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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
mechanism together with the most important applications in thermometry, bio-imaging, LSCs and
photocatalysis of red/near-infrared C-dots are considered. Furthermore, another aim is to highlight the
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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
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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
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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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Defect Free

HOMO|

Dopants ——

\

\

Surface

Core

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 several applications
related to living systems, such as theranostics, bioimaging, and
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nanothermometry, the assessment of the toxicity of different
materials and structures interacting with the living body is
mandatory. Although C-dots are considered to be less toxic
and more biocompatible, compared to other inorganic QDs
(e.g- PbS, Ag,S and CdSe/ZnS), it is still important to investigate
accurately their in vitro and in vivo toxicity.”®'*® The main
methodologies to investigate the cytotoxicity of C-dots are the
MTT-based assay, Cell Counting Kit-8 (CCK8)-based assay,
reactive oxygen species (ROS) generation analysis, flow cyto-
metric analysis and so on.>*'*® Beyond these methods, histo-
pathological examinations, hematoxylin and eosin (H&E) stain
images, behavior and weight observation, are also used for
in vivo toxicity evaluation.”®'>°

MTT is the mostly used method for toxicity evaluation
and has also been applied to C-dots. For example, NIR C-dots
derived from the lemon juice were evaluated using the MTT
assay.®® After 48 h incubation of NIR-C-dots [with a concen-
tration (C) up to 1000 ug mL "] for HeLa cells, the cell viability
still maintained 90% of its initial value (Fig. 5a). A similar
observation was found in 4T1 and HepG2 cells.”” Xue et al.
synthesized C-dots using lychee exocarp, chlorin e6 (Ce6) and
transferrin.®* After incubation of free Ce6 with a concentration
of 15 ug mL™"' for 6 hours, the viability of Bel-7404 cells
maintained 81%, whereas the viability of cells incubated with
the same concentration of C-dots were over 95%.% Hypocrella
bambusae was used for the synthesis of C-dots,'*® and the MTT
assay indicated that the HeLa cell viability was still high even
with a concentration up to 200 ug mL~". C-Dots were synthe-
sized via a one-step microwave method using citrate and
tryptophan as precursors.'®" Ce6-Loaded assembled C-dots
(A-C-dots@Ceb) was prepared via the assembly of the negatively

—
)
~
4

(b) CDs
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charged discrete C-dots to form a vector loaded with the
photosensitizer Ce6.'* The CCK-8 assay showed that the
549 cells retained 90% of its cell viability after incubation for
24 hours with an A-C-dots@Ce6 concentration of 16 uM.'®!
Moreover, Liu et al. found that the photodegradation of C-dots
could cause cytotoxicity through CCK-8."%"

Cell apoptosis was used to evaluate the toxicity of C-dots.
C-Dots prepared from polythiophene and diphenyl di-selenide
were introduced for cell apoptosis evaluation, and the viabil-
ities of HeLa cells had no obvious variation between the control
and the C-dots (24 h incubation, a concentration of 40 pg mL ™)
(Fig. 5b and ¢).®' ROS generation is another important indicator
of cytotoxicity. The ROS generation of C-dots was evaluated
using mesenchymal stromal cells (MSCs) after 45 min
incubation.'®® The ROS level was 2.2 times higher than the
controlled sample with a C-dot concentration of 200 ug mL™".
A similar trend was found after the C-dots were incubated for
24 h with an identical concentration (Fig. 5d)."*® The increase
of the ROS level indicated that C-dots may help the cell starting
the antioxidant process."®*

The toxicity in vivo was studied through many methods,
such as H&E staining or the behavior/weight observation of
mice. The major organs of the mice of the control group and
Ce6 modified red C-dot treated group were harvested after
injecting the C-dots (100 pL, 1.0 mg mL ') into mice for 13 days.
It was found that there is no obvious variation and damage
between two groups (Fig. 5e).'®® In addition, there was
no obvious difference of the mice body weight among all
groups. These results indicated that the Ce6 modified red
C-dots did not show any significant toxicity in vivo.'** To sum
up, for toxicity evaluation using different methods, the C-dots

Control

100

8.34%

®
=3
I

@
S
1

3.98%

2.71%

Cell viabiltiy (%)

o{8179% "~

N
=]
1

0+
Control 50 100 200 400 600 800 1000
Concentration (ug/mL)

(d) )
+— 45 min -
(=]
5251+ 24n s
E . =
<] o
<20 (&)
o
2 { | . I
215 I [ 1 ’ 1 7
3 1 0
[o} 4+ | |
4 ! O
1,0 . ha
0 5 100 200 300 400 <L
Concentration (pg/ml) Q

