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Advances in carbon dots: from the perspective of
traditional quantum dots

Yanhong Liu,® Hui Huang, ¢ ° Weijing Cao,” Baodong Mao, {2 *® Yang Liu*" and

Zhenhui Kang (2 *°

Quantum dots (QDs) have been the core concept of nanoscience and nanotechnology since their
inception, and play a dominant role in the development of the nano-field. Carbon dots (CDots), defined
by a feature size of <10 nm, have become a rising star in the crossover field of carbon materials and
traditional QDs (TQDs). CDots possess many unique structural, physicochemical and photochemical
properties that render them a promising platform for biology, devices, catalysis and other applications.
However, due to the complex nature of CDots, to gain a profound understanding of the physical and
chemical properties of CDots is still a great challenge. Many key issues including structure, synthesis,
and optical properties are unclear, leaving open arguments and nonuniform description of their basics.
The achievements and experience of TQDs in the past four decades are expected to provide crucial
values for further development of CDots. Here, we will compare the research outputs of TQDs and
CDots and try to give a comprehensive picture of their differences and correlations in structure,
synthesis, properties and applications. Along this line, further perspectives are given on future directions
and key issues toward a better understanding of the basic properties of TQDs and CDots in a unified
manner. We expect the researchers in the community to foresee the great potential of CDots, and focus
on the critical results obtained during the development of TQDs, paying special attention to the
profound principles behind the synthetic chemistry, luminescence mechanisms and applications.

1. Introduction

Quantum dots (QDs) are a concept explicitly proposed in the
1980s, in which the charge carrier transportation is limited in
three dimensions and the continuous band structure in the
bulk becomes discrete energy levels, exhibiting many physico-
chemical properties dramatically different from their bulk
counterparts.” Since the birth of QDs, they have been the core
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concept of nanoscience, and have been guiding the development
of physics, chemistry and materials science in related fields.”™
They still play an important role in nanoscience today after
nearly four decades. Many milestones in nanoscience and nano-
technology actually come from QDs related research, such as the
discovery of the quantum confinement effect, size-controlled
synthesis, biological and device applications etc., which have
played a crucial role in the establishment of basic concepts and
principles in the nanofield.”® In addition to the traditional
cadmium-based II-VI and lead-based IV-VI QDs, environment-
friendly carbon and other two-dimensional materials have
attracted extensive research interest.">"* Carbon dots (CDots)
were naturally named QDs since their introduction in 2004."*"*
As a subgroup of QDs, the novel structure, synthetic chemistry,
and optical properties of CDots are all different from traditional
QDs (TQDs), which poses a series of new challenges for the
development and understanding of the QDs family. CDots not
only exhibit strong luminescence and small size characteristics
similar to TQDs, but also own the unique advantages of good
aqueous dispersibility, low toxicity and high conductivity that are
usually absent in TQDs.">° CDots have received great attention
in the fields of electronics, optics, photoelectrochemistry, catalysis
and biology. After a decade of rapid development, a large number of
publications have emerged in the CDots field. However, there are
still many ongoing debates and non-unified understanding of
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Fig. 1 Introduction of TQDs and CDots.

CDots on their synthesis, optical properties and applications, where
many critical basic issues remain unclear.***

In popular application fields of TQDs, such as solar cells,
light-emitting diodes (LEDs), bioimaging and photocatalysis,
CDots have started to play an increasingly important role in
recent years (Fig. 1). In these applications, researchers have
accumulated a lot of experience in the preparation, structure
manipulation and particle processing of TQDs, which are
worthy learning or consulting for CDots.>*>° For example,
TQDs have made great progress and reached extraordinary
merits in terms of structure control and performances, such
as the size distribution of < 5%, PL full width at half maximum
(FWHM) of <20 nm, bad-QD ratio of <1% in devices, and high
carrier mobility near the theoretical values.®® Besides the well-
established fields of TQDs, CDots have also started to play a
decisive role in a number of emerging new fields, including but
not limited to electrocatalysis, energy storage and agriculture,
owing to their own structural advantages.>*** However, CDots
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still have some disadvantages in terms of key properties, such as the
difficulty in obtaining consistent standard samples, characterization,
and in-depth mechanistic studies. On the other hand, recent work
has demonstrated several unique advantages of CDots transcending
TQDs in optical, catalytic, and biological applications. Some
promising characteristics, such as multi-electron accepting and
donating, may bring about excellent device and catalytic perfor-
mances in the near future.

Although there have been some reviews summarizing the
synthesis, optical properties, biology and device applications of
CDots, it is now necessary to clarify some basic concepts by
systematically comparing CDots with TQDs and to re-examine
the unique characteristics of CDots from the perspective of
TQDs,**?* especially the growth mechanism and optical properties.
We hope that a comprehensive clarification of CDots from the
perspective of TQDs could provide a useful guidance at the basic
concept level, and subsequently a deeper understanding of the
challenges, advantages and disadvantages of CDots.

2. Concepts and history
2.1 TQDs

TQDs technology dates back to the 1970s in an effort to solve
the global energy crisis. TQDs are defined as semiconductor
nanostructures in which the conduction band (CB) electrons,
valence band (VB) holes, and excitons (electron-hole pairs) are
all constrained in three dimensions. The concept of QDs was
explicitly proposed in the 1980s based on the experimental and
theoretical research of CdS nanocrystals.’*?** In terms of
structure, TQDs are quasi-zero-dimensional particles composed
of a small number of atoms, usually with sizes of 1-10 nm for
lots of TQDs, which are less than or close to the exciton Bohr
radius of the corresponding semiconductors. TQDs are generally
made of II-VI (CdS, CdSe and CdTe), IV-VI (PbS and PbSe) and
MI-V (InP and InAs) semiconductors. Since the motion of elec-
trons and holes is limited, the continuous band structure
becomes discrete, which is called the quantum confinement
effect or quantum size effect. This results in the band gap
enlargement with size decrease as well as other subsequent
phenomena. TQDs often exhibit molecular size-dependent electro-
nic and physicochemical properties different from bulk materials,
namely the quantum confinement effect, surface effect, dielectric
confinement effect, quantum tunneling effect and Coulomb block-
ade effect.>* One of the most prominent properties of TQDs is that
size-dependent photoluminescence (PL) with different colors can
occur after being excited. Here are several milestones in TQDs
research: (1) differently sized CdS particles producing different
colors, and accordingly proposal of the “quantum confinement
effect”;' (2) the organometallic hot-injection method in 1993
enabling delicate size control,”® and later CdO-based hot-injection
method to replace the explosive dimethyl cadmium around 2001;>
(3) decisive wave function engineering for photophysical and
electronic device research; (4) the use of TQDs as fluorescent
markers in living cell systems in 1998.>*** After more than
30 years of development, TQDs have evolved from the original
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single-component particles to currently complex structures with
different components and heterojunctions. In some ways, TQDs
can be considered as a bridge between small molecules and
bulk semiconductor crystals.

2.2 CDots

In general, CDots can be defined as spherical carbon particles
(graphite or amorphous fragments) with sizes <10 nm. To
some extent, CDots are known as a subgroup of QDs, as well as
a crossover of the luminescent semiconductor QDs and carbon
materials.’"*® Historically, CDots were first discovered in arc-
discharged soot in 2004, from which the carbon-based PL
attracted tremendous attention.'*'* In 2006, surface passivation
with polymers (i.e. polyethylene glycol, PEG) was employed to
enhance their PL emissions."® In 2010, highly crystalline CDots
were synthesized from graphite and purified, showing size-
dependent blue, yellow and red PL.*° Currently, CDots with
well-defined chemical structures and controlled morphology are
being pursued, such as carbonized polymer dots, chiral CDots,
triangular CDots and crystalline C;N CDots.*”™*° To date, CDots
have exhibited many unique properties, such as tunable PL,
good dispersibility, low toxicity, high biocompatibility, and low
cost. Researchers in the community have realized the urgency of
the standardization and deepening of CDots research,>** with
reference to the concepts and development history of TQDs. In
this field, an unavoidable question is the diversity and complexity of
the core structure ranging from amorphous to crystalline. In terms
of structure and catalytic properties, the highly crystalline CDots
seem superior to the amorphous ones.”® This also brought
various names and descriptions for CDots in the past decade,
such as “carbon dots”, “carbon nanodots”, “carbon quantum
dots”, “graphene dots”, “graphene nanodots”, “graphene quantum
dots”, “graphite dots”, “graphite nanodots”, “polymer dots”, and
“carbonized polymer dots”.**>**”*! 1t is worth noting that
‘quantum dots’ or even ‘quantum size effect’ is appearing more
and more frequently in related reports as the keywords, e.g.
there is a clear trend for the concern of ‘quantum size effect’ in
CDots research. Thus, for CDots, it is still necessary to under-
stand and discuss their basic structure and properties from the
perspective of TQDs. In the meantime, the use of the “quantum
size effect” on CDots should be very careful since the spectral
shifts of CDots do not necessarily represent a real size-
dependant quantum confinement effect and are often related
to surface states or doping.*>** Considering the close relevance
of TQDs and CDots research, we hope that the perspective of
discussion here is not limited to the quantum confinement
effect and optical properties, but extends to a broader view of
the basics of CDots in different aspects.

