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Recently, graphene quantum dots (GQDs), zero-dimensional flat nanomaterials
with distinct optical, electrical, and optoelectric properties, have attracted signif-
icant attention, owing to their non-toxicity and physiological inertness. A variety
of top-down and bottom-up methodologies have been exploited for the synthesis
of these materials, including electrochemical oxidation, hydrothermal or solvother-
mal, microwave-assisted, controllable synthesis and carbonization from organic
molecules or polymers. This review focuses on the synthesis and applications of
GQDs in solar cells, supercapacitors, LEDs, and Li/Na ion batteries. Herein, we sum-
marized in detail the synthesis methods for GQDs employed in energy storage appli-
cations with enhanced capacitance, power conversion, retention capability, and
stability, achieved by adjusting many synthesis parameters, including annealing
temperature, growth time, substrate concentration, and catalyst. The conclusion
highlights the potential opportunities and challenges related to future research on

Citation: Kalsoom A, Mirza M, Shah Z,
Majeed A, Mubarik S, Ali A, Tariq A,
Arshad T, Ramzan S, Qureshi WA (2022)
Recent Developments in Graphene
Quantum Dots in Energy Related
Applications: A Review. Materials
Innovations 2 (10), 269-297.

* Correspondence: (Ambreen Kalsoom)
kalsoom.ambreen@gscwu.edu.pk

Copyright: © 2022 Kalsoom A, Mirza M,
Shah Z, Majeed A, Mubarik S, Ali A,

Tarig A, Arshad T, Ramzan S, Qureshi WA.

This is an open access article distributed
under the terms of the Creative
Commons Attribution License, which
permits unrestricted use, distribution,
and reproduction in any medium,
provided the original author and source
are credited.

Published By Hexa Publishers

ISSN
Electronic: 2790-1963

GQDs.

Keywords: GQDs, Solar cells, LEDs, Batteries, Supercapacitors, Bottom up, Top down

INTRODUCTION

raphene is a carbon-based two-
dimensional substance which is
fabricated of carbon atom layers
that form six-member rings'. Graphene
is the thin and most transparent material,
which is the strongest, most flexible crys-
tal, and most impermeable substance?.
Quantum dots (QDs) are nanoparticles
or nanocrystals which are man-made

charge “droplets”. They can hold a sin-
gle electron or a large number of elec-
trons>. Their optical, as well as electri-
cal characteristics are significantly size-
dependent®. Quantum dots can store
information. Across all three spatial
dimensions, a quantum dot can limit elec-
tron mobility. This produces a collection
of finite as well as thin energy levels that
resembles what can be seen in atomic
physics>. Due to their d-function-like
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density of states, semiconductor quan-
tum dots are frequently resorted to
as artificial atoms. The fact that both
free atoms and QDs have optical
line spectra with short line width
entirely reflects their similarities®. So,
both Graphene and quantum dots pos-
sess different and useful optoelec-
tronic properties due to their nanoscale
composition’. GQDs are constituted
by more than one layer of Graphene
sheets with a width of fewer than
five nms. GQDs are almost ellip-
tical or disc-like, but quadrilateral
and semestral GQDs are also pro-
duced®. Exciton occupies infinite Bohr
diameter in Graphene. As a result,
quantum confinement effects will be
observed in Graphene fragments of
any size. GQDs produced lumines-
cence when stimulated and have some
value of bandgap other than zero. This
bandgap may be adjusted by chang-
ing the GQD’s size and surface chem-
istry. Functional groups on GQDs con-
tribute additional absorption character-
istics and impact photoluminescence
which is known as the edge effect. Fur-
thermore, based on the synthesis meth-
ods and the functional groups, the spec-
troscopic characteristics of GQDs may
be different that is present on the par-
ticle’s boundaries. The most charm-
ing features of GQDs are that they are
made up of carbon and therefore readily
available, with low toxicity and great
solubility in a variety of solvents®.
Because of the intrinsic inert carbon
feature, GQDs are considered a novel
type of quantum dot (QD). They are
physically as well as chemically sta-
ble!°. Figure 1 indicated the properties
of GQDs.

Zero band gap of Graphene is one
of its most intriguing characteristics.
Pure Graphene has not any band gap;
however, that is the key limitation for
the variety of Graphene-based appli-
cations. Transistors are made-up of
zero band-gap Graphene; for exam-
ple, by providing low on-off ratios
despite their quick switching speed.
A band gap may be introduced to

Graphene quantum structures to mod-
ify the material’s physical character-
istics. GQDs and other quantum-sized
variants of Graphene have been cre-
ated, proceeding toward recent appli-
cations in photovoltaic detection, plas-
monics and LEDs. GQDs have a unique
structure and can be differentiated from
graphene due to the quantum con-
finement effect. When the size of
graphene is decreased to the exciton
Bohr radius, the quantum confinement
phenomenon occurs. The optical and
electrical properties of GDQs are influ-
enced by their shape, edge structure,
and size. Son et al. predicted one of
the first theories on the band structure
of graphene 2. In 2008, Ponomarenko
identified the bandgap transitions of
GQDs 3. The [1* transition is the cause
of the peak around 230-270 nm, while
the n [J * transition is responsible for
the peak at around 320 nm. The sur-
face state is referred to as the absorp-
tion tail. Most of GQDs have emission
peaks in the blue to green spectrum
area, when being excited by ultravio-
let light. In addition, the pH and exci-
tation affect the photoluminescence of
GQDs. Under UV light, they show just
a little photo-bleaching and are quite
stable 14, The fluorescence property of
GQDs allows their fabrication into
LEDs. There are two methods to apply
them. Firstly, the emitting component
can be directly made of luminous ele-
ments. And the alternative option is to
employ light-emitting materials as just
the lighting-emitting chip’s color con-
version layer. The second one is more
reliable because the first method neces-
sitates precise device construction and
technological optimization . Figure 2
illustrates the fluorescence applications
of GO and GQDs.

GQDs with foreign elements, such
as N-doped GQDs and B-doped GQDs,
have also been created and studied.
Despite all of the enthusiasm surround-
ing GQDs, their toxicity is a vital ele-
ment that must be addressed. GQD
toxicity is mostly governed by their
concentration. The toxicity profile of

GQDs differs depending on how they
were being synthesized !”.

SYNTHESIS OF GQDs

GQD manufacturing methods are
divided into two main categories i.c.,
top-down and bottom-up strategies '3.
Figure 3 shows how carbon dots are

produced using these two strategies.

Top-down strategy

The top-down strategy involves cleav-
ing or downsizing mass carbon com-
pounds. This synthesis approach leads
to the production of GQDs with sig-
nificant surface defects as a result
of aromatic framework damage dur-
ing their size reduction?’. Further-
more, top-down GQDs often have edge
functional groups, making the chemi-
cal fabrication of GQDs easier. Nev-
ertheless, these approaches have sev-
eral drawbacks, including a low yield
and impairment of the benzoic carbon
framework?!.

Solvothermal and hydrothermal
techniques

These approaches produce two-
dimensional quantum dots more effi-
ciently. When compared to other meth-
ods, it is simple and inexpensive. Water
is used as a solvent in the hydrother-
mal approach, but an organic solvent
such as Dimethyl Formamide (DMF)
has been used as a solvent in the
solvothermal technique??. Graphene
oxide sheets are unstable and quickly
attacked by chemicals to create GQDs.
During oxidation, the incoming epoxy
functionality is introduced linearly
throughout the carbon lattice, and C—C
bond breaks down into tiny oxygenated
fragments. The reaction generates
the cleavage site, allowing graphene
oxide sheets to be divided into finer
films23.The process is displayed below

in Figure 4.
Pan et al. firstly adopted a
hydrothermal method to produce

GQDs from GO (Graphene Oxide)
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Figure 1. Properties of GODs. Copyright (2016) Elsevier.!! Reprinted with Permission.

as a starting material. They synthe-
sized GQDs by the oxidation of FO
in strong H»SO4/HNOj3 acid followed
by the initiation of the hydrothermal
process under alkaline conditions for
around ten hours. Finally, GQDs hav-
ing 5-13 nm of size distribution were
manufactured?*. It is, however, risky
due to the elevated pressure and tem-
perature, and it is time-consuming,
taking at least five hours?>. In 2013,
Liu et al. created N-doped GQDs with
a diameter of about 2.5 nms. DMF was
employed as a solvent, while graphene
oxide (GO) was used as a precursor.
DMF decomposed at 200°C to gen-
erate dimethylamine, which was then
used to nitrate graphene oxide for 4-5
hours at 200°C?%. Figure 5 illustrates
the solvothermal approach by which
we can synthesize GQDs.

