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A review on advancements in carbon quantum dots
and their application in photovoltaics

Pawan Kumar, 22 Shweta Dua,”® Ravinder Kaur,“® Mahesh Kumar®®
and Geeta Bhatt*<®

Carbon quantum dots are a new frontier in the field of fluorescent nanomaterials, and they exhibit
fascinating properties such as biocompatibility, low toxicity, eco-friendliness, good water solubility and
photostability. In addition, the synthesis of these nanoparticles is facile, rapid, and satisfies green
chemistry principles. CQDs have easily tunable optical properties and have found applications in
bioimaging, nanomedicine, drug delivery, solar cells, light-emitting diodes, photocatalysis,
electrocatalysis and other related areas. This article systematically reviews carbon quantum dot structure,
their synthesis techniques, recent advancements, the effects of doping and surface engineering on their
optical properties, and related photoluminescence models in detail. The challenges associated with
these nanomaterials and their prospects are discussed, and special emphasis has been placed on the

application of carbon quantum dots in enhancing the performance of photovoltaics and white light-

rsc.li/rsc-advances emitting diodes.

1. Introduction

In recent years, carbon-based nanomaterials like fullerenes,
carbon nanotubes, graphene, graphene derivatives, nano-
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diamonds, and carbon-based quantum dots have attracted
widespread attention in various disciplines due to their unique
structural dimensions, and excellent physical and chemical
properties.” It has been experienced by researchers that nano-
diamonds are difficult to prepare and separate, whereas other
nanomaterials like CNTs, fullerenes and graphene exhibit poor
water solubility and difficulty in providing strong fluorescence
in the visible region. These unwanted features have limited
their applications in various fields.> Non-carbon nanomaterials
like semiconductor quantum dots (SQDs) are well known for
their good fluorescence, but their toxic nature (due to the
presence of heavy metals) is not suitable for biological appli-
cations like bioimaging, biosensors, and drug delivery. On the
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other hand, carbon quantum dots (CQDs), novel zero-
dimensional fluorescent carbon-based nanomaterials, do not
exhibit toxicity and therefore have an edge over other carbon-
based nanomaterials.®* CQDs were accidentally discovered in
2004 by Xu et al. while segregating single-wall carbon nanotubes
from carbon soot using gel electrophoresis.* However, CQDs
were not named as such at that time and were known as fluo-
rescent carbon nanoparticles instead. Soon after this discovery,
Sun et al. (in 2006) synthesized non-toxic carbon nanoparticles
of different sizes (<10 nm) via laser ablation and their group
referred to these nanoparticles as carbon quantum dots
(CQDs).* Since then, CQDs have appeared as a very valuable
asset of nanotechnology and are considered rising stars among
the various carbon-based nanomaterials. Due to their strong
luminescence, CQDs are also called carbon nano-lights.®
CQDs are very well known for their (i) small size (<10 nm), (ii)
relatively strong fluorescence, (iii) fast and facile synthesis, (iv)
good water solubility, (v) biocompatibility, (vi) chemical inert-
ness (vii) photostability, and (viii) easily tunable optical prop-
erties. This allows the use of CQDs even in applications that are
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limited for other carbon-based nanomaterials such as
biomedicine and bioimaging, thus widening their scope. CQDs
possess a powerful ability to bind with organic and inorganic
molecules due to the existence of various functional groups on
their surfaces (-OH, ~-COOH, -NH,, etc.) through a series of
chemical treatments. The spectacular electronic properties of
CQDs (electron-donor or electron-acceptor, depending on the
chemical structure) cause chemiluminescence and electro-
chemical luminescence. This graces CQDs with potential for
suitable application in the fields of optoelectronics, catalysis,
photovoltaics, etc. They have been intensively researched since
the last decade and are considered next-generation carbon
nanomaterials because of their interesting properties and
manifold applications in solar cells, light-emitting diodes,
electrocatalysis, biomedicine, bioimaging, etc.”

The present research on CQDs is mainly focused on two
aspects: (i) developing a more facile, economic and eco-friendly
synthetic method and (ii) enlarging the application field of
CQDs.

This paper systematically reviews in detail the carbon
quantum dot structure, synthesis approaches and recent
advancements in synthesized carbon quantum dots, the effects
of doping and surface engineering on its optical properties,
followed by the emission models. The challenges associated
with carbon quantum dots, their future prospects and their
application in solar cells are also covered in this review.

2. Structure of CQDs

CQDs have a core-shell structure formed through the nucle-
ation process, which involves the gradual growth of the core and
a “self-passivated” shell comprising functional groups.®
Detailed investigation revealed that the core (intrinsic states)
can be either graphitic crystalline (sp®) or amorphous (mixed
sp®/sp’) based on the degree of the presence of sp® carbon in the
core. Most researchers have reported graphitic crystalline (sp?)
cores.”™ The cores are small in size (2-3 nm) with a typical
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lattice spacing of ~0.2 nm." The type of core depends on the
synthesis technique, precursors used, and other synthetic
conditions (like temperature, duration, pH, etc.).*>'* In general,
reaction temperatures over 300 °C lead to outstanding graphi-
tization (sp?), whereas lower temperatures lead to an amor-
phous core unless sp?/sp® hybridized carbon is present in the
precursor.™ The present understanding of the core is simply an
outcome of the evidence based on different characterization
techniques like Transmission Electron Microscopy (TEM) or
High Resolution (HR)TEM, X-ray diffraction (XRD), and Raman
spectroscopy.

TEM or SEM provides morphological information and is
often used to measure the size of the CQDs.” The crystal
structure can be observed using TEM if the electron diffraction
pattern is observed.'® The crystal structure of CQDs can also be
studied by XRD where the broad peak at 23° specifies highly
amorphous carbon. However, the presence of two broad peaks
at 25° and 44°, indicates a low-graphitic carbon structure cor-
responding to (002) and (100) diffraction.’”

The degree of disordered graphite is determined by Raman
spectra, where peaks found near 1360 cm ' and 1560 cm '
represent the D and G bands. The intensity ratio of the two
bands (Ip/lg), indicates the atomic ratio of sp® vs. sp> carbon
hybridization.*®"

The shell of CQDs is typically amorphous, consisting of
functional groups (resulting in surface states) such as oxygen,
amino-based groups or polymer chains, etc., which depend on
the starting materials or dopant species. The functional groups
and general structure of CQDs are determined through X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR) spectroscopy, nuclear magnetic resonance (NMR),
elemental analysis (EA), and matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF).>

XPS is used for the quantitative analysis of the elemental
composition and carbon bonding configurations of the CQDs,
which were qualitatively verified by FTIR and NMR.** The
surface area of the carbon structure is measured by nitrogen
sorption analysis.>® UV/Vis absorption spectroscopy also gives
qualitative information about the abundant C=C and C=0
conjugate structures present in CQDs.*

CQDs can be easily functionalized with different functional
groups over their surface (like hydroxyl, carboxyl, carbonyl,
amino, epoxy, etc.) and allow the binding of both organic and
inorganic moieties (Fig. 1).>* Based on the functionalities, the
surfaces of CQDs exhibit either hydrophilic or hydrophobic
properties that eventually decide the thermodynamic stabilities
of CQDs in different solvents (especially in water) ie., the
surface chemistry of the shell controls the stability of the CQDs
aqueous solution.”

Sun et al. in 2006, observed that the bare CQDs did not
exhibit emission upon photo excitation but strong photo-
luminescence (PL) was recorded for the surface-modified
CQDs.*

The magnitude of the surface zeta potential indicates the
degree of electrostatic repulsion among CQDs. The smaller the
magnitude of the zeta potential, the lower is the electrostatic
repulsion, which suggests less stability of the CQDs aqueous
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Fig. 1 General structure of CQDs (This figure has been adapted/
reproduced from ref. 23 with permission from Hindawi, Copyright
2019).

solution and the tendency of CQDs to aggregate. The shell of the
CQD defines its unique optical properties and its ability to act as
an electron-donor/acceptor.”® Surface alteration by different
functionalities, passivating agents, and solvent brings
substantial variation in the optical properties of CQDs.*
Depending on the surface moieties, the surface-related elec-
tronic acceptor levels can be modulated, which may affect the
PL properties of CQDs. All in all, the structure of CQDs defines
their intrinsic properties.>

3. Synthesis approach

There are various methods for the synthesis of CQDs, which are
broadly categorized into two approaches, namely the “bottom-
up” and the “top-down” approaches, schematically represented
in Fig. 2. Although the synthesis of the CQDs is facile, there are
certain major challenges associated with their synthesis such as
the aggregation of nanoparticles during carbonization,
controlling the size and uniformity, and tuning of surface
properties.”

In the bottom-up approach, nanostructures are built up from
organic molecules (carbohydrates, organic acids and amines) or
polymer precursors by hydrothermal/solvothermal, microwave,
or pyrolysis methods. On the other hand, in the top-down
approach, nanoparticles are obtained by cleaving or cutting
the large carbon cluster structure into small carbon nano-
particles until the desired particle size is reached. This is ach-
ieved either via chemical or physical techniques like laser
ablation, arc discharge, chemical ablation, or the electro-
chemical method.*”*®

In general, the top-down approaches facilitate the synthesis
of crystalline CQDs with relatively intact structures but this
typically requires several steps for the decomposition of carbon
materials in harsh conditions and involves strong oxidants,
concentrated acids, and elevated temperatures. Also, the size
distribution and morphology of CQDs produced with this
approach cannot be precisely controlled.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic illustration of the synthesis approaches of CQDs.

On the other hand, the bottom-up approach tends to
produce amorphous CQDs (amorphous carbon cores) with
abundant doping sites and functional groups.”® However, crys-
talline CQDs have also been reported by some researchers.™

In the bottom-up approach, the structure and size of CQDs
are dependent on various factors like the molecular structures
of the precursors, solvent, reaction conditions (reaction time,
temperature, pressure, etc.). The reaction conditions are crucial
because they impact the reactants and the highly random
nucleation and growth process of CQDs. Though very difficult,
some research groups have been successful in synthesising size
and composition-controlled CQDs by careful optimization of
reaction parameters.>®

Although both approaches have been used for the synthesis
of CQDs, the bottom-up approach is cost-effective and envi-
ronmentally friendly and is thus most commonly used.*

In both approaches, post-treatment can be done to modify the
surface functional groups and improve the performance of CQDs.
Also, the CQDs can be modified during the synthesis. Surface
passivation of CQDs removes the emissive traps from the surface
and thus enhances the quantum yield (QY). Similarly, doping with
heteroatoms such as N, and P or metals such as Au or Mg can be
done to improve their electrical conductivity and solubility.”

3.1 Bottom-up approach for the synthesis of CQDs

As mentioned previously, the bottom-up approach is based on
the synthesis of the nanostructures from organic molecular
precursors. This approach is broadly divided into three types: (i)
hydrothermal/solvothermal method, (ii) microwave irradiation
method and (iii) pyrolysis method.

3.1.1 Hydrothermal/solvothermal method. Hydrothermal
synthesis is a one-step, cost-effective, non-toxic, and eco-
friendly synthetic technique to synthesize the CQDs via chem-
ical reactions. In this process, the chemical species with solvent
are transferred to a Teflon-lined stainless steel chamber called
an autoclave and the solution is heated above ambient
temperature and pressure.”

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Top-Down Approach

Bulk Material

4
o™
*a
e

§
o0 .
@

e
-

Broken fragments

The optical and electronic properties of these CQDs can be
tuned by varying the organic precursors and altering the
temperature but it offers poor control over the size of the CQDs.”

In 2010, Zhang et al. for the first time synthesized CQDs by
using r-ascorbic acid (carbon source) in the presence of ethanol
through a one-pot hydrothermal method. This one-step process
does not require any chemical (strong-acid) treatment or addi-
tional surface engineering. The average diameter of CQDs was
~2 nm, QY of 6.79% and the CQDs aqueous solution was stable
at room temperature for over 6 months. In addition, the fluo-
rescence of these CQDs remained insensitive over a broad pH
range and even in solvents having strong ionic strengths (e.g.
2 M NaCl).*

In 2016, Takashi et al. synthesized a series of nitrogen-doped
carbon quantum dots (N-CQDs) from an aqueous solution of
citric acid and urea at various heating rates, reaction times,
reaction temperatures, and precursor concentrations. They
concluded that temperature is a more important factor for
obtaining highly fluorescent N-CQDs than reaction time and
reported the highest QY of 39.7%. These N-CQDs were then
embedded in polyvinyl alcohol (PVA) nanofibers and it was
observed that the luminescence intensity of the N-CQD-PVA
composite nanofibers was two times that of the N-CQDs in
solution.*

In 2019, Zhao, et al. developed ultra-high yield CQDs from
renewable biomass hydrothermal carbons in the presence of
low-concentration NaOH/O, solution. The average diameter of
the CQDs was 2.9 nm with QY up to 16.6%. These CQDs were
used for the effective and selective detection of Cu®" with
a linear range of 0-30 pmol L' and detection limit of 85 nmol
L. This enables the application of CQDs as fluorescent Cu**
nanoprobes.?

In 2020, Yang, et al. synthesized amorphous CQDs from
expired passion fruit shells through hydrothermal synthesis.
The CQDs were spheres with diameters <5 nm and QY of 1.8%.
Their research provided novel ideas and trends for the resource
utilization of expired fruits.*® The synthesis of CQDs from citric

RSC Adv, 2022, 12, 4714-4759 | 4717
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(a) Synthesis of CQDs from citric acid and EDA through a hydrothermal method (this figure has been adapted/reproduced from ref. 31 with

permission from World Scientific, Copyright 2018). (b) Synthesis of CQDs from lemon juice, onion juice and ammonia through the microwave
method (this figure has been adapted/reproduced from ref. 39 with permission from Elsevier, Copyright 2019). (c) Synthesis of CQDs from fennel
seeds via the pyrolysis method (this figure has been adapted/reproduced from ref. 11 with permission from Nature, Copyright 2019).

acid and EDA through hydrothermal methods is shown in
Fig. 3(a).

3.1.2 Microwave irradiation method. In comparison to
hydrothermal synthesis, the microwave irradiation method is
faster, requires a lower temperature and can be halted at any
time to avoid overheating the sample.*® In recent years, this

4718 | RSC Adv, 2022, 12, 4714-4759

synthetic technique has received significant attention due to its
rapid, cost-effective, easily scalable, energy-efficient,*” and eco-
friendly nature,”* but it is difficult to precisely control the
size of CQDs with this method.”

