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Abstract: Carbon dots (CDs) have generated much interest because of their significant fluorescence
(FL) properties, extraordinary photophysical attributes, and long-term colloidal stability. CDs
have been regarded as a prospective carbon nanomaterial for various sensing applications because
of their low toxicity, strong and broad optical absorption, high chemical stability, rapid transfer
properties, and easy modification. To improve their functionality, CD/polymer composites have been
developed by integrating polymers into CDs. CD/polymer composites have diversified because
of their easy preparation and applications in sensing, optoelectronics, semiconductors, molecular
delivery, and various commercial fields. Many review articles are available regarding the preparation
and applications of CDs. Some review articles describing the production and multiple applications of
the composites are available. However, no such article has focused on the types of precursors, optical
properties, coating characteristics, and specific sensing applications of CD/polymer composites. This
review aimed to highlight and summarize the current progress of CD/polymer composites in the last
five years (2017–2021). First, we overview the precursors used for deriving CDs and CD/polymer
composites, synthesis methods for preparing CDs and CD/polymer composites, and the optical
properties (absorbance, FL, emission color, and quantum yield) and coating characteristics of the
composites. Most carbon and polymer precursors were dominated by synthetic precursors, with
citric acid and polyvinyl alcohol widely utilized as carbon and polymer precursors, respectively.
Hydrothermal treatment for CDs and interfacial polymerization for CDs/polymers were frequently
performed. The optical properties of CDs and CD/polymer composites were almost identical,
denoting that the optical characters of CDs were well-maintained in the composites. Then, the
chemical, biological, and physical sensing applications of CD/polymer composites are categorized
and discussed. The CD/polymer composites showed good performance as chemical, biological,
and physical sensors for numerous targets based on FL quenching efficiency. Finally, remaining
challenges and future perspectives for CD/polymer composites are provided.

Keywords: carbon dots; polymer; composites; synthesis; precursor; optical properties; sensing
applications
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1. Introduction

In 2004, fluorescent carbon nanomaterials were derived through the purification of
SWCNTs by Xu et al. [1]. Then, Sun et al. in 2006 obtained similar fluorescent (FL) car-
bon NPs, named carbon dots, both dispersed in a solvent and as an extract in a solid
state [2]. Subsequently, many studies have been performed to explore CDs in synthesis,
characterization, and application aspects. Several names have been proposed for these
nanomaterials, including carbon dots (CDs) [2], carbon quantum dots (CQDs) [3], carbon
nanodots (CNDs) [4], graphene quantum dots (GQDs) [5], and polymer dots (PDs) [6].
Furthermore, carbonized polymer dots (CPDs), a new kind of CD with polymer/carbon
hybrid structure, have begun to garner interest [7]. Although PDs and CPDs are included
as types of CD, they have been classified as FL polymers by some researchers. However,
the precursors and synthetic methods for PDs/CPDs and CDs are almost identical. CDs
have appeared as a novel member of the attractive zero-dimensional carbon nanomaterials
and have generated much interest due to their specific physical, chemical, and optical
properties [8]. CDs are discrete, quasi-spherical, and clustered domains of many carbon
atoms with sizes of <20 nm containing carbon skeletons and plentiful surface functional
groups [9]. Specifically, the covalent carbon core structure grants CDs excellent stability,
while the functional groups on their surface are associated with excellent water solubility
and high FL properties [7,10]. Generally, the surface functional groups comprise oxy-
genated groups such as hydroxyls, carboxylic acids, carbonyls, and epoxy groups [11].
CDs have also utilized as a potential green substitute to harmful traditional semiconductor
quantum dots because of their biocompatibility [12]. CDs have prominent advantages such
as simple and inexpensive synthesis, a wide selection of precursors, good water solubility,
high sensitivity and selectivity, tunable surface and fluorescence properties, low toxicity,
superior electron transfer ability, high chemical stability, excellent photostability, and cheap
scale-up production [13,14]. Because their outstanding characteristics, CDs have been
widely utilized in biological sensors [15], chemical sensors [16], bioimaging agents [17],
optoelectronic devices [18], electrocatalysts [19], energy devices [20], light-emitting de-
vices [21], drug carriers [22], and cancer theragnostic devices [23]. Various carbon precur-
sors have been utilized to produce CDs, including oyster and straw mushrooms [24–26],
kumquat [27], kiwi fruit peel [28], turmeric leaf [29], glucose [30], phthalocyanine [31], and
p-phenylenediamine [32].

