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As a newly emerged carbon-based luminescent nanomaterial, carbon dots (CDs) have attracted
considerable attention due to their outstanding features. Their photoluminescence (PL) properties and
relevant applications have been extensively studied and reviewed in recent years. However, although
their afterglow feature had also been discovered and had seen some important advances, no review
article was published to systematically summarize such advances. Considering the scientific importance
and promising applications of afterglow materials, herein, we aim to summarize the recent remarkable
advances of the afterglow phenomena of CDs, particularly focusing on their room temperature
phosphorescence (RTP) and thermally activated delayed fluorescence (TADF). This review will firstly
simply introduce the classification of CDs, and then provide comprehensive discussions regarding the
relationships between their structure and afterglow properties. Furthermore, their potential applications
in anti-counterfeiting, information protection, sensing, etc., are summarized. Finally, challenges and
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1. Introduction

As a new class of luminescent nanomaterials, carbon dots (CDs),
sometimes being named carbon nanodots (CNDs), carbonized
polymer dots (CPDs), carbon quantum dots (CQDs) and graphene
quantum dots (GQDs),"”® have attracted great attention in recent
years due to their superior properties.”>’* Compared to tradi-
tional organic fluorescent dyes and semiconductor quantum dots,
CDs have numerous advantages, such as facile preparation and
purification, tunable photoluminescence (PL) emission and
surface functional groups, and excellent photostability and bio-
compatibility. Consequently, they have demonstrated many
potential applications in sensing, anti-counterfeiting, theranos-
tics, catalysis, optoelectronic devices and so on.*'>>° Although
the regulation of the PL properties and potential applications of
CDs have been widely explored in the past decade, their long-lived
afterglow (i.e., phosphorescence and delayed fluorescence) related
characteristics have received relatively less attention. Nevertheless,
some efforts still have been devoted to the development of after-
glow of CDs and a series of advances has been achieved.***
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opportunities in the future of this newly emerged carbon-based afterglow material are proposed.

It's well known that long-lived afterglow materials play
significant roles in certain special fields such as anti-
counterfeiting, bioimaging and warning signs, which exhibit
more advantages than fluorescent materials.***' Nowadays,
traditional afterglow materials mainly include rare-earth based
phosphors, transition metal based complexes and pure organic
compounds.®*>**™*” These afterglow materials, however, suffer
from the following disadvantages: (i) expensive raw materials,
high energy consumption, and/or complicated preparation and
purification procedures are usually required in preparation; (ii)
stringent conditions are required for effectively producing
afterglow, such as the bulk form for rare-earth based afterglow
materials and the crystalline state for pure organic compound
based afterglow materials; and (iii) generally no afterglow can
be observed in solution or the dispersion state.®**™*¢48751 A]]
these disadvantages greatly hindered their further applications.
Therefore, the developments of new types of afterglow materials
with facile preparation and superior properties are still highly
desirable.

In light of their scientific significance and advanced appli-
cations, CDs could be regarded as promising candidates for
afterglow materials thanks to their merits of low-cost prepara-
tion, excellent biocompatibility and facile activation of
afterglow,'>18720:25:27:52756 which could evade the shortcomings
of traditional afterglow materials. Moreover, the flexibility for
design and preparation of CDs endows them with more possibi-
lities in modulation of their afterglow properties (e.g., achieving
multiple emission and stimuli responses) and thus could extend
the range of their applications.*****”~%* To date, numerous review
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articles have been published to summarize the advances of
synthesis methods, PL property regulation and potential applica-
tions of CDs,'h!216:4952:53,57,63,64 g the best of our knowledge,
however, there have been no review articles that discuss the
advances of the afterglow properties of these materials. To drive
better developments of CD-based afterglow materials, it’s
significant to summarize the corresponding achievements.
In this review article, we firstly provide a brief introduction
about the definition, classification and chemical structures of
this class of carbon-based luminescent nanomaterials (Section 2).
Then, the strategies for realizing afterglow emission and potential
applications of these carbon-based afterglow nanomaterials in
anti-counterfeiting, information encryption and sensing are
comprehensively summarized (Sections 3-5). Finally, challenges
of and perspectives on CDs in terms of their afterglow properties
are proposed, including possible design strategies and research
directions (Section 6).

2. Definition and classification of CDs

There are a lot of debates about the definition and classifica-
tion of CDs. In a mostly acceptable sense, CDs could contain a
broad range of carbon-based luminescent nanomaterials with
at least one dimension less than 10 nm, consisting of sp*/sp®
carbon and being doped with heteroatoms like oxygen, nitrogen,
and/or sulfur. In terms of their morphologies and chemical struc-
tures, CDs have recently been divided into the following three types:
CPDs, CQDs and GQDs, which could cover almost all kinds of the
reported cases.' In general, CPDs and CQDs are spherical or quasi-
spherical nanoparticles,”*® but CPDs are composed of amorphous
carbon structures or contain a partially crystalline sp> carbon core
surrounded by polymer as a shell, and CQDs are regarded to be
composed of almost complete sp> carbon cores with functional
groups anchored on their surfaces.">'**>**%” In addition, GQDs
usually refer to nano-sized graphene (monolayer or few layers) with
a perfect sp” carbon structure.®®*”7® Although CPDs, CQDs and
GQDs have distinct structures, they could be collectively called
CDs."® Note that the above classifications are not always uniform
in the literature and researchers sometimes use random names for
their products.”””> Noteworthily, all of these carbon-based nano-
materials usually have various functional groups such as amino,
hydroxyl and/or carboxyl anchored onto their surfaces, endowing
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them with excellent water solubility and potential for further
modification.”””®° Last but not least, the introduction of hetero-
atoms in these materials has been proved to be capable of
regulating their PL properties, including improving PL quantum
yields (QYs) and tuning emission wavelengths.>”*>%°

