
Citation: Chaghazardi, M.; Kashanian,

S.; Nazari, M.; Omidfar, K.; Joseph, Y.;

Rahimi, P. Fluorometric Mercury (II)

Detection Using Heteroatom-Doped

Carbon and Graphene Quantum Dots.

Photonics 2024, 11, 841. https://

doi.org/10.3390/photonics11090841

Received: 16 August 2024

Revised: 29 August 2024

Accepted: 3 September 2024

Published: 5 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Review

Fluorometric Mercury (II) Detection Using Heteroatom-Doped
Carbon and Graphene Quantum Dots
Mosayeb Chaghazardi 1, Soheila Kashanian 1,2,* , Maryam Nazari 1 , Kobra Omidfar 3,4 , Yvonne Joseph 5,6

and Parvaneh Rahimi 5,6,*

1 Faculty of Chemistry, Razi University, Kermanshah 67149, Iran; m.chaghazardi@razi.ac.ir (M.C.);
nazari.maryam@razi.ac.ir (M.N.)

2 Department of Nanobiotechnology, Faculty of Innovative Science and Technology, Razi University,
Kermanshah 67149, Iran

3 Biosensor Research Center, Endocrinology and Metabolism Molecular—Cellular Sciences Institute,
Tehran University of Medical Sciences, Tehran 1416753955, Iran; omidfar@tums.ac.ir

4 Endocrinology and Metabolism Research Center, Endocrinology and Metabolism Clinical Sciences Institute,
Tehran University of Medical Sciences, Tehran 1416753955, Iran

5 Institute of Nanoscale and Biobased Materials, Faculty of Materials Science and Technology,
Technische Universität Bergakademie Freiberg, 09599 Freiberg, Germany; yvonne.joseph@esm.tu-freiberg.de

6 Freiberg Center for Water Research, Technische Universität Bergakademie Freiberg, 09599 Freiberg, Germany
* Correspondence: kashanian_s@yahoo.com (S.K.); parvaneh.rahimi@esm.tu-freiberg.de (P.R.)

Abstract: Mercury ion (Hg2+) is one of the most toxic pollutants that can exist throughout the
environment and be diffused into water, soil, air, and eventually the food chain. Even a very low
level of Hg2+ diffused in living organisms can hurt their DNA and cause the permanent damage
of the central nervous system and a variety of consequential disorders. Hence, the development of
a sensitive and specific method for the detection of Hg2+ at trace ranges is extremely important as
well as challenging. Fluorometric detection assays based on graphene quantum dots (GQDs) and
carbon quantum dots (CQDs) offer considerable potential for the determination and monitoring of
heavy metals due to their fascinating properties. Although the quantum yield of GQDs and CQDs
is sufficient for their use as fluorescent probes, doping with heteroatoms can significantly improve
their optical properties and selectivity toward specific analytes. This review explores the primary
advances of CQDs and GQDs in their great electronic, optical, and physical properties, their synthetic
methods, and their use in Hg2+ fluorimetry detection.

Keywords: mercury; carbon quantum dots; graphene quantum dots; fluorescent sensors

1. Introduction

Mercury ion (Hg2+) is known as one of the most toxic heavy metals, with features such
as bioaccumulation and strong toxicity. It has been proven that Hg2+ can simply diffuse
through the tissues and skin, thereby impairing central mitosis, DNA, and the nervous sys-
tem. So even at very low concentrations, it can cause the permanent damage of the central
nervous system and critical problems for human health [1]. Actually, mercury toxicity is
attributed to cellular dysfunction in organisms because of its strong affinity and conjugation
with the thiol groups (-SH) and seleno groups (-SeH) of enzymes and proteins [2]. Thus, the
major building blocks of enzymes and proteins are made due to forming strong mercury
complexes with amino acids, and serious neurotoxicity and hepatotoxicity occur [3]. For
example, Hg2+ can be converted by bacteria in aquatic sediments into methylmercury, a
highly toxic form of mercury, and can consequently accumulate in the human body through
the food chain, causing many brain and neurological diseases by blocking related pro-
teins. According to the United States Environment Protection Agency (EPA) and the World
Health Organization (WHO), the maximum permissible concentrations of Hg2+ in drinking
water are 2.0 and 6.0 µg/L, respectively. Therefore, designing a sensitive, accurate, and
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selective analytical technique for Hg2+ sensing in water samples is highly important and
challenging for water quality considerations. There are numerous analytical procedures
for the mercury recognition in practice, including auger-electron spectroscopy [4], induc-
tively coupled plasma-mass spectrometry (ICP-MS) [5,6], cold-vapor atomic absorption
spectrometry (CV-AAS) [7,8], cold-vapor atomic fluorescence spectroscopy (CV-AFS) [9,10],
etc. However, some disadvantages have been reported for these techniques, including
being time-consuming, requiring sophisticated instruments, and a need for a large volume
of samples. Simple and eco-friendly procedures have been developed for the sensitive and
specific sensing of Hg2+, and they have become greatly desirable to overcome these limita-
tions [11]. In Table S1, the different analytical characteristics of these detection techniques
for the quantification of Hg2+ are compared.

Fluorescence analysis is a very promising method due to its rapid process, operational
simplicity, and high sensitivity. In this regard, numerous fluorescent probes have been
fabricated for Hg2+ detection, including metal nanoclusters [12–14], fluorescent dyes [15,16],
semiconductor quantum dots (QDs) [17–19], and carbon-based quantum dots [20]. Among
them, carbon-based quantum dots, especially graphene quantum dots (GQDs) and carbon
quantum dots (CQDs), have received special attention owing to their easy synthesis from
natural resources, non-toxicity, water solubility, biocompatibility, and excellent optical
properties. Moreover, the optical properties of CQDs and GQDs can be tailored by doping
with different metals or non-metals. However, due to the toxicity of metal ions and
the resulting inefficient and non-uniform doping due to their larger radii than those of
carbon atoms, their use is restricted [21]. In comparison, doping CQDs and GQDs with
non-metallic heteroatoms such as phosphorus (P), nitrogen (N), sulfur (S), and boron (B)
has proven to be an effective means of altering their optical properties, improving their
fluorescent quantum yields (QY), and making them more practical tools for a broader range
of applications [1,22].

