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Abstract: Batteries and supercapacitors are the next-generation alternative energy resources that can
fulfil the requirement of energy demand worldwide. In regard to the development of efficient energy
storage devices, various materials have been tested as electrode materials. Graphene quantum dots
(GQDs), a new class of carbon-based nanomaterial, have driven a great research interest due to their
unique fundamental properties. High conductivity, abundant specific surface area, and sufficient
solubility, in combination with quantum confinement and edge effect, have made them appropriate
for a broad range of applications such as optical, catalysis, energy storage and conversion. This
review article will present the latest research on the utilization of GQDs and their composites to
modify the electrodes used in energy storage devices. Several major challenges have been discussed
and, finally, future perspectives have been provided for the better implementation of GQDs in the
energy storage research.
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1. Introduction

Due to the ever-increasing environmental pollution and energy crisis, the development
of sustainable and clean energy resources has become urgent in the 21st century [1,2]. This
demands the fabrication of low-cost even high-performance energy storage and energy
conversion devices. In this regard, the fabrications of efficient energy resources, espe-
cially electrochemical energy storage devices, have attracted the research community in
recent years [1–5]. The performance of such energy storage devices strongly relies on
the nature of the electrode materials applied. To date, many efforts have been made to
imply different types of materials and find out their suitability in developing real-life tools
for energy storage and conversion [5–12]. Among them, two-dimensional graphene, an
important allotrope of carbon, is widely used for energy storage applications [12–14]. The
sp2-hybridized conjugated structure, along with interesting mechanical, electrical and
thermal properties, make them a distinctive class of material with versatile applications.
Additionally, they offer high surface area, sufficient chemical stability, and low-cost fabri-
cation, which are also desirable for constructing an efficient device [15–19]. Importantly,
graphene sheets can be cut down into a few nanometers, especially less than 10 nm, giving
rise to interesting physicochemical properties. Typically, the graphene sheets below 10 nm
are called graphene quantum dots (GQDs). Unifications of the interesting properties of
graphene and quantum dots lead to evolving unique physicochemical properties in GQDs
that confer their promises for successful applications in optoelectronics, energy storage,
and conversion applications [20–24].

Although several efforts have been made up to date, the research and development
on the synthesis of GQDs is still at an early stage [25,26]. It is well known that GQDs
are very good optical materials [27,28]. Besides, with an aim of expanding their utility
in energy-related applications, a tremendous focus on developing GQD-based compos-
ite materials for electrochemical energy storage applications can be seen in recent years
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(Figure 1) [29–32]. In this regard, a comprehensive review article demonstrating the recent
advances in the composition and utilization of GQDs and their composites for efficient
batteries and supercapacitors electrodes is important and necessary. Herein, this review
article highlights the recent discoveries of novel synthesis protocols, underlying synthesis
mechanisms, and their effects on the GQDs’ structural and surface properties. Importantly,
the presence of the defect states, doped heteroatoms, surface groups, and conductivity
of the material can have a significant influence on the electrochemical energy storage
phenomena which have been barely discussed in detail by other review articles. This
review article systematically elaborates on the effect of the aforementioned parameters
on the charge storage performance of GQD-based electrodes. In addition, the interaction
of GQDs with other materials, and their crucial role in enhancing the performance of
the produced nanocomposite electrodes, are revealed in this article. These outlooks are
expected to provide a deeper understanding of the successful applications of GQD-based
electrode materials for developing cost-effective and environmentally safe future energy
storage systems.
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2. Synthesis of GQDs

The synthesis process of GQDs can be broadly divided into two categories: top-down
and bottom-up approaches. A top-down approach corresponds to the decomposition
of bulk, readily available graphene-based materials. Smaller particles are formed under
harsh conditions involving high temperatures. However, such methods lack distinct
control over particle size distribution and the morphology of the as-produced particles.
A bottom-up approach, on the other hand, involves the synthesis of QDs with the help
of chemical reactions from the molecular species. Such a method allows for achieving
excellent control over the particle size and fundamental properties of the material. In this
section, we shall discuss efficient synthesis techniques that have been reported very recently
for GQD preparation.
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2.1. Top-Down Approach

Typically, a top-down approach for the synthesis of GQDs involves the cleavage
of larger carbonaceous structures such as graphite, carbon fiber, carbon black, coal, and
graphene oxide (GO). So far, various top-down strategies have been applied to successfully
synthesize GQDs, and in this section we shall discuss some of the useful strategies.

2.1.1. Hydrothermal Cutting

A hydrothermal process involves cutting off larger carbonaceous structures in presence
of an aqueous alkaline solution. Such a technique was first employed by Pan et al. to
prepare water soluble luminescent GQDs [33]. In this process, the synthesis of GQDs
involves thermal deoxidization of GO sheets to graphene sheets (GSs), followed by acid
oxidation of GSs and hydrothermal treatment. Overnight dialysis of the as-produced
colloidal solution yielded strongly fluorescent (blue emission) GQDs. Pan et al. proposed
that acid oxidation generated epoxy groups in a line by rupturing C–C bonds throughout
the carbon lattice. Once the epoxy chains were formed, they were further oxidized to more
stable carbonyl groups under room temperature conditions. Such oxidation of GSs was
confirmed by FTIR spectroscopy indicating a strong carbonyl signal. Subsequently, the
hydrothermal deoxidization step removed the bridging carbonyl oxygen atoms to form
GQDs with 5–13 nm diameter. Hydrothermal treatment was done at 200 ◦C temperature
and pH 8 for 10 h. The cutting efficiency was ~5 wt% of the precursors. Furthermore, the
same group showed that well crystallized structures can be produced at a higher thermal
deoxidization temperature [34]. Cutting of GO sheets at a relatively higher temperature not
only resulted in the ordered structures but, also, the wavelength of emission was red-shifted
(blue emission), as compared to the previous result, and smaller size particles (diameter
of 1.5–5 nm) were formed. Sun et al. reported direct oxidation and etching of graphite
powder for the scalable and efficient synthesis of GQDs [35]. In this study, they prepared
GQDs by following the method of Hummers and Offeman with several modifications.
They increased the NaNO3/graphite mass ratio from 2:1 (for the Hummers method) to
43:1, and the reaction temperature was increased from 35 to 120 ◦C. In a typical synthesis
process, 1.0 g of graphite and 43.0 g of NaNO3 were added to 100 mL concentrated sulfuric
acid, and the resultant mixture was cooled to 0 ◦C. Afterwards, 3.0 g of KMnO4 was added
to form graphite oxide. Cutting of graphite oxide at 120 ◦C resulted in the formation
of tiny dots, and the yield was measured to be as high as 63 ± 7 wt%. Although the
final yield of the product was improved significantly by following this procedure, the QY
was only 3%. Lin’s group used potassium superoxide (KO2) as a “scissor” to cut the GO
sheet under hydrothermal conditions. The conversion rate was ~35 wt% from GO with
8.9% QY. Experimental results suggested that epoxy groups tend to appear along a line
throughout the carbon lattice. Subsequently, cooperative alignment of the epoxy groups
produces a strong tension as a result of which underlying C–C bonds tend to break [36].
Hydrogen peroxide (H2O2) can act as an efficient “scissor” for cutting the GO sheet during
hydrothermal synthesis. It is important to mention that such free radical initiators are
relatively less hazardous as compared to strong acids and abundantly produced oxygenated
groups that induce exciting photophysical properties and good solubility. It was found that
H2O2 treatment could reduce the reaction time to only 2 h (Figure 2), and as-prepared GQDs
(size—1.5–5.5 nm) showed bright excitation independent emission with up-conversion
properties [37]. On the other hand, hydrothermal reaction time can be further reduced to
a few seconds by using the continuous hydrothermal flow synthesis (CHFS) process in
combination with supercritical water and p-tetrasulfonic acid calix [4] arene [38].
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2.1.2. Solvothermal Method

Typically, a solvothermal process involves the use of an organic solvent and treatment
of the reaction mixture in a Teflon-lined autoclave at a higher temperature (Figure 3).
For example, Yang’s group dispersed GO in N,N-Dimethylformamide (DMF), and the
solution was subjected to ultrasonication for 30 min. After that, the GO/DMF solution was
transferred to a Teflon-lined autoclave for heating at 200 ◦C for 8 h. After the synthesis, the
product was purified via column chromatography. The as-produced GQDs were highly
soluble in several polar solvents under different pH levels and showed a maximum of
12.2% QY [39].
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However, Fang et al. treated the GO/DMF solution for 5 h at 200 ◦C and were able
to obtain strong green emissions with 23.1% QY [40]. Also, Tian et al. reported good
QY for GQDs during the solvothermal synthesis [41]. In this report, they used expanded
graphite as the precursor. Firstly, expanded graphite was mixed with DMF, ultrasonicated
for 5 min, and then H2O2 was added to the solution. Heating up to 170 ◦C for 5 h resulted
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in the formation of GQDs with strong blue emissions (15% QY). For purification of the
product, the solution was passed through a 100 nm filter membrane so that unreacted
expanded graphite was removed from the solution. The process was quite simple because
no complicated equipment was needed for the synthesis, and the purification stage was
easier as well. A recent study shows that potassium monopersulfate, also called oxone, can
be used as an efficient oxidant during solvothermal synthesis [42]. Four different natural
resources such as charcoal, carbon fibers, graphite, and multi-walled carbon nanotubes
were chosen. It was reported that oxone can successfully synthesize the GQDs from all
these four different kinds of carbon sources. During the synthesis, sulfate radicals (SO•−)
or hydroxyl radicals (OH•) were generated by using the oxone oxidizing agent. The
mechanism was associated with radical oxidation, followed by solvothermal reduction
to cut the C–C bonds. Radical-initiated oxidation followed by cleavage and, finally, the
reduction of the larger size carbon materials resulted in the formation of very small-sized
GQDs. There are several advantages in such a method. This is an acid-free technique
eliminating the step of strong acid neutralization. Furthermore, the purification stage is
simple and eco-friendly, offering a high yield suitable for large-scale production.

