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Abstract: This prospective review aims to work on a comparative study of both synthesis
and characterization of carbon dots (CDs) and graphene quantum dots (GQDs) doped and/
or co-doped with labile elements as facile fluorescence sensors for heavy metals analysis, in
particular nitrogen and sulfur co-doped carbon dots (N,S-CDs) and graphene quantum dots
(N,S-GQDs). From previous reports, in such case of the target heavy metal ions, studies on
their optimum conditions for simultaneous determination of heavy metals (i.e. mercury and
chromium) using both the carbon based nanoparticles are compared. It is likely plausible for
method development and validation and can be applied as a routine fluorescence sensor by
differences in sensitive and selective ones for the two heavy metals in real water samples.
Keywords: Graphene quantum dots, Carbon dots, Heavy metals, Mercury, Chromium,
Fluorescence sensor

1. Introduction
Since their discovery approximately 10 years ago, carbon quantum dots (CQDs) and
their structurally related graphene quantum dots (GQDs) have attracted significant and
growing interest in both scientific and technology circles. This attention, stems primarily
from the unique physical properties of Carbon-Dots, particularly their luminescent
properties. Carbon-Dots (CDs), like to inorganic fluorescent semiconductor nanoparticles
(commonly known as “quantum dots” or “Qdots”), exhibit tunable fluorescence
emission, in other words they emit light in unlike colors. The QDs are nanometer scale
particles that follow the quantum mechanical principle of confinement. CQDs and GQDs
both are known for optical properties similar fluorescence and photoluminescence. At
any rate, these properties arise when an electron makes a transition from a higher
electronic state to a lower one. This spectacle is less frequent than thermal radiations,
which are emitted by all the materials in a wide range of wavelengths [1].
The research on CDs and GQDs is still at an early stage, and many interesting.
Although there are many important advantages and potential applications of GQDs.
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CDs and GQDs as a new class of fluorescent carbon materials, have been widely studied
to its unique structure related properties, for example optical, electrical and optoelectrical
properties. CDs and GQDs are materials in continuous development that hold potential
for a variety of new applications, including uses in biological imaging [2,3], drug delivery
[4], photodynamic therapy [5], photothermal therapy [6], antimicrobial materials [7],
optoelectrical detector [8], light emitting diodes [9], photocatalysis [10], optical sensor
[11], solar cells [12] and energy storage battery [13].
GQDs are nothing but small particle of pure graphene sheets showing quantum
confinement, consequently exhibiting fluorescence in a wavelength which is equal to
the electronic band gap energy. GQDs also contain various heteroatoms, such as nitrogen
(N), sulphur (S), boron (B), fluorine (F), lanthanum (La), phosphorus (P), magnesium
(Mg), iron (Fe), platinum (Pt), oxygen (O), chlorine (Cl), sodium (Na), potassium (K),
nitrogen (N), and selenium (Se), which play a major role in photoluminescence. In
addition, CDs are mixture of sp3 and sp2 hybridized spherically shaped molecules of
carbon and other heteroatoms [1].
Heavy metals are contaminated in aquatic systems cause of the weathering of soils
and rocks, from volcanic eruptions, and from a variety of human activities involving the
mining, processing, or use of metals and/or substances that contain metal pollutants.
The most common hazard heavy metals are chromium (Cr), mercury (Hg) arsenic (As),
cadmium (Cd), copper (Cu), nickel (Ni) and lead. The most metal pollution in freshwater
comes from factory, by use an acid mine drainage system to release heavy metals from
ores, because heavy metals are very soluble in an acid solution. After that, heavy metals
disperse the acid solution in the groundwater, containing high levels of metals. When
the pH in water decrease, metal solubility increases and the metal particles become
more mobile. Both localized and dispersed heavy metal cause environmental damage
because metals are non-biodegradable. Mainly the ionic form of a metal is more toxic,
because it can form toxic compounds with other ions. Electron transfer reactions that
are implicate with oxygen can lead to the production of toxic oxyradicals, a toxicity
mechanism now known to be of considerable importance in both animals and plants.
The heavy metal, extent of long-term bioaccumulation depends on the rate of excretion.
Chromium and mercury, as a serious toxicant, have been paid numerous attention
due to its wide usage in stainless steel, automobile parts, leather ware and other industrial
products [14]. The most hazardous and toxic heavy metals, chromium and mercury in
water environment can be readily bioaccumulated in human body through food chain,
causing serious threat to human health even at very low concentrations [15].
In this research, we present a novel facile fluorescence “turn-on/off” sensors for the
determination of selective and sensitive chromium and mercury in water sample using nitrogen
and sulfur co-doped graphene quantum dot (N,S-GQDs) and carbon dot (N,S-CDs). In the
presence of chromium and mercury, the fluorescnece intensity of N,S-GQDs and N,S-CDs
decreases linearly by quenchaing mechanism. Interactions between the chromium and NSGQDs and N,S-CDs lead to inner filter effect (IFE) [16,17], on the other those of hand mercury
and N,S-GQDs and N,S-CDs are based on fluorescence resonance energy transfer (FRET) [18].
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Generally, QDs fall in the size range of 1-10 nm, and there are a few other quantum
confinement structures, such as quantum well and quantum wire, but the difference is
that unlike QDs, which has electron or hole confinement in three dimensions of the
space, in the quantum wire they are confined in two spatial dimensions and in quantum
well electrons or holes are confined in one direction that can freely propagate in one
dimension.
The main distinction between GQDs and CDs concerns the overall shape of the
nanoparticles; Carbon dots likely constitute isotropic [spherical] nanoparticles, while
GQDs are believed to adopt “disk-like” structures, comprising few graphite/ graphene
layers (i.e., thickness of a few nanometers) as shown in Figure 1.

Figure 1. Structure of CDs and GQDs. Generic structures of CDs (left) and GQDs (right). CDs are generally
perceived as spherical aggregates, while GQDs comprise fragments of graphene layers [1].