10
Lung Kidney
{ '&4“{‘1\33
» ™ 3
; _‘.?t :)"f (,
A A%y A
> iy
vl e
Vv I3 PRASH R
"1?.“' .N—T"; A\ )
v oL X A L
N A Ete

Fig. 5 (a) Cell viability of the C-dots at an increasing concentration from 0 to 1 mg mL™* on Hela cells using the MTT assay. Reproduced with permission
from ref. 83. Copyright 2019, Elsevier Ltd. (b) Flow cytometry analysis of apoptosis and necrosis of Hela cells incubated with C-dots alone, and (c) control
sample without C-dots and laser irradiation. Reproduced with permission from ref. 81. Copyright 2018, American Chemical Society. (d) ROS generation
after 24 h incubation with various concentrations. Reproduced with permission from ref. 162. Copyright 2019, Elsevier Ltd. (e) Hematoxylin and eosin
(H&E) staining of major organ sections gathered from the control and C-dots treatment groups at 24 h post-injection. Reproduced with permission from

ref. 163. Copyright 2019, American Chemical Society.
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exhibited low toxicity and biocompatibility at a large range of
C-dot concentration levels (up to 1000 ug mL~"). However, very
few reports exist about the long term toxicity of C-dots, espe-
cially in vivo. There is still a lack of deep investigation for the
mechanism of cytotoxicity. The interactions between C-dots
and biomacromolecules also deserve to be investigated to study
the metabolic mechanism of C-dots.

4.1.2 Nanothermometry based on red/NIR C-dots. Consid-
ering the excellent optical properties and biocompatibility of
the colloidal C-dots, they have been used as a fluorescence non-
contact thermometer in living cells for biology and biomedicine
process detection. Benefiting from the deep-tissue penetration,
red/near infrared C-dot nanothermometers exhibited a great
potential for real application compared to UV-vis emitting
C-dots,>83032:33:36,46,30,5153  pyifferent types of nanothermo-
meters have been recently studied, including double emission
self-calibrating thermometers and the multi-parametric
thermometers based on the simultaneous measurement of
different physical/chemical quantities.'®*"%

C-Dots were prepared using Mangifera indica, exhibiting a
red colour. The C-dots have a temperature dependent PL
spectrum ranging from 10 to 80 °C.”” The further intracellular
PL measurement was carried on in the range of 25-45 °C in live
L929 cells. The PL intensity of the C-dots decreased with the
increase of the temperature. Another red-emitting C-dots
derived from thionine and CA showed a linear relationship
between the PL intensity and temperature ranging from 4 to
80 °C, with a thermal sensitivity of ~1.2% °C™'. Experiments
on MCF-7, HepG2 and A549 cell lines were implemented to
testify the intracellular temperature-responsive PL of the C-dots
(Fig. 62).°® The intracellular red fluorescence emission intensity
gradually decreases accompanied by a temperature reduction
from 37 °C to 20 °C. The red fluorescence recovered in the
heating process back to 37 °C. Wang et al. prepared red
emissive C-dots to detect glutathione (GSH) in cells.'®” They
found that the PL of the C-dots quenched by GSH recovered
when the temperature increased, which showed a potential for
efficient nanothermometers. The thermal sensitivity of these
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C-dots for the temperature measurement is approximately
1.07% °C". This trend of the PL intensity of the as-prepared
C-dots is different from that of the other C-dots, when the
temperature increases from low to high degrees, the fluores-
cence intensity of C-dots also increased (Fig. 6b)."®® When the
temperature increases from 10 to 80 °C, the fluorescence of
C-dots-GSH recovers gradually and the fluorescence intensity
increases by 75.0%."%° Typically, besides the temperature, the
optical sensor based on single emission C-dots could be
sensitive to other environmental conditions, such as bio-
molecules, solvents and pH, which are largely affecting the
accuracy of the thermal sensor. Up to now, the sensitivity of
thermal sensors based on single-emission C-dots is still rela-
tively weak. Compared to the single emission, ratiometric
optical nanothermometry relies on the ratio of two PL signals
for probing the temperature changes in the surrounding

media.>H1%8

Ratiometric optical thermometry allows the self-
calibration of the system with improved robustness and reli-
ability. Dual emission C-dots were synthesized using precursors
of CA and urea.'®® The as-prepared C-dots exhibited two peaks
located at 440 nm and 590 nm, respectively. The PL intensity
ratio of two channels exhibited a temperature dependence
ranging from 15 to 80 °C.'®® Specifically, the PL intensity
at 590 nm decreased obviously when the temperature was
increasing, while the PL intensity at 440 nm remained
unchanged. However, these systems have a serious drawback
that the PL does not fall in any water transparency window, so
the penetration depth of emitted light is rather limited.

