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SUMMARY

Delayed fluorescent (DF) materials have high internal quantum efficiency because
of the triplet excitons involved in the radiation transition, and the spin-forbidden
transition can effectively improve their luminescent lifetime. Compared with
traditional afterglow materials including metal-containing inorganic coordination
compounds and organic compounds, the DF materials based on carbon dots (CDs)
have drawn extensive attention because of their advantages of low toxicity, envi-
ronmental friendliness, stable luminescence, easy preparation and low cost. Most
CDs-based DF materials can be realized by embedding CDs in matrix with cova-
lent bonds, hydrogen bonds or/and other supramolecular interactions. Recently,
matrix-free self-protective CDs-based DF materials are emerging. This review
systematically summarizes the DF mechanism and structural regulation strategies
of CDs-based DF materials, and the applications of CDs-based DF materials in
anti-counterfeiting, information encryption, temperature sensing and other fields
are introduced. Finally, the existing problems and future potentials of CDs-based
DF materials are proposed and prospected.

INTRODUCTION

Luminescent materials are of increasing importance in the energy industry and have shown growing de-
mand in intelligent sensor, security printing, solar cells, and other fields besides display lighting (Jiang
et al., 2020a; Xing et al., 2020; Zhao et al., 2020a; Zhou et al., 2017; Li et al., 2017; Zhuo and Brgoch,
2021). The development of advanced luminescent materials has become a research hotspot. Luminescent
materials can be divided into fluorescence (FL) and afterglow materials according to the transition pathway
(Gao et al., 2021). Owing to the limitation of exciton statistics, it is difficult to further improve the quantum
utilization efficiency of FL materials, and the luminescent lifetime is short. Afterglow materials can release
the stored excitation energy and continue to maintain luminescence after the excitation of external energy
is removed, so afterglow materials can overcome the inherent defects of the FL materials.

Afterglow materials date back to the early seventeenth century and they are divided into inorganic and
organic systems (Yen et al., 2007). Inorganic afterglow materials, which have been commercialized,
involving rare earth or transition metal ions doped in the matrix, such as Eu?*, Dy** and Mn?* (Matsuzawa
et al., 1996). However, they have high cost because of the doping of rare earth or transition metal ions and
high-consumption preparation conditions, the tedious processing technology, and biological toxicity,
limiting their practical applications. Organic afterglow materials, with the merits of low cost, easy prepara-
tion and good biocompatibility, have been gradually brought into public view. They are mainly divided into
room temperature phosphorescence (RTP) and delayed fluorescence (DF) materials. As the second gener-
ation of organic light-emitting materials (Tao et al., 2014), the luminescent lifetime and quantum efficiency
of RTP materials are improved effectively owing to the intersystem crossing (ISC) process. However, RTP
materials are confined to noble metal such as platinum and iridium because of the exciton quenching effect
caused by weak spin-orbit coupling, which results in relative high cost. The DF materials can effectively
combine the low cost of FL and high efficiency of RTP, providing a perspective for novel luminescent
materials. Owing to the advantages of diverse structures, simple synthesis, easy purification and high lumi-
nescent efficiency, pure organic and metal-organic complexes are dominant in the research of organic DF
materials. However, organic DF materials still have many shortcomings that limit their further development.
For example, the DF lifetime of organic molecules is relatively short because their triplet excitons are easily

4')

'Key Laboratory of Interface
Science and Engineering in
Advanced Materials, Ministry
of Education, Taiyuan
University of Technology,
Taiyuan 030024, China

2College of Materials Science
and Engineering, Taiyuan
University of Technology,
Taiyuan 030024, China

3Shanxi-Zheda Institute of
Advanced Materials and
Chemical Engineering,
Taiyuan 030032, China

*Correspondence:
yyztyut@126.com (Y.Y.),
yanlingpeng@tyut.edu.cn
(L.Y)

https://doi.org/10.1016/j.isci.
2022.104884

Crastor iScience 25, 104884, September 16, 2022 © 2022 The Authorf(s). 1

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:yyztyut@126.com
mailto:yanlingpeng@tyut.edu.cn
https://doi.org/10.1016/j.isci.2022.104884
https://doi.org/10.1016/j.isci.2022.104884
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104884&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

deactivated by non-radiative process from the active excited triplets (Yuan et al., 2015), and the organic
solvents used in the preparation are harmful to environment. Metal complexes are relatively expensive
and toxic. Therefore, it is necessary to explore a kind of novel DF materials with stable luminescence, envi-
ronmental friendliness, and low cost.

Carbon dots (CDs) have become a new generation of carbon nanoluminescent materials following
fullerene, carbon nanotubes, and graphene, because of their excellent photostability, low toxicity, low
cost, tunable photoluminescence, and so on. They have demonstrated considerable application prospects
in light-emitting diodes, solar cells, biological imaging, sensing, detection, medical treatment, UV-block-
ing and other fields (Zhang et al., 2016a; Zhang et al., 2016b; Xu et al., 2018a; Xu et al., 2018b; Wang et al.,
2018a; Ding et al., 2019; Yuan et al., 2019; Zhao et al., 2021; Zhao et al., 2020b; Atabaev, 2018; Zhang et al.,
2022; Ali et al., 2020; Ghosh et al., 2021a; Ghosh et al., 2021b; Kailasa and Koduru, 2022; Feng et al., 2017,
Ashrafizadeh et al., 2020; Dong et al., 2019; Kousheh et al., 2020; Wang et al., 2021a). Since the discovery of
CDs in 2004 (Xu et al., 2004), the research on CDs has mainly focused on their synthesis and fluorescence
performance regulation (Ju et al., 2017; Qu and Sun, 2020; Wang et al., 2018b). In general, the methods to
prepare CDs can be divided into “top-down” and "bottom-up” approaches. The “top-down” method is
the way to directly obtain CDs from large-sized carbon source (such as graphite, graphene, carbon fiber,
carbon nanotubes) by decomposition and exfoliation process. The CDs prepared by “top-down” approach
usually exhibit higher crystallization (Zhao et al., 2021) whereas the "bottom-up” method is the way to pre-
pare CDs from organic small molecules by carbonization and polymerization reaction. The CDs prepared
by “bottom-up” generally possess the controlled optical behavior because of controllable size and heter-
oelement doping (Zhang et al., 2016). Lin et al. (2012) synthesized CDs by doping Pb?* ions with stable FL
and RTP for the first time. By hydrothermal treatment and annealing of graphene oxide sheets under alka-
line conditions, Tetsuka, et al. (2012) obtained amino-functionalized graphene quantum dots with the sub-
second DF property. Later, the afterglow CDs began to attract the attention of researchers, and the RTP
and DF CDs were successively reported (Dong et al., 2015; Jiang et al., 2016; Kang et al., 2021). The after-
glow performance of CDs exhibits their potential to be promising candidates for DF materials as a novel
type of green materials. To date, CDs-based DF materials can be constructed by matrix-assisted or self-
protective method. By providing a rigid protection of matrix (such as silica, zeolite, boric acid) or the poly-
mer chain structure, the excited triplet state can be stabilized, which provides more possibilities for the
generation of DF (Han et al., 2027; Liu et al., 2017; Xu et al., 2020a). The key factor of the CDs-based DF
materials is the regulation of the energy difference between the excited singlet state and excited triplet
state (AEst), a relative smaller AEst is more conductive to the reverse intersystem crossing (RISC) for DF
generation. Although the CDs-based DF materials have made some progress, their luminescence mecha-
nism and controllable synthesis still need to be explored. In this review, the DF mechanism, structural con-
trol strategy, and their application progress in temperature sensing, anti-counterfeiting icons, information
encryption and other fields of CDs-based DF materials are summarized. Finally, the future development of
CDs-based DF materials is prospected.

DF MECHANISM OF CDS-BASED MATERIALS

DF belongs to a kind behavior of photoluminescence, which refers to the process of electron transition
from ground state (S) to unstable excited state (S, T) after light excitation and then back to S state after
radiation transition. Based on the Pauli incompatibility principle, the excited state can be classified as the
excited singlet (Sq, Sa,..., Sy) and the triplet (T4, Ty,..., T,) states according to the spin multiplicity (Xiao and
Zhang, 2020). The spin pairing corresponds to the excited state as the singlet state. After the electron spin
directionis reversed, the spin is parallel, the spin multiplicity changes, and the excited state is named as the
triplet state. As shown in Figure 1, FL is formed by electrons transition from the excited singlet state to the
ground state. Phosphorescence is generated by electrons at the excited triplet state transition to the
ground state. DF is formed when electrons transfer back to the excited singlet state from the triplet state
and then return to ground state radiatively.

As an organic/inorganic hybrid system, the DF mechanism of CDs-based DF materials can be explained
from inorganic and organic systems. There are two origins for CDs-based DF materials; one is related
to the excited triplet state of organic matter and the other to the defect energy level of inorganic matter.
The energy level state plays a decisive role in CDs-based DF materials (Deng et al., 2013; Dias et al.,
2017; Xu et al., 2016). The DF mechanism of CDs-based composites can be divided into four mechanisms
according to the energy level state (Figure 1): thermally activated delayed fluorescence (TADF),

2 iScience 25, 104884, September 16, 2022

iScience



iScience

Hot ISC
HotISC _ HotRISC
2 2 1

s, ==

P Supl P W [D . L

i llarge £ TTA
i |AEerT,

So

Fluorescence
Delayed
fluorescence
Phosphorescence

: P S e @ .
TTA Defect-induced DF

Isc Collision Traping Detraping
8 ——>Syp————>S

(

Figure 1. Mechanisms of CDs-based DF materials
(A) TADF light-emitting mechanism.

(B) TTA light-emitting mechanism.

(C) Hot ISC DF light-emitting mechanism.

(D) Defect-induced DF light-emitting mechanism.

triplet-triplet annihilation (TTA), “hot excitons” intersystem crossing (Hot ISC), and defect-induced delayed
fluorescence.