In this method, the aqueous solution consisting of carbon
precursors is heated in the microwave oven till the CQDs are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesized. The microwave radiation can heat the polar
molecules, which have an electric dipole moment. An oscil-
lating external electric field rotates the polar molecules and this
process is called dipole rotation, dipole polarization, or dielec-
tric rotation. These rotating molecules push, pull or collide with
the neighbouring molecules and energy gets transferred to all
parts of the material in the form of heat. This is because the
temperature of molecules is related to their kinetic energy
(angular velocity). This phenomenon of heating is called
dielectric heating.***® Synthesis of CQDs from lemon juice,
onion juice and ammonia through microwave methods is
shown in Fig. 3(b).

In 2009, Zhu et al. developed a microwave irradiation
method to synthesize CQDs. They heated an aqueous solution
of saccharide (glucose, fructose, etc. as a carbon source) and
PEG200 (a coating agent) for 2-10 min at a power level of 500 W
in a microwave oven. The solution gradually changed from
colorless to yellow and then to a dark brown solution upon
heating. The resultant product was further diluted with distilled
water to finally obtain the fluorescent CQDs. The particles had
a diameter between 2.75-3.65 nm with narrow distribution
based on heating duration, and the highest reported QY was
6.3%. The results showed that particle size and the fluorescent
QY of CQDs depend on the reaction time.*

In 2012, Wang et al. synthesized fluorescent (blue) and water-
soluble CQDs from eggshell membranes (a common protein-
rich waste in daily life), which can be obtained easily and
cheaply. The CQDs were spherical with a diameter of ~5 nm
and QY of 14%. They designed a sensitive CQD-Cu®" system for
the detection of glutathione, which exhibited a linear range of
0.5-80 pmol L™ ! and detection limit of 0.48 umol L™.%

In 2017, Roshni et al synthesized highly fluorescent,
aqueous soluble and significantly photostable nitrogen-doped
CQDs from sesame seeds. The CQDs were spherical with an
average diameter of 5 nm and QY of 8.02%. The prepared CQDs
were effectively used for the detection of Fe(mr) and the limit of
detection (LOD) was found to be 2.56 pM of Fe(ur).*’

In 2018, Vaneesa et al. prepared a white-light-emitting CQD
solution consisting of nitrogen-doped blue fluorescent CQDs
and 2,3-diaminophenazine (DAP), a yellow fluorescent dye.
These were synthesized simultaneously upon microwave-
heating the mixtures of o-phenylenediamine (0PD) and citric
acid (CA) for 10-15 min. During synthesis, the oPD has two
roles: it serves as a doping agent to improve the blue fluores-
cence intensity of the CQDs while simultaneously reacting with
itself to form the yellow fluorescent dye DAP. The prepared
CQDs solution exhibits two fluorescence emission peaks; one at
430 nm and the other at 560 nm, originating from the CQDs and
DAP, respectively. They found that the intensity ratio of both
fluorescence peaks is pH-dependent. Thus, the emission colour
of the CQD solution can be tuned precisely and reproducibly
from blue to white to yellow by careful control of the pH. The
size of the synthesized CQDs was 1.1 & 0.3 nm and the QY was
5.4% for the pH value of 5.4.**

In 2020, Aysel et al. synthesized fluorescent CQDs from
roasted chickpeas (as carbon source) in a single step through
microwave heating without using any chemicals. The obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CQDs were amorphous with an average diameter < 10 nm, and
the highest QY of 1.8%. They demonstrated that these CQDs
were sensitive and selective for the determination of Fe*" ions.*?

In 2020 one research group synthesized CQDs from citric
acid and urea for different heating durations. The majority of
the CQDs exhibited blue emission under UV radiation (365 nm)
and the emission was excitation independent. It was observed
that the heat duration affected the stability and bandgap of the
synthesized CQDs. The stability was highest for the CQDs
synthesized in 165 s (minimum heat duration required for CQD
synthesis in our study) but at the cost of lower PL.*®

3.1.3 Pyrolysis method. In this process, the organic
compounds are decomposed at an elevated temperature
(usually above 430 °C) and under pressure in the absence of
oxygen. Sometimes, a strong acid or alkali is also used, which
serves as a catalyst. This process simultaneously involves
changes in the physical phase and chemical composition and is
an irreversible process. The synthesis of CQDs from fennel
seeds via the pyrolysis method is shown in Fig. 3(c).

Liu et al. in 2009 reported a novel route for the synthesis of
CQDs through pyrolysis. The CQDs were derived from
surfactant-modified silica spheres (carrier) and resol (carbon
precursor). Although the synthesis of CQDs requires multiple
steps, it does not require elaborate equipment. The prepared
CQDs (blue emission) were amorphous with diameters of 1.5-
2.5 nm and QY of 14.7% (when passivated with PEG). Further-
more, the CQDs were stable for a wide range of pH values (pH 5-
9) with only a slight decrease in the photoluminescence QY to
11.0% and 12.1% for pH 5 and 9, respectively.*

Multistep procedures are considerably time consuming and
complicated; some comparatively simple but less effective
preparative methods had also been developed by that time.**

To overcome these problems, In 2010, Pan et al. reported
a fairly effective one-step synthetic method for highly fluores-
cent CQDs through the pyrolysis of ethylenediamine-tetraacetic
acid (EDTA) salts at low temperatures. The CQDs produced
highly blue fluorescence, with a PL quantum yield (QY) as high
as 40.6%, much higher than those reported up until that time
(QYs < 15%). The average diameter of the CQDs was ~6 nm.
They also observed that the PL properties strongly depend on
pH, solvent, spin, and excitation wavelength.*

In 2015, Martindale et al. (2015) synthesized CQDs by the
pyrolysis of citric acid at 180 °C. The prepared CQDs exhibited
an average diameter of ~6 nm and QY of 2.3% (excitation at 360
nm).*®

In 2016, Wang et al. synthesized nitrogen-doped carbon dots
(N-CQDs) by the direct pyrolysis of citric acid and ammonia at
200 °C for 3 h with a heating rate of 10 °C min " in the air. The
CQDs had a diameter of 10.8 nm and exhibited a high QY of
~36%. They observed that the excitonic absorption of CQDs
depends on the concentration of N-dopant in CQDs, which can
be readily modified by the mass ratio of the reactants.”

In 2017, Rong et al. also synthesized N-CQDs by a one-pot
solid-phase pyrolysis method using guanidinium chloride and
citric acid as the catalyst, nitrogen and carbon source. The
synthesis was free of acid, alkali, organic solvent, or further
modification and passivation. These N-CQDs had an average

RSC Adv, 2022, 12, 4714-4759 | 4719
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size of 2.2 nm and QY of 19.2%, and have been intensively used
in metal-ion detections (like Fe’*) and bioimaging.*®

3.2 Top-down approach

3.2.1 Chemical ablation. Chemical ablation is an oxidative
acid treatment for the synthesis of CQDs. In this process, strong
oxidizing acids (like H,SO4, HNOj3, hydrogen peroxide) convert
small organic molecules to carbonaceous materials (carbon-
ization), which can be additionally cut into tiny sheets by
controlled oxidation. This method is most accessible and allows
various sources to be used but requires harsh conditions,
drastic processes, multiple steps and also offers poor control
over the sizes of CQDs.”

In 2007, Liu et al. used the combustion soot of candles for
the synthesis of CQDs by utilizing an oxidative acid treatment
(using HNO; or H,0,/AcOH). The resultant black homogeneous
solution was then purified through a series of processes such as
centrifugation, dialysis and polyacrylamide gel electrophoresis
(PAGE) to get pure fluorescent CQDs of different particle sizes.
This oxidative acid treatment (i) breaks down the carbon
aggregates into CQDs, (ii) solubilizes the CQDs, and (iii) influ-
ences the PL properties of CQDs. The size of the CQDs was
~2 nm and the maximum obtained QY was 1.9% (excitation at
366 nm).**

In 2009, Peng and Travas-Sejdic synthesized CQDs using
carbohydrates as the starting material. They dehydrated the
carbohydrates with conc. H,SO,, producing carbonaceous
materials that were then broken into individual CQDs with
HNO;. These CQDs were finally passivated with amine-
terminated compounds (4,7,10-trioxa-1,13-tridecanediamine).
This surface passivation significantly enhanced the PL inten-
sity such that the QY dramatically increased from 1% to 13%.
The CQDs were crystalline with a diameter of ~5 nm and lattice
spacing of 0.32 nm. The zeta potential of the CQDs changed
from a negative value (—37.3 mV) to a positive value (3.46 mV)
after passivation due to the conversion of the carboxylic func-
tional groups to amide groups. They concluded that the emis-
sion wavelength of CQDs could be tuned by changing the
precursor and the duration of the HNO; treatment.’® In 2014,
Mingbo et al. reported the synthesis of N-CQDs using petroleum
coke and ammonia as shown in Fig. 4(a). The petroleum coke
was oxidized in the mixture of H,SO, and HNOj;, followed by
functionalization through hydrothermal ammonia treatment.
They observed that the QY and fluorescence lifetime of CQDs
were enhanced significantly from 8.7 to 15.8% and 3.86 to 6.11
ns, respectively, after the hydrothermal treatment in ammonia
(incorporation of N). The CQDs (untreated with ammonia) and
N-CQDs were both soluble in water, had uniform particle
distribution, strong luminescence, and high sensitivity to pH
(in the range of 2.0-12.0). Nitrogen doping and uniform size
distribution helped in improving the radiative recombination
and hence the fluorescence properties of CQDs.>

Post-synthesis surface passivation was done in most of the
research to enhance the QY of the CQDs but it adds one more
synthesis step. To overcome this, In 2019 Chao, et al. synthe-
sized CQDs of different microstructures by the selective
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oxidation of graphitized activated carbon using HNO;/HCIO, as
the oxidant. The fluorescence of the CQD solution was tuned
from yellow to green by regulating the degree of graphitization
of the carbon precursor through heat treatment at elevated
temperature (up to 2500 °C) without any post-synthesis surface
passivation. The QY of CQDs increased from 2.3% to 8% at the
higher temperature. The fluorescence properties of the CQDs
were further improved upon their chemical reduction by
sodium borohydride (reducing agent). The prepared CQDs had
no cytotoxicity and thus were used for HepG, cell bioimaging.>

3.2.2 Electrochemical carbonization. The electrochemical
approach is a non-selective chemical cutting process of a carbon
material such as graphite, carbon nanotubes, or carbon fiber
electrodes for the synthesis of ultrapure CQDs. In this method,
an electrochemical cell is used, which typically consists of three
electrodes (working, counter and reference) and electrolyte
solution. The working electrode is made of carbon (graphite,
carbon-nanotube, etc.) and the counter electrode was platinum
(Pt). The potential was applied on the electrode(s), which caused
the judicious cutting of carbon material into ultra-small parti-
cles (tiny particles of graphite) yielding CQDs. This synthesis of
CQDs results in the change in the colour of the electrolytic
solution from yellow to dark brown. The alkaline solution is
necessary for the synthesis of CQDs.*

Among all the various methods, the electrochemical method
is advantageous because of its simplicity,” low cost and easy
manipulation.® It allows the fine-tuning of the size and nano-
structure’” by controlling the applied voltage/current, can
proceed under aqueous or nonaqueous solutions,*” and can be
used at normal temperature and pressure.” The only limitation
with this technique is that it allows only very few small molec-
ular precursors for CQDs synthesis.”

In 2007, Zhou et al. first reported the synthesis of CQDs from
multiwalled carbon nanotubes (MWNTSs) in the presence of
tetrabutylammonium perchlorate (TBAP) as an electrolyte. They
used the MWNTs-coated carbon paper as the working electrode
and Pt wire as the counter electrode. The applied potential was
cycled between —2.0 and 2.0 V at a scan rate of 0.5 V s~ . As the
cycles increased, the electrolytic solution was found to change
from colourless to yellow and finally to a dark brown colour, and
emitted a blue colour upon UV irradiation. This solution was
further purified and filtered to give the CQDs. The obtained
CQDs exhibited a uniform spherical shape, narrow size distri-
bution (2.8 £+ 0.5 nm in diameter), and QY of 6.4% (excited at
340 nm).>®

In 2009, Zheng et al. used graphite as a working electrode
and Pt mesh as the counter electrode (along with a reference
electrode) in the presence of phosphate buffer solution (PBS) at
neutral pH. The potential applied at the working electrode was
cycled between —3.0 V and 3.0 V at 0.1 V s~ *. As the number of
scan cycles increased, the colour of the electrolyte solution
changed from colourless to yellow and finally to dark-brown.
This resultant solution was directly ultra-filtered through a 10
kDa molecular weight cutoff membrane and as a result,
spherically-shaped nanoparticles (CQDs) with an average size of
~2 nm were obtained.>®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Preparation of CQDs and N-CQDs from petroleum coke through the chemical ablation method (this figure has been adapted/

reproduced from ref. 51 with permission from Elsevier, Copyright 2014). (b) Electrochemical synthesis of CQDs from simple organics. In simple
conditions, one Pt sheet was used as the anode, the other one as the cathode and the simple organics as the carbon source. Under a suitable DC
control, the organics were broken into CQDs (this figure has been adapted/reproduced from ref. 53 with permission from Wiley-VCH, Copyright
2014). (c) Synthesis of CQDs through the laser ablation method (this figure has been adapted/reproduced from ref. 92 with permission from

Elsevier, Copyright 2018).

