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Graphene quantum dots (GQDs) are a class of promising carbon-based nanomaterials that have attracted
considerable interest from researchers due to their excellent physical, chemical, and biological properties.
However, the high cost, toxicity, and laborious preparation process of GQDs also limit their widespread
use. To address this issue, the actual research directions consist in replacing traditional non-renewable
feedstocks via screening cheap, easily available, and renewable biomass materials based on the concept
of resource conservation and environmental friendliness. Herein, the state-of-the-art technologies in the
green preparation of GQDs using biomass as carbon source are reported. Initially, the green synthesis
strategies as well as the structural, optical, and biosafety properties of GQDs are discussed in detail. Sub-
sequently, the most representative applications of GQDs in energy and environmental remediation fields
are summarized. Finally, the current challenges and future potential of the GQDs are presented.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As one of the most plentiful and essential biological elements,
carbon and its allotropes have been widely scrutinized by the
academic community [1-3]. Since the discovery of fullerenes to
the era of carbon nanotubes (CNTs), graphene and other relevant
two-dimensional (2D) carbon nanomaterials, a considerable break-
through has been achieved in the advancement of materials sci-
ence and nanotechnology [4]. Among carbon-based nanomaterials,
a carbon heteromorphic material, graphene, is a burgeoning super-
star in the field of materials science, being considered a revolution-
ary material of the future [5]. This innovative material is made of
carbon atoms via sp? hybridization, which are densely packed into
a single-atom layer-thick 2D hexagonal honeycomb Ilattice struc-
ture. Such highly ordered, closely-arranged layer of single-molecule
carbon atoms endows graphene with excellent mechanical, ther-
mal, electrical and optical properties, which have broad application
prospects since its discovery in 2004 [6]. In spite of extensive re-
search on graphene, several shortcomings have been encountered,
including zero band gap, limited spectral absorption, and poor dis-
persibility in organic solvents [7]. Since the deeper investigations
of the graphene family, the discovery of graphene quantum dots
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(GQDs) in 2008 has promoted a huge advancement in addressing
these challenges (Fig. 1a) [8-17].

GQDs are zero-dimensional (0D) graphene nanofragments
whose lateral dimensions are typically less than 10nm. In addi-
tion to inheriting the outstanding characteristics of graphene ma-
terials, including large specific surface area, enhanced carrier mo-
bility and high stability, GQDs also exhibit excellent optoelectronic
properties, which makes them ideal materials for optoelectronic
devices [18,19]. Compared with other quantum dots that are able
to fluoresce in the visible light range, GQDs possess tunable fluo-
rescence properties, surface functionalization feasibility, and high
photoluminescence performance. What's more, they are also more
stable in aqueous solutions [20]. Besides, compared with other
traditional semiconductors, GQDs exhibit biocompatibility and no
obvious toxicity [21,22]. Consequently, GQDs are highly promis-
ing in the detection and removal of contaminants from the envi-
ronment (Figs. 1b and c) [23-27]. Many strategies have been de-
vised for synthesizing GQDs, including top-down approaches start-
ing from graphene or CNTs and bottom-up approaches using small
molecules as precursors [28]. Nevertheless, most of these strate-
gies tend to use expensive non-renewable precursors or require
toxic and hazardous chemical reagents that impose risks on human
safety and environment, which limits their sustainable develop-
ment and widespread application [29]. Therefore, green synthesis
methods utilizing environmentally friendly solvents and renewable
raw materials to reduce energy consumption and chemical waste
formation are becoming increasingly essential.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Development of biomass-derived GQDs. Copied with permission [9]. Copyright 2014, the Royal Society of Chemistry. Copied with permission [10]. Copyright
2016, American Chemical Society. Copied with permission [11]. Copyright 2017, American Chemical Society. Copied with permission [12]. Copyright 2018, American Chemical
Society. Copied with permission [13]. Copyright 2019, the Royal Society of Chemistry. Copied with permission [14]. Copyright, Springer Nature. Copied with permission [15].
Copyright 2021, Elsevier. Copied with permission [16]. Copyright 2022, Elsevier. Copied with permission [17]. Copyright 2023, Elsevier. (b) Properties of current GQDs. Copied
with permission [23]. Copyright 2022, American Chemical Society. Copied with permission [24]. Copyright 2022, Elsevier. Copied with permission [25]. Copyright 2024, the
Royal Society of Chemistry. (c) Applications of current GQDs. Copied with permission [26]. Copyright 2023, John Wiley and Sons. Copied with permission [27]. Copyright

2023, Elsevier.

The abundant and easily accessible biomass is considered a
safe, sustainable, and eco-friendly natural source of organic carbon.
Numerous attempts have been made to use biomass as a carbon
source to produce GQDs in an environmentally friendly way since
2014 [9]. In contrast to conventional GQDs, biomass derived-GQDs
allow for waste management and value addition while reducing
dependence on fossil fuels. Moreover, biomass-derived precursors
usually contain heteroatoms such as oxygen and nitrogen, which
can enhance the photoluminescent properties of synthesized GQDs.

Biomass-derived GQDs are widely applied in optoelectronic
devices, sensors, photocatalysis, and other areas. However, ob-
taining GQDs with exceptional properties and high yields from
complex biomass is still a challenging task. Green synthesis
methods, performance modulation and application expansion of
biomass-derived GQDs need to be further investigated. In this re-
view, the green synthesis strategies for the preparation of GQDs
from biomass and the structural, optical, and biosafety features
of biomass-derived GQDs in recent years are systematically an-
alyzed. Simultaneously, the potential applications of biomass-
derived GQDs are demonstrated in energy and environmental re-
mediation fields. Ultimately, the challenges encountered upon the
use of biomass-derived GQDs are discussed and future research
directions are proposed, setting the groundwork for the advance-
ment of high-quality carbon materials.

2. Green synthesis of GQDs from biomass

A variety of synthesis strategies of GQDs have been devel-
oped to date (Fig. 2). In accordance with the reaction mechanism,
the synthesis of GQDs mainly consists in top-down and bottom-
up strategies. Top-down synthesis methods use graphitized carbon
materials, which are exfoliated or cut into GQDs via oxidation. Al-
though the relevant processes are favorable for large-scale produc-
tion, they usually require strong oxidants that are harmful to the
environment and do not allow controlling the morphology of GQDs
precisely [30]. In comparison, bottom-up synthesis methods mostly
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Fig. 2. Illustration of methods for GQDs synthesis.

use small molecules to synthesize GQDs [31]. Meanwshile, in spite
of advantages such as low cost and environmental protection, spe-
cific organic materials are often needed. Therefore, focusing on re-
newable feedstocks is expected to produce GQDs from natural re-
sources through a bottom-up green route.