Carbon dots (CDs)
CDs are small carbon nanoparticles (less than 10 nm in size) with some form of surface
passivation. CDs are a new type of carbon nanomaterials and have show excellent
optical properties, great biocompatibility, good aqueous solubility, low cost, easyt to
synthesis, etc. The CDs have an important distinction. They are made of carbon an
abundant and generally nontoxic element, which is also one of the building blocks of
life itself. Moreover, CDs particularly interesting in many applications for which toxicity
risks pose challenges from biological imaging to solar cell and photonic device
manufacturing, and sensor. In addition, biocompatibility has been as one of the main
advantages of CDs of nanoparticle applications. The carbon composition of CDs endows
distinctive structural and electronic properties that are different than other nanoparticle.
Graphene quantum dots (GQDs)
GQDs is single-layer to tens layers of graphene into small size (diameter 60-350 nm)
with narrow connections to contacts (width 20-75 nm), serving as tunneling barriers
for transport spectroscopy. GQDs are showing quantum confinement, thereby exhibiting
fluorescence in a wavelength which is equal to the electronic band gap energy. Due to
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its excellent properties, such as higher surface area, excellent water solubility, low toxicity,
high stability, low toxicity, stable photoluminescence and pronounced quantum
confinement effect, GQDs are considered as a novel material for medical, opto-electronics,
energy and environmental applications.
In addition, GQDs also contain various heteroatoms which play a major role in
photoluminescence. On the other hand, CDs are mixture of sp 3 and sp 2 hybridized
spherically shaped molecules of carbon and other heteroatoms.
Preparation methods for CDs and GQDs
In detail, the synthesis methods of the CDs and GQDs can be divided into two main
categories, namely top-down and bottom-up method [19], as shown in Figure 2 and the
different methods for prepration of CDs and GQDs are summarized in Table 1 and
Table 2, respectively.
Top-down method
The top-down method is direct cleaving of bulk carbon materials (graphene, fullerenes,
carbon nanotubes and so on) into nanoscale GQDs for liquid exfoliation and electron
beam lithography techniques etc. This method has the advantages of abundant product
and would usually produce oxygen-containing functional groups at the edge, so that
facilitating their solubility and functionalization. However, this method has some
disadvantages, for example low yield, large density of defects, and non-controllable of
size and shape [20]. The synthesis methods of top-down method can be classified into
oxidative cleavage, hydrothermal method, solvothermal method, microwave-assisted
process, ultrasonic-assisted process, and electrochemical oxidation. X.G. Zheng et al.
[21] presented a Facile synthesis of highly graphitized N-CDs. They report the
hydrothermal synthesis of N-CDs with glucose and NH3 as precursors. N-CDs were
found to be spherical, monodispersed, uniformly distributed with the ultra-small size
about 6.2±1 nm. The N-CDs showed QY as 10.2. Wentai Wang et al. [22] presented a
CDs functionalized by organosilane. Surface functional groups on CDs play a critical
role in defining their photoluminescence properties and functionalities. A new kind of
organosilane-functionalized CDs (OS-CDs) were formed by a low temperature (150 °C)
solvothermal synthesis of citric acid in N-(b-aminoethyl)-c-aminopropylmethyldimethoxysilane (AEAPMS). N-CDs were found to be small size about 0.5-2 nm. The NCDs showed QY as 51%. Yaling Wang et al. [23] presented a one-step microwaveassisted hydrothermal method of highly luminescent N-CDs using citric acid as carbon
source and ethylenediamine as dopant. Highly luminescent N-CDs with the QY of 75.96%
and small size about 6.06 nm. Nan Wang et al. [24] presented a fluorine-doped carbon
nitride (F-C3N4) quantum dots were synthesized by a simple ethylene glycol-assisted
ultrasonic method using bulk F-C3N4 powder as the precursor and ethylene glycol as
the solvent. F-C3N4 quantum dots with a uniform size of 1.5-2.0 nm and higher fluorescent
intensity with the QY of 39.03%. Fushuang Niu et al. [25] presented a controllable
electrochemical/ electroanalytical approach to generate N-CQDs from varied amino
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acids. The N-CQDs can be well dispersed in aqueous medium with narrow size
distribution and average size of 2.95-0.12 nm and high QY (46.2%).
Bottom-up method
The bottom-up methods depends on growth of the precersor including small molecules and
polymers and appropriate molecules into GQDs. However, this method can be classified into
controllable synthesis and carbonization method, according to the way external energy is
provided and the characteristics of fabrication. The bottom-up method advantages, for example
fewer defects and controllable of morphology and size. Moreover, the bottom-up method has
poor solubility, small size and aggregration issue [20]. The synthesis methods of bottom-up
method can be classified into controllable synthesis and carbonization. Fushuang Niu et al.
[26] presented a one-pot solid phase pyrolysis synthesis of highly fluorescent N-CDs and the
interaction with human serum albumin. The obtained N-CDs under the optimal synthetic
conditions have a fluorescence QY up to 35.6% and show a spherical shape with an average
diameter of about 3.0 nm. Yan Ping et al. [27] presented a pentaethylenehexamine and Dpenicillamine co-functionalized graphene quantum dots (PEHA-GQD-DPA) was made via
one two-step thermal pyrolysis. The resulting PEHA-GQD-DPA is composed of the graphene
sheets with an average size of 3.16 nm. It gives an ultra strong fluorescence emission with the
fluorescent QY of 90.91%. Chang Xia et al. [28] presented a simultaneously fabrication of free
and solidified NS-GQDs via a facile solvent-free synthesis. The free N,S-GQDs exhibit favorable
photoluminescence behaviors such as high fluorescent QY of 74.5% and the size of 3-11 nm.