Thermally activated delayed fluorescence (TADF)

TADF involves an RISC process, that is, the electrons transition from the triplet excited state to the singlet
excited state and then back to the ground state (Sp). When the radiative transition rate between the lowest
excited triplet state (T1) and the lowest excited singlet state (S4) is greater than the non-radiative transition
rate of the triplet excitons, TADF is generated. The electron transition process is shown in Figure 1A. After
absorbing the light energy, the electrons transition from Sp to S1 and then to Tq through ISC. Subsequently,
they return back to S; through RISC, and transition radiatively to So (So— S1—T1—S1— So). According to
the spin (exciton) statistics, the number ratio of the excited singlet to the triplet excitons is 1:3 (Baldo
et al., 1999). Therefore, the internal quantum efficiency (IQE) of FL is up to 25%, and the remaining 75% ex-
citons accumulate in excited triplet after ISC, which indicates that TADF can reach 100% IQE theoretically.
According to Hund's rule, the spin paralleling is more stable than spin pairing, and the excited triplet state
energy is lower than the corresponding singlet state. Therefore, RISC needs external energy (usually ther-
mal energy) activation, which requires TADF to meet sufficiently small AEst to absorb the thermal activation
energy to promote the efficient RISC. At the same time, it is necessary to suppress the non-radiative deac-
tivation of excited triplet state to promote the occurrence of RISC process.

Because TADF belongs to the thermal activation process, TADF luminescence intensity enhances with the
increase of temperature in a certain temperature range (Figures 2A, 2B, and 2C), which makes TADF ma-
terial stand out in higher temperature environment. Based on the high IQE, TADF materials have become
the representative materials of the third generation OLEDs in organic luminescence materials. In recent
years, it has been found that CDs-based composites also have TADF properties (Liu et al., 2017; Xu
et al., 2020a; Sun et al., 2020a; Park et al., 2020; Liu et al., 2020; He et al., 2020; Mo et al., 2021; Liu et al.,
2019; Zhang et al., 2020a; He et al., 2021; He et al., 2018; Jiang et al., 2017; Hou et al., 2015), which opens
up a novel pathway for developing of advanced TADF materials.

Triplet-triplet annihilation (TTA)

The TTA process refers to the transformation from two excited triplet excitons to one excited singlet
exciton after collision and annihilation. The radiative transition of this excited singlet exciton to the ground
state generates DF (Figure 1B) (Chiang et al., 2013). Compared with TADF, large AEstis more conducive to
the accumulation of triplet excitons to promote TTA. This mechanism is also reflected in CDs-based DF
composites. Han et al. (2021) obtained TPA-CDs/Si solution by hydrothermal method in alkaline
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Figure 2. CDs-based TADF materials
(A) Temperature-dependent afterglow decay curves of CDs@SiO, TADF materials with 365 nm excitation.
(B) Temperature-dependent afterglow emission spectra of CDs@SiO, under excitation at 365 nm.
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(C) Line chart of temperature-dependent RTP (A1) and TADF (A2) intensities, and photographs of RTP and TADF (inset). Reproduced with the permission

from (Sun et al., 2020a). Copyright 2019 Royal Society of Chemistry.

environment with terephthalic acid as carbon source and colloidal SiO; as silicon source, and then synthe-
sized TPA-CDs/Si powder after calcination. This composite material has a water-triggered tuning respon-
sive afterglow property (Figures 3A and 3B). This afterglow includes the mixed emission of DF and RTP at
room temperature. Because this DF property does not have the enhanced characteristics with increasing
temperature (Figure 3C), not belong to TADF or defect-induced DF, in view of its AEst does not change
apparently with the excitation wavelength (0.041eVat 254 nm, 0.045eVat 365 nm), its DF generated from
TTA mechanism (Salla et al., 2019). In this work, TPA-CDs/Si are quasi-spherical nanoparticles with sp? car-
bon skeleton as the core. The Si—C covalent bond formed by Si as the doping element is the DF source of
TPA-CDs/Si, and the intramolecular hydrogen bond is their RTP source. After adding a certain amount of
water, the DF strength of TPA-CDs/Si decreases rapidly until it disappears, while RTP gradually becomes
dominant, with the afterglow color changing from blue to green. This is because the formation of hydrogen
bond network between water and TPA-CDs/Si is beneficial to RTP emission. When the amount of water ex-
ceeds a certain limit, RTP intensity begins to decrease with the enhancement of non-radiative vibration
relaxation. Surprisingly, the DF of TPA-CDs/Si recover after the water is removed by heating. This method
realizes color-tunable and reversible afterglow by adding water to build hydrogen bond networks or heat-
ing to remove water for destroying hydrogen bonds, which can be used in multi-level encryption and
decryption fields (Han et al., 2021).

In organic DF materials, the maximum IQE of TTA mechanism only reach 62.5% because of the limitation of
excited triplet and singlet energy levels (Godumala et al., 2016). Therefore, the exciton utilization rate of DF
by TTA mechanism is limited, which restricts the practical application of TTA materials.

Hot intersystem crossing

TADF and TTA processes are described as the cold excitons process (Hu et al., 2015). Hot excitons refer to
the excitons that transition to a higher excited state (i.e., S, T,,,) after light excitation (Yao et al., 2014). The
transformation from the excited singlet hot excitons to the excited triplet hot excitons is defined as hot ISC
process (Figure 1C). Accordingly, the transformation from the excited triplet hot excitons to the excited
singlet hot excitons is hot RISC process (Figure 1C). The radiative transition between the excited triplet ex-
citons and excited singlet excitons at higher energy levels is better than the vibrational relaxation of their
own transition to low energy levels, which is beneficial to the hot ISC process. According to Kasha's rule (Xu
etal., 2019), the internal conversion rate (k;c) between the excited states with same spin multiplicity is often
higher than the ISC rate (kisc). Therefore, the prerequisite for realizing the RISC of triplet hot excitons to
transform into singlet excitons is that the energy difference between the higher excited triplet state (T.,)
and the Ty state is large enough. Thus, the accumulation of triplet hot excitons in triplet state is greatly
reduced, which results in the reduction of the probability for TTA and singlet-triplet state quenching
(STA). Finally, DF is generated through RISC.

Lin et al. (2019) synthesized the nitrogen-doped CDs-based DF materials (NCD1-C) with excitation depen-
dent afterglow. The NCD1-C materials present DF under 254 nm excitation and RTP under 365 nm
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Figure 3. CDs-based TTA materials

(A) Schematic illustration of mutual transformation process of TPA-CDs/Si and TPA-CDs/Si@H,0.

(B) Photographs of TPA-CDs/Si before and after adding water under sunlight, before and after turning off 254 nm UV light.
(C) Afterglow emission spectra of TPA-CDs/Si under 254 nm UV irradiation at different temperatures. Reproduced with
the permission from (Han et al., 2021). Copyright 2021 Elsevier.

excitation. Under 365 nm excitation, their TADF property is triggered by increasing temperature. As shown
in Figure 4A, under high energy of the short-wavelength excitation (254 nm), the electrons transfer to the
higher excited singlet state (S), and then to the higher excited triplet state (T,) through hot ISC. Because
the energy difference between T, state and the T state is greater than that between T, state and the S,
state, the triplet hot excitons transition to Sy state through hot RISC process and then return to the Sg state
to generate DF (So— S;— T, —S1— So). When the electrons transition to the Sy state and then come to Ty
state by ISC under long wavelength (365 nm) excitation, there are two kinds of transition forms: one is the
transition back to S state radiatively to generate RTP (So— S1— T; — So), another is the transition to the S,
state through RISC, and then back to Sg state to produce TADF (So—S1—T1—S;— Sp) when the temper-
ature increases.

Deng et al. (2019) not only studied the excitation-dependent afterglow properties of CDs@clay compos-
ites, but also illustrated that the DF lifetime of hot exciton process was longer than that of the RTP of
cold exciton process by comparing the afterglow lifetimes at two excitation wavelengths. Their research
shows that blue DF is formed by hot exciton process under short wavelength (254 nm) excitation and DF
intensity decreases with the increase of temperature (Figure 4B). Under the excitation of long wavelength
(302 nm), the green afterglow generated by cold exciton process is dominated by RTP, and TADF gradually
has more advantages with the increase of temperature (Figure 4C). The electronic transition path of
CDs@clay composite after excitation is consistent with the Figure 4A. At room temperature, the average
afterglow lifetime (1.050 s) excited at 254 nm is obviously higher than that (0.608 s) at 365 nm, which is
because the DF with hot exciton process involves two spin-forbidden transitions.

Hot excitons DF materials not only have higher luminescence efficiency than TADF materials, but also effec-
tively solve the serious roll-off problem in electroluminescent devices with TTA materials. Therefore, they
have a potential application prospect in organic electroluminescent devices. CDs-based hot exciton DF
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Figure 4. CDs-based Hot ISC materials

(A) Hot ISC DF light-emitting mechanism. Afterglow emission spectra of CDs@clay (B) at different temperatures under
254 nm excitation, (C) at different temperatures under 302 nm excitation, and (D) under different excitation wavelengths.
Reproduced with the permission from (Deng et al., 2019). Copyright 2019 Royal Society of Chemistry.

composites can achieve the applications of multi-level anti-counterfeiting and encryption because of the
different conversion modes of triplet excitons under different excitation wavelengths. However, high en-
ergy input is essential to generate DF behavior, which limits their applications.

Defect-induced delayed fluorescence

The afterglow properties of inorganic long afterglow materials are related to their luminescent and defect
centers. Defects can capture some stimulated electrons and re-release them under certain environmental
factors. The luminescent process by releasing electrons through thermal disturbance is usually called ther-
moluminescence (Bos, 2017). CDs-based DF materials can also be obtained by using trapping-detrapping
mechanism to stabilize triplet excitons (Xu et al., 2020b). As shown in Figure 5A, the CDs-SiO, composites
synthesized by He et al. (2020) exhibit phosphorescence enhancement and DF characteristics in solid and
liquid phases by introducing inorganic SiO, as matrix. The electron trap center of inorganic SiO, matrix is
the key to enhance phosphorescence and DF. The electrons in Sq state are excited by light to become
excited electrons. In the process of returning to Sp state, some electrons are captured by the electron
trap state (Siap) located between S; and Ty state. The energy gap between S, state and S; state is
0.297 eV whereas the energy gap between S, state and Ty state is 0.271 eV. Therefore, there are two tran-
sition paths for the released electrons to return to Sp state (Figure 5C). Some electrons in the trap state will
detrap to Ty or Sy state and then return to Sg state as the form of phosphorescence (So— S1— Syrap—T1—
So) or DF (Sg— S = Sirap— S1— So), respectively. The mechanism of inorganic afterglow materials is usually
explained through the distribution of internal traps by thermoluminescence spectroscopy (Zhang et al.,
2021). As shown in Figure 5B, the thermoluminescence spectroscopy (Figure 5B) was also used for the first
time to study the CDs-based DF composites, proving that the electronic defects of inorganic SiO, can act
on the energy level state of CDs, thereby regulating the phosphorescence and TADF behaviors.

