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Abstract: In this study, a straightforward and precise nitrogen/sulphur-codoped carbon dots (N/S-CD) was

produced using a microwave irradiation approach. The N/S-CD was formulated from succinic acid (SA), bis-

(3-aminopropyl)-amine (BAPA), and sodium thiosulphate (STS) as sources of carbon, nitrogen, and sulphur,

respectively. The synthesized N/S-CD established a valuable quantum yield (QY) of 70 % and was sensitive

to aluminium ion (AI**

detecting AI**

) with a detection limit of 0.21 uM and a linear concentration range of 0-100 uM. When
in real water samples, the N/S-CD resulted in a satisfactory recovery in the range of 91.14 %-

103.37 %. Thus, the proposed study is very promising for AI** detection in environmental water samples.
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1. Introduction

The element of aluminum is the third largest on earth.
Although it is a non-essential element, excess levels
of Al in the human body can cause a variety of
diseases, including amyotrophic lateral sclerosis,
dialysis-induced encephalopathy, Parkinson's disease,
and Alzheimer's disease.! A combination of factors
contribute to the biomagnification of Al in the human
body, including contamination in drinking water,
food, and bioaccumulation by plants and animals.
Consequently, the need for a detection method for Al
in the environment becomes extremely urgent in the
near future.
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It has been proven in recent years that some analy-
tical instruments can be used for the detection of AI**,
including the atomic absorption spectroscopy (AAS),’
inductively coupled plasma (ICP).* However, these
instruments are expensive and complicated in analysis.
Therefore, it is required to develop a simple and
inexpensive Al ion detection method, such as carbon
dots (CDs).

Nowadays, CDs are the focus of attention of several
researchers to monitor various analytes, both organic
and inorganic because of their low cost, easy operation,
good selectivity and sensitivity.” However, the relatively
low of quantum yield (QY) as well as low selectivity
and sensitivity are one of the limitations of CDs as a
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fluorescence probe. Doping CDs with elements such
as N, P, B, and S is a straightforward and useful
technique for increasing fluorescence efficiency.®
Generally, doping with two heteroatoms is more
efficient than doping with a single heteroatoms.’
Nitrogen and sulphur are two atoms that are similar
to carbon atom in terms of their atomic radius and
electronegativity, so nitrogen and sulphur are often
studied as carbon doping or co-doping of CDs.}

In this work, we establish a novel fluorescence
nitrogen/sulphur co-doped carbon dots (N/S-CD)
synthesized via an easy and cost-effective microwave
irradiation approach by introducing succinic acid (SA),
sodium thiosulphate (STS), and bis-(3-aminopropyl)-
amine (BAPA) as carbon, nitrogen, and sulphur sources,
I**. Many synthetic methods
have been reported to produce CDs using high-
purity chemicals, but no study has revealed N/S-CD
synthesis using the microwave method to detect
AP, Due to the simplicity, fast, cost-effectiveness,
and environmentally-friendly, the microwave method is

respectively, for detecting Al

one of the most bottom-up methods for preparing of
CDs.’

A preliminary study showed that SA-based CDs
with no additional atomic doping did not exhibit any
fluorescent properties during the synthesis process.
A new dopant known as BAPA is an interesting new
dopant that has not yet been studied in terms of
improving CDs’ optical properties. While the STS
compound consists of sulphur (S) which was used to
enhance the optical properties of CDs because of its
electronegativity comparable to that of carbon.'
Therefore, the combination of SA with the presence
of nitrogen and sulphur binary elements as doping
CDs is expected to increase the quantum yield which
has implications for increasing the effectiveness of
its application.

2. Experimental

2.1. Chemicals and reagents

Succinic acid (C;HgOy), bis-(3-aminopropyl)-amine
a‘IN[(CH2)3NH2]2), and qulnlne Sulphate (C40H52N40gs)
were purchased from Sigma-Aldrich (USA). Sodium

thiosulphate (Na,S,0;) was procured from Shimakyu’s
pure chemicals (Japan). Other chemicals were of
analytical grade.

2.2. Instrumental

With an accelerating voltage of 200 kV, JEOL
JEM-2010 transmission electron microscopy (Japan)
was adapted for characterizing of the size and
morphology of N/S-CD. To further investigate the
elemental analysis of N/S-CD, X-ray photoelectron
spectroscopy (XPS) on a PHI Hybrid Quantera was
used. The functional group on the surface of the N/S-
CD was confirmed by using a Fourier Transform
Infrared (FTIR) spectrometer provided by Perkin
Elmer (USA). A Lambda Perkin Elmer ultraviolet-
visible (UV-Vis) instrument was used to assess the
absorption spectra of the samples. The PL intensity of
N/S-CD was performed by a fluorescence spectropho-
tometer (Jasco FP-750, Japan).