In this review, the synthesis of heteroatom-doped CQDs and GQDs, their QYs, their
fluorescence characteristics, and their application as optical probes in the fluorescence
sensing of Hg2+ have been discussed.

2. CQDs and GQDs as Promising Fluorescent Probes

Common fluorescent dyes have inflexible optical properties, low photo stability, and
low QY. The alternative way to overcome these limitations is the use of QDs, because
they have good photostability with size-tunable optical properties and high quantum
efficiency [23]. Conventional metallic and semiconductor QDs are environmentally ques-
tionable and seriously toxic, even in relatively low concentrations [11]. Therefore, the
demand for non-metallic QDs with sufficient photo stability, easy and inexpensive produc-
tion, low toxicity, and high fluorescence QY has become a vital challenge. Carbon-based
QDs such as CQDs and GQDs meet all these requirements and have become an interesting
class of advanced fluorescent probes as they are mainly composed of carbon, a gener-
ally non-toxic element, which is likely to offer a notable advantage for their application,
particularly in the biological field.

CQDs were discovered accidentally during the purification of single-walled carbon
nanotubes (SWNTs) in 2004 and were subsequently named in 2006. CQDs with a size of
1–10 nm, consisting of a core of sp2 graphitic carbon and/or a surface of amorphous carbon
shell (sp2/sp3 carbon) coated with oxygen-rich functional groups, are a great alternative
to conventional fluorescent materials, as their functional groups give them high water
solubility, high biological activity, and facilitate conjugation with various inorganic and
organic substances [24,25]. The optical properties can also vary considerably depending on
the choice of synthesis method, passivation, doping, and size of the CQDs.

GQDs composed of sp2-hybridized carbon are QDs with oxygen-containing functional
groups at their edges and photoluminescent (PL) properties. Both their height and lat-
eral dimensions are less than 100 nm. They can be manufactured using “top-down” or
“bottom-up” procedures. GQDs exhibit unique properties, including variable bandgaps,
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the presence of hydroxyl and carboxyl functional groups on their edges and consequently,
an ease of functionalization, water solubility, high biocompatibility, a large surface area,
chemical inertness, quantum confinement, electrochemical, optical, and electrochemilumi-
nescent characteristics, and are energy size-dependent [26]. Therefore, they have attracted
a great deal of research interest, not only in the fluorescence detection of chemical and bio-
logical analyte, but also in other application areas like light emitting diodes, photocatalysis,
bioimaging, and photovoltaic devices.

3. Optical Features of Carbon and Graphene Quantum Dots

CQDs normally demonstrate strong absorption in the ultraviolet (UV) spectral area
with a visible stretching absorption tail. Furthermore, a shoulder or a weak peak is some-
times seen at a wavelength that is rather longer than the UV absorption peak. The UV
absorption at a shorter wavelength, 200–350 nm, is linked to the π-π* electronic transitions
of C=C, which are found in the core of CQDs nanoparticles. UV absorption with a longer
wavelength, which normally manifests as a shoulder or a weaker peak of 300–400 nm,
is linked to n-π* transitions of C=O on the surface of CQDs and hybridization with het-
eroatoms like N, S, P, etc. [27]. Moreover, it is possible to tune the absorption properties of
CQDs via a modification process or surface passivation. More prominently, the CQDs have
uniform fluorescence properties with a wide emission peak range from the ultraviolet to the
near-infrared. Their fluorescence properties can be tuned purposefully by monitoring their
size, shape, and heteroatom doping, as well as by altering their surfaces and edges due to
the remarkable edge effect, quantum confinement, and surface effect [28]. For example, it
has been exhibited that the blue fluorescent emission with higher QY can be achieved via
N/S/P- functionalization at the edges of the CQDs [29].

The GQDs optical characteristics rely on the presence of surface functional groups,
doping, and flaws [30]. GQDs demonstrate two different peaks at the UV-visible region.
We can observe a strong peak at ~230 nm and a weak edge at ~300 nm, which originate
from aromatic C=C bonds related to π-π* transition and aromatic C=O bonds related to
n-π*transition, respectively [30]. Just like CQDs, the absorption spectrum of GQDs strongly
depends on the size, synthesis techniques, functionalization, and doping. By reducing the
size of GQDs, the absorption peak will be shifted to blue [31]. Remarkably, the absorption
spectrum of the GQDs will be altered via various synthesis methods. For instance, hy-
drothermally synthesized GQDs with a diameter of 9.6 nm show a UV absorption (320 nm)
peak similar to solvothermally obtained GQDs with a diameter of 5 nm [32].

Moreover, most GQD materials exhibit blue emissions with low photoluminescence
QY, significantly restricting their applications. Additionally, their production processes
are often time-consuming and complex. To address this issue, GQD geometry is altered
through functionalization at various edge locations, leading to significant red shifts and
enhanced electronic localization. This advancement promotes their use as novel two-
dimensional nanomaterials for optical tuning [33]. In this context, Tang et al. [34] were
able to realize a tunable emission wavelength from 505 nm (cyan) to 560 nm (yellow) via
the co-doping of GQDs with N and S (N, S-GQDs) and through further adjusting the
concentration of the N, S-GQDs solution (Figure 1). They produced N, S-GQDs using
catechol and o-phenylendiamine as the raw substances in a dimethyl sulfoxide solution
and under UV irradiation conditions for 2 h. The synthesized N,S-GQDs possessed good
crystallinity and uniform size and showed a clear red shift with an increasing concentration
of N,S-GQDs.
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Arc discharge, laser ablation, and electrochemical oxidation processes are employed 
as top-down approaches that use graphite dust or SWCNTs and multi-walled carbon 
nanotubes (MWCNTs) as starting materials. These procedures usually require post-pro-
cessing and a strong acidic or alkaline solution to produce CQDs, but the QY is still not 
high enough (lower than 10%) and the size of the particles cannot be controlled [20,24]. 
Hydrothermal/solvothermal, microwave pyrolysis, and ultrasonic synthesis processes are 
used as bottom-up approaches, in which macromolecular precursors with surface pas-
sivation agents, biomass, and materials with carbon sources such as glucose, fructose, chi-
tosan, and chicken eggs are used for CQDs synthesis. Compared to the top-down meth-
ods, they do not require harsh reaction conditions and materials. Additionally, the QY is 

