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Abstract: Substantial advancements in the field of Carbon Dots (CDs) and their derivatives in recent
years can be accredited to their tunable properties. Recently Carbonized Polymer Dots (CPDs) are the
emerging form in the CDs family, which possesses a typical polymer/Carbon hybrid structure and
properties due to its incomplete carbonization. Alteration of various parameters during the synthesis
process suggested that the properties of CPDs depend on temperature and pH. It was found that doping
of CPDs using nitrogen enhanced its optical properties, thereby being used as biomarkers. CPDs
generally hold a strong green and blue emission, while intense red luminescence was observed doping
with nitrogen. Photoluminescence Quantum Yield (PLQY) was also found to increase with the increase
in doping and temperature. Doped CPDs find several applications, including bio-imaging, LEDs, etc.
In this review, we focus on analyzing the increase in efficiency of CPDs with the process of doping
considering optical and antibacterial applications.
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1. Introduction

Carbon Dots (CDs), highly fluorescent carbon-based nanomaterial, having great
significance due to their remarkable optical properties like bright luminescence, higher
absorption, exceptional light stability, and resistance to light bleaching [1], lesser toxicity [2],
good biocompatibility [3], environment-friendly [4], and its easy preparation [5]. They have
wide applications in numerous fields such as biomedicine, anticounterfeiting, catalysis, LEDs,
photovoltaic devices, sensing, etc. [6]. Synthesis of CDs can be done by both the top-down and
bottom-up methods. In the bottom-up approach, a hybrid structure of CDs with polymer and
carbon specifications can be established through hydrothermal routes [7, 8]. These are called
the Carbonized Polymer Dots (CPDs). This new material finds a wide range of applications in
different fields by using its superior optical, electrochemical properties and excellent
biocompatibility.

CPDs have a carbon/polymer hybrid structure with a low carbonization degree
comprising a carbon core and, on the surface, large functional groups/polymer chains [9,10].
CPDs are generally formed as a part of partial carbonization of the polymer cluster [6]. The
carbon core is distributed into four types; two types of fully carbonized cores comparable to
https://biointerfaceresearch.com/ 4662
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the Carbon Nano Dots (CNDs) [11], a para-crystalline carbon structure composed of small
carbon clusters enclosed by polymer frames [11,12], and highly dehydrated cross-linking and
close-knit polymer frame structure [7, 13]. CPDs possess unique characteristics, like high
quantum yield, large oxygen content, and exceptional agueous solubility. Characterization data
exhibited the presence of a significant amount of oxygen and nitrogen in addition to carbon
core [8]. CPDs possess better stability than polymers due to carbonization and better
compatibility when compared with Quantum Dots (QDs) due to the presence of polymer
chains. CPDs combines the advantages of both polymers and QDs and are environment being
lesser cost and non-toxic[14]. Carbon, being the main element, makes CPDs non-toxic and
metabolizable compared with metal elements. The facile synthesis methods such as
hydrothermal, solvothermal, or microwave-assisted methods are proven to be effective.

The processes involved in the synthesis of CPDs are dehydration, assembly, cross-
linking, and carbonization. CDs undergo condensation and cross-linking to create polymer
clusters and later undergo dehydration and carbonization to reach CPDs [3-10,15-17]. An
intermediate product developed during the process of CD's synthesis is polymer-like clusters
[16]. As the reaction progresses, partial carbonization may occur in these clusters, producing
polymer/carbon hybrid structures rather than pure carbon structures. PL behavior of CPDs is
influenced by both surface functional groups and carbon cores since both can significantly alter
the electronic structure. The presence of ample surface groups makes CPDs hydrophilic enough
without additional alteration, advantageous to application in living organisms [15]. Nitrogen-
doped CPDs showed intense red luminescence due to effective hydrogen bonds and aromatic
7 systems attributed to the antibacterial activities [3]. In addition, functionalized polymer dots
have substantially higher photostability and biocompatibility than fluorescent organic dyes and
QDs, broadening their potential bio-application in various domains. Nitrogen doping is vital
for achieving higher UV-Vis absorption and quantum yield. CPDs with nitrogen functional
groups on their surface, such as amide and amino groups, have more excellent solubility in
water. As a result, CPDs doped with nitrogen have a higher quantum yield and an extensive
fluorescence lifetime. The PL spectra and UV-Vis absorption are likewise affected [10, 16, 46].
This review aims to study the CPDs, their photoluminescence properties, their dependence on
nitrogen doping to enhance the photoluminescence properties as well as favoring the
antibacterial studies

