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Compared to inorganic quantum dots, fluorescent carbon nanomaterials (C-dots) have gained
significant attention because of their unique optoelectrical properties and low toxicity. Although many
review articles summarized the last research achievements, only a few of them are focusing on red/
near-infrared C-dots. Due to their unique optical and optoelectrical properties in the red/near-infrared
region, this interesting subclass of C-dots may be applied as important building blocks for several
applications spanning from bioimaging and nano-thermometry, to luminescent solar concentrators
(LSCs) and photoelectrochemical systems. Therefore, in this review the synthesis and the fluorescence

Received 18th May 2022, mechanism together with the most important applications in thermometry, bio-imaging, LSCs and

Accepted 21st July 2022 photocatalysis of red/near-infrared C-dots are considered. Furthermore, another aim is to highlight the
available approaches to improve the carbonization degree and, additionally, to discuss the structure/

composition correlated optical properties. Finally, outlooks, future perspectives and challenges are also
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1. Introduction

According to the accepted definition, semiconductor quantum
dots (QDs) are semiconducting nanocrystals with a typical size
below 20 nm, which exhibit semiconducting behavior and
optoelectronic properties influenced by the quantum confine-
ment of charge carriers." Thanks to quantum confinement,
their optical and electrical properties can be well-controlled by
tuning their size and shape.>”® Due to their excellent opto-
electrical properties, they have been widely used in various
applications, including solar cells, light emitting diodes (LEDs),
and luminescent solar concentrators (LSCs), in the field of
biosensors and bio-imaging, and, finally, as photocatalysts.>”
During the last two decades, many types of QDs have been
successfully designed and produced using different approaches,
including physical and chemical methods.>® Typically, inorganic
QDs are composed of metal elements, such as Pb, Cd, In, and
Ag, which are either toxic or contain non-earth-abundant rare
metals.” *'*'" However, for future applications and commercial
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discussed for these highly promising nanostructures.

purposes, it is preferable and useful to produce low-cost, low
toxicity QDs composed of easily available elements.

Compared with various types of semiconductor QDs, carbon
dots (C-dots) have attracted much attention because of their
metal-free composition (mainly containing C, N and O), low
cost and ease of synthesis, using cheap and sustainable
precursors.'>® C-Dots exhibit broad absorption, bright photo-
luminescence (PL), and good thermal-, photo- and colloidal-
stability.””>® Many methods (top-down and bottom-up) have
been used to produce C-dots using various types of raw
materials.”’*® They can be produced in a large scale and with
a high reaction yield under atmospheric conditions.”” >
Thanks to the above-mentioned properties, C-dots have been
widely used as building blocks for the design of new types of
solar cells, catalysts, LSCs, LEDs and bio-applications, such
as deep-tissue imaging, biosensing, nanothermometry, and
biomedicine (see Scheme 1).'820:22725:27730,32,33,36-91

C-Dots were first reported and recognized as a new class
of luminescent nanomaterials in 2004 by Scrivens and co-
workers.'” In 2006, Sun and co-workers synthesized lumines-
cent carbon nanoparticles, which are called “carbon quantum
dots” (CQDs).”> Generally, most of the C-dots have a zero-
dimensional structure, with a typical size below 10 nm, con-
sisting of a sp®/sp® carbon skeleton and abundant functional
groups/polymer chains.'>'*°>% The core consists of sp®/sp’
carbon atoms, having the graphite/diamond lattice or amor-
phous carbon form, attributed to the different carbonization
degrees.'>'*29 Typically, C-dots are primarily classified into
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Scheme 1 Examples of the main fields of application of red/NIR C-dots
based on their optoelectronic properties, which make them optically
active in the red/NIR spectral region.

crystalline graphene QDs, crystalline CQDs and amorphous
carbon nanodots (CNDs) depending on their chemical compo-
sition and optical properties.?*?*®*5*%949 Graphene QDs are
composed of a few layers of graphene sheets with lateral
dimensions of less than 10 nm.’> CQDs are composed of
multiple layers of graphitic sheets and possess a spherical
crystalline structure.>® Amorphous CNDs are a type of carbon
nanoparticle, and usually show a molecular-like structure.’®®”
Beyond this, polymer dots may possess a crystalline structure
and an amorphous structure.’®?%1° Their optical properties
may depend on both their core structure and surface functional
groups (FGs). In this review article, we mainly focus on crystal-
line C-dots.

