
Vol.:(0123456789)1 3

Carbon Letters (2022) 32:39–55 
https://doi.org/10.1007/s42823-021-00273-y

REVIEW

One‑pot sonochemical preparation of carbon dots, influence 
of process parameters and potential applications: a review

M. Saleem1 · M. Y. Naz1 · S. Shukrullah1 · M. A. Shujah1 · M. Akhtar1 · Sami Ullah2 · S. Ali3

Received: 6 June 2021 / Revised: 27 July 2021 / Accepted: 6 August 2021 / Published online: 16 August 2021 
© Korean Carbon Society 2021

Abstract
The carbon-based nanostructures are in limelight due to their widespread applications in nano-to-micro-scale technologies. 
The carbon dots are known for their unique physical, electrical, optical, chemical and biological properties. The carbon dots 
(CDs) are being produced through several well-developed synthesis methods, one of which is the green sonochemical. This 
method is preferred over others because it is a green source of energy, facile, fast, low-temperature process, non-toxic and less 
expensive. Despite the fact of using 90% less energy than other methods, this method has been overlooked in the published 
literature. It is possible to prepare pure and doped CDs of low toxicity and controlled physicochemical properties through 
sonochemical method. In recent years, sonochemically produced CDs have been tuned and characterized for a variety of 
applications. This review has explored the merits and demerits of sonochemical method in comparison to the other methods 
for the synthesis of pure CDs and their nanocomposites. The role of multiple factors in tailoring the specific parameters 
of CDs for their application in antibacterial, polymerization, tissue engineering, catalysis, bio-imagining, supercapacitors, 
drug delivery and electric devices is also elaborated in this review. This review also concludes on future directions in the 
applications of sonochemically produced CDs.
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1 Introduction

Nanoparticles are flexible materials with different chemical, 
optical, physical, magnetic, electrical, electrochemical and 
biological properties. Nanoparticles are widely categorized 
into inorganic and organic. Carbon allotropes, such as car-
bon nanotubes, fullerenes and graphene, are being used in 
many sophisticated technologies due to their unique prop-
erties. Carbon dots (CDs) are known for their outstanding 
biocompatibility, chemical inertness, low cytotoxicity, better 
optical properties, high solubility in water [1] and ability to 
get functionalized with various chemical species [2, 3]. CDs 
are included in zero-dimensional nanoparticles with average 

size less than 10 nm in all dimensions [4]. CDs were men-
tioned as a novel class of carbon nanoparticles in the first 
scientific paper on CDs, which was published in 2004 [1]. 
CD is a general term used for different nanoscale carbon par-
ticles, such as polymer quantum dots (PQDs), carbon quan-
tum dots (CQD) and carbon nano-dots (CNDs) or graphene 
quantum dots (GQDs), as illustrated in Fig. 1 [5]. GQDs are 
formed of one or more sheets of graphene with chemical 
groups bonded on their edges. GQDs are anisotropic with 
lateral dimensions larger than their height. CNDs are spheri-
cal in shape and classified into carbon nanoparticles and 
carbon quantum dots.

The carbon nanoparticles do not possess crystal lattice 
but carbon quantum dots do have clear crystal lattice. PDs 
are crosslinked or aggregated polymers, synthesized from 
monomers or polymers. The core of carbon and network 
of polymer chains can form PDs through a self-assembly 
process [6]. The fluorescence is the main property of CDs, 
which have  sp2 carbon hybridization and made up of 2–3 
parallel sheets of graphene. CDs find their applications in 
cell imaging, bioimaging, chemiluminescence, dye deg-
radation, catalysis, solar cells, tissue engineering, drug 
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transportation, polymers, nano-electronic devices, photo-
catalysts, gene delivery and photodynamic therapy [7]. 
There are many approaches for the preparation of CDs, such 
as combustion, pyrolysis, carbonization, laser ablation, pre-
cipitation, hydrothermal and sonochemical [8]. Each method 
has advantages and disadvantages in terms of performance 
and adaptability.

For instance, chemical-based preparation mostly involves 
toxic chemicals that cause cytotoxicity in CDs. The chemi-
cally synthesized CDs have limited applications in biologi-
cal and environmental systems. The precipitation method 
as an easy approach to produce CDs, however, is difficult 
to eliminate large amount of  solvents and formation of 
amorphous nanoparticles. The low product yield and toxic-
ity are also listed drawbacks of such methods. To realize 
true potential of CDs in the mainstream nanotech industry, 
new research efforts should be committed to develop low-
cost and environmental benign techniques of CD synthe-
sis. When compared to other conventional approaches, the 
sonochemical procedure is a relatively greener method of 
producing nanomaterials [9]. Many researchers are working 
on production of novel nanostructures using sonochemistry 
[10]. However, production of CDs through sonochemical 
approach is not documented well. This review article covers 
the preparation of CDs and CD-based nanoparticles and the 
influence of different parameters on physical and chemical 
properties of CDs with their applications in different fields. 
This review also includes a comparison of the sonochemi-
cal method to other reported methods in terms of economic 
value and product yield.

2  Preparation of carbon dots

The synthesis of CDs is divided into top–down and bot-
tom–up methods. The top–down method involves the cut-
ting or decomposing of the bulk source of carbon into 
nano-level particles. Usually, CDs are synthesized by 
cutting carbon rods, graphite powder, carbon nanotubes, 
candle soot, carbon black and carbon fibers [11]. Chemical 
oxidation, laser ablation, electrochemical oxidation and 
arc-discharge techniques are the frequently used top–down 
routes to synthesize CDs. In bottom–up method, small 
polymers and molecules go through dehydration and then 
carbonization to make polymer dots (PDs) and carbon 
nanodots (CNDs). The molecules have –NH2, –C = O 
and –COOH groups that dehydrate at high temperatures. 
Bottom–up methods include the sonochemical, electro-
chemical carbonization, direct pyrolysis, solvothermal/
hydrothermal treatment, supported route approaches 
and reverse-micelle method and microwave irradiation 
[12–14]. Each method has some merits and drawbacks as 
well, which limits the use of CDs in some of the most 
sophisticated applications. The bottom–up approaches 
show advantages of uniform size distribution, conveni-
ence of surface passivation and controlled morphology. 
The top–down strategies commonly have the benefits of 
using large raw materials for mass production of CDs. 
However, these routes involve complex and special treat-
ments to refine the produced CDs [15, 16]. The advantages 
and disadvantages of these routes are described in Table 1. 

