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ABSTRACT
Luminescent carbon dots (CDs) have received increasing attention from many fields during the past decade. Unfortunately, the luminescent
mechanisms of CDs remain unclear due to insufficient experimental and theoretical knowledge, which significantly hinders the
development of CDs with desired optical properties. Currently, surface states of CDs, which are based on synergistic hybridization between
the carbon backbones and the connected functional groups, have been considered as the dominant luminescence origins. This tutorial
paper, thus, aims to offer an overview of the key features on the surface of CDs, such as particle size, surface functional groups, defects and
heteroatom doping, and their influences on the photoluminescence of CDs. In addition, optical characteristics of surface state-derived
luminescence emissions of CDs are also summarized. Finally, the potential approaches of characterizing surface states of CDs are introduced, followed by an outlook of synthesizing high-quality CDs through modulation of the surface states.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5143819
I. INTRODUCTION
As emerging luminescent nanomaterials, carbon dots (CDs)
have attracted extensive attention from multiple disciplines since
their discovery by Xu et al.1 Over the past decade, a large number of
high-quality CDs have been produced through hydrothermal, solvothermal, or microwave-assisted thermal treatment of various raw
materials ranging from laboratory-produced chemicals to natural
products.2–6 The obtained CDs are spherical or nearly spherical in
shape with a diameter below 10 nm and possess a graphite core
decorated with various functional groups on the surface, such as
carboxyl, amide, hydroxyl, and carbonyl moieties.7–9 In contrast to
traditional semiconductor quantum dots (QDs), CDs exhibit low
production costs, low toxicity, high stability, and high biocompatibility, making them a promising candidate in biological
applications.10–12 Furthermore, a broad range of outstanding optical
and electrical properties are also observed in CDs, such as excitationdependent photoluminescence (PL) emission, and photo-induced
electron transfer and redox, thereby widening their applications in
chemical sensing, photocatalysis, drug delivery, energy conversion,
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etc.13–15 Although great achievements have been made in CDs
related fields, the physical mechanisms behind their PL emission
remain a matter under debate, which heavily hinders the preparation
of CDs with desired optical properties and their potential applications in the related fields.16–18 As such, there is an urgent need to
improve the understanding of PL mechanisms of CDs.
To address such a challenge, the relationships between the
unique optical features and the complicated structures/components
of CDs should be well understood. However, existing literatures
report the development of thousands of carbon precursors and
hundreds of approaches to produce CDs under various reaction
conditions, making them exhibit a significant diversity in structure,
components, and optical properties.12,19,20 In addition, the obtained
CDs are always a mixture of molecules, oligomers, polymer chains,
polymer clusters, and carbon core owing to their incomplete
carbonization.21–24 Such facts indicate that CDs suffer much more
complicated structures and components than expected,25 thereby
bringing about more complex PL origins. Therefore, it remains a
great challenge to establish the complicated structure–property
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relationship in CDs. Nonetheless, three kinds of models have been
put forward to explain PL origins of CDs, i.e., carbon core states,
surface states, and molecular fluorescence.26 Among them, the
surface states-derived PL emission, which correlates with both the
carbon backbones and the connected functional groups, has been
considered as the main luminescence origins of CDs. However,
surface states are not well defined and remain an ambiguous
concept,27–29 making people confused about the numerous relatives
of surface states because of their diversity and uncertainty.
Furthermore, the surface states-derived PL possesses unique
optical characteristics from carbon core states and molecular
fluorescence.30–32 Therefore, systematically summarizing the
surface state of CDs and their related optical characteristics is
urgently needed for the development of CDs with promising
properties.
In this tutorial, we first outline the key structures and components of CDs related to surface states, including particle sizes,
surface functional groups, defects and heteroatom doping, and
their influences on PL. We also summarize the optical characteristics of surface states-related PL of CDs, such as circumstancedependent and broadened emission band. Subsequently, we introduce the potential approaches of characterizing surface states of
CDs. In the conclusion, we discuss the potential development and
challenges in relation to the preparation of high-quality CDs
through modulating their surface states.
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II. CLASSIFICATION OF CDS
“Carbon dots” are first proposed by Sun et al. based on the
concept of quantum-sized carbon nanoparticles, which gradually
become a universal name for all the 0D carbon-based nanomaterial
with fluorescence.33 According to the specific carbon core structure,
surface groups, and properties, CDs can be classified into four different categories: graphene quantum dots (GQDs), carbon quantum
dots (CQDs), carbon nanodots (CNDs), and carbonized polymer
dots (CPDs),3,5,34 as shown in Fig. 1. The GQDs are small graphene
fragments with a larger horizontal dimension than that in height.
They consist of a single or a few layered graphene sheets with welldefined graphene lattices that are connected to functional groups on
the edges, which endow GQDs with quantum confinement effects
and edge effects.35–37 The CQDs are always quasi-spherical in shape
with obvious crystal lattices in the carbon core and plenty of chemical groups on the surface. They show intrinsic state luminescence
and size-dependent PL, making possible the regulation of emission
wavelength of CQDs through tuning the particle size.31 The CNDs
are small sized highly carbonized nanoparticles with some chemical
groups on the surface, but usually without distinct crystal lattices
structure and polymer features. The luminescence of CNDs is
mainly originated from the defect/surface state and subdomain state
within the graphitic carbon core without quantum confinement
effect of the particle size.38 In the last category, the CPDs contain a
carbon core with aggregated or cross-linked functional groups/

FIG. 1. Classification of CDs and their possible structures: including graphene quantum dots (GQDs), carbon quantum dots (CQDs), carbon nanodots (CNDs), and carbonized polymer dots (CPDs). Reprinted with permission from Xia et al. Adv. Sci. 6(23), 1901316 (2019). Copyright 2019 Wiley-VCH.

J. Appl. Phys. 127, 231101 (2020); doi: 10.1063/1.5143819
Published under license by AIP Publishing.

127, 231101-2

Journal of
Applied Physics

polymer chains attached on the surface. The carbon core can be classified into four subcategories, including two kinds of completely carbonized cores similar to CNDs or CQDs, a paracrystalline carbon
structure consisting of tiny carbon clusters surrounded by polymer
frames, and a highly dehydrated crosslinking and close-knit polymer
frame structure.39 The optical features and mechanisms of CPDs are
also dominated by the surface state, the subdomain state, the molecular state, and the crosslink enhanced emission (CEE) effect, respectively. Obviously, at least three kinds of CDs have surface
states-controlled PL emission, including GQDs, CNDs, and CPDs.
III. KEY FACTORS DETERMINING SURFACE
STATE-DERIVED PL OF CDs
Theoretically, when CDs have a smaller size than their exciton
radius, they would exhibit particle size-dependent PL behavior, which
essentially originates from the energy gap transition of conjugated
π-domains in the sp2-carbon-constructed core.34 However, in most
cases, the PL spectra of CDs present the quantum size effect inconspicuously but show strong dependence on their chemical compositions
and structures,22 indicating that the surface state is a very complicated
system. Differing from the carbon core state and molecular fluorescence, the surface state is synergistic hybridization of carbon backbones
and connected functional groups within a CD, and their energy gap
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correlates with the extent of the π-electron system and surface chemistry.2,40 Therefore, both sp3- and sp2-hybridized carbons and other
surface defects of CDs can serve as a capture center for excitons and
thus result in surface states-related fluorescence,13 which includes particle size, surface functional groups, and defects and heteroatom doping.
A. Particle size
In general, particle size observed from transmission electron
microscopy (TEM) presents the overall size of CDs, which includes
a conjugated graphite core and an amorphous shell consisting of
some functional groups.41 The inner effective conjugation length or
sp2 domain size in carbon cores, which is highly dependent on the
particle size of CDs, has a significant influence on the optical properties of CDs.42 On one hand, the energy gap transitions of a
π-electron system display intrinsic PL emission and make some
CDs presenting the quantum size effect to a certain extent.43 On
the other hand, the π-electron system in carbon cores can alter the
energy gaps of CDs through strong coupling interaction with
surface groups, such as carboxyl and carbonyl groups, consequently
resulting in the particle size-dependent PL arisen from surface
states. For example, Pang et al. prepared a series of CDs with
tunable PL from blue to orange wavelength via a controllable wet
oxidation method [Fig. 2(a)].44 Detailed characterizations on the

