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As a new member of the carbon family, carbon dots (CDs) not only inherit the advantages of good
biocompatibility and abundant raw material sources from traditional carbon materials, but also exhibit
outstanding luminescence characteristics, such as tunable emissive wavelength and light bleaching
resistance. Thus, they show great application prospects in many fields. However, CDs may suffer from
serious aggregation-induced fluorescence quenching and lack of high quantum efficiency and tunable
full color solid-state fluorescence, which hinder their large-scale application. In this review, the recent
advances in the solid-state fluorescence properties of CDs are summarized, with special emphasis on
the strategies for quenching resistance, methods for high quantum efficiency, and methods for
multicolor tuning. The strategies for obtaining quenching-resistant CDs include the dispersion of CDs
in situ and post processing, and the preparation of CDs with uniform structure. Solid-state fluorescent CDs
with high quantum efficiency can be obtained by controlling the matrix type and CD concentration, doping
heteroatoms, and adding salt crystals in situ and reducing the carbonization degree. Solid-state multi-color

Received 22nd August 2020, CDs are realized using three methods, including the effective dispersion of multicolor CDs, gradient

Accepted 29th October 2020 concentration dispersion of concentration-induced multicolor emissive CDs and fluorescence origin (i.e.,
core size, surface states and molecular states) tuning of self-quenching-resistant CDs. The applications of
solid-state fluorescent CDs in fingerprint identification, photoelectric device and visible light communication

are also outlined. Finally, their challenges and prospects in the future are presented.
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1. Introduction

Despite the earlier discovery of fluorescence from onion-like
fullerenes by another group, in 2006, Sun et al.* discovered one
class of novel carbon materials with fluorescence characteris-
tics and quantum size, and named them carbon dots (CDs).
Since then, the research field of CDs has thrived. As emerging
fluorescent nanomaterials, CDs not only inherit the advantages
of traditional carbon materials, such as wide range of raw
materials and good biocompatibility, but also have excellent
optical properties, including adjustable luminescence wave-
length and good optical stability, showing promising potential
in the fields of photoelectric devices, biomedicine and environ-
mental monitoring. Therefore, they have attracted extensive
attention and in-depth study from researchers. CDs are a
general term for graphene quantum dots, carbon nanodots
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and polymer dots (PDs).> Generally, CDs are regarded as zero-
dimensional spherical particles less than 10 nm, composed of a
carbon core and surface functional groups.>! The specific
structure of CDs is determined by reaction precursors and
parameters. Specifically, the carbon core of CDs may be
graphite-like or amorphous, with various surface functional
groups, such as ~-OH, -COOH, C=0, C=N, NH, and C-O-C.”

The methods for the preparation of CDs can be roughly
classified into “top-down” and ‘“bottom-up”. For the “top-
down” methods, CDs are formed by stripping nanoparticles
from carbon skeletons, including arc discharge,® laser
etching,”® and electrochemical oxidation.”’ In the case of
the “bottom-up” methods, CDs are prepared via the dehydra-
tion and carbonization of precursor molecules, which mainly
include combustion/pyrolysis,'* microwave method,'*> and
hydro-/solvothermal method.”*'* Among them, the hydro-/
solvothermal and microwave methods have become the con-
ventional methods to synthesize CDs because of their simple
and environmentally friendly synthetic process and the high
fluorescence intensity of the resulting CDs." In the early
stage of the study of CDs, using the above synthetic methods,
the luminescence of CDs was mostly concentrated in the
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short-wavelength regions. However, in recent years, the emis-
sion of CDs has been gradually extended to the orange, red, and
even near-infrared region and multicolor adjustable lumines-
cence of CDs has been realized by regulating the reaction
conditions. In the past few years, the photoluminescence (PL)
mechanisms of CDs have been explored and summarized as the
following four: carbon core state influenced the quantum size
effect or conjugated n-domain, surface state determined by the
carbon core and connected functional groups, molecule state,
and crosslinking enhancement effect.”

Most reports about the luminescence characteristics and
mechanism of CDs focus on CD solutions and there are a few
researches on the fluorescence property of CDs in the solid
state. In fact, the fluorescence intensity of most CDs greatly or
even completely decreases in solid-state powder or film because
of excessive fluorescence resonance energy transfer (FRET) or
direct n-m interactions.'®'” The solid-state fluorescence
quenching of CDs seriously hinders their large-scale applica-
tion in the fields of photoelectric devices,"® fingerprint identifi-
cation, fluorescent ink, security labels, and other solid-state
luminescence fields. Therefore, it is very important to explore
quenching resistance strategies for CDs. Furthermore, high
efficiency and multi-color solid-state luminescent CDs exhibit
broad prospects in the fields of display and lighting,"® but the
realization of highly emissive solid-state full color CDs still
faces great challenges. At present, the solid-state quantum
efficiency of CDs is still low. In addition, the emission peaks
of solid-state luminescent CDs are mainly concentrated in the
blue, green, and yellow regions, although there are some
reports on orange- and red-emissive solid-state CDs. There is
lack of reports on full-color adjustable solid-state fluorescent
CDs with high quantum efficiency. Therefore, it is of great
significance to realize highly emissive solid-state fluorescence
CDs and their multicolor regulation.