Han et al. reported a ratiometric thermal sensor based on
hydroxyl functionalized C-dots synthesized via a hydrothermal
approach using phloroglucinol as the precursor.** The C-dots
exhibited the dual emission originating from the band gap
emission and surface-dominant emission, respectively, which
show a different temperature-dependent PL response. The
integrated PL area ratio between 566-700 nm and 500-
535 nm exhibited linear dependence on the intracellular tem-
perature in the range of 32-42 °C.>" C-dots@OH was employed
to monitor the intracellular temperature (32-42 °C) through
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(a) Red-emitting C-dot wide-range responsive nanothermometers for temperature sensing (4-80 °C). Reproduced with permission from

ref. 166. Copyright 2020, American Chemical Society. (b) Fluorescence spectra of red-emitting C-dot solution with GSH (0.1 mm) at different temperature
heating up from 10 to 80 °C under an excitation wavelength of 480 nm. Reproduced with permission from ref. 167. Copyright 2016, WILEY-VCH.
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confocal fluorescence microscopy with two typical channels,
showing a clear trend for the temperature variation in a single
cell (HEK 293T). As shown in Fig. 7a-h, a clear red fluorescence
from the second channel and green fluorescence from the first
channel were clearly observed when they were stimulated using
a 488 nm laser.>" The fluorescence intensity decreased with the
increase of temperature from 32 to 42 °C (Fig. 7i). The fluores-
cence density ratio of Ises-700/I500-535 Was calculated by using
the average fluorescence intensity of 10 individual cells, which
exhibited linear dependence on temperature in the range of
32-42 °C. The obtained slope is —0.2, indicating that C-dots
could be potentially used as the ratiometric thermal sensor
in biological systems. In addition, the PL ratio is stable as
a function of incubation time (Fig. 7j), indicating that the
thermal sensor showed a great potential for the real cell
measurement.'®’

Even if C-dots show a potential for use as the nanothermal
sensor, it is still a challenge to produce a stable sensor because
of the sensitivity of the fluorophores to the surrounding com-
plicated environmental conditions in vivo. This drawback could
be overcome through the following strategies: (i) design and
produce the super-stable fluorophores; (2) coating the C-dots
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with a robust shell (silica shell or polymer shell) against
the side effect from the environment; (3) build up a reliable
calibration curve database of the sensor under different condi-
tions (biomolecules, pH and composition of the environment).

4.1.3 Deep-tissue bio-imaging based on red/near infrared
C-dots. Bio-imaging is one of the most attractive applications of
C-dots. In particular, for red/NIR C-dots, because of their lower
emission damage to the tissue and deep tissue penetration,
they are widely used for deep-tissue bio-imaging. Three types
of effects are introduced for bioimaging, including down-
conversion, up-conversion, and photoacoustic (PA) imaging.
Down-conversion PL imaging is the most widely used method.
Hua et al. synthesized red emissive (at ~605 nm) nickel doped
C-dots (Ni-C-dots) using p-phenylenediamine and nickel ions
7% Tumor-bearing mice were used for imaging
performance evaluation through an intratumoral injection of
Ni-C-dots. The fluorescence intensity of the tumor region
decreased as a function of time. Ni-C-dots accumulated in
the tumor sites after 1, 3, and 7 days post-injection. No obvious
fluorescence was found in other major organs as shown in
Fig. 8a. Wide color gamut PL tunable C-dots were prepared
from r-glutamic acid and o-phenylenediamine with different

as raw materials.
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Fig. 7 Microscopy images under different temperatures. (a—d) Images of the first channel (500-535 nm) at (a) 32 °C, (b) 36 °C, (c) 38 °C, and (d) 42 °C,
respectively. (e—h) Images of the second channel (566-700 nm) at (e) 32 °C, (f) 36 °C, (g) 38 °C, and (h) 42 °C, respectively. Scale bar is 75 pm. (i) Linear
relationship between the ratio of fluorescence intensities of two channels and temperature. (j) Ratiometric response of the fluorescence intensity as a
function of incubation time. Reproduced with permission from ref. 31. Copyright 2021, Royal Society of Chemistry.
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solvents.”" The emission of red C-dots located at 713 nm. The
PL images of nude mice after subcutaneous injection of the
C-dots within 1 h were evaluated under an excitation wave-
length of 600 nm. The C-dots could penetrate tissues of mice
without a significant decrease of PL. Wen et al. synthesized
red-NIR-light emitting (680 nm) C-dots using pheophytin
powders as the source.®® After the intravenous injection of
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C-dots in tumor-bearing mice, PL signal intensities in tumor sites
kept increasing for the first 8 h. Even for 24 h, the PL intensity
in tumor sites was still higher than other organs (Fig. 8b).
Li et al. developed novel NIR-emitting C-dots using watermelon
juice as the source.’”’ The as-prepared C-dots exhibited emis-
sions from 900 to 1200 nm with a peak centered at 925 nm
under 808 nm laser excitation. A NIR imaging apparatus was
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Fig. 8 (a) In vivo FL images of mice after intratumoral injection of Ni-pPCDs (dose: 0.5 mg kg™Y). Blue dotted circles indicate the tumor areas.
Reproduced with permission from ref. 170. Copyright 2019, American Chemical Society. (b) In vivo FL images of mice after intravenous injection of C-dot
assembly in water. Reproduced with permission from ref. 85. Copyright 2019, WILEY-VCH. (c) In vivo FL images of mice treated with C-dots (20 ng g™
through the tail vein. Reproduced with permission from ref. 171. Copyright 2019, American Chemical Society. (d) In vivo NIR up-conversion luminescence
images of a mouse before (left) and after (right) the subcutaneous injection of NIR C-dots. Reproduced with permission from ref. 105. Copyright 2019,
WILEY-VCH.
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used for in vivo bioimaging under a 1000-1400 nm band pass
filter. After 1 min injection through tail vein of the mice, the
PL signal was found in kidneys, and the PL signal became
very weak after 6 h, which indicated the rapid excretion of
C-dots (Fig. 8c). Zhang et al. used the red emissive bovine
serum albumin treated C-dots for in vivo tumor imaging and
two-photon fluorescence imaging of blood vessels in mouse
ear.'”?