This conventional electrochemical method needs compli-
cated post-synthesis purification of CQDs. Thus, to overcome
this complicated time-consuming step, in 2014, Deng et al.
synthesized CQDs by a novel one-pot electrochemical carbon-
ization technique. They used two Pt electrodes (as anode and
cathode) and one calomel electrode (reference) with NaOH/
EtOH as the electrolyte (alkaline medium with OH™ species)
as shown in Fig. 4(b). The synthesis potential was varied from
3.0-9.0 V (electrochemical carbonization time was between 3-4
h) and this successfully resulted in high-quality CQDs from
different small molecular alcohols. They speculated that the
CQDs were synthesized from ethanol electrochemical oxidation
and dehydration at a suitable potential. The size of the as-
prepared CQDs was adjusted simply by varying the applied
potential and they observed the diameters of 2.1, 2.9, 3.5, and
4.3 nm, for 3.0, 4.0, 6.0, and 7.5 V, respectively (which increased
with the applied potential). These CQDs also exhibited a high
QY of 15.9%, which is typically not attained with the conven-
tional electrochemical method. In addition, they successfully
demonstrated the luminescence microscopy of the CQDs in
human cancer cells. The results specified that the prepared
CQDs have acceptable toxicity and hence, are suitable in
imaging applications.>

In 2019, Priyanka et al. synthesized carbon nanospheres
(CNSs) with an average diameter of 7 nm through an electro-
chemical method by using only two graphite electrodes
(working and counter electrode) immersed in ultrapure water
(an electrolyte medium). The synthesis of the CNSs took place
due to multiple cyclic voltammetry (CV) scans (35 cycles) in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

potential range of £2.0 V. They fabricated sensors using CNSs
for the successful detection of the antibiotic ciprofloxacin.*”

In 2020, Xiao et al. prepared a platinum (Pt), CQDs-coloaded
graphene composite through the electrochemical method fol-
lowed by hydrothermal treatment. They used the graphite
powder as the cathode and Pt wire as the anode immersed in
propylene carbonate (PC) with tetrabutylammonium tetra-
fluoroborate (TBA BF,; 0.1 M), and a voltage of 30 V was applied
for 12 hours. As a result, graphene was obtained by the elec-
trochemical exfoliation of graphite, while carbon quantum dots
(CQDs) and Pt nanoparticles (NPs) were simultaneously gener-
ated in situ in the electrolyte. CQDs (with an average size of 4.1
nm) evolved from the propylene carbonate solvent and Pt nano-
particles were derived from the reduction of the Pt intermediate
species generated from the anodic dissolution of the Pt counter
electrode during the electrolysis process. They observed that
with the increase in the working voltage, the color of the elec-
trolyte solution turned from colorless into dark brown, and the
concentrations of CQDs and Pt NPs in the solution increased.®

Typically, the CQDs synthesized through this process do not
possess good QY and thus are not used in imaging and sensing
applications.”

3.2.3 Laser synthesis. Laser synthesis has been one of the
widely used techniques for synthesizing CQDs of varied sizes. In
this method, the laser is used to irradiate complex organic
macromolecules (target carbon source) immersed/suspended in
liquid, and detaches nanosized carbon particles (CQDs) from
the larger molecular structures. The laser can be operated either
in continuous wave mode or in pulsed mode.*

RSC Adv, 2022, 12, 4714-4759 | 4721
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Laser synthesis methods for CQDs can be classified into two
categories: (i) laser ablation of carbonaceous solid targets
immersed in a liquid, and (ii) laser fragmentation of suspen-
sions containing powdered carbon material.** A demonstration
of the synthesis of CQDs via laser is shown in Fig. 4(c).

Since laser synthesis constitutes a single-step, green, and
straightforward procedure that neither requires the use of
external chemical agents nor creates the by-products that may
lead to further cross chemical effects, this technique has stood
out above the various synthesis techniques of the bottom-up
approach and guarantees the synthesis of high-purity CQDs.*
In addition, this method is rapid and allows tuneable surface
states but at the cost of low QY and with poor control over the
size of CQDs.”

In 2006, Sun and co-workers used this technique for the first
time for the synthesis of CQDs. They used a Nd:YAG laser (A =
1064 nm and pulse frequency = 10 Hz) to irradiate a carbon
target (a processed blend of graphite powder and cement) in the
presence of water vapor using Ar as a carrier gas (at 75 kPa and
900 °C). The resultant nanoparticles were refluxed in HNO; (for
12 hours) and the surface was passivated by coupling organic
molecules such as amine-terminated polyethylene glycol
(PEG1500N) and poly(propionyl ethyleneimine-co-ethyl-
eneimine) (PPEI-EI). The passivated CQDs exhibited bright
luminescence with QY varying from 4% to >10%. This variation
in QY might depend on the effectiveness of the reaction for
surface passivation.’

In 2009, Du et al. reported an effective method for synthe-
sizing and simultaneously modifying the surface of fluorescent
CQDs. They used a Nd:YAG pulsed laser (wavelength of 1.064
um and power density of 6.0 x 10° W ecm™?) to irradiate graphite
powders dispersed in three kinds of solvents, namely diamine
hydrate, diethanolamine, and polyethylene glycol (PEG200N),
respectively. To accelerate the motion of carbon particles,
ultrasound was also employed during laser irradiation. As
a result, a homogeneous black suspension was obtained, which
upon centrifugation resulted in a colourful supernatant. The
supernatant from the suspension of graphite in PEG200N,
diamine hydrate and diethanolamine resulted in CQDs with QY
of 5%, 3.7% and 7.8%, respectively. Interestingly, the size
distributions of CQDs in all three solvents were identical. The
results proposed the surface states to be the cause of the origin
of the luminescence.”

Khan et al. in 2009, Liu et al. in 2010, and Singh et al. in 2010
made various attempts at controlling the size and novel nano-
structures of CQDs by adjusting the liquid medium.

In 2011, Shenglian et al. tailored the size of CQDs by modi-
fying the laser parameters. They synthesized CQDs with average
sizes of about 3, 8, and 13 nm with QY of 12.2%, 6.2% and 1.2%,
respectively, by irradiating graphite flakes in polymer solution
with a laser. It was observed that the size of CQDs could be
controlled by tuning the laser pulse width. They concluded that
(i) the laser pulse width could affect the nucleation and growth
process of CQDs, thus producing the different size distribution,
and (ii) the long-pulse-width laser would be a better option for
controlling the size and morphology of the nanostructures in
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the diverse material frameworks in comparison with a short-
pulse-width laser.**

In 2018, Carlos et al. synthesized CQDs from carbon glassy
particles suspended in polyethylene glycol 200. The average size
of the CQDs was ~3 nm and the highest QY observed was 4.5%
when synthesized by flow jet. They applied the synthesized
CQDs in bio-imaging for cancer epithelial human cells and
observed that the CQDs preserved the information of cells even
if the cell died.”

3.2.4 Arc discharge. This is the first method by which the
CQDs were synthesized. In 2004, Xu et al. synthesized SWCNTs
by the arc discharge method and when these SWCNTs were
separated and purified through preparative electrophoresis,
carbon nanoparticles with fluorescence (CQDs) were also acci-
dentally obtained.? Since their discovery in 2004, CQDs have
attracted the attention of various researchers.

In 2006, Bottini et al. synthesized CQDs from pristine and
SWCNTs using an arc discharge method that resulted in CQDs
displaying bright emission (PL) in the violet-blue and blue-
green regions, respectively.

Moreover, the pristine carbon nanotube-derived CQDs were
hydrophobic and had a narrow distribution of the maximal
lateral dimension. On the other hand, SWNTs-based fluorescent
CQDs were superficially oxidized and/or additionally coated
with a thin layer of carbon. These CQDs had the capacity to
aggregate when dispersed in water, showed a wider distribution
of maximal lateral dimension and exhibited molecular-weight-
dependent PL.**

The morphological characteristics of the CQDs synthesized
by different methods using various precursors are summarized
in Table 1 below.

Efforts were made to analyse the effects of the synthesis
methods on the crystal structure through a statistical distribu-
tion (Fig. 5) for the research articles summarized in Table 2. The
papers reviewed in this article have been taken as representative
samples based on various CQDs techniques, precursors used
and the CQD structure from the broad repertoire. Interestingly,
the statistics show that the hydrothermal technique is the most
frequently used method for the synthesis of CQDs. This must be
due to the simple operating conditions, low energy consump-
tion, and low-cost apparatus as concluded
reports.****'* On the other hand, the electrochemical method is
the least frequently used technique because of the small
number of available precursors for this technique and the
tedious purification process.”** Also, the statistics show that the
chemical oxidation method offers a high possibility of
providing crystalline CQDs, followed by hydrothermal methods.
It is important to note that many research groups do not specify
the crystal structure in their study. As a consequence, it would
be incorrect to draw any correlation between the crystal struc-
ture and the synthesis method. It has been mentioned in
various studies that a large number of parameters like synthesis
time, temperature, method, pH, precursors, etc., affect the
synthesis of CQDs,"** but it becomes very important to statis-
tically analyse these parameters so that optimised control
conditions can be well described for reproducing CQDs with the
same properties.

in various
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Fig. 5 Types of CQDs reported by various research groups for
different synthesis methods.

4. Optical properties of CQDs

It was the optical properties of CQDs that drew the immediate
attention of researchers towards them after their discovery.
Whether synthesized through the bottom-up or top-down
approach, CQDs show excellent optical properties, namely
absorbance and photoluminescence (PL), which are useful in
many applications. This section briefly covers the optical
properties of CQDs.*

4.1 Absorption

In the UV region of each curve, a single peak was observed at
255 nm with a shoulder at 282 nm, corresponding to the w-m*
transitions of C=C and C=N bonds, respectively, in the
aromatic rings, which do not typically generate PL.>***

An absorption peak at around 335 nm corresponds to the n-
7* transition of the C=0 bond,* while the visible absorption
band is attributed to the amino groups on the surface of N-
CQDs."

Typically, CQDs exhibit strong absorption in the ultraviolet
(UV) region (250-350 nm) and a weak absorption tail in the
visible spectrum. The entire absorption spectrum is distributed
into three bands, namely, (i) the core band, (ii) edge or molec-
ular band, and (iii) surface band, as shown in Fig. 5.%

The absorption peak appears at around ~240 nm due to the
m-m* transition of C=C bonds (core-sp> carbon network),
whereas the peaks at around ~340 nm correspond to the n—-m*
transitions of C=0 and C=N bonds (N- and O-containing
structures present as functionalities) at the edge of carbon
structures as shown in Fig. 6. The extended long tail in the
visible region of the spectrum arises from the lower energy
surface states (surface functional groups).®® Sometimes the
absorption band is also seen in the visible region and that is
related to the functional groups such as the amino group.”

Sometimes the shoulder is also observed at ~280 nm due to
the m-m* transition of C=N bonds in aromatic rings. The
peaks/shoulder of the UV region arising from m—-mt* transitions
typically do not contribute to emission.”**® Broad spectral
features in the absorption spectrum of CQDs are due to the
surface defects ingrained in CQDs.*
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The optical properties of CQDs can be modified by (i)
passivating agents, (ii) functional groups and (iii) doping/co-
doping with heteroatoms.®” Surface passivation involves the
formation of a thin insulating (protective) layer of coating
materials such as oligomers (poly ethylene glycol (PEG)), thionyl
chloride, thiols and spiropyrans, etc., on the surface of carbon
quantum dots. This protective layer shields CQDs from the
adhesion of impurities, and provides stability, long usage of
CQDs,” and eliminates the dissipation of photoinduced
carriers from surface sites, which improves their fluorescence
intensity.®® In contrast to the bare counterparts, surface-
passivated CQDs become highly optically active, displaying
significant PL from the visible to near-infrared spectral
regions.®® Surface passivation enhances the quantum yields of
carbon quantum dots to the maximum of 55-60%.% Peng et al.
observed that the absorbance of CQDs increased to longer
wavelengths in the range of 350-550 nm after surface passiv-
ation with 4,7,10-trioxa-1,13-tridecanediamine (TTDDA).*
Surface functionalization can be accomplished by coordination,
-1 interactions and covalent bonding. Since the CQDs are
oxygenous in nature, they are feasible for covalent bonding with
functionalizing agents.®”

Surface functionalization introduces functional groups like
carbonyl, carboxyl, hydroxyl, amines, etc., on the surface of
CQDs, which can greatly contribute to the absorption and
emission in the UV-visible region. CQDs rich in surface oxygen
groups are usually p-doped due to the larger electronegativity of
oxygen atoms relative to carbon atoms. Replacing oxygen
functional groups on the CQDs surface with nitrogen-
containing groups can readily transform CQDs into an n-type
semiconductor.”

Compared to bare CQDs, the functionalized ones exhibit
excellent photo-reversibility, high stability, good biocompati-
bility and low toxicity. Surface passivation/functionalization
stabilises the defects and thus facilitates more effective radia-
tive recombination of surface-confined electrons and holes.®” A
schematic illustration of surface modification is shown in
Fig. 7. Yongqgiang Dong et al. used branched polyethylenimine
during the synthesis of CQDs, which served as both passivation
and functionalization agents and thus no additional modifica-
tion steps were required during the post-synthetic treatments.”

Doping/co-doping with heteroatoms (like nitrogen (N),
boron (B), fluorine (F), phosphorous (P) and sulphur (S)) is also
an effective way to alter the absorption spectrum of CQDs. The
dopant alters the m-7* energy level (associated with core-sp>
carbon network) and thus modifies the electronic structure,
bandgap and hence the optical properties of CQDs.”