The optoelectronic properties of C-dots can be finely tuned
by adjusting their absorption/emission features, and C-dots
covering the full range of UV-vis and red/near-infrared (NIR)
light were successfully prepared. Compared to UV, blue, green
and yellow emitting C-dots, red/NIR emitting C-dots have
attracted a lot of attention due to their unique properties, such
as deep-tissue penetration, long PL lifetime (compared to the
autofluorescence of biological tissues), low levels of photon
scattering, and wide absorption, which can be fruitfully
exploited in all the applications involving the absorption of
solar radiation (see Scheme 1),'%37-°377,82786,101-110

Although many review articles have summarized the most
recent synthesis methods to obtain different types of C-dots with
excellent optical properties, and their use in bio-application and
energy conversion, there are still a small number of reviews
focusing on red/NIR colloidal C-dots and their applications in
different ﬁelds‘19,20,22,23,25,26,29,30,40,42,47,52,53,58,59,66,72,73,75,84,110—125
Here, we aim to provide a comprehensive overview of the
synthesis, the fluorescence mechanism and, finally, the applica-
tions of red/NIR crystalline C-dots. In the following sections, we
will provide a comprehensive review of the synthesis and optical
properties (Section 2), exciton dynamics (Sections 3), and appli-
cations (Section 4) of red/NIR C-dots. Finally, we will conclude

1828 | J Mater. Chem. C, 2022,10, 11827-11847
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the current development and future challenges of red/NIR C-dots
in Section 5.

2. Synthesis and optical properties
of red/near-infrared C-dots

Several methods have been used to synthesize crystalline
C-dots, such as hydrothermal, solvothermal, microwave-assisted,
self-exothermic reaction and pyrolysis methods,'®?%9%1267134
which are very easy and do not require an air-free reaction
system, 9090126134 1n addition, most of the synthetic routes
for C-dots involved the use of cost-effective and earth-abundant

68,82,111,133 Hence, this section will focus on the

precursors.
synthesis and the related optical properties of red/NIR crystal-

line C-dots.

2.1 Citric acid (CA) based precursors

Compared to pyrolysis and hydrothermal approaches, sol-
vothermal and microwave-assisted methods have been widely
used for the production of high-quality C-dots. Typically, it is
very important to control the carbonization of C-dots by tuning
various synthetic conditions, such as the reaction temperature,
the use of different precursors and solvents. Up to now, the
CA-urea system is one of the most widely used systems for the
C-dots production. Both types of precursors (CA and urea)
contain earth-abundant elements such as C/O and C/O/N,
respectively. Furthermore, they can be obtained at a low
cost.*®12%134 Hol4d et al reported a hydrothermal route to
prepare C-dots from CA and urea in formamide with fluores-
cence emission in the blue, green, yellow, and red spectral
regions.'®* In the same paper, based on transmission electron
microscopy (TEM), it is shown that, despite the presence of
C-dots exhibiting different colours, they do not exhibit signifi-
cant size variations (Fig. 1a-d). Moreover, single C-dots exhibit
a lattice spacing of 0.22 nm typical of (100) graphitic carbon
(the inset of Fig. 1b and d), confirming that different coloura-
tions are not derived from the physical sizes of the particles,
related to quantum confinement.** Instead, the authors
demonstrated that the red fluorescence in red C-dots was
caused by the increased amount of graphitic nitrogen in the
C-dot structure."**

Some studies present the size-dependent optical properties.
The emission peak can be tuned by controlling the sizes of the
C-dots.””"*® For example, Yuan et al reported the synthesis
of triangular highly crystalline C-dots by solvothermal treatment
or refluxing of precursors in various common solvents. The
as-prepared C-dots exhibited different colours by simply varying
the size of the C-dots from 1.9 nm to 2.4, 3.0, and 3.9 nm, for
blue, green, yellow, and red coloured C-dots, respectively, due to
the quantum confinement effect.*> The optical properties of
some C-dots have size-independent optical properties or depend
on not only the size, but also the structure and the surface
functional groups.>*°”° For example, Miao et al. reported the
synthesis of C-dots with an emission ranging from 550 to 700 nm
by controlling both the graphitization and the functionalization

