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Abstract:

Carbon nanomaterials with a size of less than 10 nm, fluorescent carbon dots (CDs), have been extensively investig-

ated, due to their excellent fluorescence tunability, good biocompatibility, wide range of precursors and low cost. Moreover, their

simple preparation and excellent performance provide for a wide range of applications in the fields of optical sensing, energy storage,

biomedical imaging, and white light-emitting diodes (WLEDs). A large number of solid-state photoluminescent CDs have recently
been developed and used in WLEDs. The synthesis strategies of CDs are briefly summarized and their photoluminescence mechan-

isms are reviewed as well as the recent progress for their use in WLEDs. Finally, prospects for solving the current problems and chal-

lenges of CDs for WLEDs are briefly presented and discussed.
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1 Introduction

Working as a new type of high-efficient light-
emitting source, white light-emitting diodes (WLEDs)
open up a technical field for the lighting industry and
are far superior to traditional incandescent lamps in
terms of luminous efficiency and performance. Typic-
ally, there are two routes currently to fabricate
WLEDs: Coating a variety of monochromatic phos-

[1-2]

phors on UV chips" ™ or using phosphors by "blue
light technology" to form white light'”. Previously,
rare earth phosphors were widely used as the main-
stream luminescent material in WLEDs!™. However,
the high cost and toxicity of rare earth materials seri-
ously hindere their further development. It is there-
fore of great significance to find a new green lumines-
cent material with low cost, low toxicity, and with
high photoluminescence (PL), so that it could be ex-
ploited on a large scale.

As a novel zero-dimensional (0D) carbon nano-
materials discovered in 2004"), carbon dots consist of
a carbonized core and a variety of functional groups

on surfaces, which are often accompanied by the dop-

Received date: 2023-03-20; Revised date: 2023-04-24

ing of heteroatoms including B, N, P and S, Com-
pared to traditional rare earth luminescent phosphor,
CDs feature bright luminescence, ease of preparation
and surface-functionalization, good biocompatibility
as well as low cost and low toxicity. These character-
istics make CDs significant in the application fields

involving biology'"" [16-18]

, chemical sensing and op-
toelectronics!"® !, Although CDs have been catching
considerable attention as light sources for WLEDs and
great progresses have been made so far, solid-state
CDs still face enormous challenges as light-emitting
materials due to the aggregation-caused quenching
(ACQ) effect™. Therefore, currently numerous ef-
forts have been devoted to inhibit the ACQ effect and
enhance the optical properties of light-emitting
devices, as may greatly promote the development and
application of CDs in WLEDs.

Recently, although a few reviews have summar-
ized the preparation, luminescence mechanism and
application of CDs” >, the realization of solid-state
fluorescence of CDs and their applications in WLEDs
have seldom demonstrated in detail. Herein, we

briefly overview the recent advances in the solid-state
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photoluminescence of CDs, and highlight their applic-
ations in WLEDs, particularly focusing on the current
problems and future prospects. Typically, in the first
section, a brief introduction to the synthesis and pre-
paration of CDs is addressed, secondly followed by
the demonstration of photoluminescence mechanism
of CDs and the solid-state photoluminescence. In the
third section, the applications in WLEDs were demon-
strated in detail. Finally, the current challenges of sol-
id-state CDs in WLED applications and the feasible

perspectives were presented as well.

2 Synthesis of CDs

The morphology, size and degree of carboniza-
tion of CDs are intimately influenced by preparation
methods. Accordingly, any difference in structure may
significantly affects the performance of CDs in applic-
ations. Therefore, preparation techniques of CDs are
critically important. Since CD was discovered, re-
searchers have been pursuing simple, efficient and
large-scale technique to prepare CDs of high-quality.

Specifically, two types of strategies have been de-
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veloped to obtain CDs, namely “Top-down” and “Bot-
tom-up” approaches as shown in Fig. 1 (a-c refers to
“Top-down” and d-f refers to “Bottom-up”).
"Top-down" means to cut and destroy large
graphene structures of graphene oxide (GO), graphene
nanosheets, carbon nanotubes (CNTs) etc. by either

11261

physical*™ or chemical techniques to obtain CDs. The

methods involved, such as arc discharge[5’27], laser ab-

lation231 [32-36]

, electrochemical synthesis and so on,
could efficiently transform large carbon structures in-
to CDs. However, the commonly used advanced
equipment or unique technologies result in higher
costs of CDs. CDs synthesized by the “Top-down”
strategy possess excellent graphene structure, but the
surfaces are less functionalized with chemical groups.
As a result, the n-m stacking interaction may occur
between these CDs, which in turn leads to the de-
crease of fluorescence efficiency.

While the “Bottom-up” refers to the approach to
obtain CDs by pyrolysis or carbonization of carbon-
containing precursors upon chemical treatments. The
carbon sources of the “Bottom-up” approach are ex-

tensive, ranging from small organic molecules or oli-
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Fig. I Approaches to prepare CDs: “Top-down” and “Bottom-up”, (a) laser ablation™,, (b) arc discharge®”, (c) electrochemical synthesis™®), (d) microwave-

assisted synthesis*’}, (e) pyrolysis of precursors®, (f) hydrothermal method™”. (Reprinted with permission)
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gomers of citric acid, urea, polyethylene glycol to car-
bon-enriched precursors of tea, orange peel and oth-
ers biomass materials. The mostly used techniques in-
clude hydrothermal/solvothermal method®™"*, mi-
[43-49] pyrolysis
method™ >, etc. Compared to the “Top-down” strate-

crowave-assisted ~ synthesis and
gy, CDs prepared by the “Bottom-up” feature a high-
er quantum yield (QY), a wider source of precursors,
and lower costs. In particular, the hydrothermal/solvo-
thermal method is regarded as one of the most simple
and inexpensive technique. In these techniques, the
precursor is dissolved in water or organic solvent and
placed in a specially designed reaction vessel. The fol-
lowing carbonization of the precursor is accom-
plished under high temperature and pressure condi-
tions. By optimizing precursor species, solvent, and
the reaction parameters of temperature and time, the
composition and PL color of CDs can be well regu-
lated. The CDs synthesized by “Bottom-up” approach
possess more surface functional groups, so a higher
QY can be achieved. However, the as-received mater-
ials are often accompanied by many by-products in
the synthesis process. The subsequent post-purifica-
tion procedures become necessary to improve the

fluorescence performance.

3 Photoluminescence mechanism of
CDs

Excellent fluorescence emission is the most in-
herent and fascinating optical property of CDs.
However, the PL mechanism of CDs is not com-
pletely clear so far. But with the advancement in CDs
research, three PL mechanisms have been confirmed

B the size-dependent emission (de-

by researchers
termined by the carbon core)®’ >, the surface defect
state emission (determined by the carbon backbone

)[59—62]

and the attached chemical groups ,and the mo-

lecular state emission (determined by fluorescent mo-
lecules linked on the surface or inside the CDs)".
These indicate that CDs exhibit a more complex sys-
tem than they are expected.

3.1 Size-dependent emission

In general, the size of CDs (<10 nm) is compar-

able to that of traditional quantum dots (QDs). So
some of researchers considered that the luminescence
emission of CDs has the same size-dependent effect as
that of traditional QDs. For CDs with perfect graphite
structure, the size-dependent emission is mainly influ-
enced by the carbon core. The energy band gap would
decrease with the enlargement of carbon core, leading
to a gradual red-shift of the emission peak.