FIG. 2. (a) Optical images of as-prepared multicolor fluorescent CDs under UV light. (b) Model for the tunable PL of CDs with increase in size. (c) A possible growth
mechanism for the metal-cation-functionalized CDs (CND1) and non-metal-cation-functionalized CDs (CND2). (d) Schematic representation of a CD core and its small
domains made of fully sp3- and sp2-hybridized carbon atoms. (e) HOMO and LUMO states of a fully sp2-hybridized carbon domain. (f ) Three-plate capacitor model used
to estimate the displacement of the domain layers upon the redistribution of electron density. (a) and (b) are reprinted with permission from Bao et al. Adv. Mater. 27(10),
1663 (2015). Copyright 2015 Wiley-VCH. (c) is reprinted with permission from Qu et al. Adv. Mater. 28(18), 3516 (2016). Copyright 2016 Wiley-VCH. (d)–(f ) are reprinted
with permission from Tepliakov et al. ACS Nano 13(9), 10737 (2019). Copyright 2019 American Chemical Society.
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microstructure and composition showed that PL of the as-obtained
CDs is of surface-state emission, and that their energy gaps created
by surface oxidation are significantly determined by the π-electron
system [Fig. 2(b)]. The larger the π-electron system facilitates
smaller energy gaps of the surface states in CDs. That is, the
increase in particle size leads to a red shift in the emission wavelength of CDs. Such a phenomenon was also reported by Qu’s
group.45 They produced orange emissive CDs with a quantum yield
(QY) of 20% through solvothermal treatment of citric acid (CA)
and urea in dimethylformamide (DMF), as shown in Fig. 2(c).
Compared with blue emissive CDs that were hydrothermally synthesized from the same carbon source, the as-obtained CDs possess
a larger sized conjugated sp2-domain, which is the basis of energy
gap orange emission arisen from the surface state. Afterward, Sun
and co-workers synthesized multiple color emissive CDs through
controlled thermal pyrolysis of CA and urea in DMF.46 By increasing the temperature and CA/urea ratio, PL color of the as-produced
CDs could be continuously tuned from blue to red, covering the
entire light spectrum. The red shift of CDs emission was ascribed to
the increased π-electron system and improved content of carboxyl
groups on the CD surface. In addition to the experimental evidence, the influence of the conjugated sp2-domain on the surface
states-related PL of CDs was also demonstrated by the simulated
calculations. In Figs. 2(d)–2(f ), Tepliakov et al. built a simple,
comprehensive, and accurate semianalytical model of optical
centers for revealing the true nature of emission centers of CDs.47
The results show that the domain hybridization factor could determine the localization of electrons and the electronic energy gap
inside the domains, thereby causing the partially sp2-hybridized
carbon domains-determined optical properties of CDs.
Based on these reports, it can be seen that the particle size,
which is highly associated with the size of conjugated π domain in
CDs, plays a determining role in PL properties derived from
surface states, especially tuning the emission peak toward longer
wavelength regions. However, it is should be noted that only
through strong coupling interaction with surface functional groups,
can the conjugated sp2-domain influence the surface states-related
optical properties of CDs.

B. Surface defects
Structurally, the sp2 conjugated frameworks in the carbon core
of CDs are usually accompanied by a large number of non-perfect
sp2 domains. Those sites will create or induce surface energy traps
that can serve as capture centers for excitons, thus giving rise to
surface defect state-related fluorescence.48 As such, surface defects
of CDs are responsible for their multicolor emissions that are
located in the visible light spectrum. According to previous reports,
surface defects of CDs are highly complicated, which are closely
associated with both sp2 and sp3 hybridized carbons and other
heteroatom-containing functional groups, such as dangling bonds,
non-radiative states, and oxygen and nitrogen-related functional
groups.49 The bright surface defect-derived fluorescence of CDs is
resulted from the recombination of electron–hole pairs in the
strongly localized π and π* electronic levels of the sp2 sites, which
stay between the energy gap of the σ and σ* states of the sp3
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matrix, thereby resulting in weak absorption in the near ultravioletvisible region but strong emissions in the visible region.

1. Oxygen-containing functional groups
Most reported CDs, owning to complete carbonization,
possess abundant oxygen-containing functional groups over their
surface, including epoxide, hydroxyl, carbonyl, carboxyl, and sulfoxide.3 Such functional groups are connected with carbon backbones, which not only impart high solubility of CDs in polar
solvents, but also introduce diverse surface defects with different
energy levels,50,51 thus resulting in numerous electronic transition
possibilities and various PL properties of CDs. Hu et al. prepared a
series of CDs with tunable PL emission across the entire visible
spectrum by simple adjustment of reagents and synthesis conditions.52 They postulated that surface epoxides or hydroxyls can
induce significant local distortion and then create new energy levels
between n–π* gaps, consequently causing a wide range of excitation
energies and excitation wavelength-dependent PL [Fig. 3(a)]. To
explore the electronic structure of CDs, Yang and co-workers first
used ultrafast spectroscopy to unravel the common origin of three
kinds of typical green fluorescent CDs synthesized by top-down
or bottom-up methods.53 Based on the obtained results in
Figs. 3(d)–3(f ), the special edge states consisting of carbon atoms
on the edge of the carbon backbone and functional groups with
CvO are responsible for the PL emission of those CDs. In this
regard, by purifying a CD mixture obtained via hydrothermally
treating an aqueous solution of urea and p-phenylenediamine, our
group obtained eight batches of CDs with a similar particle size
distribution and graphite structure but exhibiting PL color varying
from blue to red [Fig. 3(b)].38 The distinct PL redshift was found to
coincide with the increasing content of carboxyl on the CD surface,
implying that surface oxidation could produce defects and thus
result in surface state-related PL [Fig. 3(c)]. Meanwhile, it was concluded that the energy gaps of CDs between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) reduced with the increasing degree of surface
oxidation, which is in agreement with the density functional theory
(DFT) calculations reported by Chien et al.54 In light of the
aforementioned surface state emission mechanisms, Li’s group dissolved orange emissive CDs in dimethyl sulfoxide (DMSO) solvent
without any further treatment55 and realized 10% efficient nearinfrared (NIR) emission CDs excited in an NIR-I window
(λabs = 715 nm, λem = 760 nm) for the first time. Regarding PL
mechanisms, the SvO and CvO functional groups attached to the
outer layers and the edges of CDs increase surface oxidation and
the occurrence of discrete energy levels, thereby contributing to the
NIR absorption band and enhanced NIR fluorescence [Fig. 3(g)].
Recently, Zhang et al. unraveled the relationships between PL
and surface structures through semiquantitatively tuning oxygen
functional groups on the CD surface.56 The results of experiments
and theoretical calculations reveal that the emission wavelength of
CDs is significantly determined by both the delocalization extent
of the π-electron system and carbonyl-group content, while QYs of
CDs are heavily dependent on the carbonyl-group content, as shown
in Fig. 3(h). Remarkably, the carboxyl groups in CDs have no
obvious effects on the surface state-related PL owing to no conjugate
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FIG. 3. (a) Illustration of tunable PL emission from CDs containing different O-related surface groups. (b) A photograph of as-separated multicolor fluorescent CDs under
UV light. (c) Model for the tunable PL of CDs with different degrees of oxidation. (d)–(f ) TA spectra for microwave-synthesized CDs, electrochemically synthesized CDs,
and solvothermally synthesized GQDs at 400 nm excitation, respectively. (g) Schematic of the structure and energy level alignments of non-treated CDs (left column) and
CDs modified with SvO/CvO-rich molecules (right column). (h) Representation of the proposed PL mechanism and structure–property relationship of CDs. (a) is
reprinted with permission from Hu et al. Angew. Chem. Int. Ed. 54(10), 2970 (2015). Copyright 2015 Wiley-VCH. (b) and (c) are reprinted with permission from Ding et al.
ACS Nano 10(1), 484 (2016). Copyright 2016 American Chemical Society. (e) and (f ) are reprinted with permission from Wang et al. ACS Nano 8(3), 2541 (2014).
Copyright 2014 American Chemical Society. (g) is reprinted with permission from Li et al. Adv. Mater. 30(13), 1705913 (2018). Copyright 2018 Wiley-VCH. (h) is reprinted
with permission from Liu et al. J. Phys. Chem. Lett. 10(13), 3621 (2019). Copyright 2019 American Chemical Society.