Fig. 1  General classification of 
fluorescent CDs [5]
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Some disadvantages in the synthesis of CDs have been 
solved recently like agglomeration of the CDs, which can 
be minimized using appropriate surfactants. The polydis-
perse size distribution can be achieved through dialysis, 
gel electrophoresis and centrifugation [17].

The sonochemical preparation method has applications in 
organometallic chemistry, industrial production methods and 
organic synthesis [26]. In a standard sonochemical method, 
the carbon precursors in solvent undergo a sonication pro-
cess. The energetic radiations, used for carbonization and 
condensation, result in the synthesis of CDs. Li et al. [27] 
used acid or alkali assisted sonochemical treatment of glu-
cose to produced CDs. Wei et al. [28] designed a sonochemi-
cal technique by employing pyrolysis of the precursors of 
carbon (ethylene diamine and citric acid) under the collaps-
ing of hot bubbles. They prepared nitrogen-doped CDs (N@
CDs) by using this technique. Kumar et al. [29] success-
fully synthesized CDs in one-step process using ultrasound 
radiations without introducing any acid, base or catalyst in 
the reaction. They took 12 mL of polyethylene glycol (PEG 
400) in a test tube and immersed in water/silicon oil. An 
ultrasonic transducer was dipped in oil up to 10 mm for 
ultrasound irradiation of the solution. Figure 2 shows the 
steps involved in the production of pure CDs and metal-
doped CDs (Sn@CDs) [30].

The sonochemical method is preferred over other meth-
ods when it comes to the synthesis of metal@CDs. The dop-
ing of CDs with low melting point metals (Bi, Pb, Ga, In, 
Sb, Cd, Sn, and Zn) can easily be done through this method. 
Kumar et al. [29] analyzed the influence of various experi-
mental factors on CDs, such as sonication time, tempera-
ture and amplitude of ultrasonic radiations. It was revealed 
that the CDs yield increases with the reaction temperature, 
power and sonication time. The size of synthesized CDs was 
reported in the range of 2–7 nm. The carbon dots in Fig. 2 
exhibited 16% quantum yield [29]. The bare CDs showed 
less quantum yield, fluorescence and stability. So, it is a 
matter of concern to synthesize fluorescence CDs with maxi-
mum quantum yield and better colloidal stability. Different 
stabilizers are used to prepare highly stabilized CDs. How-
ever, stabilizers cannot improve the quantum yield. Different 
investigations have been made to enhance the quantum yield 
and results showed that the doping of elements or metals 
could be best routes to enhance the quantum yield [31]. To 
synthesize the doped CDs, it is recommended to consider the 
precursors of doping metals or elements in appropriate con-
centrations. Different metallic and nonmetallic precursors 
have been utilized for doping of CDs, such as phosphorous, 
nitrogen, boron, sulfur, silver, gold, tin, gallium and lead 
[30]. It is convenient to dope CDs with nitrogen as compared 
to others doping agents due to resemblance in molecular, 
atomic, crystal, physical and chemical properties of car-
bon and nitrogen that makes nitrogen as a suitable doping Ta
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element [31]. Kumar et al. [30] prepared a class of CDs by 
metallic doping, such as silver, gold, tin, lead, gallium, with 
one-step sonochemical synthesis method without adding any 
catalyst and stabilizer. Limited effect of doping on optical 
properties of CDs was reported, however, physicochemical 

properties undergo notable changes on doping through 
sonication process [32]. Different preparation techniques, 
precursors for CDs preparation, emission properties and 
quantum yield are summarized in Table 2.

Fig. 2  Steps involved in the 
synthesis of pure and metal-
doped carbon dots [30]

Table 2  Summary of the 
literature on CDs synthesis 
using different techniques

CA citric acid, ODE octadecene, PEG polyethylene glycol, EA ethanolamine, HDA 1-hexadecylamine, 
DETA diethylenetriamine, QY quantum yield, EDA ethylenediamine

Techniques Precursor Emission color QY% Ref

Arc discharge Oxidized carbon nanotubes Blue to yellowish green – [33]
Arc discharge Carbon soot Blue, yellow 1.6 [34]
Laser ablation Graphite 450–650 nm 4–10 [35]
Electro-oxidation Graphite Blue, yellow 1.2 [36]
Combustion Candle soot Full color 0.8–1.9 [37]
Thermal pyrolysis CA, ODE, HDA

CA, DETA
CA, EA

Full color
Blue to yellow
Full color

53
88.6
50

[38]
[39]
[40]

Electrochemical Approach Graphite 450 nm 8.9 [41]
Supported synthetic method F127, Resol 430–580 nm 14.7 [20]
Supported synthesis F127, Resol Violet to yellow 11–15 [20]
Microwave assisted Folic acid 460 nm 18.9 [42]
Microwave pyrolysis Saccharide, PEG,

glucose, amino acids
Blue to green
Blue, green, yellow

3.1–6.3
30–69

[43]
[44]

Sonochemical Glucose Visible to near IR 7 [27]
Sonochemical Glucose Full color 7 [27]
Hydrothermal synthesis CA, EDA

Sodium citrate,  (NH4HCO3)
CA, L-cysteine
CA, EDA

Full color
Blue
Deep blue
Blue

80.6
68
73
94

[45]
[46]
[47]
[48]

Chemical oxidation Acetic acid Green – [49]
Chemical method Carbohydrate Full color 6–30 [50]
Pyrolytic process Citric acid and glutathione Blue 80.3 [51]
Plasma treatment Benzene Green – [52]
Reverse micelle Glucose 435–550 nm 35 [53]
Template assisted synthesis Glycol 450–480 nm 32 [54]



43Carbon Letters (2022) 32:39–55 

1 3

2.1  Quantum yield

Quantum yield is used to express the fluorescence inten-
sity. Quantum yield (QY) is defined as the ratio of number 
of emitted to absorbed photons by CDs [47, 56]. The QY 
value of CDs without their modifications is less than 10%. 
To attain high QY of CDs has remained big challenge for the 
researchers [57, 58]. Kumar et al. [29] used a simple method 
to find the QY of fluorescence CDs. The fluorescence of 
CDs was approximated by comparing the intensities of 
photo-luminescence (PL) intensities and absorbance values 
at same wavelengths with 0.2 M sulphuric acid (QY = 54%) 
in quinine sulfate. The absorbance of quinine sulfate, CDs 
and doped CDs was determined at a wavelength of 360 nm. 
Different CDs have different decay times in the range of 
2–4 ns. The calculated values of QY of sonochemically and 
chemically prepared CDs along with their biological and 
physical properties are summarized in Table 3.

