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Abstract: Graphene quantum dots (GQDs) have been widely investigated in recent years due to their
outstanding physicochemical properties. Their remarkable characteristics allied to their capability of
being easily synthesized and combined with other materials have allowed their use as electrochemical
sensing platforms. In this work, we survey recent applications of GQDs-based nanocomposites in
electrochemical sensors and biosensors. Firstly, the main characteristics and synthesis methods
of GQDs are addressed. Next, the strategies generally used to obtain the GQDs nanocomposites
are discussed. Emphasis is given on the applications of GQDs combined with distinct 0D, 1D, 2D
nanomaterials, metal-organic frameworks (MOFs), molecularly imprinted polymers (MIPs), ionic
liquids, as well as other types of materials, in varied electrochemical sensors and biosensors for
detecting analytes of environmental, medical, and agricultural interest. We also discuss the current
trends and challenges towards real applications of GQDs in electrochemical sensors.
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1. Introduction

The discovery of graphene [1,2] has generated enormous interest in graphene-based
materials [3–6], including in graphene quantum dots (GQDs) [7], owing to their appealing
features, which include ease of production and remarkable physical-chemical proper-
ties [8–11]. GQDs present the carbon structure of graphene, i.e., carbon atoms organized in
hexagonal rings, but with lateral dimensions inferior to 100 nm. Since they present less than
10 atomic layers and all the dimensions are within the nanoscale, GQDs are considered
0D materials [12]. Due to the quantum confinement and edge effects resulting from the
modification of the electron distribution, GQDs present a bandgap responsible for their
luminescent properties and changes in their electrical conductivity [8,13], which can be
tuned according to the GQDs size and structure [14–16].

GQDs have also been successfully employed in electrochemical sensors [17–19], which
make use of redox reactions and other charge-transfer phenomena to detect and quantify
a target analyte [20,21]. Recent research on electrochemical sensors has been primarily
dedicated to improve the sensing performance in terms of detection limits, linear dy-
namic ranges, sensitivities, electrode fouling conditions, response times, and over-potential
issues. In this direction, the materials employed in electrodes are key for designing high-
performance electrochemical sensors [22,23], with emphasis on nanomaterials, which can
improve sensor’s sensitivity or selectivity based on their strong electrochemical proper-
ties [20,24]. In this regard, the outstanding performance of the sensors using GQDs-based
materials can be mainly attributed to their large surface-to-volume ratio as well as to
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their multiple molecule recognition sites. The interaction with the target analyte can be
performed in the edge sites, through functionalized groups, or via π-π interaction [8,25,26].
Furthermore, the charge transfer of GQDs can be modulated according to the intended
application. In general, the removal of the functional groups leads to GQDs with a more
pronounced sp2 hybridization character, which results in an electrical resistance decrease.
However, the maintenance of such functional groups can assist in the interaction with
analytes, which is a fundamental condition for sensing applications. In this direction, many
papers have reported the increase in charge transfer when using GQDs in electrochemical
applications, even using functionalized ones. Such a behavior can be explained in terms of
the sp2 carbon islands that remain in the functionalized GQDs and facilitates the charge
transfer [9,27].

GQDs also present electrochemiluminescence (ECL), a property that is key for devel-
oping sensors. In this sort of application, GQDs are excited by an electric potential and the
produced excited state emits light when deactivated, which can be measured and used in
the analyte quantification [28,29]. GQDs can also be considered as nanozymes, i.e., they
can mimic enzyme activities [30,31], sometimes with performance superior to that of the
natural enzymes [32–37].

The use of GQDs in electrochemistry is also preferred favored by their ease of pro-
duction and the possibility to be doped or modified aiming at specific sensing appli-
cations [38–40]. These characteristics enable GQDs-based nanomaterials to have lower
detection limits and higher sensitivities. In many cases, they can also be combined with
other materials to produce GQDs-based nanocomposites with the aim of creating synergetic
effects to facilitate catalytic reactions with target analytes [8,12,17,41–43]. In this regard,
this review surveys the most prominent applications of GQDs-based nanocomposites in
electrochemical sensors. Firstly, the syntheses’ methods to produce GQDs are briefly pre-
sented, followed by the strategies generally used to obtain GQDs-based nanocomposites.
Then, the physical and chemical properties of GQDs are addressed. Next, we review
important results on GQDs-based nanocomposites applied in electrochemical sensing by
specifically considering the dimensionalities of the material combined with the GQDs, as
illustrated in Scheme 1. Finally, perspectives on the use of GQDs-based nanocomposites in
electrochemical sensing applications are presented.
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2. Graphene Quantum Dots Synthesis

The syntheses employed to produce GQDs have a direct effect on their structures and
properties, and consequently on their sensing performance for varied applications. GQDs
can be obtained through top-down or bottom-up routes, as illustrated in Figure 1. The
parameters used in each route can be modified to provide GQDs with desired character-
istics. As there are many reviews available in the literature addressing GQDs synthesis
procedures [11,38–41,44,45], herein we will only briefly cover the main approaches to
obtain GQDs and their modification through doping and functionalization. In this sense,
in the next topic, we emphasize the techniques generally used to combine other materials
with GQDs.
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Figure 1. Top-down and bottom-up routes employed to synthesize GQDs.

2.1. Top-Down

Top-down synthesis consists of cleaving or cutting down carbon-based materials
with a graphitic structure to obtain GQDs. The most used precursors are graphene and
graphene-based materials [46,47], graphite [48], carbon nanotubes (CNTs) [49], and carbon
fibers [50,51]. Physical, chemical, or electrochemical approaches can be used to reduce the
size of the precursors. Hydrothermal and solvothermal syntheses are the most employed
methods to produce GQDs using top-down routes. In addition, chemical or electrochemi-
cal exfoliation and cutting methods [52–55], microwave and ultrasonic syntheses [56–59],
photo-Fenton reactions [60], and lithography [61] are some other methods usually em-
ployed [8,11,18]. As the main disadvantage, top-down methods do not enable the precise
control of the GQDs morphology and size, and generally, give rise to GQDs with surface de-
fects. Moreover, some routes usually require the use of laborious and multistep procedures
and the need for using strong acid reactants and high temperatures [11,25,27].

2.2. Bottom-Up

Bottom-up synthesis uses small and aromatic molecules (e.g., citric acid [62,63],
L-glutamic acid [64], glucose [65,66], and polycyclic aromatic hydrocarbon molecules [67]),
or nanoclusters in controlled processes to prepare high-quality GQDs. Pyrolysis of organic
precursors, decomposition of fullerene [68,69], chemical vapor deposition [70,71], and
step-by-step organic synthesis are some examples of bottom-up methods used to produce
GQDs [11,25]. In general, better control of the size, morphology, shape, and surface state
can be achieved with bottom-up approaches. On the other hand, good control of the
experimental conditions is required to achieve the high quality intended [8,18,25].
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2.3. GQDs Doping and Functionalization

GQDs are rarely used in their pristine form. GQDs are usually obtained with function-
alized oxygen-containing groups, and other functionalization can be further performed to
render the desired characteristics. For instance, doping GQDs with heteroatoms, specific
molecules, enzymes, nanoparticles, DNA strands, and enzymes have already been re-
ported [8,12,39]. These modifications can be performed in the precursor (pre-modification),
giving rise to functionalized GQDs, or after GQDs synthesis (post-modification). Cova-
lent and noncovalent functionalization can be employed at the core or the edges of the
nanoparticles. The first type occurs through chemical bonds and leads to changes in
the hybridization of the C atoms. In contrast, noncovalent modifications are performed
through π-π and intermolecular interactions and preserve the π-conjugation of the GQDs’
core [8,12,25].