Obtaining multi-color adjustable solid-state luminescent
CDs with quantum efficiency and exploring their application
in the solid-state luminescent field will give theoretical and
practical support for realizing solid-state luminescence in CDs.
In this review, a comprehensive overview about solid-state
fluorescent CDs is given. Firstly, the quenching resistance
strategies of solid-state fluorescent CDs are discussed. Sec-
ondly, the methods for high quantum efficiency of solid-state
fluorescent CDs are reviewed. Thirdly, the multicolor regulation
methods of solid-state fluorescent CDs are described. Then, the
application fields of solid-state fluorescent CDs are summarized.
Finally, the development prospect of solid-state fluorescent CDs is
presented.

2. The strategies for quenching-
resistant CDs

Induced by n-n stacking or excessive nonradiative energy
transfer, CDs always suffer from serious self-quenching in the solid

state. Therefore, in order to realize solid-state fluorescence in CDs,
their self-quenching must be effectively inhibited. The strategies for
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quenching resistance include avoiding direct contact between CD
nanoparticles by using a physical method to uniformly disperse the
CDs in some matrix or using a chemical method to form a large
steric structure between the CDs (seen as Sections 2.1-2.3), and
synthesizing CDs with uniform structure (seen as Section 2.4), both
of which can inhibit nonradiative energy transfer.

The steric hindrance between CDs can be formed by a “two-
step method” or “one-step method”. The “two-step method”
means that CDs are first prepared and then physically
embedded in a matrix, such as polymer, salt crystal, and starch,
to realize solid-state PL (seen as Section 2.1). The ‘“one-step
method” means the solid-state PL of CDs can be directly
realized without post-processing, where it is necessary to reg-
ulate the carbon core and surface functional groups of CDs
by controlling precursors and their carbonization degree. For
example, using chemicals with a long-chain structure or salt
crystal as processors to synthesize CDs (seen as Section 2.2), or
forming a crosslinked structure in CDs (seen as Section 2.3),
thus spatial distance is in situ formed in CDs, which is
beneficial to inhibit the formation of strong m-n interaction
and further realize solid-state PL. The detailed descriptions are
given as follows.

2.1 Dispersing CDs in a polymer or solid matrix by the two-
step method

As one of the common matrices, polymers have dual functions.
They can act as a dispersant to increase the distance between
CD nanoparticles and further inhibit the solid-state quenching
of CDs. They can also work as a film-forming agent to endow
CDs with film-forming characteristics, which are beneficial
in many applications. Common polymer matrices include
epoxy resin, polyvinyl alcohol (PVA), polymethyl methacrylate
(PMMA), polyvinylpyrrolidone (PVP),>° polyethylene glycol
(PEG), polystyrene (PS), and polyethyleneimine (PEI). Long
et al.** synthesized CDs from glucose in HF solution, which
exhibited bright yellow fluorescence in solution but no fluores-
cence after drying on paper. When PEG was applied to the
paper, the CDs showed yellow fluorescence with a quantum
yield (QY) of 10.4% (Fig. 1a). This is because the PEG chains
wrap around the surface of the CDs, increasing the distance
between the CD nanoparticles, which inhibits FRET and signifi-
cantly enhances the emission of the CDs.

Besides polymer matrices, some solid substances can also
act as a dispersion matrix. Sun et al.>*> developed a novel solid
dispersion matrix, starch, and further investigated the effect of
starch content on the solid-state luminescence property of CDs.
This method provides a novel way to research the solid-state
luminescence of CDs (Fig. 1b). They found that starch can
adsorb CDs due to their effective dispersion on the surface of
starch, and consequently, FRET and aggregation-induced PL
quenching can be suppressed. To improve the UV and thermal
stability of CD-based composite phosphors, a salt crystal was
developed as a matrix. Kim et al.>* embedded CDs in NaCl, KCI,
and KBr crystals to realize solid-state PL in CDs. They found
that the NaCl matrix provides CDs with good protection against
UV irradiation, and under 250 h of UV exposure, 70% of the
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(a) Proposed mechanism of PEG-switched fluorescence emission of solid-state CDs. Reproduced with permission from ref. 21. Copyright 2017,

the American Chemical Society. (b) Schematic illustration of the formation mechanism of starch/CDs and their photographs. Reproduced with
permission from ref. 22. Copyright 2014, The Royal Society of Chemistry. (c) Schematic of the fabrication of CDs@BaSO, and its photographs.
Reproduced with permission from ref. 24. Copyright 2016, John Wiley and Sons. (d) (top) Schematic of the self-quenching in solid-state CDs and the
resistance against solid-state self-quenching of CDs by embedding into SiO, matrix. (bottom) Photographs of CD solution, CD powder, CD/SiO; film, and
CD/SiO, powder under UV light. Reproduced with permission from ref. 25. Copyright 2017 Elsevier.

