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Abstract
The N-doped graphene quantum dots (N-GQDs) with a high quantum yield of 36.23% were synthesised through a facile 
hydrothermal method by using citric acid monohydrate (CA) and ethylenediamine (EDA) as the carbon and nitrogen precur-
sors, respectively. The morphology and the surface functional group of N-GQDs were analysed by using Fourier transform 
infrared (FTIR) spectroscopy and high-resolution transmission electron microscopy (HRTEM) while the optical proper-
ties were observed with UV–Vis spectroscopy and photoluminescence spectroscopy (PL). The synthesised N-GQDs were 
reported to form in a spherical shape with an average particles size of 9.96 ± 4.4 nm based on the HRTEM analysis. Further-
more, the as-prepared N-GQDs emitted a bright blue fluorescence emission with an excitation-independent fluorescence 
emission at 440 nm with the excitation wavelength at 340 nm. Linear regression between fluorescence intensity and  Hg2+ 
ions at different concentrations was obtained and the limit of detection (LOD) and the limit of quantification (LOQ) were 
calculated as 2.46 μM and 7.45 μM, respectively. In addition, the fluorescence quenching effect that occurs in the interaction 
between  Hg2+ ions and N-GQDs corresponded to the dynamic quenching mechanism. The higher selectivity towards  Hg2+ 
ions proved that this synthesised N-GQDs could be used as a fluorescent probe to detect  Hg2+ ions in an aqueous solution.

Keywords N-doped graphene quantum dots · Hydrothermal synthesis · Fluorescent probe · Dynamic quenching · Mercury 
ions detection

1 Introduction

Mercury ions  (Hg2+) are one of the heavy metal ions that 
have threatened aquatic and human health due to their strong 
toxicity [1, 2]. According to Yang and his co-workers, mer-
curic ions can bring higher health risks to living organ-
isms even in low concentrations, which are within 5 ppb 
(0.025 μM) [3]. Usually,  Hg2+ ions were disposed into the 
aquatic environment from some manufacturing industries 
that lead to the improper discharge of industrial wastewater 

or domestic effluents [4, 5] and daily household water [6]. 
The uncontrolled disposal of  Hg2+ ions in water can cause 
pollution and trigger poisoning events in humans [7, 8]. 
Besides, the bio-accumulation of  Hg2+ ions can react with 
the protein’s sulfhydryl group in the human organ which 
can cause severe human health problems like kidney fail-
ure, brain damage, and a neurological disorder [9, 10]. In 
this regard, it is crucial to develop a method that is highly 
selective and sensitive for  Hg2+ ions detection in an aque-
ous solution.

In the past few years, inductive coupled plasma mass 
spectroscopy (ICP-MS) [11, 12], atomic absorption or 
atomic emission spectroscopy (AAS/AES) [13], atomic flu-
orescence spectrometry (AFS) [14], and high-performance 
liquid chromatography (HPLC) [15] was widely used as an 
analytical method for  Hg2+ ions detections. Then, recently 
several new methods have been introduced for  Hg2+ ions 
detection based on intrinsic catalytic performance which is 
using nanoparticles and nanoenzyme [16–21]. The reports 
of previous research on various methods for  Hg2+ ions deter-
mination were listed in Table 1.
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As summarised in Table 1, all methods have shown excel-
lent selectivity and sensitivity towards  Hg2+ ions. However, 
they use expensive equipment, complicated procedures in 
terms of instrumental hyphenation and sample preparation 
which lead to time-consuming. Therefore, the fluorescence 
detection method is preferable because it is more sensitive 
as the fluorescence intensity will directly change when the 
collision quenching between the analytes occurs. Besides, 
this method is also easy to operate and cost-effective.

In previously reported researches, numerous materials 
were used as the fluorescent probe in the detection of metal 
ions such as organic dyes [22], conjugated polymers [23], 
carbon dots [24], and others. Among them, inorganic semi-
conductor quantum dots (QDs) such as CdS, CdSe, and PbSe 
have been extensively used as fluorescent probes to detect 
 Hg2+ ions based on fluorescence quenching techniques [24, 
25]. For instance, Haibing Li and co-workers have fabri-
cated luminescent and stable CdSe/ZnS core quantum dots 
(QDs) capped with L-carnitine for  Hg2+ ions detection with 
a limit of detection (LOD) of 1.8 ×  10–7 M [25]. However, 
some reports claimed that these QDs have higher toxicity 
and could not be employed in real environment applications 
[2, 10]. Due to these limitations, graphene quantum dots 
(GQDs) have been introduced as an environmentally friendly 
fluorescent probe and possess excellent photoluminescence 
properties, lower toxicity, and good biocompatibility. In 
addition, it has been reported that the surface modification of 
GQDs could easily be managed by tuning their fluorescence 
intensity for better detection of metal ions [26].