2.3. Synthesis of N/S-CD
N/S-CD was fabricated using a simple microwave

irradiation approach. Briefly, 0.50 g of SA, 0.35 g of
STS and 1 mL of BAPA were dispersed in 15.0 mL
of deionized water (DI water). For 5 min, a mixture
solution was irradiated with a domestic microwave
at 700 W. Following centrifugation of the material at
5,000 rpm for 30 minutes, the material was filtered
using a cylindrical membrane filter (0.22 pm) in
order to remove the insoluble particles. In the final
step, the purified solution was freeze-dried and stored at
a temperature of 4 °C for a subsequent analysis.

2.4. Measurement of QY
The QY calculation of N/S-CD refers to the QY

equation based on eq. below.

]H AI‘ 77;

Y =07,
Q" Ql ]r Annf

[33%3]

As indicated above, subscripts “n” and “r” represent
N/S-CD and quinine sulphate, respectively. “I” and
“A” are the symbols that indicate the intensity of the PL
and the absorbance at the chosen excitation wavelength.

Symbol “n” stands for the refractive index of the
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solvent. Due to the stability luminescent of quinine
sulphate with QY of 0.54, it was preferred to be
used as a reference. Furthermore, the PL emission
measurements were carried out at a wavelength of
340 nm, which was the maximum excitation wave-
length.

2.5. Selectivity and selectivity of APF*

As a part of the evaluation of selectivity, several
ions including AP, Ni**, Cs*, K', Li", Mn*", Na',
Rb*, Hg, Cr*, Pb*, Ag', Mg*", Zn**, COs>, PO,
Cu?*, and Fe?* were highly diluted in 10 uL N/S-CD
(0.03 mg/mL). Each of the ions had a concentration
of 200 pM.

Moreover, the sensitivity of A" ions was evaluated
in the presence of various concentrations of A",
ranging from 0-200 uM. Following the addition of
DI water, the solution was allowed to react for 5
minutes. All treatments were performed in triplicate
and PL spectrum was recorded at 340 nm as the
excitation wavelength.

2.6. Real water sample applications
To test the effectiveness of N/S-CD (0.03 mg/mL)

for practical use in natural conditions, two samples
of water (river water and tap water) were treated
with N/S-CD (0.03 mg/mL). The water sample was
filtered using a 0.22 mm syringe filter to ensure that

(a)
Fig. 1. (a) N/S-CD TEM image, (b) FTIR spectrum of the N/S-CD

Vol. 36, No. 4, 2023

any remaining material could be removed from the
water sample. A known concentration of A" was
spiked into each sample, as well as 10 pl N/S-CD.
At room temperature, all treatments were performed
in triplicate.

3. Results and Discussion

3.1. N/S-CD Characterization
The synthesis of N/S-CD by means of microwave

irradiation was performed by combining SA as a
precursor with STS as a sulphur source and BAPA as
a nitrogen source. In terms of solubility in water, the
N/S-CD synthesized has a good level of solubility.
Based on the plot of integrated PL intensity against
the N/S-CD absorbance and quinine sulphate, the
QY for N/S-CD has been achieved at 70 %.

TEM image of synthesized N/S-CD was displayed
in Fig. 1(a). According to the results, the N/S-CD
had spherical shapes and ranged in size from 4-12 nm.
As a result of FTIR spectroscopy (Fig. 1(b)), the N/
S-CD functional groups were identified.

An absorption peak at 1109 cm™' corresponds to
C-O stretching vibration.!! The characteristic absorption
peaks at 1154 cm™' and 1550 cm™' may ascribed to
C-S/S0O; and C=N, which indicated the presence of
sulphur and nitrogen on the surface of N/S-CD.!%13

An absorption peak at 1412 cm™' was ascribed to

Transmittance
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C=C stretching vibration."""* Furthermore, the chara-
cteristic peak at 1643 cm ! related to C=O stretching
vibration.!"!* The peaks at 3431 cm !, 3264 cm !,
and 2957 cm ™! associated with N-H, O-H, and C-H
stretching vibration, respectively.'® The results of the
FTIR analysis have therefore provided proof that
there are functional groups of nitrogen and sulfur on
the surface of the N/S-CD.

