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Abstract

The synthesis of nitrogen-doped Graphene Quantum Dots (N-GQDs) employing Pennisetum
purpureum (elephant grass) as the carbon precursor and ethylenediamine (EDA) as the nitrogen
source was conducted. This study highlights the potential applications of nitrogen-doped multi-
fluorescent graphene quantum dots (N-GQDs) in the detection of Fe’*. The synthesized N-GQDs
have been studied using UV—vis spectrophotometry, fluorescence spectrometry, Raman spectro-
metry, FT-IR spectrometry, x-ray spectroscopy, selected-area electron diffraction, transmission and
high-transmission electron microscopy. The acquired N-GQDs were observed to have an almost
hexagonal shape with a lateral size of 2.42 nm and exhibited a comparable quantum yield of
approximately 26%. The N-GQDs that have been prepared with consistent size distribution and a
significant amount of nitrogen and oxygen-based functional groups showcase outstanding water
dispersity. The N-GQDs exhibited the capability to identify the Fe> ™ ions in a broad range
concentration of 1-600 M by creating an N-GQDs-Fe’* complex through the occurrence of
functional groups like nitrogen, carbonyl, and carboxyl on N-GQDs surface, has a lower limit of
detection at approximately 60 nM. Our study provides evidence that the N-GQDs produced a strong
and persistent fluorescence, which is highly soluble in water, notably the precise and selective
detection of Fe*" in water-based solutions.

1. Introduction

Recent breakthroughs in nanotechnology have resulted in the discovery of Graphene Quantum Dots (GQDs),
made of graphene sheets having smaller lateral sizes below 100 nm, and existing in single, double, or few-layer
(not more than 10) configurations [1, 2]. The GQDs derived from carbon dots and graphene represent a recently
discovered class of materials with exceptional chemical, structural, and electric properties and versatile optical
characteristics such as photoluminescence and electroluminescence [3]. The GQDs have gained significant
attention as a prospective fluorescence-based sensor applied for detecting metallic ions, biomolecules, and small
molecules, through their exceptional material characteristics for instance water solubility, low toxicity, stable
fluorescence, and eco-friendliness [4—6]. However, numerous investigations on GQDs concentrate solely on
enhancing their optical properties and expanding their applications, often overlooking the critical aspect of
sourcing carbon. Adopting a greener approach to fabricate high-quality GQDs remains a crucial issue that needs
to be addressed urgently [7]. Using renewable, economical, and eco-friendly biomass resources satisfies the

© 2023 The Author(s). Published by IOP Publishing Ltd
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immediate demand for high-volume production of biomass-derived GQDs and fosters sustainable
application [8].

Grass, a part of biomass, is one of the potential carbon sources that can be utilized to synthesize GQDs [9].
The grass is particularly prolific and is a major component of solid green waste, which requires significant
storage space and expensive management. Due to the presence of recalcitrant components, composting the grass
waste is difficult and time-consuming. When the grass waste is not properly disposed of, it can accumulate and
harm the environment. Therefore, the transformation of grass waste materials into valuable materials is highly
demanding, particularly for use as the precursor in the GQDs synthesis [9, 10]. The formation of GQDs from the
grass contains various functional groups, resulting in the formation of new energy levels and causing changes in
the optical characteristics of GQDs [11, 12]. However, considering the advantages of their optical properties, the
production and applications of GQDs were still limited by the lower luminescence efficiency due to the lower
QY. Thus, necessitating modifications of the GQDs is highly desirable to improve the luminescence efficiency
[11-13].

Several methods have been put forward to enhance the luminescence properties of the GQDs. Surface
passivation or functionalization is the widely used method to enhance the fluorescence characteristics of carbon
nanodots in the beginning stages of synthesis by altering the surface emissive state of the precursor, particularly
inert raw materials [ 14—17]. Another way to improve the luminescence efficiency is by using atomic doping.
Here, the existence of doping including nitrogen (N) and sulfur (S) in the GQDs effectively elevate their optical
and electrical properties owing to the presence of the degree of purity inside the band gap [18, 19]. Several
numerous new types of GQDs have been reported, including nitrogen-doped GQDs (N-GQDs), sulfur-doped
GQDs (S-GQDs), and N,S-co-doped GQDs (N,S-GQDs) [20-23]. However, understanding the fluorescence
mechanism and its correlation to the enhancement intensity and quenching are needed to be further clarified.
Therefore, this study aims to explore how the role of atomic doping on the fluorescence properties of the grass-
based GQDs and discuss their possible application as metallic ion sensors.

