
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 6
:5

5:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Progress on the
L
2
M
a
j
s
r
f
s
p
p
f
r

School of Life Science and Chemistry, Min

Quanzhou 362332, China. E-mail: wangwe

edu.cn

Cite this: RSC Adv., 2023, 13, 19173

Received 16th April 2023
Accepted 12th June 2023

DOI: 10.1039/d3ra02519e

rsc.li/rsc-advances

© 2023 The Author(s). Published by
luminescence mechanism and
application of carbon quantum dots based on
biomass synthesis

Lei Wang, Shujia Weng, Shuai Su and Weiwei Wang *

With the continuous development of carbon-based materials, a variety of newmaterials have emerged one

after another. Carbon Quantum Dots (CQDs) have succeeded in standing out from the crowd of new

materials due to their better optical properties in biomedicine, ion detection, anti-counterfeiting

materials and photocatalysis. In recent years, through the continuous exploration of CQDs, research

scholars have found that the organic substances or heavy metals contained in traditional ones can cause

irreversible harm to people and the environment. Therefore, the application of traditional CQDs in future

studies will be gradually limited. Among various new materials, biomass raw materials have the merits of

good biocompatibility, lower toxicity and green and environmental protection, which largely overcome

the defects of traditional materials and have attracted many scholars to focus on the research and

development of various biomass CQDs. This paper summarises the optical properties, fluorescence

mechanisms, synthetic methods, functionalisation modulation of biomass CQDs and their relevant

research progress in the fields of ion detection, bioimaging, biomedicine, biosensing, solar cells, anti-

counterfeit materials, photocatalysis and capacitors. Finally, the paper concludes with some discussion of

the challenges and prospects of this exciting and promising field of application.
Introduction

With their unique properties, C-based nanomaterials have
played important roles in recent years in scientic and tech-
nological research and development.1–3 Among them, nano-
diamonds, fullerenes, C-nanotubes, graphene, and uorescent
C-nanoparticles have become the most researched class of
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materials in nanotechnology.4–8 Their great potential to be used
in a wide range of applications has greatly stimulated the
interest of researchers and scholars and driven them to actively
engage in the research of C-based nanomaterials.9–11 In the past
few years, C-nanoparticles and semiconductor materials have
been successfully used in a variety of applications such as bio-
imaging, biosensing and medical diagnostics due to their
strong, tunable uorescence emission properties. However,
these materials have certain limitations, such as the use of
many toxic reagents, such as pyridine,12 pyrrole,13 and heavy
metal salts,14 in the preparation of these materials etc. It is well
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known that these reagents are not only cumbersome to handle
and require specic safety precautions, but also produce high
levels of reproductive toxicity, neurotoxicity, etc., even at rela-
tively low levels, which will hinder the practical application of
carbon nanoparticles and semiconductor materials in clinical
medicine, bioimaging and other elds. These reasons lead to
the creation of (Carbon Quantum Dots, CQDs). CQDs are new
sphere-like carbon nanoparticles in the size range 1–10 nm,
which have excellent optical and electrical properties, stability
and low toxicity, and are therefore increasingly being used to
replace uorescent nanomaterial particles and semiconductor
materials.

CQDs are usually carbon nanomaterials consisting of sp2/sp3

carbon cores and external oxygen/nitrogen-containing func-
tional groups. They consist of monodisperse spheres less than
10 nm in size.15,16 CQDs not only have better biocompatibility,
excellent uorescence quantum yields, and coordinable pho-
toluminescence (PL) properties, but also their low cost and low
toxicity. In 2004, CQDs were discovered by chance as a by-
product in monolayer carbon nanotubes prepared by arc
discharge method.17 In 2006, Sun18 prepared uorescent CQDs
with tunable visible wavelengths by laser cautery. Since then,
a large number of scientic researchers and scholars have
started to research and explore CQDs continuously, and they
have used many different types of carbon source precursors
(such as small molecule organic compounds, carbon ber
materials, biomass-based materials, etc.) to synthesize CQDs by
various methods such as pyrolytic carbonization, hydrothermal
method, microwave method, electrochemical oxidation
method, and combustion method.170

Currently, a large number of researchers have now started to
use biomass materials widely available in nature. They have
successfully prepared biomass-based CQDs using materials
such as sh scales,19 peanuts,20 holy basil,21 sweet potato peels,22

tea leaves,23 mangoes,24 caffeine,25 lignin,26 starch27 and
soybeans28 as the initial carbon source. The use of biomass-
based preparation of CQDs can not only reduce the cost of
raw materials in the preparation process and realize the
multiple recycling of waste resources, but also the CQDs
prepared in this way usually have very excellent biocompatibility
and good uorescence emission properties, and can directly
select green and pure natural precursors from the source, which
greatly improves the feasibility of green environmental protec-
tion. Therefore, CQDs prepared using biomass-based can be
more effectively and safely used in medical diagnostic elds
such as bioimaging and biosensing.29 In addition, it can effec-
tively solve the problem of poor photostability of traditional
uorescent dyes and is expected to be an alternative to medical
materials prepared from traditional uorescent dyes, uores-
cent nanoparticle materials, and semiconductor materials.30–32

To this end, this paper systematically analyses the research
progress of biomass CQDs, focusing on three aspects: rstly, the
optical properties of biomass CQDs, secondly, the uorescence
mechanism of biomass CQDs, and thirdly, the study of how to
design, prepare and modulate biomass CQDs with excellent
optical properties using biomass materials as the initial carbon
source. On this basis, it also introduces the application of
19174 | RSC Adv., 2023, 13, 19173–19194
biomass CQDs in ion detection, bioimaging, biomedicine,
biosensing, solar cells, anti-counterfeiting materials, catalysis,
capacitors and other related applications. It is hoped that this
paper will provide the most comprehensive analysis possible of
the research progress in the development of biomass CQDs for
the general research community. It will provide some theoret-
ical basis for further research by scholars in the future.
Optical properties of biomass CQDs

CQDs have achieved many excellent physical and chemical
properties due to their unique chemical structure, the most
prominent of which are optical properties, mainly including UV
visible absorption characteristics, uorescence characteristics,
uorescence stability, and so on. Researchers have compared
biomass CQDs with traditional semiconductor quantum dots,
metal CQDs, and CQDs synthesized with organic reagents, and
found that the optical properties of biomass CQDs are similar to
or even better than semiconductor CQDs, metal CQDs, and
CQDs synthesized with organic reagents. As a result, biomass
CQDs have attracted the attention of many scholars. Therefore,
biomass CQDs has attracted the attention of many scholars. In
this section, we will introduce the optical properties of biomass
CQDs and their related calculations.
UV-vis absorption properties

CQDs usually have strong light absorption in the ultraviolet
region and weak light absorption intensity in the visible and
near-infrared regions,33 but a small part of CQDs also have
strong light absorption peaks in the visible region.34,35 Usually,
the absorption peaks of biomass CQDs are mainly located
between 230–270 nm and 320–380 nm. The absorption peaks
between 230–270 nm are due to p–p* transitions in sp2 hybrid
carbon, while the absorption peaks between 320–380 nm are
due to n–p* transitions in C]O,36–38 as shown in Fig. 1(a). Lee39

et al. synthesized a nitrogen doped biomass CQDs with bright
blue uorescence using plum fruit as the reaction raw material
through a one-step hydrothermal method. As shown in Fig. 1(b),
the absorption peaks of the CQDs are 270 nm and 332 nm,
which belong to the p–p* transition of C]C and n–p* transi-
tion of C]O, respectively. In addition, according to relevant
research reports, we found that aer the heteroatomic doping
and surface functionalization modication of CQDs, its
absorption ability, emission wavelength and peak intensity of
visible light would be greatly changed,40 which greatly changed
the optical properties of CQDs. Wang41 et al. successfully
introduced an amino structure in the preparation of CQDs, as
shown in Fig. 1(c). It can be seen that the amino structure can
signicantly improve the visible light absorption ability of
CQDs. Sun40 et al. successfully prepared S–N–S-CQDs by
carbonizing with sulfuric acid using hair ber as carbon source.
In this experiment, different temperature gradients were set for
the synthesis reaction. As shown in Fig. 1(d) and (e), we can
observe that with the continuous increase of temperature, the S
element in CQDs gradually increases, and the absorption peak
of the CQDs undergoes a blue shi, with a peak change of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) UV-vis spectra of biomass CQDs at different dilution ratios;36

(b) UV-vis spectra of N-CQDs;39 (c) UV-vis spectra of N-CQDs and N
doped CQDs;41 (d, e and f) the UV-vis spectrogram presented with the
continuous increase of S element in CQDs.40 Reproduced from ref. 36
with permission from [Elsevier], copyright [2023]. “Reproduced from
ref. 39 with permission from [Elsevier], copyright [2023]”. “Reproduced
from ref. 41 with permission from [Springer], copyright [2023]”.
“Reproduced from ref. 40 with permission from [Elsevier], copyright
[2023]”.

Fig. 2 (a) UV-vis absorption and emission spectra of CQDs under
320 nm excitation;37 (b) fluorescence emission and UV-vis absorption
spectra of CQDs, as well as images of CQDs under sunlight and
ultraviolet lamp irradiation.43 “Reproduced from ref. 37 with permission
from [Royal Society of Chemistry], copyright [2023]”. “Reproduced
from ref. 43 with permission from [Elsevier], copyright [2023]”.
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323 nm/ 300 nm/ 295 nm, but the emission peak gradually
undergoes a red shi. In addition, there are also some CQDs
emitted in the near-infrared light region, usually because sp2

carbon atoms and their surface groups contain p electrons,
which will produce p conjugated effect, resulting in their long
wavelength light absorption in the range of 500–800 nm.42

Therefore, the differences in chemical composition, structure,
preparation process, modication andmodication methods of
biomass CQDs can lead to changes in UV-vis.
Fluorescence characteristics

Photoluminescence refers to the phenomenon that a material is
irradiated by an external light source and thus excited to
produce light emission.

Photoluminescence is one of the outstanding properties of
CQDs. Due to the differences in preparation methods, raw
materials, reaction conditions and pH, the uorescence charac-
teristics of CQDs are signicantly different, so that the emission
spectrum of CQDs covers the whole light absorption region. The
photoluminescence behavior of CQDs is usually divided into two
processes: excitation and emission. It is worth noting that both
processes originate from a jump between different energy levels.