However, bare GQDs and modified surface GQDs do not 
have good selectivity for some target ions and the quantum 
yield is quite low. Therefore, to overcome this drawback, 
surface functionalisation and heteroatoms doping (e.g., 
nitrogen (N), boron (B), and sulfur (S)) on GQDs have 
been introduced [27–29]. This doping process reportedly 
can increase the quantum yield and enhance the fluores-
cence intensity by tuning the intrinsic properties [30]. The 
extra lone pair of electrons on the dopants will regulate the 
electron decolonisation by changing the charge distribution 
and tuning the energy bandgaps to improve the function of 

GQDs. A study has reported that the nitrogen (N) atom is 
the preferred atom doped with GQDs because it has a similar 
atomic size to carbon and has a higher electronegativity than 
carbon [31]. Furthermore, it has been stated that the nitrogen 
would create three different bonding within the GQDs struc-
ture which are graphitic N, pyridinic N, and pyrrolic N that 
could affect the fluorescence properties of N-GQDs [32]. 
In addition, Ma and co-workers stated that N-doped GQDs 
would give a higher quantum yield and showed excellent 
fluorescence quenching performance than S-doped GQDs 
due to the pyridine N structure in N-GQDs [33]. Hence, 
N-doped GQDs are expected to produce a higher quantum 
yield with excellent fluorescence quenching performance.

N-GQDs can be synthesised by using two approaches 
which are top-down and bottom-up approaches. Accord-
ing to Ruili Liu and co-workers, the bottom-up approach 
is preferable compared to the other approach because it can 
easily control the size and the shape of N-GQDs [34]. Sev-
eral methods can be classified as the bottom-up approach 
which are microwave, hydrothermal, thermal decomposition, 
pyrolysis, or carbonisation methods [35, 36]. Among these 
methods, the facile hydrothermal synthesis method is pref-
erable to synthesise N-GQDs with a higher quantum yield 
because it has a simple procedure, low cost, and is environ-
mentally friendly compared to other methods [9, 37–39]. A 
such, Fei Lu and co-workers have reported that a strong blue 
fluorescence of N-GQDs with a high quantum yield could be 
synthesised through a facile one-pot hydrothermal synthesis 
with citric acid (CA) and ethylenediamine (EDA) as carbon 
and nitrogen sources, respectively [40].

In addition, the quenching mechanism between the 
N-GQDs and  Hg2+ ions also plays an important role in the 
detection process. According to Fanlin Zu and co-workers, 
there are several types of quenching mechanisms that have 
been reported, which are static quenching, dynamic quench-
ing, inner filter effect, photoinduced electron transfer (PET), 
and Förster resonance energy transfer (FRET) [41]. All these 
quenching mechanisms reported can influence the selectivity 
and sensitivity of N-GQDs toward metal ion detections [33, 
41]. Previous studies stated that the quenching mechanism 

Table 1  Detection of  Hg2+ ions using various methods

Methods Samples LOD (μM) References

Magnetic solid-phase extraction (MSPE)-HPLC-ICP-MS Fish samples and water 3.7 ×  10–6 [12]
Cold vapour atomic absorption spectrometry (AAS) Fish samples and water 5.0 ×  10–5 [13]
Ultraviolet atomisation-atomic fluorescence (UV-AFS) Water 0.075 [14]
Calorimetric method by using molybdenum disulfide nanosheet Cosmetic samples 0.5 [18]
Calorimetric method by using manganese oxide nanorods Real water samples 0.08 [19]
Membrane-based colorimetric sensor Water 15 [20]
Surface-enhanced Raman scattering by using modified silver nanoparticles (Ag NPs) Spiked water samples 0.0024 [21]
Photoluminescence Spectrometry by using N-doped graphene quantum dots (N-GQDs) Spiked water samples 2.46 This work
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could be identified by carrying out several experiments 
related to the absorbance, emission, and excitation spectrum 
[41, 42]. Therefore, the possible quenching mechanism that 
occurs between N-GQDs and  Hg2+ ions could be further 
explored in this work.