effects between carboxyl groups and the π-electron system, which
differs from previous reports. These instructive works indicate that
oxygen-containing functional groups play an important role in determining PL properties of CDs derived from surface states.
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2. Nitrogen-related functional groups
Apart from the abovementioned one, nitrogen-related functional groups, which are commonly present in the form of amino,
amidic, pyridinic, pyrrolic, graphitic, nitro, amidine, etc.,57–59 can
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be embedded in both carbon core or amorphous shell due to
the similar electronic structure and atom radius of N to
C. These groups are more likely to undergo transition from the
ground state to the lowest excited singlet state of electrons, thus
greatly improving the surface-states-related luminescence properties
of CDs.
The absorption/emission wavelength of CDs can be redshifted
to long-wavelength ranges through doping N-containing groups in
the form of amino, pyridinic, hydrazine, or graphitic N into the
surface/core of CDs.60 For instance, Permatasari et al. developed
pyrrolic-N-rich CDs that give an absorption peak centered at
650 nm using CA and urea as raw materials.61 The increased
amount of pyrrolic functional groups led to a high electron density
and resulted in delocalized electron waves spreading through the
CD surface, thus enabling redshift of the absorption wavelength of
the CDs [Fig. 4(a)]. Likely, by functionalizing the surface of CDs
with amino, Tetsuka and co-workers designed highly luminescent
CDs with tunable PL color from blue to yellow under singlewavelength UV excitation [Fig. 4(b)].62 These edge-terminated
amino moieties systematically modified the electronic structure
of CDs through their effective orbital resonance with the
graphene core, thus largely improving the optical features of CDs
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[Figs. 4(c) and 4(d)], which was also in agreement with the timedependent density functional theory (TDDFT) calculations
reported by Kundelev’s group.63 They conducted a comprehensive
quantum chemical DFT analysis of absorption and PL of aminofunctionalized CDs, as shown in Fig. 4(e). The results reveal that
the surface perylene- and pyrene-based subunits with different
numbers of amino groups not only shift their absorption and the
PL spectrum to longer wavelengths but also preserve the high PL
intensity inherent to CDs. Specifically, the increase in red shift with
the functionalization degree of the CDs was attributed to the
charge transfer from amino groups to CD cores, while the excitation wavelength-dependent emission color is ascribed to the presence of different kinds of amino subunits on the CD surface. In
addition, the distinct PL redshift was also observed in CDs with an
increasing content of graphitic N. In recent work, Otyepka and
co-workers prepared full-color-emission CDs through thermal
treatment of a formamide solution of urea and CA, followed by
column chromatography separation based on the surface charge
discrepancy of CDs.64 The obtained red-emitting CDs possess a
larger content of graphitic N than the other CDs, which could generate midgap states between HOMO and LUMO, thus resulting in
redshifted absorption and emission [Fig. 4(f )].

FIG. 4. (a) Schematic diagram of the pyrrolic-N-rich CDs with strong NIR absorption. (b) A photograph of as-prepared PL tunable CDs under UV light. (c) Normalized PL
emission and selected UV/VIS absorption spectra of CDs. (d) Schematic illustrations of structures used for theoretical calculations with different functional groups. (e)
Perylene- and pyrene-based functional subunits of amino-functionalized CDs with one (Pe1 and Py1), two (Pe2 and Py2), and three (Pe3 and Py3) amino groups. (f )
Schematic illustrations of the PL tunable CDs with increasing content of graphitic N. (a) is reprinted with permission from Permatasari et al. ACS Appl. Nano Mater. 1(5),
2368 (2018). Copyright 2018 American Chemical Society. (b)–(d) are reprinted with permission from Tetsuka et al. Adv. Mater. 24(39), 5333 (2012). Copyright 2012
Wiley-VCH. (e) is reprinted with permission from Kundelev et al. J. Phys. Chem. Lett. 10(17), 5111 (2019). Copyright 2019 American Chemical Society. (f ) is reprinted with
permission from Hola et al. ACS Nano 11(12), 12402 (2017). Copyright 2017 American Chemical Society.
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In addition, some nitrogen-containing functional groups can
also contribute to PL improvement of CDs, which includes amine,
pyrrolic, and graphitic groups.63 Zhai et al. used citric acid and a
variety of amine molecules as carbon source [Fig. 5(a)] to produce
CDs with different N contents.65 It was found that the primary
amine acts as surface passivation agents, which traps surface electrons for more efficient radiative recombination, thus considerably
enhancing the fluorescence of the CDs. Thereafter, Qian et al. synthesized highly efficient blue-emitting CDs through a solvothermal
reaction,66 and the obtained results suggest that both amino and
pyrrolic-N result in the improvement in the luminescence properties because they could promote radiative recombination by generating more protonation processes or aromatic structures [Fig. 5(b)].
Recently, through adjusting reaction solvents, our group reported a
series of highly luminescent CDs with tunable emission over the
entire visible region and gradually narrowed full width at half
maximum (FWHM) [Figs. 5(c) and 5(d)].67 After detailed

TUTORIAL

scitation.org/journal/jap

characterization on structure and chemistry of the CDs, the tunable
PL was proven to be derived from their surface state in which the
energy gaps could be controlled by both the π-electron system and
the graphitic nitrogen content. However, apart from the typical
surface-state controlled emission, PL QYs of these CDs was slightly
dependent on the particle size of CDs, indicating that the improved
contents of graphitic nitrogen atoms within carbon cores make a
significant contribution to PL QYs. It is attributed to that fact that
the graphitic nitrogen content can enhance the rigidity of the
domains and thus reduce non-radiative relaxation through molecular vibrations on CD surfaces. In addition to these experimental
results, some groups also performed theoretical studies on the
effects of N doping types and positions on optical features of CDs.
As depicted in Fig. 5(e), Niu et al. employed a time-dependent
density functional theory to unveil that center doping creates midstates that render non-fluorescence.68 However, edge N-containing
functional groups would regulate the energy levels and increase the

FIG. 5. (a) Schematic representation of CD synthesis in the presence of various amines. (b) Emission spectra of CDs synthesized from different amines. (c) A photograph
of multicolor CDs synthesized with a solvent-engineered strategy and their corresponding normalized PL spectra (d). (e) Schematic illustrations of how different types of N
doping effect PL emission of CDs. (a) is reprinted with permission from Zhai et al. Chem. Commun. 48(64), 7955 (2012). Copyright 2012 Royal Society of Chemistry. (b) is
reprinted with permission from Qian et al. Chem. Eur. J. 20(8), 2254 (2014). Copyright 2014 Wiley-VCH. (c) and (d) are reprinted with permission from Ding et al. Small
14(22), 1800612 (2018). Copyright 2018 Wiley-VCH. (e) is reprinted with permission from Niu et al. Nanoscale 8(46), 19376 (2016). Copyright 2016 Royal Society of
Chemistry.
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radiation transition probability, thus enhancing PL intensity. The
results could address some inconsistency observed in different
experiments.

3. Other organic molecules/polymers
Some special organic molecules, such as polyethylene glycol
(PEG), polyethylenimine (PEI), polyvinylpyrrolidone (PVP),
glucose, arginine, Vitamin C (VC), acetaldehyde, or histidine, were
also confirmed to induce additional surface defects,19 which can
interact with the intrinsic energy gap core via electron and/or
energy transfer, consequently changing the optical behaviors of
CDs. Zhang’s group first synthesized blue-emitting CDs through
low temperature pyrolysis of PEG400.69 Then, these blue luminescent CDs were thermally treated in the presence of PEG1000 and
2,20-(ethylenedioxy)-bis(ethylamine) (EDA), resulting in the production of green and orange emissive CDs with enhanced QY,
respectively. In this reaction, the surface passivation agents, i.e.,
PEG1000 and EDA, alter the electronic structure, introduce new
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energy gaps of low energy, and dramatically change the surface
states of CDs. As a result, long-wavelength emissive CDs with
strong surface oxidation and high N doping as well as increased
QY could be achieved, as shown in Fig. 6(a). Similarly, using PEG,
primary amine, glucose, arginine, histidine, biotin, and folic acid as
surface passivation reagents, Ali et al. realized the emission wavelength spanning of CDs from 550 to 750 nm because of the additional surface defects induced by new polar functional groups
[Fig. 6(b)].70 Recently, Zhen et al. developed a simple approach to
engineer the surface states of CDs with blue emission by conjugating them with VC and acetaldehyde and yielded controllable PL
red shifts of CDs by 175 nm and 285 nm [Fig. 6(c)].71
Experimental characterization results validated that carbonyl and
CvN groups as sub-fluorophores are the origins of green and red
emissions of CDs, respectively.
In addition to introducing new emissive surface defects,
organic molecules or polymers could also be used as passivation
agents to improve the optical behavior of CDs derived from
the surface state.43,50 Surface defects, which behave as organic

