DE GRUYTER

Rev Inorg Chem 2025; 45(3): 597-622 a

Review Article

Linjing Hao, Shenao Wang, Peng Li*, Yijun Cao and Baolin Xing*

Coal-based carbon/graphene quantum dots:
formation mechanisms and applications

https://doi.org/10.1515/revic-2024-0071
Received August 12, 2024; accepted October 29, 2024;
published online April 3, 2025

Abstract: The Carbon/graphene quantum dots (CQDs/GQDs)
have received increasing attention as emerging zero-
dimensional (0D) carbon nanomaterials. The CQDs/GQDs
were endowed with significant potential in environmental
and energy fields, due to the unique photoluminescence,
good biocompatibility, excellent electron transfer capability,
and low toxicity. Compared with graphite and hydrocar-
bons, coal and its derivatives are considered as alternative
carbon sources for preparing CQDs/GQDs, as their low cost
and abundant reserves. Thereby, the important issue of
realization the deep processing and functional applications
of coal is cracking the C-O bonds that connected the aro-
matic ring clusters in coal and its derivatives to obtain CQDs/
GQDs. This article briefly reviews the synthesis methods and
physicochemical properties of coal-based CQDs/GQDs in
recent years, focusing on the formation mechanism of coal-
based CQDs/GQDs and their functionalization. In addition,
their applications in sensing, photocatalysis, electrochem-
istry and biomedicine are discussed, as well as the prospects
for future research. Hopefully, this paper will provide sig-
nificant support for the design of efficient coal-based carbon
nanomaterials and sustainable options for overcoming bhot-
tlenecks in coal applications.
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1 Introduction

The Quantum dots (QDs) usually refers to nanoscale parti-
cles of conventional semiconductors subject to quantum
confinement effects." A number of other nanomaterials with
similar redox and optical properties without strictly defined
quantum constraints are also referred to as QDs. The semi-
conductor QDs has been used for many years in applications,
such as bioimaging and sensing, owing to their tunable
fluorescence emission properties and quantum confinement
effects.>* However, the semiconductor QDs is highly toxic as
heavy metals are used in the production process, such as
mercury, lead and cadmium, limiting their commercial
large-scale production.>® In order to overcome the toxicity of
heavy metal ions, the carbon dots (CDs) was emerged as an
alternative. The CDs was firstly discovered during the puri-
fication of single walled carbon nanotubes (SWNTs) by Xu
et al. in 2004, reported and described as carbon nano-
particles (CNPs).” Subsequently, the CDs attracted the inter-
est of researchers due to their excellent structural features
and physicochemical properties. Compared with conven-
tional semiconductor QDs, the CDs has the advantages of low
cost, low toxicity, abundant sources, good biocompatibility
and simple preparation process.>? Additionally, lumines-
cence properties and photophysical properties are impor-
tant properties of CDs. Currently, the CDs has been
demonstrated to wide range of luminescence types and
photophysical properties, such as fluorescence (FL), phos-
phorescence, electroluminescence (EL), tunable emission
wavelength, and high photoluminescence quantum
yield."®* These properties have led to widespread applica-
tions of CDs in catalysis, batteries, bioimaging, and bio-
sensing.?>*® They are connected to each other by changing
the degree of carbonisation or graphene layer to establish
connections. Two methods have been proposed for synthe-
sizing CDs, namely “bottom-up” and “top-down”.?*~*! The
“bottom-up” mainly uses microwave or hydrothermal
methods to synthesise CDs from molecular precursors.
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However, the process is more complicated and the reactive
precursors are limited.** The “top-down” uses arc discharge,
laser ablation, or chemical oxidation to decompose and strip
carbon-containing materials, which is simple and has a
relatively large number of reactants. However, the prepa-
ration process of pristine carbon precursors, like carbon
fibres, carbon nanotubes, fullerenes, and graphite, used for
this method is more complicated and expensive, which has
impeded the practical applications and large-scale produc-
tion of CDs. Therefore, the development of low-cost pre-
cursors for carbon nanomaterials is a very interesting study.

Coal is the most widely distributed and abundant fossil
fuels on earth.** The “Peak Carbon and Carbon Neutral”
target has ushered the world into an era of climate economy,
creating opportunities and challenges for green trans-
formation. More and more countries have started to reduce
the share of coal in their energy mix in order to reduce
greenhouse gas emissions.> Therefore, low-carbon pro-
cessing and clean utilisation of coal is one of the key issues
that need to be researched nowadays. Coal is a natural non-
homogeneous polymeric material with a three-dimensional
crosslinked structure consisting of a certain number of
hydrogen-aromatic and aromatic units attached by macro-
molecular structures and bridge bonds.***¢ Additionally,
coal can be turned into chemical products such as liquid
fuels, coal tar, coke and coal pitch through catalytic pro-
cessing and thermal processing. These coal derivatives
maintain the structural characteristics of coal. Thereby, it is
an effective way to construct coal-based carbon materials by
using coal as well as its derivatives as carbonaceous pre-
cursors. The feasibility of preparing fullerenes from coke
was first demonstrated by Pang et al. in 1991.%’ Since then,
more and more researches have been focused on synthe-
sizing coal-based carbon materials such as carbon nano-
fibres,*®*° carbon nanosheets,**** diamond,*® carbon
nanoparticles,**® porous carbon materials,*”*® graphene,
graphene oxide,”">' and more recently CDs. Coal-based CDs
usually have tunable light trapping ability, excellent elec-
tron transfer efficiency, abundant surface active sites and
functional groups, and are used in a variety of applications
including batteries, sensing, catalysis and bioimaging. The
coal-based CDs is mainly classified into graphene quantum
dots (GQDs) and carbon quantum dots (CQDs), based on their
structure, formation mechanisms, and properties. CQDs are
quasi-spherical nanoparticles with diameters of 2-10 nm,
containing mainly sp*® hybridised carbon, and have good
solubility in various solvents. GQDs, on the other hand, are
usually graphene fragments with diameters below 20 nm
small enough to induce quantum size effects, and are mainly
composed of sp* hybridised carbon. As depicted in Figure 1,
numbers of papers in indexed journals with the keyword
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“coal carbon dots” has increased year by year since 2010.
These data highlight the high research interest and potential
of coal-based CDs. Therefore, the construction of CDs using
coal and its derivatives is expected to become a key strategy
to break the bottleneck of coal utilisation.

This paper will focus on the research progress of coal-
based CQDs/GQDs. So far, many excellent review papers
have been published on the synthesis, properties, and
applications of coal-based CQDs/GQDs.>* >® Among them, the
fluorescence properties and synthesis methods of coal-based
CQDs/GQDs have been well discussed, and the article will not
go into details. However, a review on the formation mech-
anism of coal-based CQDs/GQDs has not been reported. In
addition, functionalization of CDs is an effective way to
adjust their surface state and intrinsic structure, and is also a
current research hotspot. Therefore, the article briefly
reviews the synthetic methods and physicochemical prop-
erties of CQDs/GQDs, focusing on the formation mechanism
of coal-based CQDs/GQDs and their functionalization prog-
ress. Their applications in catalysis, bioimaging and chemi-
cal detection are discussed, as well as the exploration and
prospects for future research. Hopefully, this paper will
provide significant support for the design of efficient coal-
based carbon nanomaterials and sustainable options for
overcoming the hottleneck of coal applications.

2 Physicochemical properties of
coal-based CQDs/GQDs

The structures and properties of coal-based CQDs/GQDs
were analyzed using various characterization methods, such
as XPS, SEM, TEM, FTIR, fluorescence and UV/Vis spectros-
copy. Three basic characteristics were obtained by exploring
their spectral features.

Investigation on the UV/Vis absorption spectra of coal-
based CQDs/GQDs reported that the characteristic absorp-
tion peaks are usually attributed to /-7 leaps in the sp?
structural domain and n-7r leaps in some oxygen-containing
functional groups.*~*! Due to the 77— leaps of the C=C bond
in the sp” structural domain, coal-based CQDs/GQDs exhibit
effective photon trapping ability in the short wavelength
region. As a result, they typically exhibit strong light
absorption in the UV region (260-320 nm) that extends into
an end in the visible region.

The synthesis of coal-based CQDs/GQDs is usually
accompanied by the introduction of a number of oxygenated
and highly hydrophilic functional groups such as 0-C=0,
C-0 and C=0, which further increase their solubility.***
Therefore, solubility is also one of the most common



DE GRUYTER

~
Qo
~

120

90

Publication numbers

OHHHHHHHHH

L. Hao et al.: Coal-based carbon/graphene quantum dots —— 599

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Years

Figure 1: High research interest and application areas of coal-based CDs. (a) The number of publications with the Topic “coal carbon dots” from 2010 to
2023 obtained from ISI web of science; (b) coal-based carbon dots and their applications.

properties of coal-based CQDs/GQDs. Saikia et al. synthesized
coal-based CQDs using ultrasound-assisted wet chemical
method,”” and hydrothermal method,®® respectively. FTIR
spectroscopy revealed that the surfaces of the CQDs synthe-
sized by both methods possessed aromatic hydroxyl structures
such as O-H, C-H, C-O and C=0. XPS analysis further
confirmed all the synthesized CQDs contained sp* aromatic
structural units and oxygenated groups such as carboxylic acid,
hydroxyl and carbonyl. Thus, the CQDs exhibits high water
solubility. However, not all coal-hased CQDs/GQDs exhibit high
solubility. CDs can be synthesised using direct microwave ra-
diation using asphaltene as a carbon source.®’” It was found that
the prepared CDs possessed a small quantity of surface
oxygenated functional groups and are highly carbonized by
structural analysis, and exhibited a high degree of lipophilicity.

Fluorescence is one of the most attractive properties of
coal-based CQDs/GQDs, in which the excitons generated by
their absorption of photons rapidly recombine and release
energy in the form of luminescence. Coal-based CQDs/GQDs
differ from semiconductor quantum dots in that their fluo-
rescence emission and light absorption do not originate from
the bandgap and are usually closely related to their surface
composition and intrinsic structure. Current studies suggest
that the mechanism of the fluorescence properties is deter-
mined by quantum confinement effects or the surface states
and defects of CQDs/GQDs.®®*®® Oxygenated groups (C-O,
C=0, 0-C=0) on the sp sites of the aromatic ring, the partial
conversion of the sp® hybridized C=C to the sp® hybridized
C-C, as well as the transformation of crystalline graphite to
amorphous carbon lead to vacant lattice sites and defects

such as sp3 carbon. In addition, the fluorescence emission
mechanism of coal-based CQDs/GQDs largely depends on the
emission properties at the excitation wavelength. Carbon-
containing solid particles quinoline insoluble (QI) can be used
as a carbon source for the synthesis of highly fluorescent CDs.”
CQDs usually have size-dependent emission properties due to
quantum confinement effects.””* The emission properties of
the prepared CDs depend on their size and may also lead to
variations in the nature and density of the available sp’ sites in
the CDs. CQDs can also be synthesised by chemical oxidation
using coke as carbon source.” Since the surface states can
induce energy level structures, multiple energy levels in the
different surface states of the CQDs exhibit excitation
wavelength-dependent PL emission.