Song37 et al. synthesized CQDs with bright blue uorescence
by one-step hydrothermal method using black tea as raw
© 2023 The Author(s). Published by the Royal Society of Chemistry
material. As shown in Fig. 2(a), under the excitation of 320 nm
ultraviolet irradiation light, the optimal emission peak is
400 nm. When the wavelength of the ultraviolet irradiation light
is constantly changed, we can observe that the peak position
and intensity of the emission peak also change accordingly.
Yang43 et al. successfully prepared CQDs using honey as
a carbon source. As shown in Fig. 2(b), the CQDs emitted bright
blue uorescence upon irradiation with UV light at 365 nm, but
under daylight conditions, the CQDs showed an almost trans-
parent colour. Furthermore, we can see from the gure that the
best excitation and emission wavelengths of this biomass CQDs
can be observed at 338 nm and 420 nm respectively. Ding44 et al.
successfully prepared a CQDs with high quantum yield (QY =

28%) and red light emission by solvothermal method using
lemon juice as raw material, and its optimal emission wave-
length is 631 nm. In addition, scholars have found that acidity
and alkalinity also have a signicant impact on the photo-
luminescence of CQDs. Chunduri45 et al. successfully prepared
CQDs with a large amount of carboxyl and amino groups on the
surface using coconut shell. Aer continuous testing, we found
that the uorescence of CQDs gradually decreased when pH
increased from 4 to 12. This is mainly because the carboxyl
group will undergo protonation and deprotonation under
different PH conditions, which will cause the change of elec-
trostatic charge, and then cause the change of uorescence. Jia46

et al. found that the emission intensity of CQDs prepared using
ascorbic acid as a carbon source exhibits a linear relationship
between pH 4–8. When pH > 8, the emission intensity decreases
by up to 90% compared to pH = 4. This may be due to the
deprotonation of carboxyl groups on the surface of CQDs
caused by the rise in pH. In addition, some CQDs have the
highest emission intensity at pH = 7, while in acidic or alkaline
environments, their emission intensity will signicantly
decrease.47 In addition, stable PL emission over a wide range of
ionic strengths is important for the practical application of
carbon quantum dots (CQDs), mainly because variations in
ionic strength affect the charge density and surface reactivity of
the surface of CQDs, which in turn affects their uorescence
emission properties. If the emission of CQDs is unstable, it will
affect the effectiveness of their specic applications in bio-
imaging, optoelectronics, sensors and other elds.
RSC Adv., 2023, 13, 19173–19194 | 19175
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Fig. 3 Comparison of fluorescence spectra (a) and fluorescence
emission spectra (b) of CQDs prepared from apple juice stored for 1
day and 365 days, respectively.50 “Reproduced from ref. 50 with
permission from [Elsevier], copyright [2023]”.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 6
:5

5:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Optical stability

Another advantage of CQDs is that it has good uorescence
stability.48 The uorescence intensity of traditional organic dyes
or dyes usually decreases rapidly with the increase of light,
while the uorescence intensity of CQDs hardly weakens under
continuous ultraviolet irradiation, and it also has extremely
strong photobleaching resistance.

Sun18 et al. subjected the synthesized CQDs to several succes-
sive repeated excitations, and they found that their uorescence
intensity did not show any decay and the uorescence emission of
the CQDs did not show light icker under confocal microscopy.
Li49 et al. subjected CQDs made by laser stripping to continuous
UV light irradiation for 4 h and found that the uorescence
intensity of CQDs decreased by only 4.5%. Lee50 research group
used apple juice as the precursor to synthesize biomass CQDs
with high quantum yield (QY = 12.5%) and bright blue uores-
cence by one-step hydrothermal method. As shown in Fig. 3, the
research group stored the CQDs for 365 days, and then compared
themwith the rst day. They found that a storage time of up to 365
days did not signicantly change the uorescence emission
intensity of the CQDs, only slightly attenuated.

Therefore, based on the stable and excellent uorescence
stability of CQDs, people can make full use of these character-
istics and better apply them in various elds such as in vivo
labeling and detection, imaging and so on. We believe that in
the near future, we can see a large area of practical application
of CQDs, bringing more convenience to human beings.
Calculation of relative uorescence quantum yields

Fluorescence quantum yield (QY) is the ratio of the number of
uorescent photons emitted by a uorescent substance aer it
absorbs light to the number of photons absorbed by the excited
light. The larger the QY of the uorescent material is, the higher
the uorescence intensity is, and the smaller it is, the lower the
uorescence intensity is. In any case, the quantum yield of the
uorescent material will not exceed 1. If the material has no
uorescence emission, its quantum yield will be equal to or in-
nitely close to 0. Since the absolute accurate QY value is difficult to
measure, the reference method is usually used to measure it.

At present, themost commonly usedmethod is quinine sulfate
as a ref. 51. The specic methods are as follows: rstly, a certain
amount of quinine sulfate (QY = 54%, h = 1.33) is dissolved in
0.1 M H2SO4 solution, and then a series of standard reference
solutions with different concentration gradients are congured.
19176 | RSC Adv., 2023, 13, 19173–19194
Secondly, dissolve the required measured CQDs in deionized
water and prepare a series of corresponding CQDs to be tested
solutions. Thirdly, adjust the concentration of the standard
reference solution and the sample solution to be tested to ensure
that their absorbance at 360 nm can be less than 0.1, preferably
close to 0.05. Finally, the absorbance values at the wavelength of
360 nm are obtained respectively, then the uorescence emission
peaks of the reference solution and the sample to bemeasured are
scanned at the excitation wavelength of 360 nm, the area is
calculated, and the value is brought into the following formula to
calculate the uorescence quantum yield:

YS ¼ YR � IS

IR
� AR

AS

� hS
2

hR
2

In the formula, Y represents the uorescence quantum yield;
I is the area of the uorescence emission peak; A is the absor-
bance value of the solution at 360 nm; h indicates the refractive
index of the solution; the subscripts S and R represent the
solution to be tested and the quinine sulfate standard reference
solution, respectively.
Calculation of average uorescence life

The average lifetime ofuorescence refers to the average duration
of uorescence emitted by a substance aer absorbing energy
under the action of an excited light source. The average lifetime
of uorescence is an extremely important index parameter, which
is oen used to describe the uorescence characteristics of
uorescent materials. It can well reect the uorescence decay
rate and internal energy transfer process of uorescent materials.
Therefore, it can be widely used in materials chemistry,
biomedicine, physical chemistry and other elds.

Similarly, the uorescence average lifetime index also plays
a crucial role in the optical properties of CQDs. It canwell reect the
temporal variation of the uorescence signal of CQDs and the
magnitude of the change in uorescence decay rate. The decay rate
of uorescence signals is inversely proportional to the average
uorescence lifetime. Generally, the longer the averageuorescence
lifetime, the slower the signal decay rate changes. If the duration is
longer, the stronger its uorescence stability and reliability.

The following equation is the average uorescence lifetime
equation:52

sav = a1s1 + a2s2 + a3s3

Among them, s1, s2, s3 represents the decay time of each part
of CQDs, and a1, a2, and a3 represent the corresponding weights
of each part of CQDs.
Fluorescence mechanism of biomass
CQDs

The luminescence mechanism of CQDs is closely related to
their synthesis process. As different biomass CQDs are prepared
from different raw materials, synthesis methods and pre-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Effect of different levels of surface oxidation on the fluo-
rescence of CQDs;59 (b) fluorescence plots of CQDs with different
levels of oxidation under UV light irradiation;58 (c) fluorescence
modulation mechanism of CQDs with different oxidation levels.58

“Reproduced from ref. 59 with permission from [JohnWiley and Sons],
copyright [2023]”. “Reproduced from ref. 58 with permission from
[American Chemical Society], copyright [2023]”.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 6
:5

5:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
treatment processes, the chemical structures and compositions
of the synthesised CQDs are usually different, which also leads
to different optical properties. This has attracted many
researchers and scholars to investigate the luminescence
mechanism of CQDs, but there is still a great deal of controversy
among them. Currently, the most recognised uorescence
mechanisms for CQDs are the following: band gap uorescence
from band gap jumps in conjugated p-domain structures,
surface state luminescence, molecular state luminescence,
down-conversion luminescence, and up-conversion
luminescence.

Bandgap uorescence from bandgap jumping in conjugated
p-domain structures

For some CQDs with graphitized structures, their uorescence
effect is inextricably linked to the p-electron state of the sp2

structure. The band gap of the conjugated p-domain structure
leaps to produce band gap uorescence, with the band gap leap
occurring mainly in the p-structure domain. They are like iso-
lated islands in which are rich in p-electrons and have sp2

hybridization, and these islands can be formed by reducing the
graphene oxide. If multiple islands are joined together. Then it
will happen sudden uorescence extinction.53 Therefore, to
avoid sudden uorescence extinction, we should isolate the p-
structural domains from each other, which will facilitate the
formation of band-gap uorescence. In addition, a monolayer
of graphene sheets must be used to isolate it. This prevents
interlayer occurrence in multilayer graphene sudden
extinction.54

In addition to this, the uorescence emission for graphitized
structured CQDs can also be tuned by changing the size of the
conjugated p-domain. As the conjugate p-domain shrinks, the
size of the carbon nuclei of CQDs also becomes progressively
smaller, uorescence emission and UV absorption shis in the
direction of blue shi; conversely, the size of the carbon cores of
CQDs also gradually increases, uorescence emission and UV
absorption shis in the direction of red shi. This explains well
the luminescence mechanism of the graphitized structures of
CQDs.