2. Nitrogen-Doped CPDs

Several synthesis methods have experimented with for the formation of CPDs with
varying structures that exhibit tunable properties, which are useful for many specific
applications. Control over the structure of CPDs' is the main objective to alter their properties
for specific use. The CPDs are normally synthesized by bottom-up approaches such as
microwave assistant hydrothermal, microwave assistant solvothermal, one-step hydrothermal
and solvothermal, and or solvothermal, etc. In the "bottom-up” method, the CPDs go through
additional carbonization and dehydration processes. The composition of CPDs can vary from
amorphous to graphitic core based on the temperature assisted for the synthesis route. For
temperature above 300°C leads to major graphitization, while cooler reactions outcome as
amorphous particles. Thus, CPDs attained from "bottom-up” -methods have polymeric
structures or polymer/carbon hybrid structures. As reported by Lu et al. [17], with the increase
in temperature for synthesis, the structure of CPDs developed from a cross-linked polymer
cluster (prepared at 100 °C) via amorphous carbon structure (sample prepared at 200C) to
https://biointerfaceresearch.com/ 4663
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carbon lattice (sample prepared at 300 °C). The Photo Luminescence Quantum Yield (PLQY),
presence of graphitic nitrogen and carbon lattice, increased with temperature from sample
CPDs-100 to CPDs-300 [17].

Red emissive CPDs were synthesized by Liu et al. [6] from o-phenylenediamine by the
addition of nitric acid (HNOs), assisting the one-step hydrothermal method. Nitric acid acted
as a catalyst in this reaction, and it also affected the structure of CPDs by oxidative
polymerization, nitration, reduction, carbonization reactions, and protonation [6]. The doping
strategy is mainly adopted to pertain to its unique features, thus making the CPDs
multifunctional. Recent researches have shown that as the nitrogen content increases, both the
emission and absorption peaks of nitrogen-doped CDs shift to longer wavelengths, and also,
its electronic properties fluctuate significantly from those of the corresponding non-doped CDs.
Experiments revealed that graphitic N centers induce a strong redshift in the CDs' absorption
spectra due to the electron-doping effect, which decreases the scale of the electronic gap while
doping with amino N centers, pyrrolic and pyridinic failed to show remarkable redshifts, which
was attributed to the lack of electron doping [18].

In the hydrothermal method, these CPDs are synthesized by dissolving 0.5mmol of
precursor in 10ml of deionized water and adding a nitrogen group with constant stirring. The
prepared mixture is heated in the furnace at 200° C for 200 hours and then filtered through the
membrane, dialyzed, and dried. In the case of the microwave-assisted pyrolysis method, the
nitrogen group is dissolved in 10ml of ultrapure water, and the precursor is added to it. Then
5ml of distilled water is added into the mixture, followed by heating in the oven for about 1
min. This process is continued till the color changes and the gel is well distributed in distilled
water. This solution is then centrifuged at 15000rmp for 10 min, filtered, and dialyzed.

3. Photoluminescence of CPDs

CPDs have wide possible applications in the fields of bio-imaging and fluorescence
sensors. The photoluminescence mechanism exhibited by CD's is a hot topic of discussion
within the research community. The photoluminescence of CPDs originates mainly from the
subdomain state, surface state, carbon core, molecular state, and the cross-link enhanced
emission (CEE) effect. The higher quantum yield of CPDs, when compared to fully carbonized
CDs, is due to this photoluminescence mechanism. Photoluminescence of CPDs depends
mainly on temperature, reaction time, pH, carbonization degree, and doping. It was reported
that the photoluminescence quantum yield (PLQY) increases with the increase in temperature.
The higher synthesis temperature results in effective graphitization as well as a higher
carbonization degree, which results in a larger conjugation structure and narrow bandgap with
possible redshift emission. It was observed that a shift in emission wavelength and change in
photoluminescence intensity occurred depending on the carbonization temperature. In other
words, stronger photoluminescence was observed for CDs that are synthesized with a longer
carbonization time. [6]