3. Structure
3.1 TQDs

TQDs are usually faceted or quasi-spherical crystalline particles
with sizes of about 1-10 nm depending on the material
(Fig. 2A).** They typically contain an inorganic crystalline core

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 2 Structure of TQDs and CDots. Left: HRTEM image (A) and the schematic core/ligand structure (B) of TQDs; Reprinted with permission from
ref. 44, Copyright 2003, The Royal Society of Chemistry. Right: TEM (C), HRTEM (D), SAED pattern (E) and the scheme for core/surface group structure (F)
of CDots. Reprinted with permission from ref. 45, Copyright 2017, American Chemical Society.

coated with various ligands, such as surfactant molecules, and
are usually fabricated as a colloid suspended in a solution
(Fig. 2B).” Surface ligands play a crucial role in the synthesis,
processing, and application of TQDs. In practice, the dangling
bonds that expose the small crystal facet are passivated by
ligands via atomic or molecular bonding to minimize the intra-
band surface states and to reduce surface atom reconstruction.
It is also beneficial to coat TQDs with a wide-bandgap inorganic
shell to stabilize the surface, which not only deactivates the surface
bonds, but also keeps the photogenerated charge carriers away
from the surface and environment.® Depending on the number of
electrons involved and the electron donating/accepting groups,
the capping ligands of TQDs can be classified into three
categories:*>”*® (1) The L-type ligands are neutral two-electron
donors with a lone pair of electrons that can coordinate with
surface metal atoms, including amines (RNH,), phosphines
(R3P) and phosphine oxide (R;PO); (2) X-type ligands have an
odd number of valence electrons that can form a two-electron
covalent bond, such as carboxylates (RCOO™), thiolates (RS™),
phosphonates (RPO(OH)O ), simple inorganic ions (Cl~, Br~,
SCN, etc.), or a combination of these; (3) Z-type ligands, such as
Pb(OOCR), or CdCl,, can interact with surface metal atoms of
metal chalcogenides and oxides with electron-rich Lewis basic
sites, forming a two-electron acceptor. Surface ligands with L- or

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

X-type head groups and long hydrocarbon-chain tails are often
used to control the nucleation and growth kinetics of QDs
during synthesis. However, in many cases, these original or
natural ligands must be replaced with other suitable ligands for
device and biological applications considering charge transfer or
biocompatibility.*® The size and shape control of the inorganic
core has played a critical role in the property manipulation of
TQDs.>*” A large number of studies have also been devoted to the
doping, alloying, lattice stress tuning, and heterostructure design
of TQDs to adjust their band gap and optical properties.**>° The
heterostructures, ie. QDs containing two or more regions of
different materials in close contact, provide great opportunities
for achieving novel optoelectronic properties and charge carrier
behaviors, including type-1, type-II and quasi-type-II heterostructures
based on the band alignment.®®

TQDs can be considered as a bridge between small molecules
and bulk crystals, showing discrete energy levels like isolated
atoms and molecules, as well as the original properties of crystal-
line bulk semiconductors.**”* TQDs of uniform size and shapes
are also referred to as “artificial atoms” and can self-assembly to
super lattices acting as building blocks.>® The self-assembly of
TQDs to form a perfect “crystal phase material” may be a key to
bring about a revolution in optoelectronic properties, and push
TQD devices into practical applications.

Mater. Chem. Front., 2020, 4,1586-1613 | 1589
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3.2 CDots

CDots can be considered as a special “core-shell” nanostructure
with a carbon core of less than 10 nm and a functional group
shell (Fig. 2C-F).*> A typical TEM image of CDots shows two
lattice fringes, namely, (002) and (110) lattices of graphite. It is
worth noticing that, different from TQDs, CDots are not always
crystalline, and the amorphous CDots are usually from carbo-
nization of organic precursors.’® According to the structure of
carbon cores, CDots have also been named with different
origins, such as graphene QDs, carbon nanodots and carbo-
nized polymer dots.>”** Single-layer CDots have one layer of
graphene fragments as the carbon core, while multilayer CDots
have graphite nanocrystal structures.”>>® More frequently,
CDots are roughly defined or referred to as quasi-spherical
carbon nanoparticles mainly consisting of sp>/sp*-hybrid carbon
or sp>-domains embedded in amorphous carbon.”’** CDots
usually have various functional groups on the surface, such as
hydroxyl, epoxy/ether, carbonyl and carboxylic groups (Fig. 2F),
which are actually quite different from the concept of surface
ligands in TQDs with a functional head group and a long
hydrocarbon tail (Fig. 2B). The surface functional groups in
CDots provide a rich oxygen-containing moiety on their surface
and are favorable for water solubility and further functionalization
for various applications.””®" In terms of surface ligand bonding,
CDots actually have a completely different core/surface structure
from TQDs. The surface functional groups are covalently bonded to
the carbon core via C-C or other C-X bonds (X refers to O, N, S etc.),
different from the coordination interaction of the capping ligands
and surface metal atoms in TQDs (Fig. 2B vs. Fig. 2F).”” However,
due to their complex synthetic chemistry, the detailed chemical
structure of CDots is still unclear, especially the surface defects,
doping atoms or covalently bonded functional groups. Although
heteroatom doping and surface modification have been used to
adjust the chemical structure and properties of CDots, there is
still no report on the undebated bandgap engineering and wave
function engineering strategies.">®* It is worth noting that
CDot-related doping, epitaxial modification and heterojunction

TQDs

Fig. 3 Schematic synthetic strategies of TQDs and CDots.
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design have great difficulties due to the structure characteristics
of the carbon cores, which show dramatically different behavior
from TQDs. We should realize that the doping of CDots employs
chemical knowledge completely different from TQDs, and more
related research studies should be designed from the perspective
of organic synthesis. Along this line, surface functionalization
based on delicate organic synthesis may be more preferred rather
than heteroatom doping for CDots.??>*%3

One of the greatest advantages of CDots is that they bridge
traditional carbon materials and organic molecules.”**** The
carbon-like core and the organic-like surface together determine the
nature of CDots, which blend the properties of carbon materials
with small organic molecules, giving great flexibility in the manip-
ulation of structure and physiochemical properties.*® We should pay
attention to the fact that the clarification of the CDot structure is not
an isolated problem, but should be comprehensively considered in
correlation with the structures of inorganic TQDs, nanographites,
graphene, and polycyclic aromatic hydrocarbons.®*®°

4. Synthesis and purification
41 TQDs

Although several kinds of methods were developed for the
preparation of TQDs, currently it is mainly focused on the organo-
metallic hot-injection method (Fig. 3A).">*"%% In the early 1980s,
the synthesis of QDs was based on traditional chemical methods
for preparing colloidal particles, such as precipitation, micro-
emulsions and micelles.®® In 1993, the first monodispersed CdS,
CdSe and CdTe QDs were fabricated by using trioctylphosphine
oxide (TOPO) as a coordinating solvent to treat dimethyl cadmium
(CdMe,) and trioctylphosphine selenium with controlled tem-
perature at 300-360 °C under an argon atmosphere.”® This
method, commonly referred to as the ‘high temperature metal
organic-coordinating solvent route’, successfully achieved the
continuous regulation of the size and optical properties of QDs
for the first time. Synthetic principles established in this
experiment are still widely used today, such as ligand-capped

W
*Top-down
L e )

D D
*Bottom-up
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metal precursors, phosphine chalcogen precursors, fast nucleation
via injection, separation of nucleation and growth processes, and
purification of QDs after synthesis. It has been widely explored for
different kinds of QDs, including II-VI, IV-VI and III-V semi-
conductors.”® The method was then further improved, and CdO
was used instead of the highly toxic and explosive CdMe, to form
the cadmium phosphate precursor, which is more widely employed
in the state-of-the-art procedures and even the commercial produc-
tion of QDs.* In general, capping ligands have several key functions
in the synthesis of QDs: (1) forming molecular precursors and
further evolving into “monomers”; (2) preventing uncontrolled
aggregation of monomers and nuclei; (3) regulating the nucleation
and growth Kkinetics for the size and shape control of QDs;
(4) stabilizing the QDs.*® Obviously, it is difficult to find a single
molecule that meets all these requirements, so two or more ligands
are often used simultaneously in most synthetic routes. Alloying,
doping and heterostructure design also imposes new challenges for
QD synthesis, for which a series of new methods were developed,
such as seeded-growth, successive ionic layer adsorption and
reaction (SILAR), nucleation-/growth-doping, gradient inter-
facial alloying, and selective cation exchange,>?%*873%69

Large effort has been devoted to the growing kinetics of the
QDs, where the size distribution is largely determined by the
uniformity of the core during nucleation.”® The LaMer model is
widely used for describing the growth mechanism of QDs based
on thermodynamic principles.”*”® The basic idea is that the
metal precursors and chalcogenide precursors first react to form
monomers that coalesce into larger nuclei, which then grow into
QDs by monomer ‘“‘addition” (e.g. Precursor — Monomer =
QDs, Fig. 3A). Since the growing rate caused by the “addition” of
the monomer is the reciprocal of the radius R of the QDs, smaller
particles grow faster than larger ones. As the monomer is con-
sumed, it is impossible to continue monomer addition to obtain
larger QDs. One of the main drawbacks of the LaMer model is
that it does not consider changes in the particle size distribution
during the growing stage. In addition, the QDs’ growth process in
solution can be accompanied by the Ostwald ripening process,
which is caused by the larger solubility of small particles
throughout the system (Kelvin effect) and leads to a wider size
distribution.” In situ characterization techniques, such as liquid
transmission electron microscopy and small-angle X-ray scattering,
can be used to understand the reaction kinetics by obtaining crystal
structures of the precursors and intermediate species during
nucleation and growth stages at different reaction times.”””®
Another critical aspect is the synthetic chemistry, for which the
amine/phosphine chalcogenides and metal salts as reactive pre-
cursors have evolved for more than two decades and render good
control of the size, shape, composition and crystal structure of QDs.
It is worth noting that the synthetic mechanism, in particular, relies
on the molecular level understanding of the formation of metal-
chalcogenide bonds in the initial stage, which is also an important
process for CDots, but with totally different chemistry.”®

4.2 CDots

The fabrication methods of CDots can be generally divided into two
broad categories: top-down and bottom-up approaches (Fig. 3B).>*>*