Darragh Carolan et al. noticed that the bandgap of the CQDs
increase gradually from 2.2 to 2.7 eV with the increase in the N-
dopant concentration.®® On the contrary, various studies have
shown that nitrogen-doping results in CQDs size reduction
(notable redshift of the optimal excitation wavelength and the
strongest emission peak), which may depend on the distribu-
tion of varying sizes of N-CQDs and the features of multi-surface
emission points.*

JingJing Yu et al. calculated 2.15 eV as the bandgap of un-
doped CQDs, which decreased to 2.14, 1.94, and 1.54 eV with
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Fig. 6 Different bands of the absorption spectrum of CQDs (this figure
has been adapted/reproduced from ref. 66 with permission from the
American Chemical Society, Copyright 2017).
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Fig.7 Schematic illustration of the surface modification of CQDs (this
figure has been adapted/reproduced from ref. 94 with permission
from the Royal Society of Chemistry, Copyright 2019).

the doping of pyridine N, amino N, and C=O0 groups, respec-
tively. Dipayen Sen et al. observed that the doping of boron (B)
in CQDs introduced new electronic states and pulled down the
conduction band minimum (CBM), resulting in the intense
reduction of the CQDs bandgap (by ~48-57%).*

In 2014, Zhou et al. proposed that phosphorus can form
substitutional defects in CQDs, thus behaving as an n-type
donor. Based on this, they synthesized phosphorus-doped
CQDs (P-CQDs) via a hydrothermal process for different reac-
tion time periods (1, 3, 5, and 9 h at 200 °C) using phosphorus
tribromide (P source) and hydroquinone. The P-dopant in CQDs
showed strong blue emission (25.1% QY) in comparison to the
un-doped/pristine CQDs (3.4% QY), as shown in Fig. 8.7

In 2015, Bourlinos et al. observed that B-doped CQDs have
a substantially enhanced nonlinear optical response in contrast
to the un-doped CQDs.” In 2017, Zuo et al. prepared F-doped
CQDs via a hydrothermal method (180 °C for 8 h) from citric
acid (as the C source), and 4,5-difluorobenzene-1,2-diamine (as
the F source). F atoms were chosen because they possess high
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Fig. 8 Changes in the fluorescence properties of CQDs after p-
doping (this figure has been adapted/reproduced from ref. 73 with
permission from the Royal Society of Chemistry, Copyright 2014).

stability in the aromatic ring. They also prepared un-doped
CQDs for comparison and observed that (i) the F-CQDs exhibi-
ted two maximum emissions: one at 550 nm (yellow fluores-
cence) when excited by wavelengths of 360 to 500 nm, and
another at 600 nm (red fluorescence) when excited by wave-
lengths of 540 nm to 580 nm. This was quite different from the
excitation-dependent feature of un-doped CQDs, where (ii)
a striking red shift (more than 50 nm) in emission wavelength
was measured due to the F-doping, and (iii) F- CQDs displayed
enhanced QYs of 31% and 14%, corresponding to the emission
wavelengths of 550 nm and 600 nm, respectively. The un-doped
CQDs exhibited QYs of only 28% and 11% at emission wave-
lengths of 500 nm and 550 nm, respectively.”” The emission
behaviours of the as-synthesized CQDs are shown in Fig. 9.

This doping method has been proved to be an effective way
to enhance the electron transfer and thus the performance of
the CQDs as photocatalysts. Wu et al. synthesized Cu-N co-
doped CQDs through a one-step pyrolytic synthesis and they
observed that the electron accepting/donating abilities of CQDs
could both be enhanced, together with the increased electric
conductivity. These merits ultimately facilitated the entire
electron-transfer process in CQDs and further improved the
photocatalytic oxidation of 1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate (1,4-DHP).”®

In 2018, Meiling et al. reported the highest QY of 90% for the
N-doped CQDs after optimizing (i) the precursors, (ii) the

T

F-CDs

3 U nd;:)pe CDs

(@)

Fig. 9

*
L /
¢ W o OM
o™ ¢°
i OM oM
1 Fluorine Doped
//J\H\{/O Cer Carbon Dots

View Article Online

Review

reaction duration, (iii) excitation wavelength and (iv) the pH-
dependence of the photophysical properties of N-CQDs.”

4.2 Photoluminescence

Photoluminescence (PL) is the emission of light from a material
upon the absorption of light (photon). There are two types of PL,
namely, fluorescence and phosphorescence. Fluorescence is
prompt photoluminescence that occurs very shortly after the
photoexcitation of a substance. In this type of PL, the radiative
transition does not require a change in the spin multiplicity. On
the other hand, phosphorescence is long-lived photo-
luminescence that continues long after the photo-excitation has
ceased. In this type of PL, the radiative transition involves
a change in the spin multiplicity. It is fluorescence that is often
seen in the CQDs and thus, the term PL is used synonymously
with fluorescence unless explicitly specified.

Typically, the main emission band of CQDs is located at
~450 nm (blue) when excited in the n-m* absorption band
(~350 nm) and this emission is quite intense,* while the exci-
tation in the far UV (~250 nm) band (7w-m* absorption transi-
tion) typically returns very low, or shows no
photoluminescence.>**® The distinguishing emission property
of CQDs is that its photoluminescence spectrum is mostly
excitation-wavelength  dependent, where the emission
undergoes (i) a bathochromic shift as the excitation (beyond 400
nm) red shifts, and (ii) a decrease in intensity because of low
optical absorption in the visible range.®

According to previous reports, most of the CQDs emit blue to
yellow irrespective of the top-down or bottom-up methods used.
Moreover, the strongest luminescence is often blue or green.””®
Wang et al. reported that functional oxidized carbon groups
contribute to green emission in CQDs.*>*' In 2018, Sun et al.
prepared three kinds of CQDs using citric acid and urea for
different precursor mass ratios (citric acid : urea) and methods.
The optical characteristics of all the prepared CQDs are shown
in Fig. 10. They reported that the oxidized functional groups
(containing C=0) are responsible for the green luminescence
(the carboxyl groups play the key role in it) and the blue

Excitation
at 480 nm

Excitation
at 540 nm

While
Fo -~
Frmy
—

Emission ¥ \ ¥ Emission
at 550 nm ' . at 550 nm
Excitation Excitation
at 480 nm at 540 nm

Striking Red Shift of Fluorescence by Fluorine Doping

(b)

(a) Synthesis of F-CQDs (yellow) and un-doped CQDs (green) by a hydrothermal process. (b) Comparison of excitation/emission in both

F-CQDs and un-doped CQDs (this figure has been adapted/reproduced from ref. 75 with permission from the American Chemical Society,

Copyright 2017).
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Fig. 10 (a) Fluorescence images of CQDs synthesized by (i) a hydrothermal method (1 : 1), (i) microwave method (1 : 1), (i) microwave method
(1:2) under UV radiation (excitation 365 nm); (b) the absorption and emission spectra of CQDs in (i), (i) and (iii) (this figure has been adapted/

reproduced from ref. 82 with permission from the Royal Society of Chemistry, Copyright 2018).

emission must be caused by the hydroxyl surface functional
groups.*

Interestingly, the PL properties of the CQDs can be tuned by
modifying the surface states, varying the synthesis route,
doping with a heteroatom, choosing different precursors, and
various other ways.”

As per the review by Mintz et al., QY largely depends on the
synthesis conditions, with the highest values being recorded in
bottom-up technique approaches (up to 99%), whilst the QY in
top-down routes is typically not larger than 15% (but a value of
50% was reported for Zn-doped CQDs prepared by laser abla-
tion). The lifetime of the fluorescence was in the nanosecond
range (4-15 ns), and no significant differences were recorded
with the different synthetic approaches (with very few
exceptions).®

4.2.1 Fluorescence. PL is one of the most alluring features
of CQDs, both from the fundamental and application points of
view. Unfortunately, it is simultaneously the most controversial
topic from an understanding point of view because the lumi-
nescence mechanisms of CQDs are not precisely clear due to
incomplete experimental and theoretical understanding. This
considerably impedes the advancement of CQDs with preferred
optical properties.?

The majority of researchers observed that CQDs exhibit
excitation-dependent emission behaviour, whereas indepen-
dent excitation-emission (contrary behaviour) has also been
reported by several researchers. Generally, this disagreement in
the PL mechanism of CQDs originates due to the different
phenomena observed in the same kind of material. Thus, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

researchers are focussing on pursuing the origin of the
excitation-dependent photoluminescence. However, this chase
is inherently difficult because of the diversity of preparation
methods, precursors and other parameters that affect both the
structure and the composition of the CQDs.*

With the evolution of CQDs, theories related to the origin of
PL have also gradually matured. To date, three theories that
explain the excitation-dependent PL have been considered the
most, namely, (1) size-dependent emission (quantum confine-
ment effect or the core emission), which is related to the
conjugated rt-domains of the carbon core; (2) the surface states,
which are related to the presence of functional groups con-
nected to the carbon backbone; (3) the molecular state, where
the emission originates from free or bonded fluorescent
molecules.>> %83

(1) Size-dependent emission (quantum confinement effect) or the
core emission. Several published research articles suggest that
quantum confinement (QC) in CQDs is responsible for the
excitation-dependent emission and some of them give strong
evidence for it.

The QC theory is very natural to consider because metal-
based quantum dots are well known to possess emission
based on this phenomenon. This phenomenon is related to the
size of the nanoparticles® and typically, the size distribution of
the synthesized CQDs is <10 nm, which is comparable to the
quantum size range.*

When the size of CQDs is smaller than their exciton radius,
they would exhibit particle size-dependent PL behaviour, which

RSC Adv, 2022, 12, 4714-4759 | 4735
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essentially originates from the energy band-gap transition of
conjugated m-domains in the sp>-carbon-constructed core.*

A series of theoretical calculations have demonstrated the
relationship between PL emission and sp®>-domain size. It is
worth mentioning that the size of sp>-domains (core) is the
main controlling factor of the quantum confinement effect,
though the particle size seemingly shows a similar algebraic
relation with the PL emission.®®

Carbon-core states participate in the PL of CQDs through the
radiative recombination of electrons and holes in the core,
resulting from the m-* transitions of sp® clusters assisted by
the quantum confinement effect.®>**

The core emission is usually at shorter wavelengths with low
QY but the presence of graphitic nitrogen and hybridized
oxygen functional groups with the core® allows the red-shifting
of emission properties.*

Li et al. suggested that the excitation-dependent emission is
due to the optical selection of differently sized nanoparticles for
different excitation wavelengths.®*

Bo Zhi et al. synthesized CQDs from malic acid with the size
distribution ranging from 6.2 + 2.0 to 9.2 £ 1.7 to 15.6 +
6.0 nm. These CQDs correspond to decreasing optical bandgap
energies from 2.97 eV to 2.91 eV to 2.21 eV, respectively. They
observed the red-shifts in emission with the increase in the
excitation wavelength.?” Yang et al. generated a series of highly
crystalline nitrogen-doped CQDs by carefully controlling the
synthesis conditions. The authors observed that along with the
emission red-shift, the average CQD diameters increased from
1.95 nm (blue CQDs) to 6.68 nm (red CQDs). They deduced that
the red shifting emission revealed the bandgap transitions in
CQDs derived from the quantum confinement effect.®**”% Kang

4736 | RSC Adv, 2022, 12, 4714-4759

et al. also reported the red-shift in the emission from the UV to
the near-IR as the dimensions of CQDs increased from 1.2 to
3.8 nm and correlated with the phenomenon of the quantum-
confinement of the nanoparticles.®

Yuan et al. successfully synthesized bright multicolour (blue
to red) bandgap fluorescent CQDs (MCBF-CQDs) through
hydrothermal synthesis with a QY of up to 75% for blue fluo-
rescence. This was done by controlling the fusion and carbon-
ization of citric acid (CA) and diaminonaphthalene (DAN) with
a unique amino-substituted rigid carbon skeleton structure
(nitrogen source). The prepared MCBF-CQDs were highly crys-
talline, highly surface-passivated and nitrogen-doped. They
chose five different conditions and thus attained the CQDs with
five different average sizes (different bandgaps and different
colours). The CQDs with the average size of 1.95 nm, 2.41 nm,
3.78 nm, 4.90 nm and 6.68 nm resulted in blue, green, yellow,
orange and red fluorescence, respectively, when excited by UV
light (365 nm) as shown in Fig. 11. The gradual increase in the
size of CQDs was consistent with the red-shifted PL wavelength
and the first excitonic absorption peak wavelength. This clearly
reveals that the emission in these CQDs is due to the bandgap
transitions that originate from the quantum confinement
effect. They effectively took advantage of the excellent bandgap
emission of these MCBF-CQDs and for the first time, fabricated
monochrome LEDs from blue to red by directly using MCBF-
CQDs as an active emission layer. The L.« reached about 136
cd m™? for blue LEDs, which is the best performance ever re-
ported for CQD-based monochrome electroluminescent LEDs.
The LEDs all showed substantial stable EL and voltage-
independent emission color, which are of great significance
for display and lighting technology.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Though some researchers give strong evidence for QC
theory, several published papers do not have the data to support
this theory, thus it is not the most common theory. In recent
years, most researchers have not used quantum confinement as
the only factor for the PL mechanism of CQDs but it is often
used in conjunction with another concept.”

(2) Surface states. The theory of surface states is frequently
used and thus received general acceptance for the PL mecha-
nism of CQDs. According to this theory, it is the surface state
that controls the emission of the CQDs. Solid-state physicists
explained that the surface state controls the electronic
properties/structure of semiconductors.” Sun, et al. applied this
concept to CQDs for the first time in 2006.° Semiconductor
surface states are classified into intrinsic and extrinsic surface
states. Intrinsic surface states are electronic states that occur
due to the termination of the crystal lattice (clean and well-
ordered surface) facing the environment (semiconductor/
vacuum interface).

Intrinsic surface states are modelled computationally either
as Shockley or Tamm states. Shockley surface states are
modelled using a “nearly-free electron” approximation and can
be used accurately for narrow-gap semiconductors (bandgaps of
approximately 1-2 eV). Tamm states are modelled using the
“tight bound” approach, where electronic states are expressed
as a linear combination of atomic orbitals (LCAO). These states
are quite accurate for broad gap semiconductors (2-4 eV
bandgaps).>

Extrinsic surface states or surface states are the electronic
states that arise from (i) the surface with defects (where the
translational symmetry of the surface is broken), (ii) the surface
with adsorbed or bonded chemical species (functional groups),
and (iii) the interfaces between two materials (semiconductor-
oxide or semiconductor-metal interface). Extrinsic surface
states are much more difficult to characterize and model than
intrinsic surface states.

In CQDs, the surface state is determined by the hybridization
of carbon backbones and functional groups connected to CQDs,
and their energy gap is correlated to the extent of the m-electron
system and surface chemistry.** The surface states in CQDs are
associated with the (i) functional groups, (ii) defects (accom-
panied by a large number of non-perfect sp> domains) and (iii)
heteroatom dopants that can serve as a capture center for
excitons and thus result in surface states-related fluorescence.
Different functional groups on CQDs have different structural
configurations and hence different energy states, consequently
resulting in more recombination possibilities for electrons and
holes captured by the surface states.”