3. Strategies for Producing GQDs-Based Nanocomposites
3.1. Electrodeposition

Electrodeposition is a controlled process in which the nanomaterial is deposited onto
the surface of a conductive substrate by applying an electrical potential in a solution con-
taining ions [72,73]. The method can be performed employing different electrochemical
techniques and enables the precise control of the deposited material by controlling the ap-
plied potential and deposition time, combined with low cost. Moreover, the technique does
not require the use of binding agents, chemical reductants/oxidants, or stabilizers, and does
not generate by-products. [72,74]. The electrodeposition has been widely applied to obtain
metallic nanoparticles. In the underpotential deposition process, a metal cation present
on the electrolyte is chemically reduced to a metal solid at the electrode surface [4,75,76].
Besides 0D nanomaterials, the technique is also used to deposit 1D and 2D nanostructures,
using conductive polymers, carbon-based materials, layered double hydroxides (LDH),
and other inorganic materials [74]. As GQDs can also be electrodeposited, the GQD-based
nanocomposite fabrication can be easily performed using electrodeposition techniques. In
this way, the obtained modified electrode is ready to be used in the electrochemical sensing
application [77–79].

3.2. Electrospinning

Electrospinning is a technique in which fibers having diameters ranging from nano-
to micrometers are produced by the application of electrical forces on a droplet of a
polymer solution that is elongated to form the fibers [80–82]. As the main advantages of
electrospinning, one can cite the versatility in the materials employed to produce the fibers,
the fast production of 1D structures, and the high surface-area-to-volume ratio obtained,
enabling the nanofibers’ modification with other materials [83–85]. The combination with
GQDs can be performed before or after the fiber synthesis. In the first case, GQDs can be
added to the solution to be electrospun, while the post-modification can be performed by
drop-casting the solution material onto the nanofibers, by dip-coating the fiber membrane
in the GQDs solution, or by self-assembly strategies [86–89].

3.3. Hydrothermal/Solvothermal Synthesis

Hydro- and solvothermal syntheses are widely used to produce GQDs, taking advan-
tage of both bottom-up and top-down approaches. These syntheses make use of soluble or
insoluble materials in an aqueous solution or organic solvent in a sealed and heated reactor,
such as an autoclave. In the syntheses, a relatively high temperature (100–1000 ◦C) and high
pressure (1–100 MPa) reaction environment is created through heating. The regulation of
the synthesized material properties can frequently be performed by changing the synthesis
parameters [90,91]. The hydrothermal/solvothermal approaches also allow the fabrication
of GQDs-based nanocomposites in a one-step procedure, in which the GQDs precursor and
the other material to be combined with are reacted together in the autoclave. The resulting
dispersion can be directly used to modify the electrode for electrochemical applications.
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Otherwise, the dispersion can be subjected to purification and separation processes, such
as filtration, centrifugation, and dialysis to obtain the isolated nanocomposite [55,92–96].

3.4. Co-Precipitation Method

Another strategy that can be used to obtain GQDs-based nanocomposites is the co-
precipitation method. In this approach, the starting materials present in the solution
are collected as a solid after the addition of a precipitating agent, the acquisition of a
supersaturated solution, or by any process capable to induce the precipitation of the
materials [97,98]. This method is generally used to obtain GQDs combined with inorganic
nanoparticles. In this case, metal salts are used as precursors to obtain the nanoparticles
in the presence of pre-synthetized GQDs [99,100]. In this process, nucleation is key to
determine the amount and size of the as-obtained nanoparticles [97].

3.5. Other Strategies

In addition to the previously mentioned strategies, the combination of different ma-
terials can be performed using more direct methods by separately obtaining GQDs and
the materials to be combined. In this way, the materials can be mixed in a unique solution,
and techniques such as drop-casting [101,102] and spin-coating [103,104] can be used to
modify the electrodes. If they are in separated solutions, self-assembly techniques can be
employed, such as layer-by-layer [105–107] and dip-coating [108,109].

4. Physicochemical Characterization of GQDs

As previously mentioned, many other review works have extensively covered the
physicochemical properties of GQDs [8,9,11,12,25–27,40,41,44]. For this reason, in this
section, we briefly address the most used characterization techniques. In addition, in the
next section, we highlight the effect of the size and edges on the electrochemical sensing
performance of the GQDs.

UV-vis spectroscopy technique is routinely used for GQDs and carbon-based materials
characterization due to its simplicity, low cost, and fast analysis. In the case of the GQDs,
UV-vis spectroscopy allows the observation of two electronic transitions, namely the π-
π* and n-π* [110]. The peak related to the π-π* transition is located between 230 nm
and 270 nm, which is ascribed to C=C bonds of the aromatic carbon skeleton, i.e., to the
sp2 hybridized carbon atoms. The n-π* transition appears as a shoulder at around 290–
330 nm, and it is mainly attributed to oxygen moieties or defects present in the GQDs [8].
Interestingly, the functionalization/modifications in GQDs structure can be investigated
by changes in the intensity of this shoulder at 290–330 nm [111,112]. Additionally, another
shoulder above 390 nm may be observed in the spectra under certain synthetic conditions,
revealing surface states ascribed to defects introduced by groups moieties in the GQDs
structure (Figure 2A) [113].

Fourier-transform infrared spectroscopy (FTIR) enables the identification of some
chemical bonds (C=C, C–O, C–OH, C=O) in the vibrational absorption spectra of GQDs in
a fast and non-destructive way [8,114]. An interesting study by Chhabra and co-workers
demonstrated that the FTIR spectroscopy was useful to analyze GQDs and displaying
different functional groups that rendered them with different emissions colors at the indigo,
blue, green, yellow, and red regions (Figure 2B) [115].

Raman spectroscopy analysis of GQDs is mainly studied in terms of the
D (≈1580 cm−1) and the G (≈1350 cm−1) characteristic modes of graphitic materials [55,116].
The D band originates from the GQDs edge states or the defects in the GQDs structure. The
G band originates from the in-plane C=C stretching. In this way, the ID/IG ratio is generally
used to analyze the amount of functionalized groups in the GQDs structure [117,118]. Addi-
tionally, there are others GQDs Raman modes, viz. the 2D (≈at 2650 cm−1),
D + G (≈at 2900 cm−1), and 2G (≈at 3187 cm−1) peaks (Figure 2C) [118].