The up-conversion emitters could emit short-wavelength
fluorescence under long-wavelength excitation, which could
provide a greater penetration depth of both excitation and
emission light and improve the quality of PL imaging. Li et al.
synthesized up-conversion NIR emitting C-dots by microwave-
assisted exfoliation in DMF with the emission peak located at
784 nm under 808 nm laser excitation.' After the subcutaneous
injection of NIR C-dots, the high PL intensity signal of NIR C-dots
was captured on the back of the mouse (Fig. 8d). Except for mice,
zebrafish larvae were also used for NIR-II two-photon bio-imaging
through red-emitting C-dots. Liu et al. prepared highly efficient
ultra-narrow red-emitting C-dots using conjugated aromatic
amine as the precursor.”® Zebrafish larva was maintained in
diluted C-dot aqueous solution for 2 h. Through the NIR-II
excitation, the emission could penetrate ~500 pm of the tissue,
which is helpful in reconstructing the three-dimensional (3D)
bio-imaging of the Zebrafish larva. There are only a few reports
on deep tissue up-conversion bio-imaging using C-dots, but this
seems being a highly promising direction.

Photoacoustic (PA) imaging is a new non-invasive bio-
imaging method. The C-dots can produce an ultrasonic signal
when irradiated by a pulsed laser. PA imaging combines with
the advantages of the optical imaging and ultrasound imaging
methods, which are helpful to enhance the resolution of the
deep tissue bio-imaging through a multiparametric platform.
Ge et al. prepared red-emissive C-dots using polythiophene
phenylpropionic acid (PPA) as the precursor.'’® The HelLa
tumor bearing mice were intravenously injected with C-dots,
and the PA images of tumor within 24 h were captured. It was
found that the C-dots accumulated in the tumor could emit
constant PA signals after circulation in blood vessels. Similar
results are also found in sulfur and nitrogen co-doped NIR
C-dots.”” Mice with 4T1 tumors were intravenously injected
with the NIR C-dots. PA maximum amplitude projection images
and B-scan PA images of the tumor within 24 h were recorded.

QD/ponmer film

INANN
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Thin film structure
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The C-dots accumulated uniformly in the tumor tissue and the
intensity of the PA signal reached the highest point at 3 h
post-injection. After the intravenous injection of C-dots using
Hypocrella bambusae as the precursor, a clear tumor micro-
structure was captured through PA imaging with a high spatial
resolution.’® The signal intensity of tumors indicated the
C-dots could accumulate in tumor within 8 h post-injection,
which could be regarded as the optimum point for laser
irradiation and other therapies. Overall, most current research
studies focus on red and NIR-I C-dots for bio-imaging, but the
NIR-II channel bioimaging could improve the tissue penetra-
tion depth and imaging sensitivity. In addition, it is very
important to produce NIR-II emissive C-dots with stable
emission. For example, concerning C-dots, any of PL quench-
ing that occurs could affect the accuracy of the thermal sensor.
Thus, one should design dual emitters in one C-dots by the
bandgap emission and inter-band emission as shown in
Fig. 10a.

4.2 Luminescent solar concentrators (LSCs) based on
red/near-infrared C-dots

LSCs can be defined as large-area sunlight collectors. They
are able to absorb sunlight and emit the radiation at lower
energies. Commonly, the emitted light can be waveguided
inside the slab until reaching its edges, where it can be
converted in electricity by properly attached solar cells
(Fig. 9).>8730,32:33,36,46,30,51,33,173 pymyically, the configuration of
the LSCs includes the tandem structure, thin film structure and
polymer matrix (Fig. 9a-c). Due to their low weight, low-cost
and semitransparency, LSCs could be potentially used for
building integrated photovoltaics (BIPVs). There are several
factors affecting the optical efficiency of the LSCs. Besides the
energy loss from unabsorbed light and reflected light from the
top surface, the energy could be lost though the (1) absorption/
re-emission process, because the QY of the C-dots might be
below 100%; (2) part of the emission might be lost due to
re-absorption; (3) partial emission falls into the so-called
escape cone.”® For example, in the case of a glass or polymer
matrix, with a refractive index of ~1.5, about 75% of the
incident radiation can be captured by a LSC waveguide. The
reabsorption energy loss plays a dominant role for the power
conversion efficiency (PCE) of LSCs, since their sizes can be very
large (up to one meter).