3. Afterglow properties of CDs

In recent years, PL related studies about CDs, including their
emission property regulation, mechanism and potential appli-
cations, have received considerable attention and great
advances have been achieved.'®'772%:23:26:27.8081 gy chooging
appropriate carbon precursors and preparation methods, PL
emission of CDs covering the whole visible to near infrared
(NIR) light regions with respectable QYs has been realized, and
the corresponding mechanism and applications have also been
proposed.>!11%14:52:55,63,82 Nyegpite the great achievements in
the PL properties and applications of CDs, studies regarding
their afterglow phenomenon are still in infancy. Nevertheless,
some efforts have been devoted towards realizing afterglow and
further exploring their potential applications.**® From the
mechanistic point of view, the long-lived afterglow of these
carbon-based nanomaterials is mainly attributed to their
excited triplet state related emissions, i.e., phosphorescence (radia-
tive transition from the lowest triplet state (T;) to ground state (S,))
and delayed fluorescence (DF) (radiative transition from the lowest
singlet state (S;) to S, via the reverse intersystem crossing (RISC)
process) (Fig. 1).**%*%! From the literature, it is clear that the
afterglow emission of CDs is usually considered to have resulted
from the carbonyl (C—0) and C—N relevant moieties due to their
strong spin-orbit coupling, which are beneficial for production of
excited triplet states more effectively via intersystem crossing
(1SC).3*3587 Moreover, by doping heteroatoms such as N, P and
halogens, the n — 7* transitions of C—=0 and C=N could be
further promoted, which could favour the ISC process, conse-
quently increasing the portion of triplet excitons.*>****%8 It should
be noted that, however, in order to produce room temperature
afterglow from CDs, matrices have usually been utilized to immo-
bilize the materials and thus to stabilize the produced T, species, so
as to make radiative transitions possible from the spin-forbidden
prOCeSS (i.e., frOm rI\1 to SO)‘31,34,35,39,43,61,62,84,86,87,897101 More
interestingly, self-protective CDs (without matrix immobilization)
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Fig. 1 The schematic illustration of the emissive processes of fluorescence (a), phosphorescence (b), and delayed fluorescence (c).
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with RTP have been achieved very recently through appropriate
design 32,33,93,102-104

3.1 Room temperature phosphorescence (RTP)

In general, phosphorescence is produced from a spin-forbidden
radiative transition (i.e., from Ty to S,) of organic compounds, which
shows obvious emission wavelength red-shifts in comparison with
fluorescence because of the smaller energy gap between T; and S,
than that between S; and S, (Fig. 1). To generate RTP from organic
compounds, effective ISC is critical and meanwhile nonradiative
relaxation from T; has to be evaded. Therefore, RTP of CDs is
usually realized in a solid-state matrix that can strongly fix their
luminescent subunits and facilitate the radiative relaxation from T,

to So.**#*#* As shown in Fig. 2a, Zhao et al. first reported the RTP of

CDs by embedding CDs into a poly(vinyl alcohol) (PVA) matrix with
a phosphorescence lifetime of 380 ms.*' Moreover, the C=0 bonds
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on the surfaces of the CDs were proved to be the origin of the
observed RTP emission due to the strong spin-orbit coupling of
aromatic carbonyls. Note that no obvious RTP emission was
observed when the CDs were dispersed in water and other polymer
matrices such as cellulose and polyethylene glycol. So, the PVA was
confirmed to play an important role in the generation of RTP of the
CDs, attributed to the formation of stabilized networks by hydrogen
bonds between the hydroxyl groups on PVA and the C=O groups
on the CDs, which could obviously prevent the nonradiative relaxa-
tion of their T, states. Likewise, RTP phenomena have also been
observed from other CDs by dispersing them into polymer matrices,
such as PVA, polyacrylic acid (PAA), polyacrylamide (PAM) and
polyurethane (PU) (Fig. 2b),>*¢1,6%86:94100,1057107 A]] thege cases were
considered to be the same as above due to the formation of
hydrogen bonds to fix the luminescent subunits of CDs and
consequently trigger RTP. Noteworthily, the CDs that were observed
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Fig. 2 The RTP emissions of CD-based materials. (a) Images and the corresponding spectra of UV excited CDs (in water) and a CD-PVA film under
daylight, the formation of hydrogen bonds between PVA and CDs, and the proposed mechanism of RTP emission, respectively. Reprinted from ref. 31
with permission of copyright 2013 Royal Society of Chemistry. (b) Images of the prepared N-doped CQDs re-dispersed in a polymer (PU) matrix under
daylight, and with UV light on and off, and their fluorescence and RTP spectra, respectively. Reprinted from ref. 86 with permission of copyright 2016
Royal Society of Chemistry. (c) The images of samples exhibiting FL and RTP emission, and the corresponding transition processes of the formed NCD
composite, respectively. Reproduced from ref. 87 with permission of copyright 2016 American Chemical Society. (d) Images of hybrid NaCl crystals and
CDs with and without UV radiation and under pumped laser excitation, respectively. Reproduced from ref. 96 with permission of copyright 2017
American Chemical Society. (e) Diagrams of the formation process, the energy level of the photophysical process of CDs—-LDHs, and images of CDs—
LDHs under UV light on and off, respectively. Reprinted from ref. 99 with permission of copyright 2017 Royal Society of Chemistry.
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to exhibit RTP in polymer matrices usually contain abundant C—0O
and/or C=N groups, which, on one hand, could effectively produce
excited triplet states via the ISC due to their strong spin-orbit
coupling, and, on the other hand, could form hydrogen bonds
between O or N elements and appropriate polymers.”>'*"" Ag a
result, the formation of hydrogen bonds is critical for achieving RTP
from certain CDs by suppressing the nonradiative relaxations of the
excited triplet species.