Figure 1. Schematic representation of the synthesis of N,S-GQDs via UV irradiation, illustrating
the concentration-dependent properties (left) and the photothermal conversion process (right) [34].
Reprinted with permission from Elsevier.

4. Synthesis Methods of Carbon and Graphene Quantum Dots

In recent years, many synthesis strategies (Figure 2) based on both top-down (de-
stroying or dispersing macromolecules into small CQDs via physical or chemical methods)
and bottom-up (chemical polymerization and carbonization of small molecules to CQDs)
methods for the production of CQDs have been developed and reviewed [28,35–38]. It
is therefore not our intention to provide a detailed account of these matters, as more
comprehensive information can be found in the relevant reviews.
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Figure 2. Bottom-up and top-down strategies for synthesis of CQDs.

Arc discharge, laser ablation, and electrochemical oxidation processes are employed
as top-down approaches that use graphite dust or SWCNTs and multi-walled carbon nan-
otubes (MWCNTs) as starting materials. These procedures usually require post-processing
and a strong acidic or alkaline solution to produce CQDs, but the QY is still not high
enough (lower than 10%) and the size of the particles cannot be controlled [20,24]. Hy-
drothermal/solvothermal, microwave pyrolysis, and ultrasonic synthesis processes are
used as bottom-up approaches, in which macromolecular precursors with surface passiva-
tion agents, biomass, and materials with carbon sources such as glucose, fructose, chitosan,
and chicken eggs are used for CQDs synthesis. Compared to the top-down methods, they
do not require harsh reaction conditions and materials. Additionally, the QY is higher, and
the size of the produced particles is more controllable and homogeneous. The hydrothermal
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method is the most preferred of the aforementioned bottom-up techniques due to its nu-
merous advantages. These include the fact that the synthesis process is both cost-effective
and rapid, that environmentally friendly components are utilized (such as orange, coconut
and banana peel, rice husk and papaya, among others), and that the particles produced are
smaller and more homogeneous with a higher QY [39,40]. For example, Zhu and coworkers
could produce the CQDs using citric acid and ethylenediamine with the highest QY of
80 % and average size of 2.81 nm using the hydrothermal method [41]. In another study,
Jing et al. produced CQDs with a size of ~2.4 nm and a QY of 76.9% from carbon-derived
biomass, including hydrochar and carbonized biomass, through mild oxidation [42].

Similar to the CQDs, the GQDs were synthesized using either top-down or bottom-up
approaches (Figure 3), which are reviewed in several papers [43–45]. Chemical and elec-
trochemical oxidation, electron beam lithography, and microwave-assisted hydrothermal,
solvothermal, and microfluidization are the top-down methods that utilize graphite [46],
graphene and its derivatives (like graphene oxide and graphene nanoribbons) [47–49], car-
bon nanofibers [50], and carbon black [51] as carbon source materials for GQDs production.
However, the application of these top-down processes is limited by some drawbacks, such
as the need for special equipment, difficult reaction conditions, and the formation of poorly
crystalline and nonhomogeneous GQDs with relatively low QYs. Bottom-up approaches
such as microwave hydrothermal, pyrolysis, and oxidation were used to prepare GQDs
based on the condensation of smaller units of benzene derivatives [52] as well as biomass
waste [53]. Using bottom-up techniques, it is possible to produce homogeneous GQDs
with desired sizes, shapes, and properties [43,54]. Nevertheless, a disadvantage of the
bottom-up route is the purification of the synthesized GQDs from the starting materials
and by-products.
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5. Doping Carbon and Graphene Quantum Dots with Heteroatoms

Despite the development of numerous straightforward and efficacious synthesis tech-
niques for the fabrication of CQDs and GQDs, the large-scale synthesis of reproducible
and controllable CQDs and GQDs with a considerably higher QY comparable to that of
semiconductor QDs remains a significant challenge. Consequently, ongoing efforts are
directed towards overcoming these limitations through the further surface functionaliza-
tion, passivation, and doping of CQDs and GQDs. Heteroatom doping is regarded as a
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promising strategy to modulate the bandgap and electron density as well as to improve
the QY of CQDs and GQDs due to their inherent scalability, simplicity, and low cost [44].
Among the various heteroatom dopants, N and S are the most commonly used elements for
CQDs doping, because they have similar electronegativity and a comparable atomic size, as
well as strong valence bonds [55]. It has been theoretically and experimentally investigated
that N- and S-doping introduces additional electron pairs and consequently more new
defects on the surface of CQDs/GQDs and induces the formation of more sp2-hybridized
sites, leading to an enhancement of fluorescence. Moreover, the band gap between the
lowest unoccupied molecular orbitals (LUMO) and the highest occupied molecular orbitals
(HOMO) is reduced, which has a positive effect on fluorescence enhancement [55–58].