(c)

(3 QD/polymer

Polymer matrix

Fig. 9 Schematic representation of a C-dot-based LSC with different configurations: (a) tandem structure; (b) thin film structure and (c) polymer matrix.
The numbers indicate the typical processes of energy loss in an LSC. (1) The light was absorbed by the QDs, but there is a partial energy loss because of
the non-unity of the QY; (2) emission is reabsorbed by another QD due to the overlap between the absorption and emission spectra. (3) Re-emitted

incident light escapes from the surface due to the escape cone.
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Fig. 10 Energy diagrams of different types of C-dots for the (a) thermal sensor, (b) LSC and (c) photocatalyst.

As shown in Fig. 10b, the intermedium band emission
can offer a large Stokes shift (the energy gap between the
maximum peak position of the absorption and emission),
thus largely reducing the reabsorption energy losses.*®
Nowadays, various types of fluorophores have been used as
a sunlight absorber/converter for LSCs, including organic
dyes/polymers, quantum dots, perovskites, and C-dots.*®'”*
Although the use of C-dots can be beneficial as they are less-
toxic and low cost, the synthesis of C-dots with a broad
absorption, large Stokes shift, and high QY remains still a great
challenge.

Up to now, several groups have reported the use of C-dots for
LSC production including single-layer and tandem structures.”®>'
UV-vis emitting C-dots have been used for LSC fabrication.
For example, Gong’s group and Rosei’s group have synthesized
nitrogen-doped C-dots for LSCs."""® Zhao et al. developed an
LSC using visible C-dots produced by the vacuum-heating
approach.*® The as-prepared C-dots have a high QY of 65%, a
large Stokes shift of 0.53 eV, and a broad absorption range

28,51

0.4

length multicolor-emitting carhon ol
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luminescent solar concentyalors

(300-500 nm).*® The single-layer LSC (15 x 15 x 0.5 cm?)
prepared by using the polyvinyl pyrrolidone (PVP) polymer as
a matrix exhibits an external optical efficiency (the power ratio
between the power at the edges and surface of the LSC) of 2.2%
(under natural sun irradiation, 60 mW cm ?). As red/NIR
C-dots can absorb more solar light compared to visible-
emitting C-dots, several groups are now focusing on LSCs made
with red/NIR C-dots. Wang et al. produced LSCs, by synthe-
sizing red (R-) C-dots with a 15% of QY, through a one-step
solvothermal process using phenylenediamine isomers in the
presence of lignin.”® As shown in Fig. 11a and c, the LSCs were
semitransparent and presented a clear bright colour on the
edges upon UV illumination. By tuning the thickness of the
C-dot layer, the yellow (Y-) C-dot-based LSC exhibited a ~72%
transmittance (Fig. 11b). The R-, Y-, G- (green) C-dot LSCs
exhibited wide PL spectra, well matching the Sun’s spectrum
(Fig. 11d). Fig. 11e presents the typical J-V characteristic curves
of the C-dot-based LSCs. The as-prepared LSC based on
R-C-dots only have a PCE of 1.96% (5 x 5 x 0.1 cm’), and this
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Fig. 11

(a) Photographs of the R, Y, G C-dot-based LSCs under daylight. (b) Transmittance spectra of Y CD-based LSCs with different thicknesses

(0.32 wt% of C-dots concentration). (c) Photographs of the R, Y, G C-dot-based LSCs under UV light. (d) Emission spectra of the R, Y, G C-dot-based
LSCs. (e) Relationship of the photocurrent density and photovoltage (J-V) of the various C-dot-based LSCs (0.32 wt% of C-dot concentration, 9.6 um of
thickness). (f) External optical efficiencies of the various C-dot-based LSCs (0.32 wt% of C-dot concentration, 9.60 um of thickness). Reproduced with

permission from ref. 50. Copyright 2020, American Chemical Society.
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Fig. 12 Photographs of the laminated LSC based on yellow (a) and red C-dots (b) upon one sun illumination. Laminated LSC dimensions, 10 x 10 x
0.9 cm?®. (c) Calculated solar absorption of the LSCs and solar spectrum. The concentration of the C-dots in PVP was 1 wt% in PVP. PL spectra measured
at different L for the yellow (d) and red C-dot (e) based LSCs. The excitation wavelength is 400 nm. Reproduced with permission from ref. 33. Copyright

2021, Royal Society of Chemistry.