In summary, the different conversion modes between the triplet excitons and singlet excitons can generate
different DF behavior. The triplet excitons in TADF are converted into the singlet excitons by RISC under
thermal activation. TTA mechanism needs the accumulation of triplet excitons, Hot ISC and hot RISC
depend on the excitation of specific energy. Defect-induced DF requires additional electronic defects
and thermal activation. AEst is of vital importance to the conversion between triplet excitons and singlet
excitons. Small AEst can facilitate ISC process and offer more possibilities to harvest triplet excitons
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Figure 5. CDs-based defect-induced DF materials
(A) The schematic illustration of CDs anchored onto SiO, for phosphorescence enhancement and TADF nascence, and the conversion between them with

Configurational Coordinate

the change of temperature.
(B) Thermoluminescence spectra of CDs-SiO, powder (green solid line: recorded data; colored areas: peak fitting; red dashed line: accumulated fitting).
(C) Defect-mediated thermoluminescence (Jablonski diagram and configuration coordinate curves). Reproduced with the permission from (He et al., 2020).
Copyright 2020 Wiley-VCH.

more efficiently, thus the DF process can be achieved more easily. For CDs-based DF materials, the real-
ization of DF is closely related to their excited triplet state, in which the stable excited triplet state and small
AEst are the key factors. The stabilizing excited triplet state and reducing AEst can provide a theoretical
foundation for the structural and performance regulation of CDs-based DF materials.

STRUCTURAL REGULATION STRATEGY OF CDS-BASED DF MATERIALS

Based on the DF mechanism in the above-mentioned CDs-based DF materials, inhibiting the quenching of
the excited triplet state and reducing the AEst are two key factors that must be considered in the synthesis
of CDs-based DF materials. Therefore, itis necessary to regulate the structure and properties of CDs-based
DF materials by stabilizing the excited triplet state and controlling the energy difference.

Excited triplet state stabilization

At present, there are two main synthesis methods to stabilize triplet state: matrix-assisted and self-protec-
tive method (Sun et al., 2020b; Liet al., 2019a; Chen et al., 2017, Jiang et al., 2020b). Matrix-assisted method
is that CDs are embedded into different matrices to form a rigid structure by the interaction between matrix
and CDs for suppressing the non-radiative relaxation by rotation and vibration. The self-protective method
is that the polymer-like structures of carbonized polymer dots (CPDs) limit molecular motion to stabilize the
excited triplet state.

Matrix-assisted method

The luminescent center is fixed by covalent bond or hydrogen bond between matrix and CDs, which can
improve the rigidity of molecular structure and inhibit the quenching effect of dissolved oxygen and water
on the excited triplet state, so as to effectively stabilize the excited triplet state to generate DF. The
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different kinds of matrices have been used to stabilize the excited triplet state. As shown in Table 1, the
CDs-based DF composites synthesized by matrix-assisted method in recent years are summarized. The
preparation of CDs-based DF composites can be classified into two-step and in-situ method
according to the process steps. The two-step method is simple in principle and rich in matrix types,
including inorganic matrices (such as SiO,, zeolite, and boric acid), organic matrices (such as polyvinyl
alcohol (PVA) and polyurethane (PU)). The in-situ method simplifies the synthesis process, but matrix is
limited. At present, zeolites-based inorganic matrix is mainly used for in-situ synthesis of CDs-based DF
composites.

Inorganic matrices

SiO2.  Nanosized SiO,, as a kind of ordered mesoporous materials, can provide rigid nano-space for
luminescent particles (CDs, perovskite quantum dots, etc.). They can used as a suitable matrix for long-life-
time emission materials in fields of biological imaging and sensors (Joseph and Anappara, 2017; Li et al.,
2019b). In the SiO, matrix system, CDs can be effectively fixed by the hydrogen bonds or covalent bonds
between the surface functional groups of CDs and SiO5. SiO, with silicon-oxygen tetrahedron structure can
inhibit the vibration and rotation of luminescent center of CDs to stabilize the excited triplet state, and
nanosized SiO, particles can also prevent the diffusion of oxygen, offering higher stability and longer
lifetime.

Jiang et al. (2017) firstly synthesized TADF-dominated liquid phase long-lived CDs matrix composites (m-
CDs@nSiO,) at room temperature using m-phenylenediamine as carbon source and nSiO, as matrix. The
formation of Si—C and Si—N covalent bonds in m-CDs@nSiO; is the key factor that can produce stable
afterglow in the liquid phase. And the unsaturated C=C bond on the surface of m-CDs can consume dis-
solved oxygen, which also provides a practicable approach to inhibit the quenching effect of oxygen on the
triplet state. The sol-gel method can prepare a gel with certain spatial structure, and the nanoparticles can
be obtained after gel heat treatment (Jiang et al., 2019). Sun et al. (2020a) embedded CDs in the nano-silica
gel network by this method. After calcination, the CDs-based composite (CDs@SiO,), with temperature-
responsive conversion of RTP and TADF, was prepared. As shown in Figure 6A, the Si—O network plays
an essential role in afterglow emission of CDs@SiO,, the formation of hydrogen and covalent bonds
(Si—O—-C, Si—C) enhances the structural rigidity, and the nano-space confinement effect makes the excited
triplet state more stable. Therefore, under the comprehensive effects of rigid Si—O network structure pro-
tection, strong covalent bond assistance and effective spatial constraint, a more stable excited triplet state
T4* is generated, which makes CDs@SiO, display ultra-long stable phosphorescence at room temperature.
This triplet emission is attributed to the n-t* transition of C=0. Because of the relatively large AEst (0.53
eV), itis difficult to active effective RISC at room temperature, CDs@SiO, only present TADF at higher tem-
perature (An et al., 2015; Tang et al., 2019).

Liu et al. (2020) used modified Stober method to synthesize long-lifetime TADF material CD@SiO; at room
temperature by embedding CDs into nano-silica microspheres (Figure 6B). The Si—O—C covalent bonds
restrict the vibration and rotation of CDs luminescence centers (C=0, C=N) and suppresses the non-radi-
ative energy dissipation, thus stabilizing the excited state. Recently, Mo, et al. (2021) realized the long-lived
TADF excited by visible light in the liquid phase using amorphous silicon nanoparticles as matrix to encap-
sulate fluorine and nitrogen co-doped CDs. The strong electronegativity of fluorine atoms can reduce the
energy difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO), so as to reduce the excitation energy and realize visible light excitation. In Figure 6C,
amorphous SiO; can protect the excited triplet state by forming hydrogen bond network, and the silanol
groups on SiO; surface can endow F, NCDs@SiO, composites with good hydrophilicity, achieving higher
efficiency of liquid phase DF.

Zeolite. Zeolite, as an inorganic porous material, has become one of the ideal materials for loading
and packaging metal nanoparticles and luminescent quantum dots due to its three-dimensional ordered
structure and strong thermal stability (Li et al., 2015; Wang et al., 2012). In the zeolite matrix system, its in-
terrupted nanospace can restrict the intramolecular vibration and rotation. Moreover, the hydrogen bonds,
which are formed by the dangling OH groups of the interrupted nanospace and surface groups (C=N and
C=0) of CDs, can effectively inhibit the non-radiative relaxation. The 3D framework of zeolite can also hind-
er the collisions between oxygen and the surface groups of CDs, which plays a role in stabilizing the excited
triplet states to generate ultra-long and stable DF at room temperature (Liu et al., 2017).
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Table 1. Matrix assisted CDs-based DF composites

92UBI0GI

Afterglow Afterglow lifetime
Method Matrix Precursor mode (298 K) AEst/eV (7)/ms (298 K) QY (%) Remarks Ref.
Two- SiO, mPDs TADF + RTP 0.290 (Ex. = 365 nm) 703 (Ex. = 365 nm) NA m-CDs@nSiO, (Jiang et al., 2017)
step PVA, EDA TADF + RTP 0.568 (AESTtrap = 1760 (Ex. = 340 nm) 35 CDs-SiO, (He et al., 2020)
0.297; AETtrapT1=
0.271) (Ex. = 340 nm)
2,4-Difluorobenzoic TADF + RTP 0.32 (Ex. = 460 nm) TRTP: 610, TTADF: 58.8 F, NCDs@SiO, (Mo et al., 2021)
acid, Glycine 270 (Ex. = 460 nm)
BA RhB TADF + RTP NA 447.96 (Ex. = 420 nm) 38.07 G-CDs/B,03 (Xu et al., 2020a)
GNPs TADF 0.186 Ex. = 325 nm 135 Ex. = 325 nm 1.39 GOQD-30@BNO; (Park et al., 2020)
0.156 147 0.90 GOQD-40@BNO;
0.123 125 0.86 GOQAD-60@BNO
PVA PVA, EDA RTP + TADF 0.0367 (Ex. = 360 nm) TTADF: 1610; TRTP: 22.57 CDs/PVA nanofiber (He et al., 2018)
0.00681 (Ex. =
360 nm)
Citric acid, Urea, DF NA TCore-state: 206.1; NA CD2-H/PVA (Zhai et al., 2021)
4-aminobenzoic acid 7N-state: 247.4
Urea Folic acid, Ethanol Hot ISCDF NA 1113.27, 534.52 (Ex.= 13.9 (Prepared (Lin et al., 2019)
254 nm, 365 nm) atpH =7)
oPD RTP + TADF 0.481 (Ex. = 365 nm) 7TADF: 220.74; TRTP: 3 (Ratio of 0-CDs o-CDs@CA (Wang et al., 2021b)
12.29 (Ex. = 365 nm) to urea is 0.05%)
In situ Zeolite TEA TADF 0.22 (Ex. = 370 nm) 350 (Ex. = 370 nm) 15.33 CDs@AIPO-5 (Liu et al., 2017)
Valine, EDA RTP + TADF 0.35 (Ex. = 400 nm) TRTP: 1700; tDF: 2100 90.4 CDs@AIPO-5 (Zhang et al., 2020b)
(Ex. = 400 nm) composite
Layered Pyridine-2,6- Hot ISC 0.095(Ex. = 254 nm) 1050 (Ex. = 254 nm) NA CDs@clay (Deng et al., 2019)
clay dicarboxylic acid 0.27 (Ex. = 302 nm) 1020 (Ex. = 302 nm)