2.1.3. Electrochemical Method

Several research groups have used electrochemical techniques for cutting larger car-
bonaceous structures. Such a method, with potentiostatic oxidation followed by reduc-
tion, offers excellent control over GQDs size and shape. Pillai’s group reported a two-
step method for the transformation of multi-walled carbon nanotubes (MWCNTs) into
GQDs [43]. Figure 4 represents an electrochemical transformation process. Here, at first,
an anodic potential of 1 V (for 15 h) vs. Pt quasi reference electrode (QRE) was applied
to a MWCNT-coated working electrode, resulting in the formation of oxidized MWCNTs.
During the process, propylene carbonate with LiClO4 was used as an electrolyte. Next, the
application of a −1 V potential (for 2 h) vs. Pt QRE induced intercalation of the complexes
of Li+/propylene carbonate. As a result of such intercalation, exfoliation of oxidized MWC-
NTs took place and, finally, GQDs were formed at a 90 ◦C temperature. Microscopic results
suggested that GQDs with 3 ± 0.3, 5 ± 0.3, and 8.2 ± 0.3 nm size distribution were formed
after the electrochemical exfoliation and heat treatment at 90 ◦C/15 h, 90 ◦C/11 h, and
90 ◦C/7 h, respectively. Interestingly, exfoliation with propylene carbonate by using LiClO4,
and heating at a relatively lower temperature, such as the 30 ◦C temperature, resulted
in the formation of larger size carbonaceous nanoparticles (size distribution 23 ± 2 nm).
Thus, the applied temperature during the electrochemical synthesis plays a crucial role in
controlling the particle size as well.

Red emissive GQDs were prepared by electrolysis of graphite in the presence of
0.01 M K2S2O8 aqueous solution. Here, electrolysis was done at pH 7 + 5.0 V. Also, the
current intensity was varied between 80 and 200 mA cm−2 for the GQDs’ preparation.
Experimental results suggested that OH• and O• were produced due to the anodic oxida-
tion of water. They served as electrochemical “scissors” to cut the graphite into graphene
sheets [44]. Li et al. used sodium phytate (0.1 mol/L), and applied a +5 V scanning voltage
for 12 h, to prepare GQDs with phosphorus (P) doping. They used a high-purity graphite
rod as the working electrode and a platinum electrode as the counter electrode. Utilization
of such an electrochemical technique caused a sufficient amount of phosphorus (P) doping
inside the GQDs’ structure, and the as-prepared P-GQDs showed excellent free radical
scavenging ability and anti-erosion performances [45]. Recently, a three-electrode system
has been utilized for the successful preparation of GQDs at room temperature. 20 µL of
GO (1mg/mL) was drop casted over a Glassy carbon electrode (GCE) to prepare a working
electrode. A Pt film was used as the counter electrode and a Pt wire was used as the QRE.
A potential of +1.05 V was applied in propylene carbonate-LiClO4 (3 mM) electrolyte for
the oxidation of GO. After the oxidation step, the potential was set at −1.05 V for 3 h for
the electrochemical reduction. Finally, the GCE electrodes were sonicated to collect the as-
produced GQDs. Such a process gives an excellent opportunity to control the size of GQDs
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by tuning different parameters such as redox time, supporting electrolyte concentration,
and applied potential [46].
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2.1.4. Ultra-Sonication

In this process, ultrasound energy is applied to agitate larger carbonaceous structures
during the synthesis. For example, ultrasonic treatment (45 W, 59 kHz) of acetylene black
dispersed in 30 mL of N-methyl-2-pyrrolidone (NMP) solvent for 1 h resulted in the
formation of GQDs. For the purification stage, centrifugation at 10,000 rpm was done, and
excess NMP solvent was removed by applying vacuum evaporation at 100 ◦C [47]. In
another work, graphene was oxidized at room temperature in the presence of concentrated
HNO3 and H2SO4 for 12 h. After that, the reaction mixture was subjected to ultrasonic
treatment (300 W, 80 kHz) for 12 h and calcined at 350 ◦C to remove excess concentrated
acids. GQDs with 3 to 5 nm diameters were recovered by using this method after the
filtration and dialysis of the final product solution [48]. Zhang et al. showed that anthracite
coal can also be used as a precursor for the ultrasonic synthesis of GQDs. They took 200 mg
of anthracite coal in 50 mL of DMF, and the suspension was treated with a 21 kHz ultrasonic
wave for 2 h. Subsequently, the suspension was passed through a 0.22 µm membrane and
dialyzed for 3 days to remove excess solvent. Here, particles with 3.2 ± 1.0 nm diameter
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were successfully recovered after the purification stage which showed good fluorescence as
well [49].

2.1.5. Laser Fragmentation

Laser-assisted fragmentation of the larger carbonaceous structure is one of the most
popular top-down approaches to synthesize GQDs. Such a process refers to breaking down
a certain portion of a material by using a laser beam of a particular wavelength. MWCNTs
(Figure 5) [50], graphene sheets [51], graphite paper [52], carbon nano-onions [53], and
coal [54] are the commonly used precursors for such a synthesis technique. Kang and
co-workers chose MWCNTs in high-purity ethanol and employed a ND:YAG laser beam to
the suspension [50]. Here, MWCNTs were irradiated with 355 nm and 532 nm pulsed laser
sources (ablation energy 50 mJ and 10 Hz repetition rate). GQDs with <5 nm diameter were
formed after 10 min of ablation by using a 532 nm laser source. However, when higher
photon energy was applied (λ = 355 nm), GOQDs were formed. A laser beam with high
photon energy photo-thermally decomposed the solvent forming the cavitation bubbles
which consisted of carbon- and/or oxygen-based small molecules over the MWCNT surface.
Such a result suggested that GQDs could be easily functionalized with oxygeneous species
simply by changing the ablation wavelength. In another study, a 1064 nm laser beam was
utilized to irradiate the graphene sheet [51]. Laser irradiation for 40 min resulted in the
formation of a light-yellow color solution. After the centrifugation and pH adjustment,
the obtained transparent solution was subjected to hydrothermal treatment at 150 ◦C for
12 h. Small particles with uniform size distribution were formed after the completion of
reaction. Figure 6 corresponds to the schematic representation for GQDs’ production by
using a laser writing instrument [52]. In this process, by changing the output power of the
incoming laser radiation, GQDs were successfully generated from graphite paper.
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Here, the formation of GQDs was attributed to the power of laser irradiation, which
caused photothermal vaporization to generate gaseous graphene. Subsequently, graphene
vapour was recrystallized to generate ultrafine particles of GQD. Dispersion of the as-
produced GQDs showed blue fluorescence after excitation with a 365 nm light source.
Notably, the yield of the final product could be easily controlled by varying the output
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laser power and laser scan speed. This novel method was highly efficient, ultra-fast, and
suitable for large-scale production.
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2.1.6. Microwave Assisted Cutting

Recently, the microwave technique has become a common method of nanomaterial
synthesis because of several advantages, such as (1) Short reaction time, (2) Homogeneous
heating of the reaction mixture, and (3) good yield and high purity of the final product.
Such a technique has also been employed for the top-down GQDs synthesis. Li et al.
reported a one-pot microwave-assisted technique to produce greenish-yellow emission
GQDs [55]. Here, GO nanosheets were treated in the presence of concentrated HNO3
and H2SO4 for 3 h. Further reduction of GQDs in the presence of NaBH4 changed the
luminescence to intense blue. The maximum QYs were measured to be 11.7% and 22.9%
for greenish-yellow GQDs and blue GQDs, respectively. Interestingly, NaBH4 reduction
induced no perceptible changes to the dimension and height of GQDs. Thus, shifting in
the emission peak was attributed to structural changes, rather than dimension variations.
Sun et al. took a different approach to synthesis. They combined the microwave technique
with hydrothermal treatment and took fluorinated graphene oxide (FGO) as the starting
material [56]. In this technique, a solution of FGO (concentrated HNO3 and H2SO4) was
heated under microwave irradiation at 650 W for 6 h. Following synthesis, the reaction
mixture was cooled to room temperature, ultrasonicated for a few minutes, and then the
medium pH was adjusted to 6. After the filtration, followed by dialysis of the product
solution, fluorinated GQDs were recovered. Next, the precipitate obtained during the
purification stage was collected and redispersed in water. pH was adjusted to 8. The
aqueous suspension was then transferred to a Teflon-lined autoclave and was heated at
200 ◦C for 10 h to form blue fluorescent GQDs. Ultrahigh photostability, very good pH
stability, and improved product yield (~10%) were achieved by using such a technique.