Arumugham et al. [60] used economical method to syn-
thesize CDs. The prepared CDs were non-toxic, highly sta-
ble and recyclable. These CDs were prepared from aqueous 
solutions without adding any organic solvents. The external 
energy is required for the synthesis of CDs. Kong et al. [61] 
prepared highly biocompatible, water-soluble and fluores-
cent CDs using ascorbic acid. Kumar et al. [62] used orange 
juice to prepare CDs, which were better in yield and quality 
than other methods. Hoan et al. [63] prepared CDs from 
lemon juice and investigated them for their potential appli-
cations in optoelectronics and bio-imaging. A lot of natu-
ral raw materials have been used by researchers to prepare 
CDs, such as chitosan [64], sucrose [65], lotus root [66], 
carrot roots [67], konjac flour [68], mangosteen peel [69] 
and curcumin [70]. Dias et al. [71] synthesized CDs from 
juices of grapes, avocado, lemon and kiwi. They also used 
milk, willow bark, vegetables in preparation of CDs. These 

precursors contain lot of phenolic and polyphenolic com-
pounds that show good antioxidant properties. The average 
size of prepared CDs was 4 nm and quantum yield was 35%. 
Ring et al. [72] used ultrasonic technique to prepare cur-
cumin quantum dots. The obtained CDs had size of 13.7 nm 
with zeta potential of 13.3 mV. The quantum yield of these 
CDs was higher than those prepared by ultrasonic method, 
as shown in Table 4.

2.2  Mechanism of formation of carbon dots

The formation of CDs follows different mechanisms depend-
ing on preparation approaches. The exact mechanism of 
the formation of CD is not fully understood yet. Many 
researchers suggested partial or suppositional mechanism 
of the preparation of CDs [73]. To control the physicochemi-
cal properties of CDs, the correct mechanism of produc-
tion must be determined. In this study, the mechanism of 

Table 3  Comparison of 
chemical and physical 
properties of pure and doped 
CDs

ns nanoseconds, Au gold, Ag silver, N nitrogen, B boron, In indium, Ga gallium, Sn tin, Zn zinc, P phos-
phorous, ‘—’ denotes not reported

Pure and doped CDs Time (ns) mean size 
(d/nm)

QY (%) Doping percentage Toxicity Stability 
in  H2O

Ref.

CDs 2.67 5 16 – No Yes [59]
P@CDs 3.52 7 32 1.1 wt% No Yes [59]
N@CDs 4.28 6 44 13 wt% No Yes [59]
B@CDs 2.10 4 32 4 wt% No Yes [59]
In@CDs 2.04 6 4 310 ppm – Yes [30]
Ga@CDs 1.86 6 1.8 340 ppm No Yes [30]
Zn@CDs 4.00 7 10 430 ppm – Yes [30]
Sn@CDs 2.00 6 19 410 ppm – Yes [30]
Au@CDs – 8 – – No Yes [30]
Fe2O3@CDs – 10 2 26 wt% No Yes [30]
Ag@CDs – 7 – – No Yes [30]

Table 4  Quantum yield of natural carbon dots prepared by different 
method

S. No Sources Methods Quantum yield % Ref

1 White flowering 
plant

Hydrothermal 28.2 [60]

2 Ascorbic acid Hydrothermal 47 [61]
3 Orange juice Hydrothermal 26 [62]
4 Lemon juice Hydrothermal 14.86 [63]
5 Chitosan Microwave 2–10 [64]
6 Sucrose Microwave 14 [65]
7 Lotus root Microwave 13 [66]
8 Carrot roots Hydrothermal 7.6 [67]
9 Fruit juice Ultrasonic 35 [71]
10 Curcumin Ultrasonic 30 [72]
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sonochemically synthesized CDs discussed. In this method, 
the ultrasound radiation produces high temperature spots 
at pressure above 1000 atm. The temperature may exceed 
5000 K and cooling rate may exceed 1010 K/s [74, 75]. 
These extreme conditions are different from other traditional 
techniques of preparation of CDs, such as wet chemistry, 
flame pyrolysis or hydrothermal synthesis and photochemis-
try. It is hard to find the exact process of sonochemical deg-
radation and carbonization. The formation of nanoparticle in 
one-pot sonochemical process involves hydrolysis and poly-
condensation processes. Large percentage of relatively small 
gel nuclei is produced and subsequently aggregated to large 
clusters in the condensation of hydrolytic species during the 
hydrolyzation of precursors in water. The acoustic cavitation 
phenomenon can produce a temporary high-pressure and 
temperature-localized hot zones during the sonosynthesis of 
nanoparticles. The changes in pressure and temperature can 
generate H. and OH. radicals in the sonolysis of water. Such 
free radicals enable the hydrolysis of precursors and poly-
condensation of byproducts to produce nanoparticles. These 
reactions take place in a ring around the bursting bubbles. 
The sonochemical reactions occur in the liquid phase outside 
the collapsing bubbles. The sonochemically produced con-
vection is composed of shock waves and micro-turbulence. 
The nature of such components impacts the crystallization 
phases of nanoparticles. The hot bubbles emit high-pres-
sure shock waves while micro-turbulence is produced by the 
steady oscillatory motion of the liquid due to radial motion 
of the hot bubbles. In sono-crystallization, nucleation and 
growth rates are governed by shock waves and microturbu-
lence, respectively. The common fluorescence and optical 
properties of the product can be studied by considering the 
functional groups on CDs and carbonization of CDs. First, 
carbon backbone stores the photo-generated carriers, which 
leak quickly to other possible state of carbon atom and traps. 