0.62 (Ex. = 365 nm)

608 (Ex. = 365 nm)

NA: Not available; AEST: The difference between excites singlet and triplet state; QY: Absolute quantum yield; TADF: Thermally activated delayed fluorescence; RTP: Room temperature phosphorescence;

DF: Delayed fluorescence; Hot ISC: Hot excitons intersystem crossing; mPDs: m-phenylene diamine; TTDDA: 4,7,10-trioxa-1,13-tridecanediamine; RhB: Rhodamine B; GNPs: Graphite nanoparticles; IPDI:

Isophorone diisocyanate; PVA: Polyvinyl alcohol; EDA: Ethylenediamine; oPD: o-phenylenediamine; TEA: Triethylamine.
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Figure 6. SiO,-assisted CDs-based DF composites

(A) Schematic representation of proposed interaction of the CDs and Si—-O network and energy level diagram of CDs@SiO;, (FL.: fluorescence; Vib.: vibration;
Phos.: phosphorescence). Reproduced with the permission from (Sun et al., 2020a). Copyright 2020 Royal Society of Chemistry.

(B) Proposed formation process of CD@SiO, nanocomposite. Reproduced with the permission from (Liu et al., 2020). Copyright 2020 Elsevier.

(C) Schematic illustration of the possible structural formation of F, NCDs@SiO,. Reproduced with the permission from (Mo et al., 2021). Copyright 2021
Elsevier.

Liu et al. (2017) proposed a synthesis strategy of “dots-in-zeolites”, designing a kind of TADF materials
(CD@zeolite composites) with ultra-long DF lifetime at room temperature and air environment. As shown
in Figure 7A, under solvothermal/hydrothermal conditions, the formation of CDs accompanied with
zeolite crystallization creates a condition for the in-situ incorporation of CDs into zeolite matrix (Zhu
et al., 2013). However, the luminescence efficiency of CD@zeolite composites is not high enough due
to the low loading rate of CDs in zeolite crystals under solvothermal conditions. Therefore, Zhang,
et al., 2020b proposed a solvent-free thermal crystallization method to prepare the CD@zeolite compos-
ites with highly efficient double emission long afterglow (Figure 7B). This method greatly improves the
content of CDs in zeolite crystals, which effectively improves the luminescence efficiency. As shown in
Figure 7C, the structure of CDs and the interaction between CDs and zeolite matrix were changed
with prolonged heating time. A more compact core can reduce the flexible bonds of CDs with increased
carbonization degrees. The stronger hydrogen bonds between CDs and zeolite matrix can enhance the
nanoconfined effect. The energy dissipation of non-radiative transition is suppressed by the coeffect of
compact carbon cores of confined CDs and the strong interaction between CDs and zeolite matrix, which
is beneficial to RTP and TADF dual-emission, finally achieving the high quantum yield (QY) and the ultra-
long afterglow.

Boric acid (BA). It has been reported that glassy boron oxide (B,O3) induced by BA was used as triplet
stabilization matrix in the preparation of phosphorescent CDs (Li et al., 2019¢), and then BA was also
applied to the preparation of CDs-based DF composites. The empty p orbit of boron atom can form strong
electron interaction with other atoms with lone pair electrons, which effectively promotes ISC, which is
conducive to long-life luminescence. However, the destruction of the glassy B,Os3 in liquid environment
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Figure 7. Zeolite-assisted CDs-based DF composites

(A) Proposed in situ formation process of photoluminescent CDs@AIPO-5 composite. Reproduced with the permission from (Liu et al., 2017). Copyright 2017
Science AAAS.

(B) Schematic representation of confinement synthesis of CDs in AIPO-5 zeolite.

(C) CDs@AIPO-5 formed with varying crystallization time and proposed crystallization curve of the CDs@AIPO-5 composite. Reproduced with the permission
from (Zhang et al., 2020b). Copyright 2020 Chinese Chemical Society.

can induce the quenching of DF, which limits the application of BA-assisted DF materials in liquid environ-
ment such as biological probes.

Xu et al. (2020a) synthesized the visible-light-excited afterglow composite (CDs/B,O3) with main emission
of TADF at room temperature by embedding green CDs into the glassy B,O3 matrix. The key factors for
afterglow of CDs/B,O3; composite are glassy B,O3 matrix and the B atoms with empty p-orbital. Green
CDs dispersed in the glassy B,O3 matrix can effectively inhibit the aggregation fluorescence quenching,
and protect the triplet excitons from quenching. The boron atoms with empty p-orbital can attract 7 elec-
tron to produce a p-7 conjugate system, which reduces LUMO energy level, decreasing the AEst and mak-
ing visible-light excitation possible. As shown in Figure 8A, Park, et al. (2020) used BNO matrix from BA to
stabilize the excited triplet state of graphene quantum dots (GQDs) and achieve TADF. He et al. (2021) pre-
pared a series of visible-light-excited afterglow CDs/B,O3 composites as Xu et al. (2020a), in which the co-
lor of composites was regulated by changing CDs precursor (Figure 8B).

Layered clay. In addition to the above-mentioned inorganic matrices, the layered clay synthesized by
layered silicate also can act as the matrix of CDs-based DF materials. Deng et al. (2019) achieved CDs@clay
composites with triple-emission (FL, RTP, DF) and tunable afterglow characteristics by covalently confining
CDs on the clay layer through calcination. The triple-emission of the composites mainly is generated by the
n-7t* transition of C=0O with a conjugated aromatic group and covalent bonds between CDs and clay
sheets. The n-7t* transition of C=0 with a conjugated aromatic group is the main origin of FL and afterglow,
which is beneficial to the ISC process. And the formation of covalent bonds can fix the luminescence center
to stabilize the excited triplet state (Katsurada et al., 2015). The afterglow properties of the composites
depend on whether the electrons are excited to the S state or Sy state. The electrons are excited to S; state
at short-wavelength excitation, the ISC between the S, and T, state and the RISC between T, and S state
are easy to happen, resulting in the dominated role of DF at room temperature. However, the electrons are
excited to S state at long-wavelength excitation, the ISC between the S, and T, state starts-up, inducing
the leading role of RTP. Moreover, with the increase of temperature, the RISC between Ty and Sy state
gradually enhances, thus the RTP decreases and TADF becomes dominant.

Organic matrices. The incorporation of CDs into organic matrix is a common method to realize the

phosphorescence emission of CDs. The excited triplet state can be stabilized by hydrogen bonding be-
tween organic matrix and CDs, which is also conventional in CDs-based DF composites.

iScience 25, 104884, September 16, 2022 1
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(A) Schematic illustration for the series of GQDs encapsulated in boron oxynitride (BNO) matrix to stabilize triplet excited states. Reproduced with the

permission from (Park et al., 2020). Copyright 2020 Wiley-VCH.

(B) Schematic for the visible-light-excited multicolor afterglow of CDs in boron oxide applied to information encryption. Reproduced with the permission

from (He et al., 2021). Copyright 2021 American Chemical Society.

Tan etal. (2016) introduced nitrogen-doped CQDs, which were synthesized using isophorone diisocyanate
(IPDI) as single carbon source, into the PU matrix by the “monomer as solvent” strategy to synthesize the
CQD/PU composite with RTP and DF at room temperature. PU matrix plays a critical role in inhibiting the
triplet exciton non-radiative transition. As shown in Figure 9A, He, et al. (2018) synthesized CDs/PVA nano-
fibers by fixing CDs in PVA) via electrospinning. They exhibit good FL, RTP, and TADF properties. The mes-
oporous structure of the nanofibers can effectively stabilize the excited triplet state to inhibit oxygen
quenching, which is conducive to the generation of TADF.

As a common organic matrix, urea will deaminase and condense during heating because of its thermal
instability, and then form recrystallization urea, biuret, cyanuric acid or other organic compounds. Using
urea as matrix, CDs can be embedded in composites formed by urea during the heating process to limit
their non-radiative loss of the luminescence center. For example, Lin, et al. (2019) prepared the full-color
and multi-emission CDs-based fluorescent ink with ultra-long afterglow by urea as the matrix through
the "package-dissolution-recrystallization” strategy (Figure 9B). The nitrogen-doped CDs synthesized by
hydrothermal method were first encapsulated by urea/biuret bonds to form NCD1-C composite, showing
excitation-dependent afterglow. Under short-wavelength (254 nm) excitation, the composite exhibits DF
whereas under long-wavelength (254 nm) excitation, it presents RTP. The DF property is consistent with
the ISC between hot exciton systems. NCD1-C ink in DMF does not possess afterglow properties. After
printing, the afterglow recovers. That is because DMF can be extracted by paper fiber can extract, promot-
ing the rapid precipitation and recrystallization of urea. The hydrogen bonds formed between recrystalli-
zation urea/biuret and CDs inhibit the intermolecular vibration and diffusion movement. Moreover, the
recrystallization framework can be used as a dense layer to isolate oxygen to reduce non-radiative relaxa-
tion, finally stabilizing the excited triplet state.