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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The top-down approaches involve ‘“crushing” larger carbon
structures (graphite, graphene, carbon nanotubes (CNTs), carbon
black, coal etc.) into smaller nanoscale particles under harsh
conditions, such as arc discharge, laser ablation, electrochemical
etching and chemical oxidation.">'””7*%" The bottom-up
approaches are based on the synthesis and carbonization from
small molecules (carbohydrates, organic acids and amines)
or polymer precursors under relatively simple and mild condi-
tions, such as hydrothermal treatment, ultrasonic reactions and
microwave-assisted pyrolysis.>*****"%> Generally speaking, the
top-down approaches facilitate the fabrication of CDots with high
crystallinity and a relatively intact structure,” while the bottom-up
approaches tend to produce CDots containing amorphous carbon
cores with abundant doping sites and functional groups. In the
bottom-up synthesis, the key factors affecting the chemical structure
and size of CDots include the molecular structure of precursors,
solvent, reaction time and temperature.>>®"* The selected reaction
conditions are critical because of their strong influence on the
reactants as well as the highly random nucleation and growing
processes of CDots, though size- and composition-controlled CDots
have been reported by careful optimization of reaction parameters.
In terms of synthetic manipulation, the top-down approaches of
CDots are totally different from those of TQDs, for which the
size-selective separation and post-synthesis processing are the
main considerations.”® In contrast, the bottom-up approaches
have a certain correlation with the synthetic chemistry of TQDs,
where the use of suitable ligands, regulation of precursor reactivity,
and separation of the nucleation and growing stages play important
roles for the size and composition of CDots.>>**?® As mentioned
above, the concept of capping ligands is rarely used in CDot
synthesis, whereas surface functional groups are more appropri-
ate. Preparation of CDots with monodispersed size, shape and
subsequently narrow PL is far from that of TQDs. Fortunately,
high-quality triangular CDots with super narrow PL have made
some progress recently.**** Organic chemistry methods of large
conjugated molecules are also used to synthesize monodispersed
CDots with the exact molecular structure of conjugated sp® cores
(containing more than 100 carbon atoms) and alkyl edges (serving
as stabilizing moieties).>**>%

For the synthetic mechanism of CDots, there is still a lack of
detailed studies on the regulation of precursor reactivity and the
separation of nucleation and growth stages as those employed
in TQD syntheses, which are critical for the size and shape
control.>>?***® This is of course due to the fact that the carbo-
nization reaction itself, a radical reaction, is more difficult to
control than the ionic reactions for TQDs. Thus, we should also
explore new and more suitable reaction precursors to form
CDots.>* %8485 prequently, the required harsh conditions (e.g.,
high temperature and high pressure) in CDot synthesis result in
complex multi-step organic reactions and various intermediates,
which severely complicate the formation mechanism study.*”#*5”
On one hand, the rich chemistry involved in CDot synthesis brings
a large variety of CDots with useful properties, but critical review
and rationalization of the synthetic processes are missing. For
example, the use of various cheap biomass precursors in CDot
synthesis may result in the unintentional introduction of trace
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non-metallic or metallic doping, and subsequently great changes
in their structure and properties. On the other hand, one of the
odd considerations is the industrial availability of the raw
materials, where biowaste, like leaves and grass, seems less
attractive.*”®° According to the development history of TQDs,
we should realize that the synthetic methods applicable in
future scale-up applications are more likely to be different from
laboratory systems, where the product quality and consistency
are more important parameters.”’ > It is worthwhile to note
that CDot synthesis is actually at the crossroad of nano-, organic
and materials chemistry (Fig. 3B). Along this line, some potential
explorations may include: graphite electrochemical etching and
surface functionalization, organic total synthesis, and controllable
conversion of polymers with monodisperse molecular weight.*”6%°

4.3 Purification and separation

Purification is very important for the synthesis of colloidal
particles, but is often overlooked.”*® A relatively mature pur-
ification procedure has been established for TQDs to remove the
excessive ligands and unreacted precursors based on polar
solvent induced aggregation and centrifugation cycles.”>?®
Usually, an excess of a polar solvent (such as methanol, ethanol,
acetone, acetonitrile, etc.) is added to the colloidal TQD dispersion
in a non-polar solvent to precipitate the QDs. After centrifugation,
the QDs are located at the bottom of the centrifugation tube and
the free ligands remain in solution. This procedure works well for
most II-VI and IV-VI QDs. The efficiency of this method primarily
depends on the solubility of the free ligands or other impurities in
the solvent. For example, for InAs QDs, the usual centrifugation
purification method cannot effectively remove the excess indium
precursor because of its poor solubility.”” Poorly dispersed TQDs
require a greater number of purification cycles, but there is a lack
of quantitative description and discussion of this phenomenon.
Another major drawback of centrifugation purification is the
difficulty in controlling the surface ligand coverage and optical
properties. For example, short-chain alcohols (such as methanol
and ethanol) used for purification typically induce dissociation
and release of the ligands (such as oleates) from the surface of
TQDs, accompanied by a decrease in PL quantum yield.”® Other
optional purification techniques include chromatography and
electrophoresis, but are much less used in the preparation of
TQDs due to the complicated operation, high cost, and the
lack of suitable stationary phase compatible with TQDs in non-
polar solvents.

Compared with TQDs, the separation and purification of
CDots are actually more challenging due to the large number of
hydrophilic functional groups and the small density of the carbon
cores.”®*® Most of the synthesized CDots are accompanied by
various reactants and by-products, which need to be removed by
combining filtration/centrifugation to remove larger particles and
dialysis to remove small molecules or ions.***”% In some cases,
CDots obtained after simple purification still cannot meet the high
standards of characterization and practical applications due to the
diversity in size, defects and surface functional groups. Further
development of post-synthesis separation techniques is necessary
for high-quality CDots. Dialysis, ultrafiltration, electrophoresis and
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column chromatography have been successfully used to obtain
purified and size-adjustable CDs. The use of high-resolution
separation techniques, namely, anion exchange high performance
liquid chromatography or the combination of dialysis tubes with
different cutoff molecular weights (M,,), has shown the potential to
obtain CDots of different sizes with a narrow size distribution."*
In addition, similar to the simple aggregation/centrifugation pro-
cedure of TQDs, recent work has also demonstrated the separation
of CDots based on solvent polarity tuning in chromatographic
purification. In addition to these relatively complicated purifi-
cation procedures of CDots, an alternative electrochemical
method has also been developed for scale production of high-
quality CDots using only graphite rods and ultrapure water,
where the as-obtained CDots in pure water with no other
impurities are feasible for lots of applications directly.*® It is
worth noting that, besides size distribution, a few studies have
paid attention to the phase, structure and surface uniformity of
CDots, in which impurities such as amorphous carbon, oligo-
mers and carbon particles are inevitably present. Further
development of new separation and purification methods of
CDots, such as hydrophilicity gradient ultracentrifugation,®®*°*
is still required with the consideration of the size, morphology,
crystallinity and surface-specific factors,”® which are of particular
importance for optical property regulation and biomedical and
device applications, as observed for TQDs.*'%

5. Optical properties
5.1 TQDs

One of the most prominent properties of TQDs is the size-
dependent emission colors resulting from the quantum confine-
ment size effect. In general, the quantum confinement upon size
decrease not only causes an increase in the band gap and a blue
shift in absorption and PL, but also causes a change in the density
of states (DOS)."”** The quantum size effect together with com-
position change have endowed TQDs with a wide PL tuning range
from UV to NIR (Fig. 4A).>*'% For direct bandgap semiconductors,
the bandgap can be estimated from the first exciton peak by
ignoring other sources of absorption other than VB to CB
transitions. For indirect band gap ones, there is usually no
sharp or well-defined exciton peaks and it is relatively difficult to
observe the quantum size effect. The absorbance of TQDs
follows Lambert-Beer’s law, e.g. the molar extinction coefficient
is a function of the particle concentration and is dependent on
the size.'®® Empirical fitting formulas of size vs. first exciton
peak and the extinction coefficient vs. size were first reported for
various QDs of CdS, CdSe, and CdTe, and have also been
expanded to IV-VI and III-V QDs. The PL spectrum of TQDs
contains many useful information and has become one of the
most important ways to study the discrete band structures. The
commonly reported parameters include the emission wavelength,
PL quantum yield, and full width at half maximum (FWHM) that
are critical for optical applications (Fig. 4B).”>'*® Owing to the fact
that the electron and hole wave functions are confined in a limited
space as well as the continuously improved synthetic procedure,
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Fig. 4 PL tuning range (A) and comparison of optical properties (B) of TQDs vs. CDots. Reproduced with permission from ref. 29 and 103, Copyright

2016 and 2018, American Chemical Society (FWHM of 30 nm was only reported in ref. 40; "fi: fluorescence;

an optimized PL quantum yield of 100% has been reported in
CdSe/CdS core/shell systems with super narrow FWHM.'*>%
Besides steady-state optical properties, a profound under-
standing of the exciton dynamics plays a crucial role in TQDs
research, which relies heavily on the direct detection of their
lifetimes using ultrafast transient spectroscopy (Fig. 5A).%°*1°7
Due to the relatively short lifetime of excitons, different meth-
ods based on transient absorption, time-resolved PL and spin
dynamics have made exciton dynamics studies possible over
the past two decades.'®®'% Although the interpretation of
ultrafast spectroscopy data is not as straightforward as experi-
mental measurements (also difficult), a consistent and clear
understanding of the exciton dynamics has gradually emerged
over the past decades. The time scale of different kinetic
processes depends on the variation of defects and surface
properties determined by the quality of a particular QD sample.
Some common key processes can be identified for all materials,
including dephasing, intraband relaxation, trapping, and inter-
band recombination of both free and trapped charge carriers
(e.g. electrons and holes).>*”**° In principle, hot electrons and
holes (before relaxation to the band edges) can also undergo
radiative or non-radiative recombinations, though the prob-
ability is usually very low. High-quality or near-perfect TQDs
with a low density of trap states primarily experience radiative
band-edge recombination, in which the PL quantum yield is
very high and the associated PL lifetimes of direct-bandgap
TQDs are typically on the order of a few to tens of nanoseconds.
In typical TQDs with relatively high-density intraband defect
states, non-radiative recombination becomes important where