The excitation wavelength and structure of coal-based
CQDs/GQDs can be adjusted by rationally changing the pa-
rameters such as ratio/composition of reagents and reaction
temperature/time. Kundu et al. synthesized water-soluble
coal-based GQDs using a wet chemical method and probed
the stability of the GQDs.” The GQDs’ PL intensity did not
change significantly with irradiation time. Instead, the
fluorescence properties of the GQDs was dependent on pH.
The fluorescence intensity was maximum at pH 7, and the
non-aggregated state showed a blue shift when pH changed
to 13. This is attributed to the deprotonation of the carboxyl
groups of the GQDs in alkaline solution which overcomes the
tendency of aggregation of the layers stacked on top of each
other. The red shift upon pH change to one is attributed to
the aggregation in solution reducing the band gap. In addi-
tion, as the non-radiative decay rate increases with
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increasing temperature, this leads to a subsequent decrease
in the PL intensity of GQDs.

It is worth noting that when coal-based CQDs/GQDs are
prepared using selective oxidation of H,0,, the PL intensity
is usually affected by H,0,. The maximum emission peaks of
the PL spectra of CQDs shifted as the concentration of H,0,
was varied.”® CQDs excited at different wavelengths exhibi-
ted luminescence properties dependent on the emission and
excitation wavelengths. Hu et al. also explored the effects of
time, temperature and addition of H,0, to the reaction sys-
tem on the PL intensity of the synthesized CDs.*® It was found
that the amount of ‘OH was not linearly related to the
amount of H,0, in the reaction system. The reaction tem-
perature showed a nonlinear relationship with the PL -in-
tensity, with the highest PL emission occurring at 80 °C. Too
high a temperature promotes the decomposition of H,0, into
0,, minimizing the production of -OH. Too low a temperature
inhibits the ability to convert H,0, to ‘OH due to lack of
energy. The amount of ‘OH increases with reaction time
thereby producing more product and therefore the PL in-
tensity increases with reaction time. However, ‘OH can
attack the carbon atoms of crystalline nanoparticles con-
taining epoxide and hydroxyl groups thereby depleting the
formed CDs. Therefore, lower PL intensity is observed for too
long reaction time.

Numbers of references focus on exploring and demon-
strating the PL properties of coal-based CQDs/GQDs. Unfor-
tunately, the exact origin of the fluorescence emission
mechanism remains controversial due to their undefined
chemical structures and surface moieties as well as inade-
quate characterization tools. Therefore, the relevant PL
mechanisms need to be further explored.

3 Synthesis and formation
mechanism of coal-based
CQDs/GQDs

Coal can be classified as anthracite, bituminous, sub-
bituminous, and lignite depending on the degree of coalifi-
cation of the coal beds in time and depth.> In the last 80
years, more than 134 structural models for coals have been
proposed.”’ Different classes of coals can be transformed
into different products. Typically, lower-rank coals such as
lignite and bituminous are low in carbon content and are
rich in oxygen functional groups and low molecular com-
pounds with random orientation. While high-rank coals
such as anthracite have higher carbon and aromatic carbon
contents and ordered molecular structures. The adoption of
reasonable strategies for coals with different degrees of
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metamorphism is the key to realize the controllable syn-
thesis of coal-based carbon materials.

Combined with the differences in carbonaceous pre-
cursors, the exploration of the formation mechanism of the
prepared coal-based CQDs/GQDs is important to guide the
synthesis of more efficient carbon materials. Unfortunately,
the formation mechanism of the synthesized coal-based
CQDs/GQDs is not clearly explained due to the unclear
structure and the limitation of the characterization means.
Therefore, some articles will resort to structural analysis to
assist in understanding the formation mechanism.

3.1 Synthesis of coal-based CQDs/GQDs

Inrecent years, methods for synthesizing coal-based CQDs/
GQDs have emerged. Solvothermal and hydrothermal
methods are the most common techniques, which have the
advantages of low energy consumption, simple operation
and no need for special reaction equipment. Notably, the
oxidation process needs to be accomplished by tailoring the
bulk coal and its derivatives with oxidizing agents.
Commonly used oxidizing agents are H,SO,, HNO3, H,0,
and O; etc. H,0, and ozone provide a milder oxidation
process. However, due to the low product yields, there are
fewer related studies. Oxidation of coal and its derivatives
using strong oxidizing acids such as H,SO, and HNOj is
currently the most common method. Notably, coal-based
CQDs/GQDs prepared by this method usually introduce N-
or S-containing groups. An orange fluorescent CQD with
605 nm long-wave emission has been synthesised in the
literature by solvothermal method using coal tar as a raw
material.”® Analyzing the structure of the CQDs, it could be
deduced that nitric acid oxidation introduces N-based
groups including nitroxyls and O-based groups (e.g.,
hydroxyl groups).

Physical and electrochemical oxidation methods have
also been used for the preparation of coal-based CQDs/GQDs,
which are simple and time-consuming, but consume more
energy. Among them, the electrochemical oxidation method
can regulate the surface groups and particle size by solvent
and applied current. However, the preparation of suitable
coal-based electrodes requires a tedious pretreatment
process.

Regardless of the synthesis method used to prepare coal-
based CQDs/GQDs, they need to be purified by corresponding
post-treatment processes to remove solvents and residues.
Commonly used post-treatment processes are dialysis,
centrifugation, filtration and rotary evaporation. The size of
coal-based CQDs/GQDs may be affected by parameters such
as dialysis time, centrifugation rate and membrane pore
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size. Thus, attention also needs to be paid to the purification
of coal-based CQDs/GQDs.

Coal-based CQDs/GQDs synthesized by different prepa-
ration processes will have different microstructures, elec-
tron transfer capabilities, and photoluminescent properties.
Ye et al. synthesized bandgap-tunable GQDs using anthracite
coal as a carbon source using two methods.” One is a one-
step chemical synthesis method to prepare smaller-sized
GQDs by successive warming, and the other is a chemical
oxidation treatment and staggered flow ultrafiltration sep-
aration method. The band gap and size of GQDs synthesized
by different methods are different. The photoluminescence
of GQDs ranges from blue-green (2.90eV) to orange-red
(2.05 eV) due to differences in size, defects and functionality.
Therefore, different methods can be used to customize the
morphology of CQDs/GQDs, thus extending their applica-
tions in various fields.

Differences in the coal sources used as carbonaceous
precursors can lead to differences in the products. Lower-
order coals may produce more oxygenated functional
groups, while higher-order coals may provide more graph-
itized frameworks.> It was obtained that bituminous coals
have smaller polyaromatic domains and more aliphatic
chars, while coke and anthracite have a certain amount of
graphite-like stacking domains, and the shapes and sizes of
the prepared GQDs show significant differences.*’ In
particular, the degree of coalization or coal rank does not
determine the ease with which oxidative stripping of coal-
based CQDs/GQDs occurs. Low-rank coals may be more
prone to oxidative stripping to produce coal-based CQDs/
GQDs. One study used coal samples from six different coal
systems as carbon sources to prepare single-layer GQDs
(S-GQDs).®! It was found that the yield of S-GQDs decreased
with the increase of coal rank. Higher rank coals contain
more carbon-based nanomaterials such as some CQDs, gra-
phene oxide, and agglomerated carbon nanocrystals. Li et al.
prepared symbiotic coal-based GQDs and coal-based gra-
phene sheets (GS), and found that the GQDs and GS were
distributed in different interlayers and were able to regen-
erate stably.®? Moreover, the higher the reflectivity of the
original coal, the larger the diameter of the GQDs, and the
better the crystalline order of the symbiotic body.

3.2 Formation mechanism of coal-based
CQDs/GQDs

3.2.1 Acid etching

Most of the current studies have utilized strongly oxidizing
and corrosive acids such as H,SO, and HNO; to corrode
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and oxidize coal and its derivatives. These acidic reagents
in aqueous solution can disrupt the interlayer forces
of coal and cut its large sp? carbon domains into small
pieces. Combination of acidic oxidative etching and
carbonization can fabricate coal into size-controlled
fluorescent CDs.** Among them, the carbonization tem-
perature is an important factor to control the size of CDs.
The size of CDs is the smallest at 700 °C may be due to the
gradual conversion of organic hydrocarbons in the coal to
amorphous carbon at lower temperatures (400-700 °C),
leading to the increase of amorphous carbon after acidic
oxidation. As the carbonization temperature increases,
the size of coal-based CDs increases. And these amorphous
carbons may be transformed into crystals with fewer
structural defects at higher temperatures (900-1500 °C),
which makes the exfoliation of graphite crystals more
difficult.

The two-step oxidation method also yields bandgap-
tunable CQDs.76 First, pre-oxidation with K,FeO, as oxi-
dants in H,SO, medium can form numerous active centers
on the coal particles’ surface. Subsequently, CQDs are
obtained by oxidation with H,0,. Pretreatment with
K,Fe0,4/H,SO, allows the sp3 C-C bonds to be oxidized while
the C=C bonds remain intact.®* K,FeO, and H,S0, can be
inserted into the interstitial spaces of coal molecules
quickly. The oxidants react with water or H" to produce
large amounts of oxygen while the aliphatic fraction is
oxidized.®> As a result, non-covalent interactions such as
hydrogen bonding, m—m interactions, van der Waals in-
teractions and electrostatic interactions are disrupted,
leading to significant expansion of fly ash volume. In
addition, oxidized coal has higher H,0, reactivity than raw
coal. Therefore, controlling the concentration of H,0, can
result in CQDs with different bandgaps.

Direct coal liquefaction is a technology to convert coal
into clean liquid fuels. The highly conjugated structure of
coal is decomposed by catalytic hydrogenation in direct
liquefaction into small aromatic structural.®>®” However,
direct liquefaction of coal produces a coal liquefaction
residue that accounts to 30 wt% of the feed coal ®*° Qin
et al. synthesized CDs using coal liquefaction residue as a
carbon source and H,0,/H,SO, as an oxidizing agent and
utilized a mild oxidation method.®® H,0,/H,S0, solution
selectively oxidized and cleaved the fatty chains obtained
from liquefaction to obtain H,0 and CO, and leaving behind
stable conjugated fragments. As a result, CDs enriched in
oxygen-containing functional groups such as—C=0 and-
COOH were formed at the edge sites. Unreacted coal
liquefaction residue and ash were removed through
centrifugation. This structure makes the prepared CDs
more reactive and hydrophilic.
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3.2.2 Acid-free oxidative functionalization

In addition to the utilization of oxidizing acids, there are
other oxidants such as H,0,, supercritical water or potas-
sium persulfate that can also be used as oxidizing agents in
the reaction system. These oxidizing agents cause oxidation
or cleavage of coal fragments, which makes it easier to
convert them into small-sized coal-based CQDs/GQDs. Coal-
based GQDs can be synthesized by solvothermal method
using potassium bisulfate as oxidizing agent.” This method
does not involve acid oxidizing agents. The possible forma-
tion mechanism of GQDs involves a combination of free
radical oxidation and solvent-thermal redox. First, potas-
sium persulfate generates ‘SO, or ‘OH in a solvent thermal
redox reaction. Graphite fragments of coal are reduced or
cleaved by the resulting radical oxidation, providing an acid-
free reaction for the synthesis of GQDs. Subsequently, coal is
readily converted into very small-sized GQDs due to a com-
bination of oxidative functionalization and solvent thermal
cleavage. The synthesized GQDs are enriched with oxygen-
ated functional groups such as hydroxyl, alkoxy, carboxylic
acid and epoxy groups, that provide excellent dispersibility
of GQDs in different solvents.

