
Citation: Tan, X.; Zhou, F.; Li, W.; Ao,

G.; Xu, X.; Yang, L. Research Progress

on the Application of Graphene

Quantum Dots. Coatings 2023, 13,

1956. https://doi.org/10.3390/

coatings13111956

Academic Editor: Dimitrios Tasis

Received: 17 September 2023

Revised: 7 November 2023

Accepted: 8 November 2023

Published: 16 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Review

Research Progress on the Application of Graphene
Quantum Dots
Xiangyu Tan 1, Fangrong Zhou 1, Wenyun Li 2, Gang Ao 3, Xiaowei Xu 1 and Le Yang 4,*

1 Electric Power Research Institute, Yunnan Power Grid Co., Ltd., Kunming 650000, China;
tanxiangyu1123@126.com (X.T.); zhouznr@163.com (F.Z.); xuxiaowei@dlyjy.yn.csg.cn (X.X.)

2 Power Dispatching Control Center, Yunnan Power Grid Co., Ltd., Kunming 650000, China;
liwenyun1999@126.com

3 Kunming Anning Power Supply Bureau, Yunnan Power Grid Co., Ltd., Kunming 650000, China;
13529205644@163.com

4 School of Mechanical and Electrical Engineering, Kunming University of Science and Technology,
Kunming 650000, China

* Correspondence: yangle1@stu.kust.edu.cn

Abstract: Graphene quantum dots (GQDs) are sets of carbon quantum dots derived from graphene or
graphene oxide, and they have obvious graphene lattice properties. The number of layers in GQDs is
generally no more than five layers, and the diameter size of GQDs is generally less than 10 nm. GQDs
have stable photoluminescence characteristics, high specific surface areas, high conductivity levels
and adjustable band gaps, and they can be used in sensing systems such as ion detection sensing,
optical biosensing, electrochemical biosensing and electronic sensing. Based on the research status of
GQDs in recent years and the application background of sensing systems, this review paper focuses
on the synthesis strategies, sizes, chemical compositions, crystal structures, optical properties and
sensor applications of GQDs.
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1. Introduction

Carbon is one of the most abundant elements in the world and one of the most
important material components on Earth [1]. Graphite is an isomer of carbon, includ-
ing zero-dimensional fullerenes, one-dimensional carbon nanotubes, three-dimensional
graphite and two-dimensional graphene (carbon material with sp2 hybrid-connected car-
bon atoms tightly packed into a single two-dimensional cellular lattice structure) [2–4], as
shown in Figure 1.

Since Geim and Novoselov separated atomically thin layers of graphene from graphite
in 2004 [5], graphene has received great attention due to its unique thermal, mechanical
and electrical properties. And a large number of scholars have conducted in-depth and
extensive research on graphene. Graphene is a zero-band gap material, and the possibility
of observing its luminescence is very small, which greatly limits its application in opto-
electronics [6,7]. Meanwhile, graphene exhibits an infinite exciton Bohr radius [8], and
quantum confinement should work in graphene of any size, so it is possible to produce
interesting phenomena not found in other semiconductors.

Graphene quantum dots (GQDs) are a collection of carbon quantum dots derived
from graphene or graphene oxide, as shown in Figure 2, with a diameter of 2–20 nm [8–10].
Due to the obvious quantum constraint, edge effect and unique microstructure, GQDs
exhibit many novel chemical/physical and mechanical properties, such as low cytotoxicity,
excellent solubility, chemical inertia, stable photoluminescence, better surface grafting and
anti-friction characteristics [4,11–19]. Based on the above unique structural and perfor-
mances, graphene quantum dots (GQDs) have broad application prospects in functional
materials, structural materials, sensors, biomedicine and so on.
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It is well known that graphene quantum dots (GQDs) are a type of carbon dots
(CDs), which belong to carbon-based nanomaterials [20–23]. Compared with toxic metal
quantum dots, carbon dots and graphene quantum dots both show ideal low toxicity and
good environmental performance. The carbon dots can be amorphous or crystalline in
structure, but GQDs are typically graphene-like smaller polycyclic aromatic molecules
(PAHs) produced from graphene-based raw materials or rigid synthetic chemistry, with a
distinct graphene lattice. This brings about the difference in performance between graphene
quantum dots and carbon dots. E.g., luminous CDs are composed of discrete, spheroidal
carbon nanoparticles with a size less than 10 nm, while GQDs are single, double or fewer
(3–10) layers of graphene fragments with a diameter of 10 nm or less [11,24–27]. In the early
stages of research on GQDs, scholars mainly focused on the development of high-quality
GQD preparation techniques and their intrinsic properties.