The core of CDs has a polymer-like structure
consisting of sp’ hybridized amorphous carbon and
small sp” hybridized atomic domains of various geo-
metries. The n-n* transition on the aromatic ring ac-
counts for the fundamental source of fluorescence
emission. Density functional theory calculation stud-
ies show that the band gap width of the m-n* trans-
ition is related to the number of aromatic rings. When
the number of benzene rings increases from 1 to 12,
the band gap width of CDs decreases from 7 to
2 eVl

between the emission wavelength of fluorescent CDs

Therefore, there is a linear relationship

and their size. That is, the larger the size, the longer
the emission wavelength. Yuan et al.® reported a
size-dependent CDs of which the band gap width and
emission wavelength are linearly related to the
particle size, and the fluorescence lifetime of CDs de-
cays single exponentially. These conclusions indicate
that the fluorescence emission only comes from car-
bon core emission. Although the PL of CDs has ex-
perimentally proved to correlate with the size to some
degree, this is not applicable to all studies of CDs.
Therefore, PL mechanisms including surface-state
emission and molecular-state emission are being ex-
plored.
3.2 Surface state emission

So far, the most common PL mechanism might
be the surface-state emission for which a fluorescence
emission center is formed via the synergistic hybridiz-
ation of chemical groups with carbon core. In 2006,
Sun et al. proposed a PL mechanism in CDs determ-
ined by the surface state™. They used PEGsyy to
passivate the surface of CDs prepared by laser abla-
tion approach, which demonstrated that the organic

molecules could provide surface passivation and the
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PL mechanism was controlled by surface defects. It is
well known that the surface of CDs is rich of function-
al groups, and the so-called surface states are not com-
posed of isolated chemical groups, but of the hybridiz-
ation of carbon backbone and the attached chemical
groups. The functional groups exhibit different en-
ergy levels, which may lead to a series of emission
potential wells. The surface state emission potential
wells would dominate the emission when light of a
certain excitation wavelength irradiates to CDs. A
higher degree of surface oxidation or other effective
heteroatomic modifications would lead to more sur-
face defects, which would result in an emission red-
shift. Oxygen-containing functional groups on carbon
core are the main surface states of CDs, and the differ-
ent surface oxidation accounts for different colors of
fluorescence emission.
3.3 Molecular state emission

Another PL mechanism of CD could be attrib-
uted to the molecular state emission for which a fluor-
escence emission center is formed via organic fluoro-
phores alone, where the fluorophores are attached to
the surface or inside the carbon skeleton, leading dir-
ectly to the emission of fluorescence. According to

[63]

this theory, Song et al.”” systematically studied the
PL mechanism of CDs prepared from citric acid and
ethylenediamine at different hydrothermal temperat-
ures (Fig. 2). When the reaction temperature is low,
citric acid and ethylenediamine are polymerized to
form chromophores in the reaction system. As the sys-
tem reaction temperature increasing, the molecular
chromophore is further cross-linked to form a system
in which cross-linked polymer dots and chromophore
coexist. At this time, the luminescence of CDs is dom-
inated by molecular states. As the temperature in-
creases, the cross-linked polymer is further carbon-
ized to form a carbon nucleus, and the chromophore in
the reaction system gradually decreases. Accordingly,
the proportion of molecular state luminescence gradu-
ally decreases. As a result, the carbon core state lu-
minescence gradually dominates. CDs emitting
through the molecular state exhibit strong fluores-

cence emission and high QY, while CDs emitting

18)UBD d 918)S JBINd3ION

Fig. 2 A schematic of the relationship between different products in the
one-pot hydrothermal system of CA and EDA**),

(Reprinted with permission)

through the carbon core show better fluorescence sta-

bility.

3.4 Strategies for fluorescence regulation
Heteroatomic doping is considered to be an ef-

fective method to improve the optical properties of

CDs by adjusting the carbon skeleton matrix, chemic-

¢4 Common elements

al structure and energy gap
such as nitrogen, sulfur, oxygen, boron, phosphorus
and silicon are doped into CDs to adjust their optical
properties and improve QY.

As one of the most commonly doped element, ni-
trogen (N) atom possesses the similar electron struc-
ture to that of carbon atom, and the unpaired elec-
trons in nitrogen atom can be used as electron donors
to improve the optical properties of CDs. For instance,
Zhu et al.”! demonstrated that if the precursor con-
tains only —OH and —COOH groups, its PLQY is
always less than 10%. However, if one or more amino
groups are present, PLQY can exceed 10% or even
reach a maximum of 80%. There are reports that
proved the N contents and species of selected precurs-
ors are important in determining the optical properties
of CDs!*. Hola and co-workers'®” doped CDs with
different types of N and got different colors of CDs,
ranging from blue to red. In addition, the co-doping of
two or more heteroatoms on CDs is becoming more

and more popular in regulating fluorescence and im-
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proving QY. Using thiourea as both N and sulfur (S)
sources, N and S co-doped CDs with red emission

the maximum emission
[68]

were synthesized, and
wavelength reached 610 nm

In summary, long wavelength emission CDs with
large Stokes shift (especially red light) and improved
QY could be achieved by heteroatomic doping which
introduces more coordination sites or defects. This
strategy is of great significance in fluorescence regu-

lation of CDs.

4 Solid-state photoluminescence of
CDs

Due to inter-particle interactions, mostly CDs in
the aggregated state may produce non-radiative trans-
ition modes, such as energy transfer, surface electron
transition and -7 interactions between carbon cores,
which in turn cause ACQ effects'®. Therefore, main-
taining the high fluorescence intensity and stability
even in the solid state is a major challenge for CDs to
be applied in WLEDs. In the past decade, the focus of
CDs research has gradually shifted to the synthesis
and application of solid fluorescent CDs. Typically,
two strategies are employed to prepare solid-state
fluorescent materials based on CDs. One strategy is to
prepare CDs/matrix composites by mixing CDs with
matrix, which is one of the most common routes to
achieve solid-state fluorescence of CDs. Specifically,
coating method and film-forming method account for
preparing CDs/matrix based composites of phosphor
and fluorescent films, respectively. Another strategy is
to prepare the self-resistant quenching CDs to achieve
solid-state fluorescence of CDs.

4.1 Coating method

Coatings have been widely studied as a major
method for the preparation of solid-state photolumin-
escent CDs. The principle lies in that the precursor of
CDs and the matrix of solid substrates are mixed and
heated. As the precursor generates CDs, the matrix
also starts to polymerize. During the polymerization
process, CDs are wrapped to form a core-shell struc-
ture which enlarges the distance between CDs and

avoids the mutual aggregation. Accordingly, the solid-

state emitting of CDs is achieved. The common solid
substrates reported in the literature include starch'’® ",
pyrrolidone (PVP),

(PVA) silica gel™, resin and some inorganic sub-
[75-76]

polyvinyl polyvinyl alcohol
stances

There are a large number of hydroxyl groups on
their surface of starch granules, as could effectively
absorb CDs. Moreover, the starch matrix neither com-
petes for the absorption of excitation light nor affects
the emission of CDs, so it was adopted previously for
the preparation of solid-state CDs-based phosphors.
Sun’s group successfully obtained starch/CDs phos-
phors with a QY of 50% by mixing starch with CDs in
2014. It showed great potential of CDs-based phos-
phors for LED, fluorescent signs and in other fields'™".
With the research progresses, Cao et al.”” synthes-
ized yellow-emitting CDs by a simple one-step hydro-
thermal method using o-phenylenediamine (o-PD) as
raw material. Then, they developed a new environ-
mentally friendly yellow CDs-based phosphorous
with a QY of 66.9% by homogeneously mixing starch
with CDs (Fig. 3(a)). Further, they used this phosphor
as a single color converter to fabricate WLEDs with a
color rendering index (CRI) of 83 and CIE coordin-
ates of (0.342 9, 0.281 7), showing excellent perform-
ances (Fig. 3(b)).

In recent years, researchers have been devoting
great efforts to CDs phosphors with better fluores-
cence performance and wider emission wavelength
range. Aiming at this, Sun and his co-workers!™!
achieved panchromatic emission of CDs by a solvo-
thermal reaction of citric acid and urea at a constant
mass ratio but by varying the concentration of the re-
actants in the solvent. Subsequently, they dispersed
CDs chemically in SiO, network to produce effective
full-color emitting Si0,/CDs composites, of which the
possible formation mechanism is shown in Fig. 3(c).
When the SiO,/CDs composites were applied to
WLEDs, the desirable performance was achieved with
a CRI up to 97.4. As experimentally confirmed, the
choice of matrix materials is also important for the
performance of CDs phosphors. In 2021, Cao et al.l””!
reported the preparation of CDs phosphors using cal-
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Fig.3 (a) Schematic diagram of formation process for CDs phosphors based on starch, (b-c) the EL spectra, photograph and CIE coordinates of as-fabricated

white LED operated at 30 mA current”””; (d) possible formation mechanisms of the Si0,/CDs composite phosphors by

chemical dispersion™

cium hydroxide (Ca(OH,)) as a matrix material
(Fig. 4(a)). The addition of Ca(OH,) could not only
prevent the ACQ effect, but also further promotes the
red emission of CDs, due to the abundant functional
groups on the surface. Therefore, as shown in
Fig. 4(b), the CDs phosphors prepared by mixing the
green-emitting CDs with the Ca(OH,) exhibited
green/red dual-emitting fluorescence (GRCDs) prop-
erties. It could be seen from Fig. 4(c, d) that GRCDs
phosphors set for three months still maintain a stable
morphology and structure. Thermal stability test
proved that the phosphors synthesized using this
method display excellent fluorescence and thermal
stability (Fig. 4(e-g)). This discovery provides a new
way for the development of novel CDs-based phos-
phors.
4.2 Film-forming method

Although coatings are effective to inhibit the
ACQ effect to some extent and achieve solid-state
photoluminescence of CD, low yields and complic-

ated preparation procedures are unavoidable. There-

. (Reprinted with permission)

fore, the direct film formation method has attracted
the attention of researchers. This method introduces
CDs into polymers (PMMA, PVA, PVP, or epoxy res-
in etc.) and obtains CDs-based luminescent films by
the conventional method of preparing thin films.