The four universally accepted photoluminescence strategies are (i) molecular state
luminescence (ii) Cross-link enhanced emission effect (CEE), (iii) carbon core state
luminescence, and (iv) surface state luminescence. The cross-linking of CPDs can confine
vibration and rotation, increasing radiative transition probably to initiate improved
fluorescence [6]. Figure 1 (a, b) shows the cross-linking of CPDs includes a covalently cross-
linked framework, intraparticle hydrogen bonds, physical cross-linked structures, and
luminescence centers. Carbonization enhances the formation of rigid structures, which leads to
https://biointerfaceresearch.com/ 4664
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physical cross-linking points to generate CEE to enhance emission Figure 1 (d). Crosslinking
can control the rotation and vibration to decrease the non-radiation, causing an increase in the
radiative transition probability to enhanced fluorescence Figurel (a, b). The rotation and
vibration can also be restricted by lowering the temperature, thus enhancing
photoluminescence intensity Figurel (c). The cross-linking comprises intraparticle hydrogen
bonds, coupled luminescence centers, physical-cross-linked structures, covalently cross-
linked frameworks, etc. As a result, by increasing the carbonization degree, photoluminescence
can be improved [2, 7,18-20].
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Figure 1. Diagram for photoluminescence mechanism of bare PEI and CPD's. (a)Electrons trapped by amino
acids after getting excited from the ground state (b) ground state recoiling of electrons through radiative route

(c) ground state recoiling of electrons through vibration and rotation non-radiative route; (d) ground state
recoiling of electrons through a carbon-based non-radiative route [10] (Reprinted with permission).

4. Nitrogen Doping and Red-Shift in CPDs

Nitrogen-doped carbonized materials are finding applications in various fields due to
their ability to exhibit fluorescence, thereby being used as biological markers [21]. Fluorescent
materials have wide applications in fluorescence detection, drug delivery, and life marker
diagnosis. After discovering CPDs, it was acknowledged as the new class of fluorescent
material showing superior characteristics such as good biocompatibility, less toxicity, high
light stability, and bleaching stability. Easy availability of raw materials and lesser production
cost make it even more attractive from a research perspective [22-25].

The common elements used for doping includes nitrogen [26, 27], phosphorus [28],
sulphur [29], boron [28, 30], some metals [31, 32] etc. Along with enhancing the
photoluminescence of CPDs, Nitrogen doping can also be wused to control the
photoluminescence wavelength [6]. The most common types of nitrogen doping found are
pyrrolic, graphitic, pyridinic, and amino centers (Figure 2) [33-45]. These groups are more
likely to experience the transition to the lowest excited singlet state from the ground state of
the electron, enhancing the surface state-related luminescence characteristics of CPDs
significantly. The emission/absorption wavelength of CPDs can be redshifted to longer
wavelength ranges through doping N-containing groups. The charge transfer from the nitrogen
group to the core is responsible for the rise in redshift as the functionalization degree of the
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CPDs increases. At the same time, excitation dependence can be attributed to different
molecular states and the occurrence of distinct types of nitrogen subunits on the surface.
Furthermore, with increased graphitic N concentration, a significant PL redshift was detected.
[46-50] The redshift emission in CPDs' may be induced by nitrogen-containing fluorophores,
improving the fluorescence behavior. Crosslinking improves fluorescence by limiting vibration
and rotation, lowering the non-radiation, and improving the possibility of radiative transition,
all of which contribute to more significant fluorescence. The edge N-containing functional
groups (graphitic-N) might control the energy level and improve the radiation transition
possibility, raising PL intensity by increasing the domains' rigidity and reducing non-radiative
relaxation caused by molecular vibrations on the CPDs' surface [6, 51-55].

graphitic-N

(core site) C Q graphitic-N

B (edge site)

5

pyridinic-N
Figure 2. Common types of N-doping [33] (Reprinted with permission).