The crystallinity of graphite acts as a reservoir. From this 
mechanism, an increase in crystallinity phase of graphite and 
extent of carbonization will produce higher photostability. 
This mechanism of formation can be described by consid-
ering the example of generation of Sn@CDs, ultrafine CDs 
and Ga@C-dots [29, 76, 77] through ultrasonic cavitation by 
considering PEG-400 precursor, as shown in Fig. 3 [78]. The 
reaction parameters, the ratio of polymer/metal and sonica-
tion time were changed to produce high-performance CDs 
[76].

3  Chemical structure of CDs

As it is mentioned in the preparation of CDs, there are differ-
ent synthesis strategies to obtain CDs. According to different 
preparation methods, there are diverse chemical structures 
of CDs. For example, GQDs have one or more sheets of 
graphene and some chemical groups bonded on their edges. 
Also, they are anisotropic with lateral dimensions larger 
than their height. GQDs have certain crystallinity with lat-
tice parameter of 0.24 nm due to the presence of carbon core 
that agree with (100) plane of single graphene, as shown 
in Fig. 4a [79]. CNDs are spherical and are classified into 
CQDs with crystal lattice and carbon nanoparticles without 
crystal lattice [80]. The interlayer space (0.34 nm) of CQDs 
resembles with (002) d-spacing of graphite, as shown in 
Fig. 4b. PDs are cross-linked or aggregated polymers which 
are synthesized from monomers or polymers. Further, the 
core of carbon and network of polymer chains can form PDs 
by self-assembly process. All CDs have chemical groups at 
their surfaces, such as polymer chains, amino-based groups 
and oxygen-based groups. The Raman spectroscopy, high-
resolution TEM and X-ray diffraction (XRD) are the char-
acterization techniques fused to study the core of carbon. 

Fig. 3  Schematic set-up of 
ultra-sonochemical prepara-
tion of C-dots, Sn@C-dots, and 
Sn@C-dots@Sn NPs [78]
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The presence of chemical groups is confirmed through X-ray 
photoelectron spectroscopy (XPS), Fourier-transform infra-
red (FTIR), matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) and nuclear magnetic resonance 
(NMR) techniques [9, 81, 82].

4  Effects of sonication process parameters

The physicochemical properties of CDs mainly depend on 
their morphology and particle size. It has been remained a 
challenge to prepare CDs with control shape and size for 
specific applications. In a sonication process, the minimum 
energy required for sonochemical preparation of CDs comes 
from cavitation in the solution [29]. The cavitation energy 
and CDs parameters depend on the type of solvent, sonica-
tion amplitude, power of ultrasound, ultrasound frequency, 
sonication time, temperature of reaction, catalyst type, pre-
cursors and doping agents and their concentration [83].

4.1  Effect of solvent

The ultrasound radiations generate the acoustic cavitation in 
the solution. Hence, different properties of the solvent, such 
as boiling point, viscosity, vapor pressure, surface tension 
are the parameters that affect the acoustic cavitation, par-
ticle shape and size of CDs [84]. Solvent with less surface 
tension and viscosity is suitable for the growth of bubbles, 
which in turn helps in the formation of required particle size 
with large stability [85]. Wang et al. [86] used sonochemical 
route and different solvents, such as 1,3-butanediol, etha-
nol (EN), ethylene glycol (EG) and water to fabricate the 
fluorine-doped carbon nitride quantum dots. Small and large 
nanosheets of CDs were obtained using solvents of etha-
nol and water, respectively. Ethylene glycol and 1,3-butan-
ediol were also used to produce CDs of homogeneous size. 

Ethylene glycol and 1,3-butanediol are good radical accep-
tors and have high tendency to reduce as compared to water 
and ethanol. The addition of solute decreases the surface 
tension, which is necessary for the synthesis of stable CDs. 
Stability of nanoparticles or CDs can also be enhanced using 
surfactants [87]. The absorbed stabilizers on the surface of 
particles can help to control the growth of stable CDs. When 
the PEG-400 precursor was used, the formation of CDs fol-
lowed the processes of condensation, dehydration and dehy-
drogenation [88]. It is also revealed that the synthesis of 2D 
and 3D particles need more sonication time as compared to 
the formation of 0D and 1D carbon dots.

4.2  Effect of power of ultrasound

The power of sonication is a very important parameter in a 
way to find the shape and size of CDs. High value of ultra-
sonic power can cause disturbance in the cavitation. The 
disturbed cavitation results in uncontrolled bubbling in the 
solution and formation of larger CDs [89]. The use of power 
in the range of 20–30 W is better to form fine sized nano-
materials, metallic nanoparticles, pure CDs and doped CDs.

4.3  Effect of ultrasound frequency

The frequency of sonication controls the rates of growth and 
collapsing of bubbles. The collapsing of bubbles increases 
with the ultrasonic frequency [90]. The growth of collapsing 
bubbles can be restricted with higher frequencies. The small 
size particles can be prepared by the small size bubbles [89]. 
However, the energy of bubbles, frequency and size of bub-
bles has no clear impact on the particle size. Small-sized 
nanoparticles form at optimum frequency, whereas below 
and above the optimum frequency, larger nanoparticles are 
produced [89]. The most acceptable range of frequency is 
100–400 kHz for the formation of nanoparticles and CDs 

Fig. 4  Selected structures of 
CDs. a Anisotropic GQDs with 
one sheet of carbon structure 
of height <1 nm and lattice 
d-spacing of 0.24 nm [79] and 
(b) TEM images of CNDs [80]
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of small sizes. There is no report on the effect of ultrasonic 
frequency on the synthesis of CDs. This avenue should be 
explored in the future research undertakings. The most of 
sonochemical studies, documented in the literature, were 
executed at 20 kHz.