In 2017, Miao et al.”” reported a method to syn-
thesize CDs with multiple color emissions by con-
trolling graphitization and surface functionalization,
and the emitted light covered the entire spectra
(Fig. 5). In addition, they homogeneously dispersed
CDs in epoxy resin to make CDs/epoxy resin compos-
ites. The as-prepared composite showed excellent per-
formance in LEDs (Fig. 6). This research opens a new
door for the development of low-cost CDs films to re-
place phosphors in light-emitting devices. In 2021,
Lee and co-workers™ prepared CDs capable of cur-
ing epoxy monomers, so that there was no need to add
curing agents during the synthesis of CDs/epoxy com-
posites, further simplifying the preparation scheme.
The obtained CDs films retained more than 80% of

the PL intensity after being stored at room temperat-
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Fig. 5 (a) Optical images of luminescence CDs prepared from different reaction conditions under different excitation light, (b) the maximum emission peaks
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ure for 8 weeks. Recently, a transparent film of posite film and used for antimicrobial and wound
CDs/cellulose capable of efficient UV and high-en- healing™. Kumari’s group prepared CDs fluorescent
ergy blue light blocking was prepared by Barmon and films with red, orange and yellow luminescence using

colleagues™. Mou et al. developed a CDs/PVA com- PMMA and PVA as matrix materials, showing excel-
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lent performance in application of WLEDs"®". These
studies have demonstrated that CDs-based lumines-
cent films exhibit excellent performance in photo-
electronic devices. It is worth to believe that CDs
could be utilized in more fields in future.
4.3 Self-resistant quenching CDs

Although it is possible to achieve solid-state lu-
minescence by dispersing CDs in the matrix, this
strategy suffers from a very low load rate of CDs in
the solid matrix, and further increasing the load rate of
CDs is always accompanied by a significant reduc-
tion in emission intensity. Therefore, the ACQ prob-
lem of CDs has not been completely solved yet, and
the fundamental way to solve ACQ is to synthesize
CDs capable of self-resisting fluorescence quenching.
According to the luminescence mechanism of CDs,
the luminescence is mainly regulated by carbon core
and surface state. The optical properties of CDs are in-
timately dependent on the energy level structure
caused by different graphitic structure of carbon core
and surface groups™. Correspondingly, an effective
way to inhibit the effect of ACQ lies in the regulation
of the carbon core and surface structure of CDs.
4.3.1 Regulation of carbon core

Generally, in CDs whose fluorescence emission

is dominated by carbon core, the sp® hybridization do-
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main directly determines the fluorescence character-
istics of CDs. However, the existence of excessive sp
hybridization domain makes the m-m interaction of
CDs in the aggregation state stronger, leading to non-
radiative transition and fluorescence quenching.
Therefore, reducing the sp® hybridization domain in
carbon core could weaken the n-m interaction between
particles, and then inhibit the ACQ effect. Li et al.*!
reported the preparation of high yield and anti-
quenching solid CDs by microwave-assisted pyrolys-
is using potassium hydrogen phthalate (KHP), sodi-
um azide (NaN,) and boric acid (BA) as precursors.
Compared with CDs solution, the excitation and emis-
sion spectra of solid CDs powder did not change
much at all, maintaining relatively high QY (67.7% in
solid and 73% in liquid). Notably, the structural char-
acterization shows that there are a large number of sp’
structures in the as-synthesized CDs, as greatly weak-
ens the m-m interaction and inhibits the ACQ effect.
This kind of diamond-like CDs with sp’ structure
provides a new solution to avoiding ACQ effect ef-
fectively (Fig. 7(a)).

In addition to reducing the proportion of sp® hy-
bridization domain, the synthesis of CDs with uni-
form particle size also helps to suppress the ACQ ef-
fect. According to the size-dependent emission mech-
(c)
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frameworks for fabrication of white light-emitting diodes.
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Fig. 7 (a) The structure of diamond-like CDs and a photograph under UV light™®”, (b) schematics of the growth mechanism of CDs synthesized via the vacu-
um heating method™®, (c) the synthesis of solid emissive CDs and their application in WLEDs™", (d) schematic of CDs and ox-CDs in dispersed and aggreg-
ated states, frames on the right show possible band-energy structures and quenching processes of CDs in the aggregated state and recombination processes of

0x-CDs in the aggregated state™. (Reprinted with permission)
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anism, the conjugation size of carbon core determines
the absorption/emission peaks. Therefore, in the CDs
system with a wide distribution of sizes, the emission
band gap differs in carbon core sizes. And energy
transfers are more likely to occur during aggregation
of CDs particles, leading to fluorescence quenching.

Zhou and co-workers®™

developed a space-con-
strained vacuum heating method to obtain uniformly
size-distributed CDs with high resistance to self-
quenching. In a typical process, a mixture of citric
acid, urea and CaCl, forms an inflated foam that was
heated in a vacuum environment at 120 °C. The blue
emissive molecular species were first formed when
the temperature was gradually increased to 250 °C,
and then transformed into uniformly distributed green
luminescent CDs in the confined space of the foam
through dehydration and
(Fig. 7(b)). The TEM and AFM images showed that

the purified CDs had uniform particle size. These CDs

carbonization process

exhibit bright green light emission in ethanol solution
with QY as high as 72%, while maintaining QY as
high as 65% in the solid state. The results show that
only one luminescent center exists in these nano-
particles due to uniform particle size, which avoids
the energy transfer between CDs in the aggregated
state and effectively prevents the occurance of the
ACQ.

4.3.2 Regulation of surface structure

Due to the existence of abundant surface func-
tional groups, the surface interaction between nano-
particles in the aggregated state of CDs is an import-
ant factor affecting their solid-state luminescence. Ac-
cordingly, the inhibition of ACQ effect could be real-
ized by regulating the properties of CDs surface func-
tional groups.

One of the commonly used surface regulation
strategies is to synthesize CDs with polymer chains
structure on the surface using polymers as precursors.
Polymer chains are able to cover around the carbon
core, effectively extending the distance between
neighboring particles and avoiding 7-m interactions.
Han et al.”*” designed a self-quenching-resistant CDs

using polyethylenimide (PEI), phosphoric acid and

ethanol as raw materials (Fig. 7(c)). The HRTEM im-
ages showed that CDs did not exhibit a significant lat-
tice fringe, indicating that the precursors of PEI were
not completely graphitized and a part of branched PEI
chain covered the amorphous carbon core as a surface
group. This structure increases the distance between
adjacent particles, overcomes fluorescence quenching
during aggregation, and endows CDs bright blue
fluorescence in the solid state without the need for any
other matrix. Chen et al.®™ firstly developed used hy-
drothermal method using PVA as carbon source and
EDA as N source to synthesize green light emission
CDs with emission wavelength of 525 nm in solid
state, and the QY was up to 35%. Subsequently, a
series of N-doped solid-state luminescent CDs were
prepared by using different N sources. The emission
wavelength varied to the different N content, and the
long chain-like structure of PVA on the surface pre-
vented the direct contact of luminescent centers, thus
inhibiting the ACQ effect significantly.

Besides, surface functionalization could be em-
ployed to chemically modify the CDs’ surface, so as
to inhibit ACQ effect. Zhou et al.® prepared CDs
with blue light emission in solution by microwave-as-
sisted heating citric acid and ammonia water, then
treated the CDs with hydrogen peroxide to obtain CDs
(0x-CDs) capable of resisting fluorescence quenching
in the aggregation state. In the excitation wavelength
range of 270-500 nm, the 0x-CDs powder displays an
excitation independent emission peak of near
520 nm, and the maximum QY reaches to 25%. It was
demonstrated that the hydrogen peroxide oxidizes the
CDs surface without changing the structure of the car-
bon core. As shown in Fig. 7(d), the oxidized surface
states possess higher energy levels, and they are
coupled with each other to form a new absorption
band gap in the aggregated state, which realizes the
green light emission of 0x-CDs powder. In 2021, Tao
and his co-workers” synthesized CDs with blue
emission in liquid state and cyan emission in solid
state by a simple hydrothermal method using sodium
citrate and dithiourea as raw materials. The existence

of Na" permits CDs surface with a large number of so-
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dium carboxylate functional groups that may inhibit
n-w stacking interaction, resulting in the obtained CDs
with excellent luminescence in the solid state. It is
worth noting that the QY is even higher in the solid
state (29.2%) than in the liquid state (7.6%), which
may be attributed to the surface state change caused

by aggregation.