Hence, in this study, N-GQDs were synthesised by using 
a facile and cost-effective technique which is hydrothermal 
synthesis by using a commonly available carbon and nitro-
gen precursor which is citric acid (CA) and ethylenediamine 
(EDA), respectively. These N-GQDs were used as a fluores-
cence probe to detect  Hg2+ ions in the  Hg2+ ions spiked real 
water samples. Furthermore, several characterisations were 
conducted on the N-GQDs to study morphology, composi-
tion, and other optical properties. The quenching mechanism 
was also studied by undergoing several tests on the absorb-
ance and emission/excitation spectrum between N-GQDs 
and  Hg2+ ions.

2  Experimental

2.1  Materials and chemicals

Citric acid monohydrate was obtained from Bendosen, 
Laboratory Chemicals (Malaysia), ethylenediamine QREC, 
Grade AR (Asia) Sdn. Bhd (Malaysia). Mercury (II) chlo-
ride, aluminium nitrate nanohydrate, iron(II) nitrate nonahy-
drate, magnesium chloride, cadmium chloride, and sodium 
hydroxide pellets were purchased from Merck KGaA (Ger-
many). Calcium chloride, ammonium persulfate, and sodium 
chloride were purchased from Bendosen, Laboratory Chemi-
cals (Malaysia). Nickel (II) chloride and phosphate buffer 
saline were purchased from Sigma-Aldrich, Co. (Germany). 
Lead (II) nitrate and sulphuric acid, 95–97% were purchased 
from QREC (Asia) Sdn. Bhd. (Malaysia). Copper (II) sul-
phate R&M Chemicals (UK). Hydrochloric acid, 37%, was 
purchased from RCI Labscan (Asia Pacific) Sdn. Bhd. Qui-
nine sulphate dihydrate, 99%, was purchased from Across 
Organics (USA). All chemicals were of analytical grade 
without further purification.

2.2  Preparation of N‑GQDs

The N-GQDs were synthesised via hydrothermal method 
using citric acid (CA) and ethylenediamine (EDA) as the 
carbon and nitrogen precursors. The synthesis method 
was directly executed from previously reported work [37]. 
Firstly, 1 mol of CA and 1 mol of EDA were dissolved in 
5 mL of ultrapure water and stirred until the clear solu-
tion formed. Then, the solution was transferred into 20-mL 
Teflon-lined stainless-steel autoclaved and placed in the 
oven to undergo the hydrothermal treatment at 180 °C for 
4 h. Finally, the black-brown transparent prepared sample 

solution was centrifuged at 5000 rpm for 5 min to obtain 
purified liquid N-GQDs.

2.3  Characterisations

The optical characterisation was conducted using LAMBDA 
25 UV–Visible Spectrophotometer (Shimadzu, Japan) at the 
wavelength range of 200–800 nm and PERKIN ELMER LS 
55 Luminescence Spectrometer (USA) at a wavelength range 
of 300–700 nm to determine the absorption spectra and the 
fluorescence properties of synthesised N-GQDs, respec-
tively. Fourier Transform Infrared (FTIR) spectrum of the 
synthesised sample was analysed by the ATR technique on 
PerkinElmer Frontier FT-NIR Spectrometer Frontier (USA) 
in the range of 600–4000  cm−1. The morphology and parti-
cle size of synthesised N-GQDs were determined by using 
high-resolution transmission electron microscope (HRTEM) 
200 kV with Field Emission, TECNAI G2 20 S-TWIN, FEI 
(Spain).

2.4  Quantum yield (QY) measurement of N‑GQDs

The quantum yield (QY) of N-GQDs was measured using a 
using quinine sulfate in 0.1 M of  H2SO4 as a standard [43]. 
In this part, the absorbance and fluorescence intensity for 
five different concentrations of N-GQDs in ultrapure water 
and quinine sulfate in  H2SO4 were recorded. Based on the 
data, a graph of fluorescence intensity against absorbance 
containing two linear curves for both solutions has been 
plotted. Then, the QY of N-GQDs  (QX) was calculated at 
the excitation wavelength of 340 nm by using the following 
equation:

where,
Quantum yield of quinine sulfate:  (Qst = 0.54)
Refractive index of quinine sulfate: (ηst = 1.33)
Refractive index of N-GQDs: (ηx = 1.33)

2.5  Detection of mercury ions  (Hg2+)

The detection of  Hg2+ ions was conducted in a neutral 
solution with phosphate-buffered saline (PBS) for 15 min 
at room temperature. An optimum excitation wavelength 
of 340 nm was used for the determination of fluorescence 
intensity by using a Perkin Elmer LS 55 Luminescence 
Spectrometer (USA). To determine the concentration of the 
 Hg2+ ions that can be detected by N-GQDs, different con-
centrations were spiked into the N-GQDs solution.