17,135

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 TEM images of the separated fractions of C-dots with different colours: (a) blue, (b) green, (c) yellow, and (d) red, with diameter histogram and high
resolution-TEM images of green and red C-dots in the inset. Reproduced with permission from ref. 134. Copyright 2017, American Chemical Society.

of the C-dots via an easy solvothermal method, using dimethyl-
formamide (DMF) as the solvent."*° As shown in Fig. 2a, these
C-dots have a broad absorption and emission when the tem-
perature reaches 200 °C during the synthesis and the molar ratio
of CA/urea is over 0.75. The typical quantum yield (QY) of the
as-synthesized C-dots is 12.9%, which is much lower than those
of green and blue C-dots."®® The high temperature and high
molar ratio of CA/urea contribute to the high carbonization of
C-dots, leading to their red emission."** Shen et al. also synthe-
sized red C-dots employing CA and urea as precursors, but
through the use of N,N-diethylformamide (DEF), instead of
DMF, as the solvent. With a lower reaction temperature (160 °C)
and a low molar ratio of CA/urea (0.16), the synthesis can produce
red C-dots (Fig. 2d)."®” Compared to DMF, DEF can intensify the
dehydration reaction between CA and intra-molecules with an
ethyl group from DEF and increase the conjugation degree of
C-dots."”” Besides the CA-urea system, CA and ethylenediamine
were also used for the synthesis of C-dots with an emission at
550-700 nm and a high QY of 53% (Fig. 2e and f).”® The red colour
and high QY of the C-dots may be obtained from a relatively high
nitrogen content (30%) and a high graphitization degree in
comparison with other reported C-dots.”®

2.2 Aromatic compound-based precursors

To improve the graphitization/carbonization degree of C-dots,
aromatic compound-based precursors were used for their
production,?*#449%13% gome oxidative or dehydrating agents
such as tert-butyl hydroperoxide ((CH3);COOH), potassium
periodate (KIO,) and concentrated sulfuric acid (H,SO,) were
also used in the synthesis of red C-dots.>**%**9%133 Wang et al.
proposed the synthesis of red/NIR C-dots by innovating a
sequential dehydrative condensation and dehydrogenative
planarization approach at the strong oxidation of KIO, using
1,3-dihydroxynaphthalene as the precursor in ethanol
solution.>® As shown in Fig. 2b and c, the as-produced C-dots
exhibit an obvious excitonic absorption band located at ~530 nm
and an emission peak centered at 628 nm. In addition, C-dots
exhibited an excitation independent photoluminescence (PL)
behaviour (Fig. 2c). The as-prepared C-dots are large sized
conjugated sp” clusters with pendent -OH groups at the edge
sites. Additionally, they have a QY of 53%.>* A similar approach
was used to produce C-dots using phloroglucinol or 1,3,5-
trihydroxybenzene (PG) as the precursor in ethanol or DMF

This journal is © The Royal Society of Chemistry 2022
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with the presence of dehydrating agents such as concentrated
H,SO, or hydrochloric acid (HCI)."** These C-dots have a well-
defined crystalline structure with tunable absorption and emis-
sions (Fig. 2g, h and k). The red C-dots have a PL emission
centered at 580 nm with a QY of 53%. Jia et al. reported the
synthesis of three different red-emissive C-dots passivated with
electron-donating groups using N,N-dimethyl-, N,N-diethyl-,
and N,N-dipropyl-paraphenylenediamine (NMe,, NEt,-, and
NPr,-p-PD) in DMF.** As shown in Fig. 21 and j, the as-
prepared passivated C-dots have emissions centered at 637,
642, and 645 nm, respectively, with a broad absorption ranging
from 350 to 650 nm and a high QY of 86.0% in ethanol.*’
Liu et al. used conjugated aromatic amine (specifically, tris-
(4-aminophenyl)amine) as the precursor and tert-butyl hydro-
peroxide as the oxidative radical reagent for the synthesis of
C-dots.”® These C-dots exhibit a maximum emission wave-
length of 615 nm and a very narrow peak width of 26 nm.
The absorption spectrum showed a broad absorption with a
first excitonic absorption peak centered at 592 nm and a QY of
80.8%.”°