The molecular structure of coal tar pitch (CTP), which
consists of an aromatic ring and several side chains attached
to this ring, has a natural similarity to the structure of coal-
based CQDs/GQDs. Compared with other materials, CTP is
easier to be converted into coal-based CQDs/GQDs. The
unique aromatic-core molecular structure of CTP leads to the
crystalline nature of the prepared CQDs/GQDs. Shi et al.’*
and Liu et al.” synthesized homogeneously distributed CQDs
and GQDs, respectively, by using CTP as a carbon source
using a mild oxidation method with H,0,. The possible
mechanisms for the formation of CQDs/GQDs from CTP are
the same. That is, H,0, selectively oxidizes the edge-
connected alkyl chains of the CTP molecule to oxygen-
containing groups. At the same time, the aromatic nuclei in
the CTP molecule are retained and form the graphite domain
structure of CQDs/GQDs.

CTP is an amphiphilic carbonaceous material that is
soluble in alkaline aqueous solutions. Size-tunable CTP-
based CDs can be obtained by hydrothermal method using
NaOH as an additive.”* The structural analysis suggests
that the formation mechanism of CD is “bottom-up”,
i.e., dissolved nitro-pitch is converted into CD under the ac-
tion of NaOH (Figure 2c). The minimum pH at which the
asphalt dissolves is the threshold for this reaction, and after
dissolution, it is functionalized by NaOH and part of the nitro
group is converted to N (transition state). Subsequently, N*
binds to the aromatic ring and forms C-N-C, resulting in the
formation of CDs. The hydrothermal reaction stops when the
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PH is less than 12.15 with NaOH consumption. Thus, NaOH is
very important in the dissolution of marginally functional-
ized and nitrified bitumen. Notably, the extent of the reac-
tion increases with the consumption of NaOH and
consequently the size of CDs increases.

Coal-based fluorescent CDs can be prepared by selective
oxidation of H,0,.*® The microstructure of coal exhibits
organic carbon chains connecting crystalline domains, and
the possible mechanisms for the formation of CD are shown
(Figure 2a). It is commonly believed that the -OH radical ex-
hibits a strong oxidizing ability. When heated, the -OH radical
selectively oxidizes the organic carbon chains to H,0 and CO,.
While the stable crystalline carbon is retained thereby
forming CDs. By exploring the process of -OH formation using
terephthalic acid (TA), it was verified that the thermal exci-
tation energy can be effectively transferred to the hydroxyl
groups of coal and the water absorbed on the surface thus
producing ‘OH (Figure 2b). A large number of COOH groups
are found on the surface of CDs, which may be attributed to
the decomposition of C=C and C—C bonds in coal by -OH during
the reaction process to produce more peripheral carbon to be
produced by oxidation.”® In addition, the O content of CDs was
higher than that of coal proving the presence of -OH-induced
oxidative spalling occurring in coal. The possible formation
mechanism of CDs was verified by analyzing the surface
states and electronic structures of CDs.

Sasikala et al. prepared banded graphene materials with
large aspect ratios using anthracite as a carbon source in a
reducing environment provided by scEtOH, and monolayers
of oxidized GQDs in high yields (55wt%) in an oxidizing
environment provided by scH,0.° Parallel pyrolysis and
hydrolysis reactions have been reported to occur when het-
eroatoms containing groups in scH,0 are linked to molecules
containing saturated carbon.'® First, the highly diffusive
nature of supercritical fluids will result in the stripping of
coal. Secondly, the shear effect generated by the high tem-
perature and high pressure conditions of the reactor will
combine with the disordered crystal structure and inherent
heteroatom doping of the coal to cut large portions of its
structure into fragments. The aspect ratio and size of the
graphene material obtained through fracturing and exfolia-
tion at this point are determined by the oxidizing nature of the
supercritical fluid. In turn, the oxidation of scH,0 is accom-
panied by a hydrothermal decomposition reaction that leads
to the complete depolymerization of the coal, thus obtaining
crystalline GQDs with smaller aspect ratios.

3.2.3 Carbonization

Not all formation of coal-based CQDs/GQDs involves acid
etching with oxidation. Carbonation can also induce the
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Figure 2: Mechanisms of formation of various types of coal-based CDs. (a-b) Formation mechanism of CDs in coa

1:8 (c) Formation mechanism of CDs

prepared from nitrified bitumen;®* (d) Possible mechanism of coal conversion to GOQDs using PLAL method:;® (e-f) Excitation PL spectra of relevant coal-
based CDs when the excitation wavelength is varied in the range of 300-480 nm as well as the thermally-assisted electrochemical cleavage of graphite
oxide into B-CDs by a possible mechanism;® (g-h) two-step formation mechanism for the synthesis of coal-based GQDs by electrochemical stripping.”’

synthesis of CQDs/GQDs. Liquid coal biodegradation prod-
ucts (LPBCs) are produced during the biodegradation of coal.
The LPBCs contain various oxygenated reactive functional
groups such as quinone, phenolic hydroxyl, and carboxyl
groups, as well as low relative molecular masses. LPBC can
be used as a carbon source to synthesise CD using hydro-
thermal methods.'®" During the synthesis process, organic
small molecules in LPBC gradually formed sp* and sp®
hybridized carbon nuclei through polymerization and
carbonization. The carbon core extends to the surface of the
nanoparticles through other molecules and then continues
to grow to obtain the blue-green fluorescent CD. Unfortu-
nately, the formation mechanism of CD is not yet completely
clear, and further exploration is needed.

3.2.4 Physical bond breaking

When coal is treated using physical processes such as laser
or ultrasound, the high energy breaks the bridge bonds in
the coal, which results in the fragmentation of the coal into
small nanoparticles. Typically, the reaction also requires
the addition of a solvent in order to facilitate the dispersion
of small particles. Coal-based CDs can be prepared by
pulsed laser ablation using ethylenediamine (EDA) as sur-
face passivator and reaction solvent.'”* The pressure and
temperature at the reaction sites during pulsed laser
ablation were very high, so that the cleavage of ether,

alkene, and methylene bonds along the thermally unstable
ester bonds was more likely to occur. Temperature-
activated chemical reactions carried out by EDA accom-
pany the breaking of these bonds and promote their
effective surface passivation. It is shown that the quantum
confinement effect is effective in modulating the
wavelength-dependent emission behavior only when the
CDs are very small in size.

Coal-based GQDs (C-GQDs) can be prepared by one-step
ultrasonic physical shear method.'®® Ultrasonic irradiation
action breaks down the bridging bonds in the coal, resulting
in nanoscale sp” carbon crystal structures with many edge
defects. The prepared C-GQDs exhibited two different fluo-
rescence emission patterns. Electronic structure analysis
and the evolution of surface states indicate that the long-
wavelength emission and short-wavelength emission are
mainly attributed to the n-7 leaps of oxygen-containing
groups as well as the 77— leaps of sp® conjugated carbons.
CDs can be synthesized from low-grade, high-sulfur coals
using wet-chemical ultrasonic stimulation induction.'**
Low-grade coals have been reported to typically have
graphite-like polyaromatic structures.”* Therefore, the
graphitized and non-graphitized polycyclic aromatic hy-
drocarbons (PAHs) present in the coal were exfoliated dur-
ing ultrasonic treatment of high-sulfur coal in the presence
of H,0,. The PAHs fragments were further decomposed into
C, carbon units, which formed CDs through polymorphic
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reactions. In addition, hydrogen in raw coal is important in
the formation of CDs.'%>%

Pulsed laser ablation liquid (PLAL) technique can be
used to synthesize coal-based graphene oxide quantum dots
(GOQDs).” The possible formation mechanism of GOQDs
from coal is shown (Figure 2d). Solid target surfaces undergo
Coulomb explosion during laser pulse injection. The plasma
plume first forms around the target coal, which is attributed
to the absorption ionization of multiphotons.'®® Subse-
quently its expansion and cooling occur leading to the cre-
ation of cavitation bubbles in solution. When the
temperature and pressure inside the bubble are lower than
the surrounding solution, the carbon clusters in the cavita-
tion bubble are ablated away from the target while still
having a high surface energy, which tends to aggregate and
form layered graphene sheets. The graphene sheets are
further ablated by the injected laser to form nanoscale
GOQDs. It is notably important to note that the use of a laser
source with a low power density will affect the formation of
GOQDs. Different cooling rates within the plasma plume may
also affect the size of GOQDs.

3.2.5 Electrochemical stripping

Electrochemical flaking has the advantages of high yield,
high efficiency, low cost and easy operation. The mechanism
of electrochemical oxidation is usually divided into two: one
is the intercalation of anions; the other is the attack of free
radicals, which act like “scissors” to break the connection
between graphite domains. The surface functional groups
and particle size of coal-based CQDs/GQDs can be realized by
controlling the concentration and type of electrolyte on the
electrode and the current density.

Multicolor fluorescent GQDs could be obtained by
applying current density and adjusting the aqueous solution
of electrolyte using coke as a carbon source.’” The possible
mechanism of formation of GQDs can be divided into two
key steps (Figure 2g). The H,0 plays a very important role in
step one. It has been reported that ‘O and -OH radicals
generated from the decomposition of H,0 can exfoliate coke
into multilayer graphene sheets by efficient electrochemical
oxidative cleavage.'””' Firstly, the free radicals attack the
edge surface of coke to accelerate its oxidation or hydrox-
ylation process, thus promoting the formation of more edge
flakes on the edge surface."™ (NH,4),S,05 as a specific elec-
trolyte plays a very important role in step II. SO, radicals
with strong oxidizing properties are formed through the
electrochemical reaction of $,05>". The opening of the edge
sheet allows the successful insertion of the SO, radicals into
the lamella. Subsequently, the product obtained from the
splitting of the lamella by the radical expands in the stacking
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direction, favoring the destruction of the weaker aliphatic
C—C bonds. The stronger aromatic C-C bonds, on the other
hand, will mostly remain intact and integrate to form aro-
matic crystalline carbon structures thereby forming nano-
scale GQDs."” The electrochemical reaction mechanism
involves complex interactions between O, OH and SO,~
radicals (Figure 2h). Notably, the concentration of -0 and -OH
radicals in the electrolyte solution increases with increasing
H,0, thereby cutting the coke into smaller graphene
flakes. The SO,~ radicals further exfoliate these graphene
flakes into GQDs with a fluorescence-emitting blueshift.
Conversely, the amount of GQDs with a fluorescence-
emitting redshift will increase with decreasing H,O content.