In many previous studies, the confinement effects of crystal-
line structures have been demonstrated to be an efficient
means for rigidifying T, species and preventing their non-
radiative relaxation, thereby generating RTP.’?®*>4446,112,113
According to this idea, constructing crystalline embedded
CDs might be an alternative strategy to obtain CD-based RTP
composites. For instance, Zhou et al. fabricated a phosphor-
escent material through simple heat treatment of urea and N
doped CDs (NCDs) (Fig. 2c). The results indicated that C=N
bonds on the surfaces of the NCDs could be the origin of the
observed RTP.®” Moreover, the recrystallized urea and biuret
acted as matrices and played an important role in preventing
the vibration dissipation of T; excitons through the formation
of crystallized urea and hydrogen bonds between the biuret and
NCDs.*>*” Similarly, other crystalline structures, such as NaCl
(Fig. 2d),%° Al,(SOy)s,”” KAI(SO,),-xH,0,'" zeolites,”*'** alkaline
earth (Ca, Sr, and Ba) carbonate,” layered double hydroxides
(LDHs) (Fig. 2e),°"°>%>'" boric acid and molten salt,>**® were
also employed to prepare CD-based RTP composites.
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3.2 Thermally activated delayed fluorescence (TADF)

As shown in Fig. 1c, if the energy gap (AEsr) between T; and S,
is small enough (generally <0.2 eV), the triplet excitons could
effectively transfer back from the T, to S; excited states (i.e., the
RISC process) due to thermal effects, then a radiative transition
occurs from S; to S,. Such an approach is usually called
TADF,*>'**"'*8 which displays an identical emission spectrum
to that of fluorescence but with a much longer emissive
lifetime."**?* The TADF phenomenon has also been observed
from carbon-based luminescent nanomaterials. For example,
Tetsuka et al. found that the spin-orbit coupling of amino-
functionalized GQDs (af-GQDs) could be enhanced due to the
strong resonance between the delocalized n orbital of GQDs
and the molecular orbital of -NH,, leading to an effective ISC
process. They first observed extraordinarily long delayed
fluorescence of GQDs with lifetimes up to a sub-second level
(Fig. 3a)."** Later, Ghosh et al. also reported the room temperature
delayed fluorescence emission of GQDs in water and dimethyl
formamide (DMF) with a relatively short lifetime (10 4 2 us)."*’ I

addition, Ding et al. synthesized a class of water-soluble CDs and
their small AEgr value (0.16 €V) was favourable for RISC from T to
S, excited states, showing a long-lived TADF at 77 K (Fig. 3b)."*
Although the TADF of CDs was claimed to be observed, it is still
highly desirable to explore new strategies to achieve long-lifetime
TADF under ambient conditions and then to boost their applica-
tions. Recently, Yu et al. developed a so-called “dots-in-zeolites”
route to facilely prepare CD@zeolite composites.'”” They found
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Fig. 3 The TADF emission of CD-based materials. (a) The preparation process of af-GQDs and their time-resolved luminescence spectra, Jablonski
diagram and decay curves. Reprinted from ref. 124 with permission of copyright 2012 Wiley-VCH. (b) Microwave assisted hydrothermal method for the
preparation of crystallized CDs and their TADF emission spectra and images of the sample at 77 K. Reprinted from ref. 126 with permission of copyright
2015 Royal Society of Chemistry. (c) The formation process of the CD@AIPO-5 composite and its images under daylight, and UV light on and off, the
corresponding luminescence spectra, and time-resolved decay spectra, respectively. Reprinted from ref. 127 with permission of copyright 2017 Science
AAAS. (d) Schematic illustration of the synthesis of CDs with nSiO; (i.e., m-CDs@nSiO,) for afterglow emission in water. Reproduced from ref. 85 with