With the deepening of research, the basic research of GQD preparation technology and
intrinsic properties has shifted to the application of GQDs in composite material, electronics,
optics, energy storage, conversion devices, anti-friction components and so on [28,29]. This
paper focuses on the physical and chemical properties of GQDs and their application as a
key component of sensor and analysis systems, in order to expand the application of GQDs
and expand the application of GQDs in the future sensing field.

2. Synthesis Strategy

The synthesis strategies for GQDs generally fall into broad categories: top–down and
bottom–up processes. In the top–down process, bulk carbon materials such as graphene
and carbon black are cracked and cut by chemical/electrochemical stripping, water/solvent
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heat treatment, microwave/ultrasonic and other methods. Although the top–down ap-
proach, with its abundant raw materials and simple operation, is ideal for mass production,
non-selective chemical cutting can result in poor control over the size and morphology
of the final product (GQDs). The bottom–up strategy is based on the gradual growth of
small precursor molecules (ring molecules, polymers) into nanoscale GQDs through car-
bonization, pyrolysis and chemical vapor deposition, with a high degree of controllability
and fewer defects. But poor solubility and the aggregation of the final products are major
limiting factors. Therefore, careful consideration is required when selecting a synthesis
method for GQDs.

2.1. Top-Down Process
2.1.1. Chemical Stripping Method

The chemical stripping method refers to the stripping of precursor carbon materials
such as graphene oxide (GO), carbon nanotubes (CNTs) and carbon fibers with strong
oxidants and strong acids. This is a simple, direct and inexpensive synthesis method
that can be used for the mass production of high-quality GQDs. Related scholars used
concentrated sulfuric acid and concentrated nitric acid mixed acid solutions to strip carbon
fiber to obtain graphene quantum dots [30]. By adjusting the stirring temperature, the
prepared graphene quantum dots presented a size range of 1–11 nm and a height of
0.4–2 nm and could emit blue, green and yellow fluorescence. Similarly, it has been also
reported that GQDs are obtained by hydrothermal cutting carbon sheets, with a thickness
of 2.4 nm [31].

2.1.2. Electrochemical Exfoliation Process

GQDs can be synthesized by the electrochemical stripping method using graphite,
carbon fiber or carbon nanotubes as precursors. Kenneth Chu reported that [32] GQDs were
produced via a top–down electrochemical exfoliation process, where constant current was
passed through a graphite rod working electrode and a platinum plate counter electrode.
Then, 0.1 M of tetrabutylammonium perchlorate was used as the nitrogen-containing
supporting electrolyte dissolved in the anhydrous acetonitrile. The resulting suspension
was filtered through a 0.2 µm polytetrafluoroethylene (PTFE) filter before being dialyzed
for 24 h in ultrapure water using a cellulose ester dialysis bag with a molecular-weight
cut-off of 1000 Da.