Coal-based bimodal emission carbon dots (B-CDs) can be
synthesized using thermally assisted electrochemistry.’ The
B-CDs exhibited PL emission under single-wavelength exci-
tation at 510 and 415 nm, respectively (Figure 2e). This is
attributed to the coexistence of carbonyl-associated surface-
state PL centers and core-state PL centers generated on the
B-CDs surface under thermal induction. The possible for-
mation mechanism is shown (Figure 2f). First, oxidizing
conditions oxygen atoms bind to the graphite surface and
form two-legged epoxy bridges. In order to reduce the
energy, they align and create a collective tension breaking
the underlying C-C bond."*"* Subsequently, the hydroxyl
groups in the basic electrolyte undergo a thermally assisted
ring-opening addition reaction with the epoxy groups and
form hydroxyl pairs attached to the edge carbon atoms.
During electrochemical oxidation, the hydroxyl pairs are
further converted to carbonyl pairs. Then, the flaky B-CD
was separated from the bulk graphite. The prepared B-CDs
had carbonyl groups immobilized on the surface/edge and
contained relatively large sp” (graphene-like) structural
cores.

4 Functionalization of coal-based
CQDs/GQDs

Coal-based CQDs/GQDs show great potential for applications
in many fields owing to their excellent physicochemical
properties. In order to further improve their photophysical
and photochemical properties and extend their applications,
the functionalization of coal-based CQDs/GQDs has been
proposed. Currently, the three main functionalization stra-
tegies are surface modification, material hybridization and
heteroatom doping. It has been shown that surface func-
tionalization can modulate the internal electronic structure
and provide abundant active sites, thus enhancing the
selectivity of coal-based CQDs/GQDs and applying them to
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different fields.">"® Surface modification of the surface
functional groups of coal-based CQDs/GQDs allows them to
retain the unique properties possessed by functional ligands.
Whereas, heteroatom doping is mainly used to adjust their
intrinsic properties.

4.1 Surface modification

Surface modification is a strategy to functionalize coal-based
CQDs/GQDs with functional ligands, such as polymers or
organic molecules, by chemical bonding or physical mixing,
which can increase the number of active sites and change
their surface state.

The preparation of double peaked carbon dots (D-CD)
can be realized by using coal-based CD as the crystalline
material and diammonium phosphate (DAP) as the modi-
fier.""” The thermotropic surface modification of coal-based
CD by DAP and reaction temperature was the main reason
for the formation of D-CD. Structural analysis indicated that
P-containing and N-containing groups were introduced into
the CD through DAP functionalization, which was the source
of the double PL peak emission. The possible formation
mechanism of the PL of D-CD is shown (Figure 3a and b). As
previously reported, O-containing groups on sp? hybridized
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carbons can induce significant local distortions and subse-
quently generate different energy levels (called O states)
below their lowest unoccupied molecular orbitals
(LUMOs)."® The O states produce excitation-dependent PL
emission as the excitation wavelength increases. The amine
group introduces a new energy level below the LUMO (called
N state). The energy level decreases with increasing number
of NH, groups. The N state acts as an electron trapping
platform at specific energy levels, which facilitates efficient
radiative complexation. When the excitation energy is
higher than the excitation energy of the N state, the R1
emission of D-CDs dominates and exhibits excitation-
independent emission properties. And the excellent
electron-donating ability of the P-containing groups pro-
motes the energy level states (called the P state) above the
highest occupied molecular orbital (HOMO). The R* emission
caused by the jump between the P state and the N state
occurs at the same time as that of the R1, resulting in the
D-CDs exhibiting bimodal PL emission.

Surface modification of coal-based CQDs can be ach-
ieved by grafting organic amino molecules.'” The CQDs
modified by different organic modifiers exhibit similar PL
emission spectral properties with only slight displacement of
the emission peaks. The amine-grafted CQDs exhibited
enhanced PL intensity to varying degrees. Notably, the
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Figure 3: Mechanisms of action of various types of coal-based CDs. (a-b) schematic representation of PL mechanism of coal-based D-CD.
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(c) Schematic

representation of possible mechanism of action of Ag/CQD nanocomposites.™ (d) Schematic representation of the passivation mechanism of N-GQDs of
MAPbI; chalcogenides.'® (e) Study on the degradation of CPBL and hydrogen production mechanism by PEC.™'
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EDA-grafted CQDs had the highest quantum yield. This may
be attributed to the specific proton transfer from the amine
ligand to the conjugated fluorophore-like structure. Nilewski
et al. reported the polyethylene glycol (PEG) functionaliza-
tion of coal-based GQDs.'* Quinone and carboxyl groups are
the main oxygenated functional groups in GQDs, which
have fewer C-0 bonds as well as increased carboxylic acid
groups. In contrast, the PEGylated GQD samples exhibited an
increase in C-0 bonds and a decrease in free carboxylic
acids as they were converted to amides.

4.2 Material hybridization

To further extend the functionality of coal-based CQDs/
GQDs, combining them with other materials to form het-
erogeneous materials is also an effective strategy. The
nanomaterials used to construct the composites are mainly
metals and oxides, etc. TiO,, FeS, and a-Fe,05 have been used
to composite with coal-based CQDs/GQDs to form hetero-
structures and applied in the field of catalysis. The con-
struction methods mainly include in situ growth, chemical
bonding and physical mixing. The construction of novel coal-
based CQDs/GQDs composites is of great significance to
broaden their applications. In particular, Ag as a noble metal
particle has received increasing attention owing to its sta-
bility and surface plasmon resonance (SPR) effect.

Ag/CDs composites were obtained by in situ attachment
of synthesized coal-based CDs to Ag surface using silver
mirror reaction.'** CDs contain reducing groups such as CN
and CHO on their surface. Under the action of the reducing
agent PEG-400 and heating and stirring, the reducing groups
were oxidized to oxygen-containing groups such as COOH,
and the complex ion [Ag(NH3);] OH in the silver NH3-H,0
solution was reduced to Ag nano-particles (NPs). The CDs
containing numerous groups such as COOH, CN, and CHO
formed Ag-O bonds or chelated adsorbed on the newly
formed Ag particles, thus inhibiting the further growth of Ag
nanoparticles. Ag/CQD nanocomposites can also be obtained
using coal-based CQD as stabilizer and reducing agent
(Figure 3c)." Silver exists in Ag/CQD in the oxidation state of
metal zero-valent. Usually, the ability of metal particles to
attach to the surface of carbon nanostructures is attributed
to the existence of oxygenated functional groups such as
phenolic, carbonyl, and carboxyl groups on their surfaces.
Another hypothesis is that metal particles are also attractive
to carbon nanostructures that lack oxygen-containing
functional groups.'”'?® So the interaction of oxygen with
functional groups on CQDs with AgNPs and the correlation
between the d orbitals of Ag and the p/m orbitals of carbon in
AgNPs are considered to be responsible for the generation of
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Ag/CQDs. It was observed by surface state and electronic
structure analyses that CQDs are functionalized by oxygen-
ated functional groups and are surface-associated with
functional groups with negative surface charges. The
cationic Ag® ions readily coordinate with the functional
groups on the CQD surface and reduce themselves to Ag (0).
As aresult, AgNP is generated on the surface of CQD and does
not aggregate with the help of surrounding edge charges.

4.3 Heteroatom doping

Heteroatom doping is a common surface functionalization
strategy. Some elements such as N, P, S, and B have been used
as dopants to replace carbon atoms in the sp¥/sp’ network.
Typically, heteroatom-doped coal-based CQDs/GQDs can be
synthesized directly by direct carbon-activated heteroatom-
rich carbonaceous materials or by in situ doping. Heteroat-
om doping can effectively modulate their electronic distri-
butions and structures, including metal doping and
nonmetal doping.

Among various nonmetals, N doping is a very important
means. C and N have similar atomic radii and are adjacent to
each other in the periodic table. Therefore, N doping in coal-
based CQDs/GQDs is a powerful means to improve their
material properties and adjust their material structures. The
prepared coal-based CQDs/GQDs usually have nitrogen-
containing functional groups such as-NO, and amino
groups, as well as oxygenated functional groups such as
hydroxyl and carboxyl groups, thus achieving successful N
doping and surface functionalization of CDs, which exhibit
good hydrophilicity.’”*?® L] et al. prepared coal-based N-CDs
using anthracite as a carbon source in the presence of
dimethylformamide."®® The sp? carbon structural domains in
anthracite and the neighboring layers were connected by
bridge bonds to form its macromolecular structure. Firstly,
the light component in anthracite can be well dispersed into
the solvent during solvent heating. At the same time, the
partially decomposed dimethylamine from dimethylforma-
mide can be doped into the sp? carbon structural domains by
nucleophilic ring-opening reaction with bridge bonds be-
tween adjacent layers. As a result, smaller-sized sp? carbon
structures in anthracite are stripped out and form N-CD.
Compared with the acid oxidation method, the N-CD pre-
pared by this method has more conjugated structures and
fewer functional groups.

Hu et al. prepared coal-based N-GQDs by chemical re-
agent oxidation (Figure 3d)."*° The main forms of doped N
are pyridine nitrogen and pyrrole nitrogen, and graphitic
nitrogen has the lowest content. And the electron-rich pyr-
idine nitrogen in N-GQDs can be used as Lewis bases with
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uncoordinated lead ions to form coordination bonds through
shared electron pairs, thus decreasing the defect density and
nonradiative complexation of photogenerated electron
holes and prolonging the carrier lifetime.

Loading coal-based N-CDs onto Cu nanorods, composite
catalysts N-CD/Cu NRs can be obtained by ammonia thermal
cutting method (Figure 3e)."* Structural analysis showed
that coal-based N-CDs exhibit good hydrophilicity because
their main components are aromatic structures linked to
oxygen- and nitrogen-containing groups such as amino,
carboxyl, hydroxyl and epoxy groups. The C-O peak of
N-CD/Cu NRs disappeared after hydrothermal synthesis
compared to coal-based N-CDs. This is probably attributed to
the formation of -CONH- (amide bond) by the C-O func-
tional group on the N-CD surface during hydrothermal
synthesis. N-CD/G hybrids can be obtained by combining
coal-based N-CD with GO by hydrothermal method.™*°
Graphene was used as a carrier for immobilizing and
dispersing N-CD to avoid CD aggregation and to facilitate fast
electron transfer effects. Structural analysis shows that N-CD
is uniformly dispersed on the surface of graphene and plays
an important role as a catalytic site. And N-CD/G contains
oxygen-containing functional groups such as C-0, C=0 and
0-C=0. The presence of these functional groups makes N-CD
more hydrophilic under alkaline conditions, resulting in a
stronger affinity for electrolytes and dissolved oxygen.