permission of copyright 2017 American Chemical Society.
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that the CDs confined in zeolite matrices exhibit an efficient TADF
emission with a lifetime of 350 ms, attributed to the effective
stabilization of the T; excited state and RISC process of the CDs
(Fig. 3c). The nanometer confined space of zeolites enabled not
only the RISC process for TADF, but also the TADF performance in
an ambient atmosphere by isolating the excited states from
oxygen. Moreover, the abundant dangling hydroxyl groups in
the interrupted framework of zeolites could form hydrogen bonds
with the C—=0 and C=N groups of the CDs, which is another
factor in stabilizing the excited triplet species. More recently,
Liu et al. demonstrated that room temperature TADF could also
be achieved by incorporating CDs into polymers (i.e., PVA) with
the assistance of electrospinning technology. According to their
investigations, the formation of an ordered mesoporous structure
within the CD/PVA nanofibers plays a critical role in further
stabilizing the triplet states of CDs, resulting in an effective RISC
process for TADF emission.”* In addition, Lin et al. reported the
preparation of room temperature long lifetime (0.703 s) afterglow
materials via covalent immobilization of CDs onto colloidal
nanosilica (nSiO,) (Fig. 3d).%* Different from hydrogen-bond fixa-
tion induced RTP from the same CDs (i.e., by PVA), the formation
of covalent bonds between CDs and nSiO, evidently decreased the
AEgy from ~0.5 eV to ~0.3 eV, and consequently they confirmed
that the afterglow emission consisted of predominantly delayed
fluorescence and a portion of phosphorescence. Such a covalent
bond fixing strategy not only provides an alternative method to
stabilize the excited triplet states of the CDs (i.e., instead of
commonly used hydrogen bonds), but could also tune the after-
glow properties by altering their AEgr value. Importantly, they
found that the as-prepared CD@nSiO, composite shows strong
afterglow emission even in aqueous media. This very unique
phenomenon was attributed to the strong covalent bond fixing
emissive species. Actually, this is a significant advantage of the
covalent bond fixing in comparison to other weak interaction
fixing strategies (e.g., hydrogen bonding), and the latter would be
easily destroyed in the presence of water and thus the afterglow
properties cannot be employed in aqueous media.

4. Structure effects on the afterglow
of CDs

According to the above discussion, the afterglow of CDs is
greatly affected by their chemical structures, and such control
would provide possibilities for achieving spin-orbit coupling
and harvesting triplet excitons more effectively by facilitating
the ISC process. Therefore, relationships between the chemical
structures of CDs and their long lifetime afterglow emissions
should be investigated, and this might be helpful for designing
and exploiting more efficient CD-based long lifetime afterglow
materials.

4.1 Halogen doping for improving the afterglow
performances of CDs

Heavy atom effects (e.g., halogens) have long been established
to be an efficient strategy for improving phosphorescence
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properties in numerous studies.*®*%*>**#41% g gbtain halogen
doped CDs, Geddes et al. developed a method to incorporate
bromine and iodine into CDs which exhibited unique long-lived
(92 + 7 us) phosphorescence emission."*® However, no phosphor-
escence was observed if halogens were not incorporated, indicat-
ing the vital role of doping halogens into CDs in activating
phosphorescence. Therefore, the long-lived phosphorescence of
their CDs was ascribed to the heavy atom effects. Halogenated
CDs could also be prepared by using some specific precursors
containing halogens.'®*"'?° As reported in a previous study, Wang
et al. provided an example of preparing bromine doped CDs using
3-bromophenol by a hydrothermal method."*® The RTP emission
with a lifetime of 3.7 ms was considered to have resulted from the
aromatic ring and doped bromine atom. In addition, Feng et al.
prepared fluorine and nitrogen co-doped CDs (FNCDs) via one-
step solvothermal treatment of glucose and (C,Hs);N-3HF.'*
Although the abundant C-N/C=N bonds effectively facilitated
the n — n* transitions for the generation of RTP, the emerged
C-F bonds with steric protection also greatly contributed to the
observed RTP by reducing the nonradiative transition of triplet
excitons. These observations present a facile and novel strategy
for achieving phosphorescence emission from CDs by doping
halogens.

4.2 Polymer structure for self-protective RTP CDs

As mentioned in Wang’s work, the polymer-like structure of
CDs could act as a matrix to suppress the nonradiative relaxa-
tion of whose contained emissive moieties, and such specific
chemical structures were confirmed to play a critical role
in activating their RTP."*® This idea provides an innovative
strategy to prepare self-protective RTP CDs. Impressively, self-
protective RTP of polymer-like CDs has emerged in recent years.
In Liu’s report, the as-synthesized self-quenching-resistant
nitrogen doped CDs prepared from PVA and ethylenediamine
show surprising aggregation-induced RTP features in the solid
state."*® It was proposed that the polymeric structure of CDs
originated from the polymer precursor; meanwhile, the large
amount of PVA-chains on their surfaces played a role of
moisture resistance and behaved as a rigidification matrix
and an oxygen barrier, thereby giving rise to RTP (Fig. 4a).
More interestingly, Song et al. developed a seeded growth
method to prepare CDs by controlling the number of seeds
and reaction time, which was demonstrated to be an effective
way to tune their optical properties. The as-prepared CDs
showed not only color-tunable fluorescence by increasing the
size of the seed CDs, but also color-tunable RTP over a broad
spectral range of 500-600 nm. The resultant RTP was attributed to
the presence of the nitrogen-containing groups and the polyvinyl-
pyrrolidone polymer chains at the surfaces of the CDs."*>
Recently, Yang et al. verified that both the polymer-like
structure and crosslink enhanced emission (CEE) effects contributed
to the generation of RTP in CDs.** After carefully selecting the
precursors, polymer-like structured CDs with abundant amides or
imides were directly constructed through appropriate synthesis
routes. The formed covalently-crosslinked framework and intra-
particle hydrogen bonds greatly suppressed the nonradiative