Recent experiments showed that the emission and absorption peaks of both nitrogen-
doped Carbon Dots (CDs) and CPDs shift to longer wavelengths with increasing nitrogen
content [33, 34, 37]. According to the studies, the graphitic N doping caused a redshift of their
absorption spectra in CDs. Still, other nitrogen configurations like pyrrolic and pyridinic
doping showed no such effects [3,36]. At the same time, it was reported by JunJun Liu et al.
[3] that due to nitrogen doping, Pyrrolic N and the Pyridinic N, contributed to form Carbonized
Polymer Dots (CPDs) [3, 38]. Nitrogen doping decreases the lowest unoccupied molecular
orbital and the highest occupied molecular orbital (HOMO-LUMO) gap, reducing energies of
corresponding optical transitions, i.e., they can pump up extra electrons to the unoccupied n*
orbitals of the carbon [36]. As formed, nitrogen-doped CPDs possess more efficient conjugated
aromatic  with a pair of p-electrons which contributes to the intense red luminescence. JunJun
Liu et al. [3] synthesized red emissive CPDs from o-phenylenediamine (oPD) by nitrogen
doping and found that it showed strong red luminescence with a high dosage of HNOs. Nitrogen
doping led to increased size, hydrogen bonds, and more efficient conjugated aromatic © systems
that played an essential part in the optical characteristics of CPDs. They resulted in the redshift
of absorption and emission wavelength. All these characteristics of CPDs can be regulated by
altering the quantity of HNOas. The red emissive CPDs were an excellent fluorescence probe
for bioimaging, both in vivo and in vitro [3]. Jie Xia et al. [34] proposed a one-pot low
temperature aqueous synthetic route for highly stable red emissive CPDs (R-CPDs). The PL
mechanism of the R-CPDs was studied by investigating the chemical composition,
morphology, and photophysical properties. The R-CPDs exhibited a broad color-tunable range
of solvent-dependent emission, high pH sensitivity, and good resistance to high salinity and
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photobleaching, high colloidal, optical stability in physiological media as well as low
cytotoxicity [34].

The luminescent carbon dots with higher fluorescence quantum yield were synthesized
from ammonium citrate and triethylenetetramine through microwave-assisted pyrolysis.
Comparing CDs, doped with nitrogen, synthesized at various reaction times shows that
quantum yield is almost the same for other reaction times. Also, the doped carbon dots prepared
at high power showed a higher quantum yield than those prepared at lower power. The PL
spectrum recorded at different concentration ratios of the reactant indicates that the quantum
yield is maximum when the quantity of substances is equal (Figure 3). The experiment was
conducted for different ratios, among which similar ratios showed the highest quantum yield.
When the synthesis of doped carbon dots was done through one step and poly step reactions,
the poly step reaction showed high quantum yield than the other [21].
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Figure 3. PL spectrum showing (a) N-CDs synthesized at various reaction times; (b) N-CDs synthesized at
varying powers; (c) different molar ratios of ammonium citrate to triethylenetetraine; (d) N-CDs synthesized via
various reaction methods (Aex=360 nm) with concentration of N-CDs = 0.2 mg/mL [21] (Reprinted with

permission).
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Figure 4. (a) XRD pattern of the N-CDs; (b) TEM image of the N-CDs, scale bar is 10 nm; (c) the diameter
distribution of the N-CDs; (d) FTIR spectrum of the N-CDs [21] (Reprinted with permission).
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The XRD and FTIR spectrum of the nitrogen-doped CPDs were taken and analyzed. In
Fig. 4 (a), a broad diffraction peak at 20 value at 25 degrees, giving the idea that the N-CPD's
are amorphous. The TEM image of the sample shown in Figure 4 (b) suggests that the N-CPD's
are spherical in their morphology. Figure 4 (c) displays the particle size distribution of the
nitrogen-doped carbon dots. It shows that the particle size ranges around 6-8 nanometers. Fig.
4 (d) shows the FTIR spectrum of doped carbon dots. The functional groups were identified by
the broad absorption bands. The functional groups were determined to be O-H, N-H, and C=0
at 3420 cm™,3274 cm™ and 1108 cm™*respectively. This result shows that the nitrogen-doped
carbon dots consist of Nitrogen and Oxygen functional groups, indicating excellent water
solubility favorable for additional modifications and thus accounting for various applications
[21]. The PL properties (bright red fluorescence) and functional groups consisting of N-and/or
O and the cross-link enhanced emission (CEE) effect have a close relationship [13, 39].