initial fluorescence intensity of the CD/NaCl composites was
retained. The KBr crystal gave CDs with excellent thermal
stability and about 80% PL retention after being heated at
80 °C for 250 h. Zhou et al** reported the electrostatic
assembly-guided synthesis of CDs/BaSO, hybrid phosphors
with strong luminescence (Fig. 1c). BaSO, is a type of envir-
onmentally friendly and low-cost material. When it attached on
the surface of CDs to form CD/BaSO, hybrid phosphors, the
aggregation of CDs could be effectively avoided. The CDs/BaSO,
hybrid phosphors exhibited strong solid-state luminescence
and high stability, and remarkable resistance to strong acid/
alkali and common organic solvents. The fluorescence intensity
of CDs/BaSO, was maintained at 92% after UV irradiation at
300 °C for 30 min.

Wang et al.>® reported a method of physically embedding
CDs into an SiO, matrix to endow CDs with solid-state orange
emission and film-forming characteristics. N-(3-(Trimethoxysi-
lyl)propyl)ethylenediamine (KH-792) was injected into the CD
solution to form a CD/SiO, film and powder. The QY of the CD/
SiO, film and powder was 38.2% and 41.7%, respectively, which
is considerably higher than that of pure solid-state CDs, ie.,
0.73%. A mechanism for the PL quenching in the solid-state
CDs and PL realized in the CD/SiO, composites was proposed.
Specifically, in CD powder, nanoparticles directly contact with

3124 | Mater. Adv., 2020, 1, 3122-3142

each other to induce excessive FRET and further PL quenching.
While in the CD/SiO, composites, the distance between the CDs
is increased because of the uniform dispersion of CDs in SiO,,
and consequently, FRET is avoided, PL quenching is inhibited,
and the solid-state PL of CDs is realized (Fig. 1d). Similarly,
Kipnusu et al.”® fabricated CDs via the one-step femtosecond
pulsed laser irradiation of a single precursor (2-aminopyrimidine-
5-boronic acid) in solution and realized high solid-state PL with a
QY of 46% by dispersing the CDs into nanoporous SiO,.

The above methods to prepare solid-state luminescent CDs
belong to the “two-step method’”, where CDs are synthesized
and then dispersed into various matrices by physical methods
and the matrices act as the medium to dilute CDs, without
changing the structure of the CDs. Once the proportion of
CDs in the matrix is high, PL quenching still occurs, and thus
the solid-state quenching of CDs is not eliminated in by the
“two-step method””.”” However, in practical application, high-
performance photoelectric devices require CDs with strong
fluorescence output, which must be met by a high concen-
tration loading of CDs. Therefore, it is urgent to develop ‘“one-
step methods” to synthesize solid-state fluorescent CDs. At
present, the main “one-step methods” to realize solid-state
PL in CDs are using polymer, long-chain alkyl materials,
coupling agents, and salts as raw materials, or forming large

This journal is © The Royal Society of Chemistry 2020
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electrostatic repulsive forces, hydrogen bonds, and crossing-
linking structures in CDs, to realize the in situ dispersion
of CDs.

2.2 In situ dispersing CDs using of polymers, long chain alkyl
materials, coupling agents and salts

A common strategy to directly realize solid-state luminescence
in CDs is to use polymers or materials with long chain structures
as raw materials to in situ synthesize CDs with steric hindrance.
There have been several reports on the use of polymers as
precursors to obtain solid-state luminescent CDs.*® As a
precursor, polymers can avoid fluorescence quenching of CDs
from the following two aspects, decreasing the conjugated
region of CDs to avoid strong n-n interaction and forming a
crosslinked polymer network structure to make CDs self-
disperse, which weakens the strong intermolecular interaction.
PVA, PVP, PS, and PEI are widely used as precursors.