Recently, the solid-state reaction has been used for the
production of high-quality red C-dots."**"*® Liu et al. reported
the red/NIR emissive C-dots prepared via a solvent-free carbon-
ization approach with a QY of 57%."*® Zhang et al. proposed a
solvent-free solid-state method for red C-dot (R-CD) synthesis
by utilizing the dehydration self-carbonation effect of the
HSO; group in 3,4-diaminobenzenesulfonic acid.*” The as-
synthesized R-CDs exhibit a QY of 59% and an emission
wavelength in the range of 600-800 nm. Niu et al. synthesized
red emissive C-dots using phloroglucinol and boric acid as
precursors by a solid-state reaction with a yield of up to 75%."®
These C-dots have the emission ranging from 550 to 800 nm
with a QY of 18% with an optimized boron content.**® Benefit-
ting of the solvent-free reaction, the diffusion of the precursors
during the reaction is quite limited, which gives the advantage
of the special confined reaction, leading to a uniform size
distribution and good optical properties. However, it is still a
challenge to mix the precursors uniformly at a molecular scale
for large-scale synthesis without using solvents.

2.3 Other precursors

Besides the CA and aromatic compound-based precursors,
many other types of precursors have been used to produce

J. Mater. Chem. C, 2022, 10, 11827-11847 | 11829
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Fig. 2 (a) UV-vis absorption, PL excitation and emission spectra of the red C-dots synthesized using CA and urea as precursors and DMF as the solvent.
Inset: The PL image of the C-dots under UV light. Reproduced with permission from ref. 120. Copyright 2018, WILEY-VCH. (b) UV-vis absorption (black),
PL excitation (blue), and emission (red) spectra of R-CQDs. (c) PL spectra of R-CQDs excited at different wavelengths. The C-dots were synthesized using
1,3-dihydroxynaphthalene as the precursor and KIO4 as the oxidation agent. Figure b and c are reproduced with permission from ref. 23. Copyright 2017,
WILEY-VCH. (d) PL mapping of the C-dots in the aqueous solution. Inset: The PL image of the C-dots under sunlight (left) and UV light (right). The C-dots
were synthesized using CA and urea as precursors and DEF the as solvent. Reproduced with permission from ref. 107. Copyright 2020, WILEY-VCH.
(e) UV-vis absorption spectra of C-dots synthesized using CA and ethylenediamine as precursors and formamide as the solvent. (f) Emission spectra of
C-dots excited by different wavelengths of light. Figure e and f are reproduced with permission from ref. 76. Copyright 2017, American Chemical Society.
(9) Photographs of the C-dots dispersed in ethanol solution under UV light. The emission (h) and absorption (k) spectra of C-dots with different colours.
The C-dots were synthesized using phloroglucinol as the precursor. Figure g—k are reproduced with permission from ref. 135. Copyright 2018, Springer
Nature. UV-vis absorption (i) and emission (j) spectra of C-dots synthesized using NMe,-, NEt,-, and NPr,-p-PD as precursors. Figure i and j are
reproduced with permission from ref. 40. Copyright 2019, WILEY-VCH. Absorption (1) and emission (m) of C-dots in water and DMSO. The C-dots were
synthesized using CA and urea as precursors and the as-prepared C-dots were further modified with DMSO. Figure | and m are reproduced with
permission from ref. 103. Copyright 2018, WILEY-VCH.
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high quality C-dots including polymers, dyes, glucose, coal,
and biomass (e.g. glucose, lignin, fruits, vegetables, and
leaves).’**'4¢ Ye reported the red C-dots using coal as the
precursor, with a QY of 0.4% to 1.1%."*° Ran used a thermal-
assisted electrochemical method to produce C-dots using coal
slice as the precursor.'*' The as-produced C-dots have a QY of
3%."*" Obviously, the C-dots synthesized using coal as pre-
cursors have low QYs compared to the above-mentioned
approaches.'®’ As earth-abundant and low-cost resources, bio-
mass has been widely used for the synthesis of C-dots with
tunable colours."*>'*? Liu et al reported the preparation of
C-dots made from mulberry leaves."*® The as-prepared CDs
have a main emission peak at 676 nm with a shoulder at
725 nm, possessing a full width at half maximum of 20 nm
and a QY of 73%."** Chen et al. reported the synthesis of red
emitting C-dots by a solvothermal method using gallic acid,
which is a naturally derived polyphenolic compound with a
benzene ring.'** The as-synthesized C-dots showed a fluores-
cence peak at 585 nm, and a QY of 23%."*> The main issue for
using biomass as precursors to produce C-dots is that the
reproducibility of the reaction, as the resources of the biomass,
may affect their composition.