The abundant surface functional groups associated with
CQDs can form broadly distributed surface states and thus
a large number of transition modes. These states play dominant
roles under different excitations and result in the fluctuation of
the PL peak positions and intensities. This is excitation-
dependent behavior, which is consistent with the phenom-
enon observed in some special semiconductors.***

It has been verified that extrinsic surface states are intro-
duced by both surface functional groups (oxygen/nitrogen-
based groups, polymer chains, etc.)*>*® and heteroatoms (N, P,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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S, Cl, B, etc.)*®® in the CQDs, which can provide emissive trap
states/sites (ETSs) or the density of states (DOS) for photo-
excited electrons, and hence control the PL processes.>**
Heteroatoms also manipulate the intrinsic surface states of
CQDs. The experimental evidence has shown that radiative
recombination induced by surface-confined electrons and holes
in the CQDs is the cause of the observed bright PL.°**” On the
contrary, many research articles claim that extrinsic surface
states do not explicitly control the PL of CQDs.*®

Ding et al. synthesized CQDs with tuneable PL from urea
and phenylenediamine through a one-pot hydrothermal
method and used silica column chromatography for the
separation. The separated CQDs showed bright and stable
luminescence in gradient colors (blue to red) under UV radi-
ation (365 nm) as shown in Fig. 12(b). These samples exhibited
a graphitic carbon core structure with similar particle size
(average size 2.6 nm with broad size distributions) but the
surface state (especially the degree of oxidation) gradually
varied among the samples. With the increasing incorporation
of oxygen species (as seen from FTIR and XPS) into their
surface structures, the bandgap was gradually reduced and
consequently, a red shift in the emission peak was observed
from 440 nm to 625 nm. Interestingly, they found that the
energy states rely on the surface groups (degree of oxidation)
and structures but not on the particle size as shown in Fig. 12;

hydrothermal
160°C, 10 h

I
C + HN—( )—NH,
(a) H,N7""NH,

300 400 500 600 700 800
Wavelength (nm)
(d) Increasing degree of surface oxidation
_
LUMO === = =
VWA hy , hv hv ~ [AAA>hv

HOMO =—== ~,

v

@ I

@ —C-dots@— core of C-dots ()—amorphous region

Fig. 12 (a) Synthesis of CQDs from urea and phenylenediamine. (b)
Fluorescence of the CQDs under excitation at 365 nm. (c) The emis-
sion spectrum of the synthesized CQDs, and (d) the variation in the
bandgap of the CQDs (no change in size) with the degree of surface
oxidation (this figure has been adapted/reproduced from ref. 26 with
permission from the American Chemical Society, Copyright 2015).
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thus, surface states were the dominant factor controlling the
PL variations.>®

Zhang et al. prepared two types of CQDs (CQDs1 and CQDs2)
through different precursors and different methods and found
that both of the CQDs displayed blue PL. However, one
exhibited excitation-independent PL, while the other showed
excitation-dependent PL. XPS showed that the surface oxygen
level was higher in the CQDs that exhibited excitation-
dependent PL. They also concluded that the surface oxidation
controls the PL.*”®

Recently, Yuan et al. synthesized four different kinds of CQDs
using hydrothermal processes under identical conditions using
different nitrogen precursors. They observed that the emission
color changed with the variation in nitrogen functionalities. They
could see clear differences in the type and amount of nitrogen
functionality in each sample. The red emission was attributed to
the distortion of p-phenylenediamine; green due to pyridinic
nitrogen, blue emission due to pyrrolic nitrogen. These rela-
tionships were further confirmed by the presence of red and blue
emissions in CQDs prepared from proline. Based on the obser-
vations, they suggested a representative structure for each type of
CQDs and created an energy level diagram to illustrate the effect
of surface nitrogen functionalization on the bandgap of CQDs, as
shown in Fig. 13.'*

Sun et al. in 2018, hydrothermally synthesized CQDs from
citric acid and urea (H-CQDs), which emitted a blue color while

View Article Online
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those synthesized by microwave radiation (M-CQDs) emitted
a green-blue or green light, depending on the mass ratio. XPS
revealed that the concentration of C=0 was much higher in M-
CQDs then H-CQDs and observed the excitation-dependent
emission spectrum. They concluded that carboxyl (COOH) and
carbonyl (C=0) functional groups are responsible for the green
emission while hydroxyl (OH) groups are responsible for the
blue emission.*

Due to the increasing success of surface state theory to
explain the excitation-dependent PL of CQDs, it has become
much more common as compared to quantum confinement
and molecular state.

Yu et al. concluded that both surface states and the carbon
core are critical in regulating the PL because the bandgap of the
surface states (4.5 eV) is narrower than that of the core (5.0 eV).
Oxygen, nitrogen elements, and related chemical bonds will
produce impurity levels in the bandgap, which lead to changes
in the excitation and emission spectra of CQDs. As shown in
Fig. 14, there may be an energy transfer process between the
carbon core and the surface state. The CQDs display five emis-
sion bands centered at 305, 355, 410, 445, and 500 nm, which
are correlated with the electron transition at intrinsic C (4.1 eV),
graphitic N (3.5 eV), pyridine N (3.0 eV), amino N (2.8 eV), and
C=0 (2.5 eV) related levels, respectively.'**

(3) Molecular state. According to this theory, various “fluo-
rescent molecular fragments” are synthesized, which are free or
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Fig. 13

(a) Synthesis of CQDs using different precursors, (b) the proposed structures of different CQDs, (c) the proposed energy levels of surface

states of CQDs, and (d) nitrogen percentages in different CQDs (this figure has been adapted/reproduced from ref. 100 with permission from the

Royal Society of Chemistry, Copyright 2018).
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Surface state

Carbon core

Fig. 14 Energy band structure and possible PL processes for CQDs
(this figure has been adapted/reproduced from ref. 101 with permis-
sion from MDPI, Copyright 2018).

attached to the surface of CQDs in the preparation process of
CQDs by bottom-up methods.>>*

Since the bottom-up methods support highly reactive
conditions (e.g., a high reaction temperature, high pressure,
and/or a long reaction time, etc.),'* one can expect other side
reactions as well. In other words, small molecules or even
molecular luminophores can be produced during CQDs
synthesis, which may attach to the surface of CQD backbones,
granting them bright emission characteristics.*

Though several papers are available with strong evidence,
the scope of this theory is limited to the precursors like citric
acid/fluorescent precursors and also this theory cannot

View Article Online
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completely explain the excitation-dependent emission that
CQDs usually possess.>

Rogach et al. hydrothermally synthesized three different
CQDs by reacting citric acid with three different amine
precursors (e.g., ethylenediamine, hexamethylenetetramine,
and triethanolamine) as shown in Fig. 15. They analysed the
carbon and nitrogen species within the CQDs via XPS, and
compared their optical performance with that of citrazinic acid
(a molecular fluorophore belonging to the pyridine family). This
study confirmed the presence of the derivatives of citrazinic
acid and their contribution to the blue fluorescence of
ethylenediamine-CQDs (e-CQDs) and hexamethylenetetramine-
CQDs (h-CQDs).*** The differences in the PL QY of the prepared
CQDs are shown in Fig. 15 and 16.

Song et al., in 2015, synthesized high quantum yield CQDs
from citric-acid and EDA through a hydrothermal method and
discovered a bright blue fluorophore (imidazo[1,2-a]pyridine-7-
carboxylic acid, 1,2,3,5-tetrahydro-5-oxo-, IPCA) through the
separation of CQDs. These CQDs have two PL centres: carbon
core states (resulting from the core) with low QY and molecular
state (resulting from IPCA) with high QY.**

Recently, Righetto et al. claimed the observation of free
molecules by combining fluorescence correlation spectroscopy

and time-resolved 106

electron paramagnetic resonance.
However, the reported fluctuations and rotations of carbon
layers may account for the estimated molecular hydrodynamic
radius in the case of molecules attached to or inserted within
the layers.®* In addition, aggregates of fluorophores were also
reported to play a role in the absorption and emission

features.'” According to these findings, CQDs may be
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Fig. 15

(a) Reaction of citric acid and ethylenediamine, resulting in e-CQDs and the fluorophore IPCA. (b) Reaction of citric acid with hexa-

methylenetetramine, producing h-CQDs and citrazinic acid and/or 3,5 derivatives (marked by —X) due to the decomposition of hexamethy-
lenetetramine to ammonia and formaldehyde at temperatures exceeding 96 °C. (c) Reaction of citric acid and triethanolamine, resulting in t-
CQDs and no derivatives of citrazinic acid since the tertiary amine prohibits their formation. (a—c) Images of the purified reaction products under
ambient light and the corresponding diluted solutions under UV light excitation (this figure has been adapted/reproduced from ref. 104 with

permission from the American Chemical Society, Copyright 2016).
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rationalized as hybrid particles, built from fluorophores, that
eventually aggregated, within or attached to a carbonized core.
To further support this picture, it was shown that the temper-
ature and time of synthesis can modify the molecular state/core
state equilibrium. It is interesting to note that multiple parallel
routes were proposed to explain the formation of CQDs during
the hydrothermal synthesis of CA and EDA, including direct

a

» 10

32% PL QY 3200m
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carbonization and polymers- or molecules-mediated carbon-
ization, thus supporting the formation of a mix of different
emission centers in the same CQD or the formation of
a heterogeneous mix of different CQDs characterized by distinct
emissions.®

4.2.2 Phosphorescence. Phosphorescence is one of the
recently discovered properties of CQDs, observed when CQDs
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Fig. 16 PL peak position (@) and normalized PL intensity (A) as a function of the excitation wavelength for citrazinic acid (a) and the three CQD
species (b—d). Emission pathways are illustrated in the simplified Jablonski diagrams: the arrow colors represent the shift in the emission
wavelengths from blue to green (high to low energies), and arrow thickness indicates the relative intensities of different transitions. Schematic
structures for each CQD species are drawn on the right. The attachment of molecular fluorophores is depicted by the hexagons for both e- and
h-CQDs (this figure has been adapted/reproduced from ref. 104 with permission from the American Chemical Society, Copyright 2016).
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Fig. 17 Minimum and maximum QYs for different synthesis techniques.

are dispersed in a polyvinyl alcohol (PVA) matrix at room
temperature and excited with UV light. Several investigations
suggested that carbonyl groups attached on the surface of
CQDs provide excited triplet states that are responsible for
phosphorescence in CQDs. The PVA matrix molecules guard
the triplet excited state from rotational or vibrational loss by
making these carbonyl groups inflexible with hydrogen
bonding.”

In 2013, Deng et al. reported room-temperature phospho-
rescence (RTP) from CQDs in a polyvinyl alcohol (PVA) matrix.
They obtained a phosphorescence peak at 500 nm with an
average lifetime of 380 ms under the excitation of 325 nm
(Fig. 12). The phosphorescence emerged from the aromatic
carbonyls of CQDs (C=O0 on the surface), and the PVA matrix
effectively shielded their triplet states from being quenched by
intramolecular motions and oxygen.’

In 2019, Lu et al. prepared ultra-long phosphorescent carbon
dots (P-CQDs) through microwave synthesis. These P-CQDs
exhibited yellow-green (525 nm) phosphorescence for up to
9 s when excited at 354 nm. They observed that (i) the room
temperature phosphorescence (RTP) intensity of P-CQDs grad-
ually decreased with increasing pH because protonation disso-
ciated the hydrogen bonds and disturbed the phosphorescent
sources and (ii) the phosphorescence of P-CQDs was quenched
by introducing the tetracyclines (TCs).""* The potential appli-
cations include chemical and biological sensing and time-
resolved imaging.

Comparative emission characteristics of CQDs synthesized
by various research groups are given below in Table 2.

Based on the data collected from the research papers
reviewed in this article, a statistical distribution of the
minimum and the maximum QY for various methods are shown
in Fig. 17. It is interesting that the hydrothermal method is
capable of providing the maximum QY of ~90% and has been
the most commonly used technique for synthesis, as seen in
Fig. 5. The microwave technique is a runner up, capable of
providing the maximum QY of ~85%. Fig. 17 also shows that
CQD synthesis through laser ablation exhibits poor QY with
a maximum value of ~12.2%. It is noteworthy that various

© 2022 The Author(s). Published by the Royal Society of Chemistry
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factors affect the QY of the CQDs, like the precursor, synthesis
duration, temperature, etc.**"*

5. Applications of CQDs in solar cells

The sun provides about 120 000 terawatts of power to the earth's
surface, which is approximately 6000 times the present rate of
the world's energy consumption. Solar energy is a green and
inexhaustible energy resource that, if exploited fully, can bring
a paradigm shift and make the planet earth completely free
from fossil fuel-based electricity generation."*® Solar cells are
electronic devices (consisting of p-n junctions) that convert
light into electricity through the photovoltaic (PV) effect.
Research efforts have led to the development of different cate-
gories of solar cells like single or multi-junction semiconductor
solar cells (Si or GaAs based), thin-film solar cells, quantum dot
solar cells, organic/polymer solar cells, perovskite solar cells,
dye-sensitized solar cells, etc. Flexible, low-weight and trans-
parent solar cells become important in comparison to other PV
technologies for certain applications like foldable mobile/
media player chargers, transparent door curtains, window
shades, etc.’ To attain better performance, these devices
usually employ inorganic quantum dots (SQDs) but it happens
at the cost of environmental and health issues due to the
presence of carcinogenic materials like Cd, Pb, etc. in SQDs.**
In this situation, the low cost and eco-friendly fluorescent CQDs
are the best alternative to SQDs. CQDs exhibit large absorption
coefficients, broad absorption spectra,”* and good photo-
induced electron transfer/charge separation ability and large
two-photon absorption cross-section.’*® These characteristics
make CQDs important contestants for photovoltaic applications
where they can be used as light absorbers to generate e-hole
pairs,”* electron acceptors/donors, electron sinks (which
effectively transfer electrons and prevent the electron-hole pair
recombination), or hetero-junction-forming charge dissocia-
tion sites, which make them work as charge carrier sources,
etc.”®®”” Due to these features, CQDs have been used in
different functional layers of solar cells: electron-transporting
layers (ETL), active absorbing layers, hole-transporting layers

RSC Adv, 2022, 12, 4714-4759 | 4741
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curve of DSSC at different numbers of coatings (CQD X; X is the number of N-CQDs solution coatings) (this figure has been adapted/reproduced

from ref. 131 with permission from Elsevier, Copyright 2019).

(HTL), dopants in the active layer, and as an interlayer spacing
simply to align and adjust the energy levels of other compo-
nents."”® As a result, CQDs-based solar cells are expected to
display superior performance. This article reports two recent
reviews'**?® that deal with the role of CQDs in specific types of
solar cells. However, the present section is not restricted to any
specific type but rather discusses the various possible roles of
CQDs in different types of solar cells exploited by the
researchers.