In addition to the above-mentioned inorganic and organic matrices, other reported matrices, such as nano-
hydroxyapatite, metal nanoframes, metal-organic framework, and biopolymer cellulose derivatives, are
also worth applying to the matrix-assisted systems (Zhao et al., 2015; Zhao et al., 2017; Miao et al., 2022,
Riahi et al., 2022), which can further expand the types of CDs-based DF materials and endow them with
diverse optical properties.

Self-protective method

The self-protective CDs can be protected by the polymer-like structures, hydrogen bonds or supramolec-
ular interactions on their surfaces, of which can form rigid protection to CDs, inhibiting the non-radiative
transition to active afterglow emission. Self-protective method can largely improve the interface compat-
ibility in matrix-assisted composites. Zou et al. (2016) obtained CDs with solid RTP by solvothermal reaction
with 3-bromophenol as precursor. The RTP property originates from the formation of polymer-like CDs in

12 iScience 25, 104884, September 16, 2022



iScience ¢? CellPress
OPEN ACCESS

A -7Syringe pump

b

* g,olymer solution
ngh ¥

Voltage ) ‘

Collector
7

B o 254 nm
folic acid . urea ON/OFF 365 nm
EtOH i ON/OFF
centrlfugmg 155 °C
—
DI water
FL RT
255°C,2h NCD1 NCDI-C

(NCD1- bmret@urea)

DMF
-
h a \//\ - ‘%c(" ~ g
paper T TTmmsSess ! cartridge - NCD1-C ink
= NCD1 biuret © DMF | recrystallized urea paper fiber  ink

Figure 9. Other matrix-assisted CDs-based DF composite materials

(A) Schematic for the fabrication of nanofibers via electrospinning and the structure suggested for the nanofibers.
Reproduced with the permission from (He et al., 2018). Copyright 2018 Elsevier.

(B) Schematic of the synthesis route of CD-based anti-counterfeiting ink. Reproduced with the permission from (Lin et al.,
2019). Copyright 2019 Royal Society of Chemistry.

the reaction process. The polymer-like structures can stabilize the excited triplet state to avoid non-radia-
tive relaxation. However, the triplet state is easily quenched by dissolved oxygen and water in the liquid
phase. In order to effectively isolate oxygen and water in the atmosphere environment to stabilize the
triplet state, Chen, et al. (2017) synthesized self-dispersed CPDs with cross-linking polymerization network
by one-step using PVA as carbon source and EDA as nitrogen source. As shown in Figure 10A, the CPDs
present aggregation-induced RTP property. Recently, Li, et al. (2019d) synthesized nitrogen-doped CDs
(NCDs) by cross-linking polymerization, oxidation and dehydration with acrylamide, urea and citric acid
as precursors (Figure 10B). Hydrogen bonds are formed by the reaction of polyacrylamide from acrylamide
s with citric acid and urea. The hydrogen bond protection can inhibit the triplet state from quenching in
non-radiative way, finally the CDs emit long lifetime afterglow. Later, Xia, et al. (2020) used acrylamide
as the precursor to obtain AN-CPDs after polymerization and carbonization under solvothermal conditions.
In the aggregation state, the non-radiative transition of AN-CPDs is limited under the effect of supramo-
lecular crosslinking, and thus the triplet state is stabilized.

Recently, Sun, et al. (2022) prepared a series of matrix-free CDs with the regulable afterglow between RTP
and DF using six kinds of benzoic acid derivatives as precursors and ethylenediamine as crosslinking agent
(Figure 10C). The afterglow emission of these self-protective CDs is activated by the polymer-like structure
and N—C=0 bonds, which are formed by the dehydration reaction between carboxyl group of benzoic acid
derivatives and the amino group of ethylenediamine. The polymer-like structures can protect the triplet ex-
citons. Obviously, the self-protected method can provide a simple preparation for CDs-based DF materials
with stable afterglow.

Energy difference regulation

The realization of DF depends on the energy level state of the excited triplet state. The energy differ-
ence regulation between the excited singlet and the triplet state has been studied in RTP system, such
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Figure 10. Self-protective CDs-based afterglow materials

(A) TEM image and schematic diagram of PVA-chain induced self-protective RTP emission. Reproduced with the permission from (Chen et al., 2017).
Copyright 2017 Royal Society of Chemistry.

(B) A schematic of the procedure used for the preparation of NCDs. Reproduced with the permission from (Li et al., 2019d). Copyright 2019 Royal Society of
Chemistry.

(C) Schematic diagram of self-protective CDs with tunable RTP and DF from six benzoic acid derivatives. Reproduced with the permission from (Sun et al.,
2022). Copyright 2022 American Chemical Society.

as introducing electron-withdrawing atoms, increasing the donor-acceptor interaction, adjusting the fine
structure, changing the cation and anion of the main inorganic phase and intramolecular electron coupling
(Lietal, 2019¢c; Yang et al., 2018; Green et al., 2019; Ke et al., 2015; Henry and Siebrand, 1971). These regu-
lation methods can also be applied to CDs-based DF materials to achieve energy difference regulation of
CDs through adjusting the intrinsic structure of CDs or intra- or intermolecular forces on the surface of CDs.
In the design and preparation of CDs-based composites DF, their appropriate intrinsic structural design
can enhance the spin-orbit coupling to promote ISC process, and effective intra- or intermolecular inter-
actions can form new band gap of CDs, which are beneficial to decreased AEst. This section will discuss
the influence factors on the AEst of CDs-based DF composites from two aspects of intrinsic structural
design and intermolecular interaction.

Intrinsic structural design of CDs

The structure of CDs depends largely on raw materials and synthesis conditions. By controlling the carbon
source, dopants and prepared technology of CDs, their intrinsic structure, such as sp2 conjugated domain,
heteroatom doping content, electronic configuration, can be regulated, and finally the energy level state
can be adjusted.

The sp? conjugated domain is very important for the photoluminescence properties of CDs. Conjugate-
induced DF refers to that the expansion of the conjugated system can effectively reduce the energy level
splitting between the charge transfer states, which contributes to the decreased exchange splitting for
effective AEst. It has been studied in the TADF of polymers (Wei et al., 2017). Zhai et al. (2021) prepared
a series of conjugated afterglow emission composite films on the basic of the conjugate-induced DF,
and proposed that the large-conjugated system in the aromatic sp? domain of carbon core reduce the
band gap and promote DF emission. Among them, the CD2-H/PVA and CD2-OH/PVA composite films
showed strong pure blue DF. The FL of the composite film can be tuned by alkali solution treatment.
The DF ascribes from the carbon core with large -conjugate system, which indicates that the introduction
of aromatic precursors with t-bond into the preparation process of CDs can help DF emission.

14 iScience 25, 104884, September 16, 2022
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For self-protective CDs-based afterglow materials, they are confined to RTP because DF depends on the
coeffect of small AEst and stable excited triplet states. Therefore, in order to obtain DF materials, the AEst
of self-protection CD-based afterglow materials also need to be reduced except the protection of excited
triplet states by hydrogen bonds and other supramolecular interactions. Sun et al. (2022) regulated the
AEgt of self-protective CDs by changing the substitution position of carboxyl group on the benzene
ring, realizing the regulation between RTP and DF. When the carboxyl groups on the benzene ring of pre-
cursor have ortho-position substituent, it is more conducive to form six-membered rings to expand the
rigid conjugated structure, thus reducing AEst to generate DF.

The AEst of CD@zeolite composites can be modulated through regulating the structure and energy level
state of CDs by changing the solvents and organic structure-directing agents (Wang et al., 2019). Liu et al.
(2019)in-situ synthesized different afterglow composites at room temperature by changing organic tem-
plates under the same solvent conditions. The CDs@SBT-1 composites prepared using 4-(2-aminoethyl)
morpholine as template shows RTP characteristics whereas the CDs@SBT-2 composites prepared using
TTDDA as template shows TADF characteristics. The AEst of CDs@SBT-1 and CDs@SBT-2 composites
are 0.36 and 0.18 eV, respectively, in which their different AEst value is because of the different AEst of
CDs confined in matrix. Compared with the CDs@SBT-1, more C—O and C=0O groups on the CDs in the
CDs@SBT-2 mother solution lead to a larger steric hindrance structure, which achieves the spatially sepa-
rated HOMO and LUMO, finally reducing AEst (Tao et al., 2014).

Heteroatom doping is a common method to regulate the fluorescence properties of CDs. Because atoms
containing lone-pair electrons such as O and N are beneficial to n-w* transition, they can enhance spin orbit
coupling (SOC) to reduce the band gap and promote ISC (Park et al., 2020). Therefore, the introduction of
functional groups for promoting n-mt* transition in the structure of CDs is also one of main means to reduce
AEgt. Hou et al. (2015) synthesized water-soluble CDs by microwave-assisted method in non-miscible sys-
tem. The CDs present excitation-independent fluorescence and TADF at low temperature. Their excita-
tion-independent FL is attributed to the non-radiative transition caused by the inherent band gap between
the carbon core state and the surface state. The oxygen-containing functional group (C=0) on the surface
of CDs can reduce AEst to promote RISC through effective SOC (Dong et al., 2013), which is conducive to
TADF. However, due to the quenching effect of oxygen on the excited triplet state, no TADF is observed at
room temperature. When the CDs solution is frozen at low temperature, the C=0 bonds on CDs become
rigid, reducing the direct contact with oxygen, which actives the effective TADF. In view of heavy atoms
doping such as Br, Cl, F can play a positive role to enhance the SOC, Mo, et al. (2021) reported the AEgst
of F, NCDs@SiO, composites was reduced by fluorine doping to promote ISC and RISC, which are instru-
mental in generating TADF.

Previous studies have shown that the electron delocalization of GQDs effectively reduces the energy gap
between the excited triplet and singlet states (Henry and Siebrand, 1971; Mueller et al., 2010; Bixon and
Jortner, 1968; Lower and El-Sayed, 1966). For example, the vibration coupling of out-of-plane bending
modes (C—H or C=C) can promote ISC, which is consistent with the effect of conjugated polycyclic aro-
matic hydrocarbons. However, these methods do not consider the oxidation effect, and is only suitable
for GQDs prepared by bottom-up method, and their phosphorescence lifetime is short. A novel energy-
level regulation strategy for up-bottom GQDs by introducing distorted structures to change the electronic
configuration can not only improve the phosphorescence lifetime, but also realize TADF. Park et al. (2020)
prepared a series of composite materials with adjustable RTP and TADF by changing the oxidation degree
of oxygen-containing functional groups in GQD to regulate the AEst. The increasing oxidation degree of
oxygen functional groups induces the distorted structure, resulting in enhanced SOC and reduced AEsr,
thus promoting the RISC and TADF.