2.4 Post-treatment for C-dots

To further obtain the NIR emission, Li et al. exploited surface-
engineering of the as-prepared C-dots through the electron-
acceptor groups (molecules or polymers rich in sulfoxide/
carbonyl groups).’® In detail, the C-dots were first synthesized
using CA-urea and then they were treated with dimethyl

View Article Online

Review

sulfoxide (DMSO), DMF or N-methylpyrrolidone (NMP) solu-
tions by directly redispersing the C-dot powder in the corres-
ponding solvents."® As shown in Fig. 2i, the major absorption
band of the C-dots dispersed in water appears at 540 nm with a
long tail extending into the NIR region (Fig. 2l). After the
surface treatment in DMSO, the C-dots exhibit a red-shifted
absorption at 619 nm. No significant variation for the emission
peak position was recorded after the DMSO treatment (Fig. 2m).
However, the QY increases and reached 26% compared to the
6% QY for the untreated sample. In addition, by fixing the
excitation wavelength at 732 nm, the DMSO treated C-dots
exhibit the NIR emission at 760 nm with a QY of 10%, which
represents an efficient candidate for deep-tissue imaging.'®?
Recently, Na” and Ca®>" were also used to modify the surface
structure of the visible C-dots.>*'°h12%14 Qwing to the
improved surface passivation, these metal cations can form a
compact cage, which protects the C-dots from the surrounding
environment. Zhang et al. reported the high QY red C-dots by
using the post-treatment approach.'*® After a polyethylene
glycol (PEG) post-treatment, the QY increases from 34.2% to
65.5% by improving the surface passivation. As a matter of fact,
the C-dot surface treatment using different materials may be a
promising approach to obtain red/NIR C-dots. Hence, in
Table 1, we summarize the most important synthesis methods
using different precursors, and include the details of the optical
properties of the as-produced red/NIR C-dots.

Although there are many examples of red C-dots with good
water-solubility and bright emission, it is still a challenge to
obtain an emission in the second bio-window (700-1100 nm),

Table 1 Comparisons of the synthesis, optical properties and potential applications of the representative C-dots synthesized using different kinds of

precursors
Precursors Solvents Methods Abs (nm) PL(nm) QY (%)  Application Refs
CA/urea DMF Solvothermal 300-650 570-700 12.9 LED 120
CA/urea DEF Solvothermal 300-700 600-700 — Bioimaging 107
CA/urea (DMSO treated) DMF Solvothermal 300-900 550-800 26 Deep-tissue imaging 103
CA/ethylenediamine Formamide Solvothermal 300-800 500-750 53 Bioimaging 76
3,4,9,10-Tetranitroperylene NaOH-ethanol Solvothermal 300-600 550-750 80 LED 39
(NaOH treated)
CA/diaminonaphthalene Concentrated Solvothermal 300-600 500-800 53 LED 25
sulfuric acid
Dihydroxynaphthalene (KIO,)* Ethanol Solvothermal 300-600 550-750 53 LED 23
Tris(4-aminophenyl)amine Ethanol Solvothermal 200-700 570-700 80.77 Bioimaging 90
(tert-butyl hydroperoxide)”
Phloroglucinol (H,S0,)* DMF/ethanol Solvothermal/ 300-600 600-700 54 LED 135
refluxing
NMe,-, NEt,-, and NPr,-p-PD DMF/ethanol Solvothermal 300-650 600-800 86 LED 40
O-Phenylenediamine/AICl; Solvent-free Solid-state 400-700 550-900 57 Bioimaging 136
Phloroglucinol/H;BO; Solvent-free Solid-state 200-800 550-800 18 Fingerprint 138
identification
Diaminobenzenesulfonic acid Solvent-free Solid-state 200-600 600-800 59 Biophotonic 137
Phthalic anhydride and Solvent-free Self-exothermic ~ 200-450 450-650  — Encrypted ink 132
ethylene diamine reaction
CA/Tris” Formamide Solvothermal 300-600 550-750  65.5 Laser 145
P-Phenylenediamine/ ZnCl,/tetraethylene Pyrolysis 300-600 500-800 32 Therapy 146
8-hydroxyquinoline glycol solution
O-Phenylenediamine/ninhydrin Water Hydrothermal 300-550 550-800 5-33 LED 147
P-Phenylenediamine/asparagine =~ Water Hydrothermal 200-600 400-700 19 LED 152
Phenylenediamine Water Microwave 300-500 500-700 8 Bioimaging 153
Mulberry leaves Ethanol Solvothermal 200-700 650-800 73 Fluorescent textile 143

“ The chemicals in the basket are oxidative agents or dehydrants. ? Polyethylene glycol was used as the surface post-treated agent.