is due to the lower QY of R-C-dots compared to Y- and G-C-dots
(Fig. 11£).>°

Zdrazil et al. fabricated a tandem LSC composed of three
layers using three types of C-dots: blue, green, and red emissive
C-dots, respectiveley.” The green C-dots were synthesized
using 3,4,9,10-tetranitroperylene as the precursor via a hydro-
thermal approach. The red C-dots were further obtained by the
conversion of green C-dots adding dropwise a NaOH-ethanol
solution. The LSCs were fabricated by deposition of the C-dots—
polymer solution onto 8 x 8 cm? glass slabs using a drop-
casting method. The pictures of the single C-dot-based LSCs
under simulated solar light are shown in Fig. 11a-f. All three
LSCs appeared highly transparent. Bright concentrated blue,
green, and red light were clearly distinguished at the edges of
the LSCs upon UV illumination. Compared to blue and green
C-dots, the red C-dots exhibited broader absorption, which
allows an efficient absorption of solar radiation. Due to the
spectral overlap between the absorption and emission spectra,
with the increase of the distance (L) between the excitation
spot and the LSC edge, reabsorption occurs. The tandem LSC
(8 x 8 cm?) based on B, G, and R-C-dots exhibited an optical
efficiency of 2.3%." Very recently, Gong’s group have used red
and yellow emissive C-dots to fabricate a tandem structured
LSC by integrating two laminated LSCs. The Y C-dots were
prepared via phenylenediamine isomers (0-PDs) as the precur-
sor via a simple hydrothermal approach.®® The Y C-dots have a
QY of 86.4%. The R C-dots were prepared using o-PDs and

11840 | J Mater. Chem. C, 2022,10, 11827-11847

dopamine. The R C-dots have a QY of 17.6%. Compared to the
single layer LSC, the laminated structure (C-dots/PVP layers
were sandwiched by two slides of glass) can isolate the fluoro-
phores from the surrounding moisture or chemicals, thus
providing a promising solution for photovoltaic windows. The
as-prepared laminated LSCs based on Y and R CDs are semi-
transparent (Fig. 12a and b).*® The absorption spectrum of the
laminated LSC is shown in Fig. 12c. For the R-C-dots, an
obvious PL peak shift was found with the increase of L from
1 to 2 cm (Fig. 12e), which is due to the spectral overlap
between the absorption and emission. In contrast, there is no
PL peak shift in the Y-C-dot based LSC (Fig. 12d). The tandem
LSC (10 x 10 cm®) based on Y and R C-dots exhibited a PCE as
high as 3.8%.%*

Cai et al. fabricated an LSC based on red emissive C-dots.
The C-dots were prepared using bottom-up molecular fusion based
on nitrated pyrenes and boric acid. Due to the efficient surface
functionalization, the as-prepared C-dots have an excitation-
wavelength-independent emission ranging from 550 to 700 nm
(Fig. 13a). The C-dots in a polystyrene (PS) matrix have a QY
as high as ~90% (Fig. 13b) and a large exciton binding energy
(~300 meV), which can strongly resist to thermal quenching.'”
The as-fabricated laminated LSCs (10 x 10 x 0.63 cm®) exhibited
a clear concentrated light at its edges as shown in the inset of
Fig. 13c. The J-V curves of the LSCs are shown in Fig. 3c and d,
yielding a PCE of ~1.4%."”> Summarizing, red/NIR C-dots may
represent a viable solution to improve the functionality of LSCs.
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American Chemical Society.

4.3 Photocatalysis

Nowadays, environmental and energy-related problems are
increasingly pressing our society. The extensive use of fossil
fuels, which is still the primary energy source in use and
environmental pollutants are the main issues to be faced.
Photocatalysis has been considered one of the most promising
green chemical pathways for energy conversion and environ-
mental pollution control, such as water remediation.”® The
creation of ROS (reactive oxygen species) is the basis for the
photocatalytic process, which is normally generated on a semi-
conductor surface through the photoexcitation of an electron
by an electromagnetic radiation with suitable energy (Fig. 10c).
Thus, photocatalysis is a light-mediated advanced oxidation
process where a semiconductor is implied. Conventional photo-
catalysts, such as TiO,, ZnO, WOs, BiPO,, Bi,O3, BiOX (where
X = Cl, I, and Br) and BiVO,, are showing poor catalytic
performances due to their wide bandgap, weak solar light
absorption and fast charge recombination,*®*%¢:37,60,61,63,73
For this reason, one of the proposed solutions to overcome
the limited light absorption dictated by the wide bandgap of
the most effective photocatalysts is the sensitization with
optically active materials, able to absorb radiation in the visible
range, matching as much as possible the solar spectrum.
In parallel to strong visible absorption, the sensitizers must
be able to transfer the photogenerated charges to the semi-
conducting network with minimal charge losses. C-Dots are
considered outstanding electron acceptors and donors; hence
they can efficiently decrease the electrons and holes recombi-
nation process. In the design of an innovative and efficient
photocatalyst, C-dots can be employed such as electron
mediators, photosensitizers, photocenters, spectral converters,