Figure 2. Preperation of GQDs: the “top-down” splitting route from different carbon sources and “bottomup” method from small molecules or polymers [19].
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Table 1. The different methods for prepration of CDs.
Pr eparation methods
Top-down

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal

Precursor
Orange juice, EDTA
Pancreatin
Peach fruit juice, ZnO NPs
CA, L-lysine
L-histidine, Fe(ClO 4) 3.H2 O
CA, NH3
Dry tribute chrysanthemum
EDA, alanine
CDs: HCl, lactose, NaOHN-CDs:
HCl, lactose, NaOH, NH3

QY (%)
31 .7
26 .8
7.5
21 .5
27 .0
27 .6
17 .3
46 .2
CDs: 8
N-CDs: 11

Lantana camara berries
33.15
Tris-(hydroxymethyl)55
aminomethane, urea
Magnolia liliiflora flower
11
Amino acids (aspartic acid, glutamic,
41 .3
proline, threonine, valine, phenylalanine,
arginine and serine)
Glucose, glucosamine
7-11
Bovine serum albumin, formic acid
54
Urea, PEG
17.73
Sargassum fluitans (S. fluitans)
18 .2

Bovine serumalbumin (BSA)
44
p-phenylenediamine (p-PD),
56
o-phenylenediamine (o-PD)
Orthophenylene diamine
28
Vitamin B1, thiamine
4.4
hydrochloride, EDA
MPA
9.2
L-cys
15.2
Acrylic, methionine
10.55
Garlic
13
CA , thiourea
73.1
Pomelo juice, ammonium persulfate 18.7
Rosa indica (Family: Rosaceae;
9.6
Genus: Rosa; Species: indica),
EDA, L-cysteine
17.2
L-cys, NH3.H2O
GSH
17.5
Amino acids
7
CA and thiamine hydrochloride
63.8
L-cys
12.6
CA and cystamine dihydrochloride
39.7
CA, ammonium thiocyanate
74.15
CA, cysteine
82
DETA, thiomalic acid
17.59
9.8, 13.9
ATP, LaCl3,2H2O
Pyridoxal 5-phosphate, ethanediamine 15.4
18.9
4-Aminosalicylic acid, H3PO4
Adenosine, adenosine
33.81
monophosphate, adenosine
diphosphate, adenosine-50triphosphate

Size (nm)
0.5-3 .0
4.5
25 -5
3
3.2-4 .8
1 .5 -1 0
10-19
8
CDs: 7.7
± 2.4N-CDs:
50 ± 15
3 to 8
4.5

Ref.
[2 9]
[3 0]
[3 1]
[3 2]
[3 3]
[3 4]
[3 5]
[3 6]
[3 7]

4±1
2.8-6 .3

[4 0]
[4 1]

6
8.32
3.3±0 .4
2-8

[4 2]
[4 3]
[4 4]
[4 5]

4
CDs: 15-20
o-CDs: 4-6
40-50
3.2

[46]
[47]

2.5
2.8-7.1
2.3
3.6
4.0 to 6.0
5.5-8.7
4.6 ± 1.17

[50]
[51]
[52]
[53]
[54]
[55]
[56]

6.3
2.3-3.7
1-4
2-4.5
2.0 to 6.5
1.3-2.3
4-9
10-15
3 ± 0.5
4.3 ± 0.3
4.2
4-6
2.5

[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

[3 8]
[3 9]

[48]
[49]

Contd...
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Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Solvothermal
Solvothermal
Solvothermal
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted

m-phenylenediamine,
M-phenylenediamine, DAP
Alendronate sodium
CA, EDA, borate

71

32

3.74-7.83

[70]

35.0
BCNDs1: 29.01
BCNDs2: 51.42
BCNDs3: 68.28
25.9
58.8
11.1
10.2
3.06
5.4
21.03
57.7
62

2-8
BCNDs1: 3.9 ± 2.0
BCNDs2: 3.7 ± 1.5
BCNDs3: 3.5 ± 1.5
2.8
2-8
3-4
2-4
5
2.2-4.1
2.5
4.01±1
2.0-5.5

[71]
[72]

35.4
74.9
10.7, 2.3

1-3
2.7
2-3

[83]
[84]
[85]

CA, tartaric acid,
42.2
ethanediamine, oleic acid
Taixi anthracite, DMF
47.0
CA, EDA, polytetrafluoroethylene-lined49.5
Glu and amino group of MPD
11.2

1-4

[86]

4.7
3.2
15-35

[87]
[88]
[89]

Ginkgo fruits

3.33

2-4

[90]

Lotus root (LR)

9.0

9.41

[91]

Bauhinia flower, ethanol

27.00

2-6

[92]

Acetylacetone, NH 3.H2O

51.61

4.31

[93]

Acetylacetone, NH 3.H2O

51.61

2.24 -4.31

[94]

CA, triethylenetetramine

39.5

9±2

[95]

CA, cysteamine, ditheritheritol

28

5

[96]

EDA, H2SO 4

28

5.3-7.7

[97]

6.92, 3.55, 13.71

2.5-6.0

[98]]

CA, rubeanic acid

17.6

1- 4

[99]

Fingernails, H2SO 4, NaOH

42.8

2.2

[100]

CA, urea, L-cys

25.2

1.1±0.2

[101]

Freshly chopped scallions

18.6

1.5-5.5

[102]

3-aminophenylboronic acid
CA, Mg(OH)2, EDA
Egg powder, phosphorus acid
Degrease cotton (human waste)
Tulsi leaves
m-aminophenol, oxalic acid
Sodium citrate, GSH
Folic acid, Gly, Chloroauric acid
CA, tris(hydroxymethyl)
methyl aminomethane
CA, NH3
2,4,6-triaminopyrimidine
Phenylboronic acid, NH 3.H2O,
BSA, HAuCl4, NaOH

NBO, H2SO 4, NaOH

[73]
[74]
[75]
[77]
[78]
[79]
[80]
[81]
[82]

Contd...
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Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Microwaveassisted
Ultrasonicassisted
Electrochemical
oxidation
Hydrothermalcarbonization
method
Hydrothermalcarbonization
method
Hydrothermal
carbonization
Carbonization
maleic anhydride
Carbonization
Carbonization
Carbonization

Top-down

CA, urea, sodium thiosulfate
CA, boric acid, urea
CA, urea, sodium fluoride
Lily bulbs (LB)

7

1-4

[103]

10-15

2-6

[104]

1.2

10-18

[105]

2.85-17.6

1.34 -5.23

[106]

Ammonium citrate,
cysteamine hydrochloride
CA, urea

54.8

1.69-6.08

[107]

27.1

1-5

[108]

CA, biuret

15.3

3.0-6.0

[109]

CA, urea, thiourea

19.2

10

[110]

Crab shells

4.5

8

[111]