This journal is © The Royal Society of Chemistry 2022
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and the absorption onset is below 650 nm. In addition, except
for the CA precursor, the precursors used for the C-dot syn-
thesis are not environmentally friendly, and they typically
contain relatively toxic chemicals. Additionally, some of them
are not stable: this is the case, for instance, of NMe,, -NEt,, and
NPr,-PD. Although high QYs have been achieved by using
aromatic compound-based precursors, the QY for the majority of
the C-dots produced by the CA precursor s still low (less than 20%).
Further improvement in the quality of C-dots may focus on the
enhancement of the carbonation degree by using the solid-state
reaction or pyrolysis reaction,"**'° and the passivated surface
method through post-treatment.”” Compared to the hydrothermal
reaction'?'*® and solvothermal reaction,'®"%7'?° the solid-state
reaction and microwave-assisted reaction may present more advan-
tages regarding the ease of synthesis and environmental friendless
during the large-scale C-dot production.'?*!4%1>°
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3. Exciton dynamics of red/NIR C-dots

The exciton dynamics of the C-dots not only plays a significant
role in determining the absorption and emission processes in
C-dots, but also provides an effective tool to guide the con-
trollable tuning of the optical properties of C-dots. Typically,
several types of PL mechanisms have been reported, including
the conjugated m-domain with the quantum confinement
effect, surface state luminescence originating from the inter-
action between the carbon core and surface functional groups,
and molecular state luminescence, and aggregation-induced
emission (AIE).>® As shown in Fig. 3a and b, the exciton
dynamics might be mainly determined by the core size/compo-
sition, the presence of dopants and surface functional
groupS.ZS,ZS,40742,44,45,89,94,113,135,1507153 As discussed before, one
way to obtain red/NIR C-dots is to improve the carbonization of
the C-dots themselves,’*® which can contribute to the creation
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of highly crystalline C-dots wihtout surface defects, leading to a
band-gap emission (Fig. 3a and b, left). For example, Fan et al.
reported highly crystalline C-dots with multicolor emission.**®
Transient absorption spectra (TA) can be applied to investigate the
exciton dynamics in C-dots."*> As shown in Fig. 4a, two negative
peaks of the stimulated emission (SE) exist, centered at 466 and
524 nm, respectively. Four distinctive decay components were
identified, with carrier lifetimes of 0.54 ps, 31.5 ps, 77 ps, and
7.3 ns. As shown in Fig. 4b, the fitted decay associated difference
spectra (DADS) correspond to the ground state bleaching (GSB)
and SE, and the relatively weaker positive (red) features from
600 to 710 nm correspond to the excited state absorption (ESA)."*
The strong emission of the C-dots was demonstrated by the
higher amplitude of the emissive component than that of the
nonradiative decay component (Fig. 4b). These results not only
explain the origin of the double emission peaks, but also the high
QY in this type of C-dots."*

Zhao et al. synthesized high-quality C-dots via a vacuum-
heating approach and performed TA spectroscopy to obtain
insight into the decay channels of the as-prepared C-dots.*®
Fig. 4d and e shows AT/T and the map at a low pump fluence
(6.5 A] cm™?). Two main positive bands are centered at about
410 nm and 520 nm. The SE band at 0.2 ps shows already
the spectral features observed in the steady state emission.
Throughout the 1.6 ns temporal window they observed that the
SE band does not loose significant intensity; this is consistent
with the high QY and long fluorescence lifetime.*®

Some C-dots have excitation-dependent PL spectra and
others have excitation independent PL behaviours (Fig. 2c
and f). As shown in Fig. 4c, the behaviour might be due
to the presence of multiple-energy states.® By tuning the
excitation wavelengths, PL spectra exhibit a red-shift, as the
lower energy photon usually recombines through the lowest
energy state of C-dots. Besides the energy states, the broad size
distribution of the C-dots also contributes to the excitation-
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Fig. 3

(a) Structures of various types of C-dots including highly crystalline C-dots (left), doped C-dots (middle) and surface functionalized C-dots (right).