FIG. 6. (a) Schematic illustration of the synthetic routes for CDs with different emission colors. (b) PL emission spectra of red emissive CDs (left), photograph of CD colloidal solution under UV irradiation (middle), and fluorescence image of CDs labeled KB cells (right). (c) Schematic syntheses and applications of blue, green, and red emissive CDs. (d) Schematic illustrations of CDs with PEG1500N species attached to the surface. (e) Preparation of surface-passivated CDs by the hydrothermal treatment of
citric acid in the presence of hyperbranched PEI. (a) is reprinted with permission from Zhang et al. Nanoscale 8(1), 500 (2016). Copyright 2016 Royal Society of
Chemistry. (b) is reprinted with permission from Ali et al. ACS Appl. Mater. Interfaces 8(14), 9305 (2016). Copyright 2016 American Chemical Society. (c) is reprinted with
permission from Zheng et al. J. Mater. Chem. B 7(24), 3840 (2019). Copyright 2019 Royal Society of Chemistry. (d) is reprinted with permission from Sun et al. J. Am.
Chem. Soc. 128(24), 7756 (2006). Copyright 2006 American Chemical Society. (e) is reprinted with permission from Wang et al. ChemNanoMat. 1(2), 122 (2015).
Copyright 2015 Wiley-VCH.
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functional molecules that are individually embedded into solid
hosts, render CDs defenseless to external contaminants, and the
related CDs usually suffer from poor photostability and low QYs.72
The surface passivation treatment motivates the localization of electron–hole pairs on the surface states of CDs and eliminates the dissipation of photo-induced carriers from surface sites, thus making
possible the more highly efficient radiative recombination and the
enhancement of PL properties of CDs. Accordingly, compared to bare
counterparts, surface-passivated CDs become highly optically active
and emit significantly improved PL from visible to near-infrared spectral regions.29 Until now, the predominant passivation agents are
organic molecules and polymers. Sun et al. used organic moieties
diamine-terminated oligomeric poly-(ethylene glycol) (PEG1500N) to
passivate as-obtained CDs [Fig. 6(d)].33 The authors stated that they
exhibited obviously increased fluorescence in a solution-like suspension and in the solid state, which is ascribed to that surface passivation
can stabilize emission of CDs from surface energy traps. It should be
noted that emissive energy traps must remain bound to the surface of
CDs via quantum confinement when surface passivation is able to
produce strong fluorescence. Additionally, by using citric acid as a
carbon source and hyper-branched polyethylenimine (PEI) as a
surface passivation agent, Wang and co-workers also produced blueemitting CDs via a one-step route [Fig. 6(e)].73 The resultant CDs
possessed a high QY up to 24.3%, and high photo-, metal-, and
solvent-stability, which is ascribed to the protective surface passivation
layer formed by PEI. Though functional group-terminated CDs were
extensively studied, a large number of issues need to be further
addressed. For example, it remains unclear whether light is emitted by
surface groups per se or through their influence on PL by changing
the internal electrical structure of the CDs, and how different functional groups have an impact on the PL (i.e., emission wavelength and
QY) of CDs at different levels.

negatively charged and bright blue luminescent. Thereafter, our
group synthesized a new type of S-CDs with a low QY of 5.4%
from α-lipoic acid via a hydrothermal route.78 The doped S atoms
serve as a synergistic role in increasing the content of CvN in
carbon cores. Consequently, the optimal N- and S-coped CDs possessed the highest QY of 54% than S-CDs and N-CDs in the blue
light region [Fig. 7(a)], which is resulted from the functional
groups on the surface and aromatic structures in the carbon core.
Recently, Xu and co-worker synthesized 67% efficient blue emissive
S-CDs from sodium citrate and sodium thiosulfate with a simple
and straightforward hydrothermal method [Fig. 7(b)].79 In comparison to other S-CDs, QY of these S-CDs was significantly improved
because the sulfur atom in CDs plays a catalytic role in oxidation
reduction reaction, which introduces more passivated surface detect
of CDs and further enhances photoluminescence. In addition to
blue color luminescence, red-emitting S-CDs were also reported.
Ge et al. used conjugated polymer polythiophene phenylpropionic
acid as the carbon source and produced S-CDs with red emission.80
These S-CDs were water-soluble, and carboxylate-terminated, displaying a broad absorption band ranging from 400 to 800 nm and
an emission peak at 640 nm, which makes them appealing in PL
imaging, photoacoustic imaging, and photothermal therapy, as
shown in Fig. 7(c). Zhang et al. synthesized N and S co-doped CDs
from o-phenylenediamine and L-cystine, which possess relatively a
high PL QY (35.7%) toward a near-infrared fluorescent peak up to
648 nm [Fig. 7(d)].81 With the advancement of characterization
techniques, N, S-dopants were found to not only enrich electronic
states, but also lead to the creation of in-gap trap states that could
act as nonradiative and recombination centers. This conclusion
agrees with those proposed in other heteroatom doped CDs.

C. Heteroatom doping

As one important member of the fifth group in the periodic
table of elements, phosphorus (P) atoms have a larger radius than
that of carbon counterparts and have high reactivity owing to their
rich valence electrons.82–84 As a result, P atoms can form substitutional defects in a carbon cluster and behave as n-type donors, thus
modifying the electronic and optical properties of CDs. P doping
can also significantly enhance the luminescence emission efficiency
of CDs. Zhou’s group dramatically increased the QY of CDs from
3% to 25% by doping P into carbon cores,85 which is synthesized
from phosphorous tribromide and hydroquinone with a solventthermal method [Fig. 8(a)]. The high QY may be ascribed to the
coexistence of defect sites and isolated sp2 carbon clusters, which can
more efficiently increase the energy gap into the UV-vis region and
produces stronger visible PL than individual sp2 carbon clusters. The
PL enhancement may also be resulted from the increasing number
of isolated sp2 carbon clusters because the introduction of P into
CDs produces more defects and thus enhances PL intensity. Xu
et al. applied a single-step and high-efficiency hydrothermal method
to produce N and P-doped carbon dots (N,P-CDs) from sodium
citrate and diammonium phosphate with a superior PLQY of 53.8%
[Fig. 8(b)],86 excitation-independent emission behavior, and robust
stability over a large pH range. Spectroscopic investigations suggested
that the addition of P and the passivation effect of the oxidized
surface were primarily responsible for the high PLQY of the N,

As many reports declared, heteroatom doping is an effective
way to improve optical properties of CDs, including the enhancement in fluorescence intensity and redshift of emission
wavelength.74–76 Up to now, many types of heteroatoms have been
adopted to adjust the PL features of CDs by tailoring their structural and electronic properties. This section mainly focuses on the
advancements of CDs with non-metal heteroatom doping except
that nitrogen already discussed, including preparation methods,
optical properties, and their PL mechanisms.

1. Sulfur doping
Sulfur atoms possess similar electronegativity but larger
atomic radius than carbon. Therefore, electron transition of S is
easier than that of carbon,76 enabling the effective improvement in
optical properties of CDs by sulfur doping. In addition, each sulfur
atom has six valence electrons, which can modify the electronic
structure of CDs. So far, a large number of studies reported the
synthesis of sulfur-doped CDs (S-CDs). Chandra et al. reported the
first sulfur-doped CDs using thiomalic acid sulfur acid as the
carbon source and the sulfur source in 2013.77 The as-prepared
S-CDs exhibited a PL QY of 11.8% without any additional surface
passivation. The presence of S and O functionality made S-CD
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FIG. 7. (a) Scheme of the synthesis of S-doped CDs with strong blue luminescence. (b) Absorption and PL spectra of S-CDs and N,S-CDs and their photograph under
UV light. (c) Schematic syntheses and applications of red emissive CDs. (d) Schematic syntheses and structures of red emitting CDs. (a) is reprinted with permission from
Xu et al. J. Mater. Chem. A 3(2), 542 (2015). Copyright 2015 Royal Society of Chemistry. (b) is reprinted with permission from Ding et al. Nanoscale 6(22), 13817 (2014).
Copyright 2014 Royal Society of Chemistry. (c) is reprinted with permission from Ge et al. Adv. Mater. 27(28), 4169 (2015). Copyright 2015 Wiley-VCH. (d) is reprinted
with permission from Zhang et al. Nano Res. 12(4), 815 (2019). Copyright 2019 Springer Nature.