OS-g-C3N4 powder, NaOH, Pt sheets

33.9

1.0-4.0

[112]

Extract of unripe, Prunus
mume (P. mume), NH3

16

7-11

[113]

Chionanthus retusus
(C. retusus) fruit extract

9

5±2

[114]

10.6

3-7

[115]

21

8

[116]

Watermelon juice
Tetraethylenepentamine,
Uric acid , DETA
Guanidinium chloride, CA
Glucose (G) or CA (C), dopamine
(D) or 4,7,10-trioxa-1,13
-tridecanediamine (T)

Carbonization
Carbonization
Carbonization

Prunus avium fruit
Casein
Biomass

Carbonization
Carbonization
Carbonization
Carbonization
Oxidative
cleavage
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal

Adenosine-5’- triphosphate
Aminophenylboronic acid
CA, L-GSH
Polyacrylamide
GO, HNO3, H2SO 4, NaOH
Cow milk
GQD solution, S powders
CA, NH 3
CA, NH3
CA, NH3

56
19.2
GT-CDs: 29.5
CT- CDs: 33.9
GD- CDs: 9.3
CD- CDs: 10.2
13
31.8
- PCDs-f: 24.87 - PCDs-w: 17.48
- PCDs-y:16.34
- PCDs-m: 33.50
23.5
1.6
69.4
7.26
15.1
0.08
57
2.46
43
43

2.0-3.0
[117]
1.4-3.3
[118]
GT-CDs: 1.5-5 [119]
CT- CDs: 3-5
GD- CDs: 2.5-4.5
CD- CDs: 3-6
7
[120]
2-3.2
[121]
PCDs-m: 4.2 ± 0.5 [122]
- PCDs-f: 3.8 ± 0.5
- PCDs-w: 3.3 ± 0.5
- PCDs-y: 3.2 ± 0.5
1.2-2.0
[123]
1.5-4.0
[124]
2.5
[125]
3-10
[126]
[127]
1.5-4.0
3-10 to 1-7
4.36
4-7.5
4-7.5

[128]
[129]
[130]
[131]
[132]
Contd...
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Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Solvothermal
Microwaveassisted
Microwaveassisted
Microwaveassisted
Ultrasonicassisted
Electrochemical
oxidation
Carbonization
Carbonization
Carbonization
Carbonization
Carbonization
Carbonization

CA, dicyandiamide

73

36.5
18.6
24.6
57
41.9
51.2
78 and 71
9.4

1 and 4
6.4-0.3
2 and 6
2.5 ± 1
3.5±0.5
4.46
2.69-0.42, 3.10-0.54
20

[133]
[134]
[135]
[136]
[138]
[139]
[140]
[141]

6.8
45
54

5.4
6.3
1.8 ± 0.2

[142]
[143]
[144]

Glucose, NH3

11.3

6.8

[145]

ATP (Adenosine triphosphate)

27.5

1-3

[146]

GO and KMnO4

27.8

3.0

[148]

-

3

[149]

84
67
56.4
36.3
15.4
28.07

1.5-5.5
1-3
2.8-3.5
3
7-11
1-4

[150]
[151]
[152]
[153]
[154]
[155]

CA, NH3

GO, NH3
GQDs, powdered S
CA, thiourea
CA, thiourea
CA, thiourea
Tetrakis (hydroxymethyl)
phosphonium chloride, EDA
endcapped polyethylenimine
Fructose, HCl
CA, urea, DMF
NH 3, D-glucose

Graphite in K2S2O8
CA, L-cys
CA, cysteine
CA, D-Penicillamine
CA, GSH
CA
CA, valine, NaOH

Functionalization of CDs and GQDs
The application of pure CDs and GQDs have many restrictions in a variety of fields.
Therefor CDs and GQDs should be functionalized by various methods to modify its
properties for specific applications. Functionalization of GQDs could customize its optical,
chemical, electronic and physical properties, which allow the CDs and GQDs to be
used in wide-ranging applications. The functionalization of CDs and GQDs can be
classified into doping with heteroatoms, composites with polymers or inorganic materials,
and the controlling of shape and size of CDs and GQDs.
Doping of CDs and GQDs via a variety of heteroatoms
Doping of CDs and GQDs is an essential process as it can customize the basic optical,
chemical, electronic and physical properties of CDs and GQDs for novel applications.
Normally, we can categorize the doping method into three groups depending on the
number of doping atoms, such as doping with single heteroatom, double heteroatom
and multiple atoms. The atoms used in the doping of CDs and GQDs, for example
nitrogen, sulphur, boron, fluorine, lanthanum, phosphorus, magnesium, iron, platinum,
oxygen, chlorine, sodium, potassium, nitrogen, and selenium etc. The doping of CDs
and GQDs with heteroatoms are shown in Table 3 and Table 4, respectively.
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Doping with single heteroatom
Single heteroatom doping of CDs and GQDs has shown to alter the properties of the
CDs and GQDs by using one heteroatom. It can endow graphene with various new or
improved electromagnetic, physicochemical, optical, and structural properties, sush as
N-CDs [156], N-GQDs [157], S-CDs [158], S-GQDs S-GQDs [137].
Doping with double heteroatoms
The doping of double atoms was initiated to utilize the advantages of two doped elements
in CDs and GQDs. For example, double heteroatom of CDs and GQDs are N,S-CDs
[124], N,S-CDs [159].
Doping with multiple atoms
The multiple atoms doping of CDs and GQDs is more than 2 atom doping, also paly
important role in some field such as batteries, solar cells. For example, of multiple atoms
are N,B,S-CDs [76] and N,F,S-GQDs [147]. Ben-Xing Zhang et al. [160] presented N,SGQDs via oxidized debris stripping from oxidized graphene of powdered sulfur and
ammonia solution. The as-prepared N,S-GQDs displayed amazing enhancement
luminescence when compared N-GQDs. Both N-GQDs and N,S-GQDs exhibited
excitation-independent emission and tri-exponential function lifetime, which is attributed
to the similar PL origin as shown in Figure 3.