Construction of intra/intermolecular interactions

During the combination of CDs and matrix, the abundant functional groups on the surface of CDs can form
different intra/intermolecular interactions, such as, ®-7 interaction, energy transfer process, covalent
bonds. Different types of intra/intermolecular interactions can not only limit CDs in rigid network struc-
tures, but also regulate their energy level states.

The introduction of electron-withdrawing groups can enhance - interaction, which can split the energy
levels of LUMO and HOMO to produce a new excited state with lower energy, so as to reduce the energy
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difference (Yang et al., 2018). Boron atoms, as the left neighbor of carbon atoms, attract m-electrons by
their empty p-orbital to form p-7 conjugate system, which can effectively reduce the LUMO of the system
(Wakamiya et al., 2006). The CDs-based composites using BA as the matrix use this strategy to reduce AEsr,
and then a series of CDs/B,03 composites are prepared, showing TADF properties (Xu et al., 2020a; He
et al., 2021).

In organic optoelectronics, the introduction of strong donors and acceptors is usually used to reduce AEst
(Wang, 2020). The donor-acceptor interaction can from energy transfer process between CDs to regulate
the energy level of CDs. Zhang et al. (2020a) synthesized the composite materials with tunable TADF char-
acteristics by the energy transfer between different CDs in zeolite matrix. TTDDA and m-phenylenediamine
were used as organic templates to synthesize CDs with different structure and energy level: CD and CD5.
CD; was used as donor and CD, was used as acceptor, the energy transfer among CDs can form a new nar-
row band gap to reduce the AEgt for DF. The nano-space of zeolite makes the distance between donor and
acceptor close enough to realize energy transfer (Johnson-Buck et al., 2013; Lutsyk et al., 2016; Wei et al.,
2018). By changing the addition of m-phenylenediamine to regulate polymerization degree, which can
obtain different functional groups on CDs acceptor, realizing the tunable TADF.

By introducing inorganic electron traps between the S; and Ty state can also form energy transfer process
to realize a new narrow band gap. He et al. (2020) synthesized CDs-based composites (CDs-SiO5), which
emit enhanced phosphorescence and DF in solid and liquid phases by one-pot sol-gel method. The elec-
tron traps in SiO, matrix can act as electron transporter to capture, storage and release the electrons be-
tween S;and T, state, lowering the electron transfer processes and generating a small energy gap between
the Sy and electron trap state for long-lived DF.

In addition, the construction of covalent bonds between CDs and matrix can not only make CDs closely
connected with matrix, but also reduce AEst. Compared with the AEst (0.5 eV) of m-CDs-PVA composites
prepared by (Jiang et al., 2016) relying on hydrogen bonding, the formation of N-Si and C-Si covalent
bonds can effectively reduce the AEst (0.3 eV) of m-CDs@nSiO, composites prepared by Jiang et al.
(2017), thus showing DF. Recently, (Wang et al., 2021b) embedded o-CDs from o-phenylenediamine into
cyanuric acid from urine to realize the visible and near infrared dual glow emission of CDs-based compos-
ites at room temperature. The AEst of 0-CDs before and after embedding decreases from 0.594 to 0.481
eV, which indicates that the formation of covalent bonds can reduce AEst and is the key to the dual after-
glow emission of the composites.

APPLICATIONS

Based on the long lifetime of DF materials without prompt excitation, they can be applied to the fields of
information security. Some CDs-based DF composites are accompanied by RTP properties, this multiple
afterglow emission provides more possibilities in the applications of anti-counterfeiting and information
encryption. Moreover, CDs-based TADF materials are also applied to temperature sensing because of
their excellent temperature-dependent optical properties. CDs-based DF composites also show enormous
application potential in fingerprint detection, biological imaging, and other fields. The key observation and
properties of CDs-based DF materials were summarized in the Table 2. The excited-dependent, temper-
ature-dependent or water-simulated afterglow color of CDs-based DF materials can create multi-level se-
curity for anti-counterfeiting and information encryption. And the longer lifetime at naked eyes can more
easily identify authenticity and information content. In addition, the temperature-dependent afterglow and
lifetime of CDs-based DF materials provide a new protocol for the design of novel temperature sensor.
Finally, the longer lifetime at naked eyes of CDs-based DF materials can provide more time to observe
the cell situation and realize rapid detection, which also benefits for biological imaging and fingerprint
detection.

Anti-counterfeiting icons

For the modern commodity economy, a wide variety of industries have been plagued by commodity forg-
ery. Many anti-counterfeiting strategies have emerged to identify the authenticity of commodities. The
application of anti-counterfeiting icons increases the cost of forgery, which reduces the forgery rate.
Among them, an FL labeling anti-counterfeiting technology has developed because of its convenience.
However, single-mode FL anti-counterfeiting icons has gradually exposed a few disadvantages in recent
years, such as easy to be copied, susceptible to FL interference from the background, and immediate
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Table 2. Applications of CDs-based DF materials

Lifetime Temperature
Application Afterglow color (naked eyes)  dependence Remarks Ref.
Anti-counterfeiting Blue 1s 100-350 K TADF 1 CDs@AIPO-5 (Liu et al., 2017)
Blue-green 13s 77—350 K TADFt RTP| G-CD/B203 (Xu et al., 2020a)
Blue (254 nm Ex.) 6s 80—320 K TADFt RTP| CDs@AIPO-5 (Deng et al., 2019)
Green (365 nm Ex.)
Blue (254 nm Ex.) NA 303-433 KDF| (254 nm Ex.) NCD1-C (Lin et al., 2019)
Green (365 nm Ex.) TADF1t RTP| (365 nm Ex)
Information Green (365 nm Ex.) NA 100—300 K RTP | CDs@SBT-1 (Liu et al., 2019)
encryption Blue (365 nm Ex.) NA 100—300 K TADF1 CDs@SBT-2
Blue (0) 1s 80—305 K TADF 1 CD1@MgPO-5 (Zhang et al., 2020a)
Cyan (0.007) 2s CD1 CD2@MgPO-5-a
Mint green (0.014) 3s CD1 CD2@MgPO-5-b
Olive green (0.042) 4s CD1 CD2@MgPO-5-c
Blue (drying) NA 77-298 K DF | TPA-CDs/Si (Han et al., 2021)
Green (wetting)
Blue NA 298.15-423.15 K TADF1 m-CDs@nSiO, (Jiang et al., 2017)
Green 10 s (Solid), 250—-350 K TADF 1 F, NCDs@SiO, (Mo et al., 2021)
8 s (Liquid)
Temperature Blue NA 77—163 K TADF | CD@SiO, (Liu et al., 2020)
sensing 163—193 K TADFt
193-373 K TADF |
Green (Low temperature), 11 s (Solid), 77—450 K TADFt RTP | CDs@SiO, (Sun et al., 2020a)
Blue (High temperature) 5 s (Liquid)
Green (Low temperature), 20s 80—400 K TADF 1 CDs-SiO, (He et al., 2020)
Blue (High temperature)
Biological Green 10 s (Solid), 250-350 K TADF1 F, NCDs@SiO, (Mo et al., 2021)
imaging 8 s (Liquid)
Fingerprint detection Blue-green 8s 20—80°C TADF1 RTP| CDs-1/B,03 (He et al., 2021)
Light-emitting diodes ~ Green 10s 80—320 K TADF1 CDs@AIPO-5 (Zhang et al., 2020b)

NA: Not available; TADF: Thermally activated delayed fluorescence; RTP: Room temperature phosphorescence; DF: Delayed fluorescence.

excitation to be provided. The multi-mode anti-counterfeiting icons based on FL and afterglow (RTP and
DF) is hard to copy because the FL and afterglow with different optical properties are combined, and the
afterglow mode does not require immediate excitation to solve the problem of FL interference from the
background. The long lifetime of afterglow mode can improve the anti-counterfeiting level. Therefore,
the multi-mode anti-counterfeiting icon based on FL and afterglow has attracted extensive attention.
The multiple afterglow emission properties of CDs-based DF composites make them stand out in the
multi-mode anti-counterfeiting materials (Jiang et al., 2020b).

The CD@zeolite composites have opened up a broad new prospect for the application of DF. The contin-
uous luminescence characteristics of TADF after stopping excitation can be used as another protection
mode besides the traditional FL, namely the lifetime coding mode (Liu et al., 2017; Xu et al., 2020a). As
shown in Figure 11A, (Liu et al., 2017) used CDs@2D-AIPO to draw the petal part of rose security icon,
and phenol dye to draw the stem and leaf part. When excited by UV, the two parts emit blue and green
FL, respectively. After removing the excitation source, the petal icon is still clearly visible. In addition, G-
CD/B,0O3; composites prepared by Xu et al. (2020a) display blue-green fluorescence under 254 and
365 nm excitation, and yellow fluorescence under visible light. G-CD/starch composite shows yellow-green
fluorescence under 254 nm excitation, blue-green FL under 365 nm excitation, and yellow FL under visible
light. As shown in Figure 11B, the Yin fish and hexagrams drawn by G-CD/starch and G-CD/B,03 compos-
ites present different color patterns under 254 nm, 365 nm and visible light, respectively, indicating that this
image security strategy can be applied to the practical anti-counterfeiting icon.
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Figure 11. CDs-based DF composites for anti-counterfeiting icons

(A) Rose security icon: The security pattern of a rose is coded with the CDs@2D-AIPO as the flower part and the benzil dye molecule as the leaf and stem
parts. Reproduced with the permission from (Liu et al., 2017). Copyright 2017 Science AAAS.