Electrochemical oxidation

At a high redox voltage, C-C bonds
in graphene are oxidized and degraded
into GQDs. Hydroxyl and oxygen rad-
icals can help in the complexation
of electrolytic unpaired electrons (e.g.,
BF;~, S,0527) Li et al. created Jade-
luminescent functional GQDs with a
consistent diameter of 3-5 nm via
redox reactions of a graphene electrode
in the solution of phosphate buffer
as shown in Figure 6. The oxidation
process of a graphene electrode in
phosphate-buffered saline yielded 50
GQDs. The groups containing oxygen
on the GQDs’ plane offered aqueous
solubility and made additional research
possible. Functionalization of the sur-
face GQDs created by electrochemi-
cal oxidation had topographic heights
of 1-2 nm and was made up of 1-3
Graphene layers. Hydroxyl and oxy-
gen radicals have a significant inter-
graphene attraction to the graphite edge

planes, facilitating the intercalation of

the BF, anion?8.

Zhong and Swager demonstrate that
Graphite is activated by propylene car-
bonate solutions carrying lithium per-
chlorate, in which graphite foil is
immersed. Individual graphene sheets
can be functionalized leading to higher
graphite expansion. Propylene carbon-
ate is co-intercalated with lithium ions
and because of this; the foil of graphite
is extended during this preconditioning
process. Due to the electrode compo-
sition of the intercalated TBAs, posi-
tive charges are neutralized. The elec-
trolyte solution is treated with a solid-
electrolyte-interphase (SEI) layer, and
the applied potential is kept constant at
0.5 V for 24 hours. Extensive wash-
ing can eliminate the SEI layer, as
evidenced by the drastically dimin-
ished XPS Ols peak. Lastly, they
demonstrated that the electrochemi-
cal functionalization of this hyper-
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Figure 2. Fluorescence and Sensing Applications of Graphene Oxide and Graphene Quantum Dot. Copyright (2017) Wiley
Online Library. 'S Reprinted with Permission.

expanded EEG with diazonium salts
has improved. Due to electrochemi-
cally produced SEI layers inside the lat-
tice of graphite, they worked as stable
spacers. This enables a way to synthe-
size novel graphene and nanocompos-
ite materials3°.

Microwave-assisted techniques

The microwave method makes use
of the heat produced by microwave
energy produced by three-dimensional
polar solvent molecular rotation with

an electrical dipolar. This microwave-
assisted approach can be used to make
high-yield organic and inorganic com-
pounds in a short period. Luo et.al,
have published a two-stage microwave-
assisted hydrothermal approach for
producing white-light-radiating GQDs
(WGQDs)3!. The WGQDS are pro-
duced by heating GQDs for 8 hours
at 200°C through microwave-assisted
extraction and irradiation?. Li et al.
processed graphene oxide nanosheets
in acid for three hours under microwave

radiation to produce green-yellow flu-
orescent GQDs. GQDs with transverse
lengths of 2—7 nm and thicknesses of
0.5-2 nm was obtained. The GQDs’
luminosity shifted to brilliant blue after
further decrease with NaBH,, whereas,
their shape and size did not change3?.
Zhang et al. reported the production of
GQDs utilizing the microwave-assisted
pyrolysis method. In a beaker filled
with 20 ml of deionized water, aspartic
acid (C4H7NOQy) along with NH4HCO3
were added and heated for 10 minutes
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Figure 3. Carbon dots produced using top-down and bottom-up approaches. Copyright (2020) Springer.'® Reprinted with
Permission.
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Figure 4. Schematic diagram representing the mechanism of conversion of oxygen-enriched GSs into GODs via hydrothermal
treatment. Copyright (2012) Royal Society of Chemistry.” Reprinted with Permission.
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using microwave irradiation. To get the
final GQD, the materials have been
further filtered for seven hours. GQD
diameters are mostly found in a small
range of 1.8-2.4 nm, having an aver-
age size of about 2.1 nm?*. The pro-
cess for making GQDs is schematically
illustrated in Figure 7. After being sub-
jected to pyrolysis, waste is turned into
carbon-rich biochar, which is subse-
quently microwave-treated to provide
high yields of GQDs.

Bottom-up strategy

The bottom-up technique depends upon
the assembly of microscopic cyclic
constituents, either natural or synthetic
(e.g.,  hexaperi-hexabenzocoronene,
polyphenyls) with desirable size, mor-
phology, and proportion to control the
parameters of the size of the corre-
sponding GQDs. The bottom-up meth-
ods are characterized by lengthy proce-
dures*. The microwave technique,

controllable synthesis??, molecular
carbonization and electron beam irra-
diation (EBI) procedures are some of
the bottom-up approaches %3233 Fig-
ure 8 shows a schematic explanation
of a bottom-up method for producing
GQDs.

Microwave technique

Since the prolonged rate of reac-
tion of the hydrothermal approach can
be considered as a genuine problem,
microwave technology has advanced
into an instant heat up source that is
commonly used during fabrication of
nanoparticles. It has not only shortened
reaction time however also enhanced
productivity373%. Tang et al., were
the first to observe intense ultravi-
olet emission by GQDs at 303 nm
while stimulated by a 197 nm laser.
That is considered as lowest emit-
ting wavelength observed from organic
or inorganic QDs in solution. The

size of glucose-derived nanostructures
does not affect their emission wave-
length, which is being regulated start-
ing from 1.65 to 21 nm by increas-
ing the heating period from 1 to 9
minutes>°. To purify GQDs, Zhang et
al., used NH4HCO3 and aspartic acid
C4H7NOy4 as raw resources, deionized
water, and microwave-treated GQDs
for ten minutes, as well as a filtra-
tion membrane for seven hours. The
GQDs created emitted an intense blue
luminescence, and had a quantum yield
of 14%. The significant photolumi-
nescence quenching impact of Fe’
TGQDs could be used to detect general
metal ions in a very careful manner*.
The microwave technique significantly
decreases the amount of time required
to synthesize GQDs, which can now be
achieved in moments and treated with
a range of influences, expanding the
kinds and functionalities of GQDs?>.
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Controllable synthesis

Using this method, GQDs are manu-
factured from phenyl-containing sub-
stances by means of a sequential syn-
thesis method in an organic solvent.
The synthesized GQDs have an exact
number of carbons and are homoge-
neous in shape and size. The method
of preparation, on the other hand, con-
sists of multistep complex chemical
reactions that not just take a substan-

300

v d
400 500

v
600 700

Wavelength(nm)

Figure 6. (a) Illustration of the exfoliation process showing the attack of the graphite edge planes by hydroxyl and oxygen
radicals, which facilitate the intercalation of BF4 anion. The dissolution of hydroxylated carbon nanoparticles gives rise
to fluorescent carbon nanoparticles. Oxidative cleavage of the expanded graphite produces graphene nanoribbons. (b) UV-
vis absorption and fluorescence spectra obtained for 8—10 nm carbon nanoparticles (red curve) and carbon nanoribbons
(blue curve). The emission spectrum was obtained using 260 nm excitation. Copyright (2009) American Chemical Society.?’

tial amount of time but also provide
a low production?. Li et al. used this
approach to create GQDs of 168, 132,
and 170 atoms of carbon indicated
by 1, 2, and 3 as illustrated in Figure
9A. TPM molecules (2/, 4/, 6'-trialkyl
phenyl) were added to GQDs’ bor-
ders to avoid them from reuniting. The
steric electronic barrier generated by
TPM stretching in three dimensions
reduced the possibility of GQDs over-

lapping with one another and increased
the phase of dispersion in the organic
layer. The graphic depicts the synthesis
of 1-3. It begins with tiny molecules
like 3-to-4-bromoaniline (represent-
ing by 4) and some other modified
benzene derivatives to produce two
vital precursors, 5 and 6, respec-
tively. Then 1-3 produce polypheny-
lene dendritic progenitors, which are
then used to prepare GQDs by getting
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Figure 7. A schematic illustration of the synthesis procedure for GODs waste is subjected to pyrolysis treatment and carbon
rich biochar is obtained, which is then microwave treated to produce GQDs with high yield®3. Reprinted with Permission.
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treated with an abundance of FeClj
in a dichloromethane/nitromethane
mixture*!. Wang et al., have estab-
lished a bottom-up technique for pro-
ducing GQDs with excellent crys-
tallization and high yield utilizing
pyrene as the antecedent. Moreover,
the pyrene-derived GQDs developed
primarily, include -OH groups, which
are difficult to functionalize with
biomolecules*?.Chen et al., also cre-
ated pyrene-derived GQDs with -
COOH groups that emit green PL with-
out needing to be excited. GQDs had
consistent sizes, a higher PL quantum
yield (QY), and were simple to func-
tionalize. GQDs being coupled with
monosaccharide for the first time to
allow for targeted imaging of carbo-
hydrate receptors on cell membranes,
merged in the graphene lattice**.