3. Physical and Chemical Properties
3.1. Size, Chemical Composition and Crystal Structure
3.1.1. Size

Generally, the average diameter of GQDs is mostly less than 10 nm, and the maximum
diameter of GQDs reported at present is 60 nm [21,33]. Under normal circumstances, the
size of GQDs is closely related to the material formula and preparation method and has
little relationship with the raw material. For example, using lignin as raw material, Chen
et al. [34] prepared nitrogen-doped graphene quantum dots (N-GQDs) with a size of 2.3 nm
with 2% lignin in the silicon nitride matrix, while N-GQDs with a content of 3% lignin
could not be prepared with the same size. With the permission of the corresponding author
Chen, the relevant figures provided by the author are shown in Figures 3 and 4. As another
example, Pan et al. [12] used the same batch of graphene oxide (GO) as raw material and
adopted different thermal reduction temperatures and hydrothermal reduction alkalinity
levels to prepare graphene quantum dots with sizes of 9.6 nm and 3 nm. On the other hand,
the height size of GQDs is also related to the preparation method, and the heights of GQDs
prepared by the same preparation method increase with the increase in their diameter size.
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However, the heights and diameters of quantum dots prepared by different prepara-
tion methods have different nonlinear relationships; namely, GQDs with large diameters
may be thinner than GQDs with small diameters. For example, the diameter size of GQDs
prepared by the electrochemical method can be 3 nm and 5 nm, and the corresponding
height can be 1–2 nm and 3 nm, while the diameter of GQDs synthesized by K-GICs is
20 nm and the height is 0.9 nm [35]. In general, most GQDs have no more than five layers,
and single GQDs have been prepared at present.

3.1.2. Chemical Composition

Theoretically, GQDs consist of C and H elements, and their chemical composition can
be determined by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FT-IR). However, the strong attraction between GQDs and the oxidation
stripping method prepared would lead to partial oxidation, and there are hydroxyl and
carboxyl groups on their surfaces. In particular, scholars have also prepared nitrogen-doped
graphene quantum dots (N-GQDs) and sulfur-doped graphene quantum dots (S-GQDs)
using special raw materials and preparation methods. Dr. Chen from Shaanxi University of
Science & Technology used XPS to further analyze N-GQDs in a silicon nitride composite.
With the permission of the corresponding author, the relevant figures provided by Dr. Chen
are shown in Figure 5. There are two strong peaks of C 1s, Si 2p and N 1s (Figure 5a). The C
1s peaks can be decomposed to carbon (C=C), carbon nitrite (C-N) and carbon oxide (C=O)
(Figure 5b), and the N1s peak can be decomposed into peaks at 396.6 eV (corresponding
to N-O), 398.8 eV (corresponding to N-C), 397.3 eV (corresponding to N-Si) and 399.5 eV
(corresponding to pyrrole N) (Figure 5c). Similarly, Professor Qu Liangti from Beijing
Institute of Technology and Professor Shi Gaoquan from Tsinghua University [36] prepared
N-GQDs with high oxygen functional groups and electrocatalytic activity by a simple and
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easy electrochemical method. XPS spectra of graphene films and N-GQDs were compared
and observed. The spectra of graphene films and N-GQDs both showed obvious graphite
peaks (C1s, 284 eV) and oxygen-rich peaks (O 1s 532 eV), while a distinct N 1s peak was
clearly observed on the spectrum of N-GQDs, but not on the spectrum of graphene films.
For N-GQDs, the presence of pyridine (398.5 eV) and pyridine (401 eV) N atoms could be
determined at the N1s peak, and the C-N bond (285.2 eV), C-O bond (286.6 eV), C=O key
(288.3 eV) and O-C=O (289 eV) could be determined at the C1s peak. The O/C atom ratio
of this oxygen-rich N-GQDs is 27%, which is basically in line with the O/C atom ratio of
non-nitrogen-doped GQDs and slightly higher than the O/C atom ratio of graphene (15%).
In such a setting, the atomic structure of oxygen-rich N-GQDs could be simulated based on
XPS spectra and Fourier transform infrared spectroscopy (FT-IR) analysis results.
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3.1.3. Crystal Structure