Figure 3. The PL spectra of N-GQDs (a) and N,S-GQDs (b) and the detailed relationship between the
excitation and emission wavelength of N-GQDs (c) and N,S-GQDs (d). Insets of (a) and (b) are
digital photos of N-GQDs and N,S-GQDs [160].
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Table 3. The doping of CDs with heteroatoms.
Doping
Material
Single
N-CDs
heteroatom
N-CDs

N-CQ D s
N-CQ D s
N-CDs
N-CDs
N-CQ D s
N-CDs

N-CQ D s
N-CQ D s
Hydrophobic
N-CDs F-CDs

B-CDs
M-CQDs

Double
N,S-CDs
heteroatom

Application
Candidate for trace á-glucosidase
inhibitor screening
Catalytic activity, cytotoxicity

Preparation method
Hydrothermal

Removing organic and
inorganic water pollutions
Dye-sensitized solar cells
(D SSC)
Staining probe for the confocal
imaging of MDCK and HeLa cells
Etection of trace levels of DA
in human serum and urine
Photovoltaic solar cells
Bioimaging, electrocatalytic
oxygen reduction reaction

Hydrothermal

Hydrothermal

Hydrothermal
Microwave-assisted
Microwave-assisted
Hydrothermal
Hydrothermal

Photocatalytic H2
production activity
Catalysts for bisphenol
F degradation
Pyrolysis

Hydrophilic

Bioimaging

Microwave-assisted

Cell labeling, photodynamic
therapy or various photonic
Optical sensors, bioimaging,
chemical catalysis, WLED

N,S-CDs

Optical imaging, biosensor,
biomedicine catalysis,
optoelectronics.
Probing doxycycline

N,S-CDs

Bioimaging

Hydrothermal
Hydrothermal

Precursor
Ref.
Ethanediamine, [161]
catechol
Actinidia
[162]
deliciosa (A.
deliciosa) fruit, NH3
Grass
[163]
Strawberry,
powders, NH3
L-AA, â-alanine
(BA)
Diethanolamine
(DEA)
CA, urea, ethanol
Unripe fruit of
Prunus persica
(peach), NH3
GH, EDTA,
NaOH
Fumaronitrile
N-CDs,
Oleylamine,
toluene
CA, urea,

[164]
[165]
[166]
[172]
[168]

[169]
[170]
[171]

[105]

sodium
fluoride

Microwave-assisted CA, boric
[104]
acid, urea
Hydrothermal
CA, AA,
[173]
polymers,
metallic
Solvothermal
CA, urea, ZnCl2,
toluene
Microwave-assisted L-tartaric
acid, urea,
FeCl 3.6H2O,
oleic acid
Ultrasonic chemical Xylene, anhydrous
FeCl 3
Multi-step synthesis
routes: Eu-doped
EuCl3, GO, H2SO 4, HNO3
GO via hydrothermal
Hydrothermal
Amino acids
[59]
Hydrothermal

CA,
[63]
ammonium
thiocyanate
Microwave-assisted Nannochloropsis[98]
biocrude oil
(NBO), H2SO 4,
NaOH
Contd...
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N,S-CDs
N,P-CDs
N,P-CDs
B,S-CDs
Fe,N-CDs

Multiple N,O,P-CDs
atoms

Bioimaging

Hydrothermal
carbonization
Fluorescent probe for reactive Hydrothermal
O and N
carbonization
Multicolor cellular imaging, Acid-base
hemoglobin probing
neutralization
spontaneous heat
Hydrothermal
Cr 6+ sensor
Immunosorbent assay

Ovalbumin (OVA) sensor

Ginkgo leave [174]
juice
Adenosine-52 - [123]
triphosphate
sucrose, EDA, [175]
H3PO4

3-aminopheny- [73]
lboronic acid
Microwave-assisted L-Tartaric acid [176]
(TA), urea,
FeCl 3.6H2O,
oleic acid
Hydrothermal
Egg powder,
[75]
phosphorus acid

Table 4. The doping of GQDs with heteroatoms.
Doping

Material

Application

Preparation method

Precursor

Ref.

Single
heteroatom

N-GQDs
N-GQDs
N-GQDs
N-GQDs
N-GQDs
N-GQDs

Green dye sensitizer
PEC, sensing platform for CAP
Electrocatalyst
Bio-imaging and cell tracking
Photodynamic therapy
H2O2 and glucose sensor
BHJ solar cells

N-GQDs
N-GQDs
N-GQDs

Hydrothermal
Carbonization
One-pot method

N-GQDs

Electrocatalyst
Picric acid sensor
Catalysis, photonics and
nanoelectronics
2,4,6-trinitrotoluene (TNT) sensor

CA, urea
CA, urea
CA, urea
CA, 1,2 EDA
GO, NH3, HNO 3
GO, NaNO 3 ,
KMnO4, H2SO 4
Poly-acrylonitrile
(PAN)-based CFs
GQDs, NH3
CA, NH3
Glucose, NH3

[177]
[178]
[179]
[180]
[181]
[182]

N-GQDs

Sovothermal
Hydrothermal
Hydrothermal
Hydrothermal
Ultrasonic-assisted
Hummers’ method
and hydrothermal
Solvothermal

Sonication-assisted
and hydrothermal

GO, H 2 SO 4, HNO 3 ,
hydrazine

[187]

N-GQDs
N-GQDs
S-GQDs

Bioimaging and biosensing
Cellular imaging
Nanophotocatalyst

Hydrothermal
Solvothermal
Hydrothermal

[188]
[189]
[190]

Cl-GQDs

Bioimaging and optoelectronic

Fe,N-GQD
N,S-CD s

Supported Pd 3Co catalyst
Light emitting devices and
bioanalytical
Application
Dye-sensitized and sensitized
solar cells
Nitroexplosives
Photoluminescent sensing
hydrogel platform
Electrochemical solar energy
Lithium ion battery
Photosensing
Water splitting
Photocatalysts
Fuel cells

Hydrothermal
devices
Hydrothermal
Pyrolysis

CA, DETA, DMF
GO
1,3,6-trinitropyrene,
Na 2 S
Fructose,
hydrochloric acid
CA, urea, FeCl 3
CA, L-cys