N and B are a novel pair of double dopants. Fei et al.
synthesized coal-based GQDs and self-assembled them on
graphene to form nanosheets, followed by high-temperature
annealing to form N- and B- co-doped carbon nanomaterials
(BN-GQD/G)."! The high specific surface area of GO acted as a
two-dimensional template guiding the assembly of GQDs.
Strong interactions between the carbonyl and hydroxyl
functional groups of GQDs and GO ensured a tight stacking
between them and the formation of GQD/G hybridized
nanosheets. In particular, when GQD is in excess, the surface
area provided by GO is not sufficient to support GQD and
thus severe aggregation occurs. The abundant oxygen-
containing functional groups and exposed edges of GQD
facilitate the doping of dopants. The doping amounts of B
and N can be adjusted by varying the doping time. When the
doping amount is increased, B and N tend to exist in pairs.

Co-doping of GQDs with heteroatoms such as S, P, and N
hasbeen determined to be an effective way to enhance QY by
introducing defects and adding more coordination
sites.”*>* Due to the synergistic coupling effect between the
heteroatoms, co-doping can produce more catalytically
active centers than monoatomic doping. S, P, and N co-doped
coal-based GQDs (NPS-GQDs) were synthesized by a one-step
wet chemical and dialysis method."*® The localized doping of
S, P, and N on GQDs can reach the levels of 3.7 %, 3.7 %, and
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5.6 %, respectively (on an atomic basis). S, P and N intro-
duced more defects and disorder at the edges and hottoms of
coal-based GQDs. The prepared NPS-GQDs surface contained
numerous hydroxyl and amino groups and showed good
hydrophilicity. In order to investigate the formation mech-
anism of NPS-GQDs, four types of coal with different coal
rank, namely, coal ash, anthracite, coking coal and lignite,
were synthesized as carbon sources. The basic units of
the coals are connected to each other by bridge bonds such
as —S—, —0-, —CH,—0- and—CH,—CH,—. Their edges are usu-
ally capped with alkyl side chains and other functional
groups. The higher the coal rank or the higher the degree of
coalification, the fewer the functional groups and side
chains. During the formation of GQDs in coal, an oxidant is
inserted into the coal and oxidizes the interlayers of the
graphitic structure in the coal. Layer spacing increases with
the degree of oxidant penetration, and bridge bonds break at
weak points and form GQDs. Typically, the number of ben-
zene rings in the coal basic unit is referred to as the degree of
graphitization. Raw coals with either too low or too high a
degree of graphitization are not successful in synthesizing
high-quality GQDs. Thus, coals with the right degree of
graphitization are largely capable of forming homogeneous,
short-range-ordered, but long-range-disordered GQDs.

Metal doping can also improve the physicochemical
properties of coal-based CQDs/GQDs. Lanthanide fluorescent
complexes have been widely used as fluorescent probes in
various fields. Among them, Eu(Ill) complexes have great
advantages due to their long PL lifetime, large Stokes shift
and their narrow emission at long wavelengths. Trinchet
et al. prepared Eu(II)-doped surface-modified CQDs with
hydrophobic coatings.™®” This surface functionalization not
only changes the accessibility of water molecules to Eu, but
also improves the dispersion of the nanoparticles in
nonpolar media.

Surface modification, material hybridization and het-
eroatom doping are all functionalization strategies that
can effectively tune the intrinsic structure of coal-based
CQDs/GQDs and change their physicochemical properties.
Unfortunately, it is still difficult to explain how functionali-
zation changes the intrinsic structure, which deserves
further investigation in the future.

5 Application
5.1 Sensing
Coal-based CQDs/GQDs have been widely used in different

fields due to their excellent physicochemical properties.
Among them, the use in the sensing field is the more
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frequent report that appeared. Sensors based on coal-based
CQDs/GQDs exhibit high selectivity and low detection limits.
The remarkable fluorescence properties exhibited by coal-
based CQDs/GQDs can be used as probes for ion detection in
bioanalysis and environmental protection. The mechanism
of luminescent sensors is primarily founded on bursting or
restoring the fluorescence emission of coal-based CQDs/
GQDs in the presence of analytes.*®*° Currently, the ana-
lytes have been extended from common heavy metal ions to
inorganic molecules and biomolecules. In addition, coal-
based CQDs/GQDs have been applied in temperature and PH
sensing devices because they exhibit some sensitivity to
temperature and PH. Generally, the fluorescence on/off
method is the main design method for sensor systems.

5.1.1 Detection of metal ions

Toxic heavy metal ions such as lead, silver, copper, cadmium
and chromium (VI) are widely used in a large number of
food, pharmaceutical and agricultural plants. The release
and accumulation of these ions occurs thus jeopardizing the
ecosystem and human health. Detecting the concentration of
metal ions in the environment is of great significance for the
safety of the food chain and human health. Previous detec-
tion methods include atomic absorption spectroscopy (AAS)
or ionization mass spectrometry (IMS). Recent studies have
begun to use CQDs to detect metal ions in a simple and
economical way. Das et al. investigated the fluorescence
emission properties of coal-based CDs in buffer solutions
containing different metal ions.'®* The results showed that
Ag" exhibited the highest tendency to fluorescence burst.
Surface charge analysis showed that the cation Ag* has a
tendency to coordinate with the functionalized CDs. The
surface oxygen-containing functional groups of CDs reduce
Ag® to Ag” thereby forming Ag nanoparticles. Whereas, sil-
ver nanoparticles get stabilized without aggregation with
the help of external charge of CD. Hu et al®** and Zhang
et al.'® used the prepared coal-based CDs and coal-derived
GQDs (C-GQDs) as fluorescent probes to detect various metal
ions present in water, respectively. The results showed that
Cu** exhibited the highest selectivity for both prepared coal-
based CDs with significant bursting effect. The former may
be attributed to the rapid metal-ligand binding kinetics and
high thermodynamic affinity of Cu®** for N,0-chelating
groups on the surface of coal-based CD, with a detection
limit as low as 2.0 nM. Thus, Cu** quenches the fluorescence
of CD in the presence of an electron or energy transfer. The
latter is attributed to the multisite coordination of oxygen-
containing groups with Cu** in C-GQD. In the range of
0-8 umol L™, the Cu®** concentration showed a linear
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relationship with the C-GQD fluorescence intensity ratio of
the burst (Figure 3a and b).

Coal-based N-CQDs can detect both Cu®* and Fe**."” The
PL intensity of the N-CQDs solution decreased gradually with
increasing Cu?* and Fe®* concentrations in the range of
0-50 puM (Figure 3c—f). This may be due to the fact that Cu**
and Fe** with N-CQD can form non-luminous ground state
complexes. The electrons of the complexes return to the
ground state under UV irradiation without any photon
emission, and thus fluorescence burst occurs. The detection
limits of the sensor for Fe*" and Cu®* were 0.1731M and
0.161 M, respectively. Particularly, owing to the redox reac-
tion of Fe** with L-ascorbic acid, Fe** is detached from the
surface of the N-CQD upon addition of L-ascorbic acid,
thereby restoring the fluorescence of the N-CQD. Thus, the
amount of L-ascorbic acid can be measured by using a
sensing system comprising N-CQD and Fe*. Chu et al. used
the synthesized CD as a fluorescent probe for the detection of
Eu®*, Tb* and Fe** with detection limits of 0.79, 0.10 and
0.019 uM, respectively.®* Fe** exhibits strong coordination
with the phenolic hydroxyl group at the edge of CD and there
is a fast electron transfer process between them. The excited
state electrons of CD are transferred to the unfilled orbitals
of the ligand Fe®* to trigger non-radiative electron/hole
complexes, and thus the fluorescence of CD is burst
(Figure 3g and h). The liganding ability of CD under strong
adsorption promotes the formation of stable CD-Tb/Eu
complexes. The lowest excited state energy levels of Eu** and
Tb** ions match the triplet state energy levels of CD. There-
fore, the excited CD can transfer its adsorbed energy to the
Tb** and Eu®* ions via nonradiative leaps, enhancing the
luminescence of their ions themselves.

Pb** had a significant bursting effect on the fluorescence
of NPS-GQDs."*® The reason for this is that that the sulfhydryl
and hydroxyl groups of NPS-GQDs have fast chelation ki-
netics and strong binding affinity with Pb**, which alter the
exciton distribution and electronic structure of NPS-GQDs.
The addition of Pb promotes nonradiative complexation of
excitons through an efficient electron transfer process
within the GQDs (Figure 3i-k). The excited state electrons are
transferred from the NPS-GQD to the LUMO of the Pb**
cation. And the electrons return to the ground state of the
NPS-GQD by radiationless transfer, which leads to its fluo-
rescence burst. Notably, Fe* can interfere with Pb** due to
its bursting effect on NPS-GQD. However, the Fe** concen-
tration did not show a linear relationship with the fluores-
cence intensity of the burst. Ascorbic acid can act as an
effective reducing agent to eliminate the interference of Fe*".
Therefore, NPS-GQD can be used as a fluorescent probe for
the detection of Pb** with an absolute detection limit of
0.75 uM in the 1-20 pM range.
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Particularly, the fluorescence of coal-based CQDs/GQDs
can undergo recovery in the presence of GSH, and thus they
can be used as a tool for the detection of GSH. Zhang et al.
prepared two solid sensors using coal-based N-CDs with
polyacrylamide network and filter paper.'® The NCDs were
doped into the NCDs-PAM hydrogel constructed by poly-
acrylamide network or the paper-based sensor constructed
by adsorbing NCDs onto the fiber structure of filter paper
was sequentially immersed in Hg?* and GSH solutions. It was
found that the fluorescence was quenched by Hg** ions and
recovered in GSH solution.

Coal-based GQDs can be used to detect GSH and Mn ions
(7* and 2%).” The fluorescence of GQDs was burst in the
presence of Mn"*. Interestingly, the GQDs showed remark-
able variations in fluorescence intensity and steady-state
absorption. However, the excited state lifetime values
remained constant in the existence of different Mn™
bursting agents. Thus, the GQDs are realized by a static
bursting mechanism with Mn™*. Moreover, the fluorescence
of GQDs was restored in the existence of GSH. Therefore, the
GQDs-Mn"* nanoprobe system can be efficiently applied to
the selective and sensitive analysis of GSH through the
fluorescence “off-on” mechanism. The detection limits of
A-GQDs-Mn’*, BGQDs-Mn’*, B-GQDs-Mn** and A-GQDs-Mn?*
were 36 mM, 27 mM, 99 mM and 96 mM, respectively in the
presence of GSH.