P-CDs. On the other hand, P doping was reported to change the
emission wavelength of CDs. Hu’s group first demonstrated that the
red color luminescent centers can be created through P incorporation into CDs.87 They believed that P-containing groups can introduce a new energy level state above HOMO but below N-state of
CDs (named as P-state) as these groups act as strong electron
donors, as shown in Fig. 8(c). Therefore, the transition between N
and P states produces red (R2) and yellow (R1) emission simultaneously, presenting rare orange/red dual-emission in CDs. Beyond
these, there are also some different and contradictory viewpoints on
the effect of P doping on the fluorescent properties. Zhi et al. argued
that P doping has no distinct effects on the optical properties of
P-CDs, including PLQY and fluorescence lifetime, but can significantly improve their photostability [Fig. 8(d)].88

3. Boron doping
Boron (B) locates next to C in the periodic table of elements
and has similar chemical properties to those of N. Therefore, it is a
sound strategy to dope B into CDs for changing their electronic
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structures and optical properties, which has been widely studied in
the literature.76 Meanwhile, the incorporation of electron-deficient
B atoms can accommodate the charge density of C and N bonding
matrix, consequently decreasing the number of surface state by
causing a change in the bonding patterns. As with other nonmetallic atoms (N, S, and P), B doping can be used to enhance the luminescence efficiency of CDs. Shan and co-workers synthesized blue
luminescent B-doped CDs (B-CDs) from one-pot thermal treatment of an acetone solution of BBr3 and hydroquinone.89 The
PLQY of B-CDs is 14.8%, much higher than that of B-free CDs
(3.4%), which is attributed to the role of B as an engine in charge
transfer in the excited state. Interestingly, a large PL blue shift was
found in B-CDs with respect to B-free CDs [Fig. 9(a)], which is
ascribed to the strong electron-withdrawing character of Choi et al.
developed a one-step microwave-assisted synthesis of B and N
co-doped CDs (BN-CDs) using citric acid, ethylenediamine, and
boric acid as raw materials.90 The obtained BN-CDs displayed a
PLQY of up to 81% [Figs. 9(b) and 9(c)], which is almost twice as
bright as that of B-free N-CDs, indicating that the incorporation of
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FIG. 8. (a) Schematic syntheses and structures of P-doped CDs with blue luminescence. (b) Schematic showing the synthesis process of strongly photoluminescent (N,
P)-CDs. (c) Schematic illustration of the PL mechanism for P-CDs. (d) Schematic syntheses and TEM images of P-CDs from different carbon sources. (a) is reprinted with
permission from Zhou et al., RSC Adv. 4(11), 5465 (2014). Copyright 2014 Royal Society of Chemistry. (b) is reprinted with permission from Xu et al., Nano Res. 11(7),
3691 (2018). Copyright 2018 Springer Nature. (c) is reprinted with permission from Hu et al., J. Mater. Chem. C 5(38), 9849 (2017). Copyright 2017 Royal Society of
Chemistry. (d) is reprinted with permission from Zhi et al., Carbon 29, 438 (2018). Copyright 2018 Elsevier.

B atoms into the CD network has a significant influence on their
optical properties. The detailed mechanistic exploration confirmed
that B doping increases the fraction of graphitic C and N, thereby
producing more uniform and fewer well-distributed surface defect
states, which account for the observed PL enhancement of
BN-CDs. Meanwhile, the emission behavior of BN-CDs changed
from excitation-dependent to near excitation-independent due to
their fewer multi-chromophoric units than N-CDs [Fig. 9(d)].
Thereafter, Jana et al. reported the synthesis of four kinds of
B-CDs with varying amounts of B content by modified hydrothermal treatment of a mixture of ascorbic acid with borax, boric acid,
sodium borate, and sodium borohydride.91 The dominant absorption band of B-CDs would redshift when more B atoms were gradually doped into carbon cores [Fig. 9(e)]. The following theoretical
calculations suggested that electron-deficient B can cause huge
charge polarization within the carbon surface, which thus results in
the formation of surface defects and, subsequently, an
electronic-transition-related redshift in the absorption spectrum.

4. Fluorine doping
Fluorine (F) has the maximum electronegativity and can strongly
absorb adjacent electrons, thus increasing the separation of positive
and negative charges.76 In contrast to other heteroatoms, F doped
CDs (F-CDs) have been reported rarely. Some work suggested that
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doping F is an efficient route to improve and tune the fluorescence
properties of CDs. Zuo et al. produced a kind of F-CDs by a solvothermal process using 1,2-diamino-4,5-difluorobenzene as the fluorine
source, as shown in Fig. 10(a).92 With respect to F-free CDs, the
as-obtained F-CDs exhibited not only an obvious red shift by
50 nm, but also a slightly improved QY, indicating that F doping
can be used to improve PL behavior of CDs. Recently, Yang’s group
disclosed that red emission F-CDs could be produced by doping
the electron-withdrawing fluorine atoms into CDs via a
microwave-assisted carbonation route.93 In light of UV-Vis absorbance and x-ray photoelectron spectroscopy (XPS) analysis, the
redshifted PL emission could be attributed to the increased extent
of the π-electron system induced by F doping, which will narrow
the energy gap of the π–π* transitions and further result in a
smaller energy gap for surface states. As a consequence, redshifted
fluorescence with a lower energy level could be achieved by
doping F into CDs [Fig. 10(b)]. Sun et al. demonstrated the production of F-doped CDs (F-CDs) from graphene wastes by a
microwave-assisted hydrothermal method.94 The obtained F-CDs
exhibited remarkable photostability and distinct PL redshift compared to F-free CDs, which were closely related to F doping into
CDs. The redshifted PL could be attributed to the higher degree of
fluorination because the relatively high surface defect concentration
in F-CDs caused by fluorination could trap more excitons, which
results in irradiation decay of activated electron and thus a longer
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FIG. 9. (a) Fluorescence spectra of BCQDs and CQDs, and the effect of H2O2 on fluorescence of BCQDs and CQDs. Inset: photographs of BCQDs and CQDs under UV
light. (b) Synthetic scheme for N-CD and BN-CDs. (c) Photographs of N-CDs and BN-CDs solutions as well as their solid powder under UV light. (d) Fluorescence excitation–emission map of N-CDs and BN-CDs. (e) Fluorescence emission spectra of B-CDs with different contents of B and their applications for ascorbic acid and Fe3+ detection. (a) is reprinted with permission from Shan et al., Analyst 139(10), 2322 (2014). Copyright 2014 Royal Society of Chemistry. (b)–(d) are reprinted with permission from
Choi et al. Chem. Mater. 28(19), 6840 (2016). Copyright 2018 American Chemical Society. (e) is reprinted with permission from Jana et al., Langmuir 33(2), 573 (2017).
Copyright 2017 American Chemical Society.

FIG. 10. (a) Synthesis of F-CDs and undoped CDs and their photographs under UV light. (b) Synthetic scheme for F-CDs and undoped CDs. (a) is reprinted with permission from Zuo et al., J. Phys. Chem. C 121(47), 26558 (2017). Copyright 2017 American Chemical Society. (b) is reprinted with permission from Yang et al., Carbon 128,
78 (2018). Copyright 2018 Elsevier.
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wavelength emission in F-CDs. Meanwhile, the remarkable photostability was highly likely due to the strong electron-withdrawing
ability of F, which reduces the electron density of the aromatic
structure in F-CDs. Nevertheless, the underlying exact mechanisms
of redshifted PL and improved photostablity upon fluorine doping
need further investigations.

5. Other non-metals doping
Other non-metallic elements such as silicon, selenium, and
halogen have been used to dope CDs,19 which tailor the structural
and electronic properties of CDs, thus endowing CDs with unique
surface state-related optical properties.
Qian’s group synthesized silicon-doped CDs (Si-CDs) through a
simple and efficient solvent-thermal route using SiCl4 as the silicon
source and hydroquinone as the carbon precursor [Fig. 11(a)].95 QY
of the Si-CDs is up to 19%, much higher than that of Si-free CDs
(3.4%), which demonstrates that the incorporation of Si can
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substantially enhance the PL intensity of CDs. Through systematically
investigating the fluorescence of CDs with experimental and theoretical approaches and comparing the different proposal on the nature of
fluorescence of CDs, they ascribed the PL enhancement to the formation of more defect sites in the large conjugated C structure resulting
from the incorporation of a large amount of silicon atoms, consequently giving rise to the enhancement of PL intensity. Thereafter,
Zhang et al. produced blue light-emission organosilane-functionalized
CDs with a QY of up to 57% through hydrothermal treatment of a
solution of citric acid and N-(3-(trimethoxysilyl) propyl) ethylenediamine [Fig. 11(b)].96 The attached organosilane functional groups on
the CD surface were crucial for the high QY of Si-CDs because the
organosilane functional groups could not only serve as surface passivation agents to trap surface electrons, but also as electron donors to
increase the electron cloud density, which increases together the probability of electron–hole radiative recombination.
Yang’s group obtained selenium-doped CDs (Se-CDs) by
reducing the readily-prepared CDs with NaHSe via a one-step