Surface state luminescence

The surface state of CQDs (chemical groups, degree of oxidation
of the surface, surface defects) is closely related to the uores-
cence emission of CQDs. The use of multiple methods for the
synthesis of CQDs has resulted in very complex chemical
structures on the surface of CQDs, such as different hybridised
carbon atoms, surface defects and various functional group
structures.55–58 As shown by Fig. 4, the uorescence emission of
CQDs is related to the degree of oxidation of the surface, and an
increase in the oxidation of its surface shis the uorescence
emission of CQDs towards the red-shi direction. This is
because surface oxidation introduces surface defects to CQDs,
and different defects introduce a variety of uorescent emission
sites on CQDs, so their emission spectral intensity will change,
and when the surface oxidation of CQDs is higher, more surface
defects will be introduced, which will capture more excitons for
© 2023 The Author(s). Published by the Royal Society of Chemistry
compounding to produce radiation, thus causing the spectral
emission to shi in the red-shied direction,59 and the different
luminescent colours are mainly related to the surface oxidation
and surface structure of the CQDs, independent of the particle
size.58

In addition, the graphite powder was laser ablated to obtain
non-uorescent effect CQDs, subsequent oxidation of the CQDs
by UV light produced oxygen-containing groups on their
surface. With the increase in the number of oxygen-containing
groups, CQDs succeeded in possessing uorescence emission
properties, thus demonstrating that the source of uorescence
for CQDs comes from the surface state structure, independent
of the size of the carbon nucleus and the size of the energy gap
in the surface state.60 Some studies have also shown that when
CQDs have the same particle size and similar surface oxygen
content, the uorescence gradually redshis as the number of
amide groups increases. This is because the N-containing
electron donating groups, which causes a substantial
enhancement of the n–p* leap, and the width of the energy gap
narrows as the number of N-containing groups increases,
leading to its enhanced uorescence emission capacity, even-
tual uorescence occurs red shi.61
Molecular state luminescence

The luminescence mechanism of the molecular state differs
from that of the previous two. Many studies have shown that
a number of small uorescent molecules or uorophores are
produced during the synthesis of CQDs and that, as the reaction
continues, they are eventually complexed to the surface of the
CQDs or embedded within it, making the CQDs uorescent.62 As
shown in Fig. 5, comparing the CQDs synthesised from three
raw materials – citric acid and ethylenediamine, citric acid and
hexamethylenetetramine, and citric acid and triethanolamine –
with citrazinic acid, it can be concluded that the uorescence of
the CQDs synthesised from the rst two raw materials, which
emit bright blue uorescence, originates from the citrazinic
acid molecules modied on their surfaces.63

Some other studies have also found, at low temperatures, as
the reaction continues, will form molecular precursors with
uorescent groups, the uorescence at this time is mainly
molecular uorescence; as the reaction temperature gradually
RSC Adv., 2023, 13, 19173–19194 | 19177
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Fig. 5 Reaction conditions for the synthesis of citric acid-based CQDs
using three different raw materials and the corresponding images
under ambient and UV light irradiation.63 “Reproduced from ref. 63
with permission from [American Chemical Society], copyright [2023]”.

Fig. 6 Fitting of fluorescence spectra of CQDs.66 “Reproduced from
ref. 66 with permission from [American Chemical Society], copyright
[2023]”.
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increases, the uorescent group is present alongside the cross-
linked polymer, at which point the uorescence emission is
thought to be provided by both the carbon nucleus and the
uorescent group; as the temperature continues to rise, the size
of the carbon nuclei of CQDs increases and the uorescent
groups gradually decrease, at which point the uorescence
emission is then thought to originate mainly from the carbon
nuclei.64,65 The same conclusion was reached by Yu66 et al. when
they explored the effect of temperature on the uorescence of
CQDs, as can be seen through Fig. 6 that the uorescence
luminescence of CQDs is the result of the combined effect of
both carbon core luminescence and uorescent group
luminescence.
Fig. 7 (a) Fluorescence diagram of CQDs emitted at different excita-
tion wavelengths;18 (b) preparation process of biomass CQDs with
multiple fluorescence emission.71 “Reproduced from ref. 18 with
permission from [American Chemical Society], copyright [2023]”.
“Reproduced from ref. 71 with permission from [Royal Society of
Chemistry], copyright [2023]”.
Down-conversion luminescence

Down-conversion luminescence is a photoluminescence
phenomenon in which a material emits two or more low-energy
photons when excited by a short-wavelength light wave with
high energy. In CQDs, the behaviour of down-conversion
luminescence is mainly characterised by wavelength-
coordinated emission.

At present, Sun,67 Qu,68 Kailasa,69 Bhamore30 have
successfully prepared wavelength coordinated emission
CQDs using articially synthesized carbon sources. They
19178 | RSC Adv., 2023, 13, 19173–19194
exhibit emission of multiple uorescent colors,18 as shown in
Fig. 7(a). Related researchers believe that the wavelength
coordinated emission of CQDs is mainly related to their
surface defects and particle size.70 Therefore, we can achieve
uorescence emission of multiple colors of CQDs by intro-
ducing more defect states on their surfaces to enable a large
number of excitons to recombine, or by adjusting the size of
the particle size. In recent years, the technology of synthe-
sizing CQDs with synthetic carbon source for wavelength
coordinated emission has been relatively mature, while the
technology of synthesizing CQDs with biomass carbon source
for wavelength coordinated emission is still in the initial
stage. At present, most CQDs produced from biomass raw
materials usually emit blue uorescence, while only a few
biomass CQDs emitting red,71 yellow72 and green73 have been
reported. Zhou71 et al. successfully prepared biomass CQDs
with four different uorescence emissions using food waste.
They successfully separated four different uorescent colors
of biomass CQDs prepared by hydrothermal carbonization
through dialysis. As shown in Fig. 7(b), they are blue
(molecular weight <500 Da, QY = 28%), green (molecular
weight 500–1000 Da, QY = 18%), yellow (molecular weight
1000–2000 Da, QY = 10%), and red (molecular weight
>2000 Da, QY = 6%). It can be found that the continuous
increase of particle size will lead to the gradual red shi of
uorescence color, while the continuous increase of molec-
ular weight will cause the dialysis effect to become worse and
worse, and the yield of the obtained CQDs will also decrease
sharply. Ding44 et al. successfully prepared a biomass CQDs
capable of emitting red uorescence using lemon juice as
a precursor. In order to investigate the effect of the chemical
structure on wavelength coordinated emission on the surface
of CQDs, researchers used NaBH4 to reduce the chemical
structure on its surface. Subsequently, it was found that the
red luminescence of the biomass CQDs decreased and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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gradually blue shied emission occurred. Therefore, by
modifying and adjusting the surface state of CQDs, a signi-
cant change in their uorescence color can be achieved.
Upconversion luminescence

In addition to down-conversion luminescence, CQDs some-
times exhibit up-conversion luminescence. Upconversion
luminescence is an optical phenomenon in which the wave-
length of uorescence emission is less than the excitation
wavelength used.74 Due to the ability of long excitation wave-
lengths to penetrate deep biological tissues well, as well as their
high spatial resolution and low background interference, they
play a crucial role in biological imaging. Cao75 et al. rst
discovered that CQDs has upconversion luminescence property.
They observed that CQDs emits visible light under excitation
light of 800 nm. However, there are still some controversies
about the formation mechanism of upconversion luminescence
properties of biomass CQDs. One explanation is the electron
relaxation phenomenon of high energy state p orbital transition
to s orbital in biomass CQDs. Another explanation is that
biomass CQDs has a huge multi-photon absorption cross
section. When it is excited, it can simultaneously absorb
multiple long-wave photons and release a short-wave photon, so
the emission wavelength is smaller than the excitation
wavelength.

Yin76 et al. successfully prepared a biomass CQDs with both
down conversion uorescence and up conversion uorescence
using chili peppers as precursors. Aer research, it was found
that the upconversion uorescence emission of this CQDs also
exhibits excitation wavelength dependence, as shown in
Fig. 8(a). Jiang77 et al. prepared a biomass CQDs with upcon-
version uorescence using coffee as raw material. The mecha-
nism of upconversion uorescence of CQDs in biomass may be
due to the simultaneous absorption of two or more photons by
CQDs, leading to anti-Stokes emission. S–N-CQDs prepared
from hair bers also exhibit upconversion uorescence prop-
erties. As the excitation wavelength increases, the emission
wavelength of S–N-CQDs gradually shows a redshi phenom-
enon.40 Therefore, multiphoton processes and anti Stokes
emission have become the two most recognized mechanisms
for the formation of upconversion uorescence. Due to the
relatively low efficiency of upconversion uorescence, it is
usually necessary to adopt high intensity excitation light to
Fig. 8 (a) Fluorescence spectra of biomass CQDs emitted at different
excitation wavelengths76 (b) upconversion fluorescence emission
spectra.76 “Reproduced from ref. 76 with permission from [Royal
Society of Chemistry], copyright [2023]”.

© 2023 The Author(s). Published by the Royal Society of Chemistry
obtain excitation photons or modify or enhance them by some
articial means,75,78 so as to achieve higher efficiency of
upconversion uorescence.
Synthesis of biomass CQDs

So far, researchers have developed a variety of methods for the
preparation of CQDs, as shown in Fig. 9, mainly including two
main types of methods, “top-down” and “bottom-up”. The “top-
down” method involves the complete crushing of the larger
carbon skeleton into smaller CQDs by chemical or physical
means, mainly including arc discharge, laser pin etching and
electrochemical synthesis. The use of the “top-down” method
for the preparation of CQDs is usually limited to materials with
large sp2 carbon structural domains. The secondmajor category
of “bottom-up” methods refers to the synthesis of larger size
CQDs by using small organic molecules as precursors in a series
of chemical reactions, mainly including microwave pyrolysis,
solvent heat, chemical oxidation, ultrasonic oscillation and
hydrothermal methods.

The method described above for the synthesis of CQDs, most
of the carbon source precursors they use are non-renewable
materials, such as polymeric organic compounds, carbon
nanotubes, graphene, organic small molecule compounds, etc.
These materials are more complex and expensive to handle.
What's more, they are toxic, not only does this limit its appli-
cation in a variety of areas such as bio-imaging, medical therapy
and drug delivery, but it also poses a serious and irreversible
hazard to people and the environment if improper use results in
leakage.