The studies reveal that nitrogen increases the Fermi level, which enriches electrons and
reduces surface defects, thereby enhancing the PL quantum yield (QY) [13]. The amount of
nitrogen doping affects the shift in Fermi energy. Nitrogen doping creates states in the energy
gap between the primary position of Fermi energy and the CBs and VBs, separately. That
means the doping with nitrogen-containing group causes impurity levels to rise below the CBs.
As a result, the Fermi level decreases and tends toward lower energy. [47] This change becomes
more pronounced as doping concentration increases. Transitions from HOMO to LUMO of the
functional subunits determine the shift in peak position. However, the addition of the nitrogen
group does not affect functional subunits, a lone pair electron of N-atom conjugates with the
pi network of the parent structure without altering the HOMO and LUMO's planar symmetry.
Therefore, the 2p, orbital of N-atom makes a significant contribution to the HOMO. A charge
transmission is observed from the nitrogen group to its parent structure along with HOMO to
LUMO transition. The pronounced redshift is due to this charge transfer [48]. Due to the
abundant valence electron present on the nitrogen atom, graphitic dopant causes an excess
charge distribution in the carbon pi state. The presence of graphitic nitrogen in the structure
narrows the HOMO-LUMO gap, triggering the redshift. According to calculations, the
presence of graphitic N centers causes a significant redshift in CDs' absorption spectra,
reducing the magnitude of the electronic gap due to an electron-doping effect. To mention that
there were no appreciable redshifts seen when pyridinic, pyrrolic, or amino N centers were
doped, proving the lack of electron doping. [49,50] Hence CPDs include several complex
energy levels as well as fluorescence centers, significantly enhancing photoluminescence.

5. Applications of CPDs

Recent years are witnessing the emergence of CPDs with a higher range of carbon
content as a green and environmentally benign material. Due to their unique property, they find
several applications. These features find applications in the construction of optoelectronic
devices, catalysis, ion detection, etc. CPDs own exceptional biocompatibility, water
dispersibility, strong penetrability, and high QY; hence, they have many biomedical
applications [3].

Liu et al. [3] reported the synthesis of red emissive CPDs, as an excellent fluorescence
agent favoring both in vitro and in vivo bioimaging. For the biodistribution imaging studies,
100 pL of CPDs was injected into mice through its vein, and the fluorescence images were
collected at specific time intervals. 0.5h post-injection, clear and strong fluorescence intensity
was observed in the mice's whole body. As the time increased, a gradual reduction in the signal
https://biointerfaceresearch.com/ 4668
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intensity of the fluorescence signal was observed. After 20h of circulation, the signal turns out
to be very weak. Optimal bioimaging was observed around 0.5h post-injection. The injected
CPDs entered the whole body of the mice along with the circulating blood and could be quickly
oozed from the mice's bodies [3].

Phosphorescence is the emission of radiation similar to fluorescence emission but on a
longer timescale. So, the emission continues even after the excitation ceases. But the
phosphorescence action is reduced in effect due to the spin-forbidden property of triplet exciton
transition and non-radiative decay. Very low temperatures are essential to get operational
phosphorescence. Various methods have been implemented to achieve room-temperature
phosphorescence (RTP), which is the phosphorescence emission achievement at room
temperatures. Many attempts are going on and have already been reported in search of RTP
materials. These materials can be classified as those depending on the use of organometallic
complexes and those concentrating on clean RTP materials (generally using platinum, iridium,
and various noble metals). The CPDs with large, highly cross-linked structures of non-
conjugated groups can achieve the metal-free RTP assisting suitable synthesis methods. CPDs
holds the properties of both polymers and carbon dots, i.e., possess excellent luminescent
properties of carbon dots and the polymers' matrix effect [10].

Since we can control CPDs' structure, it's possible to alter their features for specific
applications. It was observed that, subjected to the synthesis temperature, the CPDs' core's
configuration can lead to graphitic from amorphous. There are reports of synthesis of several
types of CPDs with methodical structure alteration through a uniform amino acid reaction. The
increase in synthesis temperature observed a structure developed from a cross-linked polymer
cluster to a carbon lattice. The sample CPDs300 (synthesized at 300°C) showed a well-
developed carbon lattice, graphitic nitrogen's increased presence, and the highest PLQY among
the three samples investigated. The as-prepared carbon dots also showed room-temperature
ferromagnetism. This work could open another space of utilization of carbon dots and perhaps
lead to carbon-based spintronic gadgets working under surrounding conditions [17].

Many of the CPDs can still not be used for their wide range of applications due to their
lesser QY and self-quenching. The low QY is due to sub fluorophores (C=N, C=0, N=0),
resulting in very little photoluminescence. Crosslinking was used to enhance
photoluminescence, and cross-linking enhanced emission effect (CEE effect) was put forward
through this process [40].