FIG. 11. (a) Schematic illustration of application of Si-CQDs in bioimaging and biosensor. (b) A schematic of synthesizing organosilane-functionalized CQDs with their
application in white LED. (c) A schematic diagram of the preparation process of Se-CDs. The right image shows the typical TEM image of Se-CDs and the digital photo of
Se-CDs solution under UV light. (d) Synthetic scheme of Se-CQDs with green fluorescence and their application in protecting the cells from ROS-induced damage. (e)
Fluorescence spectra of halogenated-CQDs in ethanol and following substitution by 1,2-ethylenendiamine in water. (a) is reprinted with permission from Qian et al., ACS
Appl. Mater. Interfaces 6(9), 6797 (2014). Copyright 2014 American Chemical Society. (b) is reprinted with permission from Zhang et al., Nanoscale 8(16), 8618 (2016).
Copyright 2016 Royal Society of Chemistry. (c) is reprinted with permission from Yang et al., J. Mater. Chem. A 2(23), 8660 (2014). Copyright 2014 Royal Society of
Chemistry. (d) is reprinted with permission from Li et al., Angew. Chem. Int. Ed. 56(33), 9910 (2017). Copyright 2017 Wiley-VCH. (e) is reprinted with permission from
Zhou et al., RSC Adv. 3(25), 9625 (2013). Copyright 2013 Royal Society of Chemistry.
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hydrothermal reaction and in situ doping treatment [Fig. 11(c)].97
The reduced Se-CDs showed improved PL with redshifted fluorescence spectrum, higher QY, and longer lifetime than those of oxidized CDs, which could be ascribed to the Se-containing surface
activity groups that serve as an electron donor. Recently, Xu et al.
described a simple method to produce green luminescent seleniumdoped CDs (Se-CDs) with a QY of 7.6% through hydrothermal
treatment of a selenocystine aqueous solution [Fig. 11(d)].98
Interestingly, the obtained Se-CDs displayed reversible redoxdependent luminescence, indicating that the oxidation state of Se
atoms had a significant effect on the optical behavior of Se-CDs
through affecting the electron–hole recombination in cores.
Zhou et al. proposed an efficient route to prepare halogenated
CDs (Cl/Br/I-doped CDs) through a solvent-thermal reaction using
carbon tetrachloride and quinol as precursors.99 All the halogenated samples exhibited blue fluorescence in ethanol but with different QYs and emission peaks [Fig. 11(e)]. After the substitution
of halogens with diamine, the emission efficiencies of all functionalized CDs were elevated up several times, indicating that the
halogen atoms are incorporated on the CD surfaces and had a significant influence on the optical properties of CDs. Overall,
samples of heteroatom-doped CDs such as P, S, Si, Se, and halogen
are scarce, which hinder the exploration of their effects on the
optical properties of CDs in a large part. Accordingly, the effects of
these heteroatom doping are still ambiguous.
IV. OPTICAL CHARACTRISTICS OF LUMINESCENCE
DERIVED FROM SURFACE STATE
As mentioned above, not only surface functional groups but
also carbon cores have a remarkable influence on the PL behavior
of CDs derived from the surface state because both of them can significantly alter their electronic structures.100–102 The attached functional groups on the CD surface are with abundant structural
configurations and can introduce more electronic structures with
different energy levels, consequently resulting in more recombination possibilities of electrons and holes captured by surface
states.103 The π-electron system in carbon cores can couple with
these functional groups, synergistically changing the electronic
structures of CDs and their recombination. In addition, the defect
centers of CDs can easily interact with the surrounding environments, altering the electronic structures of CDs, which brings
about obvious optical changes.30 As a result, surface statecontrolled luminescence of CDs typically displayed unique optical
properties that are distinguished from the carbon core state and
molecular fluorescence.
First, fluorescence quantum yields of CDs may decrease with
the increase in surface defects, which is also companied by PL redshift to some extent. Xu and co-workers first prepared CDs (named
r-CDs) from 3-(3,4-dihydroxyphenyl)-l-alanine based on a
carbonization-extraction strategy.41 The obtained r-CDs mainly
consisted of carbon cores and exhibited strong blue luminescence
with a PLQY of 6.3% [Fig. 12(a)]. Then, these r-CDs were further
oxidized to a different kind of CDs (denoted as o-CDs) by HNO3
reflexing, which are with much higher oxidization level relative to
r-CDs. Remarkably, o-CDs had a green emission color with a low
QY of 1% [Fig. 12(b)], indicating the surface traps created by the
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oxygen-containing loose shell not only lead to a longer wavelength
emission, but also act as a nonradiative recombination center to
reduce their PL efficiency. These similar PL changes were also
reported by Nie’s group.104 They selectively prepared two types of
CDs with different optical properties from chloroform (CHCl3)
and diethylamine (DEA) by only varying the reaction conditions.
One had respective excitation-independent blue emission with a
QY of 17% [Fig. 12(c)], whereas the other possessed distinctive
excitation-dependent full-color emissions with a QY of 12%
[Fig. 12(d)]. After detailed characterization and careful comparison
of the two types of CDs, the newly formed surface functional
groups, such as CvO and CvN, were confirmed to efficiently
introduce new energy levels for electron transitions, thus leading to
the continuously adjustable excitation-dependent full-color emissions as well as decreased PLQYs. These conclusions were also
proven by some groups in an opposite way. Zheng et al. found that
after the surface state was reduced by NaBH4, CDs showed
decreased absorbance intensity at the excitation wavelength, blueshifted emission, and increased QY [Fig. 12(i)],105 which further
demonstrates that when surface defects increase, fluorescence properties of CDs show distinct variations, including the decrease of
QYs and redshift of PL.
Second, the PL spectra of CDs are usually excitationdependent with a broad full width at half maximum (FWHM) of at
least several dozen up to hundreds of nanometers.106–108 Zhu’s
group performed a thorough investigation of the surface state of
CDs and found that the certain molecular/chemical groups on CD
surfaces possessed variable channels of radiative energy dissipation,
consequently resulting in excitation-dependent and broadened
emission band [Fig. 12(e)].30 Yan’s group synthesized highly luminescent excitation-dependent CDs with three different peaks at
375, 450, and 585 nm as altering the excitation wavelength from
300 to 500 nm, which are accompanied by broad FWHM values
over 100 nm nearly covering the entire visible spectra.109 They
speculated that multi-component of different surface states consisting of increasing oxidation degree and CvN contents could introduce more new energy levels to the electronic structures,
consequently leading to more electronic transitions and redshifted
emissions. As a proof to the contrary, when these functional
groups on the surface were eliminated by high-temperature carbonization or prolonged UV irradiation, the PL of CDs could result
from the intrinsic carbon core state, which exhibited an excitation
wavelength-independent emission with a narrowed FWHM of
39 nm and improved photostability [Figs. 12(g), 12(h), and 12( j)],
further indicating that the unique optical properties of CDs related
to surface states.110 However, it should be noted that there are also
some CDs that display excitation-independent emission, which is
derived from their surface states. Such a distinct luminescent phenomenon can be ascribed to few kinds of surface states of CDs
after careful purification with complicated separation techniques
such as column chromatography.
At last, the fluorescence intensity and colors of CDs are typically susceptible to the surroundings, such as the pH values, solvents, and solid state matrices.111–113 Wu’s group found that the PL
intensity of CDs decreases as the pH value decreases in an acidic
environment, while the PL intensity keeps constant under neutral
and alkaline conditions.114 They ascribed the pH-dependent
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FIG. 12. (a) PL spectra of reduced CDs, inset: photograph of CDs solution at 365 nm excitation. (b) PL spectra from the oxidized CDs by HNO3 refluxing, inset: photograph of oxidized CDs solution at 365 nm excitation. (c) Fluorescence emission spectra of excitation-independent CDs in ethanol excited by different wavelengths. (d)
Fluorescence emission spectra of excitation-dependent CDs in ethanol excited by different wavelengths. (e) PL emission spectra of CDs with a surface state controlled
emission. (f ) Variation of PL intensity of GQDs with BR buffer of different pH values. (g) Normalized fluorescence emission spectra of CDs in selected solvents. (h) PL
emission spectra of CDs before and after UV laser irradiation by 450 nm. (i) Graphical representation of the synthesis of reduced CDs with blue luminescence from
original CDs. Inset: photographs of CDs solution (left) and the reduced-CDs solution (right) under UV light. ( j) Schematic presentation of a possible structural change
of CDs before and after UV irradiation (upper panel) and proposed photophysical processes taking place in CDs before (left) and after (right) UV irradiation (lower
panel). (k) Schematic illustration of the preparation and application of CDs. (Optical photographs: The LEDs are trichromatic WLED and red LED. The solid
CDs-matrices hybrids are the CDs in PS, PMMA, and APTES Gel. The CDs solutions are the CDs in dichloromethane, acetone, and water.) (m) Schematic diagram of
the synthesis process of the CDs. (a) and (b) are reprinted with permission from Xu et al., Chem. Eur. J. 19(20), 6282 (2013). Copyright 2013 Wiley-VCH. (c) and (d)
are reprinted with permission from Nie et al., Chem. Mater. 26(10), 3104 (2014). Copyright 2014 American Chemical Society. (e) is reprinted with permission from Zhu
et al., Nanoscale 7(17), 7927 (2015). Copyright 2015 Royal Society of Chemistry. (f ) is reprinted with permission from Wu et al., Nanoscale 6(7), 3868 (2014).
Copyright 2014 Royal Society of Chemistry. (g) is reprinted with permission from Sciortino et al., J. Phys. Chem. Lett. 7(17), 3419 (2016). Copyright 2016 American
Chemical Society. (i) is reprinted with permission from Zheng et al., Chem. Commun. 47(38), 10650 (2011). Copyright 2013 Royal Society of Chemistry. (h) and ( j) are
reprinted with permission from Sun et al., J. Phys. Chem. Lett. 10(11), 3094 (2019). Copyright 2019 American Chemical Society. (k) is reprinted with permission from
Ren et al., Adv. Opt. Mater. 6(14), 1800115 (2018). Copyright 2018 Wiley-VCH. (m) is reprinted with permission from Wei et al., Adv. Opt. Mater. 8(7), 1901938 (2020).
Copyright 2020 Wiley-VCH.
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behavior to changes in the surface state induced by protonation–
deprotonation [Fig. 12(f )]. Sciortino et al. explored the interactions
of CDs synthesized from citric acid monohydrate and urea with the
surrounding solvent to elucidate the nature of their solventdependent fluorescence.115 It was found that the absorption and
emission transitions of CDs couple their cores and surface states
through transfer of electronic charge from the crystalline core to
surface moieties and back, directly evidencing the central role of
surface groups in the emissive transitions like amide and carboxylic. Based on the sensibility of the CDs to ambient conditions in
the liquid state, the controlled PL could be realized in the solid
state as well, which conquered the well-known aggregation-induced
PL quenching effect. For instance, Ren and co-workers achieved PL
tunable CDs-matrix hybrids from green to red through dispersing a
type of CDs in different solid matrices, as shown in Fig. 11(k).116
The increased polarity of polymer matrices was believed to have a
stronger effect on the surface electronic structures of the CDs,
resulting in the decline of energy gaps and the bathochromic shift
of PL and absorption peaks. Likewise, by in situ dispersing the CD
into the crystal matrix of NaOH, Wei’s group obtained green fluorescent CD powders with an unprecedented efficiency of 76%
[Fig. 12(m)],117 which is about 472 times higher than that of CDs
synthesized without adding NaOH. The added NaOH could not
only break down the CD clusters into small individual units
through the amide hydrolysis of ester bonds, but also made CDs
created with improved crystallinity. Therefore, the CDs with larger
spatial distances and lower defect content could avoid the resonance energy transfer of each other and interaction with defect
centers, forming high radiative recombination pathways in the solid
state. These obtained highly luminescent solid state CDs hold great
potential for optoelectronic applications.
V. POTENTIAL APPROACHES OF CHARACTERIZING
SURFACE STATE OF CDs
As many reports declared, surface state has been considered as
one of the main PL origins of CDs. However, due to the complexity
in structure and chemistry of CDs, it remains a great challenge to
accurately characterize surface states of CDs. Herein, we attempt to
put up with some points of view on how to understand the surface
states of CDs based on the currently available research findings and
characterization techniques.
First of all, as-prepared CDs, especially those synthesized via a
bottom-up route, should be well purified before various spectral and
structural characterizations using various separation techniques like
high performance liquid chromatography (HPLC) or chromatographic column.118–120 This is because the resulting samples are
always a mixture of CDs, and many luminescent centers associated
with the molecular fluorophores, surface states, and intrinsic core
states contribute together into the overall emission signal of CDs.
Zhu’s group reported the first one-pot hydrothermal synthesis of
multi-emission fluorescent CDs utilizing 2,4-diaminotoluene, EDA,
and phosphoric acid,121 which exhibited three fluorescent emissions
at 370, 425, and 505 nm under a single-wavelength UV light of
320 nm. After separation with silica chromatographic column, they
collected three CD samples with ultraviolet, blue, and green fluorescence, respectively. By means of time-resolved emission spectra, they
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identified that ultraviolet emission is originated from energy gap
state of CDs, blue emission from the surface defect state, and green
emission from the molecular state [Fig. 13(a)]. Thus, to understand
the mechanisms of their fluorescence emissions, the prerequisite is to
choose CDs with uniform structural and optical properties (i.e.,
narrow and excitation-independent luminescence characteristics) as
the subject for study.
Second, some advanced characterization techniques can be
applied to obtain more and deep information about the surface
state of CDs. According to the literature, the chemical composition
of the surface layer and valence states of atoms on the surface along
with the charge transfer on surface adsorbents play an important
role in determining the luminescence properties of CDs related to
the surface state.7 Thus, it is quite useful and imperative to reveal
concrete structures and compositions of the surface state of CDs
using a series of advanced spectroscopic techniques such as the
auger electron spectrum, x-ray photoelectron spectroscopy
(XPS), and the ultraviolet photoelectron spectrometer [Figs. 13(b)
and 13(c)].122–124 If necessary, prior to XPS measurements, the
resulting CDs can be bombarded by argon ions for a few seconds
to investigate their inner structure [Fig. 13(d)].125 Meanwhile, for
luminescence dynamics study, time correlated single-photon counting, fluorescence up-conversion, and transient pump probe absorption spectroscopy need be used to elucidate the excited-state
dynamics of CDs.126 The former is a powerful tool to study competing deactivation pathways within the CD particles, while the
latter two ones are conducted to probe the information about the
structure of the excited state energy level and the change of photogenerated carrier populations in corresponding energy levels. As a
result, making smart use of these characterization techniques is
pivotal for building the structure–property relationships of CDs
and making clear the PL origins of CDs.
Last but not least, in addition to typical assemble measurements on CD, a comprehensive study of single CDs can provide
fundamentally new insight into the PL mechanisms of CDs. Ghosh
et al. used a home-built equipment to explore the fundamental
optical and structural properties of single CDs [Fig. 13(e)],127
which combines various spectroscopic methods with high resolution transmission electron microscopy and with atomic force
microscopy. Importantly, they found that photoluminescent CDs
behave as electric dipoles both in absorption and in emission, and
that their emission is originated from the recombination of photogenerated charges on defect centers that involve a strong coupling
between the electronic transition and collective vibrations of the
lattice structure. Such a conclusion is very meaningful for elucidating the PL mechanism of CDs. In our opinions, if this technique
was combined with other structural and componential spectroscopic methods, such as in suite Fourier transform infrared spectroscopy, some new insight beyond thought could be obtained to
deepen the understanding of the surface state and their influences
on optical properties.
VI. THEORETICAL STUDY ON SURFACE
STATE-DERIVED LUMINESCENCE
The PL mechanisms of CDs remain controversial for many
years, because both the compositions and structures of CDs are
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FIG. 13. (a) Schematic illustration of the preparation and PL emission mechanism of CDs with multicolor emission. (b) Schematic diagram of XPS characterization of the
CDs without bombardment by argon. (c) Schematic illustration of different XAS detection schemes: (upper) TEY detection on solid materials in vacuum; (middle) pure
transmission and (lower) TIY detection in aqueous CD dispersion. (d) Schematic diagram of XPS characterization of the CDs bombarded by argon ions for 6 s. (e)
Schematic illustration of PL measurement and structure characterization of single CDs. (a) is reprinted with permission from Zhu et al. Chem. Mater. 31(13), 4732 (2019).
Copyright 2019 American Chemical Society. (b) and (d) are reprinted with permission from Song et al., Nano Lett. 19(8), 5553 (2019). Copyright 2019 American Chemical
Society. (c) is reprinted with permission from Ren et al., J. Phys. Chem. Lett. 10(14), 3843 (2019). Copyright 2019 American Chemical Society. (e) is reprinted with permission from Ghosh et al., Nano Lett. 14(10), 5656 (2014). Copyright 2014 American Chemical Society.