(B) Digital photos of graphic security made from the G-CD/B,03 composite and the G-CD/starch composite. Reproduced with the permission from (Xu et al.,
2020a). Copyright 2020 Royal Society of Chemistry.

(C) Digital photographs of graphic security under excitation at 254 and 365 nm. Reproduced with the permission from (Deng et al., 2019). Copyright 2019
Royal Society of Chemistry.

(D) Schematic for optical anti-counterfeiting by inkjet printing and anti-counterfeiting ink application of multicolor afterglow of CD/heating urea system.
Reproduced with the permission from (Lin et al., 2019). Copyright 2019 Royal Society of Chemistry.

The color tunable afterglow materials with triple emission (FL, RTP, and TADF) open up a novel way for
advanced optical anti-counterfeiting applications. The mixed solution of CD@clay and PVA prepared by
Deng et al. (2019) can be used as anti-counterfeiting ink to draw security icons. Because of excitation-
dependent afterglow, the icons show different afterglow colors under irradiation off at different wave-
lengths, as shown in Figure 11C, which indicates that this kind of composites play a role in advanced
anti-counterfeiting and data security. Lin et al. (2019) dissolve NCD1-C, NCD2-C, and NCD3-C in DMF
to prepare the anti-counterfeiting ink, which is compatible with commercial inkjet printers (Figure 11D).
When it is printed on paper, paper fibers can promote recrystallize rapidly, so that its afterglow perfor-
mance is restored. The FL mode of the image acts under excitation source on. Once short-wavelength exci-
tation is switched off, DF anti-counterfeiting mode starts to work wheres RTP anti-counterfeiting mode is
opened after long-wavelength excitation stops. This triple-mode anti-counterfeiting strategy increases the
difficulty of forgery, which is expected to be commercialized.

Information encryption

With the rapid development of information society, the demand for information security is becoming more
and more intense. Information encryption is a process of re-displaying hidden information under specific
external stimulation. The photoluminescence behavior of materials can just meet this process. The tradi-
tional information encryption technology is based on the FL property. The FL lifetime is often short and
easy to be interfered by the self-FL background, limiting its application. DF materials, which can continu-
ously emit light, create a new way for information encryption technology. The photoluminescence diversity
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Figure 12. CDs-based DF composites for information encryption

(A) Application of CDs@SBT-1 and CDs@SBT-2 in security protection. Reproduced with the permission from (Liu et al.,
2019). Copyright 2019 American Chemical Society.

(B) Multicolor display and time-dependent security protection of CD-based composites. Reproduced with the permission
from (Zhang et al., 2020a). Copyright 2019 Royal Society of Chemistry.

(C) Illustration of information encryption and decryption processes using TPA-CDs/Si via adding water and heating.
Reproduced with the permission from (Han et al., 2021).

(D) Schematic illustration of information protection processes by using m-CDs@nSiO,-PVA, m-CDs-PVA, and m-CDs-PEG
inks. Reproduced with the permission from (Jiang et al., 2017).

(E) Information encryption application based on F, NCDs@SiO, under UV. Reproduced with the permission from (Mo
et al., 2021). Copyright 2021 Elsevier.

and environmental friendliness of CDs-based composites make them a kind of ideal materials for informa-
tion encryption technology. Because the DF properties of CDs-based composites are mostly affected by
excited triplet state that is sensitive to humidity and oxygen content, DF can realize multi-mode encryption,
which further improve the information security and reliability compared with the ordinary fluorescent sin-
gle-mode encryption.

CD@zeolite composites can be applied to the intelligent security protection by their triple coding modes
with fluorescence, afterglow lifetime and afterglow color. For example, CDs@SBT-1, and CDs@SBT-2 are
used to encrypt different information by Liu et al. (2019), as shown in Figure 12A. Blue FL security protection
mode works under UV light. When UV excitation is off, the encryption part of CDs@SBT-1 shows green RTP
mode whereas the encryption part of CDs@SBT-2 shows blue TADF mode. Based on the different color and
lifetime of CD@zeolite composites caused by different CDs structures, Zhang, et al. (2020a) used
CD1@MgAPO-5, CD1CD,@MgAPO-5-a, CD;CD,@MgAPO-5-b, and CD;CD,@MgAPO-5-c composites
to realize multicolor display and time-dependent security protection. The security protection mode can
be divided into “"UV-on”, "UV-off (instantly)”, and “UV-off (for 1 and 3 s)”. As shown in Figure 12B, the

four letters "i”, “d", "e", and “a" are fabricated by these four composites, respectively. Under UV light,
the four composites display blue, green, menthol green, and olive green, respectively. After removing exci-
tation for 1's, “i", and “d" disappear, and only “e" is visible when it is extended to 3 s.

Based on the sensitivity of excited triplet states to water, Jiang, et al. (2017) used m-CDs@nSiO,-PVA, m-
CDs-PVA, and m-CDs-PEG composites as DF, RTP, and ordinary FL inks to achieve a water-related infor-
mation protection. As shown in Figure 12C, m-CDs@nSiO,-PVA are used for correct information, m-

¢ CellP’ress

iScience 25, 104884, September 16, 2022 19




¢? CellPress

OPEN ACCESS

CDs-PVA and m-CDs-PEG are used for error information. The error information written by RTP and FL inks
are obtained with UV light on. After excitation stops, the error information under RTP mode is displayed,
and only the correct information can be obtained under afterglow mode (DF) in moist environment. TPA-
CD/Si prepared by Han et al. (2021) shows the water stimulus-responsive characteristics, which makes it
possible to apply to advanced secure encryption. As shown in Figure 12D, "HEBUT" is encrypted by
TPA-CD/Si powder, which emits blue fluorescence under a 254-nm UV lamp. After UV lamp is turned off,
the blue DF of "HEBUT" last for several seconds, which is the first-order information encryption stage. After
spraying some water on “"HE", green afterglow opens when UV lamp is turned off, which is the secondary
encryption process. The recovery of afterglow can be regarded as the decryption process, which is realized
by heating the pattern with a 600°C heat gun for a short time.

Mo et al. (2021) realized advanced information encryption by combining the optical property of F,
NCDs@SiO,, BCDs@SiO,, and F, NCDs. The F, NCDs@SiO, with visible-light-excited TADF can be used
to decrypt the correct information. The BCDs@SiO, and F, NCDs are used as interference in encryption
process. That is because the phosphorescence of BCDs@SiO; cannot be excited by visible light, and F,
NCDs do not have afterglow property. As shown in Figure 12Ethe correct information (0105) is written
by F, NCDs@SiO,. Under the irradiation of UV lamp, the error information (8888) is displayed, and another
group of error information (8109) is displayed when the UV lamp is closed. Only when it is excited by visible
light (mobile phone indicator) is the correct information displayed as (0105).

Temperature sensing

Sensing is a technology that converts certain changes in the external environment or special substances
into digital signals, so as to obtain information changes that people cannot perceive. Sensors are the
core of sensing technology. Because of the universality of temperature measurement, the demand for
the development of advanced temperature sensors is growing (Haro-Gonzalez et al., 2012). DF can effec-
tively avoid the self-FL and scattering light of the substrate. Compared with the traditional FL method, the
sensitivity of DF is higher. In addition, the intensity and lifetime of TADF are related to temperature, which
means that DF materials have potential application prospects in the field of temperature sensing. Because
most CDs-based DF composites are accompanied by phosphorescent emission properties, they provide a
new choice for temperature sensing materials (Jiang et al., 2017).

The photoluminescence intensity of CD@SiO, composites prepared by Liu et al. (2020) shows a tempera-
ture-dependent in the range of 77-373 K, as shown in Figure 13A. The luminescent intensity decreases with
the increase of temperature at 77-163 K and 193-373 K. At 163-193 K, DF is enhanced because of thermal
activation, and the luminescent intensity increases with temperature. At 77-163 K and 193-373 K, the lumi-
nescent intensity of CD@SiO, composites has a good linear relationship with temperature. Therefore,
CD@SiO, composite can be applied to photoluminescence intensity-based temperature sensing. More-
over, the composites have temperature-dependent lifetime based on long-lived TADF, which can be
used as a high sensitivity nanothermometer for lifetime thermal sensing. When the temperature rises
from 243 to 353 K, the lifetime of TADF decreases gradually. The lifetime and temperature can be
described by equations. This thermal lifetime sensing does not need to consider the influence of excitation
intensity or sensing material concentration. The nano-temperature sensing materials can extend the TADF
lifetime to millisecond scale, which inhibits the interference from traditional short-lifetime FL background.

Because of the coexistence of RTP and TADF, the CDs@SiO, composites prepared by Sun et al. (2020a)
are more sensitive to the change of temperature, and their temperature-dependent afterglow character-
istics make them possible to become an alternative of temperature sensing materials. As shown in Fig-
ure 13B, in the temperature range of 233-333 K, the intensity ratio of phosphorescence (A;) to TADF (A,)
is linearly correlated with temperature, and the luminescence thermometer based on this composite
maintains a linear correlation with seasonal room temperature. Therefore, the CDs@SiO, composites
are expected to be applied to the ratio-based temperature sensing field, which effectively eliminates
the adverse effects such as self-FL interference and some human errors, improving the accuracy and
sensitivity of sensors.

Inaddition, He, et al. (2020) first proposed a temperature sensor based on the color change of powdery CD-

SiO,. The CD-SiO, composite gradually transforms from phosphorescence (green) to TADF (blue) with the
increase of temperature. The tunable afterglow color and long afterglow lifetime visible to naked-eyes
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Figure 13. CDs-based DF composites for temperature sensing

340

(A) Temperature-responsive time-resolved decay spectra from 243 to 353 K and photoluminescence spectra from 77 to 373 K of CD@SiO,, and the fitting
curves of temperature-dependent emission lifetime and emission intensity (the luminescent intensities centered at 440 nm) of CD@SiO,. Reproduced with

the permission from (Liu et al., 2020). Copyright 2020 Elsevier.

(B) Temperature-dependent RTP/TADF emission ratio from 233 to 333 K of CDs@SiO,. Reproduced with the permission from (Sun et al., 2020a). Copyright

2020 Royal Society of Chemistry.

(C) The time-delayed afterglow color of powdery CDs-SiO, under various ambient temperatures. Reproduced with the permission from (He et al., 2020).