Inexpensive, straightforward, and eco-friendly green synthesis
techniques have aroused a great deal of interest as an emerging
alternative to traditional technologies [32,33]. Thanks to the di-
versity of biomass, various attempts have been made to produce
GQDs through green synthesis approaches. In particular, the ex-
traction of molecules from biomass upon the synthesis of GQDs
is realized along the bottom-up strategy. In addition, biomass can
be thermally treated to produce turbostratic carbon. Continuous
thermal treatment of this disordered carbon is anticipated to re-
sult in the large-scale production of GQDs [34]. To account for the
characteristics of biomass, up-down joint methods have been de-
veloped, whereby carbon is first generated through the bottom-up
route and is then utilized to synthesize GQDs via the top-down
route. Table 1 [11,12,15-17,35-45] displays the precursors, methods,
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Table 1
Precursors, methods, properties, and applications of GQDs from biomass.
Biomass Approach Treatment Yield Size (nm) Quantum Application Ref.
parameter yield (QY)
Paddy straw Hydrothermal 160 °C, 6 h - 5-15 - - [35]
Sugarcane bagasse Hydrothermal 140-180 °C, 0-4 h - 2.26 average - - [36]
Miscanthus Hydrothermal 120 °C, 12 h 19.8 wt%  4.05+0.61 54% Detection of Fe3* [15]
Cotton Hydrothermal 180 °C, 8 h 57.7% 1.0-5.0 19.4% Bioimaging [37]
Passiflora edulia Sims Hydrothermal 180 °C, 4 h - 3.8 average 29% Sensing, fluorescence ink and [38]
multicolor cell imaging
Corn straw Hydrothermal 170°C, 12 h 1.5-4.0 15.65% Detection of PO43" [16]
Starch Hydrothermal 190°C, 2 h - 5 average - Accelerate the healing of [39]
wounds
Brewer’s spent grains Hydrothermal 150°C, 14 h - - 0.29% Photodegradation of methyl [40]
orange
Date palm tree leaves Hydrothermal 200°C, 12 h 52% 3.5-8 - - [41]
Durian Hydrothermal 150 °C, 12 h, with 6.8 wt’% 2-6 79% - [12]
platinum catalyst
Spent black tea bags Hydrothermal 200 °C, 12 h with - 0.5-4 21% Optical sensing probe [42]
ethanol
Lemon juice Ultrasound-assisted 220°C, 72 h - 20 average - - [43]
hydrothermal
Melamine sponge and Microwave 700W, 10 min 725 wt%  2-3 8.5% Cell imaging and H,0, sensing  [11]
arjuna bark
Mangifera indica Microwave 900W, 5 min - 2-8 - Near-infrared bioimaging and [17]
intracellular nanothermometry
Sea rice Mild oxidation H,0, (30%) - 1.20+0.40 average - Detection of 4-nitrophenol [44]
Chitosan Microplasma 9.6 mA discharge 50% 4.36+0.92 average - Environmental-responsive [45]

current

nanosensors and
nanothermometers

properties, and applications of biomass-derived GQDs prepared by
green synthesis strategies.

2.1. Hydrothermal/Solvothermal method

The hydrothermal/solvothermal method is the most popular
way for green synthesis of GQDs due to its convenient operation
and mild reaction conditions. This method enables the synthesis of
GQDs from natural precursors, such as citric acid (CA), glucose and
biowaste, at relatively low temperature and saturation pressure
[46,47]. Feedstock and reaction conditions are the key parameters
during the synthesis of GQDs. The hydrothermal conversion is usu-
ally carried out via dehydration, polymerization, and carbonization
reactions [48]. Biomass containing cellulose, hemicellulose, lignin
and proteins is initially hydrolyzed to monosaccharide units,
which are then subjected to decomposition and polymerization-
polycondensation reactions [49]. For complex biomass, incomplete
hydrolysis of the feedstock results in the inhomogeneous products,
and multiple materials can be obtained. In addition, biomass
usually contains a large amount of sulfur, nitrogen, and other
elements. The doping element reactions can occur simultaneously
during hydrothermal reactions, leading to the emergence of abun-
dant functional groups on the surface of GQDs. GQDs can also be
functionalized by adding functional reagents during the synthesis
[50].

Some derivatives obtained from biomass can be used as sim-
ple precursors to synthesize GQDs in hydrothermal reactions. In
particular, CA extracted from citrus fruits can be used as a small
molecule for the synthesis of GQDs [51,52]. Zhu et al. [53] used
CA as a carbon source to prepare N-GQDs with high quality and
quantum yield (QY) up to 54%. CA can self-assemble into lamellar
structures and dehydrate to form graphene skeletons, and the de-
gree of carbonization can be modulated by varying the hydrother-
mal reaction time. Lignin as part of trees and herbaceous plants
is a biomass material that naturally contains aromatic compounds
[54-56]. During the hydrothermal process, lignin is cleaved into
aromatic monomers, which are then transformed into polycyclic
aromatic hydrocarbons, and the sp? carbon atom is converted to

the sp? one (Fig. 3a). In addition, the increase in the alkalinity
of the reaction environment favors lignin cleavage and aromatic
molecule aggregation [50]. Intriguingly, sulfur-containing industrial
lignin structures can also be used for the synthesis of S-GQDs,
which will further broaden the application scope of GQDs [57].
Furthermore, Chen et al. [37,58] prepared GQDs from natural poly-
mers, such as starch or cellulose, which involved the hydrolysis of
feedstocks and the ring-closure condensation of glucose. The only
products that are released in this method are GQDs, water and car-
bide precipitation, without any pollutants generated (Fig. 3b).

GQDs can be synthesized from fruit wastes. For example,
Passiflora edulia Sims is rich in sugars such as glucose and fructose.
When exposed to hydrothermal treatment, it is able to produce
multicolor luminescent N-GQDs with desirable ionic stability,
hydrophilicity, and resistance to photocleavage [38]. Similarly, the
small-molecule sugars present in durian can be used as a carbon
source to form the sp? carbon framework within GQDs [12]. It
is noteworthy that thiols as part of durian ensure lattice doping
of elemental sulfur during the hydrothermal process, and their
concentration can be modulated by varying the reaction time
and temperature so as to remove heteroatoms. Sulfur doping not
only provides favorable photochemical/chemical stability, but also
ultra-high QY (79%).