The  molecular  carbonization
method is a straightforward and
eco-friendly technology that uti-
lizes appropriate polymers or organic
molecules for further carbonization and
dehydration**6_ In the traditional syn-
thesis, glucose granules were soaked in
distilled water for 8 hours. The ini-
tial sample was translucent (colorless),
but as single-layer GQDs (SLGQDs)
were created, it turned orange. Dur-
ing the hydrothermal treatment, sug-
ars are dried, resulting in C=C, the
primary principle of the graphene.
During QD production, one glucose
molecule’s hydrogen atoms interact
with the hydroxyl groups of another,
resulting in the synthesis of water
molecules. When the sample’s peaks do
not shift with various emission wave-
lengths and the emission peak wave-
length stays about 540 nm, the result
is green photo luminescent?”. In a
standard GQD preparation process, 2
gram of citric acid (CA) was placed in
a beaker of size 5 ml along with heated
up to 200°C with the help of heating
mantle in a conventional GQD prepa-
ration technique. The CA got liquefied
in around 5 minutes. In 30 minutes, the
liquid’s color turns from clear to pale
yellow and then orange. The orange

fluid would eventually convert to black
solid in approximately 2 hours if the
heating was kept on, indicating the cre-
ation of GO. The generated GQDs have
a width of 15 nm and a diameter of 0.5—
2.0 nm. They exhibit high (9.0%) PL
quantum yield as well as excitation-
independent PL emission activity. On
the other side, GO nanoparticles, typi-
cally made up of layers with a width of
hundred nm and an altitude of less than
one nm?2. Further, Teymourinia et al.,
generated GQDs with the use of maize
flour as a green forerunner as shown
in Figure 10. GQDs of diameters of
20-30 nm were fabricated. At the exci-
tation wavelength of 360 nm, photo-
luminescence showed broad emission
centered at 450 nm. A large peak at
365 nm was observed in the photolu-
minescence excitation spectra (PLE)*7.
Since the basic structure is difficult to
control accurately in this technique,
GQDs with polydispersity are created.
This method was utilized to gener-
ate high-yield and low cost green-photo
luminescent GQDs using only distilled

water and glucose as a forerunners*8.

By varying the carbonization extent
of citric acid and distributing the car-
bonized derivatives into alkaline solu-
tions, as shown in Figure 11, an ordi-
nary carbonization approach for the
production of both GQDs and graphene
oxides has been created**. Further-
more, Naik et al., described the pyrol-
ysis of citric acid as well as the fab-
rication of sodium hydroxide to main-
tain the pH for GQD manufacture. The
hydronium ion produced by the CA
decomposition functions as a stimu-
lant in the subsequent reduction pro-
cess. Aromatization and aromatic clus-
ter establishment are accomplished by
using aldol condensation and cycload-
dition, followed by the introduction of
sodium hydroxide. At a various pH,
GQDs are finally formed. In this study,
the pH was important factor for the
manufacturing of GQDs from CA 33

Electron beam irradiation (EBI)
process
It is noteworthy that the electron beam
irradiation approach necessitates costly
specialized tools and raises the chances
of exposure to radiation, thus it isn’t
widely used*’. Wang et al., used elec-
tron beam irradiation to create mono-
luminous GQDs at room temperature.
A solution of hydrazine hydrate was
taken to dissolve 1, 3, 6-trinitropyrene.
After stirring, the product was placed
in plastic container and was bombarded
in a dynamitron electron accelerator
through a titanium window as shown
in Figure 12. Following ionizing radi-
ation, the specimen was dialyzed for
two days with a 0.22 millimeter highly
porous membrane filter and a filtra-
tion bag, giving GQDs with a QY of
32%. Under the same conditions, small
molecules such as urea, 1-Nitropyrene,
and citric acid can also be processed as
substrates to generate GQDs*?.
However, the bottom-up techniques
have time-consuming and difficult syn-
thesis procedures, as well as low pro-
duction*. Thus, the top-down process
is frequently used in the production of
GQDs in general >2.

APPLICATIONS OF GQDs IN
ENERGY STORAGE DEVICES

Solar cells

GQDs are playing a major role in
advancements in energy-related appli-
cations. Photovoltaic cells are one
of the greatest energy-related appli-
cations. So, GQDs are modified to
improve their efficiency and work-
ing capabilities. Applications of GQDs
diverge with the types of solar cells.
Among various types, there are dif-
ferent ways to insert and use GQDs
to enhance their performance. Let it
be perovskite photovoltaic cells, dye-
sensitized photovoltaic cells, hetero-
junction photovoltaic cells, organic or
any other type, GQDs, and their doped
forms are promising in improvising
quality of these solar cells. Wang, Z.,
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Figure 9. The synthesis process of GQDs and their molecular structures (4) Structure of GQDs 1-3. (B) Synthesis of GODs
1-3. Copyright (2010) American Chemical Society.*! Reprinted with Permission.

et al. considered the role of GQDs
in reversed flexible perovskite photo-
voltaic cells. In the NiO, film, GQDs
with the amino-functional group were
used as a dual-role supplement. They
provided an abundance of nitrogen
atoms on the improvised nitric oxide
layer. Flexible PSCs based on A-NiO,
increased band structure in between
hole transport layer (HTL) and per-
ovskite monolayer. The device’s pho-
tovoltaic performance improved as the
number of amino-functionalized GQDs
(AGQDs) increased. Figure 13 depicts
the effect of AGQDs being fabricated
in NiO, film of perovskite photovoltaic
cell 0.

Bian, H., et al. examined Inorganic
Y-CsPbls  Perovskite  Photovoltaic
Cells, in which Nitrogen-doped GQDs
(N-GQDs) change dangerous ultravi-
olet luminance into beneficial visible
photons, resulting in increased solar
cell effectiveness. It harvests light in
a short wavelength range by acting as
energy-down-shift (EDS) film on top
of the y-CsPbls PSCs. The optimized
PSC has a higher short circuit current
density (Jsc) of 19.15 Am/cm? and a
PCE of 16.02%. The doping concen-
tration of N-GQDs is 5.2 %, implying
that N has been readily integrated into
the GQDs. If the N-GQDs EDS layer is
excessively rigid, this can scatter sig-
nificantly more photons than the flat

plane. As the amount of N-GQDs EDS
layers increases to 2, the PSCs’ Jgc
grows considerably. As a result, the
PCE and Jgc are enhanced leading to
better device performance’'. In Figure
13(a), under illumination, a diagram of
the transfer of hot electrons to SnO;
from GQDs is shown. 13(b) shows
work function fluctuation of SnO, and
Sn0O;, 13(c) depicts SnO, mobility as
well as electron trap and 13(d) high-
lights the space-charge-limited current
(SCLC) method is useful to determine
SnO,: GQDs. The maximum steady-
state efficiency of planar PSCs based
on SnO;: GQDs ETLs is 20.23 %. In
terms of average PCE (19.21.0 %) and
Jsc, the devices outperformed the bare
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Figure 10. The Corn flour being used to synthesize GODs. Copyright (2017) Elsevier.*” Reprinted with Permission.

Sn0, (22.60.9 %)>2.

Using properties of GQDs, J. Zhang
et al. were successful in improving
the efficiency of planar perovskites.
GQDs were synthesized and incorpo-
rated into a perovskite substrate. In the
crystallization of PF (perovskite film),
the incorporation of GQDs is criti-
cal. PSCs containing 0.1 % GQD have
an 11 % increase in PCE when com-
pared to pristine PSCs>3. Gao, Z.W.,
et al. applied Imidazole-Graphene-
Quantum-Dots to control the inter-
face in FAPDI;3 plane perovskites. Bro-
mide imidazole I-GQDs (function-
alized GQDs) control the interface
linking the perovskite layer of For-
mamidinium Lead lodide (FAPbI3)
along with the electron transport layer
(ETL). The use of GQDs may enhance
ETL conductivity and energy level
alignment, resulting in better interface
carrier transfer. In addition, the func-
tional groups on top of -GQDs benefit
from the production of high-quality

perovskite films, which minimize non-
radioactive recombination inside the
perovskite film and improve PSC sta-
bility without affecting the bandgap of
the FA-based perovskite layer®*. D.S.
Ahmed et al. investigated the effect of
GQD integrated with a planar ZnO on
the effectiveness of a solar cell based on
MAPI; PVK. Planar ZnO: GQD is an
economical and eco-friendly additive
used to create a hybrid photo electrode
in the PSCs of MAPI; PVK-based solar
cells. The results show that 2% of GQD
can enhance the PVK surface charac-
teristics, containing surface structure,
as well as suppress residual Pbl, and
reduce grain boundaries. After 1500
hours of storage at 60 % and 80°C RH,
the foremost stable PSC retained 80
and 90 % of its original efficiency. Fur-
thermore, the ZnO: GQD ETL in the
cell design enhances electron accumu-
lation and transport at the ETL/PVK
intersection, which enhances the inci-
dent photon to current efficiency