5.1.2 Detection of compounds

It has been shown that coal-based CQDs exhibit high selec-
tivity and high sensitivity for phenol detection.”® The
carboxyl groups on the CQDs surface can form hydrogen
bonds with phenol and promote fluorescence bursting of
excited-state fluorescent CQDs with detection limits as low as
0.076 mM. Liu et al. constructed a 2,4,6-trinitrophenol (TNP)
fluorescent sensor by loading prepared asphaltene-based CD
into polymer micelles.®” The nonionic triblock copolymer
formed micelles with hydrophilic surfaces and hydrophobic
inner cavities. The CDs was protected by the micelles to
enhance the emission by 2.89-fold. This is attributed to the
fact that the spectral overlap that exists between the emis-
sion of CD and the absorption of TNP permits the transfer of
energy from the excited state of CD to the ground state of
TNP, which leads to fluorescence quenching of CD.'*
Furthermore, it was found that compounds other than TNP
also exhibit a small amount of fluorescence burst by
comparing different aromatic nitro compounds with similar
structures. This is attributed to the presence of nitro group
which makes these compounds exhibit strong electron-
deficient properties, whereby electron transfer from CD to
the receptor of aromatic nitro compounds occurs.*** Thus,
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TNP significantly bursts the fluorescence through an elec-
tron transfer and energy transfer mechanism, resulting in a
high sensitivity of CD to TNP.

5.1.3 Detection of temperature and pH

Hu et al."'” and Ran et al.”® prepared coal-based CDs with
dual PL peaks all showed significant pH-sensitive behavior.
In the former study, the intensities of the two PL peaks of
D-CD showed fluorescent colors with distinguishable dif-
ferences with pH. The ratio of the PL intensity of the two
emission peaks decreased with increasing pH and showed
good linear correlation with pH over a wide range by the
correlation equation. Moreover, the dual emission peaks of
D-CD were almost unaffected by metal ions. In the latter
study, the intensity ratio of the dual fluorescence peak
(1415 nm/1510 nm) increased linearly and rapidly in the pH
range of 10.6-13.4. Therefore, B-CDs can be used as ratio-
metric fluorescent nanoprobes in this pH range. The results
indicate that the two coal-based CDs have strong pH
dependence and are suitable for application in pH sensing.
Zhang et al. synthesized CDs with LPBC as the carbon source
with temperature and pH sensitivity, and their fluorescence
intensities showed good linearity in the temperature range
of 30-65°C and pH 3-8, respectively.'” The refilling or
depletion of VB on CDs upon pH change can lead to changes
in the electron leaps of n-p" and p-p” in graphite nano-
domains. Meanwhile, protonation and deprotonation of
amino, hydroxyl, and carboxyl groups on CD can induce its
Fermi energy level shift to produce pH-dependent lumines-
cence. When the temperature increases, more nonradiative
channels of CD are activated and aggregated, resulting in
fluorescence burst and temperature-dependent lumines-
CenCe'142, 143

5.1.4 Detection of others

Zhang et al. reported self-powered UVPD of p-n hetero-
junctions (TiO, NRs: C-CQDs/PTTh) consisting of p-type
poly (2,2:5,2 Mobi’-trithiophene) (PTTh) and n-type coal-
based CQDs sensitized TiO, nanorod arrays.'** The forma-
tion mechanism of the p-n heterojunction is shown
(Figure 3l-m). The self-powered UVPD generates numerous
electron-hole pairs upon photoexcitation to increase the
carrier concentration in TiO, NR. The electron-hole pairs are
effectively separated by an internal electric field to realize
self-powered detection. In addition, the p—n heterojunction
will produce more photogenerated electron-hole pairs due
to the energy level matching relationship formed between
the TiO, NRs sensitized by C-CQDs and the polymer PTTh
with the strong absorption of C-CQDs in the UV region. The
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presence of the depletion layer between the p-n junctions
inhibits the fast complexation of carriers. As a result, carrier
transport and transfer in the heterojunction are improved
by the sensitization of TiO, nanorods by C-CQD, and the
carrier lifetime is extended. The detection rate (D) and
response rate (R) of the device were 4.5 x 10" Jones and
145mA/W at a light intensity of 0.35 mW/cm? and the
response times were 3.19 ms and 91.2 ms, respectively. Thus,
the TiO, NRs:C-CQDs/PTTh realizes high-performance self-
powered UVPD.

5.2 Biomedicine

In recent years, biomedical research has become more and
more important as people become more and more con-
cerned about health issues. Compared with conventional
semiconductor quantum dots, coal-based CQDs/GQDs have
attracted attention in biomedical fields such as biosensing
and bioimaging due to their stable photoluminescence, high
selectivity, high water solubility, low cytotoxicity, and
biocompatibility. Biosensing can detect various bio-
molecules such as nucleic acids, enzymes and proteins. Yew
et al. used coke-based GQD as a fluorescence resonance en-
ergy transfer receptor for the detection of DNA, with a
detection limit of DNA concentration as low as 0.004 nM.5*
The wide linear detection range spanned three orders of
magnitude and was determined to be 0.004-4 nM. Thus,
coal-based GQDs are promising materials for the develop-
ment of nanobiosensors capable of selective and highly
sensitive DNA detection.

Some studies have utilized PEGylated liposomes
encapsulating CQDs to improve the biocompatibility of oil-
soluble CQDs. And animal experiments were carried out to
investigate the feasibility of the prepared liposome-CQDs
for in vivo fluorescence imaging using HeLa loaded nude
mice as an animal model.”® The results showed that the
prepared liposome-CQD maintained PL intensity in mice
and could be used as a potentially excellent labeling ma-
terial for in vivo and in vitro imaging (Figure 3n). Ghorai
et al. verified that the low toxicity, biocompatibility and
luminescent stability exhibited by coal-based GQD nano-
materials could make them potential probes for cancer
therapy applications.”® Coal-based GQDs and their
PEG-functionalized derivatives (PEG-GQDs) can also act as
effective antioxidants.®® Furthermore, H,0, reduction
experiments were performed by bEnd to evaluate the
protective ability of PEG-GQDs. The results showed that
PEG-GQDs had better biostability and solubility and
exhibited in vitro cytoprotective effects against H,0, even
with delayed administration.
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The coal-based CQDs/GQDs composites also showed
good antimicrobial activity and antitoxicity. The Ag/CQD
nanocomposites were found to inhibit the growth of both
Gram-positive and Gram-negative bacteria by antimicrobial
tests."? In addition, the negative surface charge (zeta po-
tential of 1.91mV) of Ag/CQD nanocomposites can interact
electrostatically with the positive charge of the bacterial cell
wall more effectively. Generally, positively charged nano-
particles are more cytotoxic than negatively charged or
neutral nanoparticles. Therefore Ag/CQD nanocomposites
also exhibit antitoxicity. The continuous release of Ag* from
Ag/CQD may be an effective way to kill microorganisms, thus
ensuring its antimicrobial activity.

Although the research on the application of coal-based
CQDs/GQDs to biomedical applications is still in its early
stages, the scope of their application will be broadened with
the rapid development of carbon point materials. In the
future, the development and utilization of these CQDs/GQDs
may revolutionize biomedical research.

5.3 Photocatalytic

Solar energy is the most readily available clean and sus-
tainable energy source in nature. Efficient utilization of solar
energy is a powerful strategy to solve the environmental
crisis and energy shortage. Photocatalysis is expected to
make important contributions in this regard. In recent years,
CQDs/GQDs have gradually become a research hotspot as
novel photocatalysts due to their excellent physicochemical
properties. Firstly, CQDs/GQDs have excellent size effect and
conductivity as 0D conducting materials. Secondly, the rich
surface functional groups and excellent specific surface area
of CQDs/GQDs exhibit a strong adsorption capacity for re-
actants, which is favorable for the photocatalytic reaction.
And coal-based CQDs/GQDs show great potential in the fields
of photocatalytic CO, reduction, photocatalytic hydrogen
precipitation and photodegradation of pollutants due to
their low cost, simple synthesis routes and excellent electron
transfer efficiency. Table 1 summarizes the studies of coal-
based CQDs/GQDs photocatalysts applied to photocatalytic.
Coal-based CQDs have been used for the photocatalytic
degradation of 2-nitrophenol.%® 2-nitrophenol acts as an
activator and excites the deposition of electrons onto the
CQDs. The CQDs acted as oxidizing and reducing agents in
the degradation process. The active species generated during
the photocatalytic reaction decompose 2-nitrophenol into
non-toxic small molecules. Bai et al. applied asphaltene-
based CDs for photocatalytic hydrogen production.’* The
increase in size favored the narrowing of the band gap width
and the enhancement of the photo-absorption capacity.
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Table 1: A summary of research on coal-based CQDs/GQDs photocatalysts applied to photocatalytic.

Photocatalyst Carbon source Target object Synthesis method Activity Reference
CQDs; GNs Subbituminous coal 2-Nitrophenols Hydrothermal technique 80.79 %; 82.53 % 66
(120 min)
CDs Coal tar pitch H, evolution NaOH-assisted hydrothermal 60.75mmol H, g ™" h™ 94
carbonization
CDs Anthracite Methylene blue; methyl Selective oxidation of H,0, 0.135min™": 0.115 min™ 68
orange (16 min)

CQDs/TiO, Lignite Rhodamine B In situ synthesize Almost 95 % (180 min) 145

C-Dots/TiO, Xinjiang Wucaiwan  Cotton pulp black liquor Acid/ultrasonic mixed oxidation 81.2% (3 h) 146
coal (COD, removal rate) technique

Ag/CDs Xinjiang Wucaiwan  CO, reduction (CH30H yield)  H,0, oxidation method 17.82 pmol h™' g™’ 124
coal

N-CDs/Cu NRs  Xinjiang Wucaiwan  Cotton pulp black liquor Ammonia hydrothermal cutting method  94.33 % (60 min) 2

coal (COD, removal rate)

with hydrothermal method

When the size of CDs was increased from 1.9 nm to 5.8 nm,
the hydrogen precipitation efficiency increased by 70 %.

Coal-based CDs can exhibit rapid photocatalytic degra-
dation of the organic dyes methylene blue and methyl or-
ange under visible light%® Photocatalysis involves the
generation of charge carriers and the associated catalytic
reactions. The photogenerated carriers generated by CD
upon photoexcitation separate and migrate to its surface and
participate in the mineralization and degradation of organic
pollutants. Significantly, the surface groups of CD can lead to
different photocatalytic activities by inducing different en-
ergy trap levels.*’'*° And the surface energy trap level of
CD is affected by the pH change of the reaction solution.
Therefore, the change of pH affects the photodegradation
efficiency of CD. The photocatalytic activity of CD for meth-
ylene blue degradation increased with increasing pH.

Since the fluorescence lifetime of CQDs/GQDs is only a
few nanoseconds, the electrons and holes generated under
photoexcitation tend to complex. Therefore, combining coal-
based CQDs/GQDs with semiconductor catalysts into com-
posites may be an effective strategy to broaden the visible
light absorption range. An internal electric field can be
formed between CQDs/GQDs and semiconductor catalysts to
promote carrier separation and transfer and improve pho-
tocatalytic efficiency.