In recent years, China has issued a number of relevant
policies to promote high-quality economic development and
strengthen environmental protection. The exploration of green
technology has become an important engine to promote the
development of green economy, which is also one of the reasons
for its growing widespread concern. It is for this reason that the
synthesis of biomass CQDs has become a major academic
hotspot. Biomass materials with a high carbon content and
a high abundance of heteroatoms, are a low-cost, green and
renewable natural resource. With their good properties,
biomass materials have been widely used as precursors to
Fig. 9 Introduction to the synthesis method of CQDs.79 “Reproduced
from ref. 79 with permission from [Royal Society of Chemistry],
copyright [2023]”.
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Table 1 Comparison of three CQDs synthesis methods

Synthetic method Advantage Disadvantage

Pyrolytic charring method Simple synthetic process green environmental The size of the synthesized CQDs is difficult to
regulate, the number of surface functional
groups is low, and it is difficult to obtain pure
CQDs

Microwave method Efficient and time-saving, high output Uneven size distribution, high impurities and
low quantum yields of prepared CQDs

Hydrothermal method Wide range of raw materials, green, low cost,
easy to realize functionalized modication of
CQDs

Long reaction time, low yield, and severe lack of
other uorescent colors

Fig. 10 Schematic diagram of CQDs preparation by pyrolytic
carbonization using watermelon rind (a), hair fiber (b), pepper (c),
peanut shell (d and f) and sago waste (e) as reaction
precursors.40,76,90–93 “Reproduced from ref. 90 with permission from
[Elsevier], copyright [2023]”. “Reproduced from ref. 40 with permission
from [Elsevier], copyright [2023]”. “Reproduced from ref. 76 with
permission from [Royal Society of Chemistry], copyright [2023]”.
“Reproduced from ref. 91 with permission from [Royal Society of
Chemistry], copyright [2023]”. “Reproduced from ref. 92 with
permission from [Elsevier], copyright [2023]”. “Reproduced from ref. 93
with permission from [Elsevier], copyright [2023]”.
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prepare biomass CQDs. CQDs made from biomass materials
have excellent luminescence properties, biocompatibility, pho-
tostability, low toxicity and many other advantages, this makes
it valuable and promising for a wide range of applications in
a number of elds such as bioimaging,80,81 disease treat-
ment,82,83 catalysis,84,85 ion detection,86,87 and optoelectronic
devices88,89 etc. In the following, we will briey describe and
introduce these three common current methods for the
synthesis of biomass CQDs and discuss their future directions
and challenges. The characteristics of the three methods of
synthesising CQDs are shown in Table 1.

Pyrolytic charring method

Pyrolytic charring was an early method used to prepare biomass
CQDs, mainly under high temperature conditions, using
biomass materials as reactants, the degree of pyrolysis and
charring is controlled to obtain CQDs with different lumines-
cence properties.

As shown in Fig. 10, Zhou90 et al. used watermelon rind as the
raw material and charred the material at 220 °C in air for 2 h.
Aer ultrasonication, centrifugation and dialysis, a biomass
CQDs with high uorescence, water solubility and good uo-
rescence lifetime was prepared. At the same time, they have also
successfully applied it as a uorescent probe for HeLa cell
imaging. Sun40 et al. developed a novel one-step synthesis
method for CQDs, a sulphur and nitrogen co-doped S–N-CQDs
with good light stability and water solubility was successfully
synthesised by the sulphuric acid charring of hair bres. The
researchers added hair bres to concentrated sulphuric acid
and sonicated them at a certain temperature, based on which
they were diluted, neutralised, ltered and dialysed, and nally
S–N-CQDs were successfully produced.

Yin76 et al. described a simple synthesis of uorescent CQDs
with high sensitivity and both up- and down-conversion. The
CQDs were synthesised using bell peppers as precursors. The
peppers were rst charred at low temperature and then heated
in a reactor with water for 5 h, followed by centrifugation and
dialysis to obtain puried CQDs. Xue91 et al. used peanut shells
as precursors and charred them at 250 °C for 2 h, aer cooling,
grinding, sonication and ltration, a PH-resistant, strongly
uorescent luminescent and good photobleaching performance
CQDs was synthesized. Tan92 et al. prepared CQDs by pyrolysing
dried sago waste in a furnace (250–450 °C) for 1 h, followed by
cooling, ultrapure water dispersion, sonication and
19180 | RSC Adv., 2023, 13, 19173–19194
centrifugation. The CQDs were highly sensitive and were
successfully applied to uorescent probe technology for the
detection of metal ions. Ma93 et al. successfully prepared a CQDs
with unique excitation-dependent behaviour and good optical
properties by putting cleaned peanut shells into a furnace
pyrolysis, followed by a series of operations of cooling, grinding,
deionised water dispersion, sonication, ltration and
permeation.
Microwave method

Themicrowave method is one of the simplest andmost efficient
methods for the synthesis of CQDs, and is deeply popular
among researchers and scholars. Microwave method refers to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic diagram of the preparation of CQDs by microwave
method using casein (a), gelatin water (b) and air-dried rice straw (c) as
reaction precursors.94,96,98 “Reproduced from ref. 94 with permission
from [Springer], copyright [2023]”. “Reproduced from ref. 98 with
permission from [Taylor & Francis], copyright [2023]”. “Reproduced
from ref. 96 with permission from [Royal Society of Chemistry],
copyright [2023]”.

Fig. 12 Schematic diagram of the preparation of CQDs by hydro-
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the use of microwave energy under microwave conditions, the
uniformity, depth and selectivity of microwave energy,
combined with its advantages of rapid and uniform heating to
destroy the chemical bonding of the raw material itself, aer
which it will be dehydrated, polymerised, doped, etc., ultimately
forming a method of carbon nanomaterials.

A study of the synthesis of CQDs using the microwave method
with biomass as a precursor is shown in Fig. 11. S. K. Bajpai94 et al.
prepared a CQDs with blue uorescence using casein as a raw
material by a one-step microwave method, the QY was 18.7% and
the synthetic CQDs were applied to leaf cell imaging. Huang95

et al. added Bauhinia to amixture of ethanol and water, which was
later placed in a 1000 W microwave apparatus for heating. Aer
cooling, centrifugation, dialysis and freeze-drying, N-CQDs, QY up
to 24.0%, were obtained and could be used for Fe3+ ion detection
with a detection limit of 0.005 mM. Si96 et al. prepared an N-CQDs
with purple uorescence by mixing air-dried rice straw with an
aqueous solution of hydrochloric acid and ethanol, followed by
a microwave reaction for 10 min, dilution, ltration and centri-
fugation. Zhao97 et al. used kelp as the main carbon source and
reacted it in a (200 °C/800 W) microwave oven for 1.5 h. Aer
cooling down, it was centrifuged, ltered and dialyzed, and
a CQDs with high sensitivity to metal ions was successfully
produced and applied to metal ion detection. N Arsalani98 et al.
prepared bright blue uorescent CQDs with up to 34.0% QY by
using gelatin as the reactant, diluting gelatin into an aqueous
solution, adding PEG and mixing it, then heating it in a 600 W
microwave oven for 10 min and nally centrifuging it. The anti-
tumour efficacy was analysed to be superior to free methotrexate
in vitro nuclear delivery, which can inhibit tumour growth very
efficiently and improve the treatment of cancer in clinical
medicine.
thermal method using onion (a), durian pulp (b) and maple leaf (c) as
reaction precursors.99,101,102 “Reproduced from ref. 99 with permission
from [Royal Society of Chemistry], copyright [2023]”. “Reproduced
from ref. 101 with permission from [American Chemical Society],
copyright [2023]”. Reproduced from ref. 102 with permission from
[Elsevier], copyright [2023]”.
Hydrothermal method

The hydrothermal method involves placing the carbon source of
the reactants in an autoclave, with water as the solvent, under
© 2023 The Author(s). Published by the Royal Society of Chemistry
high temperature and pressure reaction conditions, the process
by which small molecular compounds undergo dehydration,
polymerisation and charring to form CQDs. The hydrothermal
method has the advantages of a simple synthesis process, low
cost and controlled conditions. In addition, biomass materials
are used as reaction raw materials, which in addition to the
basic elements also possess signicant amounts of sulphur,
nitrogen, etc., during the hydrothermal reaction, the doping
element reaction can also take place simultaneously, which
gives the CQDs surface a richer functional group structure.
Currently, a variety of biomass materials have been prepared by
hydrothermal methods for the preparation of CQDs, such as
fruits, vegetables, plants and fungi.

As shown in Fig. 12, Wei99 et al. prepared a sulphur and
nitrogen co-doped CQDs showing green uorescence with
a QY of 10.48% by a hydrothermal reaction using onions as
precursors. First, onion slices were mixed with water and
hydrothermally treated at 220 °C for 3 h before being centri-
fuged, dialyzed and freeze-dried to obtain CQDs, which have
good cell penetration and optical selectivity and provide
multicolour imaging of intracellular MCF-7 and K562 cells
and cytoplasm. Miao100 et al. dissolved tobacco in NaoH
solution, diluted it with water and transferred it to an high
pressure reactor, where it was hydrothermally treated at 80 °C
for 3 h. Aer a series of operations of cooling, centrifugation,
ltration and permeation, a CQDs with blue uorescence and
QY up to 27.9% was produced. Liu22 et al. synthesised CQDs
with good photostability and low toxicity from sweet potato
peel, which had blue uorescence and a QY of 8.9%. They
mixed sweet potato peel with water in an high pressure
reactor and produced pure CQDs by hydrothermal treatment
at 200 °C for 3 h followed by ltration and permeation.
Wang101 et al. used durian fruit pulp as the raw material,
mixed it with water and put it into an high pressure reactor
with a platinum sheet at the bottom and hydrothermally
treated at 150 °C for 12 h. Finally, ultra-high quantum yield
(QY= 79%), sulphur-doped graphene quantum dots (S-GQDs)
were successfully obtained. Chellasamy102 et al. used maple
leaves as the initial carbon source, mixed with water and
stirred, then placed in an autoclave for hydrothermal treat-
ment at 190 °C for 8 h. Aer completion of the reaction, CQDs
RSC Adv., 2023, 13, 19173–19194 | 19181
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Fig. 13 Time progression table for CQDs doped with different
heteroatoms.
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with blue uorescence were successfully produced through
a series of operations such as ltration, centrifugation and
ltration.