X-ray photoelectron spectroscopy (XPS) (Figure 2D) is used to evaluate the atomic
composition of the GQDs, as well as can provide information about the functionalized
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groups present on their structure and their oxidation degree [88,119–121]. The main
advantages of the XPS include the determination of the doping content and the degree
of reduction of GQDs. [120]. Furthermore, it can be used to understand shifts in the PL
emission spectra [119].
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Photoluminescence (PL) spectroscopy is frequently employed for GQDs characteri-
zation as well as for their sensing performance evaluation. GQDs usually present emis-
sion dependence from the excitation wavenumber due to the presence of different func-
tional groups on their structures [122]. Moreover, the technique can provide information
about the material’s bandgap and can be used to estimate the GQDs quantum yield
(QY) [8,121,123,124]. Zhu et al. suggested that in graphene oxide quantum dots (GOQDs),
the PL originates from the surface defects, i.e., the oxygen-containing groups bonded to the
surface (defect state emission), while for their reduced form (rGOQDs), the PL originates
from electron-hole recombination or size and zigzag edge effects (intrinsic state emission)
(Figure 3A) [121].
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X-ray diffraction (XRD) analysis provides information about the crystallinity and
spacing between the few layers of GQDs. For instance, the exfoliation of graphite and the
confirmation of the GQDs synthesis can be monitored using XRD. Graphite presents a
sharp peak at 2θ ≈ 26◦, while GQDs present a broader and weaker peak in the same region
(Figure 3B). However, this peak can be shifted due to the presence of functional groups on
the GQDs’ structure [48,125].

Transmission electron microscopy (TEM) is employed to observe morphological as-
pects of GQDs at atomic level, such as local defects, thickness, orientation, and lattice
structure (Figure 3C) [126]. The high-resolution TEM (HRTEM) allows the investigation
of the lattice fringe structure and the determination of the interlayer and in-plane lattice
spacing. For GQDs, this value is close to 0.24 nm [127,128]. Other microscopy techniques
are also employed for GQDs characterization. For instance, Ritter and Lyding characterized
GQD nanostructures employing high-resolution scanning tunneling microscopy (STM)
with atomic resolution to obtain topographical images [129]. According to the authors, the
STM technique associated with scanning tunneling spectroscopy (STS) allowed the deter-
mination of the crystallographic orientation of the edges and enabled the differentiation
of zigzag and armchair types. The STS provided a zigzag ratio of 0.65 nm and 0.44 nm of
the GQDs, as shown in Figure 3D. Atomic force microscopy (AFM) (Figure 3E(i)) is widely
employed to evaluate the height of the GQD particles and consequently the number of
stacked layers (Figure 3E(ii)) [45,55,130].
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5. Electrochemical Performance of GQDs

Several electrochemical techniques can be employed to investigate the electrochemical
behavior of GQDs, including cyclic voltammetry (CV), galvanostatic charge–discharge
curves, amperometry, differential pulse voltammetry (DPV), and electrochemical impedance
spectroscopy (EIS), among others. To perform such measurements, GQDs are deposited
on the working electrode using the techniques mentioned in Section 3. Many works
have reported excellent performances of GQDs in electrochemical applications, leading to
enhancements in current densities and sensor devices with greater sensitivity [131–133].
Specifically, the edge types and size of the GQDs have been reported to play a fundamental
role in such electrochemical applications. In this context, we evaluate the effects provided
by these features in the GQDs final electrochemical properties in this section.

5.1. Effect of the Edges of GQDs on Their Electrochemical Performance

GQDs can present armchair edges, zigzag edges, or a combination of both types [8].
Studies have shown that the control of the edge structure of graphene derivatives is critical
for tuning GQDs’ properties [129,134]. For example, precise control of zigzag edges in
graphene nanoribbons (ZGNRs) was accomplished by Ruffieux and collaborators [135,136].
In brief, they employed a polymeric monomer containing bromine halogen functions
as a precursor that allowed the formation of a pure zigzag edge structure through an
ary-aryl thermally induced reaction. These findings suggested that the edge morphology
obtained represented an interesting strategy for tailoring the band structure of devices
using GNRs [136]. Tamura et al. tailored the zigzag-edge amount in graphene through
exfoliation in supercritical water (SPW) in the presence of Au nanoparticles [137]. The
exfoliation by SPW led to the enrichment of zigzag edges and increased the capacitance
of graphene. Despite being different materials, the type of edges may also affect GQDs
electrochemical sensing performance.

Theoretical investigations of the electronic density of states (DOS) distributions in
armchair and zigzag GQDs corroborate the above experimental discoveries for graphene-
based compounds. For instance, Zhang and Chang used pure armchair GQDs (AGQDs)
and pure zigzag GQDs (ZGQDs) theoretical structures to evaluate the highest valence level
(HVL) and the lowest conduction level (LCL) of GQDs [134]. In the DOS graphs of the
ZGQDs, an edge state appeared with a size increase, while for AGQDs, this edge state
was not present. The authors suggested that the absorption bands can also be modified by
turning the edge type, and not only by shape or external magnetic field.

5.2. Effect of the Size of GQDs in Their Electrochemical Performance

Optical [138], electrical [139], and biological [140,141] properties of GQDs are intrinsi-
cally dependent on their size. For instance, Deng and coauthors demonstrated the influence
of size over the electrocatalytic activity of graphene exfoliated via ball milling. The elec-
trocatalytic activity was especially enhanced due to the increment of the specific surface
area. However, below 100 nm this enhancement is more evident due to the quantum
confinement and edge effect [142].

To evaluate the impact of GQDs’ lateral size on optoelectronic properties, Wu et al.
synthesized three GQDs with distinct sizes by photon-Fenton reaction, namely GQDs-
blue (5.6 nm), GQDs-green (11.2 nm), and GQDs-orange (17.6 nm) [133]. The labels
were related to the color of the PL emission of each GQDs sample. In addition, the
authors investigated the photovoltaic performance of inverted solar cells based on films
of poly(3-hexylthiophene) (P3HT) and poly(3-hexylthiophene)/(6,6)-phenyl-C61butyric
acid methyl ester (PCBM) containing GQDs. The short-circuit current density (jsc) of the
active layer made only of P3HT:PCBM was found to be 9.57 mA cm−2, and increased after
the addition of GQDs to 10.33 mA cm−2 (GQDs-blue), 13.34 mA cm−2 (GQDs-green), and
11.19 mA cm−2 (GQDs-orange). These changes in the jsc values confirmed that the lateral
size influenced the bandgap of the GQDs. Accordingly, the bandgap values of the GQDs
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obtained were 2.72, 2.00, and 1.65 eV for GQDs-blue, GQDs-green, and GQDs-orange,
respectively.

Liu et al. evaluated the importance of the size of GQDs on their electrochemical
behavior by producing GQDs with sizes of 4.8 nm (GQDs-1), 13.1 nm (GQDs-2), and
34.7 nm (GQDs-3). The different sizes were obtained by changing the ammonia volume
used in the hydrothermal synthesis (Figure 4A) [143]. The results revealed a decrease in
the PL intensity with size increment using the same excitation wavelength (440 nm). A
rectangular shape was obtained in the cyclic voltammograms for the electrode modified
with GQDs-1, indicating that the sample with the smaller GQDs exhibited a short diffusion
time and consequently an ideal capacitive behavior. Finally, the specific capacitance
increased with a particle-sized increment from approximately 5 Faraday per gram (F g−1)
for GQDs-1 to 88 F g−1 for GQDs-3, as shown in Figure 4B.

