clear solution, which was then purified with
dialysis. The purified solution was finalized by freeze-
drying and kept at 4 °C, so that further testing could
be conducted.

Characterization

N-CD morphology and size were examined under
transmission electron microscopy (TEM) JEOL JEM-
2010 (Japan) with an accelerating voltage of 200 kV.
To confirm the functional group of the N-CD
surface, a Fourier transform infrared (FTIR)
spectrometer, Perkin Elmer (USA) was used. On the
other hand, the elemental analysis of N-CD was
investigated using X-ray photoelectron spectroscopy
(XPS) on a PHI Hybrid Quantera. An FP-750
fluorescence spectrophotometer, Jasco (Japan) was
conducted to measure N-CD photoluminescence
(PL) intensity. Absorption spectra were measured
by a Lambda 265 ultraviolet-visible (UV-Vis)
spectrophotometer, Perkin Elmer (USA).

Measurement of QY
The QY calculation of N-CD refers to the QY equation
based on equation (1).

2
QY,=QY, A (1)

LAy
Where subscripts "n" and "r" refer to N-CD and quinine
sulfate, respectively. While "l," "A," and "n" correspond
to the PL intensity, the measured absorbance at the
selected excited wavelength, and the solvent refractive
index, respectively. Quinine sulfate was preferred as

the standard due to its stable luminescent properties.
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Furthermore, the PL emission measurement was
conducted at the 370 nm excitation wavelength.

Stability tests

As part of evaluating the effect of chloride ion
concentrations, different concentrations of sodium
chloride were added to 10 uL of N-CD ranging from
0 to 200 mM. A further stability test was performed by
conditioning the N-CD solution at various pH levels
from 1 to 13. In order to vary the pH of the N-CD
solution, various solutions of HCl or NaOH were
added. Using a UV-irradiation lamp (365 nm) to
irradiate N-CD for two hours with intervals of 10
minutes was used to assess the photostability of N-CD.
As a final step, a number of different temperatures
were applied, including 25 °C, 35 °C, 45 °C, 55 °C,
65 °C, and 75 °C. After that, the intensity of the PL was
recorded for each stability test that was conducted.

Sensitivity and selectivity of Ni2+

In order to estimate the selectivity of the N-CD
solution, a specific amount of N-CD solution (0.01
mg/mL) was tested with a specific amount of several
ions. These ions were Ni?*, Cs*, K*, Li*, Mn?*, Na*,
Rb*, Hg?*, Cr3*, Pb2*, Ag™, Mg?*, Zn?*, CO3%, PO,%,
Cu?*, and Fe?* with an ionic concentration of 200 mM
for each of ion in the solution. Moreover, a wide range
of concentrations of Ni?* was used in the evaluation of
the sensitivity and concentration range of Ni?* ion,
ranging from 0 — 200 uM. Each solution was mixed
thoroughly after the addition of Ni?* and DI water. The
solution was allowed to react for 5 min, and the PL
spectrum was measured at 370 nm, which
corresponds to the excitation wavelength.

RESULTS AND DISCUSSIONS
N-CD synthesis

N-CD was synthesized by a microwave irradiation
process with SA functioning as a precursor and BAPA
serving as a source of nitrogen. There were a number
of combinations of doping amount, microwave power,
and irradiation time that were tested in order to obtain
the best conditions for synthesizing N-CD with the
highest QY as shown in Table 1.

The blue color solution under UV lamp 365 nm
produced by SA-BAPA subjected to 700 W microwave
radiation for five minutes indicated the abundance of
functional groups, which leads to an increase in the
number of fluorescent CDs and improvement in QY
(Hayden et al., 2023; Ghanem et al., 2020). In light
of this, it appears that N-CDs that have a high degree
of QY using a BAPA solution T mL. A volume of BAPA
that corresponds to the amount of precursor and
appropriate reaction conditions can promote the
formation of CDs with a higher level of uniformity
(Shibata et al., 2022). In the meantime, the quantity of
BAPA, which was 0.5 milliliters, combined with a
shorter irradiation duration and lower microwave
irradiation, was not sufficient to achieve complete
carbonization. After that, the strength of the
photoluminescence was altered, and it showed up to

be less powerful than it had been previously (Ang et
al, 2021).