This journal is © The Royal Society of Chemistry 2022

catalytic centers and photocatalyst themselves.'®**>% In parti-
cular, red/NIR C-dots offer new possibilities for photocatalytic
applications, including the exploitation of up-conversion processes
that allows in extending the absorption wavelength from visible up
to NIR/IR regions and, consequently, to fully work under solar light
irradiation, the most abundant renewable energy source. Since
red/NIR C-dots have been regarded as promising co-catalyst, to
boost the bare photocatalyst properties, and photocatalyst them-
selves, in this section, we consider applications in photocatalysis
for both pure C-dot photocatalyst and C-dot-based composite
systems. It is worth mentioning the alkali assisted electrochemical
method used by Li and collaborators,'® to obtain C-dots with up-
conversion photoluminescence. They used C-dots as efficient NIR
light-driven photocatalysts to selectively oxidize benzyl alcohol to
benzaldehyde in the presence of H,O, as the oxidant. In this
regard, an interesting system reported by Wang and coworkers'”®
is the full spectrum light driven C-dot modified monolayer Bi,WO¢
nanosheet (C-dots/m-BWO) hybrid material, for the photodegrada-
tion of methyl orange (MO) and bisphenol A (BPA). According to
the literature, monolayer Bi,WO, nanosheets generally have an
absorption below 450 nm, due to its energy gap. Instead, the
heterojunction C-dots/m-BWO displayed a wider absorption up
to 800 nm, suggesting that C-dots enhanced the sunlight
absorption thanks to their ability to absorb the NIR light and
the up-conversion effect. Furthermore, steady-state PL analysis
revealed that in the C-dot/m-BWO hybrid materials the separa-
tion rate of photoinduced electron and hole pairs is higher,
indicating that C-dots can act as trap for electrons emitted from
m-BWO particles. As a result, the introduction of C-dots not
only is helpful to improve the use of the whole solar light
spectrum, but also improves the effective charge separation on
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Bi,WOs, thus increasing the overall photocatalytic activity.
C-Dots with enhanced photocatalytic activity can also be
obtained through doping strategies, using different elements
as electron donors, including N. For instance, Ortega-Liebana
and coworkers obtained N-doped C-dots by simply using a
hydrothermal method."”” In this work, N-C-dots showed inter-
esting and tunable emission properties, such as the capability
to work both as down-converters and, in particular, as up-
converting QDs. The up-conversion effect has been ascribed
to their ability to absorb longer wavelengths by emitting shorter
wavelengths in a multi-photon absorption event. In fact, it is
usually accepted that doping atoms are providing intermediate
energy levels, which favor the direct or sequential absorption of
two lower energy photons (higher wavelengths) to give emission
at higher energy (shorter wavelengths).'”® Therefore, N-doped
C-dots exhibit an enhanced photo-response in the NIR region,
and they are promising to be used in a wider range spectrum.
Remarkably, N-C-dots from the same study were able to
improve the optical properties of a commercial anatase photo-
catalyst and consequently to increase the photocatalytic activity
for the photodegradation of a well-known pesticide (2,4-di-
chlorophenol, DCP) under visible light. As stated, the C-dot
emission at a higher wavelength region is influenced by the
incorporation or doping of heteroatoms and this is a common
effect confirmed in many published reports on this topic.”®"*"'7
Furthermore, one of the greatest advantages on the use of C-dots is
the possibility to obtain them using environmentally friendly
precursor materials, especially today that the green approach is
gaining more attention. In this regard, low-cost C-dots can be
obtained by directly using a natural source without external
chemical reagents such as lemon juice, mango leaves or, in the
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case of red-emitting magnesium-nitrogen embedded C-dots
(r-Mg-N-C-dots), Bougainvillea leaves.*®”” r-Mg-N-C-dots were
tested for the photocatalytic degradation of methylene blue
(MB) dye under sunlight irradiation. They can reach high
photocatalytic activity and MB is 99.1% photodegraded within
about 120 minutes thanks to the presence of several surface
functional states, which give the ability of r-Mg-N-C-dots
to absorb different excitation wavelengths (~270, ~ 325,
~420 and ~674 nm). Therefore, the incorporation or doping
of heteroatoms such as Mg and N in the graphitic carbon
framework of C-dots give rise to red fluorescence, which is
independent from the excitation wavelengths. In a more recent
study, N-C-dots have been used to obtain a broad-spectrum-
driven heterojunction in combination with Bi,0,CO; (BOC)."®°
N-C-Dots can be excited by different long-wavelengths (650-
900 nm) resulting in up-converted PL at shorter wavelengths
(450-550 nm), enhancing the light absorption in the visible and
NIR regions of the overall BOC/NCQDs system, thus realizing
an efficient photodegradation of ciprofloxacin (CIP). N-C-dots
may have two different roles for the CIP degradation according
to the light-source used (Fig. 14). Z-Scheme electron transfer
pathway may occur under UV light irradiation, while the type-1I
electron transfer pathway under visible and NIR light irradia-
tion. Consequently, N-C-dots can act as electron supplies in the
case of Z-scheme working under UV light and both as photo-
sensitizers and hole sources if irradiated with visible and NIR
light (type-II scheme).