This study reports the successful synthesis of N-GQDs possessing high crystallinity via a single-step
hydrothermal approach using an elephant grass (Pennisetum purpureum) as a carbon precursor and
ethylenediamine (EDA) for nitrogen doping. EDA is a frequently employed molecule to introduce nitrogen
atom doping in order to passivate the surface of N-GQDs. The nitrogen atoms present in EDA undergo reactions
with the functional groups located on the surface of GQDs, leading to the integration of nitrogen atoms into the
lattice of graphene. This integration of nitrogen atoms introduces dopant atoms into the structure of graphene,
subsequently altering its electronic properties specifically on the surface of N-GQDs [24]. The resulting
N-GQDs exhibit excellent fluorescence properties having QY of approximately 26% that enable selective and
responsive sensing of metallic ions. Utilizing the fluorescence response of N-GQDs, a fluorescence-based sensor
was developed to detect Fe’* ions. The findings indicate that N-GQDs were capable of detecting Fe’* ions,
resulting in quenching fluorescence. As per our understanding, most of the synthesis of carbon-based material
from grass results in carbon nanodots with lower crystallinity, which is strongly different from our research.
Therefore, our study provides further evidence for the industrial potential of N-GQDs, given their inexpensive
starting materials, simple synthetic route, and high yield for practical applications.

2. Materials and methods

2.1. Materials

Elephant grass was gathered from alocal farm situated in Yogyakarta, Indonesia. Merck supplied the following
chemicals: AI(NO3);, Ca(NOs3),, CdSO,4, CoCl,, CuCly, FeCls, FeSO,4, KCI, Pb(NO3),, MnCl,, Mg(NO3),,
HgCl,, NaCl, NiCl,, ZnCl,, HCI, NaOH, ethylenediamine (EDA), and quinine sulfate. Whatman 42 filter paper
circles 55 mm were obtained from GE Healthcare. Deionized water (DI) was bought from CV. Progo Mulyo. No
additional purification of the chemicals was necessary.

2.2. Experimental

2.2.1. Synthesis of N-GQDs

The process begins with crushing elephant grass (figure 1), and then the 1.0 g of dried grass is placed into a 25 ml
stainless steel autoclave along with 0.05 ml EDA dispersed into a 10 ml measuring flask of DI, then heated to

180 °C for 6 h. After natural cooling to room temperature and allowing it to stand overnight, the light-brown
solution underwent centrifugation for 15 min at 12000 rpm and was subjected to filtration using a Whatman
membrane filter paper to remove impurities. The recovered supernatant was then partially freeze-dried to
acquire a light-brown-colored dispersion for further characterization (see figure 1).
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Figure 1. Schematic view of the one-step synthesis of N-GQDs.

2.2.2. pH-responsive fluorescence behavior of N-GQDs

The ability of N-GQDs to maintain stability across a diverse pH scale is crucial in sensing applications. In
consequence, the emission intensity of N-GQDs in solutions of varying pH levels (2—12) was measured to
determine the correlation between pH and fluorescence.

2.2.3. N-GQD:s characterization

The N-GQDs sample’s Ultraviolet-Visible (UV—vis) spectra were evaluated with a Thermo Scientific Genesys
UV-vis spectrophotometer within the 200—600 nm wave range. Fourier-transform infrared (FT-IR) spectra
extending from 500 to 4000 cm ™' were collected using a Thermo Scientific Nicolet iS-10 FT-IR spectrometer.
The Shimadzu RF-600 spectrofluorometer was employed to measure the fluorescence spectra with a scan rate of
30000 nm min~'. Raman Horiba hyperspectral spectroscopy with a 785 nm exciting laser, equipped with 600
nm gratings and a 10X VIS objective was used to conduct Raman spectra. The x-ray diffraction (XRD) analysis
was executed using a Bruker D8 advance employing Cu Ka (0.154 nm), at room temperature (approximately 25
°C) over a 20 range of 5°~60° with a scanning speed of 3/min. Transmission electron microscope (TEM) images
were accomplished with JEOL JEM-1400 TEM microscopy with UC-A on Lacey 400 mesh Cu. A Tecnai D2360
Super Twin microscope was utilized to generate high-resolution transmission electron microscope images (HR-
TEM). The instrument was operated with an acceleration voltage of 200 kV.