Transient Absorption
Spectroscopy

Time-Resolved
Photoluminescence
Spectroscopy

Spin Dynamics

"ol: phosphorescence).

electrons or holes are trapped in these states, usually occurring
on time scales of a few to tens of picoseconds. Therefore, the
time scale of charge carrier capturing is usually faster than that
of the band-edge radiative recombination. Subsequently, a
typical result of high-density trap states is that the band edge
PL is reduced and the overall PL quantum yield is usually low.
After capturing, the charge carriers may still undergo additional
capturing, such as transferring from shallow trap states to
deeper ones, followed by subsequent radiative or non-radiative
recombination. The time scale for further capturing strongly
depends on the nature of the trap states involved, ranging from
a few to hundreds of picoseconds. The lifetime of a trapped
charge carrier can be very long, from a few hundred ps to ns, or
even longer. If radiative recombination occurs from these trap
states, a PL red shift (relative to the band edge emissions) will be
observed, which can be easily distinguished. For dipole forcing
or indirect bandgap transitions, the lifetime can be as long as
ms or even longer.>*”'%

Bandgap engineering and wave function engineering have
been feature concepts in the field of TQDs. The structure-
dependent and composition-dependent properties developed
beyond the quantum size effect have begun to play an important
role in practical applications. In addition to size and shape
control, a large number of studies have been devoted to alloying,
doping, lattice stress tuning, and heterostructure design of
TQDs to adjust their band gap and other optical properties
(Fig. 5B).>**>%11%112 Briefly, alloying changes the band gap by
mixing the two components together, while doping does not
change the band gap, but adds new intra-band energy levels.**°

B w=w -

Typel QuasiTypell Typell

Fig. 5 (A) Schemes of ultrafast spectroscopy studies of TQDs. Reprinted with permission from ref. 108, Copyright 2012, American Chemical Society. (B)
Scheme of wave function engineering and heterostructure design of TQDs. Reprinted with permission from ref. 9, Copyright 2016, American Association

for the Advancement of Science.
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Heterojunctions, including type-I, type-II and quasi type-1I, have
been employed according to the band alignment (Fig. 5B).%°
Type-I heterojunctions have a nested band arrangement, causing
electrons and holes to be mainly located in the core (normal
type-1) or shell (inverted type-I). In type-II heterojunctions, the
staggered arrangement of the conduction band and the valence
band pulls the band edge electrons and holes into the core or
the shell portion. In quasi-type-II heterojunctions, one carrier is
confined in one component of the heterojunction and the other
carrier is delocalized throughout the whole heterojunction,
giving novel carrier dynamics and optical properties. Moreover,
these quantum-confined TQDs exhibit other unique optical
properties, especially PL blinking and multiple exciton generation
(MEG).%>'"® PL blinking refers to the intermittent luminescence
shutdown of some TQDs observed in the single-particle spectrum,
which is harmful to the PL quantum yields and LED applications,
but is potentially useful for super-resolution bioimaging.'**'*> 1t
can be eliminated by forming a core/shell structure with a
smooth gradient interface to prevent the Auger recombination
and charged/ionized particles. When TQDs are excited by a
photon with energy at least twice of the band gap, the generated
electrons and holes can release their excessive kinetic energy by
exciting a second electron in the collision-type Auger process,
resulting in a double or even more excitons and an internal
quantum efficiency greater than 100%, known as MEG. A
profound understanding and manipulation of the MEG process
plays an important role in the development of next-generation
photovoltaics and lasers using TQDs.>'"

5.2 CDots

The quasi-bandgap emission and color regulation of the carbo-
naceous structures were observed in CDots that covers the deep
UV to NIR region (Fig. 4A),"'*"** but are still debating in terms
of the quantum size effect.”>'** Compared with TQDs, the PL
quantum yield and FWHM of CDots are still far behind
(Fig. 4B).>>'% For TQDs, PL is usually used where the fluores-
cence and phosphoresce are not strictly distinguished, whereas
both of the molecule-like fluorescence and phosphoresce beha-
viors may occur in CDots.'®?%371>3712% Although CDots have
highly variable chemical structures, most have similar absorp-
tion features with a strong absorption band in the UV region
(230-320 nm) and a tail extends into the visible region. For the
carbon core, the strong absorption peak at ~230 nm is
ascribed to the n-n* transition of the aromatic C-C bond, while
the shoulder around 300 nm to the n-n* transition of C=O0O or
other surface groups.’*® Of course, accurate determination of
extinction coefficients and quantum confinement is still con-
troversial and far behind that for TQDs.'*'2° This would first
rely on the preparation of size-uniform and surface-well-
controlled CDots, which is also an important part of CDots
research to be supplemented.?>* For the quantum confine-
ment effect, density function theory (DFT) calculations have
indicated that the band gap can be decreased from 7 eV of
benzene to approximately 2 eV of CDots composed of 20
aromatic rings with increased sp> domain size.>' However, such
a perfect CDot structure with precisely tailored dimensions,
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is very difficult to obtain experimentally or to correlate with
actual samples, in which the surface groups and defects often
play a crucial role.®" Experimentally, Kang et al. demonstrated
enhanced redshifted emission by manipulating the size and
nature of electrochemically prepared and size-separated CDots.
The bright blue, green, yellow and red fluorescence were produced
as the size of the CDots increases. However, the size distribution of
CDots made by different groups fluctuated significantly that
increases the difficulty on the study of the quantum confinement
effect. Moreover, most of the reported CDots are greater than 5 nm
in diameter and have a PL emission in the visible range, whereas
the theoretical band gap of CDots with this size is below 1.0 eV
(with PL. > 1240 nm) based on DFT calculations.””” Generally
speaking, top-down routes often result in a relatively low quantum
yield of CDots compared to the bottom-up routes, though specific
precursors and technical conditions may bring different results.
Many CDots exhibit an excitation-dependent PL with strong
emission in the blue region that decreases rapidly in the red
region, possibly due to the widespread trap states or recombi-
nation pathways related to different sizes and surface groups of
CDots, for which the mechanism is currently unresolved. In
practice, an in-depth and comprehensive insight into the
mechanism of excitation-dependent PL is very beneficial for
modulating their optical properties.**** Due to their structural
diversity, CDots are also reported to exhibit other novel tunable
optical properties, such as up-conversion PL,*° solid-state
phosphorescence,®® lasing,'*® and aggregation induced emission
(AIE)."**"*° However, correct index of these phenomena remains
a major challenge because they are strongly influenced by the
surface and overall nature of the CDot samples.*""'*” For example,
under the excitation of the Xe lamp, the so-called “up-conversion
PL” in CDots in the early studies may be due to the second-order
diffracted light (1x/2), which co-exists with the selected first-order
light (Zey) from the fluorescence spectrometer.”® Besides the PL
properties, other photoelectrical properties from the carbonic
nature of CDots have also attracted great interest due to their
potential applications in biology, devices and catalysis.>'** CDots
have been reported to be able to accept/donate multiple electrons,
produce photogenerated protons, and mediate photoinduced
charge transfer, beyond the photogenerated electrons and holes.
The conjugated sp> domain of the carbon core renders great
electron accepting/donating capability that is useful for charge
transporting layers in solar cells and LEDs and for storing photo-
generated electrons with a higher reduction potential in photocata-
lysis. The unique photoelectrical properties combined with versatile
surface active sites provide great opportunities for design of multi-
functional photocatalysts and electrocatalysts. Some CDots have
also shown different toxicity under light illumination and in the
dark, indicating special biological photoelectrical processes.
Different from TQDs, the decisive PL mechanism in CDots is
still an open debate and requires in-depth clarification. To date,
several PL mechanisms have been proposed: quantum confine-
ment effect of the conjugated sp>-domains, defect states, mole-
cular states, cross-linking-enhanced emission effects, and the
core-surface electron coupling mechanism.'®?%712>7123 A Jarge
number of studies have tested the PL lifetime of CDots with some
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reasonable explanations, where multiple decay pathways are
generally included. However, the clarification of many intrinsic
optical properties of TQDs comes from ultrafast photophysics
study, 98199131132 which is still rare in CDots research and lacks a
universal picture of the exciton dynamics for the whole
system.'®>™'** It was reported that the characteristics of three kinds
of CDots can be attributed to the same mode, where the main
difference is the intensity of the stimulated emission. The photo-
generated charge carriers are first stored in the carbon skeleton as a
temporary reservoir, which then quickly transferred to any possible
discharge state (hybrid structure of carbon skeleton and surface
groups) and trap states (amorphous structures)."*>"*”** How-
ever, some experimental results indicate a completely opposite
behavior, indicating a size-independent PL. A more profound and
systematic ultrafast spectroscopy study is required along with
high-quality CDots from largely improved synthetic approaches.