Electrochem 2021, 3, FOR PEER REVIEW 11 
 

 
Figure 4. (A) Schematic representation of the process to produce GQDs with different sizes and (B) specific capacitance as 
a function of GQDs size. Reproduced with permission from reference [143]. Copyright 2015 The Royal Society of Chemis-
try. 

In practice, the precise role of the synthesis parameters and the mass production of 
GQDs with controlled size and edges remain a challenge. In this sense, smaller quantum 
dots will naturally have a more pronounced edge effect, since they have minor basal 
planes. Furthermore, the preference for GQDs with an enhanced edge effect or larger basal 
planes can be tailored depending on the methodology of functionalization employed. 

Figure 4. (A) Schematic representation of the process to produce GQDs with different sizes and
(B) specific capacitance as a function of GQDs size. Reproduced with permission from reference [143].
Copyright 2015 The Royal Society of Chemistry.



Electrochem 2021, 2 499

Theoretical simulations [144] confirmed that GQD structures terminated with hydro-
gen in a zigzag edge type with different molecular formulas (C6H6, C16H10, and C24H12),
and consequently distinct sizes, possess different bandgap values, ranging from 4.98 Å
to 9.57 Å. Additionally, the authors demonstrated that g-C3N4/GQDs composites can
be prepared to maximize the photocatalytic performance by tunning the bandgap with
different GQDs sizes [144].

In practice, the precise role of the synthesis parameters and the mass production of
GQDs with controlled size and edges remain a challenge. In this sense, smaller quantum
dots will naturally have a more pronounced edge effect, since they have minor basal planes.
Furthermore, the preference for GQDs with an enhanced edge effect or larger basal planes
can be tailored depending on the methodology of functionalization employed. Some
groups have a preference for tailoring the core, while others for the edge sites [145–147].
As a consequence, elucidating the complete effect of core size and the edges of the GQDs
in electrochemical applications has not yet been fully achieved, although some important
contributions have been provided in the literature [118,148,149].

6. GQDs-Based Nanocomposites Applied in Electrochemical Sensors

In recent years, composites using several functional materials have been developed to
improve the electrochemical properties of GQDs [26,150,151]. Considerable enhancement of
the sensing performance can be achieved by the combination of GQDs with 0D [73,152–154],
1D [155,156], 2D nanomaterials [96,157], metal–organic frameworks (MOFs) [158,159],
molecularly imprinted polymers (MIPs) [160,161], ionic liquids [162,163], and other types
of materials, representing a very attractive and favorable strategy for the design of elec-
trochemical interfaces. To date, various GQDs-based nanocomposites have been success-
fully prepared following different approaches for detecting analytes from ions and small
molecules to biomolecules and proteins. The different strategies employed in the develop-
ment of these materials have been subdivided in this section, while Table 1 summarizes
some of the GQDs-based nanocomposite electrochemical (bio)sensors reported in the
literature in the past few years.

Table 1. Some examples of GQD-based nanocomposites for electrochemical (bio)sensing.

Electrode Material GQD Preparation Method Target
Analyte

Electrochemical
Technique Linear Range LOD Ref.

Combination with 0D nanomaterials

GQDs/GNPs pyrolysis of CA luteolin DPV 0.01–10 µM 1.0 nM [164]

NH2-GQDs/Au-β-
CD commercial source quercetin DPV 1–210 nM 285 pM [165]

NiO/GQD - thioridazine DPV 2–200 nM 0.05 nM [166]

anti-
cTnI/AuNPs@GQDs - cardiac

troponin I SWV 5–50 pg mL−1 0.5 pg mL−1 [167]

AuNPs/N,S-
GQDs/aptamer pyrolysis of CA bisphenol A DPV 0.1–10 µM 0.03 µM [168]

TC-GQD hydrothermal method from
expresso coffee wastes dopamine DPV 0.3–750 µM 22 nM [169]

GQDs@La3+@ZrO2 pyrolysis of CA flutamide SWV 0.00175–15.75 µM 0.82 nM [170]

AgNPs/GQDs ultrasonic method from
carbon fibers

guanine and
adenine DPV guanine: 0.015–430 µM

adenine: 0.015–390 µM 10 nM 12 nM [86]

GQD/AuNP ultrasonic method from
carbon black quercetin DPV 0.01–6.0 µM 2 nM [79]

Electrode Material GQD Preparation Method Target
Analyte

Electrochemical
Technique Linear Range LOD Ref.

anti-AFB1/GQDs-
AuNPs pyrolysis of CA aflatoxin B1 CV 0.1–30 ng mL−1 0.008 ng mL−1 [171]

Combination with 1D nanomaterials
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GQDs-MWCNTs hydrothermal method from
GO dopamine DPV 0.005–100 µM 0.87 nM [156]

GQDs@MWCNTs hydrothermal method from
glucose dopamine DPV 0.25–250 µM 95 nM [155]

PVA/GQD/GOx NFs hydrothermal method from
GO glucose amperometry 0.25–24 mM 10 µM [89]

NGQDs@NCNFs pyrolysis of CA nitrite DPV 5–300 µM and 400–3000
µM 3 µM [172]

NH2-
GQDs/NiCo2O4

hydrothermal method from
pyrene glucose amperometry 1–159 µM and

159–949 µM 0.27 µM [173]

Combination with 2D nanomaterials

GQDs/CoNiAl-LDH pyrolysis of CA glucose amperometry 0.01–14.0 mM 6 µM [157]

NS-GQD/G hydrothermal method from
rGO H2O2 amperometry 0.4 µM–33 mM 26 nM [96]

NH2-GQD-GO hydrothermal method from
GO oxalic acid amperometry 0.5–2.0 mM and 2.0–55

mM 50 µM [174]

Combination with other types of materials

ds-DNA-IL/GQDs pyrolysis of CA topotecan DPV 0.35–100 µM 0.1 µM [87]

RTIL-GQDs pyrolysis of CA levodopa SWV 0.05–250 µM 10 nM [162]

GQDs/IL pyrolysis of CA

ascorbic acid
(AA),

dopamine
(DA) and uric

acid (UA)

DPV
AA: 25–400 µM
DA: 0.2–10 µM
UA: 0.5–20 µM

AA: 6.64 µM
DA: 0.06 µM
UA: 0.03 µM

[163]

MIPPy/GQDs hydrothermal method from
GO bisphenol A DPV 0.1–50 µM 0.04 µM [175]

m-GQDs-MIP hydrothermal method from
GO ifosfamide DPASV 0.25–121.35 ng mL−1 0.08 ng mL−1 [160]

GQD-PCN-222 electrochemical method nitrite amperometry 40–18.000 µM 6.4 µM [158]

β-CD@N-GQD hydrothermal method from
CA cholesterol DPV 0.5–100 µM 80 nM [176]

Combination with more than one type of materials

GQDs-PSSA/GO pyrolysis of CA

estradiol (E2)
and

progesterone
(P4)

DPV E2: 0.001–6.0 µM
P4: 0.001–6.0 µM

0.23 nM
0.31 nM [177]

Fe3O4@GQD/f–
MWCNTs pyrolysis of CA progesterone DPV 0.01–0.5 and 0.5–3.0 µM 2.18 nM [178]