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Reprinted from ref. 130 with permission of copyright 2017 Royal Society of Chemistry. (b) Schematic illustration of the CEE effect and the corresponding
photographs of the obtained CDs (PCDs;_4, PCDs;_,, and PCDs;_3) at different delay times after UV irradiation. Reprinted from ref. 33 with permission of
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daylight, and under a 365 nm UV lamp (on and off), respectively. Reprinted from ref. 32 with permission of copyright 2018 Wiley-VCH. (d) Schematic
illustration of the conversion from F-CDs to P-CDs, and their FL and RTP images and the corresponding energy level of the photophysical process.

Reprinted from ref. 60 with permission of copyright 2018 Wiley-VCH.

relaxation of luminescent centers in CDs, and thus long lifetime
RTP was achieved (Fig. 4b). This result is believed to provide
potential routes for preparation of polymer-like-structured CDs
with different RTP properties.

Subsequently, considering the general prerequisites for
achieving efficient RTP, Lin et al. reported a facile and gram-
scale preparation method for ultralong lifetime RTP CDs via
microwave-assisted heat treatment of ethanolamine and phos-
phoric acid in a few minutes (Fig. 4c).>> The as-prepared CDs
showed mainly an amorphous polymer-like structure and
exhibited a long RTP lifetime of up to 1.46 s (more than 10 s
to the naked eye). Importantly, no RTP can be observed in the
prepared CDs under the same reaction conditions but using

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

ethylene glycol to replace ethanolamine or using sulphuric acid
to replace phosphoric acid, respectively. Thus, the doping N
and P elements are critical for production of RTP, because these
elements are known favoured n — n* transition and conse-
quently accelerated ISC process. Consequently, triplet excitons
were effectively generated and activated RTP. Furthermore, the
intraparticle hydrogen bonds were proposed to play a signifi-
cant role in producing RTP as well, which could be confirmed
by heating treatment of the fluorescent CDs (F-CDs) that were
prepared from the same raw materials at a relatively low
temperature (i.e. 180 °C). During the heating treatment process
(i.e. 280 °C), a large number of intertwined polymers of F-CDs
were further crosslinked, dehydrated and carbonized, and
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finally phosphorescent CDs (P-CDs) formed with compact cores
and the excited triplet species were self-stabilized due to the
intraparticle hydrogen bonds (Fig. 4d).*°

More recently, Kang et al. reported a new strategy to prepare
RTP CDs by adding acrylamide to the reaction system. They
found that not only does the doping nitrogen element in the
CDs effectively increase their fluorescence intensity, but also
the produced C=N bonds promote the formation of triplet
excitons. More importantly, the acrylic amide and the
as-generated polyacrylamide on the surfaces of the CDs could
easily connect with the as-prepared pyridinic N via the reaction
between citric acid and urea, and the formed hydrogen bonds
could stabilize the triplet excitons. Hence, the as-obtained CDs
exhibited intense RTP emission."

5. Applications of CD-based afterglow
5.1 Anti-counterfeiting

Counterfeiting is a growing problem that floods around the
world. Thus, many efforts have been made towards developing
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advanced strategies to protect valuable items from being
replicated.”*®™* Anti-counterfeiting labels are considered to
be one of the most efficient ways against counterfeiting by
taking advantage of high throughput, easy handling, and facile
design, and thus have been widely adopted. CDs with room
temperature afterglow characteristics offer a smart choice for
use in anti-counterfeiting,?'~3%°%-0%,87,89,93,95,127