5 Application of CDs in WLEDs

Due to the overwhelming superiority of energy
saving, safety, high brightness and long life, WLEDs
are becoming predominant in light-emitting devices
research”"), Table 1 summarizes the recent research
progresses of CDs in applications for WLEDs. As
shown, based on the excellent fluorescence stability
and luminescence tunability of CDs, a large number
of CDs derivatives have been developed and applied
to WLEDs to replace conventional rare earth materi-
als and semiconductor quantum dots. Depending on
the luminescence principle, WLEDs are generally di-
vided into photoluminescent (PL) WLEDs and elec-
troluminescent (EL) WLEDs.

5.1 Photoluminescent WLEDs

Photoluminescent WLEDs were fabricated using
CDs as a light conversion material to cover the chip
that produces the excitation light. The white light
emission with different color temperatures could be
achieved by tuning the thickness and composition of
CDs phosphor materials.

WLEDs could be prepared either by mixing CDs
having different emission wavelengths or by directly
using white light-emitting CDs. Fig. 8(a-e) shows the
preparation of Blue fluorescent CDs (B-CDs) and
their application toward WLEDs with high CRI®?, By
combining the as-prepared B-CDs with the green and
red emitting CdTe-QDs working as color converters,
white light emission was achieved, and WLEDs
devices were thus assembled. The CIE coordinates
(0.38, 0.36) were close to the standard value of white
light under the excitation of UV chips. Moreover, Ji-
ang and co-workers prepared 0-CDs, m-CDs, p-CDs
tricolor CDs using o-phenylenediamine(o-PDs), m-
phenylenediamine(m-PDs) and  p-phenylenedia-

mine(p-PDs) as precursors, respectively®. Flexible

Table 1 Summary of research progress of CDs in WLEDs

Emission color  Preparation method Quantum yield (QY) Methods Correlated color CI'E Cc'>lor rendering Ref.
of CDs of CDs of CDs temperature(CCT) coordinates index(CRI)
Blue Plasma-induced 6% PL WLEDs / (0.38, 0.36) 87 [92]
Blue Hydrothermal gs(z;lgr):) PL WLEDs  2805-7786 K (0.29-0.41, 0.33-0.36) 85-96 [93]
Full-color Solvothermal / PL WLEDs / (0.33,0.34) / [94]
Red Hydrothermal 53% PL WLEDs 3875 K (0.39, 0.39) 97 [95]
Red Solvothermal 23% PL WLEDs 5610 K (0.33,0.33) 92 [96]
Blue, Green Hydrothermal / PL WLEDs 6428 K (0.31,0.34) / [97]
Blue, Yellow, Red Solvothermal 64%, 57%, 51%  PL WLEDs 5643 K (0.31,0.29) 87 [98]
White Solvothermal 5%-13% PL WLEDs / (0.31, 0.33) 96 [99]
White Solvothermal 36% PL WLEDs / (0.37,0.39) 87 [100]
White Microwave 23% PL WLEDs 6987 K (0.30, 0.35) 83 [101]
Blue Solvothermal 5% PL WLEDs 7093 K (0.30, 0.34) / [102]
White Hydrothermal 9% PL WLEDs 3723 K (0.39,0.37) 91 [103]
White Solvothermal / PL WLEDs 6009 K (0.32,0.35) 97 [108]
White Pyrolysis 17% EL WLEDs / (0.40, 0.43) 82 [104]
Blue Microwave 41% EL WLEDs 7694 K (0.29, 0.33) 83 [105]
Yellow Solvothermal 44% EL WLEDs  2683-11240 K / 60-80 [106]
White Solvothermal 19% EL WLEDs  4000-5000 K (0.35, 0.36), (0.38, 0.41), (0.40, 0.43) / [107]
Red Solvothermal 86% EL WLEDs 3365 K (0.38,0.31) / [110]

Note: "/" means that the item was not reported in the publication
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full-color PVA films were prepared by mixing two or
three of the aforementioned CDs in appropriate ratios.
By further optimizing the mixing ratio of the CDs,
white luminescent films with CIE coordinates of
(0.33, 0.34) could be obtained (Fig. 8(f))).

In addition, with the synthesis of white light-
emitting CDs being reported, researchers began to fo-
cus on the direct use of white CDs to prepare WLEDs.
And it was shown that WLEDs prepared by using this
strategy exhibited superior performance. Feng et al.
prepared CDs with unique white emission in the solid
state. By assembling them as phosphors with UV
chips to form WLEDs, these devices exhibited satis-
factory performance. Among them, the highest CRI
reaches to 83, and the CIE coordinates (0.3, 0.35) are

close to the standard white light coordinates!"!

[103]

(Fig. 9(a)). Recently, Han and co-workers' - repor-
ted the preparation of multicolor luminescent CDs and
white luminescent CDs (W-CDs) using a single pre-
cursor (Fig. 9(b)). The CIE coordinates of W-CDs at
the optimal concentration are almost same as the

white light standard values (0.33, 0.33). Subsequently,

. (Reprinted with permission)

as shown in Fig. 9(c), the WLEDs constructed from
W-CDs/PMMA performance,
achieving a warm white light (CCT=3 723 K) with a
CRI 0f 91.5 (>80 is excellent).

5.2 Electroluminescent WLEDs

Although encouraging progresses have been

showed excellent

made in the study of photoluminescent WLEDs,
safety problems caused by the leakage of ultraviolet
light could never been completely solved. Alternat-
ively, CDs with an electroluminescence (EL) prop-
erty were developed to act as a light-emitting layer in
the WLED structure. CDs-based electroluminescent
WLEDs have a sandwich structure similar to that of
quantum dot-based WLEDs, where CDs act as an in-
termediate active light-emitting layer surrounded by
an interfacial transport layer and an electrode. In the
typical structure of CDs-based electroluminescent
WLEDs (Fig. 10), it could be divided into 5 parts,
namely: anode, hole transport layer (HTL), active
light-emitting layer (ALL), electron transport layer
(ETL) and cathode. Among them, the ALL consists of
CDs or CDs/polymer materials. When a voltage is ap-
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Fig. 9 (a) Synthesis route of W-CDs, photos of W-CDs under daylight and UV, and display diagram of WLEDs!""); (b) Synthesis route of multicolor CDs!"*;
(c) Construction of WLEDs with the W-CDs prepared in the cited article and performance of the devices fabricated"®!. (Reprinted with permission)

Substrates

Light output

Fig. 10 TIllustrations of the typical device structure of

CD-based electroluminescent LEDs

plied to WLEDs, due to the applied electric field,
holes and electrons are injected into the HTL and
ETL, respectively. After migration, holes and elec-
trons converge in the ALL and combine to produce
excitons to trigger the light emission''””. The lumines-
cence of WLEDs could be modulated by changing
CDs in the ALL.

In 2011,

WLEDs assembled from single-component carbon

[104]

Wang and co-workers reported

dots, which achieved a CRI of 82 at a current density

of 5 mA/cm?, comparable to that of some commercial

WLEDs. The maximum external quantum efficiency
reached to 0.083%, indicating the great potentials of
CDs as white light electroluminescent devices
(Fig. 11(a)). Later, Jia et al."'” reported an electron-
donating group passivation strategy to synthesize
three types of red CDs with different emission
wavelengths (Fig. 11(d)). The assembled WLEDs ex-
hibited a maximum brightness of 5 248-5909 cd/A
and a current efficiency of 3.65-3.85 cd/A. The bright-
ness still maintained over 80% of the initial value
after 50 h of operation, showing excellent stability
(Fig. 11(e-h)). Furthermore, a method capable of mod-
ulating WLEDs from cool to warm white light was
developed by taking advantage of the luminescence
redshifts and broadening caused by the aggregation of
CDs, as accounts for the WLEDs with tunable CCTs
from 2 863 to 11 240 K (Fig 11 (b-c))"*. It is worth
noting that these CDs-LEDs achieve a maximum lu-
minance of 1414-4917 cd/m’ and high external
quantum efficiencies of 0.08%-0.87%. This work
firstly demonstrated that CCT-tunable electrolumines-
cent WLEDs could be obtained by controlling the ag-
gregation of CDs. Recently, Zhou’s group reported a
route to synthesizing red CDs (R-CDs) and white CDs
(W-CDs) by introducing free radicals. A record ex-
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ternal quantum efficiency (0.95%) was achieved in the
fabrication of electroluminescent WLEDs using W-
CDs mentioned above!'"".