4.4  Effect of sonication time

The size of both pure and doped CDs also depends on the 
time of sonication. The prolonged treatment (large than 
6 h) formed the heterogeneous nanoparticles [91, 92]. In 
this case, the initially synthesized nanoparticles behave as 
seeds and support in the synthesis of bigger-sized nanopar-
ticles. The coating of small-sized particles at the surface 
of CDs will produce bigger particles. The size of bigger 
particles depends on the amount of small-sized particles and 
the concentration of precursor [76]. The sonication time of 
90–180 min is generally needed for the formation of CDs. 
Recently, Wu et al. [57] produced CDs at different sonication 
times (1, 2, 2.5 and 3 h) by setting the starting temperature of 
55ºC and 70% amplitude. The time of sonication affects the 
intensity of fluorescence of CDs. The maximum intensity of 
fluorescence was obtained at 3 h of sonication and minimum 
for half an hour.

4.5  Effect of precursors and catalysts

The most commonly used precursors for CD synthesis are 
classified into molecular compounds, natural sources and 
organic compounds. The molecular compounds include 
sodium 11-aminoundecanoate, octa-decyl ammonium cit-
rate and ammonium citrate [93, 94]. The natural compounds 
include banana juice, orange juice, potato, egg, beer, coffee, 
meat, beverage, soya milk, sugar, Punica granatum fruit, 
bread, sucrose, jiggery, lysozyme, grass, silk Bombyx mori 
and starch [31]. Similarly, organic compounds include boric 
acid, benzene, citric acid, polyethylene glycol, proteins, 
amino acids, ethylene glycol, glycerol, glucose, diamine and 
N-acetylcysteine [29]. The selection of precursor is made by 
checking the compatibility with the method of synthesis of 
CDs. Each precursor imparts unique physical and chemical 
properties to CDs. For example, the best precursor for the 
formation of CDs is PEG-400 [30]. The organic compounds 
are preferred when high CDs yield is required. Large-sized 
chemical compounds needed large energy for their complete 
conversion to CDs. Hence, less yield of CDs is obtained at 
similar experimental conditions. Amino acids/proteins are 
utilized to dope nitrogen into CDs. Similarly, the boric acid 
is the best choice for the doping of boron to fabricate doped 
CDs (B@CDs) through the sonochemical method [95]. 
The advantage of using boric acid is that it contains oxy-
gen and hydrogen along with boron. So, boric acid produces 
B@CDs without generating any byproducts. The correct 

concentration of boric acid yields better doped CDs. There 
are many catalysts that may be used to synthesize CDs, but 
the problem is that they may reduce the purity of CDs. The 
catalysts many also increase the cytotoxicity of CDs. It is 
often suggested to perform sonochemical method of CDs 
without using catalysts.

5  Advantages of ultrasonic synthesis of CDs

There are a very few publications on the synthesis of CDs 
through ultrasonic treatment approach. Li et al. [96] pre-
pared water-soluble CDs of ultra-small size (5 nm) using 
acid and glucose through ultrasonic treatment. The particles 
showed high quantum yield (7%) and exhibited stability for 
6 months. Dias et al. [26] synthesized CDs from peels of 
fruits and juices of grapes, avocado, lemon and kiwi. They 
also used milk, willow bark and vegetables that contain lot 
of phenolic and polyphenolic compounds. These compounds 
exhibit good antioxidant properties. The average size of 
prepared CDs was measured about 4 nm. Wang et al. [97] 
used ultrasonic treatment to prepare CDs using ammonia 
and ascorbic acid. The average size of CDs was 3.36 nm. 
Dang et al. [98] used ultrasonic treatment to fabricate CDs 
using oligomer-polyamide as a source of carbon. The as-
fabricated CDs had high crystallinity, functional groups and 
were well dispersed. The average size of CDs was 2–4 nm. 
Li et al. [96] prepared CDs from  H2O2 and activated carbon 
through ultrasonic treatment method. The TEM results veri-
fied that the average size of CDs was 5 nm and there were 
lot of hydroxyl groups on the surface of CDs. Zhu et al. [99] 
prepared CDs of size 3.7 nm through the microwave irradia-
tion method. They used microwave oven (500 W) for 180 s 
to heat the solution of polyethylene glycol and saccharides. 
Liu et al. [100] used 4,7,10-trioxa-1,13-tridecanediamine 
(TTDDA) as the passivating agent and glycerol as a source 
of carbon to prepare CDs with size of 6 nm. Cao et al. [101] 
used aqueous solution of arginine and glucose to prepare 
CDs. The solution was heated in microwave oven (700 W) 
for 10 min. The average size of as-prepared CDs was meas-
ured about 7 nm. Wei et al. [102] prepared CDs within 2 min 
using ethylenediamine and glucose as a source of nitrogen 
and carbon, respectively, through carbonization method. The 
size of the prepared CDs was 7 nm and 48% of quantum 
yield. Wang et al. [103] prepared CDs with average size of 
9 nm using citric acid. The quantum yield increased using 
thermogravimetric analyzer for thermal reduction of CDs. 
The quantum yield increased by five times as compared to 
non-reduced CDs. Feng et al. [104] used pyrolysis method 
to synthesize CDs from citric acid. The passivation agent 
was di-ethylene-tri-amine and TEM results showed that the 
size of as-prepared CDs was 8 nm. Qian et al. [105] used 
solvothermal method to prepare CDs from hydroquinone and 
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 SiCl4. They used autoclave of steel at 200 °C for 2 h to heat 
the mixture of hydroquinone and  SiCl4 in acetone. The aver-
age size was observed to be 7 nm. Shan et al. [106] prepared 
CDs using solvothermal method. Hydroquinone was used 
as the source of carbon and the average size was found to 
be 16 nm. Most ultrasonic-based methods give CDs with 
average size less than those prepared with other methods. 
Conclusively, the ultrasonic approach is better than other 
approaches in producing fine CDs. Table 5 compares dif-
ferent methods of preparation of CDs and their effect on 
the CD size.

6  Applications of CDs

Carbon dots find their applications in cellular imaging, elec-
tronics, catalysis, bio-sensing, power, small molecules detec-
tion, drug delivery, photo-thermal therapy, photodynamic 
therapy and other biomedical activities. Some of the key 
applications are discussed in this review.