2.2.4. The detection of Fe’ " using N-GQDs

To assess the sensitivity of the N-GQDs sensor, the intensity of fluorescence was recorded at different Fe*
concentrations, spanning from 0 to 600 M, having previously determined the selectivity of N-GQDs. The
N-GQDs’s sensor selectivity was determined by analyzing the fluorescence spectra of various metal ions
solutions (Na™, Mg”™, A", K™, Ca®*, Mn**, Fe* ", Fe’ ", Co® ™, Ni**, Cu’ T, Zn**, Cd*", Hg* ", and Pb* ") and
comparing them to the quenching of the fluorescence spectra at room temperature. To prepare for this analysis,
astandard solution was then taken, and the fluorescence was measured after a 5-minute incubation period at
ambient temperature. An excitation wavelength of 370 nm and a scan speed of 30000 nm min ' was utilized for
the measurements. The selectivity investigation of N-GQDs against several metal ions was conducted by adding
0.1 mI N-GQDs into the mixture of metal ions at a concentration of 600 uM and incubating for 5 min. The
fluorescence spectra were recorded with a spectrofluorometer to determine whether other metal ions had a
significant effect on the fluorescence intensity of N-GQDs so that the selective response of N-GQDs fluorescence
to Fe’™ could be determined.

2.2.5. Quantum yield (QY) measurement
The fluorescence intensity in an aqueous dispersion was quantified to determine the QY of the N-GQDs using
the methodology outlined by Atchudan et al (2018) in equation (1)[36].
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where QYn.gqps and QYy are the fluorescence QY of the N-GQDs and the reference substance (quinine sulfate),
respectively. IN.gqps and I represent the fluorescence spectra of the N-GQDs and the reference substance,
respectively. AN.gqps represent the UV-visible absorption intensity of the N-GQDs, while Ag corresponds to the
absorption intensity of the reference substance. The refractive index of the solvent used for the N-GQDs is
indicated as y_gqps, and the refractive index of the reference substance is denoted as 7z. The optical densities
were determined using the Thermo Scientific Genesys UV-visible spectrophotometer. The reference material
utilized was quinine sulfate dissolved in 0.1 M H,SO, (with a literature QY of 0.54 at 360 nm). By maintaining an
absorbance value below 0.10 during excitation at a wavelength of 360 nm, the re-absorption effects within the 10
mm fluorescence cuvette can be minimized.

3. Results and discussion

3.1. Characterization of the synthesized N-GQDs

The XRD pattern of synthesized N-GQDs as displayed in figure 2(a), exhibits three distinct scattering peaks at
28.39°,40.68°, and 50.38°, which correspond to the (002), (101), and (004) planes of 2D graphene’s hexagonal
lattice (JCPDS 75-1621) along with the small amount of cubic phase (210), (220), (300) (JCPDS 18-0311) and
cyclohexane monoclinic (011), (2°11), (221) (JCPDS file 48—1960), revealing the crystallinity structure of the
N-GQDs. Additionally, the intense diffraction peak at 26 = 28.39° with high intensity and an interlayer spacing
of 0.2 nm suggest that there is no steric hindrance in the basal plane, resulting in a tight packing arrangement
akin to bulky graphite. These characteristics facilitate the creation of a graphene structure with minimal
imperfections and a high level of crystallinity during the thermal conversion of carbon (carbonization) [5]. The
lattice spacing in the (101) direction observed in the XRD, which was 0.2 nm, was found to agree with the HR-
TEM images as illustrated in figures 2(b)—(c) [25]. This indicates that both the in-plane lattice in the (101)
direction and the interlayer spacing in the (002) direction are present in GQDs. The XRD pattern indicated a less
intense and broad peak in the (002) plane that shifted toward alower angle of 26. The synthesized N-GQDs show
that they are relatively small in size, as evidenced by figure 2(b) [5].