Furthermore, the utilization of chemical exfoliation [57,58] and lithography tech-
nique [59,60] can be found for scissoring of the graphene sheets via top-down approach.

2.2. Bottom-Up Approach

In a bottom-up technique, small organic molecules are used as the starting materials.
Here, chemical reactions take place among the precursor molecules to form a graphitic core
inside the QD system [61–65]. In this section, we shall discuss the bottom-up approach to
the synthesis of GQDs. For the bottom-up synthesis, various research groups have shown
that the treatment of small organic molecules in the presence of microwave radiation or a
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hydrothermal environment result in the formation of GQDs with good production yield and
valuable photophysical properties [65–80]. Blue-emitting GQDs were prepared from the
acetylacetone after further microwave treatment which, for a longer time period, resulted in
the appearance of green emission. Results suggested that increases in microwave treatment
time and electronic coupling on the surface of -COOH groups took place and, thus, that
this resulted in the formation of quasi-molecular fluorophores on the GQD surface [64].
Such a technique could be useful for composite preparation as well. Qiu et al. employed
microwave irradiation to GQDs dissolved in ethylene glycol following the addition of
cobalt nitrate hexahydrate, nickel nitrate hexahydrate and urea to the same. Microwave
treatment for 10 min at 190 ◦C resulted in the formation of a GQD/Ni-Co LDH composite,
which could be finally used as an electrode material for supercapacitors (Figure 7) [65].
Utilizations of carbohydrates [66], biomass [67], and amino acids [68] can also be found for
the microwave assisted bottom-up synthesis of GQDs.
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Additionally, the synthesis of GQDs via the soft-template method is common nowa-
days. This route helps to achieve very precise control over the size distribution of the
particles, and complicated purification steps are mostly bypassed. However, aggregation of
particles due to π–π stacking is common and cannot be avoided most of the time. Tang et al.
synthesize monodispersed single-crystalline GQDs by using soft template method, fol-
lowed by microwave and hydrothermal treatment to the starting materials (Figure 8) [77].
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The single precursor-derived rapid synthesis was demonstrated by Kim and co-
workers, resulting in the doping of heteroatoms inside the GQDs structure (Figure 9a). It
was found that the doping of heteroatoms could assist in improving the photocatalytic
activity during the aerobic oxidative coupling of amines [61]. Li et al. optimized the
microwave treatment of 1,3,6-trinitropyrene under alkaline conditions to produce high
QY (35%) and single-crystalline GQDs with a few-layer structure. The synthesis process
demonstrated here was rapid, and sufficient absorption could be observed in the visible
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region, which is desirable for optical applications [62]. Hydrothermal treatment of the
precursor molecules has been found to be another effective way to produce GQDs. In
a recent report, it was revealed that microwave post-treatment could result in reduced
non-radiative relaxation, as confirmed by X-ray photoelectron spectroscopy (XPS) analysis.
Thus, a significant enhancement in the emission intensity could be observed under a mi-
crowave environment [63]. In this method, citric acid has been used extensively by various
groups as the carbon source for the preparation of GQDs [69–72]. During the synthesis,
citric acid is reacted with another precursor molecule, leading to the generation of the
graphitic core. In this regard, the utilization of urea, thiourea, and amine molecules is
common [69,70,73,74]. Characterization reports suggest that hydrothermal treatment of
those starting materials not only produced graphitic structures inside the core, but also
resulted in hetero atom doping (N or S doping) inside the structure. Thus, fascinating
optoelectronic properties have been generated. Polyaromatic hydrocarbons (PAHs) and
amino acids have also been used to produce high QY GQDs. (Figure 9b) [75,76]. Wang et al.
applied hydrothermal fusion to PAH molecules to produce single-crystalline GQDs under
alkaline conditions. Here, the temperature varied between 90 and 200 ◦C. Such a technique
offered high PL QY (23%), long-term photostability, and a sufficient molar extinction coeffi-
cient [75]. Guo et al. graphitized 1,5-dinitronaphthalene in aqueous ammonium solution
via a one-pot hydrothermal method. They treated the starting materials in a Teflon-lined
autoclave at 200 ◦C for 18 h. Particles with a 1.5 nm average diameter were formed at the
end of the reaction and its optical properties were highly dependent upon the alkaline
conditions [76]. The main drawbacks of this process are the time-consuming and costly
synthesis process, along with tedious purification steps. However, ultimately, by applying
such a technique, ultra-small particles are produced with novel fundamental properties,
suitable for versatile applications.

Here, glucose was used as the carbon source, and polyethylene glycol (PEG20,000)
was used as the soft template. During the treatment in presence of external radiation, a
limited number of precursor molecules (glucose here) entered inside the PEG template
and, subsequently, carbonization, nucleation, and growth of the particles took place. In this
process, the size of the particles could be easily controlled simply by adjusting the duration
of heating. In another study, hexa-peri-hexabenzocoronene (HBC) was utilized to prepare
disk-like mono dispersed GQDs (Figure 9c) [78]. The novelty of this work was that the
HBC molecules not only served as the carbon source during reaction, but they also acted
as the template for GQDs synthesis. After the synthesis, the formation of homogeneous
disk-like particles was confirmed by atomic force microscopy (AFM) images. Apart from
polymers, the utilization of small molecules (such as citric acid and carbon disulphide) as
the template has also been found to be useful for the bottom-up GQD synthesis [79,80].

A solution-chemistry method involves the integration of small molecules through
multiple organic reactions. Yan et al. reported such a solution-chemistry-based process to
generate stable GQDs with uniform shape and size [81]. By following such a technique,
they were able to tune the number of conjugated carbon atoms and, thus, the size of the
QD system. Oxidative condensation of polyphenylene dendritic precursors, prepared via
stepwise solution-chemistry, led to the formation of fused graphitic moieties. By varying
the number of conjugated carbon atoms and chemical functionalization to the surface,
band gap and redox potentials can be tuned easily for device fabrication purposes. In
another study, the same research group reported that the HOMO–LUMO energy gaps of
colloidal GQDs, prepared via a solution-chemistry method, can be controlled by varying
the size of the QD system (whereas their redox potentials can be tuned by applying surface
functionalization to the particles) [82]. Thus, the solution-chemistry method has been found
to be an important technique for GQD preparation in terms of device fabrication purposes.
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of GQDs via the soft templet method. Reprinted with permission from Ref. [78].

3. Structure and Properties of GQDs
3.1. GQD Structures

As discussed in the previous section, GQDs can be synthesized from various precursors
by using different synthesis approaches. Now, depending upon the process of synthesis,
the inherent complex structures, and the nature of surface functional groups, the size and
the shape of particles change [83]. Typically, GQDs consist of conjugated (sp2 hybridized)
carbon atoms along with sp3 carbons, oxygen-related functional groups, and surface defects.
Inside the core, a few layers of graphene remain present on top of each other, or in the lateral
dimension (Figure 10a). On the other hand, various functional groups (such as carboxyl,
carbonyl, epoxy, hydroxyl, amide, and amine) and ligands remain present over the surface
of particles (Figure 10b) [83]. Recently, various research groups have demonstrated efficient
strategies for doping heteroatoms inside the graphitic network (Figure 10c) [84–87]. The
presence of heteroatoms such as N, S, P, or B has been found to produce fascinating
optoelectronic properties, which we shall discuss in the following section. Their high
crystallinity arises due to the honeycomb lattices (Figure 10d–f) of graphene, which can
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also be altered by means of heteroatom doping, thus creating structural defects, sometimes
via surface functionalization. During the high-resolution transmission electron microscopy
(HRTEM) study, d-spacing of 0.248 nm (100), 0.28 nm (020), and 0.35 nm (002) is common
for GQDs, which can also be identified by powder X-ray diffraction (PXRD) analysis [88,89].
The extent of structural order and edge quality can be studied by calculating the intensity
ratios between the D-band and G-band (ID/IG) for the in-phase vibration from the graphitic
lattice. During the Raman spectroscopic measurement, the ID/IG value has been found to
vary between 0.5 and 1 depending upon the extent of graphitization inside the core [90].
Moreover, an intense G-band corresponds to the presence of highly crystalline graphite
structures inside the QD system.
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3.2. Properties of GQDs and Their Roles in Supercapacitor Devices
3.2.1. Electronic and Electrochemical Properties of GQDs