6.1  Antimicrobial and anti‑parasitic

Many bacteria species show high resistance against the 
available antibiotics. The limited production of antibiotics 
is a matter of concern. Therefore, it is necessary to develop 
new antibiotics to meet the global demand. The nanoscale 
materials have shown reasonably good antibacterial prop-
erties [107]. Many investigations have been conducted on 
antibacterial activity of nanoparticles of zinc, iron, gal-
lium, silver and metal oxide  (TiO2, ZnO) [108, 109]. The 
carbon-based materials also gained importance due to their 
exceptional antibacterial activity. CDs are more important 

due to their fluorescence properties, high biocompatibil-
ity, biodegradability, water solubility, small particle size 
and large cellular uptake [110]. Kumar et al. [108] deter-
mined the antimicrobial performance of gallium-doped 
CDs (Ga@CDs) against the Pseudomonas aeruginosa. 
Sonochemically prepared Ga@CDs revealed outstanding 
stability over 60 days and minimum inhibitory concentra-
tion (MIC) values ranging from 0.34 to 1.36 ppm after 
doping CDs (1 g) with gallium in the range of 70–340 μg 
[108]. The diseases of parasites are prevailing around the 
globe. World Health Organization (WHO) revealed that 
over 14 million human beings are infected by skin dis-
eases and more than 2 million cases are registered annually 
[111]. The lengthy treatment is required for skin diseases 
and diagnostic tests are extremely limited for skin dis-
eases. Further, these are not only selective and sensitive, 
but also time-consuming. Hence, sensitive, reliable and 
inexpensive procedure with the ability of early detection 
should be developed [112, 113]. Another vector-borne dis-
ease is Leishmaniasis, which is caused by the transmis-
sion of intracellular protozoa of Leishmania genus [114]. 
Sonochemically prepared CDs are preferred materials for 
the treatment of skin diseases due to their inexpensive 
preparation, excellent biocompatibility and better optical 
properties. Kumar et al. [115] revealed this application of 
sonochemically synthesized Ga@CDs. They explored the 
application of CDs and Ga@CDs in CD-based ointment. 
The existing ointments have limited optical properties, 
so it is very difficult to trace them in tissues and cells. 
However, the incorporation of CDs in ointment provides 
them optical fluorescent property that enables them to eas-
ily track CDs in parasitic cells. The optically active and 
detectable ointment is regarded more effective against the 
parasites without harming the host cells.

Table 5  A comparison of 
different methods for defining 
the color and size of CDs

S. No Source Method of preparation Color Size Ref

1 Glucose, HCl/NaOH Ultrasonic treatment Blue  < 5 [96]
2 Fruit juice Ultrasonic treatment Blue 4 [26]
3 Ascorbic acid and ammonia Ultrasonic treatment Blue, green 3.36 [97]
4 Oligomer polyamide resin Ultrasonic treatment Bright white 2–4 [98]
5 Saccharides and polyethylene glycol Microwave synthesis Blue 3.7 [99]
6 Glycerol Microwave synthesis Blue, turquoise, 

green, jacinth 
and red

6 [100]

7 Arginine and glucose Microwave synthesis Blue 7 [101]
8 Glucose Carbonization Green 7 [102]
9 Citric acid Carbonization Blue 9 [103]
10 Citric acid Pyrolysis Indigo 8 [104]
11 SiCl4, hydroquinone Solvothermal Blue 7 [105]
12 hydroquinone Solvothermal Blue 16 [106]
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6.2  Use in catalysis

CDs have considerable quantities of oxygen, carbon and 
hydrogen. These are much important in catalytic applications 
of CDs due to their fascinating structures. Functionalized 
CDs and bare CDs can be utilized in polymerization reaction 
as a catalyst [116]. Sun et al. [117] described the behavior of 
various CDs as electron acceptor and donors under photo-
excitation. Kang et al. [118] used photo-enhanced hydrogen 
bond catalytic activity of CDs in Aldol condensation reac-
tions for the organic transformation. Zhao et al. [119] used 
CDs in polymerization through free radicals, where CDs 
worked as free-radical scavengers. Gedanken et al. [120] 
examined the catalytic uses of sonochemically synthesized 
CDs in polymerization and photo-catalysis reaction. Nano-
composites of CDs also have demonstrated the outstand-
ing catalytic efficiency. They synthesized Sn@C-dots/TiO2 
nanocomposites through a sonochemical process completed 
in two steps. The precursor PEG at temperature of 260 °C 
and molten tin were exposed to sonication to synthesize 
Sn@C-dots.  TiO2 was added during sonication process to 
enhance the adhesion of Sn@C-dots on the surface of  TiO2. 
The formulated nanocomposites were tested to assess the 
photocatalytic performance under solar radiation. Sn@C-
dots/TiO2 showed excellent results in photo-degradation of 
crystal violet and methylene blue under the solar radiation 
than C-dot/TiO2 and  TiO2. The mechanism of photo-degra-
dation, photo-catalysis, and charge separation in the pres-
ence of Sn@C-dots/TiO2 photo-catalyst under the sunlight 
is presented in Fig. 5.

6.3  Polymerization

Polymers are prepared from monomers through polymeriza-
tion. Different catalysts and initiators are used in the process 
of polymerization. There are many kinds of polymerization 
process based on different procedures of polymerization. 