Agricultural and forestry wastes are mostly composed of cellu-
lose, hemicellulose and lignin, which are commonly used precur-
sors for GQDs synthesis. Bagasse, mainly composed of lignocellu-
lose with low ash content, has great potential in the preparation
of carbon materials. GQDs, fermentable sugars and layered porous
carbon can be generated simultaneously in hydrothermal processes
depending on the complex composition of bagasse. The rich ben-
zene ring structure in polysaccharides and lignin provides the ba-
sis for the production of GQDs. Bagasse-derived GQDs obtained
via hydrothermal method have a small average diameter (2.26 nm)
and a clear graphite structure. The abundant oxygen groups at the
edge of the carbon layer make GQDs optically stable with excel-
lent water solubility [36]. Rice husks contain organic matter such
as lignocellulose, pentosan and high-quality concentrations of sil-
icas. Analogous to bagasse, the organics matter in rice husks can
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Fig. 3. Schematic demonstration of the hydrothermal/solvothermal process of GQDs from (a) lignin. Copied with permission [50]. Copyright 2023, the Royal Society of
Chemistry. (b) starch. Copied with permission [58]. Copyright 2018, the Royal Society of Chemistry. (c) withered leaves. Copied with permission [60]. Copyright 2017, the
Royal Society of Chemistry. (d) spent tea leaves. Copied with permission [34]. Copyright 2023, Elsevier.

be hydrolyzed into glucose, aromatic aldehydes and organic acids,
and then hydrothermally carbonized to form GQDs. The synthe-
sized GQDs have an average size of about 3.9 nm with 2-3 graphite
layers and exhibit highly selective quenching effect on Fe3* ions.
In addition, silica nanoparticles can be obtained via calcination of
solid residues produced in the hydrothermal process, thereby in-
creasing the economic benefits [59].

As a forestry waste, withered leaves of Ficus racemosa have a
variety of plant components including organic acids, amino acids,
lipids, and flavonoids. Different carbon nanomaterials (GQDs, amor-
phous carbon, and carbon nanofibers) can be formed due to vari-
ous carbonization degrees during the hydrothermal reaction (Fig.
3c). Additionally, the multiple proteins and peptides in withered
leaves contribute to the natural doping of carbon and nitrogen,
which enhances the solubility and fluorescence of GQDs [60]. The
simple one-pot hydrothermal method using source-rich feedstocks
allows the large-scale preparation of high-quality crystalline GQDs.

Based on the hydrothermal method, the solvothermal technique
uses chemical reagents instead of water as the solvent to synthe-
size GQDs. For example, Abbas et al. [34] used the green solvent
"ethanol" instead of pure deionized water as the reaction solvent
to prepare GQDs from spent tea leaves, obtaining a higher conver-
sion yield (Fig. 3d). Ethanol acted as a graphitization and cleavage
agent, generating hydroxyl radicals to facilitate C-C bond breaking
during the heating. Similarly, lattice phosphorus-doped GQDs can
be obtained from soy lecithin in ethanol through the solvothermal
treatment. The successful lattice phosphorus doping is attributed
to the in-situ reduction of lecithin by reducing agents generated by
ethanol. The obtained GQDs have the high yield (71 wt%), high QY
(0.54-0.73) and controllable emission wavelength (457-632 nm),
which are appealing for fluorescence bioimaging [61].

2.2. Microwave-assisted synthesis

Microwave-assisted synthesis consists in rapidly converting the
large amount of energy generated under microwave radiation into
heat and thereby heating the precursor, which results in dehy-

dration, polymerization, and finally carbonization to create carbon
nanostructures [62]. Compared with other synthesis methods, mi-
crowave radiation can directly heat the target molecule, ensuring
the higher-temperature reproducibility, more uniform heating, and
obviously shorter reaction times. Microwave-assisted synthesis also
supports the one-pot method for GQDs, leading to the high reac-
tion efficiency and low associated costs. In addition, the microwave
radiation provides the high yield and purity of GQDs.

Tran et al. [63] developed a microwave-assisted hydrothermal
method, in which a passion fruit was heated at 170°C for 20 min
in microwave tubes to prepare N-GQDs with particle sizes of 3-
12nm. Nitrogen atoms present in passion fruit were successfully
doped on the graphene structure of GQDs, strengthening the pho-
tovoltaic properties of N-GQDs. Tak et al. [64] synthesized GQDs
with an average particle size of 10+1.3 nm by heating the extract
of Clitoria ternatea flowers in a microwave oven at 900W for 5-
10 min. GQDs synthesized by this approach were stable and had
potential for the treatment of Alzheimer’s disease. Using the same
method, GQDs can also be obtained from mango leaves by heat-
ing in a 900 W household microwave oven for 5 min. The resulting
GQDs perceive high photostability and biocompatibility, exhibiting
good cellular uptake [11]. Nevertheless, the size limitation of the
microwave reactor hinders its application in large-scale reactions
[65].

2.3. Pyrolysis and carbonization

Pyrolysis is one of the simplest carbonization processes, con-
verting green precursors into GQDs at high temperatures. The py-
rolysis conditions such as temperature, time and heating rate have
significant effects on the structural and functional properties of the
products [66]. In pyrolysis and carbonization, organic compounds
are decomposed under oxygen-deficient high temperature condi-
tions, leaving carbonaceous nanostructured GQDs.

In a typical carbonization process, the natural amino acid L-
cysteine was heated to 215°C for 30min in an oil bath to pre-
pare GQDs through a direct one-step carbonization. The sizes of
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the obtained GQDs were in the range of 4-9 nm. There exist a va-
riety of functional groups on the defective carbon ring and show a
strong excitation-dependent emission [67]. Water-soluble N-GQDs
were synthesized via pyrolysis using lemon juice at 200°C for
20 min, whereby no harmful chemicals or solvents were consumed.
Nitrogen atoms were successfully introduced into the graphitic
framework of the prepared N-GQDs, which exhibited good sta-
bility, water solubility, and excitation-dependent down-conversion
fluorescence [68]. Possessing no limits to purified organic small
molecules, GQDs with sizes of 4.2-6.5nm were produced by car-
bonization of a Sarcopoterium spinosum fruit extract, calcined at
350°C for 2h, exhibiting favorable antioxidant and antimicrobial
properties [69].

Biomass can also be pyrolyzed at a higher temperature to pro-
duce carbon-rich solid products, from which GQDs are synthesized
through a hydrothermal process whereby the structure of the car-
bonized products is aligned into a carbon core. For example, GQDs
were produced via a two-step method using hemicellulose-rich
peanut shell as the carbon source. In the first step, the peanut shell
powder was stored at 200°C to obtain a carbonaceous precursor.
In the second step, the dispersion was transferred to a hydrother-
mal autoclave for 12 h at 280°C to obtain GQDs. The GQDs had an
average particle size of 6.1 nm and a QY of 14.3%, providing high
selectivity and sensitivity for CEA detection based on label-free flu-
orescence [45].