In the case of N-doping, due to the similar size and structure of N and C, doping
amplifies the surface defects of CQDs/GQDs and introduces more reactive groups (such
as N=C, CN, NH2), which leads to an improvement in the electrical and optical prop-
erties. Therefore, it has been adopted as the most commonly used doping-strategy for
improving the fluorescence properties of CQDs/GQDs. As an example, Cheng et al. pro-
duced nitrogen-doped CQDs (N-CQDs) using urea and citric acid hydrothermal treatment
(Figure 4). The obtained N-CQDs show a high relative QY of 82.4% in a wide-range pH
from 4 to 9, good fluorescence stability, and strong blue luminescence [59]. In another study,
Luo et al. [60], using the hydrothermal technique and 2,4,6-triaminopyrimidine as the
precursor, synthesized the CQDs containing 41% nitrogen with a bright blue fluorescence
and a QY of 74.9%. Guo et al. used a one-step solvothermal molecule fusion method
to introduce amine functional groups onto atomic-Fe-rich CQDs as photocatalysts. They
feature an impressive Fe-loading capability and well-defined Fe-N4 active sites that causes
a synergistic effect between their electron-donating amine functional groups and Fe-N4
active centers, enabling an outstanding CO2-to-CO conversion performance and inhibiting
a photocatalytic reduction inCO2 to CO [61].

Photonics 2024, 11, x FOR PEER REVIEW 6 of 18 
 

 

directed towards overcoming these limitations through the further surface functionaliza-
tion, passivation, and doping of CQDs and GQDs. Heteroatom doping is regarded as a 
promising strategy to modulate the bandgap and electron density as well as to improve 
the QY of CQDs and GQDs due to their inherent scalability, simplicity, and low cost [44]. 
Among the various heteroatom dopants, N and S are the most commonly used elements 
for CQDs doping, because they have similar electronegativity and a comparable atomic 
size, as well as strong valence bonds [55]. It has been theoretically and experimentally 
investigated that N- and S-doping introduces additional electron pairs and consequently 
more new defects on the surface of CQDs/GQDs and induces the formation of more sp2-
hybridized sites, leading to an enhancement of fluorescence. Moreover, the band gap be-
tween the lowest unoccupied molecular orbitals (LUMO) and the highest occupied mo-
lecular orbitals (HOMO) is reduced, which has a positive effect on fluorescence enhance-
ment [55–58].  

In the case of N-doping, due to the similar size and structure of N and C, doping 
amplifies the surface defects of CQDs/GQDs and introduces more reactive groups (such 
as N=C, CN, NH2), which leads to an improvement in the electrical and optical properties. 
Therefore, it has been adopted as the most commonly used doping-strategy for improving 
the fluorescence properties of CQDs/GQDs. As an example, Cheng et al. produced nitro-
gen-doped CQDs (N-CQDs) using urea and citric acid hydrothermal treatment (Figure 4). 
The obtained N-CQDs show a high relative QY of 82.4% in a wide-range pH from 4 to 9, 
good fluorescence stability, and strong blue luminescence [59]. In another study, Luo et 
al. [60], using the hydrothermal technique and 2,4,6-triaminopyrimidine as the precursor, 
synthesized the CQDs containing 41% nitrogen with a bright blue fluorescence and a QY 
of 74.9%. Guo et al. used a one-step solvothermal molecule fusion method to introduce 
amine functional groups onto atomic-Fe-rich CQDs as photocatalysts. They feature an im-
pressive Fe-loading capability and well-defined Fe-N4 active sites that causes a synergistic 
effect between their electron-donating amine functional groups and Fe-N4 active centers, 
enabling an outstanding CO2-to-CO conversion performance and inhibiting a photocata-
lytic reduction inCO2 to CO [61]. 

 
Figure 4. Nitrogen-doped carbon quantum dots as “turn-off” fluorescent probes for highly selective 
and sensitive detection of mercury (II) ions [59]. Reprinted with permission from Wiley. 

In contrast, S-doping is more difficult due to the larger size of the S atom compared 
to the carbon (C) atom and the small difference in electronegativity of both atoms, so that 
a significant charge transfer seems almost impossible between C-S [62]. This is despite the 
fact that there are several reports on the synthesis of S-doped CQDs/GQDs, where S-dop-
ing has improved the electronic and optical properties as well as the surface chemical re-
activities of CQDs/GQDs. This improvement can be attributed to the electron-rich nature 
of the S atom, which increases the electron-donating ability of the CQDs/GQDs [63–66]. 
Thiophene structures can create GQDs containing S atoms with good chemical stabilities 
and optical properties, and ultrahigh QY [2]. 

Shen et al. reported oxygen-doped CQDs (O-CQDs) that demonstrated amazing se-
lectivity and outstanding performance as electrocatalysts for H2O2 production [67]. 

Figure 4. Nitrogen-doped carbon quantum dots as “turn-off” fluorescent probes for highly selective
and sensitive detection of mercury (II) ions [59]. Reprinted with permission from Wiley.

In contrast, S-doping is more difficult due to the larger size of the S atom compared
to the carbon (C) atom and the small difference in electronegativity of both atoms, so that
a significant charge transfer seems almost impossible between C-S [62]. This is despite
the fact that there are several reports on the synthesis of S-doped CQDs/GQDs, where
S-doping has improved the electronic and optical properties as well as the surface chemical
reactivities of CQDs/GQDs. This improvement can be attributed to the electron-rich nature
of the S atom, which increases the electron-donating ability of the CQDs/GQDs [63–66].
Thiophene structures can create GQDs containing S atoms with good chemical stabilities
and optical properties, and ultrahigh QY [2].