The synthesis of CQDs by hydrothermal method is simple
and easy to achieve functionalized modication and doping of
CQDs, which is why the hydrothermal method is favored by
many researchers. However, since the reaction temperature and
reaction time of the hydrothermal reaction largely determine
aspects such as the size, morphology and quantum yield of
CQDs, so its uorescence performance will also be affected to
varying degrees.103,104 For different biomass materials, the
optimum temperature and time for their hydrothermal reac-
tions cannot be determined precisely, so a great deal of time
and effort is required to try and experiment to determine the
optimum temperature and time.
Regulating means of biomass CQDs

As shown in Table 2, the quantum yield of most CQDs made
from biomass is generally low without modication; the
uorescence colour of biomass CQDs is single, mostly blue
uorescence, and there is a serious lack of other uorescence
colours, which greatly limits their application in bioimaging;
the scope of application of biomass CQDs is limited to bio-
imaging and sensing. So how to further develop tunable
uorescence CQDs and apply them in deeper elds will be one
of the urgent problems to be solved nowadays.

The small particle size and large specic surface area of
biomass CQDs lead to the incomplete coordination of their
surface, which leads to the formation of a large number of
unsaturated bond structures. Under these conditions, the
atoms on the surface of biomass CQDs will show higher
chemical reactivity, which is easier to complexe with other
atoms and groups.105 In addition, the raw materials for the
synthesis of biomass CQDs are all natural organic molecular
structures, which makes their surface rich in a large number
of functional groups. Therefore, we can effectively control the
Table 2 CQDs synthesis summary

Precursor Synthetic method Fluoresc

Watermelon rind Carbonisation at 300 °C Blue
Hair ber H2SO4 treatment Blue
Sweet pepper Low temperature carbonization Blue
Peanut shell Carbonisation at 250 °C Blue
Sago scrap Pyrolytion at 250–450 °C Blue
Peanut shell Pyrolytion at 340–420 °C Blue
Casein Microwave treatment Blue
Bauhinia Microwave treatment (1000 W) Blue
Air-dried straw Microwave treatment Purple
Kelp Microwave treatment (800 W) Blue
Gelatin Microwave treatment (800 W) Blue
Onion Hydrothermal treatment at 140 °C Green
Tobacco Hydrothermal treatment at 140 °C Blue
Sweet potato peel Hydrothermal treatment at 200 °C Blue
Durian Hydrothermal treatment at 150 °C Multiple
Maple leaf Hydrothermal treatment at 190 °C Blue

19182 | RSC Adv., 2023, 13, 19173–19194
uorescence characteristics and quantum yield of biomass
CQDs by modifying their surface. According to research
reports, heteroatom doping on the surface of carbon dots106

and regulating the size distribution of carbon dots107 are
effective ways to improve the uorescence performance and
quantum yield (Fig. 13).
Heteroatomic doping

Miscellaneous atoms are usually divided into non-metallic and
metallic atoms. Non-metallic atoms include N, P, S and the
halogen group of elements, etc., while metal atoms include Cu,
Ge, Gd, etc. Currently, the use of heteroatom doping to modu-
late the uorescence emission properties and physicochemical
properties of CQDs is a very efficient means of doing so. The
method focuses on improving the uorescence properties and
quantum yields of CQDs by modulating their chemical struc-
ture, carbon skeleton structure, and band gap.108,109 In addition
to the individual doping of metallic and non-metallic atoms,
several related studies have reported the modulation of CQDs
by multi-element doping.108 Since metallic atoms are oen toxic
and can be harmful to humans and the environment, therefore,
this section will focus on non-metallic atomic doping and co-
doped CQDs.
ent color
Quantum yield
(%) Application Ref.

7.1 Bioimaging 90
11.1 Bioimaging 40
19.3 ClO− sensing 76
9.91 Bioimaging 91
— Metal ion sensing 92
10.58 Cu2+ sensing 93
18.7 Bioimaging 94
27.0 Fe3+ sensing 95
— Bioimaging 96
23.5 Co2+ sensing 97
34.0 Drug delivery 98
10.48 Bioimaging 99
27.9 Tetracycline sensing 100
8.9 Oxytetracycline sensing 22

colors 79.0 Bioimaging 101
— Cs sensing 102

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Doping of non-metallic atoms

Amongst the many non-metallic atoms, the nitrogen atom is the
most commonly doped atom for CQDs.110 This is due to the fact
that the nitrogen atom has an electronic structure similar to
that of the carbon atom, and all ve of its own valence electrons
can combine with the carbon atom, thus inducing an upward
shi in the Fermi energy level and conduction band electrons,
which in thus improve the optical properties of CQDs.111 More
interestingly, nitrogen atoms can also enhance quantum yields
by modulating defect vacancies on the surface of CQDs.39,112

When the reaction precursor contains only –OH or –COOH, the
quantum yield is oen below 10%, but when an amino group is
introduced into it, the quantum yield can reach 80%.106

Therefore, when selecting precursors, we can enhance the
quantum yield of CQDs by directly using biomass materials
containing nitrogen or by adding some organic small molecules
containing heteroatoms.

CQDs with 99% quantum yield can be synthesized by
microwave heating using ethanolamine, citric acid and
tris(hydroxymethyl)aminomethane as reactants, mainly
because during the heating process, the amino and carboxyl
groups of the carbon source will form amide bonds through
dehydration condensation, modifying the hydroxyl structure
on the surface of CQDs.113 CQDs with a quantum yield of
94.5% could be prepared by hydrothermal method using folic
acid with a high nitrogen content as precursor. Here, in
addition to the role played by the dehydration condensation of
amino and carboxyl groups, the PH environment also plays
a very important role in the uorescence intensity and
quantum yield of CQDs.114

CQDs with a quantum yield of 94% and bright blue uo-
rescence can be synthesized by hydrothermal methods using
citric acid and ethylenediamine as reaction precursors. In this
reaction, hydrothermal conditions induce dehydration
condensation of the amino group with the carboxyl group to
form an amide bond, which then dehydrogenates with the
neighbouring carboxyl group to form pyrrole N, which is con-
verted to graphite N under hydrothermal conditions.
Therefore, N doping greatly improved the quantum yield and
uorescence properties of CQDs.115 Some studies have also
shown that pyridine N and pyrrole N can induce a blue shi in
the uorescence of CQDs and increase the quantum yield of
CQDs.107,116

In addition to nitrogen, sulfur, boron and phosphorus are
also commonly used in CQDs doping. Do117 et al. prepared S-
CQDs using 2,2′-(ethylenedithio)diacetic acid and applied it
to light-emitting diodes. The test shows that the electronic
states induced by direct doping have a very important inu-
ence on the luminescent properties of CQDs. Shan118 et al.
successfully prepared a high-uorescence B-CQDs by reacting
hydroquinone with boron tribromide by solvothermal
method. This is due to the electron transfer between doped
boron atoms and hydrogen peroxide, which induces hydrogen
peroxide to produce an effective uorescence quenching
effect. At present, B-CQDs has been successfully applied in the
uorescence analysis system of glucose and hydrogen
© 2023 The Author(s). Published by the Royal Society of Chemistry
peroxide. Zhou119 et al. successfully prepared a P-CQDs with
adjustable emission wavelength and high uorescence emis-
sion efficiency by solvothermal method using phosphorus
tribromide and hydroquinone.

Co-doping

The interaction of many elements can produce many unique
electronic structures, which has successfully stimulated the
interest of researchers. Ye120 et al. successfully prepared four
kinds of high-uorescence S–N-CQDs using pigeon eggshell,
feathers, egg yolk and feces as carbon precursors, and their
corresponding quantum yields were 17.48%, 24.87%, 16.34%
and 33.50%, respectively. Tan121 et al. used 1,2-hexadecanediol,
melamine and sodium borate as reaction raw materials to
synthesize N–B-CQDs with good optical properties through
pyrolysis, which has great potential in optics and sensing. In
addition, some researchers have successfully prepared N–F-
CQDs.122

Although there have been some relevant studies on doped
CQDs at present, the research scope of this project is relatively
narrow. For example, the types of doped elements are very few,
and themechanism of luminescence properties also needs to be
studied. In addition, most researchers use organic small
molecules or polymers to directly synthesize CQDs, while few
use biomass raw materials to directly synthesize doped CQDs.
Therefore, in the future research, on the one hand, we can select
natural biomass rich in N, S, P and other elements as the
reaction raw material, which not only makes the process of
preparing CQDs relatively simple, but also provides non-
metallic atoms, which can effectively improve the quantum
yield and optical properties. On the other hand, we can choose
biomass containing certain elements as raw materials and then
add heteroatomic dopants as needed. This method can not only
reduce the difficulty of carbon source selection, but also achieve
the co-doping of multiple elements.

Size distribution modulation of CQDs

The particle size of CQDs is usually within the range
of 0–10 nm, and the different size distribution may
be one of the main factors for the formation of tunable
photoluminescence of CQDs. Therefore, the uorescence
properties of CQDs can be regulated by changing their nano-
size distribution.

Sk107 et al. have theoretically analyzed and calculated the
uorescence mechanism of graphene CQDs by using density
functional theory and time-dependent density functional
calculations. As shown in Fig. 14, with the increasing particle
size, the uorescence emission of graphene CQDs is also
continuously redshied. Some scientic researchers have
successfully prepared CQDs with blue, green, and yellow uo-
rescence emission by taking Manilkara zapota30 and Mango31 as
reaction carbon sources, using sulfuric acid and phosphoric
acid reagents, and controlling their reaction temperature in
different ways. By observing the particle size, it can be seen that
the particle size is increasing and the uorescence color is
gradually changing from blue to yellow. Similarly, Diao et al.32
RSC Adv., 2023, 13, 19173–19194 | 19183
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Fig. 14 Relationship between particle size and luminescence wave-
length of graphene CQDs.107 “Reproduced from ref. 107 with
permission from [Royal Society of Chemistry], copyright [2023]”.
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used Syringa oblata Lindl. as the precursor and nally success-
fully prepared CQDs with blue and green uorescence by
changing the solution of the reaction process. In the process of
probing the particle size, scholars found that the uorescence
emission redshi of CQDs is related to its size increase.

Therefore, the size distribution of CQDs is one of the
important factors affecting its uorescence emission. In the
future, we can change the uorescence emission color of CQDs
by changing the conditions of the preparation process and
adjusting the size distribution of CQDs.