Xu et al.*® prepared CDs with bright blue emission both in
solution and powder form using CA and PVP as raw materials
via a one-step hydrothermal method. The self-quenching resis-
tant properties of CDs were due to the steric hindrance of PVP
on the CD surface, which avoids the direct contact between the
CD nanopatrticles. Liu et al.>® used CA and PEI with a branched
chain structure as the precursors to obtain CDs, which exhib-
ited solid-state green emission with a QY of 26.0%. In this case,
the solid-state quenching of CDs was inhibited by the PEI
branch chain on the CD surface. Chen et al.>" fabricated CDs
with solid-state green emission via the one-pot hydrothermal
treatment of PVA and ethanediamine. As shown in Fig. 2a, the
effective steric hindrance of PVA keeps the CD nanoparticles at
appropriate intervals, which may be the most important factor
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for their solid-state luminescence. A further study on the fluores-
cence of the CD solution showed that the well-dispersed CD
solution exhibited blue emission, and as the concentration of
the CD solution increased from 0.3 to 30 mg mL ™" until it became
powder, the fluorescence peak of CDs gradually shifted from
414 to 525 nm. The yellow emission of the CDs was caused
by their aggregation because the shorter distance between
the CD nanoparticles than R,, combined with the spectral
overlap of absorption and emission spectra, induced FRET or
re-absorption and red-shift of the emission. This study provides
a new theoretical foundation for the preparation of solid-state
luminescent CDs. In addition, they realized the preparation of
multicolor solid-state luminescent CDs with PVA as the carbon
source and changing the dopant (Fig. 2b). In detail, tetraethy-
lenepentamine and diethylenetriamine were used as nitrogen
dopants to prepare d-CD and t-CD, respectively, with yellow and
orange fluorescence in the solid state.

Similar with polymers, long-chain alkanes also contribute to
the formation of a highly cross-linked polymer network struc-
ture in CDs, which can reduce the formation of cyclic molecules
and conjugated systems and decrease the interaction of CDs.
Furthermore, the long-chain groups of the alkanes can segre-
gate CDs to realize solid-state luminescence. Jiang et al>?
synthesized white-emitting CDs via the pyrolysis of polyethy-
lene glycol sorbitol monolaurate with long-chain alkyl groups
and applied them to unlabeled latent fingerprint imaging. The
results showed that the presence of long-chain alkyl groups on
the surface of the CDs effectively inhibited the solid-state quenching
and gave bright white luminescence under UV irradiation in
both solution and powder. The QY of the CD powder was 2.0%,
which is comparable to that (2.1%) in solution.

@core state @ surface state
y. @ aggregation induced surface state
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ox-CDs
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(a) Schematic of self-quenching-resistance of CD powder. Inset: Schematic of self-quenching of many other luminescent species. (b)

Photographs of d-CD (No. 1), t-CD (No. 2), CD (No. 3), PVA (No. 4), and CD/starch composite (No. 5) powder. Reproduced with permission from
ref. 31. Copyright 2015, John Wiley and Sons. (c) Structural diagrams of BWCD powder. (d) Optical microscopy image of solid BWCDs in alcohol
suspension. Reproduced with permission from ref. 40. Copyright 2019, The Royal Society of Chemistry. (e) Schematic of CDs and ox-CDs in the
dispersed and aggregated states; frames on the right show possible band-energy structures and quenching processes of CDs in the aggregated state and
recombination processes of ox-CDs in the aggregated state. Reproduced with permission from ref. 46. Copyright 2018, John Wiley and Sons.
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Using a silane coupling agent as the precursor also realized
the in situ dispersion of CDs and inhibited their solid-state
self-quenching. During the synthetic process, the amino group
in the silane coupling agent reacts with organic acids to form
CDs through dehydration, polymerization, and carbonization.
Importantly, the alkoxy group in the silane coupling agent
can be hydrolyzed or alcoholized to form a large SiO, network
structure on the surface of the CDs, which can weaken the
strong supramolecular interaction between the CD nano-
particles, avoid strong m-m interaction, and realize solid-state
luminescence in CDs. Wang et al>® synthesized silane-
functionalized CDs for the first time using CA and N-(amino-ethyl)-
amino propylene-trimethoxysilane (AEAPMS) as raw materials.
The CDs showed bright blue emission in solution and film.
Zheng et al.** prepared blue light-emitting CDs using CA and
KH-792 as raw materials via a one-step microwave-assisted
hydrothermal method. The solid-state QY of the CDs was up
to 65.8%, which was 2.5-fold that (25.6%) of their solution. He
et al.*” also used CA and AEAPMS as raw materials to obtain red
fluorescent CDs with a QY of 9.6% in the solid state via a
solvothermal reaction in acetone. Further, CD/starch composite
phosphors with double peak emission of blue light and orange
light were constructed by dispersing CDs in starch.