Another remarkable example on the use of N doped C-dots
to enhance the full-spectrum photocatalytic activity by design-
ing an appropriate heterojunction is the Ag@N-CQD core-shell
modified BiVO, system proposed by Zhang and coworkers.”*
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Fig. 14 Schematic diagram of different N-C-dots/BOC heterojunctions and two different roles of N-C-dots under UV, visible and NIR light irradiation.

Reproduced with permission from ref. 180. Copyright 2021, Elsevier Ltd.
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The optical properties of the whole system are improved by the
Ag@N-C-dot core-shell structures, which exhibit an extended
light absorption region from 320 nm up to 800 nm thanks
to the synergistic effect between Ag and N-C-dots. The up-
conversion effect makes the N-C-dots able to absorb a long
wavelength light (700-900 nm) with up-converted emissions
located in the range of 400-600 nm, which can be further
employed by Ag nanoparticles with an enhancement on surface
plasmon resonance (SPR) effect. Consequently, the Ag@N-C-
dot core-shell structures act as an energy transfer component
in the BiVO,/Ag@N-C-dot heterojunction with an increased
absorption up to the NIR region. Lastly, the good results
reached in the tetracycline hydrochloride (TC) removal suggest
that the improved photocatalytic activity of BiVO,/Ag@N-C-dots
is clearly due to the presence of the C-dot up-conversion effect
in combination with the Ag SPR effect, which are providing
long-wavelength Vis-NIR light absorption, high efficiency of
charge separation and strong oxidation ability.

5. Conclusions and perspectives

In this review, we focused on red/NIR C-dots. We summarized
the most recent methods for their synthesis, including hydro-
thermal, solvothermal, microwave-assisted and pyrolysis
approaches using various types of precursors, such as CA-urea
and aromatic compounds. We stressed the importance to
control the C-dot carbonization degree by adjusting synthetic
conditions. To obtain the accurate characterization of the
optoelectronic properties of C-dots, TA and transient PL spectra
could be used as efficient tools to study the exciton dynamics in
C-dots, which plays a major role in determining their photo-
catalytic properties. These tools not only help to understand the
PL mechanisms, but also can give guidance for the optimiza-
tion of the functional properties of the C-dots, for optical and
optoelectronic applications. The toxicity of red-NIR C-dots is an
important issue to be assessed, since prospective applications
of these nanostructures include nanothermometry and bio-
imaging, in which cytotoxicity is critical. In addition, the
peculiar optical properties of red/NIR C-dots make them suit-
able for other different applications, including photocatalysis
and LSCs. Specific applications call for specific optical features.
For example, nanothermometry needs the C-dots have two
emission peaks with different PL responses as a function of
the temperature. LSCs require the C-dots have a large Stokes
shift (a small spectral overlap between the absorption and
emission) to minimize reabsorption, together with broad
absorption and high QY. Photocatalytic applications need the
C-dots have broad absorption and band energy levels suitable
for the efficient charge separation and transfer.

Although great achievements have been obtained on the
synthesis, optoelectronic properties and applications of red/
NIR C-dots, several major issues still exist that need to be
urgently solved. (i) Only few reports describe red/NIR C-dots
with stable emission and broad absorption. Further research
should focus on the selection of aromatic compounds for
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highly carbonized C-dots with emission at long wavelengths
(700-1400 nm). A reliable and reproducible approach is still
absent for large-scale synthesis. In addition, it is also a chal-
lenge to produce C-dots in large-scale, maintaining controlled
optical properties. Furthermore, standard protocols for the
post-purification procedure of C-dots are not clearly identified.
(ii) The QY continues to be a great challenge, still being
relatively low especially for C-dots with NIR emission. The
exciton dynamics in red/NIR C-dots represents an important
aspect, which deserves to be further analyzed to elucidate the
processes of charge separation and transfer. However, as stated
in this review, it has been demonstrated that ultrafast optical
spectroscopies may be a powerful tool. (iii) The functional
properties of the devices based on red/near infrared C-dots
are still not high; hence, they need to be further improved. In
addition, the long-term operation stability should be investi-
gated. (iv) For the potential commercialization of red/NIR
C-dots for LSCs and photocatalysis, the PCE or solar-to-fuel
conversion efficiency is still low and the detailed study for the
cost of devices is still lacking. Further challenges lie in the
improvement of the functional properties of the C-dots, such as
the QY and absorption/emission range and simple synthetic
approach using low-cost precursors. Clarifying these issues
requires a deep investigation of the structure and optoelectrical
variations that occur during the device operation.

In conclusion, the future research direction for red/NIR
C-dots may focus on the (i) large-scale synthesis of C-dots with
broad absorption and a very high QY (up to 100%) through
doping, surface post-treatment and high crystal structure engi-
neering; (ii) deeper understanding of the exciton/charge
dynamics for the C-dots with different sizes, shapes, composi-
tions and surface functional groups; (iii) improving the device
performance by appropriate tailoring of the structure and
optical/optoelectronic properties of the C-dots and optimizing
the interaction/energy level alignment between C-dots and the
other materials in the devices.
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