As discussed in the previous section, two-dimensional graphene consists of a repeated
unit of honeycomb structures. They have several remarkable properties, among which
charge mobility and high conductivity are worthy of mention. As found, graphene has
two ‘conical’ points per Brillouin zone. A linear energy dispersion surges in the Dirac
cone as the valence band and conduction band meet each other at the Dirac point. Such
a linear energy dispersion results in massless carrier behavior, anomalous quantum Hall
effect, and significant delocalization [91–94]. In 2008, Morozov et al. showed that the
electron–phonon scattering in the bilayer graphene structure could be so weak that the
carrier mobility in graphene exceeded over 200,000 cm2 V−1 s−1 under room temperature
conditions [95]. Stormer and co-workers achieved an excess of 200,000 cm2 V −1 s−1 mo-
bilities at ∼2 × 1011 cm−2 electron densities by suspending monolayer graphene over the
Si/SiO2 gate electrode [96]. High carrier mobility property has been reported by other
groups as well [97–100]. Thus, due to its extraordinary electronic properties, nowadays
graphene is considered the most promising candidate for future electronic devices. How-
ever, graphene is a zero-band gap semiconductor. Since there is no energy gap between
the valance band and conduction band, the electrical conductance is nonzero even if there
are no free charge carriers in the graphene layers [101]. Besides, quantum–mechanical
confinement of the charge carriers is challenging, as the Klein tunnelling matches with
the wave functions of positron and electron across the barrier [102,103]. During some of
the device fabrication processes, the presence of a bandgap in the semiconducting layer
is important. Therefore, to tune the band gap energy and strengthen the influence of
charge transport phenomena, two-dimensional graphene has been transformed into zero-
dimensional GQDs. Quantum confinement, surface effects, and conjugated carbon–carbon
networks help to modulate their electronic and electrochemical properties. Peng et al.
prepared GQDs from carbon fibers by following the acid oxidation technique. Here, they
tuned the energy gap between the two levels by varying the reaction temperature [104].
Yan et al. tuned the band gap energy of GQDs by simply varying the shape and size of
the particles [81]. The interlayer spacing in GQDs was found to be higher than that of
the pristine graphite due to the presence of surface functional groups and doped hetero
atoms. In another study, Jeon’s group reported that surface functional groups, and their
electron donating or withdrawing nature, strongly affected the bandgap and, thus, the
electronic properties of GQDs [105]. They showed that the functionalization of GQDs with
electron-donating groups gradually reduced the energy gap due to charge redistribution
(Figure 11). With increasing the number of electron-donating groups, the electron density
in graphitic structures considerably increased, and this resulted in the bandgap reduction.
Conversely, the electron-withdrawing nature showed the opposite trend. It is important
to mention that tunning of the band gap energy or the surface groups strongly affects the
charge transportation behavior of GQDs.

Tunable bandgap and high charge transport phenomena of GQDs have been suc-
cessfully utilized to modify the electrode surfaces. The graphene structure inside GQDs
boosts the electrical conductivity, electrolyte diffusion, and charge transportation between
the electrode and analyte and, thus, leads to improved electrochemical performance. To
date, various approaches have been reported to design GQD-based electrochemical de-
vices with modified electrode surfaces and properties. N,S-GQDs were prepared via the
hydrothermal method and, after that polymerization of aniline, resulted in the formation
of N,S-GQDs/polyaniline (PANI) composite material. The addition of N,S-GQDs to the
PANI-based electrode resulted in higher electrical conductivity to the double layer capacitor
through extended electron delocalization due to the π–π interactions [106]. Here, doped
hetero atoms in N,S–GQDs acted as trapping sites for the electrolyte ions. Besides, GQDs as-
sisted in enhancing the surface area of the electrode material which led to more access to the
electrolyte ions. Compared to the PANI electrode, the N,S-GQDs/PANI electrode showed
a more rectangular CV plot and longer discharge time, indicative of better electrochemical



Nanomaterials 2022, 12, 3814 14 of 36

phenomena and higher specific capacitance. At the 0.5 A g−1 current density, the maximum
specific capacitance for the N,S-GQDs/PANI electrode was 645 F g−1, whereas the same
for the pristine PANI electrode was measured to be 177 F g−1. In another work, Luo et al.
conjugated GQDs with the NiCo2O4 p-type semiconductor, and the electrochemical proper-
ties were measured by using a three-electrode system in 2 M KOH electrolyte [107]. Here, a
platinum electrode and a Ag/AgCl electrode acted as the counter and reference electrodes,
respectively. As shown in Figure 12a, the GQDs/NiCo2O4 electrode consisted of a pair of
enhanced redox peaks at 0.18 V- and 0.35 V-applied voltages. Such a peak originated due to
good conductivity and fast charge transportation ability through GQDs/NiCo2O4 electrode
material. Systematic variations in discharge time and specific capacitance have been shown
in Figure 12b,c. The charge-transfer resistance (Rct) of the electrodes was studied by using
electrochemical impedance spectroscopy (EIS). In Figure 12d, the Nyquist plots confirm
0.035 and 2.15 Ω of Rct for GQDs/NiCo2O4 and NiCo2O4 electrodes, respectively. This
result further shows the better electrochemical activity of GQDs incorporated electrode
material in comparison to the pristine counterpart.
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In another device configuration, N-GQDs were incorporated into cubic porous carbon
via electro-deposition method by using a two-electrode system [108]. Deposition of N-
GQDs in an aqueous solution was done over a porous carbon/carbon paper (CP) working
electrode in presence of a Pt foil counter electrode. The process was continued for 3 h
at 2 V for successful deposition of N-GQDs into the porous carbon. In this work, the
hydrophilicity of the electrode material was checked by measuring contact angles. The
contact angle for the composite electrode material was found to be 81.4◦, and the same for
the porous carbon-based electrode was measured to be 125.2◦. This indicated that surface
wettability was greatly improved after the incorporation of N-GQDs. The average pore size
increased from 1.7 nm to 4.0 nm after the incorporation of N-GQDs into the porous carbon,
which is beneficial for charge storage and quicker charge transportation. Higher discharge
time, lower charge transfer resistance, and sufficient energy density for the N-GQDs-based
electrode material were also confirmed from GCD curves, Nyquist plots, and Ragone plot,
respectively. Thus, good conductivity and their ability to improve the electrochemical
behaviors of electrode materials have added an extra dimension to the GQD research for
developing high-performance supercapacitor electrodes.
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3.2.2. Specific Surface Area

Extensive surface area is one of the many intriguing properties of GQDs. An elec-
trode material graphene faces significantly reduced surface area due to agglomeration
or restacking of the sheets through π-π stacking or van der Waals interactions. On the
other hand, although reduced GO (rGO) has been utilized for energy storage devices,
relatively lower electrical conductivity limits their commercial applications. GQDs have
emerged as a new kind of material by combining the exceptional properties of graphene
and QDs and, thus, show an edge in terms of the fundamental properties as compared
to the other graphene-based materials [109]. Gomes’s group applied chemical treatment,
followed by ultrasonication, to few-layer graphene sheets after the treatment edge enriched
activated GQDs were produced. They showed that, due to the presence of such activated
edges, the specific surface area of GQDs was enhanced by many factors. As confirmed by
the Brunauer–Emmett–Teller (BET) analysis, the specific surface area of layered graphene
sheets and GQDs was 1289 m2 g−1 and 1502 m2 g−1, respectively. The higher surface area
of GQDs not only assisted in the sufficient adsorption of ionic charges over the surface,
but also the electrochemical performance could be improved remarkably [110]. Zhang
et al. prepared GQDs from GO powder via hydrothermal route. BET analysis in this
study confirmed a larger specific surface area of the as-produced GQDs as compared to
the other graphene-based materials [111]. Additionally, several reports indicate improved
specific surface area of the electrode material following the incorporation of GQDs. For
example, Zhao et al. prepared an activated carbon nanofiber fabric-based composite with
uniformly embedded GQDs (termed AGRCNF) [112]. The AGRCNF composite showed
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good conductivity, improved mechanical properties, and a very high surface area following
the reinforcement of GQDs. As confirmed, the measured surface area for carbon nanofiber
fabric (CNF) was only 140 m2 g−1. However, for AGRCNF, the same was measured to
be 2032 m2 g−1. Such a high surface area of the composite material finally helped in
achieving good specific capacitances. In another work, Zhang et al. showed that GQDs can
significantly improve the specific surface area and packing density of ultra-microporous
carbons, which facilitated fast charge transport kinetics [113]. Thus, enhanced gravimetric
and volumetric capacitances were achieved. A similar trend has been reported by other
research groups as well [114–117]. In reality, a larger surface area offers exposed edges,
more active sites, and better contact between the electrode material and the electrolyte
(suitable for charge–carrier adsorption and diffusion).