By using small salt molecules as raw materials and in situ
embedding CDs in salt crystals, some researchers synthesized
solid-state luminescent CDs. Shen et al.>® prepared CDs with
solid-state green fluorescence and QY of 21.6% via a one-step
synthetic method using urea and sodium citrate as precursors
and N,N-dimethyl formamide (DMF) as the solvent. During the
synthesis, CDs are in situ embedded in sodium citrate crystals
with steric hindrance, which can effectively restrain the lumi-
nescence quenching of the CDs. Similarly, Wang et al.>” used
glutathione and sodium citrate to obtain CDs via a one-step
hydrothermal method, which exhibited solid-state blue-green
emission with a maximum at 500 nm and QY of 34.1%. Using
calcium citrate and urea as raw materials, Xu et al.*® synthe-
sized CDs with solid-state green emission centered at 520 nm
and QY of 40% via a one-step microwave method. Zheng et al.**
synthesized CDs with phthalic acid and formamide as raw
materials and glycerol as the solvent. During the reaction, the
CDs were in situ embedded into the crystal of phthalimide to realize
yellow solid-state fluorescence emission with a QY of 20.3%.

2.3 Synthesizing CDs with strong electrostatic repulsion,
hydrogen bonding or low conjugation

Forming hydrogen bonds or electrostatic interactions on the
surface of CDs is another strategy in the category of “one-step
method” to realize solid-state luminescent CDs. Meng et al.*°
developed a strategy of hydrogen bonding to realize ultrabroad-
band white-emissive CDs (BWCDs) with a QY of 10% in the
solid state. BWCDs were prepared via a hydrothermal method
at 170 °C with guanidine carbonate and potassium dihydrogen
phosphate as raw materials. There were abundant C=0 and
-NH, functional groups on the surface of BWCDs. Compared
with the wavenumber of C—O and NH, in CD solution, that
in powder shifted to a lower frequency. Based on these results,
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they proposed the hydrogen bonding between C—0O and -NH,
in the solid-state BWCDs (Fig. 2c). Furthermore, the BWCD
dispersion showed blue emission, which gradually broadened
and redshifted with an increase in concentration, indicating
that the white-light emission of solid-state BWCDs was caused
by aggregation. As revealed by the fluorescence microscopy
image (Fig. 2d), the CDs with a small size exhibited good
dispersion and blue emission, while the aggregates with a
large size exhibited white light emission. Therefore, at high
concentration, aggregates were formed and induced solid-state
white-light emission.

Hydrogen bond and electrostatic interaction can also syner-
gistically realize solid-state fluorescence in CDs. Shen et al.*'
developed an N/B doping strategy to realize the solid-state
green fluorescence of CDs with a QY of 18% using boric acid
and ethylenediamine as raw materials via a one-step hydro-
thermal method. They proposed that the introduction of B
atoms may contribute to the solid-state luminescence of the
CDs from following aspects. On the one hand, electron-
deficient B atoms can inhibit the charge transfer of CDs. On
the other hand, the B-OH functional groups on the surface of
CDs can form hydrogen bonds, which can keep the CD powder
in a dispersed state, similar to that in solution. In addition, the
existence of a large number of negatively charged functional
groups on the surface of the CDs result in particles with strong
electrostatic repulsion, which inhibits the excessive aggregation
of the CDs. The above factors resulted in the CDs maintaining
the dispersion state in powder and realizing solid-state fluores-
cence. Using CA as the carbon source, and ethylenediamine and
boric acid as dopants, Choi et al.** synthesized blue emission CDs
with a QY of 80.8% in solution and up to 67.6% in powder via a
one-step microwave method. For comparison, CA was used as the
carbon source and ethylenediamine as the nitrogen dopant with-
out boric acid to prepare CDs, which also had blue emission with
a QY of 40.2% in solution, but only 1% in powder. These results
prove that the introduction of B is beneficial for the solid-state
luminescence of CDs.

The low conjugation structure of CDs also inhibits their
solid-state quenching. Different from most CDs with good
crystallization, PDs are composed of a cross-linked matrix
and fluorophores, without an obvious lattice structure. Thus,
the synthesis of PDs with a low conjugation degree is an effective
method to suppress the solid-state quenching of CDs. Under
neutral and acidic conditions, using CA and p-amino salicylic
acid as the raw materials and the hydrothermal method, Feng
et al.®® synthesized yellow- and orange-emissive PDs with a
solid-state QY of 1.04% and 0.42%, respectively.

In all the above methods, the CDs realized solid-state PL by
effective separation due to steric hindrance. From the level of
“spatial distance of donor-acceptor in the energy transfer
process”, the non-radiative energy transfer between different
surface states or energy levels of CDs is suppressed, and then
the fluorescence quenching of CDs is inhibited. In fact, if CDs
possess uniform surface states or particle sizes, and thus there
is no donor-acceptor to transfer energy, the occurrence of
non-radiative energy transfer between CD nanoparticles can

This journal is © The Royal Society of Chemistry 2020
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be suppressed from the level of “whether or not donor-acceptor
energy transfer exists”, and the fluorescence quenching of CDs
can also be inhibited.