The XPS spectrum shown (Fig. 2(a)) revealed that
N/S-CD consists of elements C, O, N and S which
were manifested in four peaks as Cls, Ols, N1s, and
S2p. The ratio of these elements were 69.4 %, 14.3 %,
14.7 % and 1.6 %. The high-resolution XPS spectra
showed the Cls spectrum was deconvoluted into
four peaks at 284.8 eV, 285.8, 286.4 and 287.6 eV.
As shown in Fig. 2(b), a peak of 284.5 eV was
assigned to C=C and subsequent peaks at 285.4,
286.5, and 287.4 eV were assigned to C-C, C-N, and
C-S, respectively."”!” Fig. 2(c) displayed the high-
resolution spectra of Ols consisting two prominent
peaks at 531.3 and 532.9 eV, which were ascribed to
C=0 and C-O groups, respectively.'*’® The Nls
XPS spectrum of N/S-CD was deconvoluted into three
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peaks (Fig. 2(d)), which were corresponded to C-N-C
(398.8 eV), N-H (399.5 V) and C5-N (400.5 V). 11
The S2p spectrum (Fig. 2(e) confirmed two) main
peaks, which manifested the presence of sulphur in
two groups of —C—S— and —C—-SOx—, respectively.
The first main peaks at 161.6 and 164.0 eV can be
attributed with 2p3/2 and 2pl/2 of the —C-S-
covalent bond."**” The second main peaks was fitted
into three peaks at 167.5, 168.2, and 168.7 eV
confirming the presence of -C—-SOx— (x = 2, 3, 4)
species. 22!

Accordingly, FTIR and XPS results validated the
existence of functional groups including C-N, C-S/
C-SOx, C=C, C=0, -COOH, and -OH on the surface
of N/S-CD synthesis.

3.3. Optical properties
Fig. 3 illustrates N/S-CD exhibited UV-Vis absorption

spectra in aqueous solution, which showed a peak at
216 nm, followed by a shoulder peak at 264 nm in
the UV region. These peak correspond to the m-m*
transition of C=C/C=N.>** A weak shoulder absor-
ption peak also appear at 340 nm related to n-m*
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Fig. 2. (a) N/S-CD XPS spectrum. High resolution of XPS spectrum for (b) Cls, (c) Ols, (d) Nls, and (e) S2p.
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Fig. 3. UV-Vis absorption corresponding to excitation at
340 nm (inset: UV and daylight photographs of N/
S-CD).

transition by oxygen or nitrogen functional group on
the surface of N/S-CD.??* The characteristics of N/S-
CD are consistent with the general CDs characteristic.®
In addition, under exposure to a UV lamp radiation
with a 365 nm wavelength, the N/S-CD solution
showed a blue color (inset Fig. 3). When the N/S-CD
solution was irradiated at different excitation wave-
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length, wavelength-dependent fluorescence emissions
were found. A strong emission peak was observed at
412 nm when the N/S-CD was conducted at an
excitation wavelength of 340 nm. The emission peak
of N/S-CD gets red-shifted, accompanied by the
fluorescence intensity decrease gradually when the
excitation wavelength increases from 300 to 480 nm.
This phenomenon belongs to the dependent emission
characteristic because of the non-uniform particle
size of N/S-CD and the presence of different surface
sites on the surface, which is consistent to the
previous literature reports.’

3.4. Photostability of N/S-CD

Several potential effects on the stability of N/S-CD
were investigated in order to evaluate their stability
in terms of NaCl concentration, time exposure to UV
light (365 nm), temperature, and pH. As shown in
Fig. 4(a), the effect of NaCl concentration on N/S-
CD appeared to be independent of ionic strength. The
findings of this study indicate that stable fluorescence
intensities were achieved when NaCl solutions with
varying concentrations between 0 and 200 mM were
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Fig. 4. Stability of N/S-CD: (a) different of chloride ion concentrations, (b) various temperatures, (c) continuous UV irradiation,

and (d) various pH.
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added to the N/S-CD solution. The fluorescence
intensity was almost unchanged even when N/S-CD
was injected at high concentrations of NaCl. It was
concluded that the N/S-CD solution proved to be
very resistant to ionic salts. In other words, N/S-CD
has high stability against particle attraction.””

As opposed to the effect of temperature on the
fluorescent intensity, the intensity of the fluorescent
decreased with increased temperature (Fig. 4(b)). There
was a relationship between non-radiated heat that is
produced when the temperature rises, and thus the
amount of radiation that was released in the process
decreases.

Furthermore, when N/S-CD was irradiated with
UV light of 365 nm, it was found that the fluorescence
intensity was slightly affected. According to Fig. 4(c),
for a given period of time, the fluorescence intensity
decreases with lengthening of the irradiation time.
PL intensity decreased by 9.8 % after being exposed
for 120 minutes to UV irradiation. Compared to the
reduction in PL intensity that was observed with
traditional fluorescent dyes such as Rhodamine 6G
after 120 minutes of continuous exposure, the reduction
in PL intensity was almost 54 %,” Therefore, N/S-
CD will be more resistant to UV radiation than
conventional CDs.