In the structural regulation of TQDs, band gap engineering
and wave function engineering are two key concepts and a
series of regulation strategies have been developed, such as
doping, alloying, heterostructures, etc.>**7>° For CDots, doping
and surface modification have brought fruitful though compli-
cated results for the tuning of optical and electrochemical
properties, but there are much fewer reports on the undebated
bandgap engineering strategies.'®2%124125136:137 The precise
surface control, doping, epitaxial growth, and heterojunction
design have shown great difficulties due to the structure
characteristics of the carbon core, different from TQDs.'>>*3%
The earliest CDots were obtained by acid reflux oxidation, and
the PL signal can only be detected after surface passivation by
polymers.'® Various methods for surface modification of CDots
have been developed by surface chemistry or strong molecular
interactions (i.e. covalent bonding, coordination, and n-r inter-
action) to improve PL and regulate the band gap of CDots.>">%%*
For doping of the carbon core, there is still poor controllability,
and the influence of doping elements on optical properties
is unclear.”® It is worth noting that the doping and surface
modification of CDots requires chemical knowledge completely
different from TQDs, and should be considered from the
perspective of organic chemistry.”**>*® In terms of heterojunctions,
the structure of copying type-I core-shell structure of TQDs, such as
direct ZnS coating on CDots, did not yield good results. In contrast,
surface passivation by sophisticated organic reactions is more
controllable, where surface functional group can be selectively
formed, eliminated or converted. CDot-based type-II heterojunc-
tions are rarely seen. Actually, even in the composites of CDots and
other semiconductors (such as TiO,), the concept of heterojunction
is generally not favored because of the lack of explicit band
alignment information, where CDots are simply referred to as an
electron donor or acceptor, or a cocatalyst.">> An interesting
phenomenon is the builtin internal heterojunction of CDots,
where the functional oxygen species act as the p-type domain
and the N-containing groups as the n-type domain embedded in
the CDot framework.'*° In addition, a combination of the hetero-
junction concept of TQDs and the electron donor/acceptor frag-
ment design in organic electronics may bring more rational
strategies for the design and construction of engineered CDots.®
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Although the exact origin of fluorescence in CDots is still
controversial, more in-depth research is undertaken towards a
more clear and comprehensive understanding of the mechanism.
CDots have significantly different optoelectronic properties from
the traditional TQDs,>*%%12%130 and the elaboration of related
excited state photophysics processes is critical for materials
design and application, especially the excited state mechanistic
studies.*"®° 1t would be beneficial for perusing the PL mechanism
of CDots to consider at the crossroad of TQDs, graphene, small
molecules and large conjugated systems (like polycyclic aromatic
hydrocarbons and porphyrins).>*?%6466:14L142 1n addition, the
optical properties of CDots are closely related to their synthetic
route, and currently there are still no uncontroversial standard
samples that can be widely adopted by different research
groups.>*848

6. Biological applications
6.1 TQDs

As a new class of fluorophores, TQDs have multiple advantages
for biological applications, such as strong and tunable emission,
larger light absorbing interface, single particle level detection,
and negligible photobleaching properties,”® making them super-
ior to organic dyes or fluorescent proteins.'*>'** Since the
pioneering works in 1998,>**®> TQDs have been widely studied
as important fluorescent biological probes, which have achieved
a series of remarkable results in the fields of tissue imaging,
in vivo imaging, targeted tracing in living cells and animals, as
well as drug delivery and therapy (Fig. 6).”%'*>'*® For in vitro
imaging, TQDs have made great progress in intracellular imaging
of many living cells as well as components in fixed cells, such as
proteins, nucleus, mitochondria, microtubules, microfilament
proteins, cytokeratin, etc.”® At the same time, TQDs are also used
to study cell membrane proteins and receptors, including pros-
tate specific membrane antigen, HER kinase, glycine receptor,
serotonin transport protein, p-glycoprotein, band III protein and
sodium-potassium ATPase. For immunofluorescence applica-
tions, the capability of detecting trace signals represents one
of the most important advantages, which can reach single-
molecule-level detection employing their blinking characteristic.
For in vivo imaging, TQDs emitting in the NIR range are very
important because of the low absorption coefficients of water and
hemoglobin in this range (650-900 nm, the NIR window), allow-
ing for deeper tissue penetration (up to ~10 mm).**”**° TQD
probes can also be excited with the two-photon techniques using
NIR light and thus allow deeper tissue penetration depths. The
most prominent advantages of TQDs relies on super-resolution
microscopy and single-particle tracking (Fig. 6).”"**'>' Super-
resolution imaging can take full advantage of the PL blinking
property of TQDs, which can be used to resolve closely-distributed
QDs due to the complete PL on-off intermittence of individual
QDs that can be detected (different QDs are unlikely to blink at
the same time).'"

For sensing applications, the TQD probes mainly include fluor-
escent probes and electrochemical probes.®*>>*** The characteristics

Mater. Chem. Front., 2020, 4,1586-1613 | 1595


https://doi.org/10.1039/d0qm00090f

Published on 17 Martius 2020. Downloaded on 17/10/2025 09:22:10.

Materials Chemistry Frontiers

Super-resolution
microscopy
Single particle
tracking

Sensing

Diagnosis

Toxicity

View Article Online

Review

MALDI

Agriculture

Cancer therapy

Fig. 6 Schematic comparison of biological applications of TQDs and CDots.

of narrow PL peak, tunable bandgap, and multi-type electron
transfer mechanisms have made TQDs one of the most favored
fluorescent probes in the field of analysis based on PL quenching
or recovery.””%133135:1%6 Bioluminescence resonance energy trans-
fer can be used to promote TQDs in an excited state, which is
applicable to the excitation of TQDs of different colors,>**3%1¢
TQD-based fluorescence sensors have lower detection limits than
commonly used enzyme-linked immunosorbent assays. For all
these applications, surface ligands are the bridge between the
TQD core and the biological environment, and play an important
role in targeted recognition, detection, and drug delivery.””*®
Biomedical ligand design of TQDs relies on three aspects: robust
anchoring of hydrophilic molecules on the surface, efficient
rejection of proteins in the blood and cytoplasm, and controllable
attachment of targeted bio-functional units. In addition to providing
colloidal stability, a variety of different molecules (dyes, polymers,
peptides, proteins, DNA, carbohydrates, etc.) have been attached as
functional ligands to the surface of TQDs. Effective coupling of
biomolecules to the surface of QDs while maintaining the optical
properties and bioactivity is crucial for sensing and bioimaging
applications.*>'>”1%8

Another important topic is the potential toxic effects of
TQDs, including the chemical composition (heavy metal ions), size
(nanoscale) and the interference on biological systems.'%>'*7'%>
Thus, TQDs have not yet been implemented in clinical human
imaging or drug delivery applications. Living organisms may have
many interactions with TQDs (e.g. via proteins and ions), where
the synergistic effects need to be carefully considered for in vivo
applications. For example, the size of TQDs plays an important
role in their distribution throughout the organisms.***'*> TQDs
with a hydration radius of 5.5 nm or smaller and zwitterionic or
neutral capping ligands can be rapidly cleared by the kidney."®®
However, smaller size TQDs may have the potential danger of
passing through important barriers in the body, such as the
blood-brain barrier.’®* In some cases, different types of QDs
may show similar toxic effects that are related to the size.'®®
TQDs have shown obvious toxic effects on various cells and plant
growth. However, in vitro and in vivo toxicity studies sometimes
show controversial results,'®®'®” due to the fact that the toxic
effects of TQDs depend on many factors, such as composition,
concentration, size, surface modification, and biological systems
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they interact with and the interaction time. In the in vivo
environment, TQDs are not directly exposed to target cells, but
rather go through considerably complex processes in different
transportation systems within the body. The exact mechanism
of how TQDs interact with the body is still unclear, especially
their distribution, metabolism and excretion mechanisms. In
the cases where toxicity plays an important role, careful and
long-term systematic studies are needed to demonstrate the
intrinsic advantages of TQDs,"?%17%162:168

6.2 CDots

CDots with strong PL and good biocompatibility has become an
emerging class of promising fluorescent probes for bioimaging
and biosensing.'®*"'%9717 Although the toxic heavy metals in
TQDs result in a natural disadvantage in biology, related
biomedical studies provide useful guidelines for other nano-
materials.'®"*° Systematic comparison of CDots with TQDs is
of great interest for further development of their biological
applications (Fig. 6).>' Moreover, CDots show great potential in
emerging new areas, such as biochips, food science and agri-
culture, beyond that of TQDs.'”>™"7> In vitro cell imaging was
one of the most popular topics in early CDots research,'® but
increasing attention has turned to in vivo bioimaging, drug
delivery, cancer therapy and antibacterial application soon
after.">"7"17¢717% Baged on their structural diversity, CDots
have also been used to regulate enzyme activity, cell membrane
permeability, and gene expression. For example, CDots with
special functional groups have been customized for use as PL
probes for cancer cells and bacteria. CDots have also been
chemically complexed or intramolecularly interacted with anti-
cancer drugs to achieve high-loading drug delivery to improve
the treatment effect. Some CDots show antibacterial activity in
membranes due to the formation of reactive oxygen species.'8*'%?
Different CDots have been developed to modulate the catalytic
activity of enzymes, including laccase and porcine pancreatic
lipase.’®**®” In combination with phosphate functionalized
CDots, the laccase activity increased by 47% in the dark due
to enhanced binding capacity of the substrate and by 92% under
illumination due to accelerated electron transfer.'®®

For biosensing, in addition to the fluorescence on/off methods,
PL peak shift, lifetime variation, ratio sensing and dual-mode
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detection have also been explored in CDot-based sensing
systems,*1>>5917017L174,175,189 - cpot-based high-performance
laboratory chip devices hold great potential for critical sensing/
detection fields, especially the early detection of diseases. Besides
these overlapping areas with TQDs, recently CDots have been
explored in emerging new areas, showing great promise.
Hydroxyl-based CDots were used as a matrix to enable matrix-
assisted laser desorption ionization mass spectrometry (MALDI MS)
for quick analysis of small biomolecules with high sensitivity.*’
Moreover, one of the most promising applications of CDots might
be in agriculture due to their high biocompatibility and low cost
(Fig. 6).>>7>19%191 Recent studies have shown the permeability of
CDots in different plants and their beneficial effects on plant growth
with proven biosafety.'”>'8%19? Retrieving the long history of
slash-and-burn produced plant ash in agriculture, the effects
of ash on plant growth should include the key functions of the
fire-induced carbon nanoparticles (CDots could be a useful
model here) that are involved in the life cycle of the entire
plant.’”>'8%192 Along this line, the effects of CDots on plants in
recent studies can be summarized as follows: (1) accelerating
the germination and root elongation process by increasing the
water absorption capacity of the seeds with various hydrophilic
functional groups; (2) improving the disease resistance via
enhancing the expression of the thiopurine (Os06g32600) gene
by inserting a DNA groove; (3) promoting plant growth by
degrading phytohormone analogs to CO, (further converted to
carbohydrates by the Calvin cycle of photosynthesis)."”" More
importantly, research on the agriculture application of CDots
has a Janus nature, focusing on both the past and the future.
The CDot-initiated photocatalytic protein formation from
amino acids may bring an alternative view for the chemical
origin of life,'®® whereas the revelation of old puzzles in wildfire
and slash-and-burn agriculture may open a new avenue for the
application of CDots and biosafety of carbon nanomaterials in
modern agriculture.'”>'94