2.4 Synthesizing CDs with a uniform structure

CDs are generally considered to be composed of a carbon
core and surface functional groups. When CDs aggregate, the
interaction between their different surface states can promote
the occurrence of solid-state quenching effect. Therefore, pure
surface states in CDs are beneficial to greatly reduce the donor-
acceptor interaction and achieve solid-state luminescence in
CDs. Similarly, a uniform particle size in CDs will lead to
uniform energy levels and avoid the non-radiative energy
transfer of the CDs, and thus inhibit fluorescence quenching,
which also is conducive to the realization of solid-state lumi-
nescence. Li et al.** reported that the pure surface state of CDs
is one of key factors to realize their solid-state fluorescence.
With PVA as a single reaction raw material and NaOH
for accelerating carbonization and polymerization, CDs were
prepared with only -OH on their surface via the hydrothermal
method at 250 °C for 6 h. The CDs exhibited green-yellow
fluorescence emission in both the solution and solid states.
Li et al® found that the inhomogeneous surface charge
distribution of CDs drives their self-assembly in the aggregated
state, resulting in the fluorescence quenching of CD powder.
Thus, based on the above research, Zhou et al.*® developed a
type of surface treatment to realize solid luminescence in CDs.
The original CDs were prepared from CA and ammonia water
via a microwave method, which underwent fluorescence
quenching in the solid state. After oxidation treatment with
H,0,, oxidized CDs (0x-CDs) were obtained with strong solid-
state green emission and QY of 25%. Further analysis showed
that ox-CDs possessed a more uniform surface charge distribu-
tion than the original CDs. The surface coupling state of the
aggregated original CDs opened the non-radiation channel,
and thus the aggregation induced luminescence quenching in
the original CDs. However, that of aggregated ox-CDs induced
the radiation channel, which led to solid-state green fluores-
cence emission (Fig. 2e). Therefore, synthesizing CDs with a
uniform surface state is an effective method to realize solid-
state luminescence in CDs.

Zhang et al.*’” proposed that uniform particle size is also a
key factor to realize solid-state fluorescence in CDs. In the
presence of KCl, CDs were prepared with CA and r-cysteine as
raw materials via a one-step microwave method. The unique
foamed structure of the CDs effectively inhibited their excessive
growth, giving them uniform size and enabling them to emit
bright solid-state yellow luminescence with a QY of up to 65%.

3. The methods for high quantum
efficiency of solid-state fluorescent CDs

The high quantum efficiency of solid-state fluorescent CDs is
a prerequisite for outstanding brightness and luminous effi-
ciency in CD-based devices and clear fingerprint latent images,

This journal is © The Royal Society of Chemistry 2020
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which is very important for practical application. One way to
achieve this goal is to give solid-state luminescence character-
istics to CDs that have high fluorescence in solution using the
above-mentioned anti-quenching strategy (dispersing CDs into
polymer or solid-state matrix). Consequently, the high QY of
CDs can be retained in the solid state under the protection of
the dispersion matrix, and further high efficiency solid-state
fluorescent CDs can be achieved. The realization methods for
highly efficient fluorescent CDs in the solution state have been
described in many reviews,*®*° and thus will not be repeated
here. Instead, the factors influencing the solid-state lumines-
cence of CDs in the process of dispersing CDs into a matrix are
summarized, that is, the matrix type and CD concentration (as
shown in Section 3.1). Another way is to regulate the structure
of CDs, and thus CDs can directly realize highly efficient solid-
state fluorescence without an additional dispersion process.
The main methods can be summarized as follows: doping
heteroatoms (as shown in Section 3.2), and adding salt crystals
in situ and reducing the carbonization degree (as shown in
Section 3.3).

3.1 Controlling the matrix type and CD concentration

As mentioned above, the solid-state fluorescence of CDs can be
achieved by dispersing them in a matrix. In fact, the type of
matrix will affect the solid-state fluorescence of CDs through
their interaction, and even the same CDs embedded in a
different matrix will present different emissions. Therefore, a
proper dispersion matrix is very important for high efficiency
solid-state fluorescence in CDs. In addition, a too low concen-
tration loading of CDs cannot output a high intensity fluores-
cence emission because of the small amount of fluorescent
molecules, while an excessive concentration loading of CDs
may induce their fluorescence quenching because of their poor
dispersion. Therefore, controlling the concentration of CDs in
the matrix is also meaningful for high solid-state fluorescence
in CDs.