A 10-μL of N-GQDs was added into five 10-mL volumet-
ric flasks. Then, five different concentrations of  Hg2+ ions (5, 

(1)QX = Qst

(

Mx

Mst

)(

ηx

ηst

)
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10, 15, 20, and 25 μM) from the stock solution are added to 
the five flasks, respectively. The final volume of 10 ml was 
topped up with a neutral solution of pH 7 (PBS). After 15 min, 
the fluorescence spectra were obtained. Lastly, a calibration 
curve was plotted between the fluorescence intensity at 440 nm 
 (Io/I) against  Hg2+ ions concentration, where I and  Io are the 
fluorescence intensity in the presence and absence of  Hg2+ 
respectively. The calibration curve obtained will be used to 
calculate the limit of detection (LOD) and limit detection of 
quantification (LOQ) by using the following equation:

In addition, an intra-day and inter-day precision of the fluo-
rescence intensity was conducted for the five different concen-
trations of  Hg2+ solutions (5, 10, 15, 20, 25 μM). For the intra-
day precision, three fluorescence intensity reading for every 
concentration was collected five times in one day. Meanwhile, 
for inter-day precision, the fluorescence intensity reading was 
collected for five consecutive days. Besides, to determine the 
accuracy of  Hg2+ ions detection by N-GQDs, the percentage 
recovery was calculated for three different concentrations of 
 Hg2+ ions (15, 20 and 25 μM).

The effect of some parameters such as incubation time and 
pH solution was studied to determine the optimum incubation 
time and pH to detect  Hg2+ in water. The experimental for 
these effect parameters will be explained in the supplementary 
information.

2.6  Selectivity of N‑GQDs towards other metal ions

The selectivity of the N-GQDs towards other ions is tested to 
prove the  Hg2+ ions are the most sensitive compared to other 
ions. To evaluate the selectivity, 25 μL of various environmen-
tally metal ions such as  Fe3+,  Ca2+,Cd2+,  Cu2+,  Mg2+,  Pb2+, 
 Ni2+,  Na+,  Li+,  Al3+, and  Hg2+ ions was added into the 10-mL 
volumetric flask, separately. Then, 10 μL of N-GQDs solution 
was added into the flask, and the final volume of 10 mL was 
adjusted with a solution of pH 7. The fluorescence spectra of 
each metal ion were recorded after 15 min. A triplicate meas-
urement was obtained for each metal ion to get an average 
fluorescence intensity value with added ions assigned as I. A 
graph of the difference between blank fluorescence intensity 
and fluorescence intensity at 440 nm of added  Hg2+ ions  (Io-I) 
against types of ions was plotted.

(2)LOD = 3.3
∗SDblank∕slope

(3)LOQ = 10
∗SDblank∕slope

2.7  Determination of possible quenching 
mechanism of N‑GQDs to  Hg2+ ions

2.7.1  Static and dynamic quenching mechanism

Based on the Stern Volmer relationship, a graph of  Io/I 
against the concentration of  Hg2+ ions in N-GQDs solution 
was plotted to determine the type of quenching mechanism 
is static or dynamic. Five concentration was tested in this 
experiment, which is 5, 10, 15, 20, and 25 μM. A linear plot 
of  Io/I against the concentration of  Hg2+ ions indicates there 
is dynamic quenching. Meanwhile, if the graph shows the 
upward plot indicates the combination of static and dynamic 
quenching mechanisms [44].

A calibration curve with linear regression with three dif-
ferent temperatures (25°, 40 °C, and 60 °C) was plotted for 
further confirmation. If the slope increases as the tempera-
ture increases, the dynamic quenching could be assigned as 
the existing quenching mechanism meanwhile, if the slope 
decrease, it could be assigned as static quenching.

Finally, the UV–Vis spectra of N-GQDs unspiked and 
spiked  Hg2+ ions in N-GQDs (25 μM) were obtained to 
determine the change in the spectra. The spectra of spiked 
 Hg2+ ions (25 μM) in N-GQDs have been collected within 
5 min intervals at 0, 5, 10, and 15 min. All the spectra in the 
range of 200–800 nm were compared to observe the sig-
nificant changes. If there are no changes, it will indicate a 
dynamic quenching. However, if the change is observed, it 
will indicate as a static quenching mechanism.