Thus, the optimum condition for producing the
highest QY of N-CD was 1 mL of BAPA, 700 W of
microwave power, and 5 minutes of irradiation time.
Therefore, these conditions were set for further
experiments. The quantum yield produced under the
optimum condition was 49.00%, meaning that in 100
units of energy (photons) passing through the solution,
an amount of 49.00 was emitted in the form of
fluorescence emission. The lowest quantum yield was
11.18% at 0.5 mL of BAPA, 500 W of microwave
power, and 4 minutes of irradiation time.

Characterization of N-CD

N-CD was measured by TEM in terms of size and
morphology. Based on the TEM image shown in Figure
1a, a fairly consistent size distribution was observed
for the N-CD particles, which were almost dispersed
spherical particles, with a size distribution of about 27
nm. Particle sizes over 10 nm have primarily been
ascribed to the phenomenon of agglomeration
Varisco et al., 2017. The tendency for carbon dots to
cluster in the solid state is related to their small size,
resulting in a rise in the average diameter (Hagiwara
et al., 2020; Liv et al., 2017). The FTIR spectra
provided a detailed insight into the surface functional
groups of the synthesized N-CD. According to Figure
1b, the characteristic peaks at the frequencies of 632,
1261, 1554, 3264, and 3431 cm’' as being
associated with the stretches of the C-H, C-N, C=C,
N-H, and O-H vibrations. These peaks are related to
hydroxyl groups and amide groups on N-CD (Zhang
et al., 2018; Yanyan et al., 2021; Lin et al., 2019;
Sadhanala et al., 2022). At 2939 cm', vibrations of
C-H hydrogen bonds indicated the presence of
saturated hydrocarbons (Fan et al., 2018), and the
carbonyl group (C-O) was detected at 1118 cm-1
(Chang et al., 2022). There was an additional peak at
1639 cm™ which was associated with the stretching
vibration of the C=0O group, indicating that carboxylic
groups were present on the N-CD (Issa et al., 2019;
Wang et al., 2020).

An  XPS spectrum, observing the chemical
composition of the surface of the N-CD and their
elemental composition was displayed in Figure 2a.
It was found that 69.8% of the N-CD synthesized
was composed of carbon, followed by 13.2% of
nitrogen, and 17.0% of oxygen. In terms of the
strong peaks, there were three typical peaks
linked to Cls, Nls, and Ols. As a result of
deconvolving the high-resolution spectrum of Cls,
four peaks can be discerned ot 284.8, 285.8,
286.4, and 287.6 €V, these being the peaks of the
C=C, C-C, C-N, and C-O bonds, respectively
(Figure 2b-d). Deconvolution of the high-resolution
O1s spectrum resulted in two prominent peaks in the
spectrum at 531.2 and 532.4 eV, which correspond
with the characteristics of the C=0 and C-O (Wang et
al.,, 2020). In the XPS spectrum of Nls at high
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resolution, two peaks were found at 400.8 eV and
399.0 eV, which correspond to C-N and N-H
(Chang et al., 2022; Basoglu et al., 2020). There was
a good agreement between the XPS data and the FTIR
data obtained. A study on the N-CD synthesized
indicated  that  there were functional groups
containing oxygen and nitrogen like -COOH, -NH,
and -OH (Arul & Sethuraman, 2019; Liu et al., 2019;

Siti Raudhatul Kamali, et al.,

Sun et al., 2022). In N-CD, these three functional
groups constitute the most commonly found ligands
that can be introduced either covalently or
noncovalently (Domingo-Tafalla et al.,, 2022).
Furthermore, the presence of functional groups
implies that the N-CD could be used for a number of
additional purposes due to their excellent solubility
in water (Liu et al., 2019).

Table 1. Quantum yield of N-CD synthesis at different BAPA volumes, microwave

powers, and irradiation times

No. Volume of BAPA  Irradiation time ~ Microwave power  Quantum yield
(ml) (min) (watt) (%)
1 0.5 4 500 17.18
2 1.0 4 500 33.48
3 0.5 5 500 28.39
4 1.0 5 500 45.28
5 0.5 4 700 28.99
6 1.0 4 700 33.84
7 0.5 5 700 21.44
8 1.0 5 700 49.00
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1. (a) Image profile of N-CD captured using TEM and (b) N-CD FTIR spectrum
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N-CD Optical Properties