Double
heteroatom
Doping

Material
S,N-GPCSs
N,S-CD s
N,S-CD s
N,S-CD s
N,S-CD s
N,S-CD s
N,S-CD s
N,S-CD s
N,S-CD s

Preparation method
Thermal annealing
Hummers method
Hydrothermal

Precursor
MO (Methyl
orange), PPy, KOH
GO, thiourea
CA, thiourea

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Solvothermalmicrowave assisted

CA, thiourea
CA, L-cys
CA, thiourea
CA, thiourea
CA, thiourea
GO, H2 SO 4 ,
HNO 3, DMF, GSH

[183]
[184]
[185]
[186]

[142]
[191]
[150]
Ref.
[192]
[193]
[194]
[195]
[196]
[197]
[198]
[140]
[199]

Contd...
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N,S-CD s

Bioimaging, solar cells, and
ion detection
Nitrite sensor

Hydrothermal

N,P-GQDs
N,O-GQDs

Fuel cell
Onchip power sources for
driving diverse micro-devices.

Microwave-assisted
Hydrothermal

N,F,S-GQDs

Opto-electronic

-

N,P-GQDs

Multiple
atoms

Hydrothermal

77

GO, NH3,
powdered S
Tetrakis
(hydroxymethyl)
phosphonium
chloride, EDA
endcapped,
polyethylenimine
A TP
Pyrene,
trinitropyrene,
HNO 3 , 1,3,6trinitropyrene
-

[160]
[141]

[146]
[200]

[201]

Composites of CDs and GQDs to optimize performances
The attractive chemical and photophysical properties of CDs and GQDs have provided impetus
to research efforts aimed at creating mesoscale assemblies comprising Carbon-Dots as luminescent
elements. Such materials also contain other chemical constituents having complementary roles,
together producing multifunctional composite materials. This field of research has been aided by
the chemical stability and resilience of Carbon-Dots to varied physical and chemical treatments.
The composites of CDs and GQDs as shown in Table 5 and Table 6, respectively.
Reprinted from Liu et al. [202] presented a “CDs composite nanoparticle” (CDCN) designed
to function as an intracellular sensor for glutathione (GSH). The CDCNs comprised of a
mesoporous silica nanoparticle (MSN) framework, serving as a cell delivery vehicle of the CarbonDots, interspersed within a cross-linked disulfide-containing polymer as shown in Figure 4.

Figure 4. MSNs embedding CDs for detection of GSH. (a) Synthesis and structure. The composite particles
comprise of MSN encapsulating CDs interspersed within a disulfide cross-linked polymer
[thiolated poly (acrylic acid), PAASH]. (b) GSH breaks the disulfide bonds releasing the carbondots. Fluorescence spectra show the direct relationship between emission peak and GSH
concentration [202].
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Table 5. The CDs composites.
Material

Application

Preparation method

Precursor

Ref.

N-CDS/TNS-001

Photocatalysts

TNS-001, NCDs, ethanol

[203]

N-CQD /Cu 2 O

ASA sensor

Cu MCs , NaOH, N-CQD

(204]

N-CDs/PMMA
(N-CDs)/g-C 3 N 4

Luminescent solar
Photocatalytic
activity
Photocatalyst
Photocatalysts

Simple low
temperature process
Electrochemical
synthesis
Polymerized

CQD/N-ZnO
HA /N-CQDs

One-step method
Hydrothermal

CQD, N-doped ZnO, ethanol
Hydroxyapatite
(HA), N-CQDs
Microwave-assisted
Pt, NCQDs-MWCNT
Ethylene glycol
support, ethyleneGlycol
process (MAPP)
(EG), isopropyl alcohol,
NaOH-EG, HNO 3
Deposition-precipitation N-CQDs, PVP, AgNO 3 ,
process
Na 2 HPO 4

Pt/N-CQDs-MWCNT

Methanol
electrooxidation

N-CQDs/Ag 3 PO 4

Photocatalytic
activity and stability
toward organic dyes
Photocatalytic
Hydrothermal
activity
Photocatalytic
Low-temperature
activity
process
Photocatalyst for
enhanced
antibioticdegradation
Photocatalytic
activity
Photocatalyst
Hydrothermal
Photocatalytic
Precipitation
activity
Photocatalysts
Simple low
temperature process
ASA sensor
Electrochemical
synthesis
Luminescent solar
Photocatalytic
Polymerized
activity
Photocatalyst
One-step method
Photocatalysts
Hydrothermal

P2 5/N-CQD
N-CQDs/TiO 2
BiVO 4/N-CQDs/Ag 3 PO 4

g-C3 N4 /Ag 3PO 4/N-CDs
m-Bi 2 O 4/N-CDs
N-CQDs/Ag 3 PO 4
N-CDS/TNS-001
N-CQD /Cu 2 O
N-CDs/PMMA
(N-CDs)/g-C 3 N 4
CQD/N-ZnO
HA /N-CQDs
Pt/N-CQDs-MWCNT

Methanol
electrooxidation

N-CQDs/Ag 3 PO 4

Photocatalytic activity Depositionand stability toward precipitation process
organic dyes
Photocatalytic
Hydrothermal
activity
Photocatalytic
Low-temperature
activity
process
Photocatalyst for
enhanced
antibioticdegradation

P2 5/N-CQD
N-CQDs/TiO 2
BiVO 4/N-CQDs/Ag 3 PO 4

MMA, AIBN, N-CDs, ethanol [205]
NCDs nanoparticles, g-C3 N4 [206]

Microwave-assisted
Ethylene glycol process
(MAPP)

[207]
[208]
[209]

[210]

P25, ethanol, NCQD

[211]

TiO 2 , NCQDs, ethanol

[212]

N-CQDs/BiVO 4 , AgNO 3 ,
Na 2 HPO 4

[213]

g-C3 N4/Ag3 PO 4 , NCDs

[214]

NaBiO 3 , NCDs
AgNO 3, NCQDs, H2 PO 4

[215]
[216]

TNS-001, NCDs, ethanol

[203]

Cu MCs , NaOH, N-CQD

(204]