The HR-TEM picture of N-GQDs exhibited distinguished lattice fringes featuring an average in-plane 0.2
nm crystal spacing (figure 2(c)) in agreement with the (101) plane of graphite crystal [26], thereby providing
additional confirmation of the layered structure of N-GQDs. The above findings confirm the occurrence of
graphitization in the synthesis of N-GQDs. Electron diffraction patterns and TEM imaging were capable of
being matched to the faultless hexagonal pattern (figures 2(b)—(c)) of graphene layers arranged in AB Bernal
configuration within the hexagonal core with a spacing of 0.2 nm [27]. The SAED pattern (inset figure 2(b))
indicates the absence of supplementary diffraction peaks, implying that the domain does not contain rotational
stacking faults, which are often observed in turbo static graphite [27, 28]. Furthermore, statistical analysis of the
TEM image (figure 2(d)) reveals a Gaussian size distribution having a lateral dimension from 1.0-3.0 nm. The
average lateral size is 2.42 nm, confirming the N-GQDs’s uniform and homogenously dispersed properties.
These results prove that the N-GQDs synthesized possess a structure characteristic of graphite, as previously
reported [29-31].

Raman spectra obtained from the synthesized N-GQDs are presented in figure 2(e) and exhibit two wide
signals: D-band centered at 1340 cm ™' and G-band located at 1560 cm ™, as previously reported by Wang et al
(2020) [21]. The presence of defects in the graphite lattice is reflected by the D-band, including the dangling
bonds of carbon networks comprising sp’-hybridized atoms. Meanwhile, the oscillation of sp*-hybridized
carbon atoms ordered in a 2D hexagonal arrangement is indicated by G-band, as explained by Krishnaiah et al
(2022) [32]. The Raman spectra of N-GQDs also exhibit features resembling a reduced form of graphene oxide
(RGO) as indicated by the presence of a peak in the 1600 cm' region which is the character of in-plane mode
graphene, peaks at 1800—2200 cm ™' which is indicated out of plane modes, and a peak in the 2744 cm ™' region
which indicates a few layers of wrinkled graphene [33, 34]. This result is in line with the TEM analysis in
figures 2(b)—(c).

To assess the surface functionalization of N-GQDs, ATR-FTIR spectroscopy was carried out. The resulting
ATR-FTIR spectrum (figure 2(f)) demonstrates a wide peak at 3000-3500 cm ™', which can be contributed to the
O-H functional groups exhibiting stretching vibrations that involved physically absorbed water molecules (H-
0O-H) and N-H found on the N-GQDs surface [11, 12, 15, 32, 35]. The stretching vibrations of symmetric and
asymmetric C-H were identified by the peaks observed at 2835 and 2976 cm ™', respectively. Furthermore, the
bands at 1583, 1450, 1306, and 1068 cm ™! are indicative of C = C, C-N, COO", and C-O-C/C-N stretching
vibrations, respectively [8, 15, 36, 37]. The identification of nitrogen-containing functional groups in N-GQDs
was confirmed by the detection of characteristic peaks at 1450 cm™ ' and 1211 cm™ ', associated with the

4



10P Publishing Mater. Res. Express 10 (2023) 075603 FD Sarietal

o02) (@)

Intensity (a.u.)

(211)
_ 011)

10 20 30
26 (degree)

- Diameter (d )

Gauss of Counts

-
~n

Frequency (counts)
{ee]

1.0 15 2.0 25 3.0 35
Diameter (nm)

2224

_ (e)
N
c
3 —_—
8 £
= £
= 1836 £
= o
g in-plane modes L
©
o

out-of-plane modes.

1500 2000 2500 3000 4000 3500 3000 2500 2000 1500 1000

Raman Shift (cm™) Wavenumber (cm™)

Figure 2. (a) X-Ray diffraction pattern, (b) TEM image with SAED inset picture, (c) N-GQDs interlayer spacing, (d) Distribution of
particle size, () Raman spectra for N-GQDs, (f) FTIR spectra for synthesized N-GQDs.

stretching modes of C-N-C heterocyclic and C-N bond, respectively, based on previous research finding

[15, 16, 38, 39]. The findings confirmed that the hydrothermal process involving a combination of
ethylenediamine and elephant grass resulted in the formation of nitrogen-containing functional groups. As a
result, nitrogen species were accurately introduced into the matrix of N-GQDs.