The crystal structure of GQDs can be determined by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). In general, GQDs have distinct graphene lattice
properties, and the crystal structure of graphene quantum dots is related to its carbon source.
GQDs prepared from corn stalk as the carbon source could be analyzed by XRD pattern [37].
The XRD results showed that there is a wide diffraction peak (related to the nanometer size
of GQDs) at 2θ = 24◦, which corresponds to the characteristic peak (002) of the graphite
crystal surface. The XRD pattern of GQDs prepared with HBC (hexapendamum) as the
carbon source observed characteristic peaks corresponding to (200), (100), (004) and (110)
crystal faces [37]. The layer spacing of GQDs obtained by different carbon sources and
preparation methods is also different. The layer spacing of GQDs obtained by graphene
film stripping is 0.34 nm, which is close to that of graphite. The layer spacing of GQDs
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prepared from carbon fiber (CF) is 0.403 nm, and the larger layer spacing is related to the
exfoliation and oxidation of carbon fiber [31]. The layer spacing of N-GQDs prepared
by the hydrothermal treatment of graphene oxide is 0.393 nm [38], and the layer spacing
of GQDs-PEG obtained by a hydrothermal reaction is 0.381 nm [26]. In general, the
oxygen-containing groups widen the spacing between the graphene sheets. However,
there are exceptions, and the layer spacing of highly oxidized GQDs is sometimes smaller
than that of low-oxygen GQDs. The O/C of GQDs derived from carbon fiber is 23.7%,
and the corresponding layer spacing is 0.403 nm [39]. The O/C of the electrochemically
synthesized GQDs is 27%, and the corresponding layer spacing is 0.34 nm [36]. In any case,
the crystallinity of graphene quantum dots is very high.

3.2. Optical Properties
3.2.1. Photoluminescence Properties

In terms of light absorption capacity, GQDs usually show a strong light absorption
capacity in the ultraviolet region (UV), and the light absorption capacity can extend to the
visible light range. Graphene materials have a strong ability to absorb light. The UV-VIS
absorption spectra of graphene oxide (GO) shows peaks at ~230 nm (π-π * transition of the
aromatic C = C bond) and acromial peaks at ~300 nm (n-π * transition of the C = O bond).
For graphene quantum dots (GQDs), these peaks can also be observed in the UV-visible
absorption spectrum, and the central wavelength of the π-π * transition peak is between
200 and 270 nm, and the central wavelength of the n-π * transition peak is greater than
260 nm. Moreover, the light absorption capacity of graphene quantum dots is related to
their size and preparation method. The size of GQDs derived from CF increases from
1–4 nm to 7–11 nm, and their optical absorption peak shifts from 270 nm to 330 nm. GQDs
carbonized from citric acid (~15 nm) have an absorption band of 362 nm, whereas GQDs
derived from HBC only have weak acromion at 280 nm [40].

In terms of photoluminescence (PL) properties, GQDs, like CDs, can exhibit photolu-
minescence in different colors, such as DUV, blue, green, yellow and red [18,33,41–45]. The
photoluminescence mechanism of GQDs may originate from their intrinsic emission and
defect state emission [15]. The photoluminescence properties of graphene quantum dots
are closely related to their energy gap, and the size of the band gap is directly related to the
size of graphene quantum dots. For example, the blue emission of hydrothermal cut GQDs
(diameter 9.6 nm) is the radiative decay of activated electrons from LUMO to HOMO. At
the same time, the oxidation functional groups (such as hydroxyl, carbonyl and carboxyl
groups) on the surface of GQDs cause it to form a “surface state” (i.e., the energy level
between the π and π * states of C = C), leading to a series of emission traps. When a certain
excitation wavelength irradiates GQDs, the surface state emission trap would dominate
emissions [13]. A higher degree of surface oxidation will lead to more surface traps, which
will lead to redshift emission [46]. In general, the PL of GQDs is a combination effect or
competition between eigenstate emission and defect state emission, and GQDs prepared
by different methods may have different photoluminescence mechanisms, which leads to
the need to consider key factors such as GQDs size, excitation wavelength, pH and solvent
when achieving the photoluminescence characteristics of GQDs.