As illustrated in Fig. 5a, the CD-PVA composite was firstly
demonstrated as a time-resolved anti-counterfeiting ink by
handwriting numeric codes “60” on a plastic package with an
afterglow emission for seconds. Besides, this composite was
also applied as tags for information hidden, the written letters
“CIOMP” were hardly observable under daylight and UV light
due to the background fluorescence of the commercial printing
paper, while they were distinctly recognized after switching off
the UV light.>' More impressively, inspired by their different
colours and long lifetimes of afterglow, CD-based RTP or TADF
materials could provide advanced methods for anti-counterfeiting.
As shown in Fig. 5b, a dual mode security application based on
the TADF of CDs has been realized. Specifically, the flower and
stem parts of the pattern were printed with TADF materials
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Fig. 5 Anti-counterfeiting applications of the afterglow of CDs. (a) The demonstrated applications of the CD—PVA composite in security and information
hiding. Reprinted from ref. 31 with permission of copyright 2013 Royal Society of Chemistry. (b) The application in dual-responsive security protection
using TADF of CDs@2D-AIPO and fluorescence of commercial benzil dye molecules. Reprinted from ref. 127 with permission of copyright 2017 Science
AAAS. (c) Applications in Graphic Security using PCDs,.3, PCDs,.,, and commercial highlighters. Reprinted from ref. 33 with permission of copyright 2018
Wiley-VCH. (d) Ultralong RTP CD based security inks for hiding and identifying the printed QR code. Reprinted from ref. 32 with permission of copyright
2018 Wiley-VCH. (e) The triplet mode emission of m-CD—-PVA composites in anti-counterfeiting applications in paper money. Reprinted from ref. 59 with
permission of copyright 2016 Wiley-VCH. (f) The heating responsive afterglow of F-CDs for identifying the authenticity of the coupon and the Moutai
Liquor as a new kind of anti-counterfeiting method. Reprinted from ref. 60 with permission of copyright 2018 Wiley-VCH.
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(CDs@2D-AIPO) and benzil dye molecules, respectively. Under
UV light excitation, the whole pattern exhibited blue and green
FL from each part. When the UV excitation was turned off, only
the flower part can be recognized by the naked eye due to its
long lasting TADF."*’ In another example, a colourful butterfly
was drawn with both commercial fluorescent materials and
long lifetime afterglow CDs on paper. Under UV excitation, the
butterfly pattern emitted multi-colour FL; after ceasing the
excitation, the encrypted part of the butterfly emerged with
green RTP that lasted for several seconds (Fig. 5¢).** Similarly,
when a quick response (QR) code was printed onto commercial
A4 paper using ultralong RTP CD based ink, the invisible
correct code can be observed only with the UV lamp being shut
down (Fig. 5d).*> More recently, newly emerged CD-based
composites with multicolour afterglow have also been applied
for security protection, making CDs promising functional
materials for anti-counterfeiting.>**°

The triple-mode emission properties of CDs were also used
for advanced anti-counterfeiting.’® As shown in Fig. 5e, the
characters “heng” in Chinese and “A” in English were hand-
written on a banknote (RMB) using m-CDs (prepared from
m-phenylenediamine) dispersed in PVA aqueous solution. The
blue FL and cyan upconversion photoluminescence of the two
characters were observed upon irradiation with a 365 nm UV
lamp and an 800 nm femtosecond pulse laser, respectively. In
addition, once the UV light was switched off, the characters
showed long-lasting blue-green afterglow (RTP), while the
yellow fluorescence anti-counterfeiting mark “100” from the
banknote itself disappeared immediately. Based on this unique
triple-mode emission feature, the m-CD-PVA composite holds
promising prospects in security applications, especially rare
triple-mode optical authentication.

More recently, stimuli-responsive afterglow of CDs was also
employed in the anti-counterfeiting field. Lin et al. demon-
strated that polymer-like-structured CD (F-CD) aqueous disper-
sion could be used as a heat-stimuli-responsive security ink
toward anti-counterfeiting.’® As shown in Fig. 5f, the digit
pattern “$100” printed on a coupon and the logo of Moutai
Liquor printed on wood paper using the F-CDs as ink were
almost invisible under daylight. Under UV excitation, the logo
of Moutai Liquor was recognizable due to the FL emission of
the F-CDs, but the printed digit pattern “$100” was hardly
identified because of the strong background FL of the
commercial paper. In addition, both the digit pattern and the
logo cannot be seen upon ceasing the UV excitation. However, if
the digit pattern and the logo were treated using a heat gun for
30 s, the “$100” on the coupon and the logo of Moutai Liquor
can be identified, attributed to the heating treatment that
converted the fluorescent CDs (i.e., F-CDs) into phosphorescent
CDs (i.e., P-CDs). Such a heat-stimuli-responsive production of
long-lived afterglow emission offers a facile and high-level anti-
counterfeiting strategy.

5.2 Information encryption

Information encryption is a process of recognizing hidden
information through certain stimuli-responses. Due to their

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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potential multiple emissive and environmentally friendly
features, CDs could be ideal candidates for the design of smart
information encryption and decryption systems. The most
distinct property of CDs is their interaction-dependent lumi-
nescence: production of afterglow through embedding, cross-
link or immobilization.*'***%**1%7 Consequently, CDs could
show stimuli-responsive afterglow emission by moisture, pH or
heating,®*"6*8>9113¢ wwhich are especially suitable for their
application in information encryption and decryption systems.

Zhao et al. demonstrated the application of an ultralong and
efficient RTP emissive nitrogen doped CD (NCD) composite in
information encryption.?” As shown in Fig. 6a, to encrypt the
security information “2468” in “12345678”, the “1357” was
printed using a NCD-starch composite (with only fluorescence
properties), while “2468” was patterned with a mixture of the
RTP NCD composite and the NCD-starch composite. As a
result, the hidden information (i.e., “2468”) cannot be recog-
nized under either daylight or UV excitation, but which was
readily visualized with the UV light being switched off. Similar
modes were also demonstrated in other studies, as shown in
Fig. 6b; letters “Just Love U” were written with short-lifetime
fluorescent materials, among which “J] L U” was filled with
long-lived RTP CDs. Under 365 nm UV light excitation, the blue
fluorescent “Just Love U” was observed. However, the hidden
information “J L U” emerged as green phosphorescence which
lasted for several seconds when the excitation light was
switched off.>® Likewise, as shown in Fig. 6c, the codes that
were printed on wood paper using blue fluorescent b-CDs and
ultralong RTP CDs were invisible under daylight, while upon
excitation with a 365 nm UV lamp, false information (a blue
emissive pattern of “8888”) on the non-FL background paper
was observed. When the UV lamp was turned off, the hidden
information (“0710”) could be clearly recognized due to the
ultralong lifetime RTP nature of CDs.**