2.4. Microplasma nanoengineering

Non-thermal and low-temperature plasma-based techniques,
especially microplasma nanoengineering, are the simple, effective,
and environmentally friendly approaches to synthesize GQDs with-
out the need for toxic reagents and vacuum systems [70]. Com-
pared with conventional plasma, microplasma is a compact, highly
dense, and easy-to-integrate medium. High-concentration reactive
radicals and other substances generated by plasma can cut the
molecular structure of precursors, exhibiting great application po-
tential in the synthesis of carbon-based nanomaterials and being
very promising for the production of GQDs on an industrial scale
[71,72].

Kurniawan et al. [73] used several bioresources as precursors
(fructose, chitosan, CA, lignin, cellulose, and starch) to synthesize
functionalized GQDs via microplasma method under the ambient
conditions. Precursors with complex structures were prone to dif-
ferent degrees of fragmentation under the bombardment with re-
active substances, leading to the generation of GQDs with different
particle sizes and functional groups, as well as the wide distribu-
tion of band structures. In contrast, small molecules with uniform
molecular weights grew homogeneously, generating GQDs with
excitation-independent emission. In addition, it has been demon-
strated that by extending the time of plasma treatment and in-
creasing the applied discharge current, it is possible to increase
the yield of GQDs and shift the emission toward the longer wave-
lengths corresponding to larger particle sizes [74,75]. Moreover, the
pH level used in the synthesis of N-GQDs was shown to affect the
concentration of ‘OH radicals and eyq~. In particular, electrolytes
with a lower pH produced fewer N-GQDs, whereas those with a
greater pH exhibited the red-shift in the maximum photolumines-
cence intensity, providing valuable information for the green and
controllable synthesis of GQDs [44].

2.5. Up-down joint synthesis

The synthesis of GQDs via high-temperature carbonization of
biomass, combining the bottom-up approach to produce disor-
dered carbon-based materials and the top-down approach to shear
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carbon-based precursors, ensures the large-scale production of in-
expensive GQDs. The green top-down pathway is the key to the
eco-friendly synthesis of GQDs.

The ultrasonically assisted method is based on the acoustic
cavitation, in which the sound waves continuously generate mi-
crobubbles that collapse immediately, releasing a large amount of
heat and pressure to precursor materials [32]. GQDs can be ob-
tained by ultrasonically treating carbon sources. For example, GQDs
were prepared via ultrasound-assisted mechanochemical cracking
using Miscanthus as a carbon source. Graphene oxide (GO) and
GQDs were synthesized via pyrolysis of Miscanthus at 1200°C to
form highly graphitic and aromatic biochar, followed by ultrasonic
stripping in nitromethyl-2-pyrrolidone or water. In this case, GQDs
were synthesized via ball milling and sonication treatment by cut-
ting the biochar and GO into smaller units. Although the yield of
such GQDs was low, it can be improved by selecting the appro-
priate operating conditions, making it possible to produce various
graphene materials from biomass [42].

There are two main oxidation methods. One is the molecular
oxidation which usually uses sulfuric acid, nitric acid, and other
strong oxidants to produce GQDs with high yield and purity on
the industrial scale [29]. However, the application and improper
disposal of these oxidants may cause environmental pollution. An-
other pathway is the free radical oxidation (mainly including elec-
trochemical oxidation and hydrogen peroxide) [76,77]. It is a clean,
efficient, and relatively simple method, requiring a low content of
reagents at a zero amount of by-products, which is in line with
green synthesis strategies. Luo et al. [17] synthesized GQDs by
heating the seaweed to 250°C in a muffle furnace to obtain the
carbonation products, which were then exposed to mild oxidation
with H,0,. The GQDs, with a size distribution of 1-3nm and a 1-
5-layer graphene structure, were successfully used for the detec-
tion of 4-nitrophenol at low concentrations. In the electrochemi-
cal oxidation, there are generally two ways to generate GQDs: Us-
ing the precursor as an electrode and placing the precursor in a
suspension. By controlling the applied potential, selective oxida-
tion can be achieved in bulk materials [78]. The electrochemical
oxidation is commonly used for oxidatively cutting the larger-scale
graphitized carbon materials such as GO, CNTs, and coal. Although
they can be used to synthesize GQDs from municipal solid wastes,
such as batteries [79], they are rarely employed in the direct syn-
thesis of GQDs from biomass. Consequently, the electrochemical
oxidation is a reference green method in the generation of GQDs
from green carbon materials such as biochar.

3. Properties of GQDs produced from biomass
3.1. Structural properties

GQDs are zero-dimensional nanomaterials typically composed
of graphene nanosheets with lateral dimensions less than 10 nm
and relatively low height, containing sp? and sp3 carbon atoms.
The GQDs can be triangular, square, hexagonal, or elliptical, but
mostly possess oval or circular shape [80]. In addition, flower-like
GQDs have also been reported [81]. Because of the small size,
the electrical and optical characteristics of GQDs can be affected
by various structural factors such as size and surface functional
groups.

The properties of GQDs depend on their size, which is deter-
mined by the reaction time, temperature, and reactant concentra-
tion in the reaction process. Especially in the top-down approach,
the GQDs usually exhibit a broad size distribution. By changing the
conditions during synthesis, the shape and size of GQDs can be
controlled. For example, when using rice flour as a carbon source
in a green aqueous method, the increase in the heating time from
3 min to 10 min can control the growth of GQDs within a size range
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of 2-6.5nm, indicating that the extension of the polymerization
time increases the size of GQDs [82]. Density functional theory
(DFT) results reveal that size engineering can significantly alter the
bandgap of GQDs, manifesting as a decrease in bandgap with the
increase of transverse GQDs size [83].

The surface of GQDs is usually covered by the abundant oxygen-
containing functional groups, such as carboxyl, hydroxyl, and epoxy
groups. According to the synthetic route, a variety of defects, het-
eroatoms, and functional groups can be introduced to change the
structure and characteristics of GQDs. To fine-tune the fluores-
cence properties of GQDs, as well as to change their electronic
bandgap structure and improve their physicochemical properties,
doping with metal and non-metal heteroatoms can be performed
during the raw material preparation or post-processing [84]. For
instance, nitrogen doping enhances the electronic properties, sur-
face defects, and the fluorescence QY of GQDs due to the pres-
ence of surface groups. Sulfur doping results in longer emission
wavelengths and red-shifting of GQDs, but reduces their fluores-
cence intensity. Boron doping creates a multitude of active sites
that alter the optical properties of GQDs [85]. Besides, co-doping
can also bring unique properties to GQDs [86]. In general, the pu-
rity of GQDs prepared from biomass is not high. Since some het-
eroatoms exist in biomass and its extract, the respective GQDs can
be doped with some other elements, such as nitrogen, phosphorus
and sulfur [12,38].