Low toxicity and good biocompatibility of CDots are their
greatest advantages for successful biological applications, but the
research is far from clear and sufficiently profound.'”*'77171957197
For example, most CDots have low toxicity, but several CDots
are highly toxic."® Most CDots exhibit low toxicity at low
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concentrations (e.g., 10 mg ml~"), mainly from the carbon core,
and in that stage, can be either degraded or directly cleared by
the system. However, increasing concentrations may enhance
cytotoxicity and impair organ development.'*® In some cases of
external stimuli, toxicity of CDots was significantly increased.
For example, CDots prepared by hydrothermal treatment of
graphite are non-toxic in the absence of light, but exhibit
phototoxicity due to the generation of reactive oxygen species
under light irradiation."® Here, the formation of the reactive
oxygen species can be suppressed by surface chemical modification.
It should be noted that the widely claimed non-toxicity of CDots is
based on a simple cognition that the carbon element of the core is
nontoxic, while ignoring the surface containing a large number of
bioactive organic groups.®>*”"1972% Wwe should also keep in mind
that, in fact, the ideal structure model of the CDot core is not
far from polycyclic aromatic hydrocarbons, a notorious family
of carcinogens.®**°" Therefore, more detailed and in-depth
research is necessary before declaring the low toxicity of
CDots,7H177179:1957197 Gyerall, the number of studies on biological
applications of CDots are huge, but it still lacks in-depth and
comprehensive works, which may restrain further development of
the entire field. CDots still need to delve deeper into their own
structural and property advantages, and subsequently find their
own way to go beyond TQDs.*"'">

7. Device applications
7.1 TQDs

TQDs have been widely used in various electronic devices,
including transistors, solar cells, LEDs and photodetectors
(Fig. 7 and 8A).° TQDs with a layer of capping ligands can be
used as “QD inks” to form thin film devices by low-cost, room
temperature, large area, solution processing methods, such as
spin coating and printing, rather than expensive vacuum, high
temperature device manufacturing processes. This provides the
opportunity to integrate inorganic semiconductors with other
organic materials into high performance flexible devices.”'?”-*%?
The size, shape, and heterostructure design of TQDs also
provide powerful regulation tools for the electronic properties

CDots
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ectron donating Phosphors

Fig. 7 Schematic comparison of device applications of TQDs and CDots. QSE: quantum size effect, MEG: multiple exciton generation.
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Fig. 8 Schematic representation of various devices using TQDs (A) and the spectroscopic understanding of charge separation and recombination
processes involving trapping, particle charging, Auger recombination, and MEG that are crucial in the devices (B). X: exciton, BX: biexciton, MEG: multiple
exciton generation. Adapted with permission from ref. 9, copyright 2016, the American Association for the Advancement of Science.

not found in conventional bulk semiconductors.>>**” For example,

type-I core/shell TQDs are beneficial for achieving high PL quantum
yield required for efficient electroluminescence, while type-II hetero-
structures can provide efficient charge separation beneficial to
photovoltaic and photodetection devices (Fig. 4B).>* In addition,
the multiple exciton generation process (MEG) in a single TQD can
increase the number of photogenerated charge carriers, which is of
great significance for photovoltaics and photodetectors that aim to
boost the photoelectric conversion efficiency beyond theoretical
limits."***** However, the strong interaction of multiple excitons
or multiple charge carriers may cause particle charging and PL
blinking that severely hinder the efficiency of optoelectronic
devices."" In addition to the structure and property tuning of
individual TQDs, device applications also need to consider the
preparation of perfect QD solids,>*>*°® where surface/interface
modification, band alignment, charge transportation, carrier
migration, exciton diffusion and heat transfer between TQDs all
need to be well controlled.” Typical natural ligands with long
hydrocarbon chains (C8-C18) do not allow for efficient charge
transfer and are generally disadvantageous for TQD-based
devices.®?%7?%% The exchange of these insulating long-chain
ligands with small molecules or specially designed conductive
materials is a critical step.>*® For example, mobility is one of the
most important parameters for TQD devices, where high mobi-
lity (>10 cm® V" s7") can be achieved by a combination of tight
ligand exchange, surface passivation and appropriate doping.>*®
Novel inorganic ligands, such as metal chalcogenide anions, can
serve as molecular “solders” for the conversion of these TQDs to
thin films with ultra-high mobility (>400 cm® v~ * s~ *).*** More-
over, TQDs offer advantages over organic and polymeric materials
because their PL can be extended into the NIR region.*>*® Other
frontier studies of TQD devices include increased light extraction
efficiency through photon and plasmonic structures and refractive
index control via TQD matrix engineering.®

The field of TQD electroluminescent (EL) devices has been
progressing rapidly since 1994,*'? with a recent 20.5% external
quantum efficiency (EQE) record.”"® Another important goal is
to enable the EL devices to go beyond display applications into
the lighting and laser fields. Single particle spectroscopy
indicates that the FWHM of the PL peak of TQDs can reach
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approximately 20 nm (Fig. 4B).'*>'% This unique characteristic

along with high PL quantum yield is extremely important in
extended color gamut display applications. Another advantage
of TQDs over organic molecules is that there is no inherent
limitation of the maximum EL efficiency imposed by the spin
selection law.>'*>'® Currently, high-performance TQD-based
LEDs are usually combined with hybrid charge transporting
layers, such as an inorganic electron transporting layer and an
organic hole transporting layer.**"” This kind of device structure
provides high efficiency and brightness comparable with the
state-of-the-art organic LEDs. However, considerable obstacles
have been encountered in the development of device structures
compatible with TQDs especially that can allow for the injection
of electrons or holes in a wide range of operating currents.’ To
improve the EQE of LEDs, the main factors include non-radiative
recombination caused by defects and internal energy conversion
within the luminescent layer of TQDs (radiative attenuation),
and Auger recombination of the charged TQDs (Fig. 8B).*°
Along this line, a critical issue of TQDs is the spectroscopic
understanding of the devices in terms of inquiry mechanism,
problem induction, application-guided synthesis and post-
processing strategies.®

For photovoltaics, TQDs have the advantages of high optical
absorption efficiency, unique band gap engineering, hot electron
extraction and the MEG effect, which give a theoretical power
conversion efficiency of up to 44% in a single{junction device,
able to break through the traditional Shockley-Queisser limit of
31%.>*'%?"® Compared to conventional silicon and organic
photovoltaic materials, TQD solids, such as PbS and PbSe, are
particularly well suited for efficient capturing of photons in
the near and mid infrared regions.>?***' All inorganic thin
film solar cells made from TQDs can avoid the use of unstable
organic components, while maintaining the low-cost advantages
of solution-based methods for device construction. From the
first demonstration in 2005 to the recently certified power
conversion efficiency of over 16%, TQD solar cells have experi-
enced a quick development involving combination of TQDs with
other materials, the construction of solid films to overcome
single-junction efficiency limitation, as well as the advanced
concepts based on the unique quantum size effect.®2*°
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7.2 CDots

TQDs have been widely used in various optoelectronic devices
(Fig. 8A), especially in displays and lighting, which is also the
first commercialization field of TQDs with valuable experiences
worth learning by CDots.” CDots have been widely explored
as candidates for various solution-processed optoelectronic
devices (Fig. 7),>*>*** but mainly focused on photoluminescent
and electroluminescent LEDs. In early studies, many CDots
were used as low-cost phosphors for photoluminescent LEDs,
which still occupies a large part of CDots research today.'?”224223
It usually consists of a UV or blue emitting GaN LED chip and
color-converting phosphor coating made of CDot composites. In
order to avoid solid state annihilation of PL, it is recommended
that the CDots should be surface modified and dispersed in the
matrix before being used for LEDs.*®'%??2%” Recently, EL LEDs
consisting of a CDot luminescent layer sandwiched between an
organic hole transporting layer and an organic or inorganic
electron transporting layer exhibit switchable EL color by varying
the applied voltage. This voltage-dependent EL behavior may be
due to multiple recombination pathways of different excited
states coexisting in each CDot. Besides working as the active
layer, CDots have also been used as a dopant in organic LEDs
showing high EQE, even comparable to TQD-based LEDs. How-
ever, CDot-based LEDs typically provide wide EL peaks with
FWHM over 80 nm, limiting their use in high performance
devices. Recently, narrow-bandwidth (FWHM of 30 nm) CDots
with multi-color PL were synthesized by a simple hydrothermal
method with high quantum yield.*® The multi-color LEDs (from
blue to red) based on these CDots show high color purity and
high performance with a brightness (L) of 4762 ¢d m > and
current efficiency of 5.11 cd A~". CDots with high PL quantum
yield and narrow bandwidth will play an important role in next
generation displays with wide color gamut, which still has a long
way to go in terms of structure and property control comparable
to TQDs. For solar cells, CDots with a high specific surface area,
high mobility and adjustable bandgap are promising as electron
or hole accepting materials.?****>*?8723% CDots have been
successfully used as a charge transporting material or to modify
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the active layer, showing great potential for the photovoltaic
performance enhancement.>*>