The solubility of N-GQDs in aqueous media is improved by the presence of functional groups, even without
additional chemical modification. Additionally, the lack of significant stretching of amine groups (N-H) within
the plane in the FTIR spectrum indicates the accomplished integration of nitrogen atoms within the N-GQDs.
The ATR-FTIR analysis confirmed the occurrence of C, N, and O in the obtained N-GQDs, indicating that both
Cand N elements were derived from the precursors. The following is a hypothesized mechanism to produce
N-GQDs via the synthesis process involving grass and ethylenediamine: since elephant grass is rich in
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Figure 4. Temperature-dependent fluorescence emission spectra of the N-GQDs were evaluated at near the maximum emission
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carbohydrates and cellulose, transitional compounds may be formed [40]. When grass and nitrogen dopants
(EDA) are subjected to high-pressure and high-temperature hydrothermal treatment, smaller precursor
molecules are generally transformed into fluorophores [29]. The fluorophores formed during prolonged heating
in the hydrothermal treatment may undergo dehydration and polymerization, followed by carbonization,
ultimately leading to the formation of N-GQDs [41, 42].
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3.2. Optical behavior of the N-GQDs

UV-vis absorption and fluorescence spectroscopy were employed to assess the optical behavior of N-GQDs. The
absorbance spectrum of the obtained N-GQDs depicted in figure 3(a) reveals two shoulder peaks around
290-300 and 320—400 nm in the absorption spectrum of N-GQDs. According to Atchudan et al (2018), the 7 —
m* transition bands observed at 298 nm are ascribed to the transition of conjugated aromatic sp* domains (C=C
and C=N bonds) within the carbon structure [36]. The typical n — w* transition observed is a consequence of
the existence of the C=0 functionality on the surface of N-GQDs, which is responsible for the wide absorbance
peak observed in the range of 325 to 370 nm. In inset figure 3(a), the aqueous suspension of N-GQDs is
presented in the inset as light-brown in daylight and exhibits bright blue fluorescence when exposed to UV light
at365 nm.

Figure 3(b) displays the fluorescence spectra of the maximum excitation and emission wavelengths of the
synthesized N-GQDs, which were observed at 370 and 455 nm respectively. Furthermore, the fluorescence
emission spectra of N-GQDs were examined at varying excitation wavelengths with 10 nm intervals as depicted
in figure 3(c). Increasing the excitation wavelength by 10 nm, from 330 nm to 480 nm, caused a red-shift of the
emission wavelength toward a longer wavelength as seen in figure 3(d), and the intensity steadily declined with
subsequent increases in the excitation wavelength. These phenomena are called the excitation-dependent
fluorescence responses noticed in the N-GQDs (figure 3(d)). This behavior is ascribed to the occurrence of
various surface defects and surface states, as explained in previous studies [2, 7]. The emergence of diverse
functional groups (-OH,-COOH, —C=0, and —-NH,) on the surface of N-GQDs likely has an impact on their
size and results in the emergence of different energy levels [43]. The excitation wavelength-dependent emission
spectra indicated that not only the size of the N-GQDs but also the allocation of luminescent centers on each
N-GQDs had a significant impact on the fluorescence behavior. The quantum yield of the synthesized N-GQDs
was determined to be 26% employing quinine sulfate as a standard.

Here, it is important to note that the fluorescence spectra mentioned above are observed when N-GQDs are
synthesized at a hydrothermal temperature of 180 °C. The formation of N-GQDs is highly influenced by the
hydrothermal temperature, and as a result, the fluorescence emission spectra of N-GQDs are significantly
altered [17]. To illustrate this, figure 4 demonstrates the temperature-dependent changes in the fluorescence
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emission spectra of N-GQDs, specifically near the peak emission intensity. It is evident that an increase in the
hydrothermal temperature greatly enhances the maximum emission intensity. However, the enhancement in
the maximum emission intensity does not correspond to the change in emission wavelength. For instance, ata
hydrothermal temperature of 150 °C, the emission wavelength is 451 nm. This wavelength increases to 455 nm
ata temperature of 180 °C but decreases to 448 nm at a temperature of 200 °C. The larger emission wavelength at
180 °C indicates a red shift in the emission wavelength, which is more advantageous for sensing applications.
Consequently, our subsequent discussion solely focuses on N-GQDs synthesized at a hydrothermal temperature
0f180°C.