(IPCE) and Jsc due to the phenomenon
of luminescence-quenching®. Shin,
D.H., et al. Reported that when the
concentration of GQDs is increased by
the amount of 2.5 mg/L, there noticed
to be an increase in the PCE of the PSCs
with the grapheme/3-aminopropyl tri-
ethoxysilane (GR/APTES) up to 16.4
and there was a 15% increase in flex-
ibility and stiffness substrate respec-
tively. Flexible PV cells also contain
80% of their starting PCE after 3000
curving cycles having a 4 mm curva-
ture. The enhanced flexibility of the
APTES junction resulted in excellent
bending stability, with flexible PSCs
retaining 80% of their beginning PCE
after 3000 bending cycles of 4 mm
radius>®. To achieve superior photo-
voltaic performance, the electron trans-
port layer determines the property of
charge transport. To make perovskite
solar cells of high efficiency, a simple
process for incorporating tiny GQDs
on the plane of mesoporous TiO, has
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Figure 11. Diagram for the synthesis of GODs and GO. The black dots in the GO represent oxygen atoms. Copyright (2012)

Elsevier.** Reprinted with Permission.

been used by Shen, D., et al. The max-
imum steady-state efficiency of the
GQD/mp-TiO;-based PSC as the layer
of electron-transporting was 20.45 %.
This efficiency is slightly greater than
the efficiency of 18.57 % attained with-
out the pattern®’.

Dye-sensitized solar cells (DSSCs)
also showcased enhanced performance
by the fabrication of GQDs in them.
An experiment was made by Kumar,
M.P., et al. to elaborate those Boron-
doped GQDs functioned as effective
photo anodes for DSSCs and the results
demonstrated higher power conversion
efficiency%.

Dinari M. et al. reported that
the PANI-GQD  nanocomposites
electrode-based DSSC’s efficiency of
energy conversion are observed to be
1.6 %. The dye molecules’ panchro-

matic light absorption, excellent elec-
trolyte ion transport, and efficient redox
electrolyte reduction are all important
factors for highly productive DSSCs.
This is because the electrode has a
higher electrochemical activity than
the PANI electrode. Fig 14 illustrates
the graphs obtained between potential
and current density and wavelength and
IPCE>. In a photo electrode, quantum
dots enhance dye and light penetration.
Multiple exciton generation (MEG)
is a phenomenon observed in some
quantum dots. Quantum dots have the
potential to minimize the use of dye in
DSSCs while improving performance.
At TiO; films, GQDs exhibited a strong
absorption spectrum as well as photo-
luminescence (PL) emission®. Nm-
sized GQDs having a greater amount of
defect sites at the edges exhibit excep-

tional electro-catalytic processes in the
hybrid counter electrode (CE) for the
reduction of I5. Fast electron chan-
nels for charge inoculation between the
GQD and the DSSC substrate are pro-
vided by the finest GFs with enhanced
electronic conductivity. Chang, Q.,
et al. achieved efficiencies of up to
9.59 % which is greater than the other
Dye-Sensitized Solar Cells that use
Pt as the CE (8.58 %). This recom-
mended that small-size GQFDs with
more active defects may behave sim-
ilarly to a Pt electrode®'. According
to Fang, X., et al., the DSSC with the
most GQDs performed best, with the
lowest dye-adsorption and the largest
Jsc of 14.1 & 0.02 mAcm 2 and 6.10
£ 0.01 %, respectively. Reduced dye
use is critical for the DSSCS’s low-cost
and environmental friendly design®.

Materials Innovations | 2022 | https://materialsinnovations.hexapb.com/

280


https://materialsinnovations.hexapb.com/

Review Article

http://doi.org/10.54738/M1.2022.21002

Flectron-beam

| 36-Trintropyrene
5 mmol hydrazine
hycrate +10mlH 0

Imadiation :

lterng

GQDs colloi

= (ellimagig

_)

2m

Figure 12. Formation of GODs through the process of EBI. Copyright (2017) Elsevier.*’ Reprinted with Permission.

G. Zamiri and S. Bagheri studied the
dye-sensitized solar cell’s function-
alization using ZnO nanoparticles of
varying thicknesses as a photo elec-
trode. The current-voltage (I-V) tests
show, that enhancing the diameter of
photo-anodes improves the DSSC’s
efficiency. The photo-generated elec-
trons must travel a longer path to get
to the active electrode as the thick-
ness escalates, increasing the wage
of electron rejoining. The efficiency
increased when they replaced N-719
with GQDs 3.

Looking up at hetero junction’s
solar cells, Tsai, M.-L., et al. was able
to enhance the efficiency of silicon-
heterojunction  (SHJ) photovoltaic
cells, which is represented in Fig-
ure 15, through photon’s organization
by applying as down conversing. The

GQD effect allows for more photons
to be absorbed in the depletion region,
resulting in a stronger photovoltaic
effect®. An innovative type of solar
cell was created by Gao, P., et al. using
the c-Si Graphene Quantum Dot’s het-
erojunction. At the junction interface,
it was possible to successfully split the
photo-generated electron-hole pairs.
By changing the size and diameter of
the layer, an optimal PCE of 6.6%
was achieved®. GQDs play a crucial
function in charge carrier separation
and improving visual absorption rate.
A resonance effect is caused by the
existence of functional groups having
non-bonding electrons, which helps
secondary activation at 328 nm .

GQDs can be used in organic pho-
tovoltaic (OPV) cells as hole trans-
port layers (HTLs). GQDs of the same

sizes and high conductivity are supe-
rior Hole Transport Layers in PSCs and
small molecule solar cells (SMSCs).
Li, M., et al. found that PCEs of 3.52,
2.77, and 3.51 % in cells containing
PEDOT: PSS, GO, and GCDDs (1.5—
2 nm). GQDs were used as HTLs in
both PSCs and SMSCs to create high-
performance OPV cells®’. The Effi-
ciency of luminescent solar concentra-
tors was improved by Saeidi, S., et al.
with the use of up-converted N-GQDs.
Up conversion photoluminescence
(UCPL), which emits monochromatic
photons in the UV-Vis-NIR range,
has already been established. Nitrogen
doped GQDs (NGQDs) exhibit up con-
version emission, allowing for the use
of the NIR region, which is respon-
sible for 52 % of the solar spectrum.
Excitation independent of normal PL
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Figure 15. (a) Photographic image, (b) schematic, (c) low-resolution, (d) high-resolution, and (e) cross-sectional SEM images
of SHJ solar cell. Copyright (2016) American Chemical Society®. Reprinted with Permission.

and UCPL emission is a critical param-
eter for LSCs®. The layer of GQDs
that acts as the LDS layer increases
the Jgc of me-Si and c-Si photovoltaic
cells by 5.14 % to 6.82 %, respectively.
Remarkable relative enhancements in
short circuit current density under ultra
violet lightning revealed that the lumi-
nescent down shift layer boosts short
circuit current density via decelerat-
ing effect. The use of a luminescent
down shift layer has been presented as a
strategy to increase photovoltaic cells’
spectrum responsiveness®’. Because
of the small PL QY or Stokes switch;
most of the GQDs are unsuitable as
down-converting Copper Indium Gal-
lium Selenide cells. Khan, F., and J.H.
Kim used a newly developed approach
to adjust the doping concentration as
well as the N and O constituents, result-
ing in Nitrogen-doped GQDs with an
amazingly high PL QY and a sub-
stantial Stokes switch’?. GQDs have

also enhanced the efficiency of PSCs.
Because of its weak film-forming abil-
ity and low work function, graphene
oxide is unsuitable for PSCs. F-GQDs
can be utilized in solar cells with maxi-
mum reliability as hole-extraction sur-
face”!. GQDs were used to increase
the functionality of inverted bulk het-
erojunction (BHJ) PSCs by acting as
a cathode shield additive. The PCE of
GQDs—CspCO3-based instruments are
enhanced. This is because the cath-
ode/polymer active layer interface has
improved free charge recombination
which was reduced due to excitation
dispersion PCBM has a high cycle
of%® phenylC61-butyric acid methyl
ester and a wide bandgap which is
3.7 eV7%. A global evaluating model
that depicts the micro-mechanism of
improved molecular photoelectric per-
formances by importing GQDs was
created by Zhao, D., et al. The photo
current-voltage evaluating a model for

GQDs can serve as a foundation for
evaluating nanomolecular photoelec-
tric performance’3. Moreover, GQDs
were investigated by Archana, T., et
al. as a passivating film for quantum
dot-sensitized solar cell (QDSCs) con-
taining cadmium sulfide (CdS). Under
similar conditions, the photo conver-
sion efficiency of QDSSC is up to 25%
which is greater than that of compara-
ble cells. GQDs have a high passivating
layer efficacy over a CdS-loaded tita-
nium dioxide (TiO,) photo anode 74,

Li/Na batteries

Emerging energy issues arising from
ever-increasing population and the
usage of crude oil, which increased
CO; levels, have driven attempts to
reach fill-in renewable energy, specif-
ically ones that are gathered naturally
and require storage devices. As a result,
potent, extended cycling life, high com-

Materials Innovations | 2022 | https://materialsinnovations.hexapb.com/

283


https://materialsinnovations.hexapb.com/

Review Article

http://doi.org/10.54738/M1.2022.21002

Table 1. Power conversion efficiency of different types of solar cells is affected by doped GQDs.