(b) Energy band structures of C-dots without surface defects (left), with dopants (middle) and with an intermedium energy level created by the surface

functional group (right).
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(a) TA spectra of C-dots at indicated delay times from 0.5 ps to 1 ns. (b) Results of the global fitting with four exponent decay functions. Figure a

and b are reproduced with permission from ref. 135. Copyright 2018, Springer Nature. (c) Possible electronic band structure for C-dots produced by
space-confined vacuum heating (left) and by the standard solvothermal method (right). Photograph of the TA spectra of C-dots produced by the space-
confined vacuum-heating approach: (d) spectra for selected time delays, (e) map, and (f) dynamics for the selected wavelengths; pump@400 nm with a
fluence of 6.5 mJ cm™2, pump and probe polarization are set at a magic angle. Figure c—f are reproduced with permission from ref. 36. Copyright 2021,

Royal Society of Chemistry.

dependent behaviour in C-dots. For example, by refining a narrow
size distribution, the C-dots have an excitation-independent PL
spectra.**® Usually, the highly crystalline core and stable surface
functional groups lead to one dominant energy structure (Fig. 4c).
For example, the Ca®>" cation can bond strongly with the C—=0
group of C-dots, leading to one dominant energy state.** Further-
more, this energy state strongly contributes to the high QY in the
C-dots by reducing the non-radiative decay rate. Based on the
transient fluorescence lifetime measurement and the following
eqn (1) and (2), the radiative and non-radiative decay rates can be
directly calculated.*® Based on these values, the dominant factor
affecting the optical properties of the C-dots can be identified,
which could guide the optimization of the synthetic conditions for
obtaining high-quality C-dots.

(1)
(2)

where k.,q and kyraq are the radiative and non-radiative decay
rates, respectively, and Tpeasured 1S the measured lifetime.

As mentioned before, another way to obtain red/NIR C-dots
is to use dopants, which can create intermediate stable energy
levels between the band gaps (Fig. 3a and b, middle). Due to the
fast decay from the lowest unoccupied molecular orbital
(HUMO) energy state to the dopant-related energy state,
C-dots only have one dominant PL band.*3*'3¢134715¢ Another
possible strategy to obtain red/NIR emissive C-dots is to func-
tionalize their surface through the FG (Fig. 3a and b, right),
which could serve as e-h recombination centres, leading to
single or double emission. The functionalized C-dots could
have surfaces with electron-donating groups (e.g OH, C—=0, NH,),

Tmeasured — 1/(krad + knrad)

QY = krad/(krad + knrad)

This journal is © The Royal Society of Chemistry 2022

which can increase the highest occupied molecular orbital (HOMO)
energy.'>">” Wu et al. utilized hydrophobic C-dots with rotatable
surface groups to construct the AIE active glycol C-dot gel."*® Glycol
spontaneously diffused out from the gel layer to allow water intake,
which leads to a colour change from the blue dispersion fluores-
cence to the red AIE."*® As a summary, the PL mechanism in C-dots
originates from many factors. All these factors govern the overall
optical properties, leading to complexity in disentangling the PL
mechanisms in different C-dots. It was worth to mention that, as
the full purification of the C-dots is very difficult,® the C-dots were
usually decorated by molecular fluorophores. This effect may affect
clearly the understanding of the PL mechanism. Although several
studies have been carried out, deeper investigations are still
required to understand the exciton dynamics of C-dots, especially
to have a better idea in the exciton recombination and separation
processes, and possible charge transfer, if C-dots are integrated into
composite systems. These processes are critically important for the
application of C-dots in optoelectronic devices because they affect
the efficiency of processes such as light emission, electric power
generation and catalytic activity.'**'*> Moreover, they have an
influence on most of the optoelectronic properties, such as, for
instance, the emission wavelength and the PL lifetime, which are
important in nano-thermometry and bioimaging.

4. Applications of red/near-infrared
C-dots
4.1 Bio-applications of red/near-infrared C-dots

4.1.1 Toxicity in red/NIR C-dots. In