Application of biomass CQDs

Compared with inorganic semiconductor CQDs and uorescent
materials, biomass CQDs have good uorescence stability,
biocompatibility, low toxicity and strong water solubility, and
are easy to prepare and surface modify.123 And replacing the
reaction precursor with renewable natural raw materials can
greatly reduce the preparation cost of CQDs and improve the
yield. These advantages make biomass CQDs a promising green
material. At present, this material is currently used in many
elds such as ion detection, bio-imaging, biomedicine, bio-
sensing, solar cells, catalysis, optoelectronic materials, anti-
counterfeiting materials and many others.

Ion detection

Specic structures or groups on the surface of biomass CQDs
can exhibit uorescence quenching effects on some metal
ions.124,125 Both electron transfer and its internal ltering effect
will lead to uorescence quenching effect.126,127 By using two
CQDs uorescence modes (turn-off or turn-off-on) to construct
uorescent probes, the detection of specic ions can be real-
ized. In addition, this method can effectively solve the problems
of cumbersome process and high cost of traditional detection
methods.

Detection of Fe3+, Hg2+ and Cu2+ ions

In recent years, heavy metal pollution has seriously threat-
ened human health and ecological security. Excessive intake
19184 | RSC Adv., 2023, 13, 19173–19194
of iron, mercury, copper and other metal elements with very
similar chemical properties128 will cause great harm to human
body. For example, excessive Fe3+ exists in the human body,
which will lead to cancer, diabetes and other diseases;129,130

long-term intake of Hg2+ will cause nephritis, proteinuria and
other diseases;131,132 excessive intake of Cu2+ will seriously
damage human liver function and kidney function. There-
fore, the detection of iron, mercury, copper and other heavy
metal ions is very important for human beings and the
ecological environment. The traditional nanomaterials used
for the detection of Fe3+, Hg2+, Cu2+ and other metal ions
mainly include metal nanoclusters,133 organic molecular
uorescence probes,134 semiconductor quantum dots,135 rare
earth complex materials,136 rare earth doped uorescent
nanoparticles137 and uorescent probes based on ordered
mesoporous materials.138 Although these materials can
generally achieve the detection of most heavy metal ions, they
generally have problems such as low detection limits,
cumbersome synthesis processes, long detection times, and
high costs. In addition, the raw materials used in the
synthesis of these materials are mostly organic reagents and
metal ions with some toxicity. Even if the content is low, it will
produce high biological toxicity, which limits its application
in multiple elds such as food and biological testing.
However, if biomass-based synthesis of CQDs is applied to ion
detection, then the use of natural non-toxic precursor is not
only greener at the source, the synthesis process is easier, and
the detection time and cost will be reduced compared to the
previous. Most importantly, compared with traditional
nanomaterials, biomass CQDs have higher sensitivity, better
light stability, structural stability and excellent adjustability,
so they will have greater advantages in ion detection.

At present, several common metals detected by biomass
CQDs include Fe3+, Hg2+and Cu2+. These metals can cause
uorescence quenching of biomass CQDs. Therefore, we can
test the existence of these ions through their uorescence
quenching phenomenon.169

As shown in Tables 3–5, at present, these biomass materials
have been successfully used for the detection of Fe3+, Hg2+ and
Cu2+. Traditional detectionmethods, such as atomic absorption
spectrometry, electrochemical detection, atomic uorescence
spectrometry, etc.,139 have low detection limit, wide detection
range, high cost, complicated process and large error.
Compared with the traditional detectionmethods, the synthesis
process, operation process, detection range, and minimum
detection limit of biomass CQDs have shown certain
advantages.
Other ion detection

In addition to the above three metal ions Fe3+, Hg2+ and Cu2+,
biomass CQDs can also detect other metal ions through other
phenomena or mechanisms. In some related literature, we
found that researchers have used biomass CQDs to detect
Pb2+,86,160 V5+,161 Al3+,162 Co2+,163 Cr6+ (ref. 164 and 165) Ag+ (ref.
25) and other metal ions. Among them, Sahu et al.21 used Saint
Basil as carbon source to prepare CQDs by hydrothermal
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Fe3+ ion detection

Biomass carbon source Synthesis method Range of tests Detection limit Ref.

Rose heart radish Hydrothermal method 0.02–40 mM 0.13 mM 140
Magnolia Hydrothermal method 0.2–100 mM 0.073 mM 87
Jinhua perfumed lemon Hydrothermal method 0.025–100 mM 0.075 mM 141
Astragalus herb Hydrothermal method 50–250 mM 42 nM 142
West Indian gooseberry Hydrothermal method 2–25 mM 0.9 mM 143
Reishi spores Hydrothermal method 2.5–100 nM 15.9 nM 144
Bauhinia Microwave method 40–350 mM 0.01 mM 95
Sweet potato Hydrothermal method 1–100 mM 0.32 mM 145
Pine wood Hydrothermal method 0–2000 mM 355.4 nM 146
Gelatine Hydrothermal method 0–50 mM 0.2 mM 147

Table 4 Hg2+ ion detection

Biomass carbon source Synthesis method Range of tests
Detection
limit Ref.

Jinhua perfumed lemon Hydrothermal method 0.01–100 mM 5.5 nM 141
Mushrooms Hydrothermal method 0–100 nM 4.13 nM 148
Lilies leaves Pyrolytic carbonisation 5–500 ng mL−1 6.3 nM 149
Citrus lemon Hydrothermal method 0.001–1 mM 5.3 nM 132
Pigeon feather Pyrolytic carbonisation 0–1.2 mM 10.3 nM 120
Eggshell lm Hydrothermal method 10–100 mM 2.6 mM 150
Citric acid Hydrothermal method 0.1–1.2 mM 20 nM 151

Table 5 Cu2+ ion detection

Biomass carbon source Synthesis method Range of tests Detection limit Ref.

Carrot Hydrothermal method 1–5 mM 6.8 mM 152
Acacia seeds Microwave method 0.01–10 mM 4.3 nM 153
Bran Solvent heat method 0–0.5 mM 0.0507 mM 154
Bananas Hydrothermal method 100–800 mg mL−1 0.3 mg mL−1 155
Eleusine coracana Pyrolytic carbonisation 0–100 mM 10 nM 156
Grape seeds Hydrothermal method 150–500 mg mL−1 0.048 mg L−1 157
Petals Pyrolytic carbonisation 0–190 mM 200 nM 158
Coffee grounds Hydrothermal method 0–1 mM — 159
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method, which can be used for selective test of Pb2+. This
selectivity is mainly due to the high binding affinity between the
empty d orbital of Pb2+ ion and the surface amine group of
CQDs. The amine-based nitrogen atoms on the surface of CQDs
transfer electrons to the empty d orbital of Pb2+ ion and
generate non-radiative electron transfer, which makes CQDs
and Pb2+ ions better complexed, so that Pb2+ ions can effectively
quench the uorescence of CQDs. Its detection range is 0.01–1.0
mM. LOD is 0.59 nmol L−1. Shuang et al.163 adopt pig skin as
carbon source to prepare N-CQDs to detect Co2+. The uores-
cence emission spectrum of N-CQDs overlaps with the Co2+

absorption band, so the uorescence of N-CQDs can be signif-
icantly quenched through the Co2+ internal ltering effect. The
detection range of the N-CQDs is 1.0 × 103–3.0 × 105 nmol L−1,
and the LOD is 680 nmol L−1.

Currently, some researchers have also carried out studies on
the uorescence mechanism of Cr6+, including reduction reac-
tion166 and coordination between groups and Cr6+.167 In addi-
tion, Cr6+ has a d orbital and low d–d transition state, which can
© 2023 The Author(s). Published by the Royal Society of Chemistry
greatly promote the non-radiative recombination of holes and
electron pairs, thus leading to the uorescence quenching of
biomass CQDs.168
Bioimaging

Semiconductor quantum dots, organic dyes, luminescent
nanomaterials and various luminescent substances have been
widely used in biological imaging. However, these materials
have low uorescence brightness, poor photostability and low
solubility, and contain heavy metal ions and organic reagents
with high biological toxicity. This severely limits its application
in medicine, uorescent labeling and other elds, and also
brings irreversible harm to human beings and ecological envi-
ronment. On the contrary, the emerging biomass CQDs
prepared by using green raw materials have lower biological
toxicity and side effects. In addition, CQDs synthesized from
biomass have the advantages of stable uorescence emission,
matt bleaching, biocompatibility and good cell membrane
RSC Adv., 2023, 13, 19173–19194 | 19185
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penetration, so it is expected to replace traditional materials
and be better applied in the biological eld.

In recent years, the application of CQDs in the eld of bio-
logical imaging mainly includes the detection of animal cells,
plant cells and microorganisms,28,171 which can help people
better understand the mechanisms and various biological
processes in cells. For example, the uorescence effect of CQDs
can be used to locate different regions inside cells (mainly
including nucleus, cell membrane and cytoplasm),106 observe
cell phenotypes and monitor intracellular processes in real
time,172 etc.

Sun's18 research group reported for the rst time the appli-
cation of CQDs in the eld of biological imaging. They observed
E. coli CC25922 cells labeled with CQDs and CQDs entering
Caco-2 cells using confocal microscopy. As shown in Fig. 15, we
can nd that they show bright uorescence and exhibit many
excellent properties. This discovery attracted many researchers
to do research in this eld, and several years later, biomass
CQDs were widely used in the eld of biological imaging. Miao
et al.83 successfully prepared CQDs with turn-off-on uores-
cence emission mode using tomato as raw material to realize
uorescence imaging of carcinoembryonic antigen. This is
mainly because under p–p interaction, a large number of
Fig. 15 Fluorescence imaging of CQDs-labelled E. coli ATCC25922
cells (left) and CQDs entering Caco-2 cells (right).18 “Reproduced from
ref. 18 with permission from [American Chemical Society], copyright
[2023]”.

Fig. 16 (a) Schematic diagram of CQDs prepared from tea leaves as
raw material and used for in vitro imaging of A549 cancer cells.173 (b)
Time-dependent imaging map of CQDs injected via tail vein in mice.175

(c) Single-molecule mode (a1–a3) and bimolecular mode (b) fluores-
cence imaging maps of CQDs.174 “Reproduced from ref. 173 with
permission from [American Chemical Society], copyright [2023]”.
“Reproduced from ref. 175 with permission from [American Chemical
Society], copyright [2023]”. “Reproduced from ref. 174 with permission
from [John Wiley and Sons], copyright [2023]”.