Shen et al. reported oxygen-doped CQDs (O-CQDs) that demonstrated amazing
selectivity and outstanding performance as electrocatalysts for H2O2 production [67].
Experimental results reveal that the introduction of a series of functionalized GQDs during
the synthesis of near-atom layer 2H-MoS2 nanosheets remediated with GQDs plays a
crucial role in this process [68].
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6. Using Carbon and Graphene Quantum Dots for Quantitative Analysis

The unique optical properties of CQDs make them excellent candidates for quantitative
analysis. Typically, CQD-based fluorometric sensing can be structured in both turn-on and
turn-off modes. In the turn-off mode, the interaction between CQDs and specific analytes
leads to quenching, resulting in a reduction in the emitted fluorescence. Conversely, in the
turn-on mode, this interaction enhances the fluorescence emission of the CQDs [25]. The
turn-off and turn-on modes provide versatile approaches for designing fluorometric sensing
systems based on CQDs, allowing for the detection and quantification of various analytes
like metal ions [69–71], drugs [72,73], explosives [74,75], pesticides [76–78], small organic
molecules [2,79,80], proteins [81,82], nucleic acids [83], and bacteria [44,84,85] through
distinct fluorescence responses. Indeed, the turn-off sensing process has encountered
challenges due to background fluorescence interference, making it less practical in sensing
applications. However, to address this limitation, a recent introduction of an on-off-
on switching strategy shows significant promise. This innovative approach holds great
potential to create highly sensitive sensing platforms capable of detecting trace amounts of
desired analytes [86,87].

The selection of appropriate precursors for CQDs preparation allows the creation
of a finely tuned probe with high selectivity, sensitivity, and linearity between CQDs
fluorescence intensity and analyte concentration. In the CQD-based fluorescence sensing
of metal ions, the mechanism often involves electron transfer from chelation between the
metal ions and the surface functional groups of the CQDs. This interaction leads to changes
in fluorescence intensity, which is the basis for detecting and quantifying the presence
of specific metal ions in a sample [88]. To date, various fluorometric sensors have been
successfully developed for Hg2+ detection based on simple CQDs, heteroatom-doped
CQDs, and modified CQDs, as summarized in Table 1 [1,3].

Table 1. Developed fluorometric sensors based on CQDs for Hg2+ detection.

CQDs Precursor Synthesis Method QY LOD Linear Range Reference

Citric acid, tartaric acid, ethanediamine Solvothermal - 83.5 nM 0–18 µM [1]

Citric acid, melamine Solid thermal
method - 0.44 µM 2–14 µM [3]

Citric acid, ethylenediamine, Mg(OH)2 Hydrothermal - 0.02 µM 0.05–5 µM [24]

Citric acid, glutathione or thiourea Microwave
hydrothermal 26% 5.4 µM 5–50 µM [25]

Citric acid, urea Hydrothermal - 1.3 nM 0.005–250 µM [59]
Citric acid, L-cysteine, Hydrothermal - 4.2 pM 0.01–0.75 nM [88]

Citric acid, triethylenetetramine, (TETA) Thermal 54% 0.2 nM 1–20 nM [89]
Citric acid, ethylene diamine Hydrothermal - - - [90]

Citric acid, 2,2-dimethyl-1,3-propanediamine Microwave-
assisted synthesis 51.20% 7.63 nM 0–4.2 µM [91]

Citric acid, urea Hydrothermal - 8.7 µM 10–70 µM [92]
Citric acid, Hydrothermal - 38 ppb 0.12–2 ppm [93]glycine

Citric acid, spermine Hydrothermal - 2.2 nM 0.01–1.0 µM [94]
Citric acid, aminopropyltriethoxysilane

(APTEOS) Hydrothermal 0.015 µM 0.02–5.0 µM [95]

Citric acid, chitosan, thiourea Hydrothermal 33.00% 4 nM 5–160 nM [96]

2,4,6-Triaminopyrimidine Hydrothermal
metho. - 11.4 nM - [60]

Xylose Solvothermal - 10 nM 50–800 nM [97]
Glutathione Solvothermal 41.90% 0.5 µM 0.5–15.0 µM [98]

Ortho-phenylenediamine (OPDA) Solvothermal - 60 nM 30–60 µM [99]
Methyl orange - 29.4 237 nM - [100]
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Table 1. Cont.

CQDs Precursor Synthesis Method QY LOD Linear Range Reference

Malic acid, urea

Microwave-
assisted

hydrothermal
synthesis

- 0.90 µM 0–40 µM [101]

Trisodium citrate dihydrate, DL-thioctic acid, Hydrothermal - 33.3 nM 0.05–5.8 µM [102]
Aconitic acid, oligomeric polyethyleneimine Thermal 44.20% 84 nM 0–800 µM [103]

Polyamidoamine (PAMAM), and
(3-aminopropyl)triethoxysilane (APTES) Hydrothermal - 87 fM 0.2 nM–10 µM [104]

Diaminomaleonitrile (DAMN),
thymine-1-acetic acid

Microwave-
assisted

hydrothermal syn-
thesis

- 0.15 nM 1.0–500 nM [105]

Glucose, HAuCl4, reduced glutathione Microwaving - 8.7 nM 50–1000 nM [2]
Glucose, boric acid, thiourea, phosphoric Hydrothermal - 16.5 µM 25.0 µM–1500.0 mM [106]

Trisodium citrate dihydrate, melamine
Microwave-

assisted
hydrothermal

- 42 nM 0–6 µM [107]

Methyl glycine diacetic acid trisodium salt
(MGDA), m-phenylenediamine (MPD) Hydrothermal 63.8 0.9 µM 0–100 µM [68]

D-Glucose, aspartic acid, and Hydrothermal - 10 nM
20–800 nM [108]branched polyethyleneimine

Honey Hydrothermal - 1.02 nM 0–10 nM [11]
Tamarindus indica leaves - - 6 nM 0–0.1 µM [20]

Hongcaitai Hydrothermal - 0.06 µM 0.2–15 µM [72]
Black wolfberry Hydrothermal - 0.12 nM 0–300 µM [109]

Highland barley, Ethylenediamine Hydrothermal 14.40% 0.48 µM 10–160 µM [110]

Peach palm (Bactris gasipaes) peels Microwave
assisted 25.4 0.19 µM - [111]

As illustrated in Table 1, citric acid is recognized as a highly prevalent precursor in
conjunction with other suitable precursors in the synthesis of CQDs through a bottom-up
approach. The majority of the employed precursors in combination with citric acid for
the synthesis of CQDs are utilized for the purpose of doping N and S heteroatoms in the
structure of CQDs. Additionally, complex compounds comprising heavy molecules [108]
or bulk structures [11] have been documented in the preparation of CQDs via top-down
approaches. As evidenced by the data presented in Table 1, a variety of strategies have
been employed in the synthesis or modification of CQDs with the objective of achieving
optimal sensor performance. These strategies include the use of novel materials, modifi-
cations, redesigned sensors, and other innovative techniques, with the aim of developing
a highly effective procedure for the detection of Hg, either alone or in conjunction with
other analytes.