3.2.3. Roles of Doped Hetero Atoms and Surface/Edge Groups

Various functional groups, present over the GQD surface, have been found to induce
a positive effect on the charge storage phenomenon. As reported, oxygen and nitrogen-
containing groups provide large pseudocapacitance and improved wettability. Such pseu-
docapacitance arises due to Faradaic redox reactions by those surface functional groups in
the ionic–liquid electrolyte. Yan’s group prepared a nanocomposite by coupling GQDs with
MnO2 nanosheets [118]. The introduction of GQDs resulted in the generation of pseudoca-
pacitance, contributing to the total capacitance of the electrode material. Thus, an improved
charge storage phenomenon in the ionic–liquid electrolyte was observed. Here, the pseudo-
capacitive behavior of the electrode material was confirmed by cyclic voltammetry (CV)
and a charge–discharge experiment. Li et al. developed N-GQDs—carbonfiber hybrid ma-
terial for fabricating a flexible fiber-based supercapacitor electrode [119]. In this study, they
showed that the presence of active oxygen-containing groups and pyrrolic-N/pyridone-N
in the carbonaceous structure significantly enhanced the charge storage performance by
inducing additional pseudocapacitance. Such an effective pseudocapacitance originated
due to the Faradaic interactions between the surface functional groups and ions. The
specific volumetric capacitance was measured to be 93.7 F cm−3 at a 20 mA cm−3 current
density, seven times higher than that of a carbonfiber electrode [120]. Boron was doped
by adding 1.0 g of boric acid powder into 0.1 g of GQDs, and the resultant mixture was
allowed to sonicate under vigorous stirring. Carbonization of the resultant fine powder at
800 ◦C for 1 h under an N2 environment produced boron, nitrogen (B, N), and co-doped
graphitic carbon nanosheets [121]. A pair of redox peaks were identified in the CV plot,
and a pseudocapacitive contribution as high as 48% was measured at 10 mV s−1 for the
electrode material. However, for the undoped material, such contribution was found to
be less. Li et al. confirmed that B and N act as active sites for such pseudocapacitance.
Possible Faradaic redox reactions for the nitrogen species have been shown in Figure 13a,b.
As mentioned, such reactions involve proton exchange of the electrochemically active
functional groups through the proton-coupled electron transfer (PCET) mechanism. In the
case of boron, although it is known that it shows electrochemical activity for the pseudo-
capacitive phenomenon, the appropriate mechanism needs to be explored further. Such
redox reactions not only generate the pseudocapacitive behavior, but also boosts the ion
adsorption, electronic charge density, and double-layer capacitance of electrodes. In an-
other study, N-GQDs were incorporated inside the porous carbon material to improve the
energy densities of supercapacitor electrodes [108]. In this study, CV analysis (Figure 13c)
suggested an enhanced capacitive response of the N-GQDs/porous carbon-based electrode
due to the higher electric double layer capacitance (EDLC) and an additional contribution
from the pseudocapacitance. Furthermore, the recorded galvanostatic charge–discharge
plot was distorted from the triangular shape and consisted of a small plateau (Figure 13d).
Such deviation from the linearity confirmed the pseudocapacitive behavior as well. For
the N-GQDs/porous carbon material, the maximum specific capacitance was measured
to be 780 F g−1 at a 10 mV s−1 scan rate, and the same for the porous carbon material
was measured to be only 188 F g−1. Researchers surmised that N-GQDs possessed sub-
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stantial pseudocapacitive activity, and improved electrolyte wettability, due to the doped
nitrogen functional groups. An enhanced wettability assisted in better diffusion of the
electrolyte throughout the electrode material. Thus, overall charge storage performance
was improved. Similar effects have been reported in the case of GQDs/carbon black [122],
GQDs/carbon fiber [123], GQDs/TiO2 nanotube [124], GQDs/polyaniline nanofiber [125],
and GQDs/CNT/carbon cloth [126] composites. Table 1 represents some recent reports
on the changes in specific surface area and series resistance (Rs), or the charge transfer
resistance (Rct), due to incorporation of GQDs inside the composite electrode materials.
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Table 1. Specific surface area and series resistance (Rs) or the charge transfer resistance (Rct) changes
due to incorporation of GQDs in the composite electrode materials.

Electrode Material

Specific Surface
Area of the

Pristine Material
(m2g−1)

Series Resistance
(Rs) and Charge

Transfer Resistance
(Rct) of the Pristine

Material (Ω)

Specific Surface
Area of

GQDs-Based
Electrode

Material (m2g−1)

Series Resistance (Rs)
and Charge Transfer
Resistance (Rct) of

GQDs-Based
Material (Ω)

Ref.

N-GQD/cMOF-5 899.8 3.25 (Rs) 704.1 1.91 (Rs) [108]
Activated GQDs on

glassy carbon 1289 - 1502 - [110]

Activated carbon
nanofiber/GQDs 140 1.84 (Rct) 2032 0.37 (Rct) [112]

Ultra-microporous
carbon/GQDs 69 - 1780 - [113]

Three-dimensional
graphene/GQDs 192 - 292 - [116]

Activated carbon/GQDs 1600 3.2 (Rct) 2829 0.1 (Rct) [117]
MnO2 nanosheets/GQDs 77 - 108 - [118]

N-GQDs/GH/CF 3.22 - 13.48 - [119]
N-GQD@cZIF-8/CNT 840 0.97 (Rct) 520 0.71 (Rct) [120]

GQD/CNT/carbon cloth 95 0.79 (Rs) ~400 0.71 (Rs) [126]

4. Energy Storage Applications

The prior research clearly demonstrated that the material’s characteristics, such as the
maximum energy storage capability, high power density, low internal resistance, insensi-
tivity to charging parameters, no degradation, small size, and light weight, could be key
parameters for developing new energy storage devices (Figure 14).
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4.1. Batteries

Batteries are energy storage devices that store energy in the form of chemical energy
and, consequently, convert it into electrical energy via redox reactions (Table 2) [127–134].
They are broadly classified into two categories: the primary cell and the secondary cell.
In the primary cells, the chemical reactions are unidirectional. A primary cell cannot be
used for the second time once the chemicals are consumed completely. In a secondary cell,
charges can be restored by passing a current through the two oppositely charged electrodes.
Typically, such secondary cells are constructed with two electrodes, an electrolyte, and
a separator. The oxidation occurred over the positive electrodes, whereas the negative
electrodes accept the electrons through the reduction process, which is displayed in the
Figure 15 and equation. These charges travel through the electrolytes over the external
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circuit and produce currents. These can be understood via the following reactions that
occur during the charge/discharge process.

Table 2. Electrochemical performances of the GQD-based battery electrodes.

Electrode Materials Type of Batteries Capacity (mAh/g) Retention (%) Ref.

GQDs-VO2 SIB 306@1/3C 88% after 1500 cycles [127]
GQDs derived p-doped carbon sheets SIB 328@0.1 A/g 104% after 5000 cycles [128]

Nitrogen doped GQDs LiS 1330.0@0.5C 99.9% after 500 cycles [129]
GQDs decorated S Lis 1200.0@0.5C 75% after 100 cycles [130]

GQDs-MoS2 LiB 1099.0@0.1 A/g 87% after 80 cycles [131]
GQD-NiO LiB 1081.0@0.1C 120% after 250 cycles [132]

GQDs-TiO2-x LiB 227.0@0.1C 160.1% after 500 cycles [133]
GQDs-VO2 LiB 421.0@1/3C 94% after 1500 cycles [134]

GQDs-B LiB 859.0@0.05 A/g 95.7% after 500 cycles [127]
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Charging process
Anodic reaction

2Li→ 2Li+ + 2e− (oxidation, electron loss)

Cathodic reaction

S + 2Li+ + 2e− → Li2S (reduction, electron gain)

Discharging process

2Li + S→ Li2S (overall electrochemical reaction)

So far, different types of secondary cells are constructed, such as lead–acid, nickel–
metal–hydride, cadmium batteries, sodium ion, lithium-ion batteries and so on [135–139].
Among them, lithium-ion batteries (LIBs) (Figure 16a) are being widely used in portable
electronic devices and electric vehicles nowadays. They provide high specific capacitance,
good cycling stability, and sufficient energy density. In recent years, in order to improve
their performances, GQDs have been successfully employed as active materials in such LIBs.
Wang’s group developed multilayer NiO@Co3O4 composite material modified with the
GQDs and used it as an anode material for LIB [130,140]. Incorporation of GQDs resulted in
excellent electrochemical behavior. Figure 16b represents the charging–discharging profile
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of the electrode at the 1st, 2nd, and 250th cycle at 0.1 A g−1 current density. Two plateaus
(∼1.1 V and ∼0.7 V) could be observed, which were attributed to the lithiation process
in Co3O4 and NiO, respectively. After the incorporation of GQDs, reduced interfacial
resistance and higher surface area were found due to the –COOH functional groups present
over GQDs particles. Additionally, the surface functional groups in GQDs showed high
affinity to the Li+ ions. As an anode material for LIB, the composite showed 1158 mA h g−1