3.2. Optical properties

Different from other carbonaceous materials like graphene, the
GQDs exhibit remarkable photoluminescence, dual photolumines-
cence and upconversion photoluminescence, which are on ac-
count of the quantum confinement. The spatial arrangement of
hybrid orbitals endows GQDs with the outstanding fluorescent
properties [24]. Besides, the GQDs primarily demonstrate the pro-
nounced ultraviolet-visible spectra and photoluminescence excita-
tion/emission characteristics.

3.2.1. Absorption property

The UV-vis spectrum of GQDs is due to the two types of transi-
tions, namely 7 —m* and n—*, where the energy of mw—m* tran-
sition is higher than that of n—* transition [87]. Generally, GQDs
exhibit strong light absorption around 230 nm in the ultraviolet re-
gion, which is because of the -7* transition of the C=C bond. For
example, the UV-vis absorption spectrum of GQDs solution pre-
pared using alkali lignin (AL) has an absorption peak at 257 nm,
which can be found in AL, albeit at a shorter wavelength (229 nm).
This means that GQDs have the high 7 -conjugated carbon integrity
and can induce m-* transitions with the lower photon energy.
A shoulder can be seen in the range of 270-390 nm upon the n-
7* transition between oxygen/nitrogen-containing groups and sp?
aromatic domains [55]. While the tail of the absorption band is ex-
tended to the visible light spectrum, the broad emission band cov-
ers almost the entire visible range. On the whole, surface passiva-
tion, surface functional groups and edge defects have a synergistic
effect on the emission and absorption peak positions of GQDs.

3.2.2. Fluorescence property

GQDs have tunable fluorescence properties resulting from their
tunable band gap, surface defects, and jagged edges [77]. Moreover,
GQDs have excellent optical properties such as fluorescence sta-
bility, up-conversion luminescence, and dual photoluminescence.
Photoluminescence refers to the phenomenon whereby photons
are absorbed by a substance and then re-emitted; thus, the non-
zero band gap of GQDs plays a decisive role. The non-zero band
gap of GQDs can be adjusted by changing their parameters such
as size, surface functional groups, and surface morphology. When
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the size of GQDs prepared from CA via a green synthesis route
is smaller than 4.22nm, the photoluminescence is blue. As the
size of GQDs is further increased, their photoluminescence turns
to white. The photoluminescence intensity increases with the in-
crease of GQDs size [88]. It has been established that the emission
spectrum of GQDs undergoes a red shift with increasing size and
passivation of surface functional groups. This red shift is caused by
the changes in the positions of electrons and holes in GQDs. Fur-
thermore, excitation wavelength, doping, defects, temperature, and
solution pH also affect the luminescence behavior of GQDs [89].

The intensity of photoluminescence changes depending on the
excitation wavelength, and the quantum confinement effect seems
to be the most plausible reason for this phenomenon. To date,
most biomass-derived GQDs exhibit the excitation-dependent lu-
minescence emission, which may be caused by surface-emitting
traps and defects. For example, GQDs prepared from starch through
the green synthesis possess a typical excitation-dependent lumi-
nescence emission. With the increase in the excitation wavelength
from 310 nm to 370 nm, the emission peak gradually shifts toward
the longer wavelengths, while its intensity subsequently declines
(Fig. 4a) [90]. This excitation-dependent feature may be due to
different sizes of GQDs and/or different emissive sites of emis-
sion sites on GQDs [77]. Similarly, the fluorescence intensity of
GQDs prepared via microwave from spent tea varied with the
excitation wavelength [14]. In contrast, GQDs produced from CA
with a uniform surface state exhibited the excitation wavelength-
independent photoluminescence behavior (Fig. 4b) [91].

Moreover, the dopant atoms, the doping methods, and the
structure all have an impact on GQDs. Wang et al. [13] used durian
to prepare photostable S-GQDs and conducted the control experi-
ments with undoped GQDs. According to the data, GQDs without
dopant emitted within the much shorter wavelength range than S-
GQDs, which can be attributed to the decrease in electronegativity
caused by the S-lattice displacement charge injection effect. Zhang
et al. [92] prepared GQDs from marigold granules and then added
ethylenediamine to obtain N-GQDs. The results showed that un-
der 365 nm UV light irradiation, the fluorescence color of N-GQDs
turned from green to intense blue, proving that heteroatom dop-
ing can alter the fluorescence properties of GQDs (Fig. 4c). Adding
different modifiers (tyrosine, L-arginine, urea, and K3PO4) in the
one-pot hydrothermal process enriched the elemental composition
of GQDs, enabling the synthesis of blue, green, yellow, and red lu-
minescent GQDs (Fig. 4d) [50].

The temperature exerts a complex effect on the luminescence
intensity. It has been demonstrated that an increase in tempera-
ture can induce a decrease in luminescence intensity, which is usu-
ally due to the nonradiatively trapped thermal activation caused
by the interactions between excited electrons and phonons in the
lattice [10,93]. However, according to the study on the synthesis
of fluorescent GQDs from the honey, the increase in temperature
weakened the non-covalent interactions between GQDs, forming
the molecularly dissolved GQDs with enhanced fluorescence emis-
sion intensity [94].

GQDs generally emit a strong photoluminescence signal un-
der the alkaline conditions, while their fluorescence intensity de-
creases in acidic media. With the increase of pH, the emission in-
tensity of GQDs prepared from bamboo fibers increased monoton-
ically, while their fluorescence properties in a strong acidic envi-
ronment decreased respectively, which was due to the aggregation
behavior of GQDs caused by the alkaline conditions [95]. The fluo-
rescence intensity of N-GQDs prepared from melamine sponge and
arjuna bark remained basically unchanged in the neutral pH range
of 7-7.4. The fluorescence intensity decreased slightly even under
highly acidic conditions, suggesting the application potential of N-
GQDs in bioimaging (Fig. 4e) [43]. Particularly, GQDs prepared from
plant extracts showed the pH-independent photoluminescence and
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2019, Elsevier. (d) Multicolor GQDs synthesized from lignin. Copied with permission [50]. Copyright 2023, the Royal Society of Chemistry. (e) Emission spectra of N-GQD at

pH of 4-9. Copied with permission [43]. Copyright 2022, Elsevier.

were highly stable in the pH range. This may be related to the
highly stabilized structural morphology of GQDs, which remains
unchanged in both alkaline and acidic media [9].

In addition, QY corresponds to the ratio of the number of pho-
tons emitted by the molecule at the excitation wavelength to the
number of photons absorbed by the molecule. In general, the larger
the QY is, the stronger the fluorescence or phosphorescence of the
compound, which can indicate the effectiveness of the molecule
as an imaging probe. To date, three factors have been proposed to
enhance the QY, namely the inhibition of nonradiative recombina-
tion, the enhancement of photoluminescence centers through the
edge modification, and the enrichment of structural electron den-
sity through the reduction [96]. Up till now, the QY of S-GQDs pre-
pared from biomass was found to be 79%, exceeding that of most
GQDs reported so far [12].