3.3. The relationship between pH and N-GQDs fluorescence intensity

The synthesized N-GQDs exhibit surface properties containing hydroxyl, amino, and carbon functional groups,
asindicated by ATR-FTIR analysis. The fluorescence intensity of N-GQDs is able to monitor by utilizing these
functional groups to study the effect of pH. Figures 5(a), (b) displays the fluorescence intensities of N-GQDs
under varying pH values at an excitation wavelength of 370 nm, highlighting the significant influence of pH on
N-GQDs fluorescence intensity. As demonstrated in figures 5(a), (b), N-GQDs fluorescence intensity steadily
increases and reaches a maximum at a pH of 4 as the pH value rises from 2—4 [8]. Subsequently, a slight variation
of the N-GQD:s fluorescence intensity occurs at pH ranging from 2 to 10 but significantly decreases at alkaline
(pH 11 or 12) conditions. This fluorescence intensity dependent on pH arises due to various factors, including
changes in the surface chemistry and structural properties of the N-GQDs [38]. Typically, N-GQDs contain
different functional groups on their surface, such as carboxylic acid, hydroxyl groups, and amino groups. These
functional groups can undergo protonation or deprotonation depending on the pH of the solution, leading to
changes in the surface charge and electronic structure of the N-GQDs, significantly affecting the fluorescence
behavior [44, 45]. Under acidic conditions, the carboxyl and hydroxyl groups on the N-GQDs surface form
hydrogen bonds through the aggregation of non-covalent bonds. Since the non-radiative rotational relaxation is
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Figure 7. N-GQDs-+Fe” " solutions in various concentrations under (a) day-light and (b) UV-light, (c) The emission spectra of
N-GQDs under different concentrations of Fe>* ions, and (d) Corresponding linear plot (Fy and F are the fluorescence intensities of
N-GQDs without and with Fe*>" ions).

reduced by the formation of a rigid molecular conformation, this leads to an increase in the fluorescence
intensity of the N-GQDs as indicated in figures 5(a), (b). Conversely, in alkaline solutions, the oxygen functional
groups on the N-GQDs surface are in a deprotonated state, appearing as isolated particles, thus resultingin a
decrease in the fluorescence intensity of the N-GQDs [46].

In summary, the pH-responsive fluorescent properties of N-GQDs can be assigned to the functional groups
present on their surface. The fluorescence quenching of N-GQDs occurs primarily as a consequence of N-GQDs
aggregation particles when their surface functional groups become protonated. Consequently, N-GQDs can also
be harnessed as pH probes owing to their sensitivity to pH.

3.4. Detection of Fe* ™

The fluorescent characteristics of the prepared N-GQDs were employed as a sensor platform to identify a variety
of metal ions in water solutions. The intensity of fluorescence emitted by the solution of N-GQDs changed upon
the introduction of metal ions for instance Na™, Mg“, APY, KT, Ca®T, Mn?t, Fe? T, Fet, Co?t, Ni2 T, Cu®™,
Zn?*T,Cd*™, Hg”, and Pb* ™" ata concentration of 600 uM using a 370 nm excitation wavelength. The
fluorescence signals of N-GQDs were quenched the most in the context of Fe’ ions at the same concentrations.
The coordination of metal ions on the N-GQDs surface showed different fluorescence emission intensities at the
same excitation wavelength of 370 nm, suggesting metal affinity. The quenching effect of N-GQDs was observed
with the existence of diverse metal ions as revealed in figure 6(a).

The fluorescence intensity of N-GQDs was detected to be varying with the introduction of different metal
ions (see figure 6(a)). Based on the results, Fe’ " ions showed a remarkable decrease in the fluorescence intensity
of N-GQDs, indicating that the N-GQDs is selective to the Fe> ions. The decrease in the fluorescence intensity
of N-GQDs under the presence of the Fe’ ions might be explained by the strong affinity between Fe’* ions and
N-GQDs [29]. The introduction of Fe’ " ions resulted in an immediate and effective quenching of N-GQDs. This
phenomenon can be explained due to the intense affinity amongst the functional groups of N-GQDs and Fe*
ions. This interaction leads to the assembly of Fe’*-N-GQDs coordination structure, which facilitates efficiency
energy transfer and subsequent fluorescence intensity in the existence of metal ions, the quenching mechanism
can be seen in figure 6(b).
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Table 1. A comparison between the current study and previously reported research on the detection of Fe>* ions using biomass-based
carbon nanodots synthesized by hydrothermal approach.