In addition to strong down-conversion photoluminescence (PL) properties, some
GQDs also exhibit obvious up-conversion photoluminescence properties [47]. For PEG
passivated GQDs prepared by acid oxidation, the up-conversion emission peak redshifts
from 390 nm to 468 nm when the excitation wavelength changes from 600 nm to 800 nm.
When a low-energy photon excites an electron in the PI orbit, the PI electron is excited into
a higher energy state like LUMO, and the electron then returns to a lower energy state,
resulting in up-transition PL emission. Similarly, PEG-GQDs prepared by hydrothermal
reactions were observed to produce up-conversion luminescence induced by such anti-
Stokes transitions [26].
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3.2.2. Electrochemical Luminescence Performance (ECL)

GQDs have also been observed for ECL emission properties. For example, with K2S2O8
as a coreactant, negative cycling occurs between 0 and −1.6 V, and GQDs show strong ECL
emission at −1.45 V [7]. Without K2S2O8 as a coreactant, the ECL emission of GQDs cannot
be observed. It is concluded that S2O8

2- and GQDs undergo electrochemical reduction
reactions to produce SO4

•− strong oxidizing free radicals and GQDs•− free radicals, and
then, SO4

•− strong oxidizing free radicals react with GQDs•− through electron transfer
annihilation, thus obtaining excited GQDs* and achieving luminescence.

Compared with CDs, GQDs have obvious peak ELC at relative positive potential. At
the same time, the maximum wavelength of the ECL spectrum of GQDs is 512 nm, which
has a small redshift (12 nm) compared with the PL spectrum, indicating that the surface
defects of GQDs can be ignored.

Due to their unique photoluminescence and electrochemical luminescence properties
as well as their electrical properties, graphene quantum dots have been widely used in
sensors as follows.

4. Applications in the Field of Sensing

GQDs have good electrical conductivity and inherent fluorescence properties, and they
can be used as probes for sensors to detect various analytical targets. At present, the sensors
manufactured by graphene quantum dots can be roughly divided into optical sensors,
optical biosensors, electrochemical biosensors and photoelectrochemical biosensors and
so on. In this paper, the applications of graphene quantum dots in ion detection sensors,
fluorescent biosensors, electrochemical biosensors and electronic sensor are introduced.

4.1. Ion Detection Sensor

GQDs have excellent PL performance and are suitable for photoluminescent sensors,
and their detection limit (LOD) can reach mole, picomolar or even femtomolar level,
especially in ion detection, showing great application potential, as shown in Table 1.
Specific applications of GQDs in ion detection are described below.

Table 1. Summary table of graphene quantum dots used to detect metal ions.