AuNPs/GQDs-WS2 commercial source malachite
green DPV 0.01–10 µM 3.38 nM [179]

hNiNS/GQDs/MIPs hydrothermal method from
rGO bisphenol S DPV 0.1–50 µM 0.03 µM [180]

Au NSs/GQDs-
CS/cysteamine pyrolysis of CA ractopamine DPV 0.0044 fM–19.55 µM 0.0044 fM [181]

MIP-
AuNPs/N,S@GQDs pyrolysis of glucose sofosbuvir DPV 1–400 nM 0.36 nM [161]

(mag@MIP)-GQDs-
FG-NF pyrolysis of CA ethinylestradiol SWV 10 nM–2.5 µM 2.6 nM [182]

MoS2@N-GQDs-IL
MIP pyrolysis of CA IgG DPV 0.1–50 ng mL−1 0.02 ng mL−1 [183]

NMO/GQDs/CS pyrolysis of CA diazinon DPV 0.1–330 µM 27 nM [184]

LaNPs-GQDs@ZIF-8 pyrolysis of CA vitamin D3 SWV 0.00625 µM–1.25 µM 6.1 nM [185]

PPy/GQDs@PB pyrolysis of CA L-cysteine amperometry 0.2–50 µM and 50–1000
µM 0.15 µM [186]
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Electrode Material GQD Preparation Method Target
Analyte

Electrochemical
Technique Linear Range LOD Ref.

MIP/Au@Cu-
MOF/N-GQDs pyrolysis of CA patulin DPV 0.001–70.0 ng mL−1 0.0007 ng mL−1 [159]

PS-PNIPAm-
PS/MWCNTs-GQDs comercial source paracetamol DPV 0.1–7.0 µM and 7.0–103

µM 66 nM [187]

GQD-PNF-GO electrolysis of graphite rod H2O2 amperometry 0.01–7.2 mM 0.055 µM [188]

N,S-GQDs@AuNP-
PAni

hydrothermal method with
thiourea to citric acid

hepatitis E
virus impedance 102–107 RNA copies

mL−1
96.7 RNA copies

mL−1 [189]

LOD—limit of detection; NPs—nanoparticles; CA—citric acid; SWV—square wave voltammetry; GNPs—gold nanoparticles; DPV—
differential pulse voltammetry; Au-β-CD—thiolated β-cyclodextrin functionalized gold nanoparticles; anti-cTnI –cardiac troponin-I
antibody; TC—titania-ceria; anti-AFB1—antibody of aflatoxin B1; MWCNT—multiwalled carbon nanotubes; GOx—glucose oxidase;
NFs—nanofibers; NCNFs—N-doped carbon nanofibers; LDH—layered double-hydroxide; G—graphene; ds-DNA—double stranded DNA;
IL—ionic liquid; LSV—linear-sweep voltammetry; RTIL—room temperature ionic liquid; MIPPy—molecularly imprinted polypyrrole;
DPASV—differential pulse anodic stripping voltammetry; PCN-222—mesoporous porphyrinic zirconium-based metal−organic framework;
β-CD—β-cyclodextrin; MIP—molecularly imprinted polymer; PSSA—poly(sulfosalicylic acid); GO—graphene oxide; f-MWCNTs—
functionalized multi–walled carbon nanotubes; hNiNS—hollow nickel nanospheres; NSs—nanostructures; CS—chitosan; mag@MIP—
magnetic nanoparticles coated with molecularly imprinted polymers; FG—functionalized graphene; NF—Nafion®; NMO—nickel molyb-
date nanocomposites; LaNPs—lanthanum nanoparticles; ZIF-8—zeolitic imidazolate frameworks; PPy—polypyrrole; PB—prussian
blue; Au@Cu-MOF—AuNPs-functionalized Cu-metal organic framework; PS-PNIPAm-PS—thermosensitive polymer poly(styrene-b-(N-
isopropylacrylamide)-b-styrene); PNF—peptide nanofibers; AuNP-PAni—gold-embedded polyaniline nanowires.

6.1. GQDs Combined with 0D Nanomaterials

The use of 0D nanostructures as electroactive materials for the construction of electro-
chemical devices is of great interest in view of their unique electronic and surface properties.
Because of such characteristics, an increasing number of studies on 0D nanomaterials ap-
plied in (bio)sensors has been reported in the past few years [190]. In this scenario, several
authors have demonstrated that hybridizing metal oxide, e.g., Fe3O4 [73,152], Co3O4 [191],
NiO [77,166], ZnO [192], ZrO2 [170], and metal nanoparticles (NPs), such as Au [153,154],
Ag [193–195], and AuPd [78] with GQDs can enhance their sensing performance in terms
of sensitivity and selectivity. Among these nanomaterials, Au NPs and Ag NPs are the
most employed, due to their excellent conductivity, high surface area, biocompatibility, and
catalytic activity [79,196]. In this regard, an electrochemical sensor based on GQDs and
gold nanoparticles (GNPs) was developed for the determination of luteolin, a polyphenolic
compound available in foods of plant origin with antioxidant, anti-inflammatory, and an-
tibacterial activities [164]. The modified glassy carbon electrode (GCE) was prepared in two
steps: First, the GNPs were electrochemically deposited on the bare GCE, and then GQDs
were electrodeposited onto the GNPs’ modified electrode. As illustrated in Figure 5A(i),
CV studies revealed that the redox peak currents of luteolin obtained with the electrode
modified with the hybrid material (GQDs/GNPs/GCE) were increased 16-fold and 1.5-
fold compared to that of the bare GCE and GQDs/GCE, respectively, which suggests the
excellent synergetic effect of GNPs and GQDs. The improved performance was mainly
attributed to three contributing factors: (i) The good conductivity of GNPs, (ii) the high
electroactive surface area of GQDs, and (iii) the enrichment effect of the electrode surface
for the analyte. In addition, the authors demonstrated that two electrons were involved
in the electrochemical redox process of luteolin at the modified electrode (Figure 5A(ii)).
The GQDs/GNPs/GCE showed remarkable performance in terms of limit of detection
(LOD) and linear range, as illustrated in Table 1. Additionally, the proposed sensor was
also demonstrated to be applicable for the detection of the luteolin content in peanut hulls
with recovery of 98.8–101.4%.