2.7.2  Inner filter effect quenching mechanism

Firstly, the absorbance of N-GQDs and  Hg2+ ions at pH 
7 was obtained. Then, it is followed by the fluorescence 
excitation and emission wavelength of N-GQDs. Next, the 
absorbance spectrum of N-GQDs and  Hg2+ ions was plotted 
to ascertain whether there is an overlap in the absorbance 
spectrum. Then, the plotted graph was compiled with the 
data of fluorescence excitation and emission wavelength in 
one analysis graph. The inner filter effect quenching mecha-
nism exists when the spectra overlap with each other [45].

2.8  Real sample analysis

The real water samples analysis was executed using mineral 
water obtained from a convenience store and tap water from 
our laboratory. These samples were filtered through a 0.2-
μm membrane. Then, the fluorescence intensity of N-GQDs 
in tap and mineral water in the absence of  Hg2+ ions was 
recorded. Next, the unknown concentrations of  Hg2+ ions 
were calculated by using an equation obtained on a plot-
ted calibration curve of the fluorescence intensity at 440 nm 
 (Io/I) against  Hg2+ ions concentration, where I and  Io are 
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the fluorescence intensity in the presence and absence of 
 Hg2+ ions respectively. Then, the recovery percentage of 
 Hg2+ ions in real samples was calculated by spiking various 
concentrations of  Hg2+ ions (5 μM, 15 μM, and 25 μM) into 
the tap water and mineral water.

3  Result and discussions

3.1  Optical properties

The optical properties of N-GQDs were determined by the 
UV–Vis absorption and fluorescence spectrum. Figure 1a 
illustrated the UV–Vis absorption spectrum of citric acid 
(CA), ethylenediamine (EDA), and synthesised N-GQDs. 
CA and EDA showed a single peak at 211 nm and 205 nm, 
respectively. The peak in CA corresponded to the carbonyl 
(C = O) group of the ionised or unionised carboxyl group, 
while the peak in EDA attributed to the amino group [46]. 
Meanwhile, there are two absorption peaks shown in the 
N-GQDs spectrum at 240 nm and 340 nm, respectively. The 
peak at 240 nm usually was assigned as the π-π transition 
of aromatic  sp2 domain, or to be specific, it is a transition 
of C = C double bond [40]. Then, a strong UV–Vis absorp-
tion peak at 340 nm is due to the n-π* shift of C = O and 
C-N [37, 47, 48]. Usually, the peak of the n-π* transition 
will be assigned as the excitation wavelength of fluorescence 
spectra because it can generate a strong photoluminescence 
emission. In contrast, the peak of π-π will not generate any 
fluorescence emission [29, 46].

Figure 1b depicts the fluorescence spectra of synthe-
sised N-GQDs using various excitation wavelengths (300, 
320, 340, 360, 380, 400, and 420 nm). It showed that the 

N-GQDs exhibit the excitation-independent fluorescence 
spectrum because the fluorescence peaks of N-GQDs did 
not shift as the excitation wavelength increased from 300 
to 420 nm at a fluorescence emission of 440 nm. Generally, 
the excitation-independent of N-GQDs occurs due to the 
uniform size and the surface state of the  sp2 clusters in the 
synthesised N-GQDs [50]. Furthermore, we can conclude 
that 340 nm is the optimum excitation wavelength because 
at that wavelength, N-GQDs emitted the maximum fluores-
cence intensity compared to other excitation wavelengths. 
The inset of Fig. 1b, (i) shows that N-GQDs emitted bright 
blue fluorescence under the 365 nm UV light. According to 
Tran Van Tam and co-workers, the intense bright blue fluo-
rescence colour exhibited due to the higher electron affinity 
of the N atom doped on the pyridinic sites of N-GQDs could 
increase the quantum yield [38]. The quantum yield was cal-
culated from the gradient of a linear relationship between the 
fluorescence intensity and absorbance of quinine sulphate 
and synthesised N-GQDs, shown in inset Fig. 1b. ii. As a 
result, the QY of as-synthesised N-GQDs is 36.23%, signifi-
cantly higher than the other reported works via hydrothermal 
synthesis [27, 38].

3.2  High‑resolution transmission electron 
microscopy (HRTEM)

HRTEM analysis was employed to review the morphology 
structure and measure the particle size of obtained N-GQDs. 
The HRTEM images showed clear lattice fringes that attrib-
uted to the existence of high crystalline quality of N-GQDs. 
From Fig. 2a, the spherical quantum dots were uniformly 
distributed with a 9.96 ± 4.5 nm average. Two hundreds of 
N-GQDs particles were randomly selected to calculate the 

Fig. 1  (a) UV–Vis spectra of citric acid, ethylenediamine and 
N-GQDs. (b) Fluorescence emission spectra of N-GQDs under differ-
ent excitation wavelengths after being dispersed in ultra-pure water. 