Copyright 2020 Wiley-VCH.

(about 20 s) can provide a new possibility for realizing temperature sensing visualization. As shown in Fig-
ure 13C, by controlling heating temperature, the corresponding afterglow color changes from green to
blue at room temperature, 50, 100, 150, and 200°C. The afterglow lifetime is long enough that naked
eye can easily perceive the change of afterglow color. which make this temperature sensor reflect the tem-
perature change more intuitively and quickly by color discrimination.

Other applications

In addition to being used in anti-counterfeiting, information encryption, and temperature sensing, CDs-
based DF composites have good development prospects in biological imaging, fingerprint detection,
and light-emitting diodes.

Mo et al. (2021) presented that bright green FL signals were observed in human hepatocellular carcinoma
cells (HepG2) incubated with F, NCDs@SiO, composites or F, NCDs under white laser excitation, and the
FL images of both have high background, as shown in Figure 14A. However, the afterglow images of
HepG2 cells containing F, NCDs@SiO, composites show low background signals due toDF. In addition,
the white-light-excited F, NCDs@SiO, composites have stronger tissue permeability than other UV-excited
CDs-based afterglow probes, so they are expected to be used as time-resolved bioimaging probes with
low background signal and high signal-to-noise ratio. He et al. (2020) also used the RTP dominated
CDs-based DF materials (CDs-SiO,) in the cellular imaging (Figure 14B). The FL intensity of Hela cells
embedded with CDs-SiO, was almost not reduced significantly after irradiation for 20 min. In addition,
the CDs-SiO, nanoparticles did not need prompt excitation, which provides more potential for practical
applications compared with commercial dye.

The traditional fingerprint detection technology based on FL powders has been quite mature, but it is still
limited by the interference of FL from the background. Therefore, long-lifetime DF powder gradually shows
its advantages in fingerprint detection. He et al. (2021) reported that the visible-light-excited CDs/B,O3
composites can not only overcome the shortcomings of traditional fingerprint detection, but also does
no harm to the human body. As shown in Figure 14C, the fingerprints on different substrates can be
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Figure 14. CDs-based DF composites for bioimaging and fingerprint detection

(A) The confocal images of HepG2 cells incubated with F, NCDs@SiO, and F, NCDs solutions, including bright field,
fluorescence images and delayed fluorescence images (time-gated at 8.5-12 ns). Reproduced with the permission from
(Mo et al., 2021). Copyright 2021 Elsevier.

(B) The confocal images of Hela cells incubated with CDs-SiO; solution for 4 h. Reproduced with the permission from (He
et al., 2020). Copyright 2020 Wiley-VCH.

(C) Visualization latent fingerprint detection with CDs-I/B,O3 composites. Reproduced with the permission from (He et al.,
2021). Copyright 2021 American Chemical Society.

(D) Luminescence intensity variations of the labeled light-emitting diodes devices driven in AC periodic cycles and
photographs of light-emitting diodes device: power on, power off. Reproduced with the permission from (Zhang et al.,
2020b). Copyright 2020 Chinese Chemical Society.

identified by CDs-1/B,O3 composite powders after visible light excitation, and the fingerprint details are
clear and identifiable Remarkably, CDs-based DF materials have certain application potential in fingerprint
visualization detection.

Zhang et al. (2020b) prepared an alternating-current light-emitting diode (AC LED) device with a cool white
light by applying the CDs@AIPO-5 composites as phosphor powder (Figure 14D). The CIE coordinates of
this device is (0.33, 0.34) with a correlated color temperature is 5462 K, and the color rendering index is 55.
Notably, the calculated flicker percentage of this device is 70%, which is not harmful to human eyes and com-
parable with rare-earth metal-based phosphors. This work demonstrated the promising application of CDs-
based DF materials in the AC LED supplementary lighting fields. Furthermore, CDs-based DF materials also
have potential in the application of electroluminescence diodes. According to the generation process of
DF, the red shift of emission peak position will not occur in DF process compared with RTP, which ensures
high color purity. Moreover, the white emission diodes can be realized by using red, green, and bule DF ma-
terials as emitting layer, which will improve luminous efficiency compared with FL or FL/RTP diodes. Therefore,
CDs-based DF materials are worth further developing and exploring their new applications.

EXISTING CHALLENGES AND PROSPECTS

Although remarkable progress has been made in the research on the synthesis, structure and property ad-
justing, and diversified applications of CDs-based DF composites, there are still tremendous challenges for
DF mechanism, synthesis and precise control strategies. As follows:

(1) At present, the luminescence mechanism of CDs can be generally attributed to their carbon core
states and surface states. However, there is lack of universal and clear explanation because the
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fine structure of CDs cannot be determined. Therefore, the formation mechanism of CDs-based DF
composites is not clear, which cannot effectively guide their directional synthesis and precise regu-
lation.

Compared with RTP, CDs-based DF composites require smaller AEst, therefore, their synthesis is
relatively difficult. Small AEst requires small spatial overlap between HOMO and LUMO, which de-
creases the radiation transition rate, resulting in low quantum yield (QY). Therefore, improving their
QY as well as obtaining DF is one of the problems to be solved in the future.

The challenges of the preparation pf CDs-based DF materials include the cumbersome purification
process and low repetition rate, which limits large-scale commercial applications. For example,
when amorphous SiO; is used as the excited triplet stabilization matrix, the coating process of amor-
phous SiO, on CDs is uncertain, which greatly reduces the product yield of CDs-based DF materials.
Therefore, how to improve the product yield and repeatability is two of the future development di-
rections of CDs-based DF materials. Although zeolite can be used as an effective and stable matrix
to synthesize CDs-based DF materials, the strategy also has some limitations, such as longer prep-
aration period of zeolite other matrices and limited carbon source precursors, which is also
improved for zeolite as a stabilizing matrix.

Most of CDs-based DF composites present solid-state luminescence and emit blue DF, which
greatly limits their application in multicolor displaying and biocimaging. Therefore, CDs-based DF
materials with long-wavelength and liquid-phase DF are expected to be further developed.

Aiming at the above challenges, it is proposed that future attention for CDs-based DF materials be paid to
the following aspects:

(1) The specific photoluminescence mechanism of CDs needs to have a clear understanding of their

(2

4

)

)

structures, which requires us to systematically explore their common and different characteristics,
and their structural evolution law in CDs synthesis process. Moreover, we also need to combine
more advanced and comprehensive characterization methods (such as X-ray absorption near
edge structure, mass spectrometry, transient absorption spectroscopy, and decay-dependent dif-
ference spectroscopy) with relevant simulating calculation methods (such as density functional the-
ory calculation, time-dependent density functional theory calculation, hybrid quantum mechanics/
molecular mechanics method, and independent gradient model) to explore and summarize the for-
mation and PL mechanism of CDs-based composites, so as to further understand their DF source.

The coordination between small AEst and high QY requires reasonable structural design. For
example, the certain spatial steric hindrance between CDs can be introduced by matrix, while the
geometric configurations are changed by regulating the functional groups. DF and higher QY can
be simultaneously achieved by embedding CDs with aggregation-induced luminescence properties
into the matrix.

In order to solve the exiting problems in preparation process of CDs-based DF materials, a kind of
new matrix with easy preparation and stable properties need to be developed. For example, the
crystal encapsulation strategy will be explored for realizing the DF composite of CDs. The matrix-
free self-protective CDs-based DF materials with intrinsic luminescence still need to be further
improved to regulate the structure and the energy level state of CDs.

The CDs-based DF in liquid phase can be realized through embedding the CDs into the hydrophilic
matrix. The long-wavelength of CDs can be achieved by surface modification, which can adjust the
number and types of functional groups that are conducive to long-wavelength emission, thus pro-
moting their application in biological imaging. The long lifetime of CDs-based DF materials is
conducive to extending the diffusion distance of excitons before their dissociation and generating
effective free charge, which are expected to be applied to the active layer for solar cells.

In summary, CDs-based DF composites possess the advantages of low cost, low toxicity, simple prepara-
tion process, stable luminescence, and so on. Therefore, they have incomparable superiority over other DF
materials. In addition, their temperature dependence and multiple afterglow emission properties also
make them a rising star in the application fields of temperature sensing, anti-counterfeiting encryption,
fingerprint detection, biological imaging and other areas. Moreover, as a new type of DF materials,
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CDs-based DF composites can effectively improve the inherent problems of traditional DF materials, and
their long lifetime triplet state also gives them bright application prospect and development space in solar
cells, photodynamic therapy, electroluminescent devices, and other fields. Nevertheless, there are still
many problems that need to be further explored and solved in CDs-based DF materials, for example,
the DF quenching of CDs-based DF materials prepared by matrix-assisted method when the matrix is de-
stroyed by external environment (water, oxygen), the limited DF emission wavelength of CDs-based DF
materials (mostly blue), and relative lower QY is induced by the smaller AEst. Therefore, the novel CDs-
based DF composites with environmental friendliness, economics, liquid stability and multicolor emission,
and high QY should be explored in the future. The diverse applications of CDs-based DF materials can be
achieved by combining CDs-based DF materials with other materials. For example, combining the chromic
materials (such as photochromic, thermochromic, hydrochromic materials) with CDs-based DF materials
will create multi-level authentication system of anti-counterfeiting and encryption, which can provide mul-
tiple simulations to confirm the authenticity, reduce forgery and enhance security. Perhaps, the smart poly-
mer and other materials that respond to external stimuli such as air, water and temperature also can be
companied with CDs-based DF composites to construct intelligent sensors with multi-dimensional
response, high sensitivity and accuracy, which will reflect changes of the external environment more quickly
and effectively. Moreover, the UV-absorption of CDs-based DF materials can be considered to apply to the
UV-protection, the combination of CDs-based DF materials with UV-blocking films is expected to create a
safer environment when UV light source is on. In the modern society with both opportunities and chal-
lenges, it is believed that CDs-based DF composites will become an advanced generation of luminescent
materials in people’s daily life through continuous attempts and efforts.
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