One of such kind is the radical polymerization, which is ini-
tiated by the free radicals [121]. Among the different kinds 
of polymers, more interesting polymers are conducting poly-
mers (CPs) due to their use in different applications includ-
ing electronic devices, optical devices and sensors [122, 
123]. The formation of CPs, such as polypyrrole (PPY) and 
polyaniline (PANI), needs powerful oxidizing agents. Mol-
ecules are widely polymerized by the process of chemical 
oxidation such as monomer (aniline). There is a key role of 
initiators in polymerization, for instance, ammonium persul-
fate and potassium persulfate are used to polymerize pyrrole 
and aniline. Recently, it has been reported that CDs have an 
interesting property of producing free radicals in aqueous 
solutions. Therefore, CDs are useful products that could be 
used in polymerization reactions as initiators [124]. Moorthy 
et al. [116] investigated the sonochemically prepared CDs as 
initiators in polymerization of different polymers including 
pyrrole and aniline. Micro- and nano-constituents of poly-
mers of PPY (polypyrrole) and PANI (polyaniline) were 
prepared using CDs as catalyst through one-step polym-
erization reaction [125]. For polymerization process, CDs 
were employed with UV light [126]. Moorthy et al. [116] 
determined the absorption of methylene blue by PPY and 
PANI to investigate the performance of CDs. The results of 
SEM of fabricated PPY and PANI are reported in Fig. 6. The 
absorption capacities of PPY and PANI were about 19.31 
and 19.2 mg/g, respectively [127]. It was recently stated 
that CDs were used successfully in the formation of poly(4, 
4′-oxybisbenzenamine) (POBBA) and copolymers made of 
POBBA [126]. CDs are required only for the formation of 
POBBA, whereas the formation of PPY and PANI require 
UV light and CDs. Sonochemical prepared CDs were used 
to prepare copolymers and POBBA. SEM images of CDs 
based POBBA and copolymers are presented in the Fig. 6c, 
d. Results showed that the mechanism of polymerization is 
affected by reaction time, reaction temperature and perfor-
mance of CDs as initiators [126]. Furthermore, CD-based 

Fig. 5  Schematic description of 
the mechanism of photo-degra-
dation over Sn@C-dot/TiO2 and 
charge separation under sunlight 
[120]
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polymer poly(4,4′-diaminodiphenyl-methane) (PDDM) 
revealed outstanding dye adsorption capacity with removal 
efficiency of 92% in 2 h [55].

6.4  Use in bioimaging

The use of fluorophores in bioimaging has been reduced 
due to their limited fluorescence and cytotoxicity. There is 
a need of pairing fluorophores with antibodies for uptake 
by the cells. CDs are becoming as an alternative of inor-
ganic and organic fluorophores for the bioimaging due to 
their excellent biocompatibility, optical properties and 
cellular uptake [45]. The biological use of sonochemical 

prepared CDs revealed pledging bioimaging outcomes as 
compared to other methods [108]. There are high chances 
of induction of cytotoxicity while using chemically pre-
pared CDs. The chemical synthesis of CDs involves robust 
conditions and toxic chemicals. There is a common use 
of CDs in intracellular imaging of different kinds of cells 
including neuronal cells like SH-SY5Y, PC12 and other 
HepG2 cells, HeLa cells, etc. [95, 108, 128]. Kumar et al. 
[10] used metals (Sn, Ga, Ag, Au and Zn) to sonochemi-
cally prepare the metal-doped CDs (M@CDs). The inter-
action between neuron cells and (M@CDs) was investi-
gated for neurological interactions and imaging. The M@
CDs nanocomposites showed promising results due to 

Fig. 6  SEM results of fabricated 
polymer from sonochemically 
prepared CDs, (a) polyaniline, 
(b) polypyrrole (c) POBBA and 
(d) copolymer CP-1 [116, 126]

Fig. 7  Confocal microscopic 
images of neuronal cells (SH-
SY5Y) after incubation with 
formulated carbon dot samples. 
Top: bright field imaging, mid-
dle: fluorescent imaging and 
bottom: overlap image. Scale 
bar = 10 μm [30]
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their selective affinity, biocompatibility and photo-stability 
(Fig. 7).

Song et al. [129] developed a detection technique to detect 
the cancer cells through the design of folic acid and CDs that 
are endo-cytosible by the folate receptor (FR) molecules. 
The results were confirmed through comparative analysis 
with FR-negative MCF-7 cells. The proposed method was 
used to analyze the HeLa cells. Lai et al. [130] used glycerol 
to prepare CDs through pyrolysis process. The improvement 
in biocompatibility and stabilization was made by the pro-
cess of encapsulation of PEG. They studied the release of 
anti-cancer drug through ratiometric changes for CDs. Pan 
et al. [131] fabricated CDs for the imaging of HeLa cell. The 
thermal reduction method was used to fabricate CDs by the 
reduction of single-layer graphene oxide in the presence of 
 HNO3 and  H2SO4. Hu et al. [132] prepared blue nitrogen-
doped CDs through the hydrothermal method for the imag-
ing of HeLa cells. The prepared CDs were non-toxic for 
cells and mostly remained in the region of cytoplasm. Poly-
thiophene phenyl propionic acid-derived red-emissive CDs 
were reported by Ge et al. [133]. They employed these CDs 
for vivo and vitro imaging. The treatment of HeLa cells with 
the prepared CDs demonstrated the red fluorescence when 
excited with light of wavelength 543 nm. Dehvari et al. [134] 
used waste shells of crab to fabricate CDs through green, 
fast and efficient sonochemical method. The prepared CDs 
exhibited excellent fluorescent and biocompatibility inten-
sity. The CDs showed excellent solubility of water due to 
the presence of carboxyl and hydroxyl functional groups on 
their surface. The microscopic study showed that the con-
jugated CD–folic acid structure could work as an excellent 
fluorescent imaging agent, especially for cancer cells. Li 
et al. [135] used green, fast and facile strategy to fabricate 
CDs from gelatin. In this sonochemical treatment, CDs were 
prepared by the irradiation of ultrasonic waves for 30 min. 
The prepared CDs showed remarkable water dispersibility 
and fluorescent properties, negligible cytotoxicity and high 
photo-stability.