Scholars GQDs Types of Metal Ions

Mandal [48] DNA GQDs Ag+

Suryawanshi [49] Am-GQDs Ag+

Sharma [50] S, N-GQDs Ag+ and Hg2+

Shi [51] N-OGQD Hg2+

Wang [52] PEI-GQDs Fe 3+ and Cu 2+ ions

Wang [53] modified GQDs with sulfhydryl group Hg+, Zn2+, Ag+ and Cd+

Graphene quantum dots can be used to detect silver ions. Ag+ has antibacterial
and bactericidal properties, often used in industrial and medical fields; the excessive or
unintentional use of silver can lead to diarrhea, skin infections, nerve or organ damage and
other diseases, so the accurate detection of Ag+ has very important practical significance.
Mandal et al. [48] functionalized DNA GQDs to obtain a high-performance silver ion
detection system, in which the synthesized GQDs act as a fluorophore, while silver ions
act as a fluorescence quencher. Therefore, GQDs can be used as a fluorescence sensing
probe for the labeling-free detection of Ag+, with high sensitivity and selectivity. Similarly,
Suryawanshi et al. [49] synthesized graphene quantum dots (GQDs) from biological waste
and modified them to prepare aminoterminal graphene quantum dots (Am-GQDs) with
higher dispersion and photoluminescence intensity. When water contains multiple metal
ions (Cu2+, Co2+, Hg2+, Fe2+, Fe3+, Ni2+ and Pb2+), the fluorescence quenching of the AM-
GQD sensor system, but with the introduction of L-cysteine to the Am-GQD system, the
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fluorescence quenching of the AM-GQD sensor system is reduced. Only Ag+ ions dissociate
from Am-GQD and connect to the -SH group of L-cysteine to restore fluorescence. The
method has the advantages of high sensitivity, good stability, good selectivity, simple
operation, low cost and visible light detection, and it has broad application prospects in the
detection of Ag+ ions in aqueous solutions.

Graphene quantum dots can also be used to detect mercury ions. Mercury ion (Hg 2+)
cannot be metabolized in the human body, and accumulation in the human body will lead
to heart, liver and nervous system diseases and even lead to the formation of malignant
tumors. Dissolved Hg 2+ often has high chemical activity, so how to accurately detect Hg2+

content in water environments has always been the focus of attention. Sharma et al. [50]
prepared sulfur and nitrogen co-doped GQDs (S, N-GQDs) by a solid-state reaction using
thiourea and citric acid as precursors. When exposed to PL radiation, the prepared S, N-
GQDs showed good selectivity and sensitivity to Ag+ and Hg2+ ions. The lowest detected
concentrations for Ag+ and Hg2+ were as low as 12.9 and 9.14 µM, respectively. Shi et al. [51]
prepared N-GQDs by solid-phase synthesis using citric acid (CA) as the carbon source and
3, 4-dihydroxy-L-phenylalanine (L-DOPA) as the nitrogen source. Studies have shown that
Hg2 + and the ‘O’ atoms on the surface of N-OGQDs can be strongly chemically bonded to
form a stable metal complex, and non-radiative electron transfer occurs in the d orbital of
the N-OGQD excited state to Hg2+, resulting in the quenching of the photoluminescence
sensor. Therefore, an efficient fluorescence sensor for detecting Hg2+ can be developed.
The detection limit is as low as 8.6 nM.

Graphene quantum dots can also be used for other metal ions. Wang et al. [52] pre-
pared GQDs using coffee grounds as the carbon source and modified them with polyethylen-
imide (PEI). The N in the obtained PEI-GQDs could effectively bind with Fe 3+ and Cu 2+

ions in the environment and quench PL, thus developing a detection system for Fe 3+ and
Cu 2+ ions. At the same time, Wang et al. [53] also used durian as the carbon source to pre-
pare GQDs, modified GQDs with a sulfhydryl group and then prepared photoluminescent
sensors that could detect metal ions such as Hg+, Zn2+, Ag+ and Cd+. Fluorescence-enabled
nanosensors based on GQDs can also be used to detect harmful lead ions (Pb2+) [54].

The sensor, which uses the selectivity of graphene quantum dots to specific metal
ions to achieve the detection of target ions, is simple and low cost and can be used to
detect various trace elements in the human body and small instant inspection instruments.
However, the sensitivity of this type of sensor is generally poor. Therefore, how to improve
the sensitivity of graphene quantum dots as ion sensors is the future development direction.

4.2. Biosensor
4.2.1. Fluorescent Biosensor

Fluorescent biosensors use biometric elements to convert the signal of the target object
into optical signal output. Similar to photoluminescence (PL) sensors, biological probes
(such as DNA, antibodies, enzymes, etc.) are modified on the surface of GQDs to achieve
the detection of target substances by quenching or restoring the fluorescence signal inherent
in GQDs [55].