of reversible capacity at 0.1 A g−1 and maintained good cyclic stability. In another study,
Wang et al. encapsulated GQDs inside the hollow porous SiO2 via the self-assembly
method [141]. They performed CV analysis at various scan rates, capacity distributions,
and surface-controlled pseudocapacitive behavior analysis to prove that Li+ storage and
Li+ transfer were facilitated by abundant heterointerfaces, generating a local electrical
field from GQDs to the hollow SiO2. A maximum ∼2250 mA h/g specific capacitance at
0.2 A g−1 current density was measured for the GQDs/SiO2. It was revealed that doped
heteroatoms in GQDs could also assist in improving the specific gravimetric capacity of
LIBs. For example, B-GQDs and N-GQDs were separately mixed with acetylene black and
sodium carboxymethylcellulose (CMC) in water, and the resultant slurry was coated over
the copper foil to prepare the working electrode. 1 M LiPF6 was used as the electrolyte.
The charge transfer resistance value for each electrode material was calculated by using
the EIS study. The Rct value for the only GQD-based electrode was found to be 201 Ω.
However, the same for N-GQDs and B–GQD-based electrodes were found to be 106 and
194 Ω, respectively, under similar experimental conditions. Researchers inferred that
physical adsorption followed by diffusion of ions was facilitated by heteroatoms, resulting
in lower Rct and improved specific gravimetric capacitance [142]. Transition metal fluorides
are another fascinating class of electrode materials with the merits of low costs, high
voltage, and high specific capacity. Currently, attempts have been made to improve their
performances in the LIBs. In recent work, vertical nanosheets of iron fluoride surfaces were
modified via electrophoresis of GQDs. It was found that integration of GQDs not only
resulted in enhanced electrical conductivity but, also, that the electrochemical and cycle
performance were greatly enhanced [143]. Guo et al. introduced GQDs inside the two-
dimensional molybdenum disulfide (MoS2) sheets to prepare a GQDs/MoS2 composite
material [131,144]. In this study, they used the GQD/MoS2, added to the conductive
material and polyvinylidene fluoride (PVDF), as a working electrode. A lithium sheet
and a Clegard 2300 microporous film were used as a negative electrode and a separator,
respectively. LiPF6 in a mixture of ethylene carbonate, dimethyl carbonate, and ethyl methyl
carbonate (1:1:1 in volume) was used as the electrolyte. It was proved that the introduction
of GQDs inside the two-dimensional structure not only enhanced the conductivity but, also,
boosted the lithium storage ability. Figure 16c represents the effect of GQD concentrations
over the electrode cyclic performances. With an increase in the GQD concentrations from
6.3 to 10.5%, a significant rise in the discharge capacity and capacity retention could be
observed. An initial discharge capacity of 1393 mA h g−1 was achieved at 10.5% of GQDs
concentration, and 94% of this was retained after 80 cycles of use. At 16.8% of GQD
concentration, although 1794 mA h g−1 discharge capacity was recorded, the cyclic stability
of the electrode material reduced significantly. These results suggested that the highest
efficiency of the electrode material could be achieved at a moderate concentration of GQD
in the electrode material. Figure 16d shows the EIS plots for a pristine MoS2 electrode and
GQDs-modified MoS2 electrode. From this plot, the Rct for the GQD/MoS2 electrode was
measured to be 109 Ω, which was much lower than that of the pristine MoS2 electrode
(Rct = 447 Ω). The result suggested improved electrochemical lithium storage kinetics and
better rate performance due to the incorporation of GQDs.



Nanomaterials 2022, 12, 3814 21 of 36
Nanomaterials 2022, 12, x FOR PEER REVIEW 24 of 40 
 

 

 
Figure 16. (a) Schematic representation of a LIB working principle. Reprinted with permission from 
Ref. [139]. (b) Charging-discharging profiles in different cycles of the NiO@Co3O4@GQDs electrode 
in LIB. Reprinted with permission from Ref. [130]. (c) Effect of GQDs concentration on the cyclic 
performance of LIB electrode. (d) EIS spectra. Reprinted with permission from Ref. [131]. 

Due to their widespread use, some surveys suggest that Li demand is expected to be 
as high as 900 ktons per year in 2025 [145]. Li is not an earth-abundant element. Conse-
quently, a significant jump in its price is expected depending upon its high demand and 
limited supply. Therefore, as an alternative to LIBs, sodium-ion batteries (SIBs) have at-
tracted the research community. Sodium is a naturally abundant element, and the corre-
sponding devices are low-cost, efficient and stable. The working principle of a SIB is depicted 
in Figure 17a, which is quite similar to the LIB [146]. So far, various materials have been 
studied to construct efficient SIBs, and the utilization of GQDs is notable. VO2 is one of 
the high-capacity and mostly used electrode materials for SIBs. However, they are rela-
tively less stable. Chao et al. prepared a novel binder-free cathode material by growing 
VO2 over the graphene networks [147]. Subsequently, the coating of GQDs onto the VO2 
resulted in additional protection to the VO2 surface and boosted the electrochemical prop-
erties as well. A good Na storage capacity of 306 mAh/g was achieved at 100 mA g−1, along 
with 110 mAh/g of capacity at 18 A g−1, after 1500 cycles of use. As cathode material, the 
outstanding electrochemical properties of VO2 are related to long-range, single-crystallin-
ity exposed facets and large interlayer spacing. Furthermore, functionalization with GQDs 
made the surface more lipophilic which facilitated better penetration of Na+ ions and, thus, 
boosted the reaction kinetics. Layered Ti-based compounds have been used extensively 
as promising materials for SIBs because of suitable operating voltage and very little struc-
tural expansion. Low-cost and stable anode materials with high energy density have been 
reported by using these layered structures. Results suggested that further modification 
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Due to their widespread use, some surveys suggest that Li demand is expected to be as
high as 900 ktons per year in 2025 [145]. Li is not an earth-abundant element. Consequently,
a significant jump in its price is expected depending upon its high demand and limited
supply. Therefore, as an alternative to LIBs, sodium-ion batteries (SIBs) have attracted
the research community. Sodium is a naturally abundant element, and the corresponding
devices are low-cost, efficient and stable. The working principle of a SIB is depicted in
Figure 17a, which is quite similar to the LIB [146]. So far, various materials have been
studied to construct efficient SIBs, and the utilization of GQDs is notable. VO2 is one
of the high-capacity and mostly used electrode materials for SIBs. However, they are
relatively less stable. Chao et al. prepared a novel binder-free cathode material by growing
VO2 over the graphene networks [147]. Subsequently, the coating of GQDs onto the
VO2 resulted in additional protection to the VO2 surface and boosted the electrochemical
properties as well. A good Na storage capacity of 306 mAh/g was achieved at 100 mA g−1,
along with 110 mAh/g of capacity at 18 A g−1, after 1500 cycles of use. As cathode
material, the outstanding electrochemical properties of VO2 are related to long-range, single-
crystallinity exposed facets and large interlayer spacing. Furthermore, functionalization
with GQDs made the surface more lipophilic which facilitated better penetration of Na+

ions and, thus, boosted the reaction kinetics. Layered Ti-based compounds have been
used extensively as promising materials for SIBs because of suitable operating voltage and
very little structural expansion. Low-cost and stable anode materials with high energy
density have been reported by using these layered structures. Results suggested that further
modification with GQDs improved the Na+/e− transportation and charge/discharge rates.
In a recent study, N-GQDs have been decorated over an array of vertically aligned Na2Ti3O7
nanofibres in order to produce ultra-stable and high-rate SIBs [148]. Figure 17b represents
the CV curve for N-GQD-integrated Na2Ti3O7 nanofibres/carbon textile (CT) electrodes
(termed as Na2Ti3O7@N-GQDs/CT) in the different cycles. Here, in the first cycle, the
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broad peak appearing between 1.1 V and 0.01 V was attributed to Na+ diffusion and
generation of a solid electrolyte interface (SEI) layer. However, in the second cycle, the
broad peak (~1.1 V) disappeared, indicating structural changes due to the electrochemical
reactions. Improved reversibility could be observed from the third cycle, implying a stable
sodiation/desodiation process. Figure 17c shows the GCD plots in different cycles at a rate
of 1C. The initial discharge capacity was measured to be ~488.0 mA h g−1, much higher
than the same for the Na2Ti3O7/CT electrode. The cycling performance of the materials
has also been presented in Figure 17d. As found, after 1000 cycles of use, the Na2Ti3O7@N-
GQDs/CT could retain ~92.5% of its initial efficiency. However, for the Na2Ti3O7/CT
electrode, the measured value was 68.1% after 1000 cycles (Figure 17d). In another study,
Deng et al. shielded Na3(VO)2(PO4)2F@C nanocuboids with GQDs to improve the capacity
and rate performance of electrodes [149]. Recently, a theoretical study suggested that the
nature of defects and net surface charge can have a significant effect on the extent of Na+

adsorption [150]. Although SIBs have shown some initial promises for the replacement of
LIBs, more investigations are still required to achieve performances similar to LIBs. Herein,
GQDs are expected to play a crucial role in improving battery performance in the future.
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4.2. Supercapacitors

Supercapacitors are high-capacity electrochemical capacitors where energy is stored
either by using the electrochemical double layer (EDL) effect or by rapid surface redox
reactions. In recent years, they emerged to be a prominent class of energy storage devices
due to their fast charging and discharging, sufficient cyclic stability, and high-power den-
sity [151,152]. Furthermore, the development of novel electrode materials at the nanoscale
and advanced device construction procedures have significantly improved their energy
densities (sometimes closer to the batteries as well) [153]. Due to these superiorities,
supercapacitor devices are often integrated with batteries or fuel cells for high-power
energy harvesting applications [154]. Typically, supercapacitors consist of two parallel
electrodes separated by ion permeable non-conductive material infused with electrolytes.
Based on the charge storage mechanism, they can be broadly separated into three cate-
gories (Figure 18): (1) electric double-layer capacitors (EDLC), (2) pseudocapacitors, and
(3) hybrid capacitors [155,156].
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In an EDLC, the charge is stored in the Helmholtz double layer at the interface of
electrode and electrolyte. Whereas, in a pseudocapacitor, the charge is electrochemically
stored via redox reactions. In a hybrid capacitor, the charge can be stored electrostatically
and electrochemically with the help of asymmetric electrodes [155,156]. Figure 19 represents
the schematics for a conventional capacitor and supercapacitor. Conventional capacitors
consist of two oppositely charged parallel plates separated by a thin insulating material,
also called the dielectric layer (Figure 19a). Here, charge is stored as electric potential
energy. In a supercapacitor, as shown in Figure 19b, charge is stored either by charge
separation at the Helmholtz double layer at the electrode–electrolyte interface, or via
Faradaic charge-transfer.