complicated and there exist different types of CDs. In fact, the
products are mostly mixtures of various CDs, with different sizes
and surface states. Nevertheless, theoretical modeling and calculations help us deeply understand the mechanisms behind the electronic structures and optical properties of CDs.128 In detail, the
influences of structural components of CDs on surface statederived luminescence as revealed by the quantum chemical
approaches can be ascribed to three aspects, which are used to
interpret PL emission redshift, enhancement, and peak width
broadening.129
In order to elucidate the mechanisms about tunable PL emissions, many factors, including particle sizes, surface functional
groups, and heteroatom doping, have been modeled by DFT and
time-dependent DFT calculations. For instance, to investigate size-
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dependent PL of GQDs, Sk’s group calculated the emission wavelengths of pristine GQDs with different diameters.128 As shown in
Fig. 14(a), upon increasing size from 0.46 to 2.31 nm, the PL emission of GQDs can be sensitively tuned from deep blue to NIR, covering the entire visible light region. The distinct PL emission
redshift with increasing size is ascribed to the decrease in energy
gap resulting from π electron delocalization within the sp2 domain.
Meanwhile, the authors predicted the emission wavelength of oxidized GQDs as a function of the coverage of –OH and/or –COOH
groups. The results exhibited that both –OH and –COOH groups
attached to edge carbon atoms continuously change the PL emission of GQDs from green to red, which is based on energy gap
reduction in a coverage dependent manner. In addition, Liu’s
group performed DFT calculations to deeply probe the influence of
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FIG. 14. (a) Calculated emission wavelength (nm) of GQDs as a function of size. (b) Calculated UV-vis absorption spectra and (c) HOMO–LUMO gaps for the N-doped
models (GN1, GN2, and GN3) and N-free system GN0. (d) The model structures of CQDs-0, CQDs-NH2, -NMe2, -NEt2, and -NPr2, respectively (from left to right); bottom
rows of (d) are corresponding calculated oscillator strength (f ). (e) Calculated absorption spectra and (f ) HOMO and LUMO energy levels of these GQD oxides; each is
functionalized with two –OH, –OCH3, –COOH, or –COCH3 groups. (g) Structural optimized model for defective GQDs (dGQDs) and oxidized-GQDs (oGQDs). (a) is
reprinted with permission from Sk et al., J. Mater. Chem. C 2(34), 6954 (2014). Copyright 2014 Royal Society of Chemistry. (b) and (c) are reprinted with permission from
Liu et al., Chem. Commun. 56(29), 4074 (2020). Copyright 2020 Royal Society of Chemistry. (d) is reprinted with permission from Jia et al., Adv. Sci. 6, 1900397 (2019).
Copyright 2019 Wiley-VCH. (e) and (f ) are reprinted with permission from Chen et al., J. Mater. Chem. C 6(25), 6875 (2018). Copyright 2018 Royal Society of Chemistry.
(g) is reprinted with permission from Wang et al., Nanoscale 8(14), 7449 (2016). Copyright 2016 Royal Society of Chemistry.