For CDots, the absence of toxic elements is one of the
greatest advantages for large-scale application in devices. However,
studies of other key electronic parameters of CDot devices are still
lacking.*° For example, 100% PL quantum yields may be of
particular importance for LEDs and solar concentrating panels
because photon intensity decays exponentially with thickness,****
which has not been achieved for CDots. Another example is the
pursuit of ultra-high mobility that are crucial for lots of high-
performance devices.”"' Improvement of mobility may rely on the
profound understanding and simultaneous manipulation of the
carbon core and the surface of CDots, which may be correlated
with graphene.**>?% It also requires continuous advances in the
synthetic procedure and the control of the charge transportation,
energy and heat transfer for specific device applications. For device
applications, CDots are often used directly as interfacial layers, and
the interface engineering between the remaining TQDs or other
active layers or device components is still in its infancy, which is
important for optimizing device performance.®®>'0-222223

8. Catalysis applications
8.1 TQDs

Photocatalysis is one of the most promising processes for solar
energy conversion and storage and has shown great potential in
photocatalytic hydrogen production, CO, reduction and environ-
mental remediation. The photocatalytic reaction mainly includes
three important processes, e.g. light harvesting, charge generation
and separation and surface redox reactions of the photogenerated
electrons and holes, as shown in the middle of Fig. 9. TQDs are
expected to meet the requirements of high light absorption,
long-lived charge separation and efficient catalysis in artificial
photosynthetic systems due to the property tuning capability
through size, shape and composition. Also, TQDs exhibit the
advantages of apparent homogeneous catalysis (excellent disper-
sibility, activity and selectivity) combined with heterogeneous
catalysis (easy separation). These characteristics make TQDs and

CDots

Conductivity

Photogenerated protons

Surface active sites

Low cost

Fig. 9 Schematic comparison of photocatalytic applications of TQDs and CDots.
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their composites uniquely attractive in photocatalytic applications
and have attracted widespread attention.>*>**”?42%3 The multi-
functional heterojunctions of TQDs can be used to efficiently
separate photogenerated electron-hole pairs, to harvest plasmonic
hot electrons®”*** and to catalyze the redox reactions.*****
TQD-based heterojunctions with well-defined domains and
compositions play a crucial role in the mechanistic study of
semiconductor photocatalysis (Fig. 10A).>** Transient absorp-
tion and time-resolved PL studies have provided valuable
information on the temporal variation of charge carrier decay
characteristics in photocatalytic systems (Fig. 10B).>*>?67248
For example, photogenerated electron injection into the Pt tip
in CdS/Pt nanorods has been shown to occur within 3-4 ps.
This process is facilitated by the capture of photogenerated
holes on the CdS surface (t ~ 1 ps), which prevents the transfer
of excitons to the Pt particles. Therefore, the holes on CdS and
the electrons on Pt form a catalytically active charge separation
state, and their lifetime exceeds 1 ps. However, if the photo-
generated holes cannot be captured quickly (t > 4 ps), the
excitons will be able to diffuse to the Pt tip, resulting in the
recombination of the electrons and holes and subsequently
decrease of the catalytic activity.>*® To reduce exciton quench-
ing, pristine CdS nanorods can be replaced with type-II hetero-
junctions to improve separation of photogenerated charge
carriers by promoting the confinement of holes in ZnSe or
CdSe, while ZnSe or CdSe has a clear spatial separation from
the Pt tip separated by CdS in a “dot@rod” structure (Fig. 10A).

MV’ Quantum Yield (%)
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Such an arrangement allows the generated charge-separated
excitons to be confined near p-type QDs (ZnSe or CdSe) and
they do not diffuse as easily into the Pt tip as that in CdS/Pt.
This phenomenon has been demonstrated in other studies by
ultrafast spectroscopy of CdSe/CdS and ZnSe/CdS nanorods.
Introducing a hole confinement domain (ZnSe or CdSe) can
reduce the surface hole trapping rate, which helps to suppress
the surface-defect-mediated charge recombination.>**>*! More-
over, the unique advantage of the “dot@rod” catalyst is its
ability to drive efficient separation of photogenerated charge
carriers employing electron/hole dissociation and random electron
hopping (Fig. 10C-E).>*>**” Ideally, however, both the electron-rich
and hole-rich components of the TQD-based catalysts should be
exposed to better use the absorbed energy via ligand or cocatalyst-
mediated charge transfer. Such a morphology can be achieved by
etching the CdS layer outside the CdSe/CdS “dot@rod” structure,
in which the hole-rich and electron-rich components will be both
in direct contact with the external environment.>*>

It has been reported that increasing the hole transfer rate is
an important factor in increasing the photocatalytic activity,
which can be achieved by finding better hole extracting agents and
TQD structural design. A sacrificial agent with a more negative
redox potential as electron donors (hole acceptors) can provide a
larger hole extraction driving force, resulting in a higher hole
transfer rate. For example, the use of $>/SO;>" as a sacrificial agent
can result in CdS hydrogen production efficiencies exceeding
50%.%°*%7 Under this guidance, another way to increase the
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Fig. 10 Catalytic applications of TQDs and CDots. (A) Photocatalytic activity of various TQD structures with different charge separation arrangements
for the quantum yield of photogenerated MV** (methyl viologen) radicals. Reprinted with permission from ref. 234, Copyright 2012, American Chemical
Society. (B) Photogenerated charge carrier decay dynamics in the CdSe@CdS—Pt dot@rod (left) and CdS/Pt nanorods (right) obtained from transient
absorption measurements. Reprinted with permission from ref. 235, Copyright 2015, American Chemical Society. (C) Representative transient absorption
spectra of CdSe@CdS—Pt nanorods upon excitation of the CdSe core. (D) Kinetics of exciton bleach (XB) and charge separated states (CS) from 1 to
3000 ns. Reprinted with permission from ref. 236, Copyright 2014, American Chemical Society. (E) Plausible mechanism for the long-range charge transfer
in CdSe@CdS—Pt NRs, including electron/hole dissociation and random electron hopping. Reprinted with permission from ref. 237, Copyright 2016, The
Royal Society of Chemistry. (F) Schematic representation of versatile functions of CDots for catalysis: photogenerated e~ /h*, photogenerated protons and
photo-controlled electron transfer. (G) Schematic mechanism of the two-step 2e™—2e™ photocatalytic water splitting process in the g-C3N4/CDots system.
Adapted with permission from ref. 238, Copyright 2015, the American Association for the Advancement of Science. (H) Schematic three-component
electrocatalyst design for syngas production by coupling the HER catalyst (CosO,4) with the CO, reduction catalyst (CDots-CzN4), employing the adsorption
capacity of CDots for CO, molecules and protons. Reprinted with permission from ref. 239, Copyright 2017, Nature Publishing Group.
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rate of hole transportation is to utilize a hole extracting agent
that is more accessible to the surface of the photocatalysts, as
the recently reported redox shuttle mechanism in the Cds
nanorods/Ni system at high pH.>*® The photogenerated holes
oxidize small hydroxides (OH ") to form hydroxyl radicals (OH*)
without direct oxidation of the ethanol molecule, mainly
because the hydroxide is small in size and can easily diffuse
into the holes on surface of the catalyst. Subsequently, OH*® is
shuttled and diffused into the solution to rapidly oxidize the
ethanol molecules to acetaldehyde. Along this line, the OH ™/
OH* redox shuttle strategy was further applied to the CdSe@
CdS-Pt nanorod system with a near-unity quantum efficiency at
420 nm.>*° All these exquisite nanostructures may not represent
the most efficient photocatalysts, but bring a revolutionary
profound understanding of catalytic mechanisms and catalyst
design principles.

8.2 CDots

CDots combine the advantages of QDs and carbon materials in
catalysis, which are actually superior to and more widely used
than TQDs.?%'392382%0 Eor comparison, TQDs were mainly
investigated focusing on light harvesting via bandgap engineering
and charge separation via heterojunction design, whereas CDots
can be used as multifunctional components (light absorber/
sensitizer, charge transfer mediator and cocatalyst) for high-
performance photocatalysts and other catalysts (Fig. 9).>3%2¢1262
For photocatalysis, CDots have demonstrated versatile functions
including improved light absorption, charge separation and
surface co-catalysis effect, which have shown great potential in
the fields of photocatalytic environmental remediation, hydro-
gen production and carbon dioxide reduction. Following the
pioneering work of photocatalyst design in 2010, research in
CDots’ catalytic applications has grown rapidly.*® Unique structural
advantages make CDots able to provide not only photogenerated
e /h’, but also photogenerated protons and photo-controlled
electron transfer under illumination (Fig. 10F), which endow
them with great potential in various catalytic reactions beyond
photocatalysis.’**">®> Moreover, CDots are excellent electron
acceptors and donors,”*® which can be used as critical compo-
nents for efficient photocatalysts acting as charge separation
mediators. The photocatalytic properties of CDots are deter-
mined by structure and interfacial interactions that can be
optimized by size, heteroatom doping, and surface functional
groups.'**?*”?’° It has been reported that nitrogen doping
reduces the work function of CDots. Hydrogen bonding on the
surface of CDots has been shown to cause the upward band
bending, which is beneficial to promote the electron transfer
and photocatalytic performance. In particular, nitrogen-doped
CDots with oxygen-containing functional groups have been
successfully prepared as effective photocatalysts for water split-
ting under visible light, in which the fine p-n junction is
composed of a nitrogen-doped core (as an n-domain) and an
oxygen-rich edge (as a p-domain) within one dot.**® CDots also
showed great potential forming efficient composites to enhance
the photocatalytic or other photoelectrochemical performance
of traditional semiconductors,'3923826%:271-273  por example,
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CDots can act as photosensitizers for TiO,, or promote electron—
hole separation mediated by electron or energy transfer
mechanisms.?*?”"?>7* In these cases, interfacial interactions,
such as covalent bonds and hydrogen bonds, are crucial for
charge separation and utilization because of the strong influence
on charge carrier dynamics. Besides working as photo-active com-
ponents, CDots have also shown great potential in manipulation of
the fundamental reaction pathways for water splitting, 3928260275276
Metal-free CDot-based photocatalysts have been developed to
manipulate the one-step four-electron or two-step two-electron
pathways throughout the photocatalytic overall water splitting
(Fig. 10G).>***”> For PEC water splitting, CDots were deposited
on various oxide photoanodes for water oxidation to improve
the charge transfer kinetics and provide synergistic cocatalytic
effects.”’”"*%° CDots have also been used in the photochemical
reduction of Ag"* to Ag®, selective photooxidation of benzyl alcohol
to benzaldehyde,**>**' and photocatalytic CO, reduction.?”>*%?
Moreover, the photogenerated protons allow CDots to be used in
a variety of acid catalyzed reactions, including Beckmann rear-
rangement, esterification and aldol condensation.*®* Hydroxyl-
functionalized CDots can enhance hydrogen bonding effects
through the electron acceptor property of CDots, which were
used in aldehyde-alcohol condensation reactions with high con-
version efficiency.”®*