The highly sensitive and selective fluorescence quenching of N-, S-, doped CQDs, and
N, S- co-doped CQDs by Hg2+ can be attributed to two primary mechanisms. First, Hg2+,
due to its larger ionic radius and stronger chemical interaction with functional groups of
doped CQDs, easily forms stable, non-fluorescent complexes. Second, the quenching may
result from the aggregation of doped/co-doped CQDs, where Hg2+ simultaneously binds
to multiple nitrogen and oxygen atoms in the doped/co-doped CQDs. This complexation
induces aggregation, leading to changes in the electronic structure of doped/co-doped
CQDs and ultimately quenching their fluorescence.

Han et al. employed a strategy to design a highly sensitive sensor for Hg2+ detection by
functionalizing CQDs with sulfhydryl groups (HS-CQDs), which have a high affinity for the
target metal ions, mediated by Ag+. The sensing mechanism (Figure 5) involved quenching
the fluorescence of HS-CQDs through the induced agglomeration caused by adding Ag+,
and then restoring the fluorescence by adding Hg2+. The higher affinity between -SH
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and Hg2+ results in the substitution of Hg2+ for Ag+ in the CQDs/Ag agglomerate and a
subsequent amalgamation. This design provided the sensor with a linear detection range
of 0.01 to 0.75 nM and an ultra-low detection limit of 4.2 pM for Hg2+ [88].
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Figure 5. Fluorescent sensing method to determine Hg2+ in aqueous solutions using sulfhydryl
functionalized CQDs (HS-CQDs) mediated by Ag+. (A) Absorption spectrum of the HS-CDs/Ag
precipitate; the insets are corresponding photos of HS-CQDs/Ag under visible light (left) and UV
light at 365 nm (right). (B) FL spectra of HS-CDs/Ag and HS-CQDs/Ag + Hg2+; the insets are
corresponding photos of the HS-CQDs/Ag sensor (left) and the HS-CQDs/Ag + Hg2+ (right) under
UV light at 365 nm [88]. Reprinted with permission from Elsevier.

To design a more sensitive sensor for Hg, a dual-emission fluorescence strategy was
developed by modifying CQDs with Europium (III, Eu3+) [89]. This involved combining
blue-emissive CQDs (at 443 nm) with red-emissive europium complexes (at 617 nm) to
create the new dual-emission fluorescence approach. The addition of Hg2+ to the designed
sensor resulted in a notable enhancement in dual-emission fluorescence intensity. As
the concentration of Hg2+ increased, the sensing platform exhibited a discernible change
in color, from a deep blue to a light blue, then to a lavender hue, and finally to a deep
purple. The sensor displayed remarkable sensitivity and selectivity towards Hg2+, with
a linear concentration range of 1 to 20 nM and a LOD of 0.2 nM. This procedure was
effectively applied for the ultrasensitive and visual sensing of Hg2+ in milk and drinking
water samples with acceptable recovery from 97.6% to 105.4%.

Guo et al. introduced another dual-emission ratiometric fluorescent system for Hg2+

detection by embedding CQDs into europium metal–organic frameworks (Eu-MOF) using
a straightforward in situ hydrothermal method [109]. The proposed fluorescence composite
material, which exhibited good stability in an aqueous solution while possessing the
excellent luminescence properties of Eu3+ and CQDs, was successfully employed to detect
Hg2+ in environmental water samples. In this system, the fluorescence of the encapsulated
CQDs within the Eu-MOF was significantly quenched by Hg2+, while the fluorescence
emission of the Eu-MOFs remained unaffected. This dual-functionality, providing both
a recognition part (CQDs) and a reference part (Eu-MOF), offers a distinct advantage for
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constructing a ratiometric fluorescence sensor for Hg2+ detection in aqueous solutions.
The developed sensor demonstrated an excellent response to Hg2+ over a wide linear
range (0–300 µM) with a lower detection limit of 0.12 nM, surpassing the performance of a
previously reported ratiometric fluorescence system [89].

In a further strategy for the rapid and ultrasensitive co-analysis of Hg2+ and Pb2+

based on photoluminescence and magnetic properties, Ahmadian-Fard-Fini and colleagues
proposed combining CQDs, nanofibers, and magnetic nanoparticles [90]. The CQDs were
initially prepared via a hydrothermal method, utilizing citric acid (from lemon extract) and
ethylene diamine as precursors. The magnetic nanoparticles were then synthesized through
ball milling, while the cellulose acetate nanofibers were produced through electrospinning.
To construct the magnetic nanofiber fluorescent sensor, the magnetic nanoparticles were
incorporated into the polymeric cellulose nanofibers. Subsequently, the CQDs were coated
onto the fibers through a sonochemical-assisted hydrothermal method. Following the
exposure of the designed sensor to Hg2+ and Pb2+, a reduction in the photoluminescent
intensity (blue color) of the CQDs was observed. This reduction occurs because electrons
from the excited CQDs are transferred to the d-orbitals of Pb2+ and Hg2+, leading to the
formation of a complex.