Coal-based CQD/TiO, heterostructured nanocomposites
synthesized by in situ synthesis exhibit excellent photo-
catalytic activity under visible light."** This may be attrib-
uted to the following reasons: (1) the formation of Ti-0-C
bonds at the CQD/TiO, heterojunction interface resulted in
the narrowing of the bandgap with the red-shift of the ab-
sorption edge, which led to the improvement of the visible
light utilization; (2) the CQDs acted as electron donors to
realize the transfer of the photogenerated electrons to the

TiO, conduction band and participated in the degradation
process; and (3) the separation of the photogenerated
electron-hole pairs was improved by the heterojunction
interface. C-Dots/TiO, nanoparticles obtained by combining
coal-based C-Dots with TiO, particles can be used for
degradation of pulping black liquor under visible light.'*®
Compared with pure TiO,, the band gap of C-Dots/TiO, was
reduced to 2.9 eV, and the PL intensity was significantly
decreased. Most of the organic compounds in the pulping
black liquor, except the nitrogen-containing heterocyclic
compounds, were degraded after 3 h of light reaction.

Ag/CDs composites can be used for photocatalytic
reduction of CO, to generate hydrocarbons.** The results
showed that the main product of the photocatalytic reduc-
tion of CO, by Ag/CDs was CH3;0H, and the CH;0H yield after
10 h of light exposure was increased by a factor of three
compared with that of the pure Ag catalyst. When Ag inter-
acted with CD, the photogenerated electrons on CD could be
transferred to the Ag surface through the chemical bond
between Ag and CD (Ag-0) or the interface between Ag and
CD, which inhibited the complexation of photogenerated
electrons and holes in CD (Figure 4a). And the photo-
generated carriers generated by Ag nanoparticles under
visible light irradiation can be separated by the SPR-induced
localized electromagnetic field. The holes with high
oxidizing ability of CD and the electrons with high reducing
ahility of Ag particles are involved in the reaction,
respectively.

Sun et al. used the prepared N-CDs/Cu NRS nano-
composite catalysts for the photoelectron-catalytic degra-
dation of CPBL and simultaneous hydrogen production.'*
The photoelectron-catalytic dual reaction occurred in an
H-type photoreactor, in which the cathode produced H, and
the anode degraded CPBL. The mechanism of N-CD/Cu NRs
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Figure 4: Application of various types of coal-based CDs. (a-b) Emission spectra of C-GQDs with Cu** concentration in the range of 0~110 pM and

fluorescence intensity ratios for different Cu** concentrations;'®* (c-f) Fluorescence emission spectra of N-CQDs solutions with different Fe** and Cu**
concentrations at 365 nm excitation wavelengths and the relationship between Fo/F and Fe** and Cu®* concentrations;'?’ (g-h) Fluorescence spectra and
energy level diagrams and energy transfer processes of Th-CD systems in different fluorescence spectra and energy level schematic and energy transfer
process of Th-CD system in solution;®? (i-k) UV absorption spectra, steady-state fluorescence spectra and fluorescence emission diagrams at different
excitation wavelengths of NPS-GQDs;"® (I-m) working mechanism and energy band diagrams of TiO, NRs:C-CQDs/PTTh p-n heterojunctions UVPDs;'**
(n) confocal fluorescence images of Hela cells, in vivo fluorescence images of HeLa-loaded nude mice and cytotoxicity assessment of liposome-CQDs at

higher doses at 405, 488 and 546 nm excitation.”®

photoelectron-catalytic is shown (Figure 3d). Firstly, when
N-CD/Cu NRs are exposed to light they can absorb electrons
and induce the LSPR effect on the surface of Cu NRs, and the
generated hot electrons will be transferred to the coal-based
N-CD. Meanwhile, the N-CD region will also absorb photons
to produce e” and h*. The reactive radicals oxidize CPBL into
small non-toxic molecules. The e” is transferred to the
cathode under the applied bias pressure and forms H, from
the H' crossing the proton exchange membrane. This study
combines hydrogen production with wastewater treatment

and provides new ideas for the design of photoelectron-
catalysis.

5.4 Electrocatalytic

With the growing problems of energy shortage and envi-
ronmental degradation, there is an increasing demand for
stable and efficient energy conversion technologies. The
development of electrocatalytic reactions has addressed this
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need to a certain extent, including hydrogen precipitation
reaction (HER), oxygen precipitation reaction (OER), and
oxygen reduction reaction (ORR).™° However, the reaction
kinetics of these non-homogeneous reactions behave slowly
due to the multi-step electron transfer process, which has a
limiting effect on the performance of the corresponding
energetic devices.”* To solve this problem, metal-free
carbon-based oxygen reduction electrocatalysts have
received attention from researchers. CQDs/GQDs as novel
catalysts were introduced into the electrocatalytic process
used to accelerate electrochemical reactions.

Zhao et al. prepared a highly active OER catalyst,
QD-NiyFey, by coordinating it with metal ions and annealing
it using coal-based CQD as a precursor.” The x and y
represent the Ni/Fe ratio. The high specific surface area
provided by the carbon structure and the high electrical
conductivity provided by the alloy nanoparticles enabled all
the composites to exhibit a high electrochemically active
surface area. The optimized metal ratios resulted in the
optimal catalytic activity of QD-Nig,Feg. In addition, the cat-
alytic performance of QD-Nig,Feg is more stable as the nano-
catalyst embedded in the carbon matrix will exhibit better
corrosion and solubility resistance. Lei et al. synthesized
porous N-doped carbon nanosheets (PNCN) with defects and
high graphitic nitrogen content using coal-based GQDs as
nitrogen and carbon sources and explored their ORR prop-
erties using a simple self-doping method.** The abundance of
edge defects in coal-based GQDs contributes to the genera-
tion of large specific surface area PNCNs. The loose lami-
nated structure of PNNs can also provide additional active
sites and improve the mass transfer process of ORR. PCNs-
900 (obtained at 900 °C) exhibited excellent ORR activity
attributed to the synergistic effect of its graphitic nitrogen
and high defect density. In addition, PCNs-900 exhibits high
methanol tolerance and stability superior to commercial Pt/
C.

Hu et al. constructed an all carbon-based hybrid N-CD/G
consisting of graphene surface-modified N-CD with signifi-
cant electrocatalytic activity for ORR.® Comparison of
the ORR onset potentials of each electrode yielded that the
N-CD/G electrode was relatively more negative than the Pt/C
electrode and more positive than the CD/G and rGO elec-
trodes. And the oxygen reduction current density of the
N-CD/G electrode was also much larger than that of the CD/G
and rGO electrodes. Therefore, N-CDs play an important role
in improving the electrocatalytic activity of the catalysts. The
N-CD structure contains abundant defects and edge sites that
favor ORR catalytic activity. The N-CD structure contains a
large number of doped nitrogen atoms that can change the
chemisorption mode of O, and the electronic structure of CD
and weaken 0-0 bonding, thus promoting the ORR of the
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N-CD/G electrode. In particular, the stability of the N-CD/G
electrode is superior to that of commercial Pt/C catalysts due
to the strong interaction and good compatibility between the
graphene carrier and N-CD. Fei et al. found that hybridized
nanosheets BN-GQD/G exhibited excellent ORR activity."*!
BN-GQD/G was prepared by self-assembly of N- and
B-codoped coal-based GQDs on graphene. In particular, the
ORR activity was affected by dopant concentration and
doping time. The ORR activity decreased with increasing
doping time. Lower BN doping leads to a lower number of
electrocatalytic sites. Whereas higher BN doping content
would yield B and N dopant pairs with no promoting effect
on ORR activity.

5.5 Energy storage

Research has shown that CQDs/GQDs can significantly
improve the storage efficiency and energy conversion of
various energy storage devices, including solar cells (SCs),
supercapacitors, rechargeable batteries, and light-emitting
diodes (LEDs), among others.

In the field of LEDs, CQDs/GQDs are considered as an
ideal alternative to traditional semiconductor quantum dot
phosphors and rare earth phosphors due to their tunable
fluorescence, wide visible light range, and low toxicity and
river cost. Feng et al. prepared white LEDs by combining
CQDs synthesized with coke as a carbon source as a white
light converter with a UV chip.”* The color temperature
(5125K) and color product coordinates (0.31, 0.35) of the
CQD-based LEDs were located in the cool white light region.
And the CQD-based LEDs showed good stability in contin-
uous light illumination at 3.2 V for 4 h, which is promising for
application in light-emitting devices.

Incorporation of QDs into polymer matrices is also an
effective means to enhance their applications in fields such
as photovoltaics. Polymers can slow down the agglomeration
of QDs and thus ensure their emission properties, and they
can act as matrices to provide chemical and mechanical
stability to the composites on the other hand. Polymer
luminescent composites PVA/GQDs can be prepared by
aqueous solution casting method using coal-based GQDs as
raw materials.”*® The solid-state fluorescence exhibited by
the polymer luminescent film was attributed to the fluo-
rescent properties of the coal-based GQD. The photo-
luminescence intensity of the composites was maximized at
a GQD content of 10 wt%, and the optical transparency was
higher at a GQD content of 1-5 wt% (78-91 %). The PL spec-
trum of the PVA/GQD nanocomposites is broad and covers
most of the visible light range, so there is a great potential for
its application as a luminescent body for white light LEDs.
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Supercapacitors are widely used in electronic equip-
ment and automotive industries, among others, due to their
long cycle life, fast charging and discharging, and high
power density. Carbon material capacitors have excellent
cycle stability and multiplicity performance at high current
density. Improving the volumetric capacitance of carbon
electrode materials has become an important means to
address the current lightweighting and miniaturization of
devices.”>”'>® However, carbon materials face the contra-
diction between high density, abundant pores and large
specific surface area. The preparation of carbon materials
that can overcome these contradictions remains difficult.
Coal-based carbon nanomaterials have gradually come into
the limelight as efficient electrode materials for super-
capacitors. Qin et al. constructed microporous carbon with
high density (0.86 gcm™) and high specific surface area
(1,345 m? g %) by homogeneously activating CDs synthesized
with coal liquefaction residue as the carbon source.’® The
abundant functional groups, smaller size structure and
highly conjugated nuclei of CD facilitate the construction of
porous carbon structures. Microporous carbon provides
high weight and volume capacitance for supercapacitors
exhibiting good multiplicity performance. CD was also used
as a functional enhancement phase embedded in electro-
statically spun CNFs. The viscosity of the spinning solution
determines the morphology of the electrostatically spun
nanofibers. CD with abundant functional groups exhibited
strong interactions with polyacrylonitrile molecules
thereby increasing the fiber diameter. As a result, the
activated RCNF balanced the contradiction between the
porous structure and the strong carbon skeleton and
exhibited high capacitive energy storage properties, high
flexibility, high mechanical strength and high specific
surface area (1,921 m?g ™).