Although fruitful achievements have been made
with CDs in WLEDs, some of photophysical proper-
ties need to be deeply investigated to enhance the light
stability, color stability, color rendering capability and
luminous efficiency of CDs-WLEDs until they could
be used on a large scale. In conclusion, CDs shows
great potential in the fabrication of WLEDs, but more
efforts should be devoted to achieve much lower-cost

and higher-performance products.

6 Summary and outlook

Since the discovery of fluorescent CDs in 2004,
the related research has been extensively conducted,
due to their excellent emission fluorescence tunability,
low toxicity, good biocompatibility and low cost. In
this review, we summarized the main research pro-

gress of CDs in the aspects of preparation, photolu-

minescence mechanism, solid-state  photolumines-
cence and applications in WLEDs in recent years.
These progresses endow CDs with very broad applica-
tion prospect and potentials.

Despite the great achievements on CDs, many
challenges still remain. (1) The current existing mech-
anisms could only be effective for interpreting a giv-
en CD material, which makes it difficult to maximize
the performance of CDs-based WLEDs. A universal
and comprehensive explanation of the photolumines-
cence mechanism is strongly desired. (2) The re-
search and development of solid-state Iuminescent
CDs, especially the self-resistant quenching CDs, still
face many challenges. The key point lies in the struc-
tural characteristics and quenching mechanism of
CDs. More theoretical studies should be conducted to
make the ACQ phenomenon determined by regulat-
ing carbon core and surface state explicit. In this re-
gard, a universal method is desirable to be developed
to design the structure of CDs and fundamentally

solve the ACQ effect. (3) Although exciting achieve-
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ments have been made in CDs-based WLEDs, these
devices don’t exhibit overwhelming performance as
they are just expected over the commercial WLEDs.
Particularly, the photo-physical properties of the CDs-
based WLEDs need to be deeply investigated to en-
hance the light stability, color stability, color render-
ing capability and luminous efficiency, so as to be
comparable in light-emission performances with rare
earth materials based devices.

There is still a long way to commercialize the
CDs-based WLEDs from laboratory to market. Fortu-
nately, as CDs-based WLEDs are receiving more and
more attention, we believe that these challenges will
be overcome in the near future, and look forward to
the explosive development of CDs in future lighting
devices.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

The authors are grateful for financial supports
from the Science and Technology Commission of
Shanghai Municipality (20060502200, 18ZR1426300),
and Education Commission of Shanghai Municipality
(2019-01-07-00-07-E00015).

References

[1] Rad R R, Gualdrén - Reyes A F, Masi S, et al. Tunable carbon-
CsPbl; quantum dots for white LEDs[J]. Advanced Optical
Materials, 2021, 9(4): 2001508.

[2] Zheng J, Xie Y, Wei Y, et al. An efficient synthesis and
photoelectric properties of green carbon quantum dots with high
fluorescent quantum yield [J]. Nanomaterials, 2020, 10(1): 82.

[3] DuQ, Zheng J, Wang J, et al. The synthesis of green fluorescent
carbon dots for warm white LEDs[J]. RSC Advances, 2018,
8(35): 19585-19595.

[4] Li Y, Wang Y Q, Liu D, et al. Dual-emission ratiometric
fluorescent probe based on lanthanide-functionalized carbon
quantum dots for white light emission and chemical sensing[J].
ACS Omega, 2021, 6(22): 14629-14638.

[5] XuX,RayR,GuY, et al. Electrophoretic analysis and purification
of fluorescent single-walled carbon nanotube fragments[J]. Journal
of the American Chemical Society, 2004, 126(40): 12736-12737.

[6] HuQ, Gao L, Rao S Q, et al. Nitrogen and chlorine dual-doped

carbon nanodots for determination of curcumin in food matrix via

[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

inner filter effect[J]. Food Chemistry, 2019, 280: 195-202.
Zhang J, Wang J, Fu J, et al. Rapid synthesis of N, S co-doped
carbon dots and their application for Fe** ion detection[J]. Journal
of Nanoparticle Research, 2018, 20: 1-9.
Alizadeh N, Salimi A, Hallaj R. A strategy for visual optical
determination of glucose based on a smartphone device using
fluorescent boron-doped carbon nanoparticles as a light-up
probe [J]. Microchimica Acta, 2020, 187: 1-10.
Tomskaya A E, Prosvirin I P, Egorova M N, et al. Structural and
optical properties of N-doped and B-doped carbon dots[J]. Journal
of Structural Chemistry, 2020, 61: 818-825.

Sun S, Guan Q, Liu Y, et al. Highly luminescence manganese
doped carbon dots[J]. Chinese Chemical Letters, 2019, 30(5):
1051-1054.

Li S, Zhou S, Li Y, et al. Exceptionally high payload of the IR780
iodide on folic acid-functionalized graphene quantum dots for
targeted photothermal therapy[J]. ACS Applied Materials &
Interfaces, 2017, 9(27): 22332-22341.

Zhu P, Li W, Zhang Y, et al. B-Cyclodextrin derived full-spectrum
fluorescent carbon dots: The formation process investigation and
biological applications [J]. Chinese Chemical Letters, 2023:
108239.

Yuan F, Li Y, Li X, et al. Nitrogen-rich D-n-A structural carbon
quantum dots with a bright two-photon fluorescence for deep-
tissue imaging[J]. ACS Applied Bio Materials, 2018, 1(3): 853-
858.

Liu W, Zhang R, Kang Y, et al. Preparation of nitrogen-doped
carbon dots with a high fluorescence quantum yield for the highly
sensitive detection of Cu®* ions, drawing anti-counterfeit patterns
and imaging live cells[J]. New Carbon Materials, 2019, 34(4):
390-402.

Quang N K, Hieu N N, Bao V V Q, et al. Hydrothermal synthesis
of carbon nanodots from waste wine cork and their use in
biocompatible fluorescence imaging[J]. New Carbon Materials,
2022,37(3): 595-602.

Yue G, Li S, Liu W, et al. Ratiometric fluorescence based on
silver clusters and N, Fe doped carbon dots for determination of
H,0, and UA: N, Fe doped carbon dots as mimetic peroxidase[J].
Sensors and Actuators B:Chemical, 2019, 287: 408-415.

Rao L, Tang Y, Li Z, et al. Efficient synthesis of highly
fluorescent carbon dots by microreactor method and their
application in Fe’" ion detection[J]. Materials Science and
Engineering: C, 2017, 81: 213-223.

Liang Y, Xu L, Tang K, et al. Nitrogen-doped carbon dots used as
an “on-off-on ” fluorescent sensor for Fe’* and glutathione
detection[J]. Dyes and Pigments, 2020, 178: 108358.

Zhao K, Zheng X, Zhang H, et al. Multi-color fluorescent carbon
dots with single wavelength excitation for white light-emitting
diodes[J]. Journal of Alloys and Compounds, 2019, 793: 613-619.
Hsiao P H, Kuo K Y, Chen Y, et al. Balance of photon
management and charge collection from carbon-quantum-dot

layers as self-powered broadband photodetectors[J]. Nanoscale


https://doi.org/10.1002/adom.202001508
https://doi.org/10.1002/adom.202001508
https://doi.org/10.3390/nano10010082
https://doi.org/10.1039/C8RA02226G
https://doi.org/10.1021/acsomega.1c01745
https://doi.org/10.1021/ja040082h
https://doi.org/10.1021/ja040082h
https://doi.org/10.1016/j.foodchem.2018.12.050
https://doi.org/10.1007/s11051-017-4105-2
https://doi.org/10.1007/s11051-017-4105-2
https://doi.org/10.1007/s00604-019-3921-8
https://doi.org/10.1134/S0022476620050194
https://doi.org/10.1134/S0022476620050194
https://doi.org/10.1016/j.cclet.2019.01.014
https://doi.org/10.1021/acsabm.8b00276
https://doi.org/10.1016/S1872-5805(19)30024-1
https://doi.org/10.1016/S1872-5805(22)60608-5
https://doi.org/10.1016/j.snb.2019.02.060
https://doi.org/10.1016/j.msec.2017.07.046
https://doi.org/10.1016/j.msec.2017.07.046
https://doi.org/10.1016/j.dyepig.2020.108358
https://doi.org/10.1016/j.jallcom.2019.04.146
https://doi.org/10.1039/D2NA00852A

+ 492 - oMk

)

k

(H3IE3C) 538 4%

[21]

[22]

[23]

[25]

[26]

[27]

[28]

[29]

[31]

[32]

[33]

[34]

[35]

Advances, 2023, 5(4): 1086-1094.

Kar A, Dagar P, Kumar S, et al. Photoluminescence and lifetime
studies of C-dot decorated CdS/ZnFe,O, composite designed for
photoelectrochemical applications[J]. Journal of Photochemistry
and Photobiology A:Chemistry, 2023, 439: 114612.