5.1 CQDs as energy down-shift (EDS) material

The solar spectrum that reaches the earth's surface ranges from
250-2500 nm. To exploit the extreme potential of solar energy,
the solar cell must absorb the maximum spectrum, but in
practical scenarios, it is difficult to achieve specifically when
considering UV radiation. For instance, UV radiation coming
from the sun degrades the sensitizer of the DSSCs and hence
affects its long-term stability, especially when Ru-free dyes
(indoline dyes D149, etc.) are used. Poor long-term stability is
the major drawback of the DSSCs." At the same time, Ru-free
dyes are highly desired for cost-effective and environmentally
friendly photovoltaics systems. Thus, various strategies have
been developed to address such concerns. One of the commonly
used techniques for such purposes is to use energy down-shift
(EDS) materials. EDS materials absorb UV photons and in
turn generate low-energy photons. CQDs are among the
emerging EDS materials due to their low cost, simple synthesis,
good absorbance in the UV region and emission in the visible
spectrum, and eco-friendliness. As such, the use of CQDs is one
of the very practical approaches to efficiently utilizing the high-
energy radiation of the solar spectrum. The application of CQDs
in the DSSCs as EDS converts the incident UV into visible light,
which is then absorbed by the sensitizer layer. This not only
protects the DSSCs from UV radiation but also improves the
external quantum efficiency (EQE) in the range of 300-
400 nm."*

In 2015, Xugen Han et al. prepared highly luminescent CQDs
(QY up to 84.8%) through a hydrothermal method from citric
acid (carbon source) and ethylenediamine (nitrogen source),
together with adding moderate ammonia water (AW) to achieve

4742 | RSC Adv, 2022, 12, 4714-4759

both an appropriate inner structure and excellent N passivation.
The high-yield CQDs aqueous solutions were mixed with poly-
vinyl alcohol (PVA) aqueous solutions (5 wt%) to obtain the
CQDs/PVA solution. The resultant solution was spin-coated on
the SINW solar cells and heated at 80 °C for 20 min to form the
EDS layers, the thickness of which was adjusted by the spin-
coating times. An effective enhancement of Js¢ and hence the
PCE from 10.85% to 10.96% was observed due to the presence
of the EDS layer. The underlying mechanism of the enhance-
ment is attributed to the competing result of the deterioration
of the surface reflectance and the optical absorption
redistribution.**®

In 2019, Riaz et al. synthesized N-doped CQDs by a one-pot
hydrothermal method wusing citric acid and 2,3-di-
aminonaphthalene (DAN) and applied them as EDS in DSSC.
The average size of the synthesized CQDs was 5 nm and QY of
70%. These CQDs absorbed the UV radiation coming from the
sunlight and emitted a green wavelength (500-550 nm) that was
also absorbed by the active layer of DSSC in addition to the
spectrum already absorbed by it. As a result of more photon
absorption, more carriers were generated and improved Jsc was
recorded. The enhanced absorption of photons was verified by
the EQE test as shown in Fig. 18(a); consequently, the PCE of the
DSSC was enhanced after the incorporation of CQDs as shown
in Fig. 18(b). The highest recorded PCE was 8.2% for CQD-3 in
comparison to 7.3% for CQD-0. After 3 weeks, the PCEs of CQD-
0 and CQD-3 were observed to be 2.1% and 6.3%, respectively,
which signifies that the CQDs layer significantly resists the
photodegradation of sensitizers. The employment of CQDs not
only improved the efficiency by ~10% but also enhanced the
stability of the solar cell.***

In the same year, 2019, J. E. Pelayo-Ceja et al. synthesized
CQDs by an electrochemical method and wused poly-
methylmethacrylate (495 PMMA A2 from Microchem) as the
matrix for the dispersion of these CQDs because of its high
transparency (93%), low fragility, high weather- and UV-
resistance and excellent thermal insulation. The resultant
PMMA and CQDs solution was spin-cast on the commercially
available solar cell. The result indicated that the PCE of solar
cells improved by 4.6% upon the incorporation of CQDs. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2022).

enhancement in the cell efficiency was mainly in the range 300-
480 nm due to the improved absorption of incident sunlight by
the down-shifting nanostructures (CQDs) present on the inci-
dent surface.™

In 2020, Mumtaz Ali et al. coated (layer by layer self-
assembled uniform coating) eco-friendly red-emissive hollow
nitrogen-doped CQDs (NR-CQDs) as an efficient energy-down
shifting layer on crystalline silicon solar cells (c-Si SC). A
unique hollow and conjugated structure of NR-CQDs was
designed to achieve a large Stokes shift of around 255 nm (UV
excited - red emission) that caused the PCE to increase by
5.8%.'%

In 2021, Tiezheng Lv et al. coated a luminescent and anti-
reflective (AR) silica layer on the top glass of a solar panel for
solar panel encapsulation by utilizing the covalent bonding
between CQDs and porous silica matrix. They found that the
PCE of the solar panel was enhanced from 20.76% (only AR
coating) to 20.94% (AR-CQD coating) due to the improvement in
the short circuit current Isc. Improved Igc is attributed to the
higher EQEs by the AR-CQD coating in the UV range (300-400
nm) in contrast to only AR-coated film. However, in the rest of
the spectrum, the role of the CQDs was not prominent. EQE was
even slightly lower at longer wavelengths in AR-CQD film,
probably due to the surface scattering caused by the aggregated
CQDs inside porous silica as shown in Fig. 19. The results
revealed that the inclusion of CQDs was compatible with the
standard AR process of photovoltaic glass with no additional
cost and provided a better means for solar panel encapsulation
with enhanced performance.™*

5.2 CQDs as sensitizers or co-sensitizers

Sensitizers are photosensitive materials that absorb incoming
light and transfer the excited electrons to the neighbouring
molecules. Numerous inorganic and organic/metal-free dyes/
natural dyes like N3, N719, N749 (black dye), K19, CYC-B11,
C101, K8, D102, SQ, Y123, Z907, Mangosteen, and many more
have been utilized as sensitizers in DSSCs.** Among the various

© 2022 The Author(s). Published by the Royal Society of Chemistry

available dyes, Ru-based sensitizers (dyes) are typically
employed in most of the advanced DSSCs because these dyes
have carboxylate ligands that anchor the dye to TiO, and thus
offer extraordinary stability when being adsorbed on the TiO,
surface.'?>1>?

Ru-based sensitizers generally offer superior performance
and possess the capability to provide highly efficient DSSCs
but their synthesis is often time-consuming, relying on the Ru-
metal centre which is rare and expensive, and the range of
application of Ru dyes is limited to DSSCs."**'** Thus, they are
not suitable for cost-effective and environmentally friendly
photovoltaic systems and consequently, metal-free organic
dyes are developing at a fast pace to address the mentioned
challenges. Metal-free organic dyes have low cost, are envi-
ronmentally friendly and have higher absorption coefficient
(one order of magnitude higher than Ru complexes), but the
efficiencies based on these devices are lower as compared to
those based on Ru dyes and these dyes exhibit poor stability
under elevated temperatures.”” As a consequence, there is
a constant search for more suitable and effective sensitizers or
co-sensitizers for solar cells. As such, many researchers have
employed CQDs as sensitizers or co-sensitizers as novel
materials because of their low cost, sustainability and eco-
friendliness.'**

In 2012, Peter Mirtchev et al. synthesized the CQDs (sp”
hybridized core capped with hydroxyl, carboxyl, and sulfonate
groups) and applied them as the sensitizer on the photo-anode
of nanocrystalline TiO, solar cells. These surface functional
groups enabled the coordination of CQDs to TiO, in the same
fashion as done by the carboxylate ligands of the dye and
enhanced the PCE of DSSC to 0.13% in comparison to 0.03%
(non-sensitized nano-crystalline TiO,). The enhancement is
attributed to the broad absorption spectrum throughout the
visible region. Still, the current density, Jsc, reported in their
study was much lower than the value routinely obtained
through Ru sensitizer solar cells. The reason for the lower
current density was proposed to be the different emission trap
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sites available on the CQDs surface that serve as the recombi-
nation centres.***

In 2016, Wang et al. synthesized the nitrogen-doped CQDs
from citric acid and ammonia through a direct pyrolysis
method for different mass ratios. The absorption was maximal
for the mass ratio of 1 : 4 for ammonia : citric acid with a QY of
~36%. These CQDs were used as the sensitizer in the fabrica-
tion of TiO,-based solar cells with a PCE of 0.79% under 1 sun
illumination (AM 1.5). It was the highest recorded PCE for
CQDs-based DSSCs at that time. Their group concluded that the
enhanced performance of the solar cell was due to the enriched
absorption of CQDs/TiO, in the visible spectrum and more
electron transfer from CQDs to the conduction band of TiO,."**

In 2017, Quanxin Zhang et al. grew CQDs in situ from citric
acid and ethylene-diamine on the TiO, surface through the
pyrolysis method to form a hybridized CQD/TiO, photo-anode.
This photo-anode was used in the solar cell and an excellent
PCE of 0.87% was observed, which was higher than all of the
reported PCEs of CQD-based solar cells at that time through the
adoption of a simple post-adsorption method. This CQD layer
enhanced the absorption and reduced the PL of the CQD/TiO,
layer, which resulted in more electron-hole pair generation and
the transfer of carriers to the TiO, layer, respectively. As a result,
the overall PCE of the fabricated solar cell was increased.™’

Fig. 20
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The band alignments of TiO, and CQDs are suitable for
causing the injection of photo-generated electrons of CQDs into
the conduction band of the adjacent TiO, in intimate contact.**®

In 2019, Bhavita Mistry et al. prepared un-doped CQDs
(quantum yields 5.2%) and nitrogen-doped CQDs (quantum
yield 9.8%) and used them as green sensitizers in the fabrica-
tion of TiO,-based quantum dot solar cells. They observed that
the presence of nitrogen in CQDs facilitated photo carrier
injection in the TiO, layer that improved the photocurrent of
the solar cell device and the highest PCE of 0.56% was recorded
(for 0.25% nitrogen-doped CQDs), which was almost double
that of the PCE of the un-doped CQDs solar cell (0.30% PCE)
when measured under 1 sun. They further noted that the PCE
(0.25% nitrogen-doped CQDs) was almost doubled (PCE 1.20%)
under a low light intensity of 0.1 sun illumination (AM 1.5)."*

In 2020, Qiming Yang et al. synthesized N-CQDs using
hydrothermal methods for different durations (0.5, 1, 2, 4, 8, 16
hours) as shown in Fig. 20(a). Each of these N-CQDs possessed
different characteristics (Fig. 20(b)) and they were employed as
co-sensitizers in DSSCs (N719 dye) fabricated by the group;
enhanced performance was observed for all the solar cells. One
of the fabricated devices exhibited the highest PCE, up to 9.15%
(with N-CQDs synthesized for 2 hours) under irradiation at one
standard sun (AM 1.5), which was much higher than the 8.5%

—0.5h
——1h
——2h
———4h
——8h
w16h

raw carbon

T T
0.1 0.2 0.3
Voltage (V)

0.5

(a) Conversion processes from chitosan powders to carbon quantum dots (CQDs) by a hydrothermal method and images of nitrogen-

doped carbon quantum dot (N-CQD) aqueous solutions synthesized at different heating times under UV light irradiation. (b) The energy level of
N-CQDs with different heating times. (c) Energy level distribution and charge transfer processes at the interface. (d) Characteristic photocurrent
density—voltage (J-V) curves for N-CQDs sensitized solar cells under simulated sunlight (AM1.5, 100 mW cm™2) (this figure has been adapted/

reproduced from ref. 140 with permission from MDPI, Copyright 2020).
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efficiency of the controlled device without N-CQDs as shown in
Fig. 20(c) and (d). The enhancement was attributed to the
following: (i) the energy levels of N-CQD match well with the
energy levels of TiO, and the reduction potential of I/,
therefore, the electrons can inject into the TiO, but not into the
electrolyte, thus serving as an electron-blocking layer. (ii) The N-
CQDs, under photoexcitation can serve as charge transfer
antennas to receive and transmit energy to the N719 dye
through the Forster resonance energy transfer (FRET) mecha-
nism. Consequently, this mechanism significantly enhanced
the light absorption ability of the device. (iii) Optimized N-CQDs
exhibited excellent up-convention luminescence, which broad-
ened the absorption spectrum of the device and enhanced the
light-harvesting ability in the long-wavelength range.**®

5.3 CQDs as an electron transport layer (ETL)

The purpose of an ETL between the active layer and the cathode
is to extract electrons from the active layer towards the cathode
and reduce the recombination of free electrons and holes on
defects that exist on the interface (active layer and cathode).
TiO, and ZnO films are widely used metal oxide ETLs in
perovskite solar cells (PSCs). To date, TiO, has been used as an
ETL in most reported PSCs and is also widely applied as the ETL
in DSSCs. TiO, has a favourable band edge (HOMO/LUMO)
position (—7.63 eV/—4.4 eV) for the extraction and injection of
charge carriers, facile fabrication and, most importantly, low
cost. However, low electron mobility, a high density of trap
states below the conduction band (CB), and relatively high
processing temperatures are significant problems. Some of the
issues of TiO, are addressed by ZnO as it has a conductivity
several orders of magnitude that of TiO,, thus significantly
minimizing the recombination losses and it also does not
require high-temperature processing. However, ZnO also has
degradation problems like TiO,, which reduces the device
stability.*****> They came across another ETL material, namely
tin oxide (Sn0O,), which appears as a possible alternative to both
ZnO and TiO, in certain aspects. SnO, requires low-temperature
processing, high electron mobility, adequate HOMO/LUMO
position, excellent stability, and high transparency in the
visible and near-infrared regions. However, metal oxide ETLs

(a)

Fig. 21
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(TiO,, ZnO, SnO,) are chemically and physically more stable
than organic ETLs but have a relatively higher population of
defects and traps on the surface as compared to organic ETLs."*

CQDs are emerging among the various organic materials as
favourable ETL due to their photo-stability, low toxicity, good
electron extraction capability, easy bandgap tunability, etc.
CQDs as ETLs are employed by researchers in two ways: (i)
completely replacing the existing ETL, or (ii) co-mingling with
the existing ETL to improve its performance.