Figure 5 shows that the oxygen-rich precursors can be used for the synthesis of CPDs.
It was found that CO; also could be used as a precursor for the preparation of CPDs. CPDs
were prepared through the solvothermal method of EDA and TPTE. Also, the CPDs were
applied as single phosphor, which may reduce reabsorption, color imbalance, etc. The
formation of CPDs consuming polymers as the precursor material experiences cross-linking,
carbonization and dehydration, and the CEE effect can increase the QY of CPDs. Strong blue
luminescence exhibited the excitation-dependent PL characteristics. Also, CPDs exhibit solid-
state luminescence. [40]
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Figure 5. Formation of CPDs and their application in multicolour LEDs [32] (Reprinted with permission).

Due to its aggregation-triggered quenching phenomenon, most CPDs do not show
fluorescence in solid-state and poor solvents. The blue to the red spectral composition of solid-
state CPDs can range up to 69.4%, evidently higher than when in solution form (45.6%). This
higher value helps in converting UV light into visible light, which in turn gives the possibility
for its application in phosphor-converted LEDs. The CPDs were used as individual phosphors
to design multicolor phosphor LEDs due to their high blue to red spectral composition, broad
conversion peak, and direct solid-state luminescence [40].

Alzheimer's disease (AD), a protracted neurodegenerative disease, is triggered due to
the fibrillization and accumulation of amyloid B-protein (A) in patients' brains. Gao et al. [1],
in their work, found multifunctional N-doped carbonized polymer dots for pointing AP
aggregation, as well as toxicity. The studies on this revealed that CPDs could effectively
modulate AP aggregation, figure out AB mature fibrils in a very short span of time, and generate
off-pathway AP types via electrostatic interactions, hydrophobic interactions, and H-bonding.
From in vivo assays with C. elegans CL2006, the A searching and identifying competencies
of CPDs was proven. This can lead to promising applications of carbon nanomaterials in the
detection and recovery from neurodegenerative disorders as well as other protein
conformational diseases.

6. Conclusions

The lack of a suitable bandgap in macro-sized carbon material is a drawback for it to
be used as a luminescent material. In recent years, fluorescence carbon dots have drawn great
attraction due to their superior properties like good fluorescence, excellent biocompatibility as
well as low toxicity, etc. Many processes were established for synthesizing polymerized carbon
dots. Through the process of carbonization of polymer, we can achieve superior properties to
the individual materials. Among all the methods hydrothermal method is more advantageous
of being simple, low cost, and environment friendly. The polymer undergoes several
complicated alterations during the hydrothermal synthesis process, the most notable of which
is cross-linking polymerization. Cross-linking occurs inside the polymer cluster as a result of
this polymerization, making the polymer more compact and stable. The degree of carbonization
rises during the hydrothermal process. As a result, the polymer's photoluminescence intensity
is considerably reduced. The temperature, as well as the response time, is essential factors in
the creation of CPDs. The properties of CPDs were altered by doping them with suitable
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dopants. It was observed that superior quantum yield was obtained due to doping. Doping
CPDs with hetero-atoms such as phosphorous or nitrogen could further increase the
fluorescence intensity and quantum yield.

CPDs are a novel type of CD that has a unique polymer/carbon hybrid structure and
property. This study aims to provide a comprehensive knowledge of the connection between
the absorption properties of N-doped CPDs and data that can aid in the design and synthesis of
CPDs with better optical features. Despite substantial advances in CPD research, the
introduction of bottom-up synthesis techniques has made it possible to synthesize many CPDs
with various unique features. However, all of the CPDs have a significant short-wavelength
emission flaw, which severely restricts their bio-applications. As a result, developing a suitable
method for creating red or even near-infrared emission CPDs and revealing their
photoluminescence (PL) processes remains a problem and an essential subject. Future studies
should concentrate on the synthesis principle, how synthesis affects structure and performance,
and a thorough knowledge of the PL and formation method. To date, CPD synthesis has been
challenging to manage structural and performance regulation, severely limiting CPD
applications such as tuning fluorescence wavelength in LEDs, CPDs with aiming functions for
controllable surface groups for sensing, bio labeling, and biotherapy, and so on. In addition,
the mechanism of the reaction, the nucleation mechanism, and the formation process are all
unknown. Furthermore, due to the problematic study on complicated carbon/polymer hybrid
structure and the non-availability of systematic structure characteristic measurements to show
this structural feature, the precise structures of CPDs are yet unknown. All of these things need
a great deal of investigation. Nevertheless, they pose a significant research challenge and
opportunity in photovoltaic devices, biomedicine, sensing, light-emitting diode,
anticounterfeiting, photocatalysis, etc.
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