The combination of GQD with noble metal nanomaterials has also been considered
a suitable choice for the detection of analytes of environmental [168,197] and biomedical
interest [79,86,154,167,198]. For instance, Shadjou et al. reported the development of an
electrochemical sensing platform based on Ag NPs and nitrogen-doped GQDs (N-GQDS)
for sensitive voltammetric detection of nicotinamide adenine dinucleotide (NAD) in human
plasma samples [198]. The authors showed that the response of NAD was improved when
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Ag NPs were introduced to the structure of the N-GQDs-GCE, and an LOD of 0.33 fM was
obtained. The improvement may be related to the advantageous properties of N-GQDs,
such as high surface area and π–π interaction with GCE, which facilitated the electron
transfer mechanism, and the electrical conductivity of the Ag NPs.
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0.1 M phosphate buffer (pH 5.0) containing 20 µM luteolin at scan rate of 100 mV s−1 and (ii) the proposed electrochemical
reaction process of luteolin onto GQD/GNPs/GCE surface. Reproduced with permission from reference [164]. Copyright
2019 Elsevier. (B) (i) Schematic illustration of AuPd-ANPs decorated GQDs assembly and digital photographs of (ii) the
surgically resected clinical breast specimen from a female patient with primary breast cancer, (iii) the breast cancer tissue,
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Benefiting from the unique structural merits of AuPd alloy nanoparticles (AuPd-ANPs)
and GQDs assembly through electrodeposition, and the synergistic effect of dual electroac-
tivities towards H2O2, Xu and coworkers reported the application AuPd-ANPs/GQDs
nanocomposite (Figure 5B(i)) for real-time tracking of H2O2 secreted from living human
breast cancer cells [78]. The modified electrode exhibited a high sensitivity, a linear range
from 1.0 µM to 18.44 mM, low LOD of 500 nM, as well as good selectivity and biocom-
patibility. Furthermore, the practicability of the AuPd-ANPs/GQDs/ACF microelectrode
was verified by in situ detection of the cancer biomarker in clinical breast cancer tissue
(Figure 5B(ii)). For the detection of H2O2 secreted from living cancer cells in breast cancer
tissue, the microelectrode was wound into a helical shape and inserted inside the breast
cancer tissue, as shown in Figure 5B(iii–iv).

Metal oxide nanoparticles have also been applied in GQDs-based sensors due to their
high surface-to-volume ratio, high surface reaction activity, high catalytic efficiency, strong
adsorption ability, and electron and phonon confinements [199,200]. In this direction,
Shamsi et al. reported the synthesis of a NiO/GQD nanocomposite by electrodeposi-
tion and its application as an ultrasensitive electrochemical platform for the detection of
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clozapine, an antipsychotic drug [77]. Their study revealed that the oxidation current of
clozapine at the surface of a NiO/GQD composite-modified electrode increased compared
to that of the bare GCE and GQD-modified GCE. This improvement in the electrochemical
performance was attributed to the fast heterogeneous electron transfer kinetics, larger
accessible surface, and numerous active sites at the surface of the nanocomposite, arising
from the synergic coupling between the excellent catalytic effect of NiO nanoparticles and
high density of edge plane sites of GQDs. Voltammetry studies showed that the anodic
peak current increased linearly with clozapine concentration in the range of 3 to 1000 nM,
and the LOD was found to be 0.55 nM.

6.2. GQDs Combined with 1D Nanomaterials

1D nanomaterials such as nanowires, nanotubes, nanoribbons, nanorods, and
nanofibers have emerged as an exciting class of nanomaterials for constructing efficient
electrochemical devices [201]. Recently, studies have shown that the charge transfer be-
tween the 1D nanomaterials and analyte molecules can be improved by their surface-
functionalization with GQDs [155,156]. For example, Huang et al. reported an electro-
chemical sensor with high sensitivity and selectivity for measuring dopamine (DA) using
GQDs-multiwalled carbon nanotubes (GQDs/MWCNTs) composite-modified GCE [156].
As depicted in Figure 6A(i), the redox peak currents at the GQDs-MWCNTs/GCE in-
creased compared to GCE and MWCNTs/GCE. The authors attributed this improved
performance to (i) the presence of anionic groups in the GQDs (oxygen functionalities),
which are beneficial for enhancing sensitivity for the determination of DA by electrostatic
attractions with cations and (ii) the presence of cation–π interaction between conjugated
π bonds in the GQDs-MWCNTs and the oxidized state of DA. As shown in Figure 6A(ii),
the nanocomposite was able to detect DA secreted from live PC12 cells. The effect of
MWCNTs on the electrochemical sensing performance of GQDs was also investigated by
Arumugasamy and coworkers [155]. The introduction of MWCNTs not only improved
the electrochemical signal of DA, but also increased the GQDs catalytic activity. The dual
signal enhancement facilitated the construction of a ratiometric electrochemical sensor for
the detection of DA. In addition, the developed electrochemical sensor displayed high
selectivity towards common interferents, like glucose, glutamic acid, KCl, and ascorbic
acid, and was able to detect DA in human serum samples.

In another work, NiCo2O4/GQDs nanoneedles were successfully applied for nonenzy-
matic glucose detection [173]. The addition of GQDs greatly enhanced the electrocatalytic
performance of NiCo2O4 due to the higher electron transfer ability of the nanocompos-
ite. The synergy between the two materials led to a nanocomposite-based electrode with
remarkable sensitivity of 1185.58 µA mm−1 cm−2 in the linear concentration range from
1 to 159 mm and 2521.33 µA mm−1 cm−2 in the linear range of 0.159–0.949 mm toward
the glucose oxidation, respectively. In addition, the NiCo2O4/GQDs/CC electrode also
presented a low LOD of 0.27 mm for glucose detection.

GQDs-based nanocomposites have also been applied as ECL probes [26,202]. Through
the combination of GQDs with titanium dioxide nanotubes (TiO2 NTs), Tian et al. de-
veloped an ECL sensor for the sensitive and selective determination of prostate protein
antigen (PSA) [203]. When compared to the pristine TiO2 NTs, the nanocomposite exhib-
ited a 6-fold enhancement of ECL intensity and a decrease by 300 mV of the ECL onset
potential, which are ascribed to the GQDs presence. The authors observed that the ECL
intensity decreased with the increase of PSA concentration in the range from 1.0 fg mL−1

to 10 pg mL−1, with a lower LOD of 1 fg mL−1. Furthermore, PSA could be detected in
clinical serum samples of prostate cancer patients and controls with excellent correlation to
the reference chemiluminescence method.

The incorporation of GQDs into electrospun nanofibers has also been used as an effi-
cient strategy to design electrochemical sensors [8,82]. In this context, an all-carbon-based
composite consisting of N-doped GQDs decorated on the N-doped carbon nanofibers
(NGQDs@NCNFs) surface was prepared by electrospinning, post-annealing, and the hy-
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drothermal method, and applied in an electrochemical sensor for nitrite determination [172].
The NCNFs acted as support for NGQDs attachment, avoiding the large aggregation of
NGQDs and hence maintaining their large electroactive surface area and abundant ac-
tive sites. Moreover, electrochemical studies showed that upon introducing NCNFs, the
conductivity of NGQDs@NCNFs composite was sharply improved in comparison with
NGQDs alone or the mixture of NGQDs and NCNFs, leading to a fast electron transfer
rate between the modified electrode and the electrolyte. The developed electrochemical
sensor displayed a wide linear range and a low LOD towards nitrite in sausage, pickle,
lake water, and tap water, suggesting its suitability for food and environmental analyses.
In the same fashion, GQDs were incorporated into polyvinyl alcohol (PVA) nanofibers
aiming at electrochemical detection of H2O2 [89]. The GQD/PVA fibers were directly
electrospun onto the GCE. The wide linear range and the low LOD obtained were ascribed
to the presence of GQDs, whose functional groups acted as stable catalysts during the
redox reactions.
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6.3. GQDs Combined with 2D Nanomaterials