The inset (i) is an image of the diluted N-GQDs under the 365 nm 
UV light, (ii) Fluorescence intensity against UV–Vis absorbance of 
N-GQDs and quinine sulphate as the reference
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average particle size, and from the particles distribution 
histogram (inset of Fig. 2a) there are some of the particle 
sizes of N-GQDs are higher than 10 nm could be due to the 
agglomeration during the drying process of the sample. Fig-
ure 2b and c are the particle’s close-up images that indicate 
the crystalline structure of synthesised N-GQDs with lat-
tice fringes of 0.326 nm and 0.221 nm, which indicates the 
formation of GQDs [51]. The presence of N-doping in the 
GQDs is further confirmed in the FTIR analysis as shown in 
the supplementary information (see Fig. S1 and Table S1). 
Furthermore, the further justification of the graphene quan-
tum dots shown by the FFT image (inset of Fig. 2d) sug-
gested the presence of hexagonal structure at the selected 
area of the HRTEM image.

3.3  Possible formation mechanism

In this work, the N-GQDs were synthesised by using citric 
acid and ethylenediamine as a precursor via hydrothermal 
synthesis. This bottom-up approach executed several pro-
cesses like ionisation, condensation, polymerisation, and 
graphitisation, which has been reported by a few groups 
researchers [37, 49, 50, 52]. First, the ionisation process 
occurred when the CA and EDA transformed to their salts 

containing  COO− and  NH2+ after added ultrapure water. 
Then, followed by the condensation process to produce 
a polymer-like structure of quantum dots. The increasing 
temperature in this reaction resulted in the formation of the 
N-doped carbon quantum dots, and then the graphitisation 
will take place and lead to the formation of N-GQDs. During 
graphitisation, the graphitic N would be substituted into the 
inner surface of the graphene hexagonal ring. Meanwhile, 
the pyrrolic N and pyridine N at the edge of the structure 
would hybridised to form a bond with C in the five-mem-
bered and six-membered rings, respectively [53]. Figure 3 
illustrates the schematic chemical reaction of N-GQDs using 
citric acid monohydrate and ethylenediamine.

In addition, N-doping is preferred because it is not only 
preserved the primary properties of GQDs such as large spe-
cific surface area, quantum size effect, and good biocompat-
ibility, but also gives distinctive optical and electronic fea-
tures. The electron delocalisation and charge-carrier density 
of N-CDs can be significantly modified by tuning N-doping 
degree, C–N configurations, or surface functional groups. 
These characteristics are prone to provide N-GQDs with a 
better prospect as a probe [54, 55]. Hence, N-GQDS would 
inherit carboxyl, carbonyl, amino, amide, and hydroxyl 
groups from their precursors.

Fig. 2  (a)–(d) The HRTEM 
images of N-GQDs. The inset of 
(a) shows the particle size dis-
tribution of N-GQDs while inset 
of (d) shows the FFT image of a 
selected area of N-GQDs
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3.4  Determination of mercury ions  (Hg2+)

3.4.1  Effect of incubation time and pH

It is crucial to observe the effect of incubation time and pH 
on the changes in the fluorescence intensity of N-GQDs to 
understand the quenching effect of the  Hg2+ ions towards 
N-GQDs. Therefore, to study the effect of incubation time, 
the difference of fluorescence intensity  (I0-I) of N-GQDs 
was recorded for every one minute, and from the data plot-
ted in Fig. S2a (see supplementary information), it is clearly 
shown that the changes in fluorescence intensity increased 
until it reached a constant reading at 15 min onwards as 
the time increased. The constant reading indicates that the 
N-GQDs have reached their maximum quenching effect. 
Therefore, 15 min was selected as the optimum incubation 
time for the detection of  Hg2+ ions.

In order to study the effect of pH, the fluorescence 
intensity of N-GQDs was recorded at different pH values 
(pH 2–10). From Fig. S2b (see supplementary informa-
tion), it could be observed that fluorescence intensities are 
quenched evidently from pH 2 until 7 and decreased as the 
pH increased from pH 8 to 10. The changes in the fluores-
cence intensities can be attributed to the protonation and 
deprotonation of the carboxyl group that presents at the 
surface of N-GQDs in alkaline and acidic conditions [49]. 
In the acidic state, the protonation of the carboxyl group 
would occur, and it would reduce the carboxyl group on 
the N-GQDs surface. As a result, there would be a weaker 
quenching effect due to the small reaction surface of  Hg2+ 
ions on the N-GQDs. Meanwhile, at higher alkaline condi-
tions, the deprotonation of the carboxyl group would lead 
to the other complex formation which is the  Hg2+ ions 

will react with the hydroxyl group instead of the carboxyl 
group. This could reduce the amount of  Hg2+ ions that can 
react with synthesised N-GQDs and resulting in a lower 
quenching effect of the N-GQDs. The obtained finding 
clearly shows the highest quenching occurs at pH 7. Thus, 
the detection of  Hg2+ ions by using fluorescence N-GQDs 
was executed in pH 7.