graphitic N on the fluorescence redshift of CDs.130 In this study,
four models with the same particle size but different graphite N
content were established, which were named GN0, GN1, GN2, and
GN3, respectively. Importantly, as the amount of graphite N
increases from GN0 to GN3, these CD models exhibited redshifted
absorption wavelength and narrowed gaps between the HOMO and
LUMO [Figs. 14(b) and 14(c)], suggesting that the graphitic nitrogen doping could create middle energy levels within the original
gap of the undoped CDs and thus lead to the pronounced fluorescence redshift. Besides these examples above, the calculated PL redshift was also demonstrated in CDs modified with functional

J. Appl. Phys. 127, 231101 (2020); doi: 10.1063/1.5143819
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groups (amino, epoxy, and carbonyl) or ones doped with heteroatoms (B).56,63,90,91
A theoretical study was also carried out to investigate the
mechanism of PL emission enhancement induced by heteroatom
doping or surface passivation. For instance, to investigate the influences of N and S on optical properties of CDs, Zhang et al. computed the electronic structures of bare CDs, S-doped CDs, and N,
S-co-doped CDs using the DFT/Perdew–Burke–Ernzerh (PBE) of
level of theory.81 It can been seen that S or N, S-dopants lead to
more electronic states, and the creation of in-gap trap states that
could act as nonradiative recombination centers, which accounts
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for remarkable PL enhancement trend observed in heteroatom
doped CDs. For surface passivation-enhanced PL emission mechanism, Jia’s group calculated oscillator strength (f ) of another four
kinds of CQDs passivated with amino (NH2), N,N-dimethyl
(NMe2), N,N-diethyl (NEt2), and N,N-dipropyl (NPr2), respectively,
based on a simple CQDs-0 model consisting of the identical skeleton structure without any edges.131 The results in Fig. 14(d) show
that oscillator strength significantly increases from 0.446 for
CQDs-NH2 to 1.271 for CQDs-NPr2, which is in good agreement
with the QY evolution from 26% to 86%. Moreover, they analyzed
the charge transfer (CT) excited state characters of these CQDs by
examining the degree of spatial separation of the electron cloud
density distributions in the frontier orbitals. It is found that, from
CQDs-0 to -NPr2, the HOMOs become more and more distributed
over the passivating edges owing to the increased electron donating
ability from passivated functional groups, while the LUMOs
remain distributed over the conjugated π-surface, suggesting the
presence of CT state that is beneficial to improve the QY. Hence,
they concluded that -NR2 passivation plays a key role in leading to
the increased oscillator strength and present CT excited state,
thereby affording high QY of these CQDs.
In addition, the mechanism of broad absorption and emission
linewidth commonly existing in CDs is studied theoretically. By
selecting a circumcoronene as a GQD model, Chen’s group theoretically investigated the effects of the kinds, quantities, and binding
positions of surface oxygenic functional groups on the optical
properties of GQDs, as shown in Figs. 14(e) and 14(f ).132 They
found that, upon chemisorption, more electronic transitions in
GQDs are activated as a result of changing the optical selection
rules, which are responsible for the appearance of new absorption
and emission peaks in the low energy region. Furthermore, the
optical gaps of these GQD models vary significantly from each
other even when they are functionalized with the same number of
oxygen-containing groups, which indicates that binding positions
of these functional groups have a crucial and distinct influence on
their optical properties. Judging from these DFT results, it is reasonable to ascribe both the chemical compositions and binding
positions to the broad absorption and emission character of CDs.
Such a conclusion was also confirmed by Wang’s group.133 Using
DFT and Maximal Localized Wannier Function (MLWF) calculations, they systematically probed the effects of the functional
groups and disordered structures (i.e., defects and sp3 carbon) on
the electronic structure of GQDs. The results in Fig. 14(g) indicated
that not only surface functional groups but also disorder structures
are able to induce structural deformation to the aromatic core,
leading to irregular hybridization of the π system providing
mid-gap states, allowing π* → mid-gap states → π transitions,
which contribute to bathochromic broadening of the integrated PL
spectra. Overall, the theoretical study not only provides an explanation to observed experimental data but also affords a valuable reference for controllable synthesis and engineering of CDs.
VII. CONCLUSIONS AND REMARK
In this review, we introduced in depth and in detail the
current reports on CDs with surface state controlled emission,
including their influencing factors, optical characteristics, and
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potential characterizing approaches. Although the surface state is
reported as main explanations of the PL mechanism, the related
exploration remains in infancy, which heavily hinders the development of CDs in mechanistic and practical studies. On one hand,
the structure determines performance. But for now, the knowledge
of the surface state is inadequate, especially what the surface state
of CDs is, and what the relationship is between the surface state
and their optical properties. Thus, it is urgent for researchers to
make clear these mysteries, which are useful for guiding the directional synthesis of CDs with desired optical properties. Besides,
simulating the possible formation process and inferring reasonable
reaction mechanism are beneficial to understand the surface state
of CDs and their influences on PL emission. Therefore, more
advanced technique to observe the complicated formation process
of CDs at an atomic level and characterize their structural components in situ is highly required. On the other hand, CDs are highly
considered as competitive candidates to QDs and organic dyes in
the field of bioimaging, theranostics, and light emitting devices, but
the absorption and emission wavelengths of most reported CDs are
mainly located in the blue and green regions, and the FWHM of
CDs is typically more than 100 nm, which greatly restricts their
broad applications due to the low background-probe fluorescence
contrast and the low color saturation. Thus, it is highly desirable to
synthesize highly efficient emitting CD with absorption/emission
in the NIR region as well as a FWHM as narrow as possible.
Engineering surface state may be an efficient way to overcome this
problem because many reports considered that both the emission
wavelength and FWHM are highly associated with the surface
states of CDs. With such effort, we expect that the study of PL
mechanisms of CDs, especially the surface state, will open new perspectives toward the designing and synthesis of CDs for practical
applications.
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