In 2016, Lingpeng Yan et al. synthesized the CQDs by
chemical vapour deposition (CVD) in an Ar atmosphere using
C,H, as the carbon source, having an average diameter of
3.5 nm. Their group fabricated the solution-processed organic
solar cell (ITO/PEDOT:PSS/donor:acceptor/CQDs/Al) with CQDs
as the ETL as shown in Fig. 21. The results indicated that the
optimized PCE of P3HT:PCq,BM, PTB7:PC¢;BM and PTB7-
TH:PC,,BM devices using CQD as ETLs reached 3.11%, 6.85%
and 8.23%, respectively, which are comparable with the LiF (as
ETL)-based devices. CQDs-ETL offered lower resistance and
thus a better interfacial connection between the Al electrode
and the active layer. This lower interfacial resistance and better
electron injection resulted in excellent device performance. The
long-term thermal stability of these devices having CQDs-ETLs
was also improved significantly due to reduced diffusion of
CQDs in the active layer.

In 2017, Hao Li et al. synthesized CQDs through a one-step
alkali-assisted ultrasonic chemical method from glucose.
Their group used the CQDs/TiO, composite layer as the ETL in
planar n-i-p hetero-junction perovskite solar cells and boosted
the PCE to 18.89%.

The presence of CQDs enhanced the electronic coupling
between the CH;NH;PbI;_,Cl, and TiO, ETL interface, which
improved the electron transport property (charge extraction and
injection) at TiO,/perovskite (from perovskite to TiO,). This
resulted in enhanced short-circuit current density (Jsc), open-
circuit voltages (Voc)."**

In 2019, Xiaomeng Zhu et al. built a planar heterojunction
(PHJ) CH3NH;3PbI; perovskite solar cell using CQDs-doped
PCBM as the electron transport layer having device structure
FTO/PEDOT:PSS/MAPbI;/PCBM:CQDs/BCP/Ag. The doping
with CQDs led to a PCE of 18.1% in comparison to 13% PCE

143
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(a) Organic solar cell device structure with CQDs (C in C-CQDs indicates the carbon vapour deposition method). (b) Energy level diagram

of the solar cells with CQDs as ETLs and P3HT:PCg;BM, PTB7:PC4:BM or PTB7-Th:PC7,BM as the active layer (This figure has been adapted/
reproduced from ref. 143 with permission from Elsevier, Copyright 2016).
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(a) Energy level diagram of PTB7-Th:PC71BM solar cells. The work-functions of ITO, ITO with PEl, and ITO with CQD-doped PEIl were

measured by Kelvin probe force microscopy. (b) A diagram of the summarized concept; CQD-doped PEl induced a stronger internal field due to
the lower work-function. This strengthened internal field induced better exciton dissociation efficiency. (c) The J-V characteristics of PTB7-
Th:PC71BM solar cells with pristine PEl and CQD-doped PEI with various doping ratios. (d) EQE curves of PTB7-Th:PC71BM solar cells with
pristine PEl and CQD-doped PEI with various doping ratios (this figure has been adapted/reproduced from ref. 146 with permission from Elsevier,

Copyright 2021).

(39.2% increment) of the pure PCBM-based devices. Also, the
CQD doping improved the long-term stability of perovskite solar
cells by preventing the diffusion of I".'*

In 2021, S. Park et al. synthesized CQDs having NH, ligands
using neutral red powder and ethylene-diamine from micro-
wave irradiation. They incorporated these CQDs in different
ratios in the polyethyleneimine (PEI) layer of fabricated solar
cells (ITO/CQD-doped PEI/PTB7-Th:PC;;BM/Mo00O;/Ag). The
purpose of the PEI layer in solar cells is to modify (reduce) the
work function of ITO, and the presence of CQDs in PEI
enhances this effect as shown in Fig. 22(a) and (b). As a result,
the incorporation of CQDs in PEI effectively enhanced the
performance of all the solar cells (different CQD concentra-
tions). The effects of CQD concentration on Jsc and % EQE are
shown in Fig. 22(c) and (d). The highest PCE recorded was
9.468% for 2% CQDs in comparison to PCE of 8.549% for
pristine PEI layer-based solar cells. Their group concluded
that the enhancement of solar cell efficiency could be attrib-
uted to (i) the improved electron transport properties as
a result of CQD doping and (ii) the increase in the exciton
dissociation probability due to the strengthened internal
field."*

5.4 CQDs as the hole transport layer (HTL)

In order to facilitate more efficient charge separation and
prevent interfacial recombination within these devices, HTLs
have been employed to obtain high-performing devices. The
most widely used HTL is PEDOT:PSS but its strong acidity and

4746 | RSC Adv, 2022, 12, 4714-4759

hygroscopicity reduce the device stability. In addition, its
insulating nature reduces the electrical conductivity and hence
reduces the device performance.”” The inorganic semi-
conductor materials-based HTLs are known for improved device
stability but they suffer from the problem of high
manufacturing cost. Therefore, CQDs are the best alternatives
that offer a win-win situation over the said materials.**>**

In 2016, Sofia Paulo et al. synthesized CQDs from citric acid
and p-phenylenediamine using a hydrothermal approach. The
cyclic voltammetry measurements confirmed that the HOMO
and LUMO energy levels of CQDs are suitable for hole transfer
and electron blocking from the perovskite to CQDs. They used
CQDs as the HTM (hole transport material) for perovskite solar
cells for the very first time in MAPI (methylammonium lead
iodide) solar cells and observed a PCE of 3%. This efficiency was
quite low in comparison to the PCE of 8.06% observed with
another similar device fabricated using spiro-oMeTAD as the
HTL. This poor performance of CQDs as HTL-based devices was
due to the poor perovskite coverage over the mp-TiO, surface, as
revealed by ESEM analysis of the devices.™®

In 2021, a new approach was proposed by Duong et al,
utilizing the potential of both PEDOT:PSS and CQDs. Their
group synthesized the N-CQDs (nitrogen-doped) using a sol-
vothermal process and O-CQDs (oxidised) using a chemical
oxidation method and studied their impact as HTL on the
performance of fabricated solar cells in the presence of
PEDOT:PSS. They found that the performance of solar cells
improved when CQDs were incorporated and the highest PCE of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 OPV device performance and characterization. (a) Energy band diagram of the OPV device. (b) Current vs. potential (J-V) curves (inset:
OPV device with the structure ITO/PEDOT:PSS/active layer/TiO,/Al). (c) Photovoltaic response, and (d) EQE spectra of OPV devices (this figure
has been adapted/reproduced from ref. 149 with permission from Elsevier, Copyright 2021).

8.57% was recorded with N-CQDs in comparison to 8.17% for O-
CQDs and 7.26% in the absence of CQDs, as shown in Fig. 23.
The incorporation of N-CQDs in PEDOT:PSS drastically (i)
reduced the resistance, (ii) increased the work function, (iii)
modified the surface energy, and (iv) smoothed the surface
morphology of PEDOT:PSS. Moreover, it weakened the

electrostatic interaction between PEDOT and PSS, which resul-
ted in the m—m stacking of PEDOT and the hydrophilic inter-
action of PSS with N-CQDs as shown in Fig. 24. The interactions
in the presence of N-CQDs were quite strong in comparison to
oxidized CQDs (O-CQDs). The combination of PEDOT:PSS and
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(a) Potential energy scan for each pair of N-CQD/PEDOT and O-CQD/PEDOT; (b) - stacking of PEDOT with N-CQDs and elec-

trostatic interactions of PSS with N-CQDs (this figure has been adapted/reproduced from ref. 149 with permission from Elsevier, Copyright 2021).
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Table 3 Performance characteristics of the P3HT:CQDs based bulk heterojunction solar cells (this table has been reproduced from ref. 151 with

permission from Elsevier, Copyright 2018)

Device structure Voc (V) Jsc (mA em™2) FF PCE (%)
ITO/ZnO/P3HT/M00;/Al 0.55 0.27 0.52 0.08
ITO/ZnO/P3HT:C—CQDS/MOO3/A1(2.5%) 0.60 0.64 0.57 0.22
ITO/ZnO/PSHT:C-CQDS/MOO3/A1(5%) 0.62 0.77 0.60 0.29
ITO/ZnO/P3HT:C—CQDS/MOO3/A1(10%) 0.63 0.62 0.61 0.24
ITO/ZnO/P3HT:H—CQDS/MOO3/A1(5%) 0.56 0.36 0.50 0.10
mg/mi 8= P3HT
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Fig. 25 (a) PL spectra of P3HT (10 mg ml™), C-CQDs (1 mg ml™) and P3HT:C-CQDs (P3HT: 10 mg ml™, C-CQDs content: 0, 2.5, 5, and 10 wt%
vs. P3HT) composite films at an excitation of 450 nm. (b) UV-Vis absorption spectra of P3HT and P3HT:C-CQDs (1 : 5%) in the solid state (this
figure has been adapted/reproduced from ref. 151 with permission from Elsevier, Copyright 2018).

N-CQDs enhanced the charge extraction and charge injection,
resulting in the improved performance of the solar cells."*

5.5 CQDs as donor/acceptor

Many reports are available where CQDs have completely
replaced the fullerene derivatives as acceptor materials in
photovoltaic devices."** Some research groups have considered
the incorporation of CQDs in the active layers as “CQDs as
acceptor” material but in this review, we have categorised it as
“CQDs as dopant”, where CQDs may either accept or donate
electrons.

In 2015, Feng et al. synthesized CQDs, by a hydrothermal
method, having an average diameter of 6.2 nm and a pretty
good QY of 12.1%. Their group noticed that the PL of P3HT
was quenched drastically upon the incorporation of the
synthesized CQDs in P3HT (mass ratio 1 : 1). The quenching
was attributed to the transfer of electrons from the P3HT to
CQDs; i.e., the CQDs accepted electrons from the photo-
excited P3HT. The adequate charge transfer takes place
because the bandgap energies of the CQDs align well with
those of the P3HT.***

In 2018, Bo Cui et al. synthesized C-CQDs by chemical
vapour deposition (CVD) in an Ar atmosphere using C,H, as
a carbon source, having an average diameter of 3.5 nm. Their
group fabricated the solution-processed inverted organic solar
cell (ITO/ZnO/P3HT: C-CQDs/Mo0O;/Al), where P3HT acted as
a donor with C-CQDs as an acceptor. The amount of the C-
CQDs in the active layer was varied as 0, 2.5, 5.0 and 10 wt%
(ratio to P3HT) and the performances of all the solar cells were
compared. The photo-induced charge transfer occurred

4748 | RSC Adv,, 2022,12, 4714-4759

between P3HT and C-CQDs because photoluminescence
quenching was seen in the P3HT:C-CQDs composite film. It
was recorded that V¢ and FF increased with the increase in C-
CQDs concentration and reached the maximum value for
10 wt% CQDs. Likewise, Jsc also increased with C-CQDs
concentration but reached its maximum value for 5 wt% C-
CQDs and then decreased, and the highest PCE was exhibi-
ted by 5 wt% C-CQDs based solar cells.”* The effects of C-
CQDs concentration on the performance of solar cells is
shown in Table 3.

The PCE of this device was 0.29%, which was ~2.5 times
higher in comparison to the device without using C-CQD
(0.08%)."** The enhancement in the performance of solar cells
in the presence of C-CQDs is attributed to the improved
absorption by the C-CQD:P3HT composite film and efficient

50 nm

Fig.26 (a) FETEM image of P3HT:C-CQDs composite films (1 : 5%). (b)
FETEM image of P3HT:H-CQDs composite films (1 : 5%) (this figure
has been adapted/reproduced from ref. 151 with permission from
Elsevier, copyright 2018).
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charge transfer from P3HT (donor) to C-CQDs (acceptor) as
shown in Fig. 25.

They also compared the performance of the hydrothermally
synthesized CQDs (H-CQDs) and found the PCE of only 0.1% for
5 wt% H-CQDs. The inferior performance with H-CQDs was due
to the aggregation (poor dispersion) of H-CQDs in the P3HT
matrix,"** which was seen via the FETEM image shown in
Fig. 26.

In addition to the acceptor, CQDs can function well as
electron donors or co-electron acceptors when coupled with the
PCBM fullerene derivatives. In 2016, Alberto Privitera et al.
synthesized N-CQDs functionalized with different thiophene-
containing groups. The functionalization was done to (i)
enhance the electron-donating ability of the CQDs and (ii)
improve their solubility in nonpolar solvents. They demon-
strated that the PL of a thin film of the CQD:PCBM blend gets
quenched significantly due to the transfer of electrons from
CQDs (donor) to the PCBM (acceptor), which was verified by
electron paramagnetic resonance (EPR). With the help of time-
resolved EPR spectroscopy, they also observed that different
functionalization derivatives on CQDs modified the charge
transfer efficiency of the CQD:PCBM blend." At present, very
few studies exist that focus on the CQDs as electron donors and
thus it offers wide room for further investigation to exploit its
full potential.

5.6 CQDs as a dopant

Doping is a very frequently used technique to modify the
optoelectronic properties of the base material. Reports have
revealed that CQDs can be alternative eco-friendly dopant
materials for commercial solar cells in the near future. In 2018,
Bo Cui et al. synthesized CQDs by chemical vapour deposition
(CVD) in an Ar atmosphere using C,H, as a carbon source
having an average diameter of 3.5 nm. Their group fabricated
the solution-processed organic solar cell (ITO/ZnO/
P3HT:CQDs:PC¢;BM/M00;/Al), with P3HT as the donor,
PC4,BM as the acceptor and CQDs as the doping material
(varying doping concentrations 0, 0.025, 0.05, 0.075 and
0.1 wt%). They observed that the PCE efficiency increased from
3.3% to 3.67% (11% enhancement) as the dopant (CQDs)
concentration increased from 0 to 0.075 wt%, but the PCE
decreased to 3.55% with a further increase in the doping
concentration to 0.1%. The enhancement in PCE is attributed to
(i) the absorption and scattering by well-dispersed CQDs in the
active layer, which might improve Js¢, and (ii) the lower series
resistance of the device doped with CQDs that improved Jsc and
the fill factor (FF).***

In 2021 Kiran et al. fabricated DSSCs and found that the PCE
of the cell was boosted to 8.75% after doping the active layer
with synthesized N-CQDs (co-active layer) under single-sun
irradiation. The incorporation of the N-CQDs in the photo-
active layer synergically enhanced the absorbance and reduced
the recombination between the photo-anode and electrolyte.
They also employed the N-CQDs as sensitizers and co-
sensitizers in DSSCs and consequently, enhanced perfor-
mance was also observed in both cases. The maximum

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhancement was demonstrated when N-CQDs were applied as
the co-active layer. A large number of anchoring sites for dyes,
highly conducting photo-anode, fast charge carrier trans-
portation, and inherent light-emitting photo-fluorescent prop-
erties of N-CQDs in mesoporous titania were considered to be
responsible for this enhancement."*

A comparative study of the effects of CQDs on the perfor-
mances of different types of solar cells is summarized below in
Table 4.