Zu F, Yan F, Bai Z, et al. The quenching of the fluorescence of
carbon dots: a review on mechanisms and applications[J].
Microchimica Acta, 2017, 184: 1899-1914.

Xue S, Li P, Sun L, et al. The formation process and mechanism
of carbon dots prepared from aromatic compounds as precursors: a
review [J]. Small, 2023, ¢2206180.

de Medeiros T V, Manioudakis J, Noun F, et al. Microwave-
assisted synthesis of carbon dots and their applications[J]. Journal
of Materials Chemistry C, 2019, 7(24): 7175-7195.

Wang X, Feng Y, Dong P, et al. A mini review on carbon quantum
dots: Preparation, properties, and electrocatalytic application[J].
Frontiers in Chemistry, 2019, 7: 671.

Zhang Y, Li K, Ren S, et al. Coal-derived graphene quantum dots
produced by ultrasonic physical tailoring and their capacity for Cu
(II) detection[J]. ACS Sustainable Chemistry & Engineering,
2019, 7(11): 9793-9799.

Dey S, Govindaraj A, Biswas K, et al. Luminescence properties of
boron and nitrogen doped graphene quantum dots prepared from
arc-discharge-generated doped graphene samples[J]. Chemical
Physics Letters, 2014, 595: 203-208.

Sun Y-P, Zhou B, Lin Y, et al. Quantum-sized carbon dots for
bright and colorful photoluminescence[J]. Journal of the
American Chemical Society, 2006, 128(24): 7756-7757.

Cao L, Wang X, Meziani M J, et al. Carbon dots for multiphoton
bioimaging[J]. Journal of the American Chemical Society, 2007,
129(37): 11318-11319.

Yang S T, Wang X, Wang H, et al. Carbon dots as nontoxic and
high-performance fluorescence imaging agents[J]. The Journal of
Physical Chemistry C, 2009, 113(42): 18110-18114.

Hu S L, Niu K Y, Sun J, et al. One-step synthesis of fluorescent
carbon nanoparticles by laser irradiation[J]. Journal of Materials
Chemistry, 2009, 19(4): 484-488.

Borna S, Sabzi R E, Pirsa S. Synthesis of carbon quantum dots
from apple juice and graphite: Investigation of fluorescence and
structural properties and use as an electrochemical sensor for
measuring Letrozole[J]. Journal of Materials Science:Materials in
Electronics, 2021, 32: 10866-10879.

Lee Y S, Hu C C, Chiu T C. Electrochemical synthesis of
dots for the selective detection of

fluorescent carbon

chlortetracycline[J].  Journal of Environmental Chemical

Engineering, 2022, 10(3): 107413.
Ran Q, Wang X, Ling P, et al. A thermal-assisted electrochemical
dots  with  bimodal

strategy ~ to carbon

photoluminescence emission [J]. Carbon, 2022, 193: 404-411.

synthesize

LiuM, Xu Y, Niu F, et al. Carbon quantum dots directly generated
from electrochemical oxidation of graphite electrodes in alkaline

alcohols and the applications for specific ferric ion detection and

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

cell imaging [J]. Analyst, 2016, 141(9): 2657-2664.

Liu H, Liu Z H, Zhang J Q, et al. Boron and nitrogen co-doped
carbon dots for boosting electrocatalytic oxygen reduction[J].
New Carbon Materials, 2021, 36(3): 585-593.

Miao X, Qu D, Yang D, et al. Synthesis of carbon dots with
multiple color emission by controlled graphitization and surface
functionalization[J]. Advanced Materials, 2018, 30(1): 1704740.
Yu R, Liang S, Ru Y, et al. A facile preparation of multicolor
carbon dots [J]. Nanoscale Research Letters, 2022, 17(1): 32.
Zhao Y, Yu L, Deng Y, et al. A multi-color carbon quantum dots
based on the coordinated effect of quantum size and surface
defects with green synthesis [J]. Ceramics International, 2023.
Zhang R, Zhang L, Yu R, et al. Rapid and sensitive detection of
methyl parathion in rice based on carbon quantum dots nano-
fluorescence probe and inner filter effect[J]. Food Chemistry,
2023, 413: 135679.

Wang R, Li S, Huang H, et al. Preparation of carbon dots from
PET waste by one-step hydrothermal method and its application in
light blocking films and LEDs [J]. Journal of Fluorescence, 2023:
1-11.

Fang L Y, Zheng J T. Carbon quantum dots: Synthesis and
correlation of luminescence behavior with microstructure [J]. New
Carbon Materials, 2021, 36(3): 625-631.

Li L P, Ren X F, Bai P R, et al. Near-infrared emission carbon
dots for bio-imaging applications[J]. New Carbon Materials,
2021,36(3): 632-638.

Yuan F, He P, Xi Z, et al. Highly efficient and stable white LEDs
based on pure red narrow bandwidth emission triangular carbon
quantum dots for wide-color gamut backlight displays[J]. Nano
Research, 2019, 12(7): 1669-1674.

Li Q, Wu X, Zhang X, et al. Green and rapid synthesis of biomass
carbon dot-based fluorescence sensing for the sensitive
determination of oxytetracycline[J]. Analytical Methods, 2023,
15(12): 1569-1575.

Zheng J, Cao Z, Lei M, et al. Rapid preparation of N, B-codoped
carbon quantum dot based films with strong two-photon
absorption and optical limiting effect[J]. Journal of Materials
Chemistry C, 2023, 11(9): 3342-3353.

Liu H, He Z, Jiang L P, et al. Microwave-assisted synthesis of
wavelength-tunable photoluminescent carbon nanodots and their
potential applications[J]. ACS Applied Materials & Interfaces,
2015, 7(8): 4913-4920.

Zheng J, Wang Y, Zhang F, et al. Microwave-assisted
hydrothermal synthesis of solid-state carbon dots with intensive
emission for white light-emitting devices[J]. Journal of Materials
Chemistry C, 2017, 5(32): 8105-8111.

Qiu H, Yuan F, Wang Y, et al. Green-light-emitting carbon dots
via eco-friendly route and their potential in ferric-ion detection
and WLEDs[J]. Materials Advances, 2022, 3(19): 7339-7347.
Liu R. Facile synthesis of magneto-fluorescent carbon dots by
one-step microwave-assisted pyrolysis[J]. Journal of Alloys and

Compounds, 2021, 855: 157456.


https://doi.org/10.1039/D2NA00852A
https://doi.org/10.1016/j.jphotochem.2023.114612
https://doi.org/10.1016/j.jphotochem.2023.114612
https://doi.org/10.1007/s00604-017-2318-9
https://doi.org/10.1039/C9TC01640F
https://doi.org/10.1039/C9TC01640F
https://doi.org/10.3389/fchem.2019.00671
https://doi.org/10.1021/ja062677d
https://doi.org/10.1021/ja062677d
https://doi.org/10.1021/ja073527l
https://doi.org/10.1021/jp9085969
https://doi.org/10.1021/jp9085969
https://doi.org/10.1039/B812943F
https://doi.org/10.1039/B812943F
https://doi.org/10.1007/s10854-021-05745-5
https://doi.org/10.1007/s10854-021-05745-5
https://doi.org/10.1016/j.jece.2022.107413
https://doi.org/10.1016/j.jece.2022.107413
https://doi.org/10.1016/j.carbon.2022.03.041
https://doi.org/10.1039/C5AN02231B
https://doi.org/10.1016/S1872-5805(21)60043-4
https://doi.org/10.1002/adma.201704740
https://doi.org/10.1186/s11671-022-03661-z
https://doi.org/10.1016/j.foodchem.2023.135679
https://doi.org/10.1016/S1872-5805(21)60031-8
https://doi.org/10.1016/S1872-5805(21)60031-8
https://doi.org/10.1016/S1872-5805(21)60041-0
https://doi.org/10.1007/s12274-019-2420-x
https://doi.org/10.1007/s12274-019-2420-x
https://doi.org/10.1039/D2AY02031A
https://doi.org/10.1039/D2TC05106K
https://doi.org/10.1039/D2TC05106K
https://doi.org/10.1039/C7TC01701D
https://doi.org/10.1039/C7TC01701D
https://doi.org/10.1039/D2MA00520D
https://doi.org/10.1016/j.jallcom.2020.157456
https://doi.org/10.1016/j.jallcom.2020.157456

%5 3]  YUE Jing-song et al: A review of fluorescent carbon dots: synthesis, photoluminescence mechanism------

[51]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[o1]

[62]

[63]

[64]

[65]

Ahlawat A, Dhiman T K, Solanki P R, et al. Facile synthesis of
carbon dots via pyrolysis and their application in photocatalytic
degradation of rhodamine B (RhB) [J]. Environmental Science and
Pollution Research, 2023: 1-8.