Type of Solar Cells Doped GQDS Increase  Impact of inserting GQDs in solar cells
improvised in in PCE
solar cells
Reversed flexible A-GQDs Increased Increased band structure in between HTL and perovskite 30
perovskite solar cell up to monolayer
18%
Inorganic y-CsPbI3 N-GQDs 16.02%  The JSC increased significantly 3
Perovskite
Photovoltaic Cells
Planar PSCs Sn0O2: GQDs 20.23% Maximum steady-state efficiency was obtained 32
ETLs
FAPDI3 plane I-GQDs 22.37% Enhance ETL conductivity and energy level alignment, >4
perovskites resulting in better interface carrier transfer
DSSCs Boron-doped 3.7% Boron-doped GQDs functioned as effective photoanode 58
GQDs higher
SHJ photovoltaic Down conversers  16.55% The GQD effect allows for more photons to be absorbed 64
cells GQDS in the depletion region, resulting in a stronger
photovoltaic effect
BHI solar cells Reduced GQDs From GQDs play a crucial function in charge carrier separation ~ °
6.70% to  and improving visual absorption rate
7.60%
CIGS solar cell NGQD 15.31% The down conversing of photon and light-capturing effect 70
induced by using the NGQD enhanced the efficiency of
power conversion
PSCs F-GQDs 7.9% F-GQDs can be utilized in solar cells with maximum 71
reliability as hole-extraction layer
Inverted BHJ PSCs GQDs—Cs2CO0O3 22% GQDs were used to enhance the functionality by acting as 7

a cathode shield additive

pactness, smaller weight, and high sta-
bility are all necessary. Due to their
outstanding properties, Li/Na ion bat-
teries (LIBs/NIBs) considered having
bright future’!.

Li-ion batteries

Transition metal oxides and sulfides
have been well established as effi-
cient bidirectional cathode materials,
whereas graphite has been well rec-
ognized as anode materials, since the
invention of portable power. To avoid
safety hazards, it was chosen to employ
a cathode of lithium transition metal
oxide as it became accessible”>. GQDs
have excellent properties, such as their
huge surface area and ease of oper-
ation, which are critical in enhanc-
ing battery performance. 2D QDs can
be used to account for some of the
inadequacies of traditional electrode

materials, including low conductivity
and instability. Being a potential cath-
ode for LIBs, Chao et al. harvested
VO;nanobelts assembling coated with
3D graphene. Possessing a current den-
sity of 1/3 Coulomb, they have success-
fully increased the specific capacity
of 421 mAhg ™!, increased rate perfor-
mances, and 99.0 % faradaic yield. The
distinct nanostructure helps to elim-
inate the need for binders (PVDF,
PTFE, etc.) and reduces the cell’s
overall weight. The active material is
protected from forming a solid-layer
interface (SEI) by GQDs, leading to
enhanced Columbic efficiency. Figure
16 depicts the fabrication procedures
for the array of GF-supported GQD-
coated VO2 nanobelts.”®. Tian, L., et
al., reported coating of the GQD layer
on VO, increased the oxide’s electri-
cal conductivity, while also protecting

the active substance from aggregation
and disintegration. GQDs also made
the oxide surface lipophilic, allow-
ing for better ionic/electrolyte trans-
port and improved chemical kinetics.
At last, the nanocavities generated by
assembled GQDs preferred Li+/Na+
ion transit pathways and also provided
higher capacities via surface assim-
ilation between GQDs and Li+/Na+
ions, resulting in greater capacities’”.
Zhang et al. assembled hierarchical
TiOzembedded within GQDs, lead-
ing to an increased specific capac-
ity of 160.1 mAhg~!' at 10 C fol-
lowing 500 cycles3. Manikandan et
al., showed that at all specific cur-
rents, boron-doped GQD has a greater
specific capacity than nitrogen-doped
GQD and GQD. The ability of boron-
doped GQD, nitrogen-doped GQD and
GQD to cycle for 500 cycles is inves-
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tigated by sustaining a constant spe-
cific current of value 200 mAg~—!. After
500 cycles, B-GQD as a LIB anode
holds 95.7 % of its original capacity,
as N-GQD and GQD retain 90 and
86 %, respectively. All of the three
LIB anodes exhibit a faradic yield of
almost 100% over 500 cycles. Much
relevant theoretical research has found
that boron doping renders graphene
an electron-deficient system, resulting
in a significant increase in Li+ ion
storage capacity sites’>. Furthermore,
according to Wang et al., single boron
atom doped into the graphene matrix
may absorb 6 Lit+ ions, making it
an effective lithium storage medium78.
Manikandan, A., et al., reported that
sulfur-doped carbon composites have
piqued interest as a result of their
improved rechargeable battery perfor-
mance. For instance, the anode of MoS,
doped graphene has a higher reversible
capacity of 1290 mAhg~!. Even though
MoS; is a highly desirable material,
significant volume elevation, annihila-
tion, and assemblage of MoS, compro-
mise the active material in LIB.

Thus, after the doping of GQDs,
the competition between the photo-
generated exciton and the charged exci-
ton caused by a transfer of charge at
0D/2D multi-layer intersection results
in unusual PL7’. Li4TisO, (LTO)
Nano sheets embedded with MoS, QD
were fabricated by Xu et al., They
inferred these nanosheets had great
capacity, high rate potential, and out-
standing cycling balance. Following 20
cycles, the hetero-structure composite
displays a consistent reversible spe-
cific capacity of 170 mAhg~!, which
is obtained at 160 mA after thou-
sand cycles at an increased rate of
about 10 C, in the company of 94.1
% durability”®. CuO/Cu/GQD triax-
ial nanowire alignments such as elec-
trode materials for lithium-ion batter-
ies were first described by Zhu et al.
in 2004 (LIBs)%°. The layer of GQDs
coated on CuO/Cu is done to pre-
vent the formation of SEI (solid elec-
trolyte interface) on the active mate-

rial. This is to improve the chemical
kinetics by reducing its electrochem-
ical impedance. As a result, during
500 cycles at one-third of C (1 C =
674 mA g~1), the CuO/Cu/GQD elec-
trode demonstrated a starting discharge
capacity of about 960 mAhg™!, a start-
ing faradaic efficiency of about 87 %,
along with a greater reversible spe-
cific capacitance of 780mAhg~! 3% T.
Hou et al., devised a covalent coupling
technique for anode materials based
on transition-metal sulfide (TMS) by
using an amide linkage to combine the
TMSs along with CNTs (carbon nan-
otubes). The composite shows clear
pseudo capacitive behavior as well as
very reversible electrochemical pro-
cesses because of the good coupling
interaction between CNTs and ZnS,
which results in greater protracted sta-
bility as well as outstanding rate capa-
bility, with reversible capacities of 333
mAhg~! at 2 A g~! after 4000 cycles
for LIBs and 314 mAhg~! at 5 Ag™!
after 500 cycles for SIBs. As a conse-
quence, the technique of covalent cou-
pling is thought to be a very useful way
to develop highly efficient materials for
the anode, besides that CC-ZnS/CNT
have showed the exceptional capability
to be used in LIBs and SIBs®!.