In addition to the successful application in photocatalysis,
CDot based materials have become competing candidates for
electrocatalysis due to their high stability and electrical conductivity.
CDots show excellent application prospects in the fields of electro-
catalytic hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), oxygen reduction reaction (ORR), CO, reduction
reaction, etc.>'**'7>?%* The surface modification of pure CDots
may be a promising versatile design strategy for various electro-
catalytic applications.>®*>**> Regarding one of the pioneering
reports, the electrochemically prepared N-CDots with oxygen-
rich functional groups have shown great electrocatalytic ORR
activity.>®® Specifically, phosphonate-modified CDots show ORR
activity close to Pt/C, while NH,-terminated CDots show a
slightly better OER activity than IrO,/C.*** The subsequent work
showed that CDot-based ORR model catalysts could be promising
metal-free carbon catalysts, superior to 20% Pt/C under alkaline
conditions. Design and preparation of composite electrocatalysts
have also attracted lots of attention by coupling CDots with NiFe
layered double hydroxide (NiFe-LDH), MoS,, ruthenium nano-
particles and so on, showing a great synergistic effect.”®”>°" For
CO, reduction, a new three-component catalyst design concept
was proposed for the tunable and efficient production of syngas
(H, and CO), coupling the HER catalyst (Co;0,) with the CO,
reduction catalyst (CDots-C3;N,).>*° The enhanced activity is
mainly attributed to the unique adsorption capacity of CDots
for both CO, molecules and protons, whereas C;N, and Co;0,
are the active sites of CO, reduction and HER, respectively
(Fig. 10H). CDots are the sites for active hydrogen production
required to initiate the CO, reduction to CO as well as the HER
processes.

As mentioned above, TQDs represent one of the most
promising photocatalytic systems for solar fuels, which rely
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on the bandgap manipulation for effective light absorption, as
well as high-quality semiconductor/catalyst interfaces to facilitate
charge separation and utilization.?*>?37240244 The near-unity
EQE of the TQD-based photocatalysts is still not the final mean-
ing of these studies,**®>*° whereas the fundamental value is more
likely to provide a deep understanding of traditional catalysts
at the nano- and atomic scales, enriching the knowledge of
inorganic chemistry, material chemistry and catalytic chemistry
to provide useful guidelines for the development of industrial
catalysts.®”**> Similarly, the development of CDot-based catalysts
does not necessarily lie in high-efficiency catalysts, but is more
likely to be a deeper understanding of the surface chemistry and
catalytic behavior of carbon particles in terms of model catalysts,
in the crossroad of graphene, organic chemistry and biochemistry
(Fig. 10).19%238261,262293.294 gor example, based on their catalytic
properties, the introduction of CDots into the polymer matrix has
been demonstrated to be a simple and cost-effective method for
inducing healing of bulk polymers, that is useful in self-healing
and corrosion resistance of polymer coatings. The self-healing is
initiated by CDot-catalyzed interfacial amino bonding between the
CDots and the polymer matrix, which can be optimized by the
surface functional groups of CDots. In addition, recently CDots
have been used for the photocatalytic polymerization of amino
acids into polypeptides and proteins, even with tertiary structures
under very mild conditions, which provides an interesting view for
chemical origins of life."®® It can be seen that CDots with a
crystalline nature of the core and a functionalized surface are
considered to be a promising multifunctional subunit for the
design and construction of various hybrid composites and model
catalysts.”"**** Above all, it is still necessary to further optimize
the synthesis of CDots, regulate the types and number of surface
functional groups, improve the light-harvesting ability, and optimize
and regulate the electron storage and transfer ability.>"** In
addition, a more in-depth understanding of the structure-
activity relationship in the CDot-based catalytic systems is
inevitable, where the molecular-level mechanisms and inter-
face design should be the key.

9. Challenges and perspectives

In summary, CDots are similar to TQDs in several aspects, but
there are a number of significant differences in structure and
properties. CDots combine the advantages of the carbon core
with a potential application-oriented surface and provide high
freedom to manipulate their physicochemical properties,
which significantly extends their potential applications beyond
TQDs. However, some major challenges still remain for further
development of CDots, including precise synthetic control,
chemical structure clarification and structure-property relation-
ships. The CDots research presents a typical paradox in terms of
the number of publications and the depth of the field compared
to that of TQDs.

(1) For basic concepts, we should still be cautious about the
“quantum size effect” of CDots, which lacks clear undebated
experimental evidence. The spectral shift of CDots does not
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necessarily represent a true size effect, but may relate to doping
or surface groups. In terms of a model system for fundamental
research, crystalline CDots with a graphite core appear to be
less controversial than amorphous ones, which would be more
interesting to dig in from the perspective of “QDs”.

(2) For precise control of synthesis, the reproducible pre-
paration of CDots with uniform size, composition and surface
is still challenging, which relies on the profound understand-
ing of the synthetic chemistry, growth mechanism and in situ
characterization. What can be learned from the history of TQDs
is the emerging of revolutionary procedures (e.g. the organo-
metallic hot-injection method), and a continuous review and
improvement of every aspect over decades, including precursors,
mechanisms and even mistakes. There is no experimental evidence
whether the separated dots are what we want, and whether the
beautiful dots in TEM and the colorful PL are from the same
subgroup or a mixture of all these particles. Under this considera-
tion, the synthesis of CDots is more likely to be in the “Prehistoric
Age” and requires high priority before everything else.

(3) For optical properties, CDots as a new class of luminescent
materials show not only size, composition and surface-dependent
PL (similar to TQDs), but also show novel excitation-dependent
and up-conversion PL, which are not common in TQDs. The
optical properties of CDots rely heavily on the synthetic route,
and currently there is still no noncontroversial standard sample
due to the complex nature of CDots. The exact origin and
mechanism of their PL is still controversial, where extensive
ultrafast spectroscopy study plays a crucial role, as seen in the
history of TQDs. The organic-molecule-like structural characteristic
increases the difficulty of CDot synthesis, but gives extra tunability
of their optical properties in terms of crossover of inorganic QDs,
organic molecules and graphene.

(4) For biological applications, CDots hold great potential
due to their low toxicity and good biocompatibility. However, to
some extent, the widespread and versatile biomedical studies of
CDots have not found the irreplaceable role in this field, comparable
to the development of super-resolution imaging by TQDs. It is worth
noting that CDots are promising in integrating the advantages of
TQDs and small-molecule dyes or drugs. The tight core/surface
bonding and small surface groups also brings advantages on
biocompatibility in terms of the effective particle size and renal
clearance. However, the commonly claimed low toxicity of CDots still
needs systematic studies and detailed molecular understanding.

(5) For device applications, the unique core/surface groups
structure, versatile optical properties and electron donating/
accepting capabilities of CDots provide new opportunities in
various devices, but great challenges still exist. Despite their
potential beyond TQDs, CDots have only shown limited success
in LEDs, in contrast to the booming of TQD devices in all fields.
From the history and experience of TQDs, CDots still have a
long way to go on the synthesis of perfect CDots, the formation
of high-quality films via interfacial engineering, and the pro-
found spectral understanding of performance-limiting factors.

(6) For catalysis applications, TQDs have played a key role in the
mechanistic study and photocatalyst design, whereas CDots showed
much more versatile use in photocatalysts and electrocatalysts,
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by providing enhanced light absorption, charge transfer, con-
ductivity and co-catalytic sites. The catalytic performance of
CDots can be adjusted by carefully designing the core structure
and surface, which are still limited by the lack of precise control
and detailed characterization at the atomic level and in situ
catalysis kinetics study. Note that three typical catalytic systems
(heterogeneous, homogeneous and enzyme catalysis) exhibit
similar patterns at the molecular level ultimately, from which
we should see that CDots provide a potentially ideal catalyst
structural model as the bridge of traditional carbon materials
and organic chemistry.

Overall, it is now the time to reconsider the unique char-
acteristics, advantages and disadvantages of CDots from the
perspective of TQDs. Understanding CDots from the perspective
of TQDs provides guidance at the basic conceptual level. After a
comparison with the TQD system, it is expected to deepen the
mechanistic studies on synthetic chemistry and optoelectronic
properties to promote the development of this field. The rapid
development of CDots in the fields of catalysis and biology does
not obscure their shortcomings in synthesis and spectral under-
standing of high-quality samples, which is still the biggest
obstacle to their further development. From the experience of
TQDs, the close cooperation of in-depth theoretical study, precise
synthesis, in situ characterization and spectroscopic understand-
ing of the devices and biosystems together is inevitable to further
promote their applications. We should believe and expect the
great potential of CDots, and focus on the critical and tough
issues for their further development.
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