Chen M, Zhai J, An Y, et al. Solvent-free pyrolysis strategy for the
preparation of biomass carbon dots for the selective detection of
Fe’* ions [J]. Frontiers in Chemistry, 2022, 10.

Guo X, Wang C F, Yu Z Y, et al. Facile access to versatile
fluorescent carbon dots toward light-emitting diodes [J]. Chemical
Communications, 2012, 48(21): 2692-2694.

Li Y, Li R, Zhu Z, et al. Electrochemiluminescence detection of
Cu*" ions by nitrogen-doped carbon quantum dots and zinc oxide
composites[J]. Microchemical Journal, 2022, 183: 108073.
Cardoso M A, Duarte A J, Gongalves H M R. Carbon dots as
reactive nitrogen species nanosensors[J]. Analytica Chimica
Acta, 2022, 1202: 339654.

Zhu S, Song Y, Zhao X, et al. The photoluminescence mechanism
in carbon dots (graphene quantum dots, carbon nanodots, and
polymer dots): current state and future perspective[J]. Nano
Research, 2015, 8(2): 355-381.

Eda G, Lin Y Y, Mattevi C, et al. Blue photoluminescence from
chemically derived graphene oxide[J]. Advanced Materials,
2010, 22(4): 505-509.

Yuan F, Yuan T, Sui L, et al. Engineering triangular carbon
quantum dots with unprecedented narrow bandwidth emission for
multicolored LEDs[J].
2249.

Nature Communications, 2018, 9(1):

Ding H, Yu S B, Wei J S, et al. Full-color light-emitting carbon
dots with a surface-state-controlled luminescence mechanism[J].
ACS Nano, 2016, 10(1): 484-491.

Wang M, Sun R, Wang Q, et al. Effects of C-related dangling
bonds and functional groups on the fluorescent and
electrochemiluminescent properties of carbon-based dots[J].
Chemistry—A European Journal, 2018, 24(17): 4250-4254.

Ding Y, Zheng J, Wang J, et al. Direct blending of multicolor
carbon quantum dots into fluorescent films for white light emitting
diodes with an adjustable correlated color temperature[J]. Journal
of Materials Chemistry C, 2019, 7(6): 1502-1509.

Fang Q, Dong Y, Chen Y, et al. Luminescence origin of carbon
based dots obtained from citric acid and amino group-containing
molecules[J]. Carbon, 2017, 118: 319-326.

Song Y, Zhu S, Zhang S, et al. Investigation from chemical
structure to photoluminescent mechanism: A type of carbon dots
from the pyrolysis of citric acid and an amine[J]. Journal of
Materials Chemistry C, 2015, 3(23): 5976-5984.

Li F, Yang D, Xu H. Non-metal-heteroatom-doped carbon dots:
Synthesis and properties[J]. Chemistry-A European Journal,
2019,25(5): 1165-1176.

Zhu S, Meng Q, Wang L, et al. Highly photoluminescent carbon
dots for multicolor patterning, sensors, and bioimaging[J].
Angewandte Chemie International Edition, 2013, 52(14): 3953-
3957.

[ 66 ]

[67]

[68]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Hu S, Trinchi A, Atkin P, et al. Tunable photoluminescence across
the entire visible spectrum from carbon dots excited by white
light[J]. Edition, 2015,
54(10):2970-2974.

Hola K, Sudolska M, Kalytchuk S, et al. Graphitic nitrogen

Angewandte Chemie International

triggers red fluorescence in carbon dots[J]. ACS Nano, 2017,
11(12): 12402-12410.

Wu Z L, Liu Z X, Yuan Y H. Carbon dots: Materials, synthesis,
properties and approaches to long-wavelength and multicolor
emission[J]. Journal of Materials Chemistry B,2017,5(21):
3794-3809.

Xu A, Wang G, Li Y, et al. Carbon-based quantum dots with
solid-state photoluminescent: Mechanism, implementation, and
application[J]. Small, 2020, 16(48): 2004621.

Sun M, Qu S, Hao Z, et al. Towards efficient solid-state
photoluminescence based on carbon-nanodots and starch
composites [J]. Nanoscale, 2014, 6(21): 13076-13081.

Yan Y, Yin L, Guo H, et al. High stability carbon dots phosphor
and ultra-high color rendering index white light-emitting
diodes[J]. IEEE Photonics Journal, 2022, 14(1): 1-6.

Zheng J X, Liu X H, Yang Y Z, et al. Rapid and green synthesis of
fluorescent carbon dots from starch for white light-emitting
diodes[J]. New Carbon Materials, 2018, 33(3): 276-288.

Zheng X G, Wang H L, Ding G Q, et al. Facile synthesis of highly
graphitized nitrogen-doped carbon dots and carbon sheets with
solid-state white-light emission[J]. Materials Letters, 2017, 195:
58-61.

Feng X T, Zhang F, Wang Y L, et al. Luminescent carbon
quantum dots with high quantum yield as a single white converter
for white light emitting diodes[J]. Applied Physics Letters, 2015,
107(21):213102.

Wang H, Zhang Z, Yan Q, et al. Highly luminescent solid-state
carbon dots embedded in a boric acid matrix [J]. ChemistrySelect,
2020, 5(44): 13969-13973.

Wu J, Xin W, Wu Y, et al. Solid-state photoluminescent silicone-
carbon dots/dendrimer composites for highly efficient luminescent
solar concentrators[J]. Chemical Engineering Journal, 2021, 422:
130158.

Cao M, Xia C, Xia J, et al. A yellow carbon dots-based phosphor
with high efficiency for white light-emitting devices[J]. Journal
of Luminescence, 2019, 206: 97-104.

Sun M, Han Y, Yuan X, et al. Efficient full-color emitting carbon-
dot-based composite phosphors by chemical dispersion[J].
Nanoscale, 2020, 12(29): 15823-15831.

Cao M, Liu Y, Zhu M, et al. A novel and highly stable dual-
emission carbon dots-based phosphor[J]. Journal of Alloys and
Compounds, 2021, 873: 159819.

Lee U, Heo E, Le T H, et al. Carbon dots for epoxy curing: Anti-
stability [J].

forgery patterns with luminescent

Chemical Engineering Journal, 2021, 405: 126988.

long-term

Barman B K, Sele Handegard @, Hashimoto A, et al. Carbon

dot/cellulose-based transparent films for efficient UV and high-


https://doi.org/10.1039/c2cc17769b
https://doi.org/10.1039/c2cc17769b
https://doi.org/10.1016/j.microc.2022.108073
https://doi.org/10.1016/j.aca.2022.339654
https://doi.org/10.1016/j.aca.2022.339654
https://doi.org/10.1007/s12274-014-0644-3
https://doi.org/10.1007/s12274-014-0644-3
https://doi.org/10.1002/adma.200901996
https://doi.org/10.1038/s41467-018-04635-5
https://doi.org/10.1021/acsnano.5b05406
https://doi.org/10.1002/chem.201706078
https://doi.org/10.1039/C8TC04887H
https://doi.org/10.1039/C8TC04887H
https://doi.org/10.1016/j.carbon.2017.03.061
https://doi.org/10.1039/C5TC00813A
https://doi.org/10.1039/C5TC00813A
https://doi.org/10.1002/chem.201802793
https://doi.org/10.1002/anie.201300519
https://doi.org/10.1002/anie.201411004
https://doi.org/10.1021/acsnano.7b06399
https://doi.org/10.1039/C7TB00363C
https://doi.org/10.1002/smll.202004621
https://doi.org/10.1039/C4NR04034A
https://doi.org/10.1016/S1872-5805(18)60339-7
https://doi.org/10.1016/j.matlet.2017.02.094
https://doi.org/10.1063/1.4936234
https://doi.org/10.1002/slct.202004009
https://doi.org/10.1016/j.cej.2021.130158
https://doi.org/10.1016/j.jlumin.2018.10.056
https://doi.org/10.1016/j.jlumin.2018.10.056
https://doi.org/10.1039/D0NR02021D
https://doi.org/10.1016/j.jallcom.2021.159819
https://doi.org/10.1016/j.jallcom.2021.159819
https://doi.org/10.1016/j.cej.2020.126988

. 494 - BRIk

)

k

(H3IE3C) 538 4%

[82]

[83]

[84]

[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

energy blue light screening[J]. ACS Sustainable Chemistry &
Engineering, 2021, 9(29): 9879-9890.

Mou C, Wang X, Liu Y, et al. A robust carbon dot-based
antibacterial CDs-PVA film as a wound dressing for antibiosis and
wound healing[J]. Journal of Materials Chemistry B, 2023,
11(9): 1940-1947.