In the pH range of 4-7, the fluorescence intensity
of N/S-CD appeared to be relatively stable, as depicted
in Fig. 4(d). The highest intensity of PL was observed
at pH 3. There was a decrease in fluorescence intensity
as the pH value increased, which could be attributed
to the mechanism of protonation or de-protonation of
carboxyl (-COOH) and hydroxyl groups (-OH) on
the surface of the N/S-CD.*® As a result, the good
stability of N/S-CD provides an invaluable guide in
the application of N/S-CD as fluorescent probes that
can be used for the detection of metal ions, in particular
AP**, in the environment.>’

3.5. Detection of AP* ion by N/S-CD
For the purpose of evaluating the metal ion sensing

capability of fluorescent N/S-CD, 10 ul N/S-CD
solution (0.03 mg/mL) was put into glass vials and
separately added the relevant metal ions including
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Fig. 5. Detection of AP by N/S-CD among various metal
ions

APPY, Cs*, K, Li", Mn®", Na*, Rb", Hg?", Se*',
Ni%*, Pb®" and Fe*" with a concentration of 200 pM.
Then, the response of the N/S-CD sensing ability was
recorded by fluorescence spectrophotometry.

As shown in Fig. 5, only AI’* ion showed a
significant increase in the fluorescence intensity,
which indicated the high selectivity of fluorescent N/
S-CD towards AI*" ion through the fluorescence
“turn-on” process compared to other metal ions.

3.6. Sensitivity of N/S-CD towards AP*

Further investigation of the advantages above was
the measurement of the fluorescence intensity of N/
S-CD at various concentrations of A" ions. As shown
in Figs. 6(a) and 6(b), increasing the concentration of
AP ions significantly enhanced the emission intensity
of N/S-CD. Thus, complex formation was the main
probable reason for the increased fluorescence intensity
of N/S-CD. A good linear correlation (R2, 0.996)
was found between AI** concentration at 0-100 uM
and the intensity of fluorescence emission at 412 nm
(Inset Fig. 6(b)). Meanwhile, the detection limit for
N/S-CD for A" was 0.21 uM which was calculated
using 36/m, where a blank signal's standard deviation is
indicated by the symbol 6 and the slope of the linear
correlation is denoted by m.

As shown in Table 1, the performance of the present
study was compared with other methods based on CDs,
which were also used to detect AI** ions, including
linear detection ranges and detection levels. Compared
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Fig. 6. (a) PL emission spectra of N/S-CD with varying levels of AP*. (b) N/S-CD PL intensity at 412 nm for various
AP* concentrations ranging from 0 to 300 uM (inset: linear curve for AP concentrations of 0-100 pM).

Table 1. Review of the various methods for AP* detection

Method Linear range (uM) LOD (uM) Reference
Nitrogen-doped GQD (N-GQD) 2.5-75 1.3 [29]
CQDs functionalized with amino acids (AA-CQDs) 1-20 0.32 [30]
Amphiphilic fluorescent carbon dots (A-CDs) 8-20 0.113 [31]
Green photoluminescent CDs 0-10 0.39 [32]
Blue emission carbon dots (CDs) 0.15-38.46 0.114 [33]
Nitrogen/sulphur-binary doped carbon dots (N/S-CD) 0-100 0.21 This work
Table 2. Determination of AI'" water samples (n=3)
Sample Spiked Concentration Measured Concentration Recovery RSD
(M) (M) (%) (%)
10.00 9.11 91.14 0.57
Tap Water 20.00 20.67 103.37 0.65
30.00 28.78 95.92 0.50
10.00 9.30 93.02 0.46
River Water 20.00 19.10 95.49 0.24
30.00 30.64 102.13 0.49

to other methods, the probe presented a lower limit
of detection (LOD) and a wider range of linear
concentrations. The N/S-CD probe also demonstrated
that the detection results were below the WHO’s
remanded value for drinking water of 7.41 uM."*
These results indicate that the proposed method is
quite promising for detecting AI’" ion with an
uncomplicated procedure or equipment.

Vol. 36, No. 4, 2023

3.7 Detection of AP using N/S-CD on water
samples

To investigate the feasibility of N/S-CD for AI**
detection, the probes were applied to two water sources
treated with known concentrations of AP’*. According
to Table 2, the percentage recovery of water samples
varies in the range of 91.14-103.37. In addition, the
results of the relative standard deviation range (RSD)
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also showed good results, which ranged from 0.24 to
0.65. Based on these findings, N/S-CD has the potential
to be employed as a sensor for detecting AI*" in
water under natural environmental conditions.

4. Conclusions

To summarize, using microwave irradiation as a
method of synthesizing N/S-CD, we have been able
to achieve high quantum yields of the product. A
good water solubility was observed for the N/S-CD
and its emission properties was excitation-dependent.
There was a strong enhancement of fluorescence
intensity of N/S-CD in the presence of AI**. Further-
more, N/S-CD was effectively practiced as a
fluorescent sensor to detect A" with good selectivity
and a wide range of concentrations. This work
contributes an effortless and environmentally friendly
way to synthesize heteroatom-doped carbon dots for
numerous applications.
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