6.5  Neural tissue engineering

The regeneration of damaged nerves in neural disorders is 
a big challenge of present times. The regeneration capacity 
of nerves is very slow. Many approaches have been used to 
increase regeneration, such as the controlled use of bioma-
terials or scaffold materials to carry the nerve growth factors 
at the area of action [136]. Biocompatible nanoparticles are 
highly demanded for neurological tissue and engineering 
uses because a lot of nanoparticles are toxic, hence their use 
is limited. Kumar et al. [30] used CD-based nanoparticles 
for the engineering of neural tissues. They conducted stud-
ies on different types of sonochemically formulated CDs. 
These studies involved the biocompatibility of CDs with the 

neuronal cells, impact of CDs on the process of differentia-
tion of neural cell and neural network outgrowth. The sono-
chemically formulated CDs showed outstanding biocom-
patibility even at small concentration (0.1 mg/mL) of CDs. 
Also, metal-doped CDs were prepared to increase the CD 
quantum yield. The CDs were successfully doped with five 
metals (tin, gold, zinc, silver and gallium). Even very small 
concentration (0.1 mg/mL) of doped CDs showed very good 
biocompatibility for neuronal cells (PC12). SEM images of 
nanocomposites (CDs, M@CDs) treated SH-SY5Y neuronal 
cells are given in Fig. 7. The differentiation processes of 
PC12 neuronal cells were not affected by M@CDs. Nis-
san et al. [137] manufactured Ga@CDs@Ga nanoparticles 
through sonochemical irradiation of molten Ga and precur-
sor PEG 400 with particle size of 50–200 nm. The substrate 
glass, coated with Ga@CDs@Ga, worked as reinforce mate-
rial for the outgrowth and differentiation of neuronal cells 
as compared to the bare substrate. Results showed that the 
number of initiated branches increased up to 97% from the 
neuronal soma in neural growth due to favorable association 
between the neuronal cells and surface nanoparticles. Also, 
it was reported that the differentiation processes of neural 
cells were affected by the topographic cues, polymer fibers 
and substrates of nano-pattern [138–140]. This interesting 
investigation on the applications of CDs for neural tissue 
engineering opens a new field, but further study is needed 
to consider the interactions between CDs and biomolecules.

6.6  Superconductivity

The phenomenon whereby the electrical resistivity of 
some substances suddenly decreases to zero at their tran-
sition temperature (Tc) is known as superconductivity. 
It has been remained hot topic in research for decades. 
Superconductivity affects the transportation and energy 
storage without resistance at room temperature [141]. The 
oxidation and agglomeration of the nanoparticles are the 
major issues in superconducting behavior of nanoparticles. 
Coating carbon on the surface of nanoparticles is seen to 
be an encouraging method for overcoming these difficul-
ties [142]. Shani et al. [143] fabricated tin coated carbon 
layer through a sonochemical technique. The substrate 
was used for the measurement of magnetic moments of 
product having superconductivity of type-1. The coher-
ence length decreased at lower size of carbon-coated tin 
nanosphere. However, the measurement of room tempera-
ture superconductivity remained a challenge. Shani et al. 
[143] also used sonication process to fabricate the carbon-
coated Pb and Sn spheres. Among the prepared samples, 
the nano-spheres of carbon-coated Pb demonstrated high 
critical field (Hc) due to the modification in their coher-
ence length.
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6.7  Preparation of biofuels

The demand of renewable energy resources is increasing rap-
idly due to growing population and dwindling fossil fuels. 
The consumption of petrol in transportation accounts for over 
30 percent of global energy use. Biodiesel is one of widely 
accepted green energy options. The algal oils and cooking 
oil can be used to produce biodiesel [144]. Microalgae can 
transform  CO2, wastewater and sunlight into energy storage 
molecules, such as triglycerols and fatty acids [145]. The most 
commonly used catalysts for the synthesis of biodiesel through 
transesterification process are  H2SO4 and NaOH. The SrO is 
the solid catalyst for the transesterification process. This is 
the strongest alkali metal oxide to recycle leftover cooking 
oil fatty acid methyl esters (FAME). Using SrO as a catalyst 
in a microwave oven, it takes 10 s to entirely convert waste 
oil into biodiesel [146]. The biodiesel can also be prepared 
using CDs. Tangy et al. [147] prepared SrO nanoparticles and 
functionalized them with CDs. They also analyzed the cata-
lytic efficiency of composites and nanoparticles to produce 
FAME through microalgae. Ultrasonic waves, PEG-400 and 
Sr  (NO3)2 were used to prepare the composites. The obtained 
catalyst showed 45.5% FAME yield and 97% lipid conversion 
in less than 3 min [147]. These catalysts also showed 2.4-fold 
increment in the performance as compared to conventional 
catalyst (SrO) due to the presence of functional groups, such 
as carboxylic, phenolic and oxygen, on the surface of CDs that 
promotes the process of esterification of fatty acids.

6.8  Use in supercapacitors

The carbon dot-based composites show high conductiv-
ity with relatively lower electrolyte diffusion length in the 
process of charging and discharging of capacitors. Many 
researchers combined CDs with metal chalcogenides to 
prepare supercapacitors. Kumar et al. [148] manufactured 
the composite of CDs by modifying the activated carbon. 
The CDs were prepared using PEG 400 in a sonochemical 
method. The sonochemical method was used to deposit CDs 
on the carbon. The incorporated activated carbon induced 
pores in the composite. The manufactured composite was 
used in supercapacitors as an electrode. The energy effi-
ciency of the composite was more than 96% as compared to 
the pristine AC. The supercapacitor with electrode of com-
posite had capacitance of 134 F/g as compared to pristine 
AC (100 F/g).

7  Conclusion

Being highly biocompatible, photo-stable, nontoxic, water-
soluble, photosensitive and easy to functionalize, the car-
bon dots have many novel applications in live cell imaging, 

bio-sensing, catalysis, electronics, power, biomedicine and 
targeted drug delivery. However, the success of each appli-
cation highly depends on physical, chemical, thermal and 
electrical properties of the carbon dots. The particle size 
is of significant importance in assessing the suitability of 
the carbon dots for specific applications. Multiple synthe-
sis techniques have been reported in the literature. Each 
method has known merits and demerits. The green sono-
chemical is the best-known method to produce fine and 
homogeneously distributed carbon dots. It is concluded as 
an eco-friendly and low-cost method of synthesis of nano-
materials and carbon dots in particular. Despite the fact of 
using 90% less energy than other methods, this method has 
been overlooked in the published literature. The quantum 
yield of carbon dots can be improved by compositing with 
metals and metal oxides. The use of CDs in optical active 
textiles, wearable electronics, products for space applica-
tions and drug carry devices need to be examined.
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