Kumari R, Kumar A, Negi K, et al. Multicolor-emissive carbon
dots for white-light-emitting diodes and
phosphorescence[J]. ACS Applied Nano Materials, 2023, 6(2):
918-929.

room-temperature

Ai L, Yang Y, Wang B, et al. Insights into photoluminescence
mechanisms of carbon dots: Advances and perspectives[J].
Science Bulletin, 2021, 66(8): 839-856.

Li H, Zhang Z, Ding J, et al. Diamond-like carbon structure-doped
carbon dots: a new class of self-quenching-resistant solid-state
fluorescence materials toward light-emitting diodes[J]. Carbon,
2019, 149: 342-349.

Zhou D, Jing P, Wang Y, et al. Carbon dots produced via space-
confined vacuum heating: maintaining efficient luminescence in
both dispersed and aggregated states[J]. Nanoscale Horizons,
2019,4(2): 388-395.

Han S, Chen X, Hu Y, et al. Solid-state N, P-doped carbon dots
conquer aggregation-caused fluorescence quenching and couple
with europium metal-organic frameworks toward white light-
emitting diodes [J]. Dyes and Pigments, 2021, 187: 109090.

Chen Y, Zheng M, Xiao Y, et al. A self-quenching-resistant
carbon-dot powder with tunable solid-state fluorescence and
construction of dual-fluorescence morphologies for white light-
emission [J]. Advanced Materials, 2016, 28(2): 312-318.

Zhou Z, Tian P, Liu X, et al. Hydrogen peroxide-treated carbon
dot phosphor with a bathochromic-shifted, aggregation-enhanced
emission for light-emitting devices and visible light
communication[J]. Advanced Science, 2018, 5(8): 1800369.

Tao Y, Lin J, Wang D, et al. Na'-functionalized carbon dots with
aggregation-induced and enhanced cyan emission[J]. Journal of
Colloid and Interface Science, 2021, 588: 469-475.

Fakharuddin A, Gangishetty M K, Abdi-Jalebi M, et al. Perovskite
light-emitting diodes [J]. Nature Electronics, 2022, 5(4): 203-216.
Li C X, Yu C, Wang CF, et al. Facile plasma-induced fabrication
of fluorescent carbon dots toward high-performance white
LEDs[J]. Journal of Materials Science, 2013, 48(18): 6307-6311.
Sun C, Zhang Y, Sun K, et al. Combination of carbon dot and
polymer dot phosphors for white light-emitting diodes[J].
Nanoscale, 2015, 7(28): 12045-12050.

Jiang K, Sun S, Zhang L, et al. Red, green, and blue luminescence
by carbon dots: Full-color emission tuning and multicolor cellular
imaging[J]. Angewandte Chemie, 2015, 127(18): 5450-5453.
Wang Z, Yuan F, Li X, et al. 53% efficient red emissive carbon
quantum dots for high color rendering and stable warm white-
light-emitting diodes[J]. Advanced Materials,2017,29(37):
1702910.

[96]

[97]

[98]

[99]

[ 100 ]

[101]

[102]

[103]

[ 104 ]

[105]

[106]

[107]

[108]

[109]

[110]

Zhai Y, Wang Y, Li D, et al. Red carbon dots-based phosphors for
white light-emitting diodes with color rendering index of 92[J].
Journal of Colloid and Interface Science, 2018, 528: 281-288.

Chen X, Wu W, Zhang W, et al. Blue and green double band
luminescent carbon quantum dots: Synthesis, origin of
photoluminescence,
devices[J]. Applied Physics Letters, 2021, 118(15): 153102.

Sun Z, Yan F, Xu J, et al. Solvent-controlled synthesis strategy of

and application in white light-emitting

multicolor emission carbon dots and its applications in sensing and
light-emitting devices[J]. Nano Research, 2021, 15(1): 414-422.

Perikala M, Bhardwaj A. Excellent color rendering index single
system white light emitting carbon dots for next generation
lighting devices[J]. Scientific Reports, 2021, 11(1): 1-11.

Wang B, Song H, Tang Z, et al. Ethanol-derived white emissive
carbon dots: the formation process investigation and multi-
color/white LEDs preparation[J]. Nano Research, 2022, 15(2):
942-949.

Feng X, Jiang K, Zeng H, et al. A facile approach to solid-state
white emissive carbon dots and their application in UV-excitable
and single-component-based white LEDs[J]. Nanomaterials,
2019, 9(5): 725.

Li W, Wu M, Jiang H, et al. Carbon dots/ZnO quantum dots
composite-based white phosphors for white
diodes[J]. Chemical Communications, 2022, 58(12): 1910-1913.
Han Q, Xu W, Ji C, et al. Multicolor and single-component white

light-emitting

light-emitting carbon dots from a single precursor for light-
emitting diodes[J]. ACS Applied Nano Materials, 2022, 5(10):
15914-15924.

Wang F, Chen Y, Liu C, et al. White light-emitting devices based
on carbon dots’ electroluminescence [J]. Chemical Communica-
tions, 2011, 47(12): 3502-3504.

Xu J, Miao Y, Zheng J, et al. Carbon dot-based white and yellow
electroluminescent light emitting diodes with a record-breaking
brightness[J]. Nanoscale, 2018, 10(23): 11211-11221.

Wang Z, Jiang N, Liu M, et al. Bright electroluminescent white-
light-emitting diodes based on carbon dots with tunable correlated
color temperature enabled by aggregation[J]. Small, 2021,
17(52):2104551.

Zhou X, Yi K, Yang Y, et al. A novel method for the synthesis of
carbon dots assisted by free radicals[J]. Nano Research, 2022,
15(10): 9470-9478.

Yan Z, Chen T, Yan L, et al. One-step synthesis of white-light-
emitting carbon dots for white LEDs with a high color rendering
index of 97 [J]. Advanced Science, 2023: 2206386.

Zhao B, Tan Z. dots:  Fantastic

Fluorescent  carbon

electroluminescent materials for light-emitting  diodes[J].
Advanced Science, 2021, 8(7): 2001977.

Jia H, Wang Z, Yuan T, et al. Electroluminescent warm white
light-emitting diodes based on passivation enabled bright red
bandgap emission carbon quantum dots[J]. Advanced Science,

2019, 6(13): 1900397.


https://doi.org/10.1039/D2TB02582E
https://doi.org/10.1021/acsanm.2c04312
https://doi.org/10.1016/j.scib.2020.12.015
https://doi.org/10.1016/j.carbon.2019.04.074
https://doi.org/10.1039/C8NH00247A
https://doi.org/10.1016/j.dyepig.2020.109090
https://doi.org/10.1002/adma.201503380
https://doi.org/10.1002/advs.201800369
https://doi.org/10.1016/j.jcis.2020.12.104
https://doi.org/10.1016/j.jcis.2020.12.104
https://doi.org/10.1038/s41928-022-00745-7
https://doi.org/10.1007/s10853-013-7430-6
https://doi.org/10.1039/C5NR03014E
https://doi.org/10.1002/ange.201501193
https://doi.org/10.1002/adma.201702910
https://doi.org/10.1016/j.jcis.2018.05.101
https://doi.org/10.1063/5.0046495
https://doi.org/10.1038/s41598-020-79139-8
https://doi.org/10.1007/s12274-021-3579-5
https://doi.org/10.3390/nano9050725
https://doi.org/10.1039/D1CC06180A
https://doi.org/10.1021/acsanm.2c04130
https://doi.org/10.1039/c0cc05391k
https://doi.org/10.1039/c0cc05391k
https://doi.org/10.1039/c0cc05391k
https://doi.org/10.1039/C8NR01834K
https://doi.org/10.1002/smll.202104551
https://doi.org/10.1007/s12274-022-4567-0
https://doi.org/10.1002/advs.202001977
https://doi.org/10.1002/advs.201900397

%5 33 YUE Jing-song et al: A review of fluorescent carbon dots: synthesis, photoluminescence mechanism




	1 Introduction
	2 Synthesis of CDs
	3 Photoluminescence mechanism of CDs
	3.1 Size-dependent emission
	3.2 Surface state emission
	3.3 Molecular state emission
	3.4 Strategies for fluorescence regulation

	4 Solid-state photoluminescence of CDs
	4.1 Coating method
	4.2 Film-forming method
	4.3 Self-resistant quenching CDs
	4.3.1 Regulation of carbon core
	4.3.2 Regulation of surface structure


	5 Application of CDs in WLEDs
	5.1 Photoluminescent WLEDs
	5.2 Electroluminescent WLEDs

	6 Summary and outlook
	Conflicts of interest
	Acknowledgements
	参考文献