In another study, Muthurasu and Ganesh reported a ratiometric sensing strategy
for Hg using a hybrid system in which N-CQDs serve as the donor and Rhodamine B
as the acceptor [92]. The intermolecular interaction between N-CQDs and Rhodamine B
enables effective fluorescence resonance energy transfer (FRET), leading to a tunable shift
in the fluorescence emission color of N-CQDs from blue to red. Interestingly, varying the
concentration of Rhodamine B resulted in different emission colors, and the concentration
that emitted violet fluorescence was selected for the sensing experiments. The addition of
varying concentrations of Hg2+ ions effectively quenched the photoluminescence properties
of N-CQDs due to the complexation of Hg2+ with the carboxylic acid and amine functional
groups present in N-CQDs. In contrast, no interaction was detected for RhB with Hg2+ ions.

In a recent study, Lu et al. developed a dual-mode sensing platform for the col-
orimetric and turn-on fluorometric detection of Hg2+. This platform was based on the
modification of N-CQDs with a sulfhydryl group (–SH) and their subsequent combination
with gold nanoparticles (AuNPs). Following the integration of SH-modified N-CQDs, a
reduction in fluorescence intensity was observed, which was attributed to the fluorescence
quenching effect of AuNPs. But, upon the addition of Hg2+, the fluorescence intensity of
the SH-modified N-CQDs was gradually restored, accompanied by a visible color change,
transitioning from red to blue-violet, and eventually to blue. The sensing mechanism could
be explained as follows: Initially, the fluorescence of SH-modified N-CQDs was quenched
due to their strong interaction with AuNPs. When Hg2+ was introduced, citrate ions on
the surface of the AuNPs reduce Hg2+ to Hg0. This reduction leads to the formation of a
gold–mercury alloy through Hg–Au metallophilic interactions on the AuNP surface. As
Hg0 occupies the surface, the modified N-CQDs were released, resulting in the restoration
of their fluorescence. Furthermore, to emphasize the significance of the modification of N-
CQDs with the SH group in the sensing performance of the proposed sensor, they presented
a sensor based on unmodified N-CQDs with AuNPs. It was observed that under visible
light, SH-modified N-CQDs did not affect the color of AuNPs. However, unmodified
N-CQDs were found to cause the color of AuNPs to change from red to bluish violet, which
interfered with the determination of Hg2+ through the use of a color reaction. This finding
confirmed the crucial role of the SH functional group on CQDs in enhancing their optical
properties and contributing to the development of a sensitive and selective Hg sensor [98].

Building on the observed increase in QYs and fluorescence properties after doping
and functionalizing CQDs, an attempt was made to dope CQDs with S using thioctic acid,
chosen for its strong chelating properties with metal ions [102]. The sensing mechanism
relied on the quenching of S-doped CQDs fluorescence upon exposure to Hg2+ ions, at-
tributed to electron transfer between Hg2+ and the S-doped CQDs, leading to complex
formation (turn-off). The fluorescence was then restored (turn-on) by adding thiophanate
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methyl, which forms thiophanate methyl-Hg complexes due to the strong affinity between
Hg2+ and the two mercapto groups in thiophanate methyl. Based on this mechanism, the
proposed sensor demonstrated dual functionality, enabling the detection of both Hg2+ ions
and thiophanate methyl, a systemic fungicide. Under optimal conditions, the fluorescence
sensor system achieved limits of detection of 7.6 nM for thiophanate methyl and 33.3 nM
for Hg2+. Consequently, the developed sensor can be utilized as a multifunctional tool for
monitoring trace contaminants in the environment and ensuring the quality control of food
safety products.

Ge et al. developed a reusable sensor for detecting Hg and Cu using functionalized
CQDs synthesized with aconitic acid for core carbon nanoparticle formation and oligomeric
polyethyleneimine as a functionalization agent [103]. The fluorescence of the prepared
CQDs was effectively quenched upon the addition of Cu2+ or Hg2+ across a broad linear
concentration range, achieving low detection limits of 70 nM for Cu2+ and 84 nM for Hg2+.
Additionally, the sensor could be regenerated by introducing aspartic acid or L-cysteine,
which serve as metal ion chelators, forming complexes with the metal ions. It is important
to note that the proposed “on–off–on” sensing system can be utilized not only for the
detection of Hg2+ and Cu2+ but also for aspartic acid and L-cysteine.

GQDs have gained prominence as other carbon-based fluorescence materials due to
their exceptional optical properties, high QY, and unique characteristics. Their excellent
photoluminescence, high stability, and tunable properties make them promising candidates
for various applications, particularly in sensing and biosensing. GQDs present analogous
advantages to CQDs and have gained attention as valuable substitutes in fluorescence-
based sensor technologies. Due to various interactions such as electrostatic interaction
or electron transfer as well as π-π* conjugation between GQDs and the target analyte,
the fluorescence intensity of the GQDs is modulated either by quenching (switch-off
mode) or through enhancement mechanisms (switch-on mode) and used as a sensor
response [46,112,113]. Similar to CQDs, fluorescence-based sensors based on GQDs using
the “on-off-on” fluorescence switching mode have been proposed for the ultrasensitive and
selective detection of various analytes, especially for metal ions, as well as for simultaneous
multi-analytes detection [114–116]. Various developed fluorometric sensors and biosensors
based on GQDs for the detection of Hg2+ and their sensing performance are compared
and showed in Table 2. As indicated in Table 2, the studies conducted in relation to the
fabrication of GQDs are based on bottom-up [117] and top-down methods [118]. In the
bottom-up approach, citric acid and glucose are the most frequently used carbon sources for
the synthesis of GQDs. In contrast, the top-down procedure has predominantly employed
graphene oxide (GO) for the production of GQDs.

Table 2. Developed fluorometric sensors based on GQDs for Hg2+ detection.