19186 | RSC Adv., 2023, 13, 19173–19194
carboxyl groups in CQDs are attracted to ssDNA and produce
ssDN-CQDs, which leads to uorescence quenching. Since the
binding force between ssDNA and carcinoembryonic antigen is
greater than that between ssDNA and CQDs, we can restore the
uorescence properties of CQDs by applying carcinoembryonic
antigen, and the detection accuracy of this method is relatively
accurate, with a detection limit as high as 0.3 ng mL−1. As
shown in Fig. 16(a), Shivaji et al.173 synthesized CdS-CQDs using
tea extract as precursor, which can be used for in vitro imaging
of A549 cancer cells. By ow cytometry analysis, the researchers
found that CQDs had good reactivity and stability, and could
well inhibit the further growth of A549 cancer cells. Liu et al.174

synthesized CQDs with deep red uorescence using Taxus chi-
nensis, which showed strong uorescence emission perfor-
mance and good biocompatibility in the dark red region, so it
was oen used as a uorescence probe for monomolecular and
bimolecular biological imaging. By observing Fig. 16(c), we can
nd that bright dark red uorescence can be observed in both
single molecular mode Fig. 16(a1)–(a3) and bimolecular mode
Fig. 16(b1). Li et al.175 synthesized a new type of CQDs material
with the second near-infrared emission using watermelon as
the carbon source. The CQDs prepared by this method have low
toxicity, high QY yield and good biocompatibility. As shown in
Fig. 16(b), these CQDs can be injected into the mouse body to
image the mouse body through near-infrared emission. Inter-
estingly, through uorescence imaging, it can be seen that the
excretion rate of CQDs in mice is related to their particle size.
Jeong et al.31 synthesised yellow, green and blue CQDs using
mangoes under different acidication conditions, and injected
the CQDs into the tails of nude mice. 24 h later, blue and green
CQDs were present in the bladder, while yellow CQDs remained
inside the liver, suggesting that blue and green CQDs were
cleared more rapidly, while yellow ones were cleared more
slowly. In addition, some scholars believe that CQDs may
accelerate transmission through urine aer relevant studies.58

In addition, the particle size of biomass CQDs also has a very
important effect on cell imaging. Chen et al.176 mixed sucrose
with oleic acid, and then obtained CQDs by hydrothermal
method. This CQDs have been used to label human bronchial
epithelial cells. Researchers have also found that CQDs can
easily enter the cell membrane and cytoplasm, but it is difficult
to enter the nucleus. Shi et al.177 prepared a CQDs with an
average diameter of 2.49 ± 0.13 nm and good cell penetration
using a variety of different plant petals as initial carbon sources.
This CQDs have been used in cell imaging of human cervical
squamous cell carcinoma, and can penetrate cell membranes
well and be localized into the nucleus.
Biomedicine

At present, the efficient targeted drug delivery technology is not
perfect enough. For example, when some anticancer drugs and
chemotherapy drugs are imported into the human body, their
diffusion and distribution direction cannot be accurately esti-
mated, so that they are widely distributed in the human body,
causing irreversible harm to healthy cells and tiny tissues in the
body while eliminating viral cells. Therefore, how to efficiently
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and minimize the harm of drugs to human body has become
the focus of current researchers. In recent years, biomass CQDs,
with its excellent properties, has been shining brightly in
a variety of applications. It has also had a remarkable effect on
drug delivery and construction. By using the property that the
surface of biomass CQDs is easy to be doped and modied, it
can well realize the complexation with different drugs, thus
completing the delivery of various drugs. In addition, biomass
CQDs play a very important role in clinical disease diagnosis,
treatment and real-time tracer due to their excellent optical
properties, low toxicity and other advantages.29,178

N. Mehta et al.179 synthesized CQDs by one-step hydro-
thermal method using pasteurized milk as raw material. Aer
coupling the CQDs with Lisinopril, a novel drug carrier was
formed, which was conducive to effectively delivering Lisi-
nopril to HeLa cells and monitoring cell uptake into the drug
delivery system at the same time. At the same time, the
adoption of this vector can have a very signicant HeLa cell
survival rate, which plays a very important role in the targeted
treatment of cancer and hypertension. Chang et al.180 mixed
crab shells with three kinds of transition metal ions respec-
tively, and obtained CQDs doped with three kinds of metal
ions by microwave method. Using folic acid targeting group
(FA) and gadolinium doped CQDs, we prepared a CQDS-FA
uorescent probe that acts as a targeted uorescent sensor
for cancer cells and can also be used to deliver adriamycin. In
the HeLa cell experiment, it was found that adriamycin
delivered by CQDs has a stronger pharmacodynamic effect
than adriamycin alone, so CQDs can also be proved to be
a delivery platform with enhanced drug effect. D'souza et al.181

synthesized CQDs from shrimp by one-step hydrothermal
method, and successfully constructed a traceable drug
delivery platform for targeted delivery to MCF-7 cells. This is
mainly because Berdine interacts with the surface of CQDs
through non-covalent interaction to complex them together.
Fig. 17 (a) Left: E. coli treated with CQDs and amoxicillin, right: E. coli
treated with CQDs-AMX complex; (b) Staphylococcus aureus treated
with CQDs and amoxicillin, right: Staphylococcus aureus treated with
CQDs-AMX complex.183 “Reproduced from ref. 183 with permission
from [John Wiley and Sons], copyright [2023]”.

© 2023 The Author(s). Published by the Royal Society of Chemistry
When the complex enters the tumor cells, MCF-7 cells grad-
ually release choline from the loaded CQDs through endocy-
tosis, which greatly enhances the concentration of the drug
and thus plays a role in enhancing the cytotoxicity of the drug.
As the cells can take up uorescence, so it can not only be
used as a tumor therapeutic agent, but also an ideal uores-
cent probe for tracking cancer cells.

In addition to being used to treat and track cancer cells,
CQDs also play a vital role in bacterial infection treatment and
bacterial tracking detection. Ahmadian-Fard-Fini et al.182

prepared CQDs from lemon and grapefruit extracts, and com-
plexed them with Fe3O4 particles to successfully prepare a non-
toxic and sensitive uorescent probe for detecting Escherichia
coli. Through the experiment, the researcher concluded that
between 0–9 × within 107 cfu mL−1, the increasing number of
Escherichia coli will cause uorescence quenching of CQDs.
John et al.183 used wheat bran as the initial carbon source to
synthesize CQDs with a quantum yield (QY) of up to 33.23%,
and then compounded amoxicillin (AMX) onto the surface of
CQDs to develop a new drug delivery system that could be used
for AMX. It can be seen from Fig. 17 that CQDs-AMX has very
obvious inhibitory effect on Escherichia coli and Staphylococcus
aureus, and its toxicity is small.
Biosensing

Biomass CQDs has excellent and unique optical properties,
which makes it have a very wide range of applications in bio-
sensing, biomedicine and other aspects. It is worth noting that
the abundant functional group structure on the surface can
make the interaction between biomolecules, so that the uo-
rescence intensity of biomass CQDs has a signicant change.
Fig. 18 (a) Schematic diagram of Cu2+ assisted biomass CQDs for
alkaline phosphatase detection184 (b) schematic diagram of efficient
detection of G-quadruplex based on biomass CQDs.188 “Reproduced
from ref. 184 with permission from [Elsevier], copyright [2023]”.
“Reproduced from ref. 188 with permission from [Elsevier], copyright
[2023]”.
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During this period, some substances can complexate with
biomass CQDs to induce uorescence quenching, while others
can signicantly enhance the uorescence of biomass CQDs.
Therefore, we can judge whether the purpose of specic detec-
tion is achieved through these two phenomena.

At present, researchers have successfully applied biomass
CQDs to the specic detection of biomolecules. Kim184 et al.
successfully synthesized a biomass CQDs with bright blue
uorescence using vegetable waste under ultrasonic treatment,
and then they successfully constructed a highly sensitive and
real-time uorescence assay method for monitoring alkaline
phosphatase activity. As shown in Fig. 18(a), this methodmainly
uses Cu2+ to induce uorescence quenching of biomass CQDs,
and alkaline phosphatase can inhibit the selective coordination
between pyrophosphoric acid and Cu2+. Aer pyrophosphate is
added, it can be found that the preferential complexation of
Cu2+ with it is far greater than that of Cu2+ with biomass CQDs.
When alkaline phosphatase is present, pyrophosphate
undergoes a hydrolysis reaction and is converted into phos-
phate, thereby inhibiting its interaction with Cu2+ and leading
to signicant uorescence quenching. Aer testing and
analyzing the actual samples, the dynamic detection linear
range is 0.5–10 nM. Therefore, this biomass CQDs can be
applied for precise detection of alkaline phosphatase activity.