2D nanomaterials display unique chemical/physical properties, including large sur-
face area, high chemical stability, easy functionalization, high electrical conductivity, and
mechanical strength due to their graphene-like structures [204,205], which makes them
materials with good potential to be used in sensing applications. Furthermore, func-
tional groups on the surface of these materials offer versatile approaches to couple chemi-
cal/biological molecular receptors for biosensing assays [205]. Moreover, recent studies
have shown that other materials can be used as effective building blocks in the preparation
of multifunctional composites to further boost the electrical conductivity and electrocat-
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alytic performance of 2D nanomaterials [206]. In this sense, a composite of GQD co-doped
with N and S atoms (NS-GQD) and graphene was synthesized and applied as a sensing
probe for H2O2 [96]. The GQDs were firstly self-assembled on graphene nanoplatelets (G)
via hydrothermal treatment, and then a thermal annealing procedure using the hybrid
nanosheets and thiourea was employed to form the NS-GQD/G hybrid nanosheets. The au-
thors found that when GQDs were uniformly distributed on graphene sheets, they served
as highly conductive substrates to interconnect the GQDs for efficient electron transfer. In
addition, the abundant oxygen-containing functional groups and the exposed edges of
GQDs provided more active sites for H2O2 electrocatalytic reduction. More importantly,
microscope images revealed that the flakelike structure of the NS-GQD/G nanocompos-
ite with a crinkled and curved surface was loosely packed, which permitted accessible
transport of supporting electrolyte and electro-reactants/products, and enhanced the elec-
trochemical performance of NS-GQD/G. These factors endow NS-GQD/G with ultrahigh
performance towards H2O2 electrocatalysis reduction. Besides the linear range and the low
LOD obtained, practical application of the NS-GQD/G sensor was effectively assessed for
the detection of H2O2 in human serum samples and that released from Raw 264.7 cells.

Some layered compounds, such as layered double-hydroxides (LDHs), can suffer
from low conductivity, which restricts electron transfer and hinders their electrocatalytic
performance [207,208]. To solve this problem, Samuei et al. reported the use of GQDs as
0D building block to enhance the electron transport rate, electrolyte contact area, conduc-
tivity, and structural stability of CoNiAl-layered double-hydroxide [157]. In their work, a
nanocomposite based on the GQDs and CoNiAl-LDH (GQDs/CoNiAl-LDHs) (Figure 6B(i))
was successfully synthesized by the co-precipitation method. The GQDs/CoNiAl-LDH
exhibited a significant synergistic electrocatalytic activity compared to CoNiAl-LDH. The
strong association of the CoNiAl-LDH with GQDs facilitated charge transport and im-
proved the electrocatalytic activity towards glucose oxidation. At optimal conditions, the
constructed sensor exhibited a wide linear range (0.01–14 mM) with an LOD of 6 mM
and high sensitivity of 48.717 mA mM−1. Moreover, as depicted in Figure 6B(ii), the
GQDs/CoNiAl-LDH-modified carbon paste electrode was able to detect trace amounts of
glucose in juice samples.

Du and coworkers explored the use of GQDs-based nanocomposite for environmental
sensing [209]. In their report, GO decorated with NGQDs (NGQDs-GO) was prepared by
combining thermal and hydrothermal treatments for the ECL detection of pentachlorophe-
nol (PCP). The NGQDs-GO nanocomposite showed more outstanding ECL performances
than the pristine counterparts. Moreover, the interaction between PCP and the nanocom-
posite resulted in a remarkable change in the ECL intensity, allowing the detection of PCP
in a wide linear range from 0.1 to 10 pg mL−1 with a low LOD of 0.03 pg mL−1. The
practicability of the sensing platform was also evaluated towards real water samples.

It is important to mention that, despite the great potential of 2D nanomaterials to
improve the sensitivity and performance by facilitating the electron transfer process and
signal generation, until now, very few works reported electroanalytical investigation of
electrodes modified with GQDs combined with 2D nanomaterials, which is, therefore, a
research area to be explored.

6.4. GQDs Combined with Other Types of Materials

GQDs have also been combined with 3D nanostructures [158,210], ionic
liquids [87,162,163], MIPs [160,175], and other materials to exploit the nanocomposite
material features in electrochemical applications, as illustrated in this section.

Ionic liquids (ILs) are defined as materials composed of cations and anions that melt
around 100 ◦C or below an arbitrary temperature limit. A typical IL has a bulky organic
cation that is weakly coordinated by an organic or inorganic anion [211]. Properties such
as high conductivity, good catalytic activity, long-term electrochemical and thermal sta-
bility of Ils make them ideal for electrochemical sensors [211,212]. Additionally, ILs are
good dispersants of carbon nanomaterials, including GQDs, which help the formation of a
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uniform electrode structure with well-distributed components, consequently leading to
a significant improvement in electrochemical performance. [213]. In this direction, Kun-
patee et al. combined GQDs and IL for the simultaneous electrochemical determination
of ascorbic acid (AA), dopamine (DA), and uric acid (UA) [163]. As shown in Figure 7A,
when IL and GQDs were separately used to modify screen-printed carbon electrodes
(SPCE), the responses obtained were not good enough for measuring these three species.
When both GQDs and IL were used to modify the SPCE surface, well-defined and distin-
guishable sharp peaks of three electroactive species appeared at −0.02, 0.18, and 0.36 V,
respectively. Furthermore, the oxidation peak currents were remarkably increased when
using the GQDs/IL-SPCE. The results indicated that the GQDs/IL-SPCE combined the
electrochemical properties of IL and GQDs, allowing the simultaneous determination of
the three analytes, as demonstrated in Table 1.

Cyclodextrins (CDs) are oligosaccharides consisting of six, seven, or eight glucose
units (named α-, β-, or γ-CD, respectively), which present a toroidal form with a hydropho-
bic inner cavity and a hydrophilic exterior [214]. They are promising candidates to be used
as functional units in the fabrication of electrodes for electrochemical applications due to
their supramolecular recognition [215,216]. Therefore, nanocomposites obtained from the
combination of GQDs and CDs are expected to present advantageous “mixed” properties,
including large surface area, high electrical conductivity, and enhanced supramolecular
recognition capability. With this in mind, different authors have explored the structures
and complementary properties of CDs and GQDs to develop different electrochemical
sensors to detect distinct analytes, including tyrosine enantiomers [217], nitroaniline iso-
mers [218] vitamin C at physiological pH [217], cholesterol [176], and aflatoxin M1 in milk
samples [219].

MOFs are 3D nanomaterials that have attracted great attention due to their unique
characteristics, such as regular and interconnected porosity, ultrahigh specific surface area,
and intraframework chemical functionality [220]. However, the electrically insulating
nature of most MOFs might hamper their practical use in electrochemical and electronic
applications. To overcome this limitation, GQDs with an average size of 3.1 nm were
incorporated into a mesoporous porphyrinic mesoporous zirconium-based MOF, PCN-222,
by employing an impregnation method (Figure 7B(i)) [158]. The GQD-PCN-222 hybrid
material showed a 100-fold higher electrical conductivity compared to that of the pristine
MOF and exhibited a much better activity for electrochemical sensing towards nitrite
compared to that of both the pristine GQD and MOF, as illustrated in Figure 7B(ii). The
fabricated platform was suitable for monitoring nitrite by amperometry (Figure 7B(iii)) in a
wide linear range with an LOD of 6.4 µM. In another work, GQDs were synthesized on the
surface of Cu2O-CuO hexapod-like (3D) structure via self-assembly, as illustrated in Figure
7C [210]. Benefitting from the synergistic effects of the enhanced active surface area, high
conductivity, more exposed {111} facets of hexapod structure, and fast redox reaction due to
π-electron delocalization of GQDs, the heterostructures offered outstanding electrocatalytic
abilities compared to the pristine materials. The electrochemical sensor displayed a low
LOD (≤1 nM), good chemical stability over a broad linear range (2 nM–11 mM), allowing
the BPA detection in water and human serum samples.