Based on the PL characteristics of GQDs, Lu et al. [56] obtained a SiO2/GQDs/ssDNA-
2 composite system by using nano-SiO2 as a carrier and carrying GQDs and ssDNA-2.
When adenosine triphosphate (ATP) was present, SiO2/GQDs were fixed to the electrode
surface to generate ECL signals; if ATP was not present, there was only a very weak ECL
signal on the electrode surface, and then, a biosensor could be built to detect ATP.

Zhao et al. [57] proposed a simple and sensitive fluorescence quantitative analysis
method using GQDs to detect protein kinase activity. The researchers coupled the peptide
substrate to the surface of GQDs. When the substrate peptide was phosphorylated by CK2,
the interaction between Zr4+ ions and phosphate groups was introduced, resulting in the
fluorescence quenching of GQDs. Based on PL quenching, protein kinase activity can be
easily and sensitively monitored.
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Based on the physical properties of polydopamine (pDA) formation on the surface of
graphene quantum dots (GQDs), Zheng et al. [58] developed a fast and simple fluorescence
sensing strategy for the detection of dopamine (DA). In alkaline environment, DA self-
polymerizes into pDA and combines with the surface of GQDs to form a thin film, which
leads to fluorescence quenching, and then, the detection limit of DA is 8 nm.

Fluorescent biosensors based on GQDs can detect various biological calibrators by
modifying biological probes, which has great application prospects, but its sensitivity needs
to be further improved. In the future, how to further improve the sensitivity of graphene
quantum dot fluorescent biosensors must be also a technical hotspot.

4.2.2. Electrochemical Biosensor

Electrochemical immune sensors have good medical significance and practical value.
In recent years, in order to further improve the detection sensitivity, quantum dots and
electroactive composite systems coated with nanoparticles have often been used to develop
new electrochemical immune sensors [59]. Graphene quantum dots can also be used
to build electrochemical immune sensors. Kalkal et al. [60] prepared amine-N-GQDs
with uniform and small size (~3 nm) by the hydrothermal method, which has strong
fluorescence, blue luminescence and long fluorescence decay life. Using biofunctionalized
amine-N-GQDs as energy donors and gold nanoparticles (AuNPs) as energy receptors, the
scholars constructed a fluorescent-enhanced biosensor that can be used to ultra-sensitively
detect small-cell lung cancer biomarkers. Yang et al. [61] used the hydrothermal method to
mount Pt-Pd metal nanoparticles on N-GQDs to form Pt-Pd/N-GQDs and immobilized Pt-
Pd/N-GQDs with Au nanoparticles, that is, Pt-Pd/N-GQDs@Au was obtained. Pt-Pd/N-
GQDs@Au could effectively detect carcinoembryonic antigen (CEA) and thus develop a
new type of ultra-sensitive electrochemical immunosensor.

The electrochemical enzyme electrode sensor uses the enzyme as the sensitive element
and the electrode to convert the undetectable substrate into the product that can be detected
by the electrochemical method through the catalysis of the enzyme. In recent years, GQDs
have been used as a fixing material for enzymes because of their advantages such as larger
surfaces, strong conductivity, non-toxicity and easy synthesis, and GQDs, as a nanocapsuler
for fixing enzymes, have shown good biological activity and stability [59]. Ju et al. [62]
prepared an electrochemical biosensor N-GQDs@AuNP based on the high electrocatalytic
activity of Au nanoparticles. The biosensor could be used to detect a very small amount of
H2O2 associated with cervical cancer cells in human serum, and its detection limit was as
low as 0.12 mM. Based on horseradish peroxidase (HRP), Muthurasu et al. [63] used the
amide bond between the carboxyl group of GQDs and the amine group of the enzyme to
covalently fix the enzyme on a glassy carbon electrode (GCE) modified by GQDs, so as to
detect H2O2 and its content by the electrochemical method.