Maximum Excita- Linier
Material Precursors tion (nm) QY (%) Range (M) LOD (uM)  References
GQDs Cane molasses 360380 10.44 0-60 5.77 [47]
PEG-GQDs 21.32
N-CQDs Riceresidue 360 23.48 3.32-32.26 0.7462 [48]
GQDs Black tea bags — ~26% 0.1-100 0.29+0.4 [49]
N-GQDs Pennisetum 370 ~26% 0-600 0.06 This work

purpureum

To further validate the selectivity of Fe’ ™ ions, we present in figure 6(c) the fluorescence intensity of
N-GQDs+Fe’ when other metal ions are present. The results demonstrate that the addition of these other ions
has minimal interference or impact on the fluorescence intensity of N-GQDs-+Fe’ *. Despite the presence of
various other metal ions, the decrease in fluorescence intensity of N-GQDs caused by the quenching process of
Fe " ions remain relatively consistent. Hence, it can be concluded that N-GQDs exhibit high selectivity towards
Fe’* ions due to a distinct fluorescence quenching mechanism elucidated in figure 6(b).

The limit of detection (LOD) of N-GQDs was evaluated by examining the fluorescence intensities in the
appearance of varying concentrations of Fe’* ions. The N-GQDs+Fe’* solutions in various concentrations
under day-light and UV-light are schematically shown in figures 7(a), (b), respectively. As demonstrated in
figure 7(c), the concentration-dependent decrease in fluorescence intensity was noticed as the Fe’* ions
concentration was raised incrementally from 0 to 600 uM (see figures 7(a)—(b), owing to the complete
complexation between N-GQDs and Fe** jons, which results from an increase in hydroxyl, amine, and
carboxylic functional groups on the surface and charge or electron transfer within the complex, as reported in
reference [47-49). The (F,-F)/F, plot in figure 7(d) indicates a relatively fast quenching of Fe’ " ions,
demonstrating a strong linear correlation at both inadequate and excessive concentrations. Here, Fy and F
denote fluorescence intensity in the absence and the presence of metal ions, respectively. The LOD for Fe’ ™
detection was calculated to be 69.14 nM, with a strong linear correlation observed between (Fy-F)/Fy and the
0-200 M concentration of Fe>" ion, as evidenced by the R?value 0of 0.9923.

The remarkable fluorescence, exceptional purity, high water solubility, and precise surface modification of
these N-GQDs contribute to their remarkably low LOD for detecting Fe’ . The findings of this study
demonstrate the outstanding sensitivity of the N-GQDs-based sensor in identifying Fe’ ions. In comparison to
the previous findings, as indicated in table 1, the synthesized N-GQDs demonstrate a superior limit of detection
(LOD). With these advantages, we are confident that these N-GQDs will prove to be a reliable and effective tool
for detecting Fe’* in sensing applications.

4. Conclusions

The hydrothermal method was utilized to synthesize N-GQDs, employing Pennisetum purpureum as the carbon
precursor and EDA as the nitrogen source, without the requirement of any organic solvents. The resulting
N-GQDs exhibit blue emission and possess excellent pH stability in the range of pH 3—10. Furthermore, these
N-GQDs feature high sensitivity towards nitrogen atoms trapped on their surface and can specifically detect
Fe’" among various types of metal ions. A strong linear correlation is observed between the fluorescence
intensity ratio (Fo-F)/Fy and concentration within the range 0-600 p/M, with a LOD of 60 nM. It is proposed that
the quenching mechanism involves the coordinated bond formation between Fe’* ions and the oxygen/
nitrogen-containing functional groups attached to the surface of N-GQDs. The N-GQDs that were synthesized
exhibit excellent fluorescence quantum yield of 26%, making fluorescent probe becomes promising for Fe’"
ions detection in water-based solutions.
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