MMA, AIBN, N-CDs, ethanol [205]
NCDs nanoparticles, g-C3 N4 [206]
CQD, N-doped ZnO, ethanol
Hydroxyapatite
(HA), N-CQDs
Pt, NCQDs-MWCNT
support, ethyleneGlycol (EG),
isopropyl alcohol, NaOH-EG,
HNO 3
N-CQDs, PVP, AgNO 3 ,
Na 2 HPO 4

[207]
[208]

P25, ethanol, NCQD

[211]

TiO 2 , NCQDs, ethanol

[212]

N-CQDs/BiVO 4 , AgNO 3 ,
Na 2 HPO 4

[213]

[209]

[210]

Contd...
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g-C3 N4 /Ag 3PO 4/N-CDs
m-Bi 2 O 4/N-CDs
N-CQDs/Ag 3 PO 4
N-CDs-NG

N-CQD /PA NI
N-CDs/Ni 3S 2/NF
Pt/N-C in N-CQDs
CD s-TNs
CQDs-decorated MoSe 2
C/TiO 2

Photocatalytic
activity
Photocatalyst
Photocatalytic
activity
Oxygen reduction
reaction
electrocatalysts for
fuel cell
Electrode materials
in supercapacitors
Electrodes for
watersplitting
Catalysts
Photoreduction
of Cr 6+
Photocatalyst
Photocatalytic
activities
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-

g-C3 N4/Ag3 PO 4 , NCDs

[214]

Hydrothermal
Precipitation

NaBiO 3 , NCDs
AgNO 3, NCQDs, H2 PO 4

[215]
[216]

Hydrothermal

CDs, NH3

[217]

Mixing chemical
oxidative polymerization
Hydrothermal

Aniline, APS, N-CQDs,
H2 SO 4
Ni foam (NF), acetone,
HCl, ethanol, thiourea, NCDs
N-CQDs, H2 PtCl 6 ,
NaBH4 ethanol
CA, NH3, TiO 2
nanosheets (TNs)
CQDs, MoSe 2
CQDs, ethanol, P25
TiO 2 nanoparticles

[218]

Chemical
reductionmethod
Hydrothermal
Solvothermal
Hydrothermal

[219]
[220]
[221]
[222]
[223]

Table 6. The GQDs composites.
Material

Application

Preparation method

Precursor

Ref.

N-GQDs/BiOX
Bi 2 WO 6 /N-GQDs

Catalysts
Pentachlorophenol
sensor
Biological sensor
Cysteine sensor
Catalyst for
photodegradation
of MB
Photocatalytic
Lithium-storage

Sovothermal
Sovothermal

CA, urea, BiOX
N-GQDs, Bi,(NO 3 ) 3 .5H2 O

[224]
[225]

Sovothermal
Hydrothermal
Hydrothermal

N-GQDs, Bi,(NO 3 ) 3 .5H2 O
CA, urea, BiOX, Hg(II)
CA, EDTA, TiO 2

[226]
[227]
[228]

Hydrothermal
Hydrothermal

NGQDs, BiOI/MnNb 2 O 6
GO, Fe(NO 3 )2 .9H2O, Co
(NO 3) 2.6H2 O, sodium citrate
CA, urea, npg-C3 N4

[229]
[230]

EDTA, CA, AgNPs

[232]

CA, urea, methotrexate

[233]

CA, urea, Fe 3O 4
CA, urea, CoCl 2, NaBH4
Ammonium citrate, NaOH,
3D Bi OI

[234]
[235]
[236]

[237]
[238]

N-GQDs/BiOBr
N-GQDs-Hg(II)
N-GQDs)/TiO 2

(N-GQDs)-BiOI/MnNb 2O 6
CoFe 2 O 4 QDs/N-G
N-GQD@npg-C3 N4

N-GQDs-Fe 3 O 4 -HNTs
N-GQDs/Co 3 O 4
N,F-GQDs/3DBiOI

Photocatalytic
activity (PCA)
Quantification of
hydrogen-transmitting
coenzyme
Anticancer drug
delivery system
Supercapacitor
Alkaline fuel cells
Chlopyrifos sensor

N-CQD/G hybrid

Catalyst support

N-GQDs/SiO 2 /MIP

Protein cytochrome
c (Cyt C) sensor
ORR activity

Hydrothermal

Dicyandiamide, N2 gas,
glucose or b-cyclodextrin
N-GQDs, SiO 2, MIP

Hydrothermal

CA, urea, Pt

[239]

Nitrite sensor
Engineering plastics
Fe 3+ sensor

Hydrothermal
Hydrothermal
Acid vapour
cutting strategy

CA, DCD, NCNFs
CA, urea, CPI
ZIF-8 nanocrystal, N-GQDs,
porous SiO 2, HNO 3

[240]
[241]
[242]

N-GQDS-Ag NPs

Methotrexate-N-GQDs

Platinum nanoparticles
encapsulated in N-GQDs
N-GQDs@NCNFs
N-GQD s/CPI
N-GQD-MOFderived carbon (ZIF-8C)

One-pot cosintering method
Hydrothermal

Hydrothermal
via pyrolisis
Hydrothermal
Hydrothermal
Reflux approach
and onepot
solvothermal
Pyrolysis

[231]

Contd...
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N-GQDs-GO
Au NPs-N-GQDs
N-doped GQDs
photocatalyst for
photochemical synthesis
of Ag nanoparticle loaded
p-g-C 3 N 4
N-GQDs@SiO 2 NPs

Pentachlorophenol
sensor
H2O2 sensor
H2O2 sensor

Hydrothermal
Simple refluxing
process
Hydrothermal

PANI/GQDs
PEI-GQDs-Pc-Au@Ag

Biosensing,
Stober method
bioimaging
Fe 3+ sensor
Electronic and
Hydrothermal
photoelectronic device
Photocatalytic
Hydrothermal
production of H2O 2
Photocatalyst for
Hydrothermal
aerobic oxidation
of alcohols under
visible light irradiation
Photocatalytic
Alkaline
activity
hydrothermal reaction
and physical stirring
process
Photocatalytic
Ultrasonic-assisted
H2 production
Electrocatalysts for
Hydrothermal
Oxygen Reduction
Cr6+ sensor
Hg2+ sensor, biothiols
Ultrasonic-assisted