3.3. Cytotoxicity and biocompatibility

GQDs are used in biomedicine owing to their low cytotoxicity
and impressive biocompatibility. Being the basic element of cells,
carbon constitutes the skeleton of biomolecules. According to many
studies, GQDs prepared from renewable feedstocks via green syn-
thesis possess the better biocompatibility and stability along with
lower toxicity compared to other nanomaterials [97]. The cyto-
toxicity of GQDs is thought to be caused through damaging DNA
and upregulating certain proteins involved in cell cycle regulation.
However, at concentrations below 100pug/mL, GQDs typically pos-
sess zero toxicity [60]. Since specific application conditions limit
the range of biocompatibility of GQDs, it is essential to evaluate
the biocompatibility and biotoxicity of GQDs before their use for
biological purposes. This can be done via implementing two types
of experiments: in vitro and in vivo.

In vitro toxicity is often referred to as cytotoxicity, and most of
current experiments aimed at testing biocompatibility are in vitro
assays. There are two common methods for detecting cytotoxicity:
methyl thiazolyl tetrazolium colorimetry assay (MTT) and lympho-

cyte proliferation assay (MTS). Both enable to assess cell viability
and cell proliferation via colorimetry, whereas cytotoxicity is eval-
uated via cell survival and growth. GQDs have been shown to have
negligible cytotoxicity against multiple cells, and differences in cy-
totoxicity are influenced by modifications of the surface [58,60].
MTT assays were performed on three cells with S-GQDs prepared
from sugarcane molasses. The results showed that the toxicity of
S-GQDs at 2mg/mL for 24h was mild, and all three cells exhib-
ited the pronounced viability. The blood compatibility of S-GQDs
was studied by in vitro hemolysis test. It was found that the red
blood cell hemolysis rate of the material was 5%, and the aggluti-
nation was insignificant after 2 h, confirming that the material also
had hemocompatibility [98]. The toxicity of N-GQDs from marigold
granules to Hela cells was evaluated via MTS. Once the concentra-
tion of N-GQDs rose to 1000 ug/mL, the cell viability reached 93%,
significantly surpassing the concentration needed for cell imaging
(200 pg/mL). Accordingly, the N-GQDs had the outstanding biocom-
patibility and low toxicity [14].

In vivo tests generally require the entire organism as the object
of research. Tak et al. [99] employed male adult wistar rats weigh-
ing 220-250 g for the in vivo study of Alzheimer activity using
Polygala tenuifolia-derived GQDs. The experimental method was
legalized with the prior consent of the Institutional Animal Ethics
Committee. Menezes et al. [100] examined the biological behavior
of GQDs synthesized from CA via electrochemistry in healthy mice,
which exhibited a widespread biodistribution, with the higher up-
take of GQDs in the liver (>26%) and small intestine (>25%). Nev-
ertheless, GQDs were not detected in major organs, and their low
uptake in the brain confirmed the safety of the blood-brain bar-
rier. Likewise, zebrafish was also used as the model animal for in
vivo experiments [101]. Besides, it has been shown that GQDs in
the cellular environment can generate the light-induced ROS due
to the presence of oxygen-containing functional groups, as well as
possess cytotoxicity, allowing for antimicrobial and anticancer ap-
plications [102,103]. In spite of numerous reports on the biological
behavior of biomass-derived GQDs, most of them rely on in vitro
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tests, whereas the data based on in vivo toxicity assessment are
still scarce.

4. Application of biomass-derived GQDs
4.1. Energy conversion and storage

As the novel carbon-based nanomaterial, GQDs have the advan-
tages of large specific surface area, multiple active sites, high elec-
trical conductivity, tunable optical properties, and charge transfer.
Consequently, they are promising for energy-related applications,
such as supercapacitors, photovoltaics and light-emitting diodes.
This section summarizes the recent advancement in GQDs pre-
pared via green synthesis routes from biomass for energy conver-
sion and storage.

4.1.1. Photovoltaics

Photovoltaics (PV) can convert safe, renewable solar energy
into electricity without causing environmental pollution. Compared
to graphene, GQDs have stronger interactions with surrounding
molecules because of their edge atoms, rendering them suitable
for PV applications, such as dye-sensitized solar cells (DSSCs), or-
ganic/inorganic hybrid solar cells, and perovskite solar cells (PSCs)
[104]. However, in order to make PV a dominant component in the
electricity market, the production costs should be further reduced
[105].

Biomass-derived GQDs have excellent photoelectric properties
at low cost and widely spread sources. For example, corn powder-
derived GQDs exhibited significant brightness and successfully con-
verted UV light into visible light with 450nm and 520 nm wave-
length. The GQDs can be applied to DSSCs as the down-conversion

material (Fig. 5a). Compared with reference cells, solar cells modi-
fied with GQDs have the higher power conversion efficiency. Be-
cause of the down-conversion effect of GQDs, the cell was en-
hanced by 21% in Jsc [106]. However, the direct use of pure
GQDs in DSSCs still faces many challenges. Chemically modified
and functionalized GQDs endow DSSCs with high performance
[107]. Silambarasan et al. [108] synthesized N-GQDs@MoS,@rGO
nanocomposites for DSSCs. The doping with nitrogen atoms in-
creased the (n-type) charge transport in the GQDs and provided
more active sites. After loading N-GQDs, the photoelectric conver-
sion efficiency of the DSSCs device increased from 3.92% to 4.65%
(Fig. 5b).

GQDs have been used as conductive carriers to improve the
physicochemical properties of metal oxides. In order to address the
instability of perovskite materials on the ZnO electron transport
layer (ETL) during the annealing process, Ahmed et al. [109] pre-
pared ZnO/GQDs composite photoelectrodes as ETLs in PSCs (Fig.
5c). GQDs acted as a protective layer passivating the oxidant on
the ZnO surface and decreasing the recombination of electron-hole
pairs, thus improving the stability of chalcogenide solar cells. The
results showed that the PCE of the device was significantly in-
creased from 10% to 17.65% after loading GQDs. This might have re-
duced the environmental impact of PSCs commercialization, mak-
ing the latter economically feasible. Functionalized GQDs doped
with elements and functional groups are also widely used in PSCs
[110,111]. Guo et al. [112] rationally designed N/CI doped GQDs
for Sn-Pb-based low bandgap PSCs (Fig. 5d). N and Cl elements
modulated the energy band structure and enhanced the p-type
doping, which facilitated the interfacial charge distribution and
passivated the defective states in Sn-Pb devices. The Sn-Pb-based
PSCs exhibited an efficiency of 21.5%, retaining 90% of the initial
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power conversion efficiency after 1000 h of operation. Functional-
ized GQDs provide an effective strategy for optimizing interfacial
charge transport so as to enhance solar cell efficiency and stability.