3.4.2  Detection of  Hg2+ ions

The detection of  Hg2+ ions was analysed by plotting the cali-
bration curve and calculating the limit of detection (LOD) 
and limit of quantification (LOQ). The calibration curve 
obtained (Fig. S3, see supplementary information) shows 
a linear regression equation, y = 0.00608 x + 0.9652, with 
an excellent linear correlation  (R2) of 0.99117 as the con-
centration of  Hg2+ ions increased from 5 to 25 μM. This 
linear trend line indicates that the synthesised N-GQDs can 
function as a fluorescence probe to detect  Hg2+ ions. Fur-
thermore, from this analysis, the LOD and LOQ values were 
calculated to be 2.46 μM and 7.45 μM, respectively.

In addition, the intra-day and inter-day precision analy-
ses were performed to determine the accuracy and precision 
of detecting  Hg2+ ions by N-GQDs. The tabulated data in 
Table S2 (see supplementary information) shows the preci-
sion of the intra-day and intra-day analysis has a low (RSD) 
for the five different  Hg2+ ions concentrations. Furthermore, 
the average percentage recovery also depicts the values of 
less than 100%, which indicates there is a good accuracy 
and precision of the detection of  Hg2+ ions. Thus, this result 
has proven that the N-GQDs have excellent efficiency as a 
fluorescent probe for detecting  Hg2+ ions.

Fig. 3  Schematic chemical reaction of N-GQDs using citric acid monohydrate and ethylenediamine
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3.5  Selectivity of N‑GQDs towards other ions

The selectivity of the N-GQDs was determined by adding 
various interfering metal cations such as  Fe3+,  Ca2+,  Cd2+, 
 Cu2+,  Mg2+,  Pb2+,  Ni2+,  Na+,  Li+, and  Al3+. Figure 4 shows 
the change in fluorescence intensity of N-GQDs in the pres-
ence of 25 μM of different cations, including  Hg2+ ions. 
The obtained result clearly showed that  Hg2+ ions have the 
highest quenching effect compared to other ions. Therefore, 
it strongly proves that the synthesised N-GQDs were highly 
selective in the detection of  Hg2+ions.

3.6  Possible quenching mechanism of N‑GQDs 
to  Hg2+ ions

A previous study commonly reported the static and dynamic 
quenching mechanism as a possible quenching mechanism Fig. 4  The selectivity of N-GQDs in the presence of various interfer-

ing cations at 25 μM (n = 3)

Fig. 5  The Stern–Volmer plot for the interaction of  Hg2+ ions and 
the N-GQDs (a) at different concentrations (n = 3) and (b) at differ-
ent temperatures (n = 3). (c) The UV–Vis spectrum of N-GQDs and 

N-GQDs spiked with  Hg2+ ions at different incubation times. (d) 
Overlay of UV–Vis spectra (N-GQDs and  Hg2+ ions) and the excita-
tion and emission spectra of N-GQDs
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that occurs between  Hg2+ ions and the fluorescence N-GQDs 
[44]. Therefore, a Stern–Volmer plot for the interaction of 
 Hg2+ ions and the N-GQDs for different concentrations has 
been plotted to determine the existence of static and dynamic 
quenching. The Stern–Volmer relationship was studied 
based on this equation:

where,

IO  Fluorescence emission intensity in absence of  Hg2+ 
ions

I  Fluorescence emission intensity in presence of  Hg2+ 
ions

Ksv  Stern-Volmer fluorescence quenching constant
[Q]  Concentration of the quencher  (Hg2+ ions)

Based on the Stern–Volmer plot in Fig. 5a, the upward 
curve has been observed to correspond to the occurrence of 
both static and dynamic quenching between the interaction 
of  Hg2+ ions and N-GQDs. Thus, for further confirmation, 
the studies on temperature-dependent quenching and the 
changes in UV–Vis spectra of N-GQDs and spiked  Hg2+ ions 
in N-GQDs have been executed.