Recently, the incorporation of CDs with various functional molecules/materials to
produce composites has aroused increasing research interest. Composites can effectively
improve the shortcomings of pure CDs and increase their multipurpose applications. CDs
can easily form composites with other materials because of their abundant surface func-
tional groups. To date, CDs composites have been effectively produced with polymers [33],
inorganic nanostructures [34,35], and biomaterials [36]. On the other hand, polymers
can form as composites with different carbon materials such as fullerene [37], carbon
nanofibers [38], carbon nanotubes [39], and graphene-based materials [40]. Unlike other
carbon nanomaterials, CDs can incorporate polymers to form the composites with mini-
mum shortcomings and maximum advantages. CDs have been incorporated in polymer
matrices, polymeric gel, and molecularly imprinted polymers to form composites [41]. The
small size and large number of surface functional groups of CDs allow for strong interac-
tion with polymers, so homogeneous dispersion inside the polymers is possible. These
composites have exceptional advantages such as high optical absorptivity, high aqueous
solubility, good functionalization, photobleaching resistance, great chemical stability, less
toxicity, and high biocompatibility [42]. CD/polymer composites also have improved
flexibility, strength, durability, and hydrophobicity [43]. Furthermore, the coating of CDs
may offer polymers with some desired abilities, such as self-healing, enhanced mechani-
cal performance, shape memory, anticorrosion, stimuli-responsive, and electrochemical
characteristics [9]. CD/polymer composites have potential applications in various fields
such as anticounterfeit [44], UV shields [45], optoelectronic devices [18], solar cells [46],
supercapacitors [47], solid-state optical films [48], catalyst [49], and sensors [50].
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Recently, much progress has been made in the preparation, characterization, and
application of CD/polymer composites. With different aims and perspectives, several
review articles on the CD/polymer composites are available [9,11,12,33,41,49,51–53]. Most
articles to date have discussed the preparation, physicochemical properties, and various
applications of CD/polymer composites. However, no article has yet focused on the
precursors, optical properties, coating characteristics, and specific sensing applications of
CD/polymer composites. This review article was provided to complete the aforementioned
gaps. This review is important to understand the recent progress of CD/polymer compos-
ites with some essential aspects. The essential aspects related to the precursors, synthesis
methods, optical properties, coating characters, and sensing applications of CD/polymer
composites are highlighted. Unlike in other reviews, both carbon and polymer precursors
are tabulated. The representative precursors for preparing CD/polymer composites and
the synthesis methods for CD/polymer composites are illustrated in Figure 1. We focus
only on those synthesis methods for CDs that were utilized before preparing CD/polymer
composites. The optical properties of CD/polymer composites are discussed, and some
physicochemical and coating characteristics affecting the optical properties are also pro-
vided. Then, we specifically divided the sensing applications of CD/polymer composites
into three sensing categories: chemical, biological, and physical sensors. Finally, some
remaining challenges and future perspectives for CD/polymer composites are provided
to improve their functionality, such as exploring new green and cheap precursors, the
one-step synthesis method, the heteroatom-doping effect, and new sensing methods.
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2. Precursors for CD/Polymer Composites

The carbon precursors for the production of CDs can be either natural or man-
made/synthetic products. Natural resources have various merits as precursors to prepare
CDs compared to synthetic products, such as low-cost and substantial abundance in
surroundings [54]. Additionally, CD preparation from natural precursors can transform
low-value natural/biological waste into meaningful and functional materials. Natural
precursors that have heteroatoms such as nitrogen (N), sulfur (S), phosphorus (P), and
boron (B) are very comfortable starting materials with which to prepare doped CDs, unlike
other doped CDs derived from synthetic precursors, which require the external addition of
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heteroatom-containing compounds [55]. Several natural products have been used for the
preparation of CDs before manufacturing their composites with polymers, including inner
cassava peels [56], Acerola fruit [57], mango peels [58], Cedrus [59], rosemary leaves [60],
chitosan [61], and starch [62]. Although CDs from natural products have various prominent
advantages, as mentioned above, they usually need more time for pretreatment and have
low quantum yields (QYs) compared to those derived from synthetic products. Some
synthetic products have also been used to prepare CDs before incorporating them with
polymers, such as citric acid [63], glucose [64], oleic acid [65], ethanolamine [66], and
several others.