The blue luminescence of the N-CD solution under
UV light 365 nm was an early indication of successful
of N-CD synthesis (inset Figure 3). The N-CD was also
investigated using UV-Vis and PL spectra to determine
its optical properties. Based on the N-CD absorption
spectrum in Figure 3, a prominent peak was observed
at 270 nm, which was associated with a m — 7*
transition of C=C or C=N (Ding et al., 2014;
Jayaweera et al., 2019). The shoulder peak could be
observed at 298 nm, corresponding to n — ¥, which
could be ascribed to transition by the functional
group of oxygen or nitrogen on the N-CD surface
(Nemati et al., 2018; Ghanem et al., 2020; Dsouza et
al.,, 2021). The N-CD also exhibited wavelength-
dependent fluorescence emissions. Based on the

different excitation wavelengths, two fluorescence
emission regions were found. A red shift in the
fluorescence emission can be observed as a result
of the excitation of fluorescence between 300 and
340 nm and 350 and 500 nm. It was then found
that the highest value of the fluorescence emission
of 459 nm had been observed at the wavelength of
excitation of 370 nm. Aside from these observations,
the lowest emission was found at the wavelength of
500 nm, and the fluorescence was absent at excited
fluorescence over 500 nm. The wavelength
dependence of the resulting N-CD emission at
different N-CD excitation wavelengths could be
attributed to the carbon core size distribution non-
uniformity and the presence of multiple surface sites
on the N-CD (Lin et al., 2019).
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Figure 3. Inset photos of N-CD (left: daylight, right: UV light, 365 nm) with spectra (red line:
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When the atoms of C and N are combined, there
is a tendency between the atoms of C and N to form
strong bonds when they are in contact with each other.
The existence of electron pairs and defect sites that
usually appear would also provide the possibility of
active sites and modifying the chemical activity of CDs
(Niu et al., 2014). N-CD could commonly exist as
graphitic-N,  pyrrolic-N, and/or pyridinic-N by
substituting C in the center or at the edges of the
structure with N. In addition, elemental N would
modify the N-CD optical properties by changing the
edges of the bandgap or creating new energy levels to
increase fluorescence and to produce the number of
photons emitted for a particular application (Lin et al.,
2019; Dejpasand et al., 2020). In the case of N-CD,
BAPA could react with carboxyl or epoxy groups which
played an important role in  non-radiative
recombination to enhance PL emission of N-CD (Rao
et al., 2018). Various functional groups have the
possible ability to supply electrons to N-CD, thus
giving different energy levels.

To prove the N-CD synthesized could be applied
as fluorescence sensors under environmental
conditions, the stability of PL of N-CD was considered
essential to evaluate. Figure 4a illustrates that there
appeared to be a consistent pattern in the PL intensity
of the N-CD over a range of NaCl concentrations
between 0 and 200 mM. Based on the results of the
study, it was determined that the synthesized N-CD
could be used at high salt concentrations due to its
strong colloidal properties and its ability to resist the
force of particle attraction (Kumari et al., 2022). Figure
4b shows that the synthesized N-CD exhibited a wide
pH response range from 1.0 to 13.0. The PL intensity
exhibited a downward trend under highly acidic and
basic conditions. A probable explanation for this
phenomenon is that it might be connected to
protonation and deprotonation processes that cause
chemical changes on the surface of the N-CD (Al-
Hashimi et al., 2020; Xu et al., 2022). A carboxyl
group that can be protonated at the carbon dots
synthesized in an acid solution (Almaquer et al.,
2019). The maximum PL intensity was reached at 6,
which might be ascribed to the many hydrophilic
carboxyls on the N-CD surface. It has been found that
the PL intensity in the pH ranges between 3 and 10

Siti Raudhatul Kamali, et al.,

remains remarkably constant over time. Accordingly,
this was consistent with the N,S-CDs synthesized by
another researcher who also demonstrated similar pH
characteristics (Xu et al., 2021), which also showed
similar pH characteristics. Figure 4c-d shows that the
increasing temperature decreases the intensity of PL. It
appears that the reduction in PL intensity is due to the
activation of non-radiative thermal traps. It was also
found that the PL intensity of the N-CD was subject to
changes when continuous UV irradiation was applied
for 120 minutes. The synthesized N-CD exposed to UV
radiation decreased the PL intensity by 14% after 60
min.

N-CD selectivity and sensitivity to Ni2+

In order to investigate the selectivity of the N-CD as
the fluorescence sensor for Ni%2*, the PL intensity of the
synthesized N-CD was assayed with various ions at the
same conditions and recorded at 370 nm as the
wavelength of excitation. The metal ions were K*, Ni?*,
Hg?*+, Li*, Rb™, Ag*, Mg?*, Cr¥*, Mn?*, Zn?*, Fe’*,
COs3?%, PO4¥, and Cu?* with each concentration of 200
uM. By comparing the intensity ratio of PL of N-CD
solution with the existence of heavy metal ions (Figure
5), it was found that Ni2* possibly quenched the N-CD
fluorescence. The quenching efficiency of Ni%*
reached 60% among the other ions. Therefore, N-CD
could be used to detect Ni?* selectively.