Advanced applications of CD-based afterglow have also been
realised by taking advantage of their moisture sensitive or
insensitive RTP properties. As described in Lin et al.’s report,
the formed covalent bonds in the m-CD@nSiO, composite offer
stronger interaction in comparison to hydrogen bonds for
stabilizing triplet states, which exhibits unique long lifetime
afterglow in aqueous solution.®” As they described in their
report, the green RTP from the m-CD@PVA composite disap-
peared after being wetted with moisture, but the blue afterglow
from m-CDs@nSiO,-PVA was still observable. As a result, the
hidden data or information that needs protection could be
decrypted by observing the afterglow emission from wetting the
filter paper (Fig. 6d). This work provides new insight into the
application of the long afterglow of CDs in advanced informa-
tion protection.

In another study of Lin’s group, they have demonstrated the
conversion of fluorescence CDs (F-CDs) to ultralong RTP CDs
(P-CDs) by a further heating treatment.®® Consequently, they
designed a heating-stimuli responsive strategy for information
protection. As shown in Fig. 6e, the hidden information was
first printed on a wood-free paper using F-CD ink, and then the
interfering information was printed using a common ink with
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only blue fluorescence properties. Due to its ultralong lifetime,
RTP emission could be observed from the F-CDs after been
subjected to a heating treatment (e.g., heat gun for 30 s); the
hidden information was observed only under the RTP mode.

Recently, Qu et al. investigated the effects of temperature on
the RTP properties of a CD-PVA composite.®”*> They found
that the RTP intensity of the CD-PVA composite could be
improved to a recognizable level upon thermal treatment over
150 °C, and thus a concept of heating-stimuli responsive data
encryption was proposed. As shown in Fig. 6f, three overlapped
patterns were written with different composites and were gradually
heated at 80 °C, 150 °C and 200 °C; the encrypted information
(i.e., “CDots”) could only be observed under thermal treatment at
200 °C.** Furthermore, RTP emissive films were prepared using
the CD-PVA composite via post-synthetic thermal annealing at
200 °C. After quenching the RTP with water, the films could be
used as “paper” for IR laser writing. Fig. 6g shows the characters
“CD” written using an IR laser, which can be distinctly recognized
by reading out the RTP signal.®!

5.3 Sensing

The triplet state induced afterglow has been established for use
in the optical sensing field due to the capability for effective
avoidance of auto-fluorescence and scattering light from

394 | Mater. Chem. Front., 2020, 4, 386-399

matrices, so it’s possible to achieve higher sensing sensitivity than
traditional fluorescence methods. In addition, afterglow emission
is usually sensitive to oxygen, moisture and temperature, 368384
Therefore, CD based afterglow materials have been proposed in
sensing fields.

For example, Lu et al. applied LDHs as a matrix to immobilize
CDs, and the as-prepared composite (i.e., CDs@LDHs) exhibited
RTP with a lifetime of 386.6 ms.”® Based on the property of RTP
being sensitive to oxygen, they observed that the phosphorescence
intensity of CDs@LDHs gradually decreased upon increasing the
concentration of oxygen from 0% (pure N,) to 100%, indicating a
potential application for the detection of oxygen (Fig. 7a). In
another study, CDs were fabricated as a fluorescent temperature
sensor.”> However, Liu et al. observed that the phosphorescence
exhibited different temperature-responsive behaviour from
fluorescence. As shown in Fig. 7b, the intensity of phosphores-
cence and fluorescence showed double-exponential and linear
decays, respectively, as the temperature increased from 30 to
90 °C, demonstrating that the phosphorescence is more sensitive
to temperature than that of fluorescence.'*°

Benefitting from the abundant functional groups on the
surfaces of CDs, they showed specific binding affinity to various
metal ions. By using such a feature, CDs have been widely
applied for the detection of metal ions (or certain analytes that
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can strongly bind with metal ions).">™7%%788%:137 Recently,

sensing applications have been expanded by use of the RTP
properties of CDs, which exhibited advantages for improving
detection signal-to-noise ratios. For example, Chen et al
reported the RTP of a CD-based composite in aqueous media
and the RTP intensity was found to be significantly quenched
by the presence of metal ions due to the formation of non-
luminescent chelates.”*® Moreover, the quenched RTP of
Fe**-CDs was recovered upon addition of phosphate-containing
molecules such as adenosine triphosphate (ATP), attributed to the
higher affinity of Fe®>" to phosphate ions than CDs. Therefore, an
“off-on” approach for ATP detection with a linear range from
20 to 200 mM and a detection limit of 14 mM was obtained. In
addition, CD-DNA nanohybrids were designed and developed
for the detection of proteins (e.g., alpha fetal protein, AFP) and
metal ions (e.g., Hg”") by the use of the RTP properties of CDs
(Fig. 7c and d)."**'*°