Biomass CQDs can not only be used for protein specic
detection, but also for DNA specic detection.185 Pramanik186

et al. synthesized a biomass CQDs with blue uorescence using
eggshell membrane as a carbon source. Aer extensive research,
it was found that the uorescence effect of the biomass CQDs
was enhanced aer complexing with the DNA corresponding to
the adenine thymine (AT) base pair, while there was no
phenomenon aer complexing with the DNA corresponding to
the guanine cytosine (GC) base pair. Therefore, we can see that
the biomass CQDs have excellent selectivity and strong affinity
for DNA corresponding to AT bases. Godavarthi187 et al. used
sargassum as raw material to synthesize a CQDs uorescence
sensing system capable of efficiently detecting DNA. When
single stranded DNA, double stranded DNA, and RNA are used
to label the biomass CQDs, the uorescence intensity of the
system can be signicantly enhanced. Therefore, the biomass
CQDs can be used as green non-toxic uorophores to realize the
visual detection of nucleic acid. Kumari188 et al. used Ganoderma
lucidum as a precursor to prepare nitrogen-doped high-
uorescence biomass CQDs by one-step hydrothermal
method, and successfully applied it to the efficient uorescence
detection of G-quadruplex. As shown in Fig. 18(b), the biomass
CQDs is conjugated with heme chloride, resulting in the uo-
rescence quenching of biomass CQDs. With the slow addition
of G-quadruplex in DNA, G-quadruplex will be complexed with
heme chloride in priority, so that the bonded heme chloride on
the surface of biomass CQDs will gradually fall off, and its
uorescence will gradually recover. Aer uorescence recovery,
uorescence emission can be observed by simple ultraviolet
irradiation. Therefore, we can use this to test the G-tetrad. The
drawback is that this method can only be applied to G-
quadruplex containing DNA, and cannot be used for other
DNA sample detection. Therefore, how to better use biomass
19188 | RSC Adv., 2023, 13, 19173–19194
CQDs to detect DNA sequence specicity is still a big challenge
for us today.
Solar cell

CQDs not only have special optical properties, but also have
a wide range of light absorption capabilities and upconversion
advantages. In recent years, researchers have successfully applied
CQDs to the eld of solar cells based on these characteris-
tics.189,190 Scholars have found that the efficiency of batteries can
be effectively improved by promoting the separation of photo-
generated electron–hole pairs, inhibiting the recombination of
carriers, improving the absorption range, and promoting carrier
separation and electron extraction. At present, CQDs is mainly
applied in solar cells in three forms: light absorber, transport
layer and photosensitizer.191 However, most of the materials
related to CQDs used in the production of solar cells are very
expensive, such as some organic reagents, rare metal materials,
etc., which will bring unaffordable economic pressure to enter-
prises and scientic research institutions. Therefore, in recent
years, in order to reduce the cost of solar cells and synthetic
photosensitizers, researchers have adopted green, environmen-
tally friendly and easily accessible biomass-based materials to
prepare biomass CQDs. The following section will mainly intro-
duce the latest research progress in the application of biomass
CQDs in solar cells in recent years.

Wang192 et al. synthesized a kind of biomass CQDs with ultra-
high uorescence properties by one-step hydrothermal method
using completely green Ginkgo biloba leaves and auxiliary
materials. By combining the CQDs with EVA, scholars success-
fully developed a CQDs/EVA thin lm with high photoelectric
conversion efficiency (PCE). Aer coating 0.050% CQDs/EVA
thin lm on the surface of polycrystalline silicon solar cells,
the photovoltaic conversion efficiency of solar cells increased
from 13.19% to 13.65%. This discovery greatly improves its
application effect in photovoltaic, environment, energy and
other elds. Marinovic193 et al. prepared various types of
biomass CQDs using various biomass materials. By comparing
these biomass CQDs, scholars carefully analyzed the chemical
structure, physicochemical properties, and photoelectric prop-
erties of each type of CQDs, and successfully applied them to
the photosensitizer of TiO2 nanostructured solar cells. Among
them, the photoconversion efficiency of L-arginine carbon
nanodots was the highest (0.36%), and that of lobster shell
carbon nanodots was 0.22%. Interestingly, the researchers also
found that functionalizing carboxylic acids with amines is a very
good way to improve the performance of solar cells. Meng194

et al. took soybean powder as raw material, prepared CQDs by
one-step hydrothermal method, combined it with TiO2 anode,
and successfully built a new all-weather biomass CQDs solar
cell. This battery can not only capture more solar energy and
store a large amount of light, but also generate electricity in
both day and dark, providing a maximum dark light to elec-
tricity conversion efficiency of 7.97%. Similarly, Liu195 et al.
successfully prepared biomass CQDs with high uorescence
performance by taking lotus as rawmaterial and supplementing
sulfur or nitrogen atoms in it. When applying this CQDs to the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02519e


Fig. 19 Application of CQDs prepared from shiitake mushrooms for
fingerprint detection and CQDs/PMMA composites.196 “Reproduced
from ref. 196 with permission from [Elsevier], copyright [2023]”.
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light absorber of mesoscopic solar cells, the light collection
efficiency and electron extraction ability were greatly improved,
resulting inmaximum light conversion efficiency of 0.158% and
0.208% in two-stage and tertiary photovoltaics, respectively.
Subsequently, in order to further enhance the ability to extract
electrons, researchers integrated CQDs with N719 dye and
successfully prepared a photosensitive device with a light
conversion efficiency of up to 9.04%. Therefore, from these
research ndings, we can see that biomass CQDs have enor-
mous potential value in preparing high optical performance
solar cell.
Development of potential applications for biomass CQDs

Biomass CQDs have very good uorescence properties and
biocompatibility, so they are widely used in ion detection, bio-
logical imaging, biomedicine. In addition, biomass CQDs also
has excellent physical and chemical properties, photoinduced
electron transfer ability, excitation light dependence, etc., which
can make it widely used in capacitor, anti-counterfeiting
materials, photocatalysis and other elds in the future.23,197

Hoang et al.88 used cauliower leaves as precursor to
synthesize N-CQDs by one-step hydrothermal method, and
then synthesized them with reduced GO through hydro-
thermal reaction to successfully prepare a CQDs/reduced GO
electrode material with high specic capacitance. Among
them, doped nitrogen has a signicant impact on the active
sites of CQDs. In addition, CQDs effectively block the
re-stacking of graphene, and make its surface area and pore
volume larger, thus changing the electrochemical character-
istics of RGO. Another scholar196 used Lentinus edodes as
natural carbon source precursor and obtained CQDs with
bright blue uorescence by hydrothermal method. As shown
in Fig. 19, when it is applied in the eld of uorescent
composite materials and ngerprint imaging, it still presents
clear ngerprint imaging aer a long time of laser irradiation
test, showing that this CQDs has excellent optical stability. The
researchers then combined the CQDs with PMMA to form
a CQDs/PMMA material with better uorescence properties.
This material can show a unique bright blue uorescence
under ultraviolet light, so it can be used in anti-counterfeiting
technology. Prasannan et al.84 prepared CQDs containing
a large number of oxygen functional groups by one-step
© 2023 The Author(s). Published by the Royal Society of Chemistry
hydrothermal reaction using orange peel as the reaction
material, and then synthesized them with ZnO to successfully
prepare a ZnO/CQDs composite material, which was success-
fully applied in the photocatalyst of blue naphthol azo dyes. In
addition, the CQDs also has a large specic surface area and
excellent electron transfer performance, which makes the
degradation rate and degree of the composite far exceed the
degradation effect of ZnO alone.

Although the current research on biomass CQDs is still in
the initial stage, it has shown profound development potential
in ion detection, biological imaging, biomedicine, photo-
catalysis, anti-counterfeiting materials, capacitors and other
elds, which will provide great help for clinical medicine,
scientic research and other elds in the future.

Conclusion

This article mainly provides a detailed analysis of the optical
properties, uorescence mechanism, synthesis methods, uo-
rescence regulation, and other aspects of biomass CQDs,
revealing the optical properties, main mechanism of uores-
cence emission, and synthesis methods of biomass CQDs. In
addition, this paper also introduces the reasons why biomass
CQDs produce different uorescence spectra and how to effec-
tively regulate their uorescence performance, which provides
a basis for the preparation of biomass CQDs with high quantum
yield and multiple uorescence colors. Through comprehensive
analysis, it is not difficult to conclude that the preparation
process of biomass CQDs and its surface functional group
structure, heteroatoms and particle size distribution all have
important effects on uorescence intensity, quantum yield and
uorescence emission wavelength. Finally, this article provides
a comprehensive analysis and problem summary of the
research progress of biomass CQDs in the elds of ion detec-
tion, biological imaging, biomedicine, biosensing, solar cells,
anti-counterfeiting materials, photocatalysis, and capacitors in
recent years.

Challenges and future prospects

In 2004, a new type of carbon based nanomaterials (CQDs)
emerged. With its unique optical properties, photostability,
biocompatibility, water solubility, low cost, and other
advantages, this material has been widely used in various
elds such as biological imaging, sensing, optoelectronic
devices, catalysis, etc. However, in the preparation process,
researchers mostly use organic small molecules or metal
materials as raw materials or auxiliary reagents, which will
result in the produced CQDs having partial biological toxicity
and irreversible harm to humans and the ecological envi-
ronment. Therefore, how to prepare green, environmentally
friendly, and non-toxic CQDs has become an extremely
important scientic issue at present. Biomass materials are
not only environmentally friendly and have low toxicity, but
also have a lot of heteroatoms and functional groups.
Therefore, they are not only expected to become the best
material for preparing biomass CQDs, but also can greatly
RSC Adv., 2023, 13, 19173–19194 | 19189
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reduce the negative effects brought by traditional materials.
Biomass CQDs have been gradually developed aer many
years. Compared with traditional CQDs, CQDs prepared using
biomass as raw materials not only has better uorescence
performance, optical stability and coordinated emission
wavelength ratio, but also has simple synthesis process, low
raw material cost and low biological toxicity, which greatly
improves the feasibility of green process and environmental
protection. However, in the aspect of specic application, it
still has certain limitations and undeveloped, the following
are our summary of the specic problems and its future
prospects.

We believe that the current problems and expandable
directions of biomass CQDs mainly include: (1) for the problem
of single uorescence color of biomass CQDs, we can start from
the prepared multi uorescence emitting biomass CQDs
materials, and comprehensively summarize and summarize
their reaction conditions, surface functional groups, surface
functionalization modications, and particle size regulation.
On this basis, continue to conduct experiments and verify, and
then obtain the best method and conditions for precise regu-
lation of uorescence color. (2) The uorescence emission of
CQDs is mainly based on its own unique structure and func-
tional groups. Only by constantly studying the structure can we
better understand its uorescence mechanism. Therefore, it is
very important to develop new characterization methods for
biomass CQDs structure detection. (3) Biomass CQDs is only
suitable for simple laboratory production and cannot be large-
scale production due to its difficult separation and purica-
tion. Therefore, the development of a new simple and envi-
ronmentally friendly separation and purication means will
become the main development direction to achieve large-scale
production. (4) Biomass CQDs has been successfully used in
biomedicine-related elds on a large scale by virtue of its
advantages of environmental protection and low toxicity.
However, in addition, biomass CQDs also possess many
potential properties such as photoinduced electron transfer
ability and catalytic ability, which have not been fully developed
and utilized at present. Therefore, it is extremely important to
actively explore the potential properties of biomass CQDs and
develop their related applications in other elds. We believe
that in the near future, we can explore other application value of
birth substance CQDs, and widely apply it to practical engi-
neering applications, to provide more convenience for the
society and even the whole world.
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