4.1.2. Supercapacitors

Supercapacitors have aroused increasing interest as energy stor-
age devices on account of their fast charging and discharging
speed, long life cycle, and high energy density [113]. In theory,
large specific surface area and low charge transfer resistance are
critical to the capacitive performance of supercapacitors. There-
fore, GQDs have great application prospects in high-performance
supercapacitor materials owing to their excellent intrinsic proper-
ties [114].

A structure based on the all-lignin-converted GQDs and
graphene sheet (GQDs/Gr) has been designed to produce superca-
pacitors with both fast charge-discharge capability and high spe-
cific capacitance. The constructed 0D/2D m-conjugated GQDs/Gr
heterojunction system exhibited the impressive interfacial compat-
ibility and conductivity, as well as numerous electronic capaci-
tance sites and hierarchical channels. The results indicated that the
GQD/Gr electrode had a capacitance of 404.6 F/g and a reaction
time constant of 0.3s, demonstrating a significant increase com-
pared to those of the unmodified lignin electrode (160 F/g and
2.3s, respectively) [115]. GQDs derived from marigold were elec-
trodeposited on the working electrode to determine the specific
capacitance and energy density. The test revealed that the elec-
trode material had an elevated energy density (17.78 Wh/kg) and
a power density (799.70 W/kg) with a specific capacitance of 200
F/g at 2.0 A/g, attributed to the abundant functional groups on the
surface of the GQDs. Additionally, it still maintained the terrific ca-
pacitance retention after 1000 cycles [116].

Nowadays, flexible electronics, e.g., wearable displays, have a
wide range of applications. Hence, there is an ever-increasing de-
mand for flexible and stretchable supercapacitors thanks to their
ability to be well integrated with wearable systems, which has be-
come a hot research direction for energy storage software [117].
Rice straw derived GQDs were used to prepare GQDs-enhanced
stone waste particulates nanocomposites. The material exhibited
the outstanding flexural strength (60 MPa) at low dielectric con-
stant and high electrical conductivity [35]. The incorporation of
GQDs introduced various interfaces enhancing electrical conduc-
tivity and flexural strength, thereby confirming the great poten-
tial of biomass for smart nanocomposite applications. Furthermore,
GQDs have been used as active materials to enhance electrode su-
percapacitive performance. Citrate-derived N-GQDs and helical car-
bon tubes were employed to enhance the pseudocapacitive prop-
erties of MoS, for solid-state flexible supercapacitors. In this elec-
trode structure, the multiple functional groups on the edge sites
of N-GQDs played an essential role in improving the pseudoca-
pacitance and wettability of the electrode materials. The findings
showed that supercapacitors possessed a specific capacitance of
1893 mF/cm?2, excellent cycle life, favorable mechanical stability,
and great flexibility [118].

4.1.3. Light-emitting diodes

What's more, the high electron mobility and strong lumines-
cence characteristics of GQDs are also beneficial for the develop-
ment of light-emitting diodes (LEDs) [119]. GQDs can be utilized
in LEDs as novel phosphors, light converters, and down-conversion
materials [90,120,121]. Among LEDs, white LEDs, which have the
advantages of high efficiency, high brightness and energy-saving,
have become one of the promising candidates for future solid-state
lighting sources [122]. Plant leaves derived GQDs enriched with
low-oxygen hydrocarbons exhibited high thermal stability, photo-
stability, and pH stability without photobleaching, aggregation, and
photooxidation. Using the GQDs as light converters, white light
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conversion caps were fabricated via red-green-blue color mixing
for ultraviolet LEDs to generate white light [9]. Similarly, GQDs pre-
pared via honey carbonization can also be employed in white light
emission [94]. Intriguingly, the heteroatom doping can enhance the
QY of GQDs and change their surface properties to provide the
variable optical properties. Gao et al. [50] have successfully syn-
thesized multicolor luminescent GQDs based on lignin by introduc-
ing different dopants. LED devices on the basis of GQDs can emit
white, yellow, orange, and red light with LED conversion efficien-
cies of 13.3%, 11.3%, 7.1%, and 6.5%, respectively, and the irradiance
of LEDs remains stable over a long period of time. This opens up
new prospects for the synthesis of multicolor luminescent GQDs
from biomass and their application to LEDs, contributing to the re-
duction of carbon footprint.

4.2. Environmental remediation

Pollutants, such as heavy metals, organic dyes and inorganic
compounds, remaining in wastewater have strong color and dura-
bility which may affect the water ecosystem to a great ex-
tent. Therefore, the detection and elimination of pollutants from
wastewater have become urgent tasks. Possessing a large specific
surface area, abundant surface functional groups and high charge
transfer properties, GQDs are considered an appealing option for
this purpose.

4.2.1. Fluorescent nanoprobes

Contaminants in water have serious adverse effects on aquatic
ecosystems. Nevertheless, high-cost and operationally complex de-
tection methods are hardly able to meet the needs of real water
quality testing [123]. Biomass-derived GQDs with photolumines-
cent properties, high water solubility, and biocompatibility offer a
new platform for rapid and accurate monitoring of environmental
pollutants. To date, GQDs have been used to fabricate fluorescent
nanoprobes for the detection of a variety of ions, such as Hg?*,
Ag*, I7, and NO,~. These sensors have been chiefly developed by
exploiting the affinity of certain functional groups of GQDs toward
specific ions. For example, highly fluorescent GQDs prepared from
biomass were applied in the three-channel sensitive detection of
Fe3* ions. It has been shown that GQDs have an obvious fluo-
rescence decay, excellent linearity (0.995), and low detection limit
(1.41 nmol/L) in the presence of trace Fe3*. The high sensitivity of
GQDs to Fe3* is based on a synergistic dynamic quenching mech-
anism caused by the energy dissipation due to the amino-binding
Fe3*+ and the consumption of photogenerated electrons in compe-
tition [15]. Another study examined the luminescence intensity of
prepared GQDs when exposed to 16 metal ions (10 mmol/L). The
findings confirmed that among these ions, only Fe3* and Cu2?* can
quench the luminescence of GQDs, and the detected ion concen-
tration displayed a fantastic linear relationship within the range
of 0—1 pmol/L. The photoluminescence quenching mechanism may
be related to the fast chelation kinetics and strong binding affin-
ity of Fe3* and Cu?t to the N functional groups present in GQDs
[124]. Pesticide residues in water can be detected by a similar
quenching mechanism as metal ions. Hsieh et al. [125] developed
B- and N-codoped GQDs as probes for paraquat detection in water.
The remarkably high sensitivity of the photoluminescence quench-
ing process is attributed to the formation of GQDs-(paraquat)y in-
termediates. Additionally, electrochemical and colorimetric sensors
based on GQDs open new horizons for low detection lines and
practical detection of contaminants [126].