The effect of matrix on the solid-state fluorescence of
CDs has been investigated in some studies. Deng et al.>®
systematically studied the solid-state fluorescence of the same
blue emissive CDs dropped on different substrates. As shown in
Fig. 3a, the CDs show bright blue emission when dropped on
PVA, polyacrylamide (PAM), PEG, cotton, and cellulose paper,
while no fluorescence emission was observed on tetrafluor-
oethylene, ITO, and Si substrates. This is because the blue
emission of the solid-state CDs depends on the polar groups of
substrates, that is, the blue light emission of the solid-state CDs
is caused by the interaction between the C—O on the CD
surface and the polar groups in the substrates. Jin et al.>" used
a charged environment-friendly cellulose derivative to separate
CD nanoparticles by electrostatic interaction, effectively inhi-
biting the fluorescence quenching of the CDs. The negatively
charged cellulose was used to combine with positively charged
blue emissive CDs to form the blue emissive CDs@cellulose
derivative powder with a high solid-state QY of 71.5%. In
contrast, the positively charged cellulose was selected to com-
bine with negatively charged green and red emissive CDs to

Mater. Adv., 2020, 1, 3122-3142 | 3127
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(a) Photographs of CDs on various substrates of PVA, PAM, PEG20000, cotton, silicon, ITO, glass, and cellulose paper under UV light. Reproduced

with permission from ref. 50. Copyright 2014, The Royal Society of Chemistry. (b) Optical photographs of CD-gel glass monoliths doped with various
ratios of CDs upon visible light (top) and 365 nm UV illumination (bottom). Reproduced with permission from ref. 52. Copyright 2012, John Wiley and
Sons. (c) Variation in QY (open black squares) and PL intensity (open red circles) of the CD@silica composites versus the concentration of CD ethanol
solution. The insets are photographs of the CD@silica gel under UV light and sunlight, and CD@silica xerogel under UV light. Reproduced with permission

from ref. 53. Copyright 2017, the American Chemical Society.

form green and red emissive CDs@cellulose derivative powders
with a solid-state QY of 11.3% and 30.4%, respectively.
Meanwhile, the effect of CD concentration in the dispersion
matrix on their solid-state fluorescence was also studied by
some researchers. Xie et al>> synthesized CDs with film-
forming ability using organosilane as the raw material through
a one-step pyrolysis. Then, the CDs were dispersed in silane to
form various CDs@SiO, gel glass. The mass ratio of CDs in the
gel glass was adjusted from 0 to 100 wt% The solid-state QY of
the pure CDs was only 16%. However, their solid-state QY
increased by loading them in the gel glass because the CDs
achieved complete dispersion in the gel glass to inhibit their
aggregation and movement. A low loading (<5 wt%) of CDs
resulted in a high solid-state QY (48-88%), which reached up to
88% with a CD loading mass ratio of 0.01 wt% (Fig. 3b).
However, a high loading (>5 wt%) caused a low solid-state
QY. Zhou et al.>® prepared CDs with green emission using CA
and urea as raw materials via a one-step microwave method,
and then successively added tetraethoxysilane and ammonia
water to a CD ethanol solution to form a CD@SiO, composite
gel and realize solid-state fluorescence in the CDs. When the
concentration of CDs in the ethanol solution increased from
0.05 to 0.4 mg mL™’, that is, the loading mass ratio of CDs
increased from 2.1 to 8.4 wt%, the solid-state QY of the
CD@SiO, gel decreased from 52% to 31% (Fig. 3c), which
was caused by the aggregation and collision of the CDs.
However, when the loading mass ratio of CDs increased from
8.4 to 19.2 wt% with the CD concentration in ethanol solution

3128 | Mater. Adv., 2020, 1, 3122-3142

increasing from 0.4 to 0.8 mg mL™", their solid-state QY
increased from 31% to 41% because the formation of a cross-
linking structure in CDs can inhibit the aggregation of CDs.
The synchronized realization of high solid-state QY and high
loading of CDs facilitates the high brightness of the CD@SiO,
composite gel.

3.2 Doping heteroatoms

The introduction of heteroatoms influences the overall electron
distribution and related electron energy levels of CDs. Doping
heteroatoms have been proved to be an effective method to
regulate the fluorescence and other properties of CDs. Thus
far, various heteroatoms, including nitrogen, sulfur, boron,
phosphorus, silicon and halogens, have been doped into CDs
to improve their performance. Further, heteroatoms co-doping
is widely used to promote the doping efficiency, charge dis-
tribution and enhance the optical properties of CDs via the
synergistic coupling effect between heteroatoms.

Tao et al.”® demonstrated the effect of nitrogen doping
on the solid-state fluorescence characteristics of CDs. They
synthesized three CDs via a one-step hydrothermal method
using polyacrylic acid as the carbon source and three raw
materials (ethylenediamine, ethanolamine and ethylene glycol)
with different nitrogen contents as additives. The three CDs
exhibited solid-state fluorescence characteristics because of the
formation of a crosslinked polymer structure. The QYs of the three
CDs in solution state was 32.41%, 12.29%, and 2.61%, and those
in the powder state was 28.77%, 11.17%, and 2.13%, respectively.

This journal is © The Royal Society of Chemistry 2020
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Therefore, nitrogen doping plays an important role in the improve-
ment of both the solution and solid-state fluorescence of CDs, and
a high nitrogen doping content can cause a high fluorescence
emission in CDs.