Na-ion batteries

Rechargeable Li-ion batteries (LIBs)
have improved significantly in recent
years and are now extensively applied
in a variety of electronic devices,
automobiles, and handy power. Even
though the LIBs function commend-
ably, these are expensive, short life-
time, lower productivity, and safety
concerns 8284, Battery output is pre-
dicted to rise as a result of the diversity
and widespread use of rechargeable
batteries. As a result, sodium-ion bat-
teries (NIBs) may be used to replace
LIBs soon because the Na element
is inexpensive, non-toxic, plentiful,
and widespread on the planet®>-3¢. On
account of the small ionic radius and
atomic weight of Na-ion, it can be
fabricated into electrode materials 8788,

Owing to graphene’s exceptional trans-
parency, various applications in other
domains are possible. In addition; Xu et
al. created graphene composites based
on metal for fuel cell technology, and
also showed graphene-enhanced cell
efficiency”’. According to Yan, Y.,
et al, the dimensional confinement of
electronic states is a perfect aim to
tune attributes of graphene along with
selecting a perfect bandgap that can
be changed by the insertion of specific
ions or molecules®®. To design accept-
able graphene, an approach for man-
ufacturing of graphene of a specified
size must be developed®®°!. Further-
more, Daryabari, S., et al suggested
that the high-chemical-activity edge
C-atoms in permeable graphene should
be passivated. Increasing the conju-
gated system of the electrode material
to create peculiar mechanical, electri-
cal, electronic, and other exceptional
features is one of the techniques in
the molecular design strategy. Despite
several investigations and advances
in experimental tools for the creation
of porous graphene, the structure-
property link remains a mystery®?.
Shabnam D. et al. used first-principles
simulations to compare graphene’s
four defects incorporated with H, N,
and F. Na@F3;H3.Gr and Na@F3.Gr
have electrical conductivities of 6.51
x 1013 and 5.26 x10'2, respectively.
The strong HOMO/LUMO coupling of
the F-doped GQDs with the Sodium
appears to have facilitated the trans-
mission of electric current and resulted
in excellent electrical conductivity.
The cell potential of F-doped defects
is higher than that of N-doped defects.
They revealed that various aspects go
into making a better ion battery and
that interpreting the data solely consist-
ing of charge transfer is erroneous’?.
Sun, J., et al reported that Phosphorene
can also function at very high volt-
ages (up to B2.9 V). Phosphorene is
thought to be prospective for Na-ion
batteries, having a specific capacity of
865 mAhg~! NaP sodiation and 433
mAhg~! for NaP;sodiation. Sun et al.
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Figure 16. Fabrication processes of GF supported GODs-coated VO2 nanobelts array. (a—c) Schematics of the fabrication
process. The yellow basis represents the GF substrate. The green arrays represent VO2 nanoarrays, and the blue covering
represents the GODs. (d—f) The corresponding SEM images (fine structure in inset). Copyright (2015) American Chemical

Society.”% Reprinted with Permission.

developed an interlayer phosphorene—
graphene hybrid cathode material for
NIB that has an increased specific
capacity of 2440 mAhg~! at a cur-
rent density of about 0.05 Ag~!. Fur-
thermore, because of its greater active
surface area and strong Na-ion storing
capacity, current work on rising novel
active material, GQDs has a critical
role. With the voltage range of 3.5 to
1.5 V vs Na/Na, GQDs embedded on
VO;nanobelts offer a higher discharge
capacity of 306 mAhg~! at 1/3 C%.
Moreover, because of the stipulated
heterostructure, significant current den-
sities can be charged and discharged. It
has outstanding stability and capacity
when cycled at a high speed. Further-
more, Hou, H., et al reported that after
1500 cycles at 60 C long-term instanta-

neous charge/discharge cycling yielded
88 % retention. The structural stability
and pseudo capacitive behavior of VO,
incorporated with GQDs contribute to
its exceptional electrochemical per-
formance, which features more effi-
cient capability and long-term cycling
tolerance®. Carbon-based quantum
dots (CQDs) and derivative 3D highly
porous carbon structures were reported
by Hou et al. as having a high yield
product. Based on the initial discharge
and charge capacities, it is clear that
the irreversible reaction, leads to for-
mation of an SEI layer (735.1 and 255.5
mAhg~!). Initial charge capacities of
255.6 mAhg~! are attained when the
current density attains value of 0.5 and
2.5 Ag~!. More sodium storage sites
and a reduced Na diffusion length are

provided by the 3D porous frameworks,
resulting in improved performance®*.
Surprisingly, the MoS; implanted in
lithium-titanium-oxide (LTO) exhib-
ited a higher capacity of about 91
mAhg~'at a 5 C rate, as well as greater
capacity retention of 10 mAhg~! fol-
lowing 200 cycles at 2 C reported by
Xu, G, etal. The use of a 2D QD/LTO-
based anode material for sodium-ion
batteries (NIBs) improves rate capa-
bility, capacity, along with cycling
stability, providing a framework for
the operation of cost-effective alterna-
tive storage systems’’. According to
Tian et al., using 2-dimensional QDs in
NIBs or LIBs minimized the mechan-
ical stress caused by ion insinuation
while also improving cycling stability
and capacity ’’

Materials Innovations | 2022 | https://materialsinnovations.hexapb.com/

286


https://materialsinnovations.hexapb.com/

Review Article

http://doi.org/10.54738/M1.2022.21002

@

Electrode

\ Distance ——>

" b
(ii Eectrolte (b) Y, —t
et )
o
% i
~ +
e——r 1 .
2 S :
(7] P ™
= G——P o
S S C.Mq 1h +
£ s o +
o (e
é @ * .L/‘; ° +
7T .0 "
9 > !-f_'“‘.
66— o [buk T
@ lon- electrode 4

I Electloim

1
[HP OHP Diffuse Layer

Figure 17. (a) lllustration of the Stern model for electrolyte ions on a charged electrode in (i) an electric-double-layer capacitor

(EDLC) and (ii) a pseudo capacitance supercapacitor, as well as (b) a schematic model of ion distribution and mechanism.

Reprinted with Permission.

Supercapacitors

Energy crises and environmental risks
are the most severe challenges. Energy
storage devices need to meet high
power density, high energy density,
cost-effective, design environmental
safety and long life cycle.®> Super-
capacitor devices are categorized
in three categories depending upon
their mechanism of storing electric
charges: electric-double-layer capaci-
tors (EDLCs), pseudo capacitors, and
mixed supercapacitors. %

C-QDs have sparked enough inter-
est due to their unique features!'l.
In supercapacitor (SC) applications,
mixing sulfide with transition metal
is more useful in generating elevated
pseudo-capacitive efficiency than tran-
sition metal oxide. However, they share
the same problems as transition metal
oxides, like restricted ease of elec-
tron transport and rapid capacity decay
at rapid charging-discharging rates.
Monghimian et al. claimed that a mix-
ture of metal sulfide, for example,
MoS;, and GQD was able to reduce
resistance at the electrode/electrolyte
contact?’. Moreover, according to
Huang, Y., et al, the hollow struc-
ture produced by appropriate GQD
synthesis helps limit any cracking

during the cycling process, which
is good for relaxing volume expan-
sion.”® The incorporation of GQDs
into transition metal sulfide (TMS) or
transition metal oxide (TMO) materi-
als, according to Ganganboina, A.B.,
is largely aimed to boost the com-
posite conductivity.”® According to
Hong, Y.et al, the incorporation of
GQDs into a Ni(OH),/carbon fabric,
as shown in Figure 18, the SC elec-
trodes’ conductivity effectiveness was
improved as a result of this modifica-
tion, allowing them to operate up to
2000 cycles. The increased electron
conductivity was assumed to produce
non-rectifying junction generation by
Ni(OH), because of the incorpora-
tion of GQDs!% . The electrodes are
made more flexible by the addition of
GQDs, which depicts a further study
of the GQDs/Ni (OH),, which shows
that no particular changes in the cyclic
voltammetry (CV) were reported with
different bending angles.

According to Wang et al,
as shown in Figure 19, Ilayer-
by-layer covering Carbon Fiber

Cloth/polyaniline (CFC/PANI) alter-
nating with GQDS/rGO on a layer of
carbon improve electrode efficiency.
As for this, GQD’s job includes the

96

improvement of the carbon layer’s
interactivity with the polymers by
changing its hydrophobic character.
Because of the powerful electrostatic
contacts linking the PANI and GQD-
rGO layers, self-assembled 3D struc-
tures are coherent. With increasing
the current density, the capacitance of
20/CFC maintains at 89.7 %, which
can be cycled at a quicker rate than
some other alterations with the same
starting capacitance. During the phe-
nomenon of charge-discharge, PANI,
being a pseudo-capacitive material,
exhibit volumetric variation and resid-
ual stress. It was noted to be the rea-
son for a slight drop in this material’s
capacitance. There’s much less internal
tension throughout the surgery since
the PANI is incorporated via GQD-
rGO ' According to Luo, J et al., due
to the abundance of 7-conjugation and
edge sites in GQDs, NiCO,04 char-
acteristics like conductivity, surface
area and thickness can be increased.
The SC properties of other materials
can be improved by utilizing the GQD
edge features 192 . According to studies
by S.N.J et al., GQDs/polymers with
negative charge can provide oppositely
charged ions on the upper surface of
conductive polymer materials, allow-
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ing the electrical double-layer phe-
nomenon capacitor (EDLC) phenom-
ena to improve the specific capaci-
tance '3 .