GQDs Precursor Synthesis Method QY LOD Linear Range Reference

Glucose, urea, and ammonia sulfate
Infrared

(IR)-assisted
pyrolysis

- 10 ppb 10 ppb–10 ppm [117]

Citric acid and Thiourea Hydrothermal 41.90% 0.14 nM 0.1–15 µM [119]
Citric acid and ethylene diamine Hydrothermal - 0.45 nM 100–1000 nM [120]

Citric acid and Gly Hydrothermal 35.50% 8.3 nM 0–3.0 µM [121]
Graphene oxide Electrochemical - 2.5 µM 2.5–800 µM [118]

Graphene oxide and
5,10,15,20-tetrakis(1-methyl-4-

pyridinio)porphyrin
tetra(p-toluenesulfonate)

Two-step
hydrothermal

method

- 0.32 nM 2–200 nM [122]

(TMPyP)
Graphene oxide, urea, citric acid Solvotermal - - - [123]
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In a pioneering study, Gue and colleagues reported the development of a Hg2+ fluo-
rescence sensor utilizing S and N co-doped GQDs. This sensor was synthesized through a
rapid IR approach, whereby citric acid and ammonium sulfate underwent thermal pyrolysis
under IR irradiation [117]. In order to evaluate the effectiveness of S,N co-doping in GQDs
in comparison to N-doped GQDs, the sensing performance of both types was examined
across a Hg2+ concentration range of 10 ppb to 10 ppm. The findings demonstrated that the
sensitivity of the co-doped GQDs was 4.23 times greater than that of the N-doped GQDs.
This augmented sensitivity could be ascribed to the coordination of sulfur with the phenolic
groups at the edges of the S,N co-doped GQDs, which induced a reduction or interruption
of photon injection pathways, resulting in notable fluorescence quenching.

In another study, S,N co-doped GQDs were synthesized using a one-pot hydrothermal
method to develop a Hg2+ sensor [115]. The doping with N was found to enhance the
QY, while the introduction of S improved the selectivity for Hg2+ detection through strong
coordination interactions. Moreover, S,N co-doped GQDs were coated onto cellulose filter
paper strips, which were then utilized as a simple sensor for the rapid and in situ screening
of Hg2+ in wastewater, yielding satisfactory results.

To enhance the QY and sensitivity of GQDs towards Hg2+, Zhu et al. proposed a
two-step strategy for the synthesis and subsequent functionalization of GQDs [121]. In this
context, GQDs were first synthesized by pyrolyzing citric acid and then functionalized with
glycine under alkaline conditions. This process involved a carbamate reaction between
the GQDs and glycine, resulting in the successful covalent attachment of glycine to the
GQDs, forming Gly-GQDs. Furthermore, the prepared Gly-GQDs revealed an enhanced
sensitive and selective detection ability for Hg2+ in aqueous solutions and a LOD of 8.3 nM
was obtained.

As previously mentioned, while bottom-up techniques are generally preferred over
top-down methods, there are a few reports on the fabrication of GQDs using top-down
approaches, primarily involving graphene oxide (GO) but employing various preparation
techniques, as detailed in Table 2. For example, Liu et al. successfully produced N-doped
GQDs in a single step using an electrochemical method in the presence of ammonium
hydroxide. They subsequently designed a sensor for Hg2+ detection, which exhibited
excellent sensing performance across a wide concentration range of Hg2+ [118].

Peng et al. introduced an innovative sensing strategy for the detection of trace levels
of Hg2+ [122]. It was found that the incorporation rate of porphyrin and small Mn2+ ions
was markedly increased in the presence of trace N-doped GQDs (NGQD) and nanomolar
concentrations of Hg2+ (Figure 6). The proposed synergistic mechanism posits that the
larger Hg2+ ions deform the porphyrin nucleus, thereby rendering it more susceptible to
the smaller Mn2+ ions delivered by the NGQDs. The formation of the metalloporphyrin
resulted in a red-shift in the absorption and fluorescence quenching of the porphyrin, while
the fluorescence of the NGQDs was gradually enhanced due to the inner filter effect of
the porphyrin on the NGQDs. This unique phenomenon was used to develop sensitive
and selective ratiometric fluorescence and colorimetric methods for the determination of
trace Hg2+.

A FRET sensing system has been recently introduced, employing a combination of
GQDs as the donor and carbon nanodots (CDs) as the acceptor for the quantification of
arsenic (As5+) and Hg2+. The system takes advantage of the excellent spectral overlap
between the emission profile of the GQDs and the absorption profile of the CDs, making
them an ideal FRET pair. Upon the addition of As5+ and Hg2+, the FRET signal was
significantly quenched due to the strong affinity of these metal ions to the carboxylic
groups on both GQDs and CDs. Furthermore, the fluorescence lifetime of the FRET system
decreased from 2.93 ns to 0.44 ns and 1.97 ns in the presence of As5+ and Hg2+, respectively,
confirming the effectiveness of this sensing system [123].
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7. Conclusions

Hg2+ ranks among the most toxic cations in the environment, posing a significant risk
to human health. Therefore, developing a sensitive and specific method for detecting Hg2+

at trace levels is both critically important and challenging. Among the various proposed
techniques, fluorometric sensors are notable for their simplicity, rapid sample preparation,
and quick response times. In particular, fluorometric sensing assays utilizing GQDs and
CQDs demonstrate considerable potential for determining and monitoring heavy metals,
thanks to their unique optical, chemical, and physical properties. These nanomaterials can
be synthesized using various top-down and bottom-up methods. However, studies indicate
that bottom-up methods for producing CQDs and GQDs are preferred over top-down
approaches, as they avoid harsh reaction conditions and yield particles with higher QY
and more uniform sizes. Furthermore, the optical properties of CQDs and GQDs can be
tailored through doping and functionalization, which subsequently enhances their sensing
performance. In this context, doping with heteroatoms such as N and S, as well as co-
doping with both N and S, has been predominantly utilized in Hg2+ sensors to enhance
the electronic and optical properties of CQDs and GQDs, as discussed in this review. In
addition, a range of strategies, including the use of new materials, modifications, redesigned
sensors, and other innovative techniques, have been reviewed and debated, all of which
aimed at developing highly effective methods for detecting Hg2+, both individually and in
combination with other analytes.
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