Carbon-based materials are attractive for the supercapacitor electrodes due to the
high surface area, porosity, sufficient conductivity, abundant active sites, and, finally,
because they are sustainable materials [157–160]. In this regard, GQDs have drawn a major
attraction to the scientific community and detailed studies are being carried out on their
utilizations in different types of supercapacitors. This section of the review article will
demonstrate some recent advances in developing high-performance electrode materials
and utilization of GQDs in improving device efficiencies.
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By using GQDs, Zhang et al. prepared hierarchical porous carbon nanosheets (HPCNs)
to develop supercapacitor electrodes. The HPCNs consisted of loose-stacked internally
connected graphene-like structures and a very high specific surface area of 1332 m2 g−1.
The pore size distribution, good conductivity, abundant ion migration channels, and active
sites made HPCNs suitable electrode material as well. A maximum specific capacitance of
230 F g−1 was achieved at 1 A g−1 current density with 74% of capacitance retention after
1000 cycles of use [161]. Halloysite nanotubes (HNTs) are naturally occurring clay materials
and, very recently, their surface has been modified with GQDs to prepare electrodes for su-
percapacitors. Doong’s group coated the HNT surface with (3-aminopropyl)-triethoxysilane
(APTES) and subsequently factionalized the surface with GQDs via EDC/NHS coupling
reaction. The amide linkages, present inside the conjugated structure, provided more active
sites for charge transportation (Figure 20) [162].
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Tian et al. prepared highly conductive porous carbon (CPC) material via micelle-
induced assembly of crystallized GQDs precursor and block copolymer soft templates [163].
Here, the interconnected mesoporous structure of GQDs, and high specific surface area
of the material, assisted in fast ion transportation at high mass loading concentrations.
In a three-electrode system, it showed 315 F g−1 specific capacitance at 1 A g−1 current
density, and 6.45 Wh kg−1 energy density at 20 mg cm−2 mass loading. A transparent and
flexible chelate of GQDs and monolayer graphene acted as an efficient electrode material
for supercapacitors. Lee et al. electrophoretically deposited GQDs over graphene with the
assistance of chelating metal ions. By using the composite material, a micro-supercapacitor
was finally developed, which showed high energy storage performance under severe
bending conditions [164].

Recently, various conducting polymers have been used as electrode materials, as
they offer good conductivity [165,166]. However, in terms of film stability and cyclic
performance, they are not as good as carbon-based electrode materials. Thus, to improve the
performance of such polymer-based electrodes, GQDs have been integrated. For example,
a GQD-modified PANI composite (GQD-PANI) was prepared via chemical oxidation of
aniline in the presence of ammonium persulphate (APS). After synthesis, the GQD-PANI
composite was applied for energy storage applications. A maximum of 1044 F g−1 was
achieved at 1 A g−1 current density with ~80.1% of capacitance retention after 3000 cycles
of use. In the case of pristine PANI, maximum specific capacitance was found to be
206 F g−1 at 1 A g−1 current density [167]. In another work, N and S co-doped GQDs
were integrated inside PANI to fabricate a symmetric capacitor [106]. The combination
of pseudocapacitive and EDLC behavior of the electrode material was confirmed from
rectangular-shaped CV curbs with broad humps. The device delivered an energy density
of 17.25 Wh kg−1 at 500 W kg−1 power density. In devices, the enhanced energy storage
performances were attributed to the doped hetero atoms in GQDs, which improved the
electrical conductivity and captured more electrolytes [106,168]. Wang et al. prepared a
carbon fiber cloth (CFC)-based supercapacitor by performing layer-by-layer self-assembly
of GQDs-rGO and PANI over the CFC cloth (Figure 21) [169]. Such layer-by-layer deposition
turned the CFC surface sufficiently hydrophilic in nature and improved the interaction
between CFC and PANI without damaging the CFC’s internal structure. Here, the ionic
groups over the GQD surface provided very good hydrophilicity to CFC and rGO induced
sufficient electrical conductivity. By using H2SO4/polyvinyl alcohol (PVA) electrolyte
gel, a maximum of 1036 F g−1 capacitance was achieved for PANI/GQDs-rGO/CFC-
based symmetrical capacitor. Furthermore, in order to provide sufficient mechanical
stability to the PANI films, researchers have blended PANI with other organic polymers.
In a recent study, researchers have prepared a polymer nanocomposite of PANI-GQD
blended with polyacrylonitrile (PAN) polymer [113]. In the composite material, GQDs
provided good conductivity, enhanced electrolyte infusion, and improved current density.
PAN, on the other hand, induced sufficient mechanical and chemical stability. There are
several studies where GQDs have also been incorporated into other polymers such as
polypyrrole (PPy), poly(3,4-ethylenedioxythiophene), and PVA for the superior charge
storage phenomena [170–173].

Heterostructural nanosheets were prepared by combining GQDs with transition metal
oxides to develop high-performance supercapacitor electrodes. Jia et al. utilized GQDs to
modify the intrinsic conductivity and specific surface area of MnO2. GQDs were attached
to the MnO2 surface via Mn–O–C covalent bonds by a plasma-enhanced chemical vapor
deposition (PECVD) process [174]. Integration of GQDs enlarged the operational voltage
from 0–1 to 0–1.3 V and significantly improved the capacitive performance. Figure 22a–f
represents the improvement in the electrochemical performance of MnO2 due to the in-
tegration with GQDs. In this work, a maximum specific capacitance of 1170 F g−1 was
reported for the heterostructural electrodes along with the minimum Rct values (2.5 for
MnO2 and1.45 Ω for GQDs/MnO2).
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Zhang et al. deposited MnO2-GQD over porous wood carbon (PWC) to produce
advanced electrodes for supercapacitors. Here, PWC was used as a conductive matrix
over which MnO2 and GQDs were deposited by the hydrothermal method. GQDs boosted
the ion transfer throughout the electrode material, and simultaneously acted as a pro-
tective layer for MnO2. Compared to the PWC/MnO2 electrode, the PWC/MnO2-GQD
electrode showed better electrochemical performance with 2712 mF cm−2 areal capacitance
at 1.0 mA cm−2 current density and 95.3% of capacitance retention after 2000 cycles of
use [175]. Similarly, GQDs have also been integrated into V2O5, RuO2, Fe3O4, and MoS2
to improve their electrochemical performance and accomplish improved charge storage
phenomena [176–179].

Binary metal oxides or sulfides are considered important classes of supercapacitive
materials owing to sufficient capacity, fascinating morphology, high energy density, large
specific surface area, and pore size distribution. In this section, we shall discuss some
of the important efforts that have been made to improve their performance by using
GQDs. Nickel aluminate (NiAl2O4) is a good alternative to develop biocompatible, ro-
bust, and low-cost electrode materials. NiAl2O4 contains Ni(II), which can be oxidized to
Ni(III), giving rise to electrochemical potentials. To date, various additives, such as CNTs,
graphene, and GO, have been blended into such binary metal oxides to improve electrical
conductivity. Hryszko’s group prepared a GQD/NiAl2O4 composite by reacting crys-
talline nickel aluminate with citric acid at 200 ◦C under vigorous stirring [180]. After that,
they utilized the GQD/NiAl2O4 composite to modify Au/carbon paste (CP) electrodes.
The Au/CP/GQD/NiAl2O4 electrode showed higher current and improved specific ca-
pacitance, as compared to the Au/CP/NiAl2O4 electrode. In another work, GQDs were
blended with CuMnO2 nanocrystals through the hydrothermal method to improve specific
capacitance and efficiency [181]. Here, an asymmetric capacitor was developed by using
activated carbon and a GQD/CuMnO2 nanoporous electrode as the negative and positive
electrodes, and polyethylene paper as the separator. Zhang et al. induced GQDs inside
MnCo2O4,5 to prepare a metal oxide/carbon composite for the supercapacitor applica-
tion [182]. After the introduction of GQDs, nanoneedle composites were prepared. The
GQD/MnCo2O4,5 composite material consisted of porous structures and highly conductive
networks that provided excellent charge transfer phenomena and improved electrochemical
performances. Finally, by using GQD/MnCo2O4,5 and rGO electrodes, an asymmetric ca-
pacitor was developed. The CV curves of the GQD/MnCo2O4,5/rGO supercapacitor under
the different current densities are shown in Figure 23a. Rectangular shapes at relatively
higher current densities indicated good capacitive behavior. A maximum capacitance of
200 F g−1 at 0.1 A g−1 current density was calculated from Figure 23b. However, improve-
ment in the capacitive behavior could be found up to certain limiting concentrations of
GQDs. Addition of an excess amount of GQDs resulted in structural changes in electrode
material that restricted the ion movements.