4.2.2. Adsorption

GQDs can be taken as nano sorbents for the adsorption of pol-
lutants. For example, GQDs prepared from waste bagasse were
combined with folic acid and Fe3*-tannic acid complex to form a
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supramolecular network. The large pore size of 38.35nm endows
the material with sufficient width to adsorb different pollutants.
Therefore, this material can be utilized as an effective nanosor-
bent to remove heavy metal ions (Cr(VI)) and organic dyes (mala-
chite green) from water at gmax values of 73.4mg/g and 108.1 mg/g
and removal rates of 99.5% and 94.8%, respectively, and valida-
tion experiments were conducted on real water samples. Such im-
pressive results were mainly due to the hydrogen bonding, com-
plexation, and electrostatic attraction between the adsorbents and
the synergistic effect of the supramolecular network [127]. Simi-
larly, Kurniawan et al. [27] synthesized pore-tunable N-GQD/AuNP
nanocomposites with large surface area using chitosan as raw ma-
terial, which exhibited excellent performance in water treatment.
The concentration of adsorbed remazol brilliant blue R (RBBR) at
20 ppm was almost 100% within 120 min. In this case, the oxygen-
containing and nitrogen-containing functional groups as part of N-
GQDs generated the additional hydrogen bonds during the adsorp-
tion process, making N-GQDs able to induce 7 -7 interactions with
the benzene ring of RBBR, which enhanced the adsorption of the
dye (Fig. 6a). Surprisingly, GQDs also have high efficiency in remov-
ing proteins, fluorides, drugs and even bacteria from water, thus
making it possible to treat the industrial wastewater containing
various pollutants [128].

4.2.3. Catalysis

Limited by regeneration and secondary treatment of adsorbents,
catalytic technology is capable of degrading or transforming pol-
lutants completely, leading to a new research boom in the treat-
ment of environmental pollutants. The large specific surface area,
quantum confinement effect and functional groups endow GQDs
with unique optical and electronic properties, which have dis-
tinct advantages in photocatalysis and electrocatalysis. The hybrid
system of N-GQDs combined with F-TiO, ensured effective pho-
todegradation of diverse pollutants, including methylene blue (by
90%), ciprofloxacin (by 62%), and naproxen (by 60%). In this sys-
tem, N-GQDs acted as electron reservoirs, which facilitated the ef-
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ficient separation of electrons and holes, increasing the photocat-
alytic ability of F-TiO, (Fig. 6b) [129]. Not only restricted to pol-
lutants in water, catalysis is considered a promising method for
air purification as well. Cui et al. [130] combined the CA-derived
GQDs with BiyWOg to initiate photocatalytic oxidation of air pol-
lutant NO (Fig. 6¢). Compared with a pure Bi,WOg, the conver-
sion rate of the composite increased to 3.84 times, reaching 73%
within 30min, and the selectivity of NOx~ formation achieved
88%. This is because of the favorable electron transfer ability of
GQDs and the formation of a Z-type heterojunction in the com-
posites, which enhanced the electron-hole separation efficiency of
the catalysts. Volatile organic compounds (VOCs) can also be effi-
ciently catalyzed via visible light induction. The NSGQDs/TiO, cat-
alysts enabled 99.8% toluene degradation and 50% mineralization
within 6h, but also displayed universality to various VOCs (Fig.
6d) [131]. This S-scheme heterojunction efficiently separated pho-
togenerated electron-hole pairs, in which nitrogen- and sulfur-co-
doped GQDs adjusted the bandgap to provide better light absorp-
tion and photoinduced charge carrier separation. Over and above,
transition metal-modified GQDs exhibit the attractive possibilities
in the catalytic conversion of the greenhouse gas CO, [132]. In par-
ticular, GQDs act to optimize the electronic structure, while transi-
tion metals are the real centers of CO, adsorption and activation.

5. Conclusion and perspective

GQDs have made tremendous progress in the fields of energy
storage and environmental remediation due to their unique prop-
erties. However, most GQDs are prepared under energy-intensive
synthetic conditions at high cost from fossil fuel-based precursors.
Renewable biomass is a promising candidate for the production
of GQDs, offering them a sustainable future. As a summary, this
review highlights the preparation of biomass-derived GQDs by a
green synthesis process. The inherent properties of GQDs can be
utilized to enhance their performance in PV, supercapacitor, pho-
tocatalysis and other applications. A systematic review of green
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synthesis methods, properties and applications of biomass-derived
GQDs in recent years is presented.

Although some progress has been achieved in the green syn-
thesis of GQDs from biomass in recent years, there is still a lot
of room for improvement. In particular, to expand the application
range of green synthesized GQDs, the following challenges must be
overcome.

(1) Although green synthesis of GQDs consists in recycling waste
resources, the collection and transportation of biomass require
additional costs, and the yield of synthesized GQDs is still low.
This requires the adequate technical routes and practical appli-
cation to achieve a balance between the use and economic ben-
efits.

(2) The synthesis of GQDs from biomass is often limited to the lab-
oratory scale, and their production on an industrial scale has
not yet been realized. To address this issue, it is crucial to find
high-yield and economically viable biomass precursors as well
as scalable and controllable green synthesis methods.
Since the biomass contains impurities, the doping with dif-
ferent elements and multiple functional groups accompanying
the GQDs pose a significant challenge to their mechanistic ex-
ploration. This requires a thorough investigation of elements
present in precursors before preparation and characterization of
GQDs.
The properties of GQDs are affected by various factors, includ-
ing size, dopants, edge configurations, and shapes. Moreover,
the precise control of surface functional groups and morpholo-
gies of precursors is still a thorny problem due to the inher-
ent properties and preparation methods of precursors. This ne-
cessitates the development of advanced synthetic methods for
precise control according to specific application requirements.
Alternatively, a fully automated approach combining machine
learning and high-throughput synthesis may facilitate the dis-
covery of GQDs with targeted properties.
Functional modifications are crucial for the QY enhancement
and bandgap tunability, some of which have been investigated
but require further exploration. Furthermore, in terms of pollu-
tant removal, the application of nanomaterials may cause sec-
ondary pollution, which should be comprehensively treated and
separated in high purity.

—
w
~

=

—
w
—

Therefore, future research on green synthesis of GQDs from
biomass should focus on addressing the above-mentioned chal-
lenges, developing advanced synthetic strategies, finding new raw
materials with high optical properties and long emission wave-
lengths, improving the yield and QY of GQDs, and enhancing the
performance and flexibility of the prepared devices. The applica-
tion field of biomass-derived GQDs should also be expanded.
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