For the temperature-dependent study, a Stern–Volmer plot 
for the interaction of  Hg2+ ions in N-GQDs at different temper-
atures has been plotted in Fig. 5b. It is clearly shown that the 
slope increased as the temperature rose, and it was confirmed 
that the quenching process was indicated by dynamic quench-
ing. Moreover, from observation on the UV–Vis spectra of 
N-GQDs and spiked  Hg2 + ions at different incubation time 
(0, 5, 10, and 15 min) in Fig. 5c, no significant difference was 
shown. Therefore, it is strongly supported that the possible 
quenching mechanism is dynamic quenching.

Besides, it was confirmed that there was no inner filter 
effect quenching mechanism that occurred in the quenching 
process because there is no overlay between the absorbance 
spectra of N-GQDs and  Hg2+ ions and the fluorescence exci-
tation and emission wavelength of N-GQDs as illustrated 
in Fig. 5d. Thus, dynamic quenching was proposed as the 
possible quenching mechanism in this work.

3.7  Detection of  Hg2+ ions in real water samples

Analysis of tap water and mineral water was conducted to 
evaluate the performance of the N-GQDs as a fluorescent 
probe for  Hg2+ ions detection in real water samples. The 
calibration curve in Fig. 6 shows an excellent linear relation-
ship between the fluorescence intensity ratios with the con-
centration of  Hg2+ ions in distilled water. The linear equa-
tion obtained was y = 0.01236x + 1.0237, with correlation 

(4)IO∕I = 1 + Ksv[Q]

coefficient (R2) of 0.9949. This linear equation was used 
to calculate the  Hg2+ ions present in tap and mineral water. 
From the calculation, the concentration of  Hg2+ ions is nega-
tive for both water samples. Therefore, we can conclude that 
the  Hg2+ ions were untraceable due to the low concentration 
present in tap and mineral water.

The percentage recovery was investigated after spiking 5, 
15 and 25 μM of  Hg2+ ions into water samples. As a result 
in Table 2, tap and mineral water showed acceptable per-
centage recoveries between 99.00 and 100.70% in triplicate 
measurements. Therefore, the study method was reliable and 
had tremendous potential in real environment analysis.

Fig. 6  The calibration curve of the fluorescence intensity at 440 nm 
 (Io/I) against  Hg2+ ions concentration, where I and  Io are the fluores-
cence intensity in the presence and absence of  Hg2+ ions, respectively 
(n = 3)

Table 2  Determination of  Hg2+ ions concentration in tap and mineral 
water with its percentage recoveries (n = 3)

Samples Spiked (μM) Found (μM)
(Mean ± SD)

Recovery (%) RSD (%)

Mineral water -
5

N.D
5.02 ± 0.10

-
100.40

-
1.91

15 14.99 ± 0.30 99.90 1.99
25 25.18 ± 0.15 100.70 0.58

Tap water -
5

N.D
5.00 ± 0.39

-
100.00

-
0.77

15 14.93 ± 0.21 99.50 1.39
25 25.07 ± 0.24 100.20 0.94
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4  Conclusions

In this study, N-GQDs were prepared from citric acid and 
ethylenediamine as the carbon and nitrogen precursor by a 
facile hydrothermal process. The prepared N-GQDs with 
an average particle size of 9.96 ± 4.4 nm was exhibited a 
bright blue fluorescence emission with a quantum yield of 
36.23% and were evinced to have excitation-independent 
fluorescence emission at 440 nm with an excitation wave-
length of 340 nm. Due to the enhancement on the chemi-
cal surface and fluorescence properties caused by doped 
nitrogen (N) atoms, the significant fluorescence quench-
ing effect of N-GQDs in the presence of  Hg2+ ions was 
detected after 15 min with 2.46 μM and 7.45 μM as the 
LOD and LOQ, respectively. Based on the intra-day and 
inter-day precision, it can be deduced that the detection 
of  Hg2+ ions by N-GQDs has high accuracy because it has 
an RSD with acceptable percentage recovery. Further-
more, the quenching mechanism that occurred between 
the interaction of  Hg2+ ions and N-GQDs was proved 
to be dynamic quenching. The as-synthesised N-GQDs 
also was found to have high selectivity towards  Hg2+ 
ions compared to other metal ions and exhibit promising 
applications for  Hg2+ ions detection in real water samples 
(tap and mineral water). In conclusion, N-GQDs produced 
using this hydrothermal synthesis can be further used as 
a fluorescent probe to detect  Hg2+ ions in environment 
aqueous samples.
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