Electrochemical biosensors based on the functionalization of graphene quantum dots
(GQDs) have been paid attention by researchers and achieved fruitful research results,
but the electrochemical biosensors based on GQDs still have some problems such as
unsatisfactory sensitivity, a complex preparation process and high operation requirements.

4.2.3. Electronic Sensor

Electronic sensors are generally used to detect a certain physical quantity (such as
temperature, photoelectric, humidity, pressure, etc.), and can measure and control these
physical quantities by converting them into electrical parameters such as voltage and
current or into the on–off of a circuit [64].

Graphene quantum dots can also be used in electronic sensors because of their unique
crystal structure and microstructure. Sreeprasad et al. [65] obtained GQDs by oxidation
induction, edge coarsening and the cracking of synthesized graphene nanoribbons and
applied them to electronic sensors of pressure and humidity. These GQDs selectively
formed Coulomb blocking electroosmotic networks with a dry tunneling distance of 0.58 nm
and activation energy of 3 meV at the interface of polyelectrolyte microfibers. When water
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caused by pressure and humidity could be transported through hygroscopic polymer
microfibers (Henry constant = 0.215 torr−1), the average tunneling barrier width between
GQDs was reduced by 0.36 nm (tunneling barrier = 5.11 eV), which could increase the
conductivity of the device by 43 times, and the detection sensitivity of pressure and
humidity was greatly improved. Hou et al. [66] developed a new fiber Bragg grating (FBG)
relative humidity (RH) sensor based on polyimide (PI) doped with graphene quantum
dots (GQDs). When the doping mass fraction of GQDs was 0.2%, the doping of GQDs
increased the number of adsorption sites in the membrane and introduced a large number
of polar oxygen-containing groups into the composite membrane. Therefore, the adsorption
capacity of a PI/GQD composite membrane to water was enhanced, and the sensitivity of
the humidity-sensitive membrane was significantly improved.

Graphene quantum dots can also be used for single-electron transistor (SET) charge
sensors. Wang et al. [67] used electron beam or ion etching to prepare a SET charge sensor
based on GQDs, where the distance of the graphene nanostructure was determined by the
etching area. The SET was placed close to the GQDs, resulting in strong capacitive coupling
between the two systems. Once an extra electron occupied a quantum dot, the potential
in adjacent sets was altered by capacitive interactions, causing a measurable change in
conductance. In this way, the charge transfer through a quantum dot could be measured
using a SET charge sensor even if it is too small to be measured by conventional means.

In short, the electronic sensors based on the graphene quantum dot (GQD) electronic
tunneling mechanism are still in the research and development stage, and the mechanism
of electronic sensors based on GQDs needs to be further clarified, and the application scope
needs to be further expanded.

5. Conclusions

As new carbon nanomaterials, GQDs have made great progress in the field of sensing
systems in just a few years. With the deepening of the understanding of the size, chemical
composition and crystal structure of graphene quantum dots and the continuous optimiza-
tion and improvement of carbon source materials and preparation methods, GQDs have
been able to carry out appropriate functional treatments and reasonable chemical modifi-
cations. More and more new materials derived from graphene quantum dots continue to
emerge, and in particular, the sensing system built based on these new materials is changing
with each passing day, e.g., ion detection sensors, fluorescent biosensors, electrochemical
biosensors and electronic sensors. In general, the fluorescence properties, electrical prop-
erties and electrochemical properties of GQDs and their derived new materials provide a
new idea and method for realizing the effective analysis and determination of metal ions,
enzymes, proteins and other substances.

GQDs have shown great application potential in sensing systems and other appli-
cation fields, but the related research of GQDs is still in its infancy. There are still many
problems to be solved. The complexity of preparation methods, low yield quantification
and photoluminescence mechanism are not clear, which should limit their application scope
in traditional systems. In any case, the understanding and control of graphene quantum
dots is bound to continue to strengthen. With the advancement of scientific research, the
application of graphene quantum dots in the engineering field should be greatly promoted.
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