Choi et al.**> synthesized blue emissive N,B-co-doped CDs
(N,B-CDs) with a QY of 80.8% in solution and up to 67.6% in
powder via a one-step microwave method. For comparison, CA
was used as the carbon source and ethylenediamine as the
nitrogen dopant without boric acid to prepare CDs, which also
showed blue emission with a QY of 40.2% in solution, but only
1% in powder (Fig. 4a), confirming that the introduction of B
is beneficial to enhance the solid-state luminescence of CDs.
This is because B doping can change the bonding ways between
C and N in CDs, promote the formation of graphitic N, and
generate well-distributed surface defect states, leading to an
improvement in QY (Fig. 4b). Zheng et al** prepared blue-
emitting N,Si-co-doped CDs (N,Si-CDs) with a solid-state QY of
65.8% (Fig. 4c) using CA and KH-792 as raw materials via a
one-step microwave-assisted hydrothermal method. In addi-
tion, N,Si-CDs dropped on a glass substrate also showed
significant blue fluorescence emission (Fig. 4d). The long chain
structure of KH-792 on the surface of N,Si-CDs enabled them to
maintain a good dispersion state in powder or film, which caused
N,Si-CDs to exhibit bright solid-state luminescence (Fig. 4e).

3.3 Adding salt crystals in situ and reducing carbonization
degree

Besides the “heteroatom doping” strategy, adding salt crystals
in situ or reducing the carbonation degree of reactants are also
effective methods for the “one-step” synthesis of high efficiency
solid-state fluorescent CDs. On the one hand, the addition of
salt crystals, such as KCl and NaOH, can act as a dispersion
matrix to isolate CD nanoparticles in situ and reduce the
formation of defects, both of which contribute to the improve-
ment of the solid-state fluorescence intensity of CDs. On the

View Article Online

Materials Advances

other hand, controlling the proportion of reactants or energy of
the reaction system can avoid the excessive carbonization of the
reactants, and thus the CDs have a low conjugated structure,
which also contributes to the improvement of the solid-state
fluorescence intensity of CDs.

Zhang et al.*” prepared two types of CDs via a one-step
microwave method using CA and r-cysteine as raw materials
with and without KCl, which were named CDs1 and CDs2,
respectively. CDs1 exhibited bright solid-state fluorescence
with a QY of 65%, while CDs2 showed no solid-state fluores-
cence (Fig. 5a and b, respectively). KCl can act as a temperature
conduction medium, and thus the raw materials can be uni-
formly heated. KCI can also act as a matrix to separate adjacent
nanoparticles and avoid their aggregation (Fig. 5c¢), causing
CDs1 to have a uniform band gap, which can reduce the
channels of non-radiation transition, and achieve high solid-
state fluorescence. Wei et al.>” prepared green fluorescent CDs
with a solid-state QY of 75.9% using CA, urea, and NaOH as
precursors, which is the highest QY of green emissive CDs
reported to date. The effect of different amounts of NaOH on
the solid-state luminescence of CDs was studied (Fig. 5d).
When NaOH was added in an appropriate amount, the solid-
state fluorescence of the CDs was 472 times higher than that of
the CDs without NaOH, which not only resulted in CDs with
high crystallinity (Fig. 5e and f) and avoided the formation of
defects in the CDs, but also in situ dispersed the CDs to form a
large steric hindrance and avoid non-radiative energy transfer
between the nanoparticles. This confirmed that NaOH signifi-
cantly contributed to the strong solid-state PL intensity of
the CDs.

The carbonization degree of CDs can also affect their solid-
state luminescence. Yoo et al.’® regulated the solid-state QY of
CDs by controlling the molar ratio of CA to urea and reaction time
to further adjust the sp® region of the CDs. Specifically, excess
CA and urea were used to prepare c-CDs and u-CDs, respectively.
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(a) Photographs of N-doped CDs and N,B-CDs in solution and powder under UV light. (b) Schematic structures of the corresponding CDs.

Reproduced with permission from ref. 42. Copyright 2016, the American Chemical Society. (c) Photographs of N,Si-CD powder under daylight (left) and
UV light (365 nm) (right). (d) Optical photograph of N,Si-CD films on a glass under daylight (up) and UV light (bottom). (e) Illustration of N,Si-CDs. (f)
Schematic of solid-state N,Si-CDs resistant against the ACQ effect. Reproduced with permission from ref. 34. Copyright 2017, The Royal Society of

Chemistry.
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The former suffered from serious solid-state fluorescence quench-
ing with a QY of 0%, but the latter exhibited yellow solid-state
fluorescence emission centered at 530 nm with a QY of 1.3%. This
is because the N, O-containing functional groups in urea hindered
the growth of the sp* region, reduced the n-n stacking among
CDs, and finally inhibited the solid-state q