CdTe@SiO 2@GQDs

Hg2+ sensor

N,A-GQDs
s-g-C3 N4 @GQD
S,N-GQD/TiO 2
FeTSPP supported on NS-CDs

N,S-GQDs-reduced GO(rGO) -TiO 2 nanotubes
(TiO 2NT) composites
iNGO-QDs
BN-GQD/G

Pyrolysis

NGQDs, H2SO 4 ,
HNO3, NaOH
N-GQDs, HAuCl 4 .4H2 O,
Au NPs
CA, urea, Nafion, waterisopropanol, Ag/p-g-C3 N4

[243]
[244]
[245]

NGQDs, APTS, NH3 ,
ethanol/TEOS
Glycine, ethylene glycol
ox-GQDs, s-g-C 3 N4

[246]
[247]
[248]

CA, thiourea, TiO 2

[249]

CA, thiourea, Fe

[250]

CA, thiourea, TiO 2 NT

[251]

GO, NH3, HNO 3

[252]

Coal in H2SO 4/HNO 3 acid

[253]

PEIGQDs, Pc-Au@Ag,
ethanol, hexane
CdTe@SiO 2 nanospheres,
PDDA, GQDs

[254]
[255]
[256]

CDs and GQDs as a fluorescence sensor
For CDs and GQDs to be used as sensor, it is of particular remarkable and significance
that CDs and GQDs can exhibit PL emission in the near-infrared (NIR) spectral region
under NIR light excitation. In addition, that NIR PL emission of CDs and GQDs excited
by NIR excitation is particularly significant and suitable as a sensor or in vivo
bionanotechnology by reason of of the transparency of body tissues in the NIR “water
window.” Moreover, the PL from CDs and GQDs can be quenched efficiently by either
electron acceptor or electron donor molecules in solution, refer to that photoexcited
CDs and GQDs are excellent electron donors and electron acceptors. The mechanism of
the fluorescence emissions in CDs and GQDs are attributed to radiative recombination
of the carbon atom surface trapped electrons and holes, where the high surface and
diverse surface energy trapping sites in the small carbon nanoparticles are stabilized by
the surface passivation agents. The property of CDs and GQDs is that, unlike other
semiconductor CDs and GQDs containing heavy metals for example cadmium, carbon
is generally not considered as a toxic element.
The principle of sensing by CDs and GQDs is that assaying PL quenching makes the
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CDs-based and GQDs-based sensor very sensitive and selective. Therefore, quenching
indicate to decreases in the fluorescence intensity of CDs and GQDs due to fluorescence
resonance energy transfer (FRET). The CDs and GQDs are low in cytotoxicity, good
stability and cell internalization, high sensitivity, specificity, and accuracy, it appropriate
material for designing multifunctional sensors to measure metal ions, biological pH,
proteins, sugars, vitamins, DNA, etc.
Whereas the excellent electron donor or electron acceptor capability, CDs and GQDs
are used in sensor for detection of metals in ionic form. The CDs and GQDs synthesized
from different precursors have been developed as direct fluorescent sensors for metal
ions. Fluorescence “turn-off” assays have been detection of various metal ions, such as
Cr6+ [287] Hg2+ [108], Cu2+ [116], Pb2+ [314], Fe3+ [315] and Ag+ [112]. The mechanisms
for ion detection by CDs and GQDs is the equal for all ions, that is the functional groups
on the surface of CDs and GQDs act as an indicator that has special affinities to different
ions, which quenches the PL intensity of CDs and GQDs through an electron or energy
transfer process. In summary, the detection mechanism of heavy metals by CDs and
GQDs sensors is based on the interaction between the functional groups on the CDs
and GQDs surface with the analyst ions. This interaction in the quenching for the
fluorescence of CDs and GQDs by metal ions through an energy or electron transfer
process. Thus, CDs and GQDs can be designed to detect several metal ions. The CDs
and GQDs sensor as show in Table 7 and Table 8, respectively.
Libo Li et al [101] presented a N,S-CQDs for Hg2+ sensor with fluorescence QYs as
25% and particle size 1.1±0.2 nm. They were successfully synthesized by a one-step
microwave-assisted method from CA, urea, L-cys. The linearity range l0-40 ìM and the
limit of detection was 2 ìM. Xingjia Guo et al. [26] presented a N,S-CQDs for Cr6+ sensor
with fluorescence QYs as 39.7% and particle size 1.3-2.3 nm. They were successfully
synthesized by a hydrothermal method from CA and cystamine dihydrochloride. The
linearity range was 1-80 mM, and the limit of detection was 0.86 mM. Nguyen Thi Ngoc
Anh et al. [138] presented a N,S-GQDs for Hg2+ sensor with fluorescence QYs as 41.9%
and particle size 3.5±0.5 nm. They were successfully synthesized by a hydrothermal
method from CA and thiourea. The linearity range was 0.1-15 mM, the limit of detection
was 0.14 nM and the recovery was 96-116. Eakkasit Punrat et al [254] presented a
PANI/GQDs for Cr 6+ sensor. The linearity range was 0.1-10 mg/L, and the limit of
detection was 0.097 mg/L.
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Table 7. The sensor from graphene quantum dots
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Table 8. The sensor from graphene quantum dots (Cont.).
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Conclusion
Synthesis and characterization of graphene quantum dots doped with nitrogen and
sulfur (N,S-GQDs) are reviewed. Also, synthesis and characterization of carbon dots
doped with nitrogen and sulfur (N,S-CDs) will be conducted and compared.
Optimization of the parameters affecting the detection sensitivity of such heavy metals
sensor is investigated in details. Analytical validation methods are studied including
linear working concentration range, linearity, limit of detection (LOD), limit of
quantitation (LOQ), accuracy and precision. Applications of heavy metals sensor for
real water samples including drinking water, tap water and certified water will be
done. A highly sensitive and selective fluorescence sensor for the detection of chromium
and mercury at ultra-trace level will be obtained. The proposed method will be applied
for heavy metals determination in real water samples. This novel approach for heavy
metals determination in real water samples will be reported. This novel approach for
chromium and mercury detection at ppb level would serve as a friendly eco-environmental
green chemistry.
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