The combination of GQDs with MIPs is also an interesting strategy for the develop-
ment of electrochemical (bio)sensors. MIPs are synthetic polymers typically obtained by
copolymerization of a monomer with a cross-linker in the presence of a template molecule.
MIPs have been used as an artificial recognition material whose binding site size and shape
are complementary to the template molecules for their specific recognition [221]. Different
authors have reported that the detection sensitivity of an imprinted sensor can be improved
by the use of carbon-based nanomaterials, including GQDs [160,175,222]. In this regard,
Prasad et al. reported the synthesis of a nanocomposite based on functionalized GQDs
and imprinted polymer at the surface of SPCE using N-acryloyl-4-aminobenzamide as
a functional monomer and an anticancer drug (ifosfamide) as a template molecule [160].
Differential pulse anodic stripping voltammetry (DPASV) studies revealed that the anodic
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stripping signal was enhanced by a GQDs-based imprinted sensor about 7-fold when
compared to the MIPs prepared in the absence of GQDs. This improved performance
was attributed to the covalent attachment of GQDs to the monomer molecules, which
provides a good pathway for electron transport. The proposed sensor showed improved
performance for the analysis of ifosfamide in real (biological/pharmaceutical) samples
with a low LOD, without any matrix effect, cross-reactivity, and false positives.
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6.5. GQDs Combined with More Than One Type of Material

In recent years, several studies suggested that the combination of more than one type
of material might be a superior strategy to boost the electrochemical properties of GQDs.
Several combinations have been already reported, as can be seen in Table 1. For instance,
Xi et al. reported the incorporation of Pd NPs with an average size of 2.9 nm and nitrogen-
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doped GQD (NGQD) into N-doped carbon hollow-structured nanospheres (NC-HNSs)
architecture, resulting in a hybrid material (NGQD@NC@Pd HNS), which was applied as
a nanoprobe for H2O2 sensing [223]. The hybrid material was synthesized by an efficient
five-step synthetic procedure illustrated in Figure 8A(i). Owing to the synergistic effect
from the structural and compositional merits of catalytically active species and the HNS
supports, the hybrid material showed a large surface area, fast electron transfer rate, and an
enhanced electrocatalytic activity towards H2O2 reduction (Figure 8A(ii)). Consequently,
the H2O2 sensor based on NGQD@NC@Pd HNSs exhibited a collection of highly desirable
sensing performances with a sensitivity of 0.59 mA cm−2 mM−1, an LOD of 20 nM, and
selectivity to H2O2 in the presence of common interferents (e.g., dopamine, uric acid, and
ascorbic acid). In addition, the proposed biosensing system demonstrated practical ability
to distinguish a trace amount of H2O2 released from various living cancer cells. Further
aiming at the detection of H2O2, Li et al. designed a ternary nanocomposite based on GQD,
peptide nanofibers, and graphene oxide (GQD-PNF-GO) [188]. The authors attributed the
wide linear detection range and the low LOD to the presence of PNFs between graphene
layers, which provided a larger surface area for electrolytes adsorption and reactants
diffusion and enhanced the performance of the fabricated sensor.

In another work, a nanocomposite based on anti-hepatitis E virus antibody-conjugated
to nitrogen- and sulfur-co-doped graphene quantum dots (Ab-N,S-GQDs), gold nanoparti-
cles, and polyaniline nanowires (Ab-N,S-GQDs@AuNP-PAni) were developed and applied
for the impedimetric detection of hepatitis E virus (HEV) [189]. The authors demonstrated
that the presence of N,S-GQDs improved the electrochemical response and provided en-
hanced active sites for the target HEV. In addition to the low LOD achieved, the sensor
showed extremely good selectivity to HEV in the presence of other viruses, serum, and
even culture medium.

Imprinted technology has also been proven to be an ideal method to prepare multicom-
ponent GQD-based nanomaterial for electrochemical applications. In this regard, MIP film
based on nitrogen-doped GQDs (N-GQDs), Au NPs, and MOF (Au@Cu-MOF/N-GQDs)
was developed and employed for the detection of patulin, a mycotoxin of potential concern
found in food [159]. This synergistic effect of N-GQDs and Au@Cu-MOF combined with the
MIP technique offered outstanding sensing properties for the detection of patulin in apple
juice with good accuracy (recovery of 97.6–99.4%) and high precision (RSD of 1.23–4.61%).
Recently, a hybrid material based on MIP-decorated CuFe2O4 nanoparticles for specific
detection of human immunoglobulin G (IgG) was reported by Liang and coworkers [183].
In addition, the authors prepared a layered MoS2@N-GQDs-IL nanocomposite membrane
(Figure 8B) for signal amplification. The GCE modified with the MIP-decorated CuFe2O4
modified with MoS2@N-GQDs-IL showed an increased peak current, demonstrating that
the composite membrane played a role as a highly effective promoter in enhancing the
IgG electrochemical performance. Benefiting from the strong electrostatic chemical inter-
actions between ionic liquid and MoS2@N-GQDs and the improvement of dispersion of
MoS2@N-GQDs by the IL, the nanocomposite provided an effective platform for analyzing
IgG content in the human serum specimens. Under optimized experimental conditions,
the sensor shortened the response time to less than 8 min, and the response was linear at
the IgG concentration of 0.1–50 ng mL−1 with a LOD of 0.02 ng mL−1.
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7. Conclusions and Perspectives

The combination of graphene quantum dots (GQDs) with other materials has been
shown to be a potential strategy for developing electrochemical sensors with excellent
performances towards the detection of several analytes. The main contributing factor can
be ascribed to the synergistic effect that improves the performance of the electrochemical
sensing devices. Specifically, here we addressed the main routes to obtain GQDs-based
nanocomposites and illustrated results using such composite materials in varied elec-
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trochemical sensors. In this regard, Figure 9 shows that 0D nanomaterials are the most
common type of materials combined with GQDs for electrochemical sensors. In this sense,
metal and metal oxide nanoparticles are the most frequently used materials. Compara-
tively, the combination with 1D and 2D nanostructures, despite having good performances,
is still very inferior when compared to 0D nanomaterials. Thus, works reporting these
combinations are expected to increase considerably in the coming years. In addition to
these structures, GQDs have also been frequently combined with different platforms not
fitted in this classification (other types) to achieve a good performance in specific electro-
chemical sensing applications. A major part of the works using GQDs-based nanomaterials,
however, uses more than one type of material (23.8%).
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