6. CQD-assisted white LEDs (WLEDs)

The CQDs have broad emission characteristics (full width half
maxima > 80 nm) in comparison to the commercial rare-earth
phosphors and traditional semiconductor QDs that exhibit
narrow emission bandwidth. The broad emission exhibited by
CQDs is due to their strong electron-phonon coupling, as well as
highly dispersed particle size."®*** This makes CQDs suitable
materials for application in WLEDs.

The emission spectrum of the WLED spectrum ranges from
400 to 760 nm."*'*® WLEDs, due to their advantages of high
luminous efficacy, high luminance, long lifetime, fast response
speed and energy conservation, have become strong contenders
as future solid-state lighting sources.'*>**>

There are mainly two approaches through which CQD-based
WLEDs are fabricated. In one of the approaches, CQDs are used
as light-converting phosphors that are optically pumped by blue
or UV LED chips (employed as primary light sources) to generate
white light. This type of WLED is sometimes referred to as
phosphor-converted WLEDs (pc-WLEDs). In another approach,
CQDs are used as an emitting layer and the electroluminescence
properties of CQDs are utilized to generate the white light. Here,
the electrons and holes are forced to move into the active CQD
layer by an external voltage and they recombine radiatively. This
type of WLED is sometimes referred to as electroluminescent
WLEDs (e-WLEDs).'*® Interestingly, e-WLEDs exhibit higher
efficiency in contrast to pc-WLEDs.'**

Originally, CQD-based WLEDs were prepared by simply
coating yellow CQDs on blue GaN chips.'®* Due to the lack of
a sufficient red component, these cold WLEDs (correlated color
temperature, CCT > 5000 K) exhibit an inferior color rendering
index (CRI) and the emitted excessive blue light from the chips
is harmful to human retina.'® Thus, a sufficient red emission
component is required to get warm WLEDs (CCT < 4000 K). This
necessitates the employment of red emission CQDs in WLED
and consequently, red CQDs (R-CQDs) are becoming increas-
ingly important. Efficient R-CQDs are crucial for preparing
high-performance warm WLEDs but are rarely reported because
the required larger sizes of sp® m-conjugation domains make
them more susceptible to defect formation and more vulnerable
to environmental perturbation.*®

In 2017, Zifei Wang et al. developed R-CQDs (QY up to 53%)
and used them in combination with their blue-CQD, green-CQD
phosphors and they successfully obtained CQD phosphor-based
warm WLEDs exhibiting CIE coordinates (0.3924, 0.3912), CCT
(3875 K) and CRI (97) as shown in Fig. 27. The highest luminous
efficiency of the optimized warm WLED was 31.3 Im W-1, which
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(a) Images of blue, green, and red CQD phosphors under sunlight and UV light. (b) Emission spectra of the mentioned CQDs. (c)

Schematic diagram of warm WLEDs consisting of blue, green and red CQDs films. (d) Photograph of the operating warm WLED with brilliant
warm white emission (this figure has been adapted/reproduced from ref. 166 with permission from Wiley-VCH, Copyright 2017).

is comparable to that of semiconductor QD- and rare earth
phosphor-based WLEDs.*** R-CQDs must possess both (i) high
QY and (ii) good solubility in organic solvents for preparing
CQD-based warm e-WLEDs.'®* Therefore, efficient R-CQDs were
widely studied for warm WLEDs (CCT < 4000 K) for both pc-
WLEDs and e-WLEDs.

Single-component white emission CQDs (SCWE-CQDs) have
also attracted intensive attention from researchers for WLED
applications as they can further imitate sunlight to achieve high
color quality white emission. SCWE-CQDs offer advantages
such as no color fading over time, no phase separation and
simple device fabrication procedures.'® SCWE has been real-
ized by surface defect state emission (multiple energy levels)'*®
and -7 stacking effects.*®®

In 2017, Jinyang Zhu et al. prepared white emission carbon
dots (CDs) by introducing hexadecyltrimethylammonium
bromide (CTAB) to modulate the emitting states of CDs (Fig. 27
(a)). The results showed that the QY improved to 12.7% from
5.4% and the long-wavelength intensity of CD-CTAB increased,
indicating that CTAB modification resulted in more contribu-
tions to the surface-related emissions and thus led to the SCWE
properties.’”®

Heteroatom doping groups also contribute to the surface
states in CQDs to realize SCWE due to their different electronic

© 2022 The Author(s). Published by the Royal Society of Chemistry

structures and electronegativities as compared with carbon.
Surface states are also introduced through the doping of
heteroatoms. Since different heteroatoms exhibit different
electronic structures and electronegativities as compared with
carbon, SCWE can also be realized.

In 2016, Sungan Do et al. synthesized nitrogen and sulfur-
doped carbon nanodots (N-CNDs and S-CNDs, respectively).
Upon studying the chemical structure and energy structure of
the N-CNDs and S-CNDs, respectively, they believed that the
excited electrons were transferred from the LUMO to the O, N, S
states, which on de-excitation recombined with the holes in the
HOMO, contributing to the SCWE combined with blue (420
nm)/green (514 nm)/yellow (575 nm) emission.'”* However,
surface defect states limit the efficient charge injection in the
active emissive layer of CQDs, thus limiting the performance of
electroluminescent WLEDs applications. Therefore, efficient
bandgap SCWE-CQDs are needed for their further application.

The 7-7 stacking effect commonly leads to red-shifted and
wider emission peaks for CQDs, which offer an interesting
prospect to realize efficient SCWE with high CRI by simulta-
neously utilizing the fluorescence of individual CQDs and their
aggregations inducing a red-shifting emission band.'*

However, the larger aggregation size of CQDs makes them
prone to self-quenching, which reduces the emission intensity

RSC Adv, 2022, 12, 4714-4759 | 4751
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of red light in the emission spectral region. Therefore, it is
highly essential to overcome self-quenching and also to
increase the aggregation size of CQDs so that the emission
peaks get further broadened and shift the aggregation-induced
emission band at long wavelengths to the red spectral region."”
In 2018, D. H. Kim et al for the first time, realized high-
performance warm CQD based e-WLEDs due to their high-
efficiency bandgap red emission and good solubility. Parts of
the SCWE-CQDs were also used as the active emission layers in
the electroluminescent WLEDs. However, owing to the nature of
the surface defect-state emission, the lower luminescence, and
carrier transfer performance, the efficiency of these kinds of
WLEDs were lower."”?

If the CQDs possess fluorescence and phosphorescence
simultaneously, not only can they achieve ultra-broad emission
peaks, they could also improve the theoretical maximum effi-
ciency in electroluminescent WLEDs. In order to achieve that,
we need to introduce such heteroatoms as N, O, S and P into the
luminescent skeletons to facilitate the intersystem crossing,
and to modulate the aggregation behaviors to suppress the non-
radiative dissipation.'®®

In 2019, Ting Yuan synthesized blue-yellow fluorescence-
phosphorescence dual emissive carbon nitride quantum dots
(W-CNQDs) that resulted in 25% white emission efficiency,
which is the highest value among white-emitting materials to
date. Experimental and theoretical investigations revealed that
the carbonyl groups at the rim of the W-CNQDs play a key role in
promoting intersystem crossing and inducing intermolecular
electronic coupling, affording intensive
phosphorescence.”*

yellow

7. Conclusion and future prospects

In this feature article, we have portrayed the recent progress in
the field of CQDs, focusing on their structures, synthetic
methods, surface modification, doping, optical characteristics,
luminescence mechanism, and application in the field of
photovoltaics.

CQDs have a core-shell structure in which the core can be
either graphitic crystalline (sp*) or amorphous (mixed sp*/sp?).
Most researchers have reported graphitic crystalline (sp?) cores.
The type of core depends on the synthesis parameters (synthesis
method, precursors, solvent, reaction time, temperature, pH,
etc.). The shells of CQDs are typically amorphous, consisting of
functional groups such as oxygen-based or amino-based groups,
polymer chains, etc., depending on the starting materials or
dopant species. Citric acid is currently the most commonly used
precursor and it has produced CQDs with high QYs (refer to
Table 1). Among the various synthesis methods, the bottom-up
routes are cost-effective and eco-friendly but offer poor control
over the size of CQDs. On the other hand, the top-down routes
offer some room for size control of CQDs but they are expensive.

The optical properties of CQDs are extremely fascinating and
they can be easily altered by various means. As per the above-
detailed investigation, the following observations were made.
(i) Surface engineering (functionalization or passivation) and
doping/co-doping of heteroatoms (N, B, F) have been extensively
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practised by many researchers and are proven to be effective in
enhancing the QY of CQDs to a large extent. (ii) The inclusion of
heteroatoms (either in the CQD core or functionalized around
the periphery), leads to a bathochromic shift in optical prop-
erties (both absorbance and emission). (iii) Synthetic parame-
ters and the type of dopant have a tremendous influence on the
ultimate QY of the synthesized CQDs. High QYs, above 90%,
have been reported (blue emission) in N-doped CQDs after
optimizing various synthetic parameters. However, the expla-
nations for the upgrade in the QY of the doped/co-doped CQDs
in contrast to the undoped CQDs have not been completely
assessed by many researchers. The QY and PL are extremely
important parameters in assessing the utility of CQDs in
applications like photovoltaics, bio-sensing, bio-imaging, etc.

The photoluminescence mechanisms have been reviewed in
detail in this article to clarify the origin of their photo-
luminescence and excitation-dependent emission. Vast
numbers of papers have been published in the past fifteen years
on the CQD synthesis by different techniques and different
starting materials, and contrary behaviours have been observed.
Therefore, the mechanisms reported in the literature cannot be
claimed as general, but they can be applied to a specific subset
of CQDs. Three mechanisms have been reported: (i) core state
(size-dependent emission or quantum confinement (QC) effect),
(ii) surface state and (iii) molecular state. The core state model
is suitable for describing the emission from crystalline CQDs,
where the dimensions of the core or the presence of graphitic
nitrogen cause the redshifting of the optical properties. It is
difficult to control the size of the conjugated m-domains in
CQDs, thus the quantum size effect is not easy to use to
modulate the color-emission from CQDs. Though some
researchers give strong evidence for QC theory, several pub-
lished papers do not have the data to support this theory, thus it
is not the most common theory. According to the surface states
model, emission originates from the surface states. The func-
tional groups and heteroatoms on the CQDs create the surface
states within the bandgap. Different functional groups on CQDs
have different structural configurations and hence different
energy states and consequently, a large number of transition
modes. Different states play dominating roles under different
excitations and result in excitation-dependent emission.
Controlling the surface states is the most primary and easy
method to modulate the color emission from CQDs in which N-
related functional groups have been very effective. As such, this
theory has been proposed very frequently as seen in the above
literature review, and has received general acceptance. Accord-
ing to the molecular model, fluorescent molecular fragments
formed during CQD synthesis are responsible for the emission.
Many research articles give strong evidence in support of this
theory but the scope of this explanation is limited to specific
organic carbon precursors such as citric acid and also it fails to
completely explain the excitation dependent emission. There
are few reports on the use of molecular state mechanisms to
modulate the color-emission from CQDs because reactions are
difficult to control. The contradiction in the literature reflects
variations in the CQDs' properties based on the preparation
methods.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The enormous surface area, good conductivity, and quick
charge transfer of CQDs enrich them with extraordinary
potential for photovoltaic application. CQDs have been used as
sensitizers/co-sensitizers, energy downshifting layers (EDSL),
electron transporting layers (ETL), hole transport materials
(HTM) in different solar cells, and their presence has improved
the overall performance of solar cells (as shown in Table 4).
CQDs in the solar panel encapsulation layer has shown
enhancements in the performance of solar panels.

R-CQDs are necessary for the fabrication of warm WLEDs
whose emission is closer to pure white light. Bandgap SCWE-
CQDs with high QYs and solubility are urgently required for
improved luminescence and carrier transfer performance of
SCWECQD-based electroluminescent WLEDs. Room temperature
phosphorescence and thermally-activated delayed fluorescence
are required to successfully realize highly efficient e-WLEDs.

Although intense research has been conducted in the last
fifteen years on CQDs, many challenges need to be resolved for
the widespread adoption of CQDs. (1) It is critical to synthesize
CQDs of desired structure and size because precise control over
various synthesis parameters is required, which is hardly
available to date with a few exceptions. As such, there is a need
to develop the manufacturing processes to efficiently control
the core structure or the chemical composition of the emitting
surface centres. This will allow (i) the precise tuning of color
emission and QY on a large scale, (ii) large-scale production of
CQDs that will lead to the rapid growth of CQDs-based
commercial applications, and (iii) a better comprehension of
the emission mechanism. (2) The large degree of inconsistency
within the literature, related to the material's classification,
synthesis approach, purification, and subsequent character-
izations of the CQDs properties hinders the progress of the
CQDs field. Consistency in the said areas is a must for precise
comparative study and appropriate conclusions. (3) The CQDs
have low values of QY except for some limited cases and the QY
are even lower or compromised when measured at longer
wavelengths. Efforts must be made to extend the spectrum of
CQDs, especially in the near-IR region, which will create
opportunities for CQDs to find widespread applications
including organic bioelectronics. (4) Though the incorporation
of CQDs has improved the performance of solar cells, their true
potential has not been realized yet due to insufficient knowl-
edge of the charge transfer mechanism associated with CQDs.
Thus, profound knowledge of charge transfer dynamics is
needed for fabricating high-performance CQDs-based solar
cells. (6) Though R-CQDs have been reported by many
researchers, long-wavelength emission and high QYs of these
CQDs are difficult to realize, which are necessary for achieving
warm WLEDs of high color quality. Despite these challenges,
CQDs hold a bright future as an alternative to conventional
fluorescent materials and seem to be the leading material in the
near future for commercial solar panels.
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