Wang et al. improved the energy storage performance of NiCo2S4 by conjugating it
with tryptophan-functionalized GQDs (Trp-GQDs) [183]. Trp-GQD were hybridized with
NiCo2S4 by using a one-step hydrothermal process. Although NiCo2S4 showed very good
electrical conductivity and high-power density, it suffered from structural instability, lead-
ing to poor cycling stability. In this work, they assembled a Trp-GQD/NiCo2S4 electrode
as the positive electrode, activated carbon as the negative electrode, and cellulose filter
paper soaked with 3.0 M KOH as the separator. The Trp-GQD modified NiCo2S4 electrode
offered higher specific capacitance at all the current densities as compared to the NiCo2S4
electrode. Here, the improved capacitance was attributed to electrochemical synergy be-
tween Trp-GQD and NiCo2S4. Due to the adjacent redox peak potentials, the electrode
reactions were promoted by each other during the electrochemical reactions. Additionally,
high conductivity of Trp-GQD accelerated the electron transportation through electrode
material and the binder layer. Their high polarity due to surface groups generated a strong
affinity to the electrolyte ions, resulting in rapid ion transportation. Finally, a morphology
study suggested that incorporation of GQDs improved the mechanical property of the
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binder layer. Sufficient elasticity and good mechanical strength ensured better structural
stability of the electrode material, leading to outstanding cyclic performance [183]. It was
reported that decoration of molybdenum (Mo) particles over nickel sulfide (NiS) produced
three-dimensional flower-like structures which showed electrochemical properties and
charge storage performance. Sangabathula et al. introduced a binder-free technique to
incorporate GQDs inside the molybdenum nickel sulfide (MNS) through a one-step hy-
drothermal process. Here, flower-like morphology in GQD/MNS produced more active
edges. The asymmetric capacitor was constructed by using GQD/MNS as the positive
electrode, and rGO as the negative electrode, delivering a good coulombic efficiency and
sufficient capacitance retention. An ultra-high specific capacitance of 2622 F g−1 was mea-
sured at 1 A g−1 current density for the asymmetric capacitor [184,185]. Apart from the
electrode materials, GQDs have also been utilized as electrolytes for solid state superca-
pacitors [184]. Huang’s group proposed that, due to the presence of sufficient numbers of
oxygen-containing functional groups, they can serve as electrolytes both in the solution
and solid phase. It was found that ion-donating ability and ionic conductivity of GQDs
could be improved simply by neutralizing the acidic surface groups. Such neutralized
GQDs, as the electrolytes, greatly improved the capacitive performance. However, more
research is required to gain detailed insights on such activity of GQDs. The extraordinary
performance of GQD-based supercapacitor electrodes has been tabulated in Table 3.
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a morphology study suggested that incorporation of GQDs improved the mechanical 
property of the binder layer. Sufficient elasticity and good mechanical strength ensured 

Figure 23. (a) CV plots of the asymmetric capacitor at different scan rates. (b) GCD plots for
GQD/MnCo2O4.5/rGO supercapacitor at different current densities. Reprinted with permission
from Ref. [182].

Table 3. Electrochemical performances of the GQD-based supercapacitor electrodes.

Precursors
Used for GQD

Synthesis
GQD Synthesis Process Electrode

Materials
Specific

Capacitance
Cycling
Stability

Energy
Density

(Wh kg−1)

Power Density
(W kg−1) Ref.

Citric acid and
thiourea

Heating at 160 ◦C for 6 h in
a Teflon-lined autoclave.

N,S-
GQD/PANI 645 F g−1 90%

(1000 cycles) 17.25 500 [106]

GO powder Heating at 200 ◦C for 24 h
in a Teflon-lined autoclave. GQD/NiCo2O4 1242 F g−1 99%

(4000 cycles) 38 800 [107]

Pyrene

Nitration followed by
ultrasonication and heating

at 200 ◦C for 12 h in a
Teflon-lined autoclave.

N-
GQD/cMOF 780 F g−1 94.1%

(5000 cycles) 14.4 400.6 [108]

Graphene
sheets

Heating at 800 ◦C for 2 h in
an inert atmosphere.

Activated
GQDs 236 F g−1 - - - [110]

Urea and
citric acid

Heating at 180 ◦C for 3 h in
a Teflon-lined autoclave.

N-GQD/
halloysite
nanotubes

335 F g−1 95%
(3000 cycles) - - [115]
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Table 3. Cont.

Precursors
Used for GQD

Synthesis
GQD Synthesis Process Electrode

Materials
Specific

Capacitance
Cycling
Stability

Energy
Density

(Wh kg−1)

Power Density
(W kg−1) Ref.

Carbon rod Electrochemical method
GQD/three-
dimensional

graphene
268 F g−1 90%

(5000 cycles) - - [116]

Bituminous
coal powder Chemical oxidation GQD/activated

carbon 388 F g−1 100%
(10,000 cycles) 13.47 125 [117]

Pyrene Molecular fusion

N-GQD/
graphene hy-

drogel/carbon
fibers

93.7 F cm−3 87.9%
(5000 cycles)

3.6
mWh cm−3 35.6 mWcm−3 [119]

Pyrene Hydrothermal
molecular fusion.

GQD/TiO2
nanotube 595 F g−1 90%

(10,000 cycles) 21.8 0.25 kW kg−1 [124]

-
Carboxyl-functionalized

GQDs (commercially
procured)

NiO/Co3O4/
GQDs 1361 F g−1 84.3%

(10,000 cycles) 38.44 750 [130]

GO powder
(prepared form

graphite)
H2O2 treatment at 90 ◦C. GQD-PANI 1044 F g−1 80.1%

(3000 cycles) 117.45 448.8 [167]

Carbon fibers Exfoliation by mixed acids PANI/GQD-
rGO/CFC 1036 F g−1 97.7%

(10,000 cycles) 34.2 424.4 [169]

Citric acid Heating at 200 ◦C GQD/PPy 284.01 F g−1 86%
(5000 cycles) 81.79 18.17 kW kg−1 [171]

GO solution H2O2 treatment at 90 ◦C for
12 h. GQD/MnO2 1170 F g−1 92.7%

(10,000 cycles) 118 923 [174]

Pyrene
HNO3 treatment and

heating up to 200 ◦C for
10 h.

GQD/V2O5 572 F g−1 92%
(10,000 cycles) 20.62 14.86 kW kg−1 [176]

Citric acid Heating at 200 ◦C for
30 min. CuMnO2/GQD 153.2 F g−1 86.7%

(5000 cycles) 47.9 1108.1 [181]

Citric acid Heating at 200 ◦C for
40 min. MnCo2O4,5/GQD 1625 F g−1 77%

(5000 cycles) 46 66 [182]

Citric acid and
tryptophan Pyrolysis NiCo2S4/

Trp-GQD 1453.1 F g−1 ~94.8%
(5000 cycles) 157.1 800 [183]

Urea and
citric acid Hydrothermal GQD/MNS 2622 F g−1 98%

(10,000 cycles) 38.9 416.6 [184]

5. Conclusions and Perspectives

In summary, the manuscript addresses the importance of GQDs and GQD-based
composites in the field of energy storage applications. Recent reports on the interesting
properties of GQDs suggest that they have the great potential to appear as a sustainable
and efficient material for electrodes. Certain properties of GQDs, such as highly conductive
networks, high specific surface area, and presence of different surface functional groups,
are helpful for energy-related applications. These properties introduce pseudocapacitive
behavior along with reduced charge-transfer resistance, cyclic stability, and enhanced
specific capacitance to GQD-based electrodes. Thus, recent studies on the GQD-based
energy-related applications have become a pivotal attention for batteries and supercapacitor
studies. Besides, many knowledge gaps still persist, and more studies are still required
in order to establish full structural advantages of GQDs. For example, (1) effect of doped
heteroatoms on the surface properties GQDs are not still clear. A detailed understanding is
required on how the doped heteroatoms affect the specific surface area, crystallinity, and ion-
transportation ability in the electrode materials prepared with GQDs and their composites.
(2) To date, several experimental reports have been made on the fundamental properties of
GQDs. However, the effect of defect and edge states, crystallinity, and heteroatoms toward
the electrochemical performance of GQDs with appropriate mechanisms still remain unclear.
(3) It is essential to synthesize GQDs at industrial scale with high crystallinity and good
yield. (4) Development of stable composite electrode materials are still urgent. The surface
functional groups, in this regard, will have a crucial role to produce composite-based
electrodes with long-term cyclic stability. A deep mechanistic study on the interaction of
GQDs with other materials is therefore highly needed. Thus, a lot of room is still available
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to explore the field of GQD-based energy storage research. In summary, GQDs have
provided a completely new dimension to the batteries and supercapacitors research. It
is believed that, with the help of more research and innovations, as mentioned above,
high-performance sustainable electrochemical devices for energy storage can be developed
in the near future.
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