As considered by Luo J et al., the
SC properties of many other compos-
ites can be improved by utilizing the
GQD edge features. Because GQDs
have a lot of m-conjugation as well as
edge sites, they can boost NiCO,04
features like conductance, wet abil-
ity, and size distribution'%2. The pecu-
liar uniform states of GQDs can serve
as the host sites for the free elec-
trons, such as those emitted by transi-

tion metals in the respective compos-
ites. Extra electrostatic attraction can be
produced by free electrons accumulat-
ing at the edge, increasing the specific
capacitance of established EDLs'%3.
Li, Z et al., reported that fabricating
GQDs to a MOF improves its wet abil-
ity. As a result, its specific capaci-
tance increases. An asymmetric super-
capacitor containing N-GQDs/cMOF
can have a greater specific capaci-
tance of 294.1 F g~! at half (0.5) A
g~ !'. Through the pseudo capacitive
characteristic of N-GQDs, this higher
specific capacitance was a result of

the outstanding electrochemical kinet-
ics®0. Another high conductivity poly-
mer that has been coupled with GQDs
and exhibited great SC performance
is poly (3, 4-ethylenedioxythiophene):
poly (vinyl alcohol) (PEDOT: PVA).
Electro spinning was employed to build
a basic assembly that encapsulates
GQDs in PEDOT: PVA nanofiber.
GQD’s particle size may be reduced
to a fraction of its original size using
this approach, which is advantageous
for supercapacitors. Adding GQDs to
the polymer composite and transition
metal sulfide synthesis process has a
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second favorable effect on the gen-
erated materials. The GQDs may be
able to regulate the anisotropic prolif-
eration of the transition metal sulfide
along with changed polymer’s polar-
ity, resulting in a nanoscale group-
ing of components!®*. Among the
most important aspects of SC, device
performance is electrode morphology.
When Huang et al.,, mixed GQDs
with CuCo,S4; they demonstrated that
CuCo,S4’s morphology was improved
by the inclusion of GQDs, making
it more appropriate for a supercapac-
itor device with a rougher surface.
During the synthesis process, adding
GQDs to a composite might cause mor-
phological alterations. After 10,000
cycles, GQDs/CuCo,S4 charge and dis-
charge cycling performance demon-
strates 90% capacity retention. As eval-
uated by electrochemical impedance
spectroscopy, the efficient electron
transfer rate resulted in a significant
improvement in electrochemical per-
formance (EIS)'%. Another advantage
ofutilizing GQDs is the achievement of
(metal-oxide-C) M-O-C covalent con-
nection at intersection of the GQDs
along with the hosts of metal oxide.
MnO,/GQDs manufactured with the
help of metal-organic chemical vapour
deposition (MOCVD) were discov-
ered in order to feature M-O-C bonds
that were discovered to be the source
of improved capacity retention in the
related SC devices!0>197-19% " Chang,
H.-W. et al., claimed that MnO,/GQDs
successfully fabricated utilizing the
metal-organic chemical vapor deposi-
tion (MOCVD) techniques were found
to have M-O-C bonds, which were
found to be the source of enhanced
capacity retention in the associated SC
devices. Some other studies found that
the tight link between M-O-C and oxy-
gen could operate as novel active sites
for redox reactions!%®. According to
Jia, H et al., many elements of super-
capacitor electrodes can benefit from
this type of heterostructure with M-
O-C bonds '%. Nonetheless, additional
research into various metal oxide enti-

ties is advised. According to other
investigations, introducing GQDs to
the composite did not affect the mor-
phology of NiMoOy !'. Hence, some
supercapacitor electrodes are not suited
for C-QD composition. So we still need
to be establishing certain ground rules.

LEDs:

The characteristics of GQDs, like pos-
sessing a tunable gap between the
bands, high impressive optical and
chemical stability, and biocompatibil-
ity make it, even more, a favorable
material to be used in the optoelectronic
field. The main reason for it is thought
to be quantum confinement and edge
effect'%’. In the light of these promis-
ing features, scientists have used GQDs
to play several roles like electrolumi-
nescent phosphor, color converter as
well as gap tuner, and a dopant'1°. Suk-
Ho Choi vocalized in his article that
organic LEDs in which GQDs were
used to show the silvery emission of
light as the current passed; having an
external quantum efficiency of 0.1%
However, the EL intensity shows a
direct relationship with the GQD size,
being kept at fixed bias. The reason
behind this is the fact that the small
bandgap of GQDs supports the energy
transfer to GQD by a host. When the
dimensions of GQD extended and its
coordinates altered, the color emitted
changed from blue to white. The blue
LED was used to achieve white LEDs
with a light conversion efficiency of
almost 61.1% with the tendency to
stay firm after being operated on for
hours !, In an attempt to create LEDs
with better quantum yield, Roy, P. et
al., used organic plant leaves’ extract
of fenugreek and Neem to create GQDs
of sizes 7 nm and 5 nm, without need-
ing to use any kind of organic solvent
or reducing agent. These GQDs were
used to create a silvery luminance con-
version cap using the RGB (red green
blue) color mixing approach. Roy, P.
et al., used two-step methods to con-
struct an RGB gadget. To initiate, an
N-GQD-QS-CPY mixture was created

by combining emerald color PL emerg-
ing N-GQDs, azure color PL emerging
QS, and ruby color PL emitting CPY
solutions in PMMA at optimum ratios
of 1:2, and 5:5. Second, as shown in
Figure 20, the N-GQD-QS—CPY mix-
ture was applied to a lab-made PET
cap and allowed to dry overnight. After
that, the cap was attached to a close
Ultra Violet LED. These close-to-UV
rays travel higher, and color changes
because of electron transfer between
the free spaces of bands when the elec-
trons are excited. Few rays of UV, out
of all, get soaked by the N-GQD-QS-
CPYA center while some get past it,
further out, and produce silvery lumi-
nance. The reason why color change
occurs depends upon the electrons and
their transitional behavior when they
get excited in the band gap 1.

You Xiao Chen provided us with the
stable bluish-emerald luminance emit-
ting GQDs. By using the fullerene pro-
cess and avoiding the usage of acid, he
extracted ocherous color GQDs. These
DGQDs along with the GQDs were
also mixed with alcohol (PVA) to cre-
ate see-through films of photolumi-
nescence with outstanding elasticity as
well as a preferred silvery light effusion
quality that fit the needs of mercenary
bright ivory Light Emitting Diodes 3.

Tetsuka et al., fragmented GQDs
along with various nitrogenous groups,
like ammonia, red p-methyl, 2, 3-
naphthalenediamine, and azo com-
pounds, to name a few ''4. GQDs that
contain different nitrogenous groups
have been discovered to be extremely
different from each other in terms of
the wavelength of their light emitted
as well as their quantum efficiencies
of luminance. The height of emission
of 2, 3-naphthalenediamine impro-
vised GQDs is moved to red light to
610 nm, whereas the GQDs treated
with azo compounds gave out bluish-
emerald luminance. Meanwhile, when
compared to untreated GQDs, its flu-
orescence quantum efficiency is sig-
nificantly higher. The PL spectra of
D-GQDs at various excitation wave-
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Figure 20. (a) PL spectrum of the N-GQD-QS—-CPY coated PET cap (inset: photograph of the N-GQD—-QS—CPY solution
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Figure 21. PL spectra of D-GODs at different excitation wavelengths. Copyright (2020) American Chemical Society.'!?
Reprinted with Permission.
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lengths are shown in Figure 21'13.
GQD-based organic LEDs have lately
made substantial progress. Gupta et
al., suggested an interesting strategy
for decreasing the initial voltage from
approximately 6 V to 4 V by adding
the two solutions that are GQDs with
Methylene blue and 2-methoxy-5-(2-
ethylhexyloxy)-1,4  phenyleneviny-
lene (MEH-PPV). They also reported
an increase in internal quantum effi-
ciency after introducing GQDs. This
improvement could be attributed to the
increased presence of electrical con-
duction channels provided by GQDs.
Charge injection in the active zone
of the LED was facilitated by effi-
cient electrical transit, resulting in a
higher carrier depth. This Light Emit-
ting device was more efficient with a
non-high initial voltage'!>. Kwon et
al., reported that amidative cutting of
brittle graphite yields size-controlled
GQDs (GQDs). With this approach,
GQD sizes can be varied from 2 to
more than 10 nm by varying the amine
concentration. The energy gaps in such
GQDs decreased as they grow in size
resulting in vivid photoluminescence
ranging from blue to brown. More-
over, they also showed that defect sites
contribute to photoluminescence, long-
wavelength emission, and a reduction
in the lifetime of excitons successfully
rendering white light with about 0.1 %
external quantum efficiency !'®. Zhang
et al., published a fascinating paper
that demonstrated the development of
electroluminescence from indigo to
ivory light with various operating volt-
ages. More study is required to increase
various combinations of metals along
with graphene and carbon QDs and
build LED devices with improved per-
formance'%. Using octadecyl amine
(ODA)-GQDs, Kim et al., generated
solution-processed and extremely effi-
cient LEDs. Nucleophilic substitutions
between epoxy and amine functional
groups were subjected to lower the
quantity of O, in ODA-GQDs, when
treated with simple GQDs. The effi-
ciency of the current of ODA-GQDs

was found to be 6.51 cd/A which is
the highest among GQD-based LEDs
that are previously reported. After a
while, the group used edge function-
alized GQDs (EF-GQDs) manufac-
tured by an unusual mixture technique
to create ultrahigh-luminosity white
LEDs (WLEDs). The CIE coordinates
and fluorescence for White color Light
Emitting Diodes made from EF-GQDs
were better than other WLEDs made
from GQDs 7. Kumar et al., have cre-
ated WLEDs with phosphors made
from ZnO films and GQDs. When
compared to typical yellow phosphor
WLEDs, UV-stimulated ivory light-
emitting gadgets based on ZnO/GQDs
are more appropriate for illumina-
tion 3. In a single-step process, Kumar
et al., showed how to synthesize the
H,O resistant GQDs in the powdered
form in the absence of extreme pres-
sure to make them useful in manu-
facturing LEDs. The current-voltage
properties of GQD improvised LED
devices revealed a below-average ini-
tial voltage of less than 2.5 V. An elec-
troluminescence depending upon bias
is exhibited, resulting in changing color
from azure to deep cyan'!.