Subsequently, Zhou et al. found that cyanuric acid (CA)
could be applied to immobilize CDs through forming robust
bridge-like hydrogen bonded networks, which strongly stabilized
the C=O0 bonds on the surfaces of the CDs (Fig. 7e). This finding
offered a method to realize RTP of CDs in aqueous media.
Furthermore, they demonstrated an application of their design for
Fe®" sensing by taking advantage of the RTP properties of CDs."*"
Very recently, Yang et al. synthesized nitrogen and phosphorus

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

co-doped CDs (P-CDs) by a facile microwave method, in which
triethanolamine served as the carbon source and phosphoric acid as
the dopant. The P-CDs showed both bright-blue fluorescence emis-
sion and green-RTP emission. Then, they applied the P-CDs to,
respectively, assay pH ranging from 9.15 to 13.55 and 2.29 to
13.55 by virtue of their pH-responsive fluorescence and RTP.'*?
In another Yang et al.’s study, they prepared RTP CDs using a
similar strategy (with n-aminoethyltrimethoxysilane as a carbon
source and phosphoric acid as a dopant). The as-obtained CDs
could interact with tetracyclines (TCs) due to the presence of
-COOH and -OH groups on their surfaces, resulting in quenching
of both fluorescence and RTP due to an inner filter effect. There-
fore, a dual-channel strategy was established for assaying TCs."*?

5.4 Others

Due to the highly efficient photosensitization effects of excited
triplet species to molecular oxygen, the afterglow properties of
CDs have been proposed for use in the fields of biotechnology,
such as photodynamic therapy (PDT) and enzyme engineering,'**'**
For example, Ge et al. presented a GQD-based PDT agent in 2014,
which exhibited not only a broad absorption spanning from the
UV to visible light regions, but also the capability to produce
singlet oxygen (*O,) via a photosensitization process. Since the
energy gap between T, and S, of the GQDs was larger than the
formation energy of 10,, their T; states could behave as an extra
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pathway to participate in the generation of 'O,, resulting in an
overall 'O, production quantum yield even higher than 1.0.
Therefore, GQDs could be potentially applied as a PDT agent,
allowing simultaneous imaging and highly efficient cancer
therapy.'**

In addition, Wu et al. developed a highly efficient photo-
sensitizer by the use of phosphorescent CDs. Compared to
traditional photosensitizers, such as other types of carbon
nanomaterials and molecular photosensitizers, phosphorescent
CDs exhibited higher photo-oxidation activity and the activities
were found to be correlated well with their phosphorescence
quantum yields. Thus, the reported CDs could act as a promising
type of light-driven oxidase-mimicking nanozyme, and the
generation of singlet oxygen was further explored for photo-
dynamic antimicrobial chemotherapy.'**

6. Summary and outlook

In recent years, some exciting advances in the long-lived room
temperature afterglow of CDs have been achieved. Such novel
optical properties made them suitable in diverse and signifi-
cant fields of application. Benefiting from the numerous merits
of CDs, especially facile preparation, low toxicity and abundant
surface functional groups, they could represent one promising
class of afterglow materials in the future. To realize afterglow of
CDs, the ISC process should be improved and which is critical
for production of triplet excitons more effectively. Meanwhile,
post-treatments of CDs with hosts or dispersion into rigid
matrices is usually required to stabilize and isolate the triplet
excitons. Of course, self-protective RTP CDs could also be
realized by appropriate designs. Note that for generating TADF,
the AEgr between the T; and S; excited states should be
reduced to a relatively small value (i.e., <0.2 eV) for an efficient
RISC process, which could be realized by strong interactions
(e.g., covalent bonds) or embedding in specific matrices. These
strategies about structure design and control for generation of
long lifetime afterglow of CDs would open new directions for
research and understanding their photophysical properties,
which may have profound influences on developing pure
organic afterglow materials.

Although research studies have put many efforts towards the
synthesis and application of CD based afterglow materials, they
are actually still in their infancy stage. To drive further applica-
tions of these materials, it is proposed that particular attention
be paid to the following aspects: (1) the emission efficiency
(i-e., QYs) and lifetime of CD based afterglow materials should
be further improved; (2) effective methods for achieving after-
glow of CD based materials in aqueous media should be
developed, and this is important for expanding their range of
applications (e.g., bioimaging and sensing); (3) achievements of
multicolor and oil dispersible self-protective room temperature
afterglow of CDs are significant, which would be critical for
their applications in optoelectronic devices; (4) expanding the
excitation wavelength range for the afterglow of CD based
materials from the UV region to the visible light region is
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necessary for their application in biologically relevant fields;
and (5) preparation of CD based afterglow materials with
unique properties, such as stimuli-response and excitation-
wavelength dependence, is also interesting for expanding their
applications.

To realize the abovementioned aims, appropriate carbon
precursor selection, synthetic methods, structure design, post-
treatment and adjustment of rigid hosts are necessary. Moreover,
in-depth understanding of the afterglow emission mechanism
and the relationships between structures and long-lived
excitons in CDs are highly important, which would be favorable
for their rational design, controllable synthesis and practical
applications.
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