Figure é6a shows that Ni?* can quench the N-CD
intensity. By increasing Ni?* concentration, the N-CD
PL intensity of N-CD decreased significantly. However,
the fluorescence wavelength was not affected. In
addition, the PL intensity became very weak when the
Ni?* concentration was 200 uM. As shown in Figure
6b, a linear relationship was presented by the Stern-
Volmer equation (2) (Xu et al., 2021).

%:H Ksv+C (2)

C represents Ni?* concentration, whereas Ksv
represents a quenching constant. In contrast, Fo and F
refer to the PL intensity of N-CD with and without metal
ions, respectively. Furthermore, based on the results of
this study, a correlation coefficient of 0.995 was
observed between the concentrations of 5-175 pM.
The detection limit (LOD) was obtained at 0.25 uM
according to 38/m (where 6 denotes the blank signal's
standard deviation and m is the slope of the linear
relationship, respectively) (Xu et al., 2022).
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Figure 5. Intensity of PL after addition of various ions to N-CD
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Table 2. Review of the various methods for Ni?* detection

Method Linear range LOD Reference
Citrate-stabilized silver nanoparticles 0.7-1.6 mM 0.75mM  (De Paula et al., 2019)
NGr-DMG modified GCE 2-20 pg L 1.5ugL! (Pokpasetal., 2017)
CD-imidazole 6-100 mM 0.93 mM  (Gong & Liang, 2019)
DMG-N-GQDs 50-200 pg L 20 ug L' (Pimsin et al., 2021)
Boron nitride quantum dots (BNQDs) 0.1-100 uM 0.1 uM (Yao et al., 2017)
Nitrogen-doped carbon dots (N-CD) 5-175 uM 0.25 uM  This work

Based on the results presented in Table 2, the
probe provided a lower detection limit (LOD) and a
wider linear range compared with other probes that
had been reported. In addition, its detection limit was
found to be lower than that stated by WHO for a
contaminant in drinking water, with a maximum limit
allowed of 0.02 mg L' as specified in its guidelines.
As a result, this method has advantages over the other
approaches, such as the simplicity of the synthesis of
N-CD, the lower cost of raw materials, and the lower
environmental impact.

Possible mechanism of quenching

To investigate the possible quenching mechanism,

UV-visible spectroscopy of N-CD solutions with and

without nickel ions was used. Based on a comparison
of the absorption spectrum of N-CD (black color and
the absorption spectrum of N-CD interacted with Ni2*
(red color) was shown in Figure 7. As can be seen in
the figure, the strong absorption peaks of synthesized
N-CD are 265 nm. There was an interesting
observation in that the Ni?* absorption spectrum did
not appear to have an absorption peak at 265 nm,
but this peak was clearly visible when interacting with
N-CD. Nevertheless, the wavelength of Ni2*
absorption shifted to a shorter wavelength (390 nm)
after interacting with N-CD and the intensity of Ni?*
absorption in the 640-756 nm decreased after
interacting with N-CD as well.
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Figure 7. N-CD absorption spectra in the absence and presence of Ni?*
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Figure 8. An illustration of fluorescent N-CD for the detection of Ni2*

There was nitrogen found on the surface of N-CD
derived from amine groups present in the BAPA.
Having the presence of electron donor nitrogen might
lead to the donation of its electron pair to the electron
acceptor Ni?*, thus resulting in the formation of the
complex. Since part of the excitation light is absorbed
by the N-CD-Ni?* complex, fewer excitation photons
are available to excite the N-CD. This results in a
reduction in the PL intensity emitted by the N-CD. In
other words, the presence of Ni?* ions reduced the
amount of light that can be emitted by the N-CD. The
process of detecting Ni?* ions with N-CD can be seen
in Figure 8.

CONCLUSIONS

In  conclusion, microwave irradiation has
successfully been used as a method of creating N-CD
with a high quantum yield as well as having excellent
water solubility. The mechanism can be harnessed for
selective detection of Ni?* jons because the
fluorescence quenching is specific to the formation of
the complex. By monitoring the decrease in PL
intensity, the concentration of Ni2* ions in a sample
can be quantified, making it a valuable tool for
analytical chemistry and trace metal ion detection,
especially for Ni?* ion detection.
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