Zhang et al. prepared hierarchical porous carbon
nanosheets (HPCNs) and used them as electrodes for
supercapacitors by a template-assisted assembly strategy
using coal-based GQDs as building blocks.™ The HPCNs
exhibit interconnected loosely stacked graphene structures
with abundant active centers, excellent electrical conduc-
tivity, and sufficient ion migration channels. Therefore,
HPCNs are suitable for electrodes of high-performance
supercapacitors. The capacitive performance of AHHPCNS
after in situ activation by adding a small amount of KOH was
greatly improved, exhibiting a high specific capacitance of
230Fg! and a capacitance retention of 170Fg™. The
improved electrochemical performance of AHPCN can be
attributed to the fact that the expansion of the mesopore
volume provides more ionic channels than that of HPCN,
while the increased microporosity and larger specific sur-
face area provide more energy storage sites.
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Lithium-ion batteries (LIBs) have become the preferred
choice in the new energy era due to their low cost, envi-
ronmental friendliness, excellent cycling stability, and ultra-
fast charging and discharging rates. Graphite is an ideal
anode material due to its low price, abundant lithium-ion
storage sites and high crystallinity. However, the low theo-
retical capacity of traditional commercial graphite cannot
meet the demand of next-generation energy storage systems.
Therefore, the development of novel anode materials is
important to realize the high electrochemical performance
of LIB. Shi et al. prepared porous carbon frameworks by
carbonizing coal-based CQD powders via N, atmosphere
under elevated temperature conditions, achieving a direc-
tional transition from 0-dimensional CQDs to 3-dimensional
porous carbon skeletons.” The prepared porous carbon
frameworks consisted of twisted and cross-linked nano-
sheets exhibiting mesoporous/microporous gradient distri-
bution of porous level structure and good specific surface
area, which can be used as anode materials for LIBs. The
crystallinity of the porous carbon skeleton increased with
increasing carbonization temperature and the presence of
defects and disordered cross sections decreased. In partic-
ular, the porosity level of the porous carbon framework was
also affected by the carbonization temperature. The larger
pore volume and specific surface area facilitated electrode-
electrolyte interactions, providing sufficient space and
active sites for Li* storage. In addition, the gradient-
distributed porous level structure also promotes rapid Li*
transport, which improves the electrochemical perfor-
mance. As a result, LIBs with porous carbon frameworks as
anode materials exhibited excellent long-term electro-
chemical stability, achieving a maximum reversible capacity
of 402mA h/g at 100 mA/g (Figure 5b—e). Even after under-
going 1,000 cycles at 2,000 mA/g, it maintained a reversible
capacity of 273 mAh/g. Therefore, the development and
utilization of coal-based carbon materials have great po-
tential for lithium storage.

C-GQDs/a-Fe,O3 composites prepared by secondary
electrodeposition using coal-based GQDs as electrolyte
can be used as anode materials for LiBs.'®! The specific
capacitance of the C-GQDs/a-Fe,0O; composites reached
1,582.5 mA h/g at a current density of 1A/g and 1,091 mA h/g
at a high current density (5A/g), which exhibited good
multiplicative and cycling performance (Figure 51-0). The
a-Fe,03 in the composite maintains a unique antler-like
structure. The C-GQD loading creates a “bridge effect”
between the antler-shaped skeletons and protects the
numerous pores in the skeletons. This porous structure
promotes rapid Li* transport and improves the conductivity
of the material. In addition, the continuous C-GQD network
structure not only effectively buffers the volume expansion
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Figure 5: Application of various types of coal-based CDs. (a) Formation mechanism of Ag/CDs and CO, reduction mechanism;'** (b-e) CV curves of

PCF-700 at different scan rates, linear relationship between Ini and Inv, contribution of capacitance at 0.5mVs™ and percentage of capacitance effect
contribution and diffusion control contribution at different scan rates;%; (f-k) constant current discharge conditions, charge curves of FeS@GQDs and FeS
at 100 mA g 7', cycling performance at 100 mA g~ current density for 200 cycles, rate capability and electrochemical impedance spectra of FeS@GQDs,
FeS, and FeS@CTP at different current densities, inverse of impedance (Z') versus angular frequency (w) square root between the fitted lines;'®° cyclic
voltammograms of (I-0)C-GQDs/a-Fe,0s-2 at 0.1 mV/s, constant-current charge/discharge curves at 0.2 A/g, cyclic performance curves and coulombic

efficiency, and rate-performance curves of Fe,03-2 with the composites.'®’

during charging and discharging, but also prevents the
direct contact between Fe,O; and the electrolyte, thus
maintaining the structural integrity of the composite.

GQDs in close contact with FeS nanoparticles can form
FeS@GQD strongly coupled composite electrode mate-
rials.®® The bud-like morphology of FeS@GQD can be
observed with many folds at larger magnification. These
folds act as lithium storage sites and channels, and their
surfaces can flexibly inhibit the volume expansion during
electrochemical processes and thus limit the rapid decay of
the battery capacity from the finishing. When evaluated as
an anode material for LIBs, the FeS@GQD composites exhibit

higher initial coulombic efficiency and better rate perfor-
mance than pure FeS (Figure 5f-k). An excellent reversible
capacity of 718.7 mAh g! was provided after 200 cycles at
100mAg™. The excellent electrochemical properties of
FeS@GQD were attributed to the successful coupling be-
tween GQD and FeS through the formation of C-S-C. This
synergistic interaction provides good porosity and large
specific surface area, resulting in improved conductivity and
enhanced structural stability.

Chalcogenide solar cells have received wide attention in
recent years. Optimizing the interfacial properties between
carbon electrode and chalcogenide is a key means to



616 —— L. Hao et al.: Coal-based carbon/graphene quantum dots

improve the photovoltaic conversion efficiency of carbon-
based chalcogenide solar cells. Hu et al. used coal-based
N-GQDs to improve the photovoltaic performance of chal-
cogenide.'” The electron deficient structure of Pb** can be
used as Lewis acid and N-GQD can be used as Lewis base. The
electron-rich pyridine nitrogen in N-GQD forms coordina-
tion bonds with uncoordinated lead ions by sharing electron
pairs, thus reducing the hole trap density and passivating the
Ph*" defects. The non-radiative complexation of the chalco-
genide films was greatly reduced due to the passivation of
N-GQD and the long-term stability was improved.

Polyacrylonitrile-derived electrostatically spun carbon
nanofiber fabrics (ECNFs) have shown great potential in
many fields such as flexible energy storage materials and
smart membranes due to their sufficient flexibility and
mechanical strength.'®**%* However, the limited flexibility
and strength restrict their practical applications. Zhu et al.
found that the incorporation of coal-based GQDs (CGQDs)
into the spinning solution could significantly improve the
flexibility, Young’s modulus and tensile strength of ECNFs.'®®
Compared with pure polyacrylonitrile-derived ECNFs, the
Young’s modulus of ECNFs incorporating CGQDs increased
more than sevenfold. The cross-linking effect of the intro-
duced CGQD is believed to be responsible for the improved
performance of ECNF. The abundant oxygen-containing
functional groups and good chemical reactivity on CGQD can
act as cross-linking agents and form a flexible, strong and
dense carbon skeleton. In addition, the hydrophobicity of
ECNF gradually increases with the increase of CGQD content
due to the increase of carbon nanofiber diameter. The
optimized ECNF exhibits a contact angle of 142 and can also
be used for durable and efficient gravity-driven oil/water
separation.

6 Conclusions and outlook

The traditional coal processing industry has low efficiency
and limitations. The development and research of CQDs/
GQDs offer new prospects for low-carbon processing and
clean utilization of coal. This paper reviews the synthetic
methods and physicochemical properties of CQDs/GQDs
prepared from coal and its derivatives, focusing on the for-
mation mechanism of coal-based CQDs/GQDs and their
functionalization. The coal-based CQDs/GQDs synthesized by
different preparation processes and different carbonaceous
precursors will have different microstructures, electron
transfer capabilities and photoluminescent properties.
Structural analysis is used to assist in understanding the
formation mechanism of coal-based CQDs/GQDs, including
acid etching and oxidation, acid-free oxidation, carbonation,
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physical bond breaking, oxidative functionalization, and

electrochemical stripping. The three main functionalization

strategies of coal-based CQDs/GQDs are surface modifica-
tion, hybridization with other materials and heteroatom
doping. In addition, the applications of coal-based CQDs/

GQDs in sensing, photocatalysis, electrocatalysis, energy

storage and biomedicine are discussed. Although significant

progress has been made in the synthesis and application of
coal-based CQDs/GQDs in recent years, there are still several
issues that deserve further investigation.

(1) Existing studies have shown that the structures and
properties of coal-based CQDs/GQDs are largely influ-
enced by the structures of carbonaceous precursors.
And the structure of carbonaceous precursors can be
tuned by molecular tailoring strategy. Therefore,
functional carbon materials with specific structures
and properties can be prepared by tuning coal and its
derivatives with different degrees of graphitization.

(2) There are many inferences about the photo-
luminescence mechanism and formation mechanism
of coal-based CQDs/GQDs. Unfortunately, the mecha-
nisms associated with coal-based CQDs/GQDs are still
difficult to explain clearly due to their unclear chemical
structures and surface moieties as well as insufficient
characterization means. It is hoped that more
advanced characterization means such as in situ tech-
niques will be used to provide a theoretical and tech-
nical basis for understanding the structure and
properties of coal-based CQDs/GQDs.

(3) At this stage, the research mainly focuses on the syn-
thesis strategy and the modulation of the surface
structure. Therefore, it is necessary to understand the
evolutionary mechanism of coal and its derivatives to
carbon materials in more detail at the molecular or
atomic level.

(4) Compared with semiconductor QDs and other carbon
materials, research on coal-based CQDs/GQDs is still in
its infancy. There are still some unknown properties of
coal-based CQDs/GQDs that have not yet been investi-
gated, and the structure-property relationship about is
not well elucidated at present. Their nanoscale phys-
ical and chemical properties have not been accurately
defined, thus limiting their application in the energy
field.

(5) Coal-based CQDs/GQDs have great potential for appli-
cation in many fields. Unfortunately, coal-based CQDs/
GQDs have not been put into practical applications at
present, and their mechanism of action in various
applications has not been well explained. Large-scale
production of coal-based CQDs/GQDs remains a chal-
lenge in terms of cost, quality and environmental
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impact. Therefore, the development of coal-based
CQDs/GQDs in more fields and their application in
practical production can be promoted through in-
depth investigation of their structures and properties.

In summary, more pioneering work is needed in the large-
scale preparation and application of coal-based CQDs/GQDs.
Hopefully, this content will further enrich carbon science
and coal chemistry, provide important information for
designing efficient coal-based carbon nanomaterials and
offer sustainable options for overcoming bottlenecks in coal
applications.
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