Under single-wavelength excita-
tion, GQDs with amino-functionalized
(afGQDs) produced with the help of
a sheet of graphene, shine brightly
with diverse hues, based on the
functional groups. Resulting flexible
afGQDs@CNF—clay sheets showed
brilliant flamboyant fluorescence and
were used as a color conversion sub-
stance for azure LEDs to create emis-
sion of ivory light 2%, Jung Kyu Kim1
etal., developed polymer light-emitting
diodes (PLEDs) using GQDs. By
using a modified hydrothermal oxi-
dation process, the graphene oxide
quantum dots were obtained which
were treated with PVK to be used as
an emissive surface to characterize
the performance of PLED. The main
reason for using ordinary, less com-
plicated devices was to express the
origination of luminance without the
interruption of factors like impurity

from other layers. The separate effu-
sion of PVK and GOQDs contributed
to the hybridized GOQDs-PVK emis-
sion which is mainly the reason for
emission of silvery light'?!. Woosung
Kwon et al., show that chemically func-
tionalizing GQDs with aniline deriva-
tives yields new energy levels, result-
ing in photoluminescence with excep-
tionally narrow line widths. Emerald,
orange and crimson electroluminescent
(LEDs) with great color purity were
made by taking these functionalized
GQDs in place of luminophores. This
aniline derivative functionalization of
GQDs is a new way of fabricating
LEDs that create natural color 122,

GQDs having ivory luminance are
manufactured utilizing a microwave-
assisted hydrothermal technique where
graphite is taken as precursor, accord-
ing to Zhimin Luo et al., To make
a  solution-processed  white-light-
emitting diode, ivory luminance GQDs
doped 4, 4-bis (carbazol-9-yl) biphenyl
are employed as the emissive layer
(WLED). The WLED with a ten %
WGQD doping concentration gener-
ates white light. This show WGQDs,
as a novel phosphor, could be proved
useful for preparation of ecofriendly
WLEDs, useful in solid-state light-
ing®'. Dae Hun Kim et al., iden-
tified various flaws in GQDs that
limit their fluorescence quantum yield,
causing a reduction in the luminance
of GQD-based light-emitting diodes
(LEDs). He announced the devel-
opment of solution-processed, high-
efficiency LEDs based on octade-
cylamine (ODA)- Graphene Quan-
tum Diodes. The well-to-do proof of
this coherence efficiency increase for
ODA-GQD-based LEDs suggests that
GQD-based LEDs could be used as
future better optical products'!’. Yin,
L et al., showed the method of prepar-
ing dull-white lemon-greenish color
effusing GQDs by using a process
that is not only modest but also less
complicated and non-toxic to the envi-
ronment. Targeted Graphene nanopar-
ticles were cast in UV- durable sili-
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cone. A fine film of polymer, having
properties like better transparency, was
produced. The broadness of the film
was tuned along with the GQDs con-
gregation of color control matrix; the
result appeared to be the formation
of silver LEDs with changeable color
temperatures. The CIE coordinates of
the ivory light-emitting device based
on GQDs were found to be perfectly
linked with blackbody radiation curve.
Admirable effusion and satisfaction
could be attained using the fluores-
cent polymeric matrix in ivory Light
Emitting gadgets'>1%. PEG surface
passivation was used to make blue-
photo luminescent polyethylene glycol
GQDs (PEG-GQDs) by Kim, H. J et
al., PEG-GQDs with 320 nm excita-
tion had a photoluminescence quantum
yield (QY) of roughly 4.9 %. PEG-
GQDs, which are highly fluorescent,
will enable novel gadgets'??. Tzu-
Neng Lin et al., prepared 3.5 nm-sized
GQDs via pulsed laser ablation which
proved to be quite useful to achieve the
enhancement of EL also a downfall was
noticed in the series resistance of light
emitting diodes. The amount of GQDs
involved is found to be directly propor-
tional to the emitted light'?3. C.M.Luk
et al., presented an article revealing the
production of GQDs that are soluble
in water by using a way to make GQD
composite with agar. The progress to
be noted was that it had better optical
stability and there was no luminance
quenching. This composite was used as
color-changing stuff in bluish LEDs, so
that ivory lights can be achieved with
luminance efficiency !24.

CONCLUSIONS

In this review, we have explored how
unique optical and electronic proper-
ties of GQDs can benefit a verity of
devices and applications. Mass man-
ufacture of GQDs is crucial for their
use in numerous industries. As many
synthetic techniques for synthesizing
GQDs have been developed so far,
where oxidative cleavage of carbona-

ceous materials is most widely used
to achieve mass production but post-
processing is complicated to achieve.
On the other hand, hydrothermal is
ecofriendly, rapid and effective but the
strong oxidation treatment of carbon
materials before reaction makes it com-
plicated. Also, microwave assistance
methods can reduce the reaction time
and enhance yield but are quite expen-
sive to be carried on large scale. Addi-
tionally, the carbonization method is an
environment-friendly and facile tech-
nique but the polydiversity of GQDs
is the limitation to the method for
industrial-scale production. We need
to identify available commercially and
efficient techniques to construct var-
ious GQDs for the further advance-
ment of the GQDs. This review empha-
sizes the need for a relatively inex-
pensive and easy procedure, homoge-
neous products with desired specifi-
cation, and higher yields. We have
given a brief summary of several syn-
thetic techniques for producing GQDs,
as well as current energy-related uses of
GQDs. Recent research on GQDs has
increasingly been the focus of atten-
tion. Despite the rapid advancement,
there are still concerns to be tackled
and obstacles to overcome. GQD may
be thought of as a complicated gigan-
tic m-conjugated molecule, whose char-
acteristics are controlled by a variety
of parameters, including dimensions,
functional groups, dopants, edge con-
figuration, defects and structure. With-
out the ability to accurately manip-
ulate GQD composition and shape,
experimentally separating their effect
is difficult, although theoretical inves-
tigations can give crucial insights. It
is important to remember that GQDs
made by various methods encom-
pass a wide range of chemicophys-
ical characteristics due to their con-
siderable heterogeneity in composition,
size, and form. As a result, an applica-
tion that works with one type of GQD
might not always work with another.
To obtain better and more systematic
characterization and comprehension of

GQDs, as well as more successful
applications, approaches to synthesiz-
ing GQDs with well-defined features,
accurately engineering GQD attributes,
or selectively separating various GQD
populations are urgently needed. Many
GQD applications are not practica-
ble because low-cost industrial-scale
manufacturing of GQDs has not yet
been established. For instance, alter-
native techniques for mass produc-
tion of GQDs of extended absorp-
tion spectra are required to improve
their photo luminance properties. It
may also be possible to narrow the
band gap by doping hetero-atoms, like
electron-donating atoms, by increasing
the degree of conjugation. In the future,
it will be important to develop sim-
ple purification procedures to eliminate
excess chemicals which have the poten-
tial to cleave the carbon - containing
surface, as well as unique approaches
to producing an ultrahigh production
without removing any starting mate-
rials. To achieve homogeneous GQD
characteristics, new ways of distin-
guishing GQDs of different sizes are
required. Also, GQDs’ high solubility
is one of their most outstanding fea-
tures, allowing them to be employed
in all devices’ fabrication steps. In
conclusion, taking these problems into
account and applying the specific ben-
efits of GQDs to industrial-scale appli-
cations will garner the ultimate value
of GQDs. In the process of collabo-
rating with researchers, we hope that
new GQD preparation methods and
attributes, as well as new gadgets and
applications, will be discovered.
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