Furthermore, several polymer precursors have been utilized to prepare CD/polymer
composites, including natural precursors such as chitosan [67], cellulose acetate [65],
and alginate [68] and synthetic precursors such as APTES [69], polyethersulfone [70],
polyethyleneimine [71], polydopamine [72], polystyrene [73], polyvinyl alcohol [74], and
many others. Some of these are functional monomers used to produce polymers during
the polymerization process with CDs. As shown in Table 1, most CDs and polymer pre-
cursors in the literature were synthetic/manmade precursors rather than natural carbon
and polymer precursors. Citric acid and polyvinyl alcohol have often been utilized as
carbon and polymer precursors, respectively. Although synthetic carbon and polymer
precursors are more expensive than natural precursors, scientists have widely used them
to prepare CD/polymer composites. The reason for this may be that synthetic precursors
contain specific ingredients, while natural precursors have complex ingredients and re-
quire pretreatment before the synthesis of CDs and CD/polymer composites. Furthermore,
synthetic precursors, compared to natural precursors, provide easy designability, adjusta-
bility, and compositional control through their synthesis procedures. The structure and
composition of the composites can thereby be simply controlled, especially with some
controlled radical polymerizations. However, natural precursors have been suggested
for producing ecofriendly nanomaterials with inexpensive preparation. In addition, as
presented in Table 1, some nitrogen dopants were reacted with carbon precursors to obtain
N-doped CDs such as urea, ethylenediamine (ED), NH3, cysteine, octadecylamine (ODA),
carbamide, polyethyleneimine (PEI), 2-aminothiophenol (2-AT), and p-phenylenediamine
(PPD). The nitrogen dopants were used to enhance the fluorescence properties of the CDs
with high QYs.

Table 1. Several precursors for the preparation of CD/polymer composites.

Composite Name CDs Precursor Type Polymer Precursor Type Ref.

CDs@MIPs Citric acid S (3-aminopropyl)
triethoxysilane S [63]

CDs@MIPs Citric acid S (3-aminopropyl)
triethoxysilane S [69]

MCOFs@MIPs@CDs Citric acid S (3-aminopropyl)
triethoxysilane S [75]

CDs/Fe3O4@MIPs Citric acid S (3-aminopropyl)
triethoxysilane S [76]

PES/CDs Citric acid S Polyethersulfone S [70]
TFN-(Na-CQDs) Citric acid S Polyethersulfone S [77]

Na-CQD-TFN Citric acid S Polyethersulfone S [78]
TFC(Na-CQDs) Citric acid S Polyethersulfone S [79]

GQD-TFN membrane Citric acid S Polyethersulfone S [80]
PAN/PEI-CDs Citric acid S Polyethyleneimine S [71]

PEI/GQDs-TFC Citric acid S Polyethyleneimine S [81]
TFN-CQD membrane Citric acid S Polysulfone S [82]
AC-dots-DNT-MIPs Citric acid S Methyl acrylate S [83]
GQDs-TFN SRNF Citric acid S Polyimide S [84]

TFC-PES-PDA-CQD Citric acid S Polydopamine S [72]
GQDs/PVDF Citric acid S Polyvinylidene fluoride S [85]
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Table 1. Cont.

Composite Name CDs Precursor Type Polymer Precursor Type Ref.

GQDs/PIP-TMC TFN Citric acid S Piperazine/trymesoyl
chloride S [86]

PES/GQDs-TMC Citric acid S Trymesoyl chloride S [87]
C-MIP Citric acid, Urea S Acrylamide S [88]

CD/PVA films Citric acid, Urea S Polyvinyl alcohol S [89]
WCDs@PS Citric acid, Urea S Polystyrene S [73]
PPy@Cdots Citric acid, Urea S Pyrrole S [90]

PANI@Cdots Citric acid, ED S Aniline S [90]
CDs@PVA Citric acid, NH3 S Polyvinyl alcohol S [91]

HMIP@CDs Ammonium citrate,
Cysteine S Styrene S [92]

C18-CQD membrane Citric acid, ODA S Tolylene-2,4-diisocyanate S [93]
CDs/PNVCL@MSNs Citric acid, carbamide S Poly(N-vinylcaprolactam) S [94]

CS/PVA/CDs Citric acid, PEI S Chitosan, Polyvinyl alcohol N, S [95]
TPU/CDs Citric acid, 2AT S Poly(tetramethylene glycol) S [96]

BMIP@CDs Glucose S Dopamine S [64]
CD-TFN membrane Glucose S Polysulfone S [97]

PDA-CQDs Glucose S Polydopamine S [98]

Poly(VPBA-AAm)-CDs Glucose S 4-vinylphenylboronic acid,
Acrylamide S [99]

CDs-PEI/PES Glucose S Polyethyleneimine S [100]
PVA-N@C-dots PEG-400 S Polyvinyl alcohol S [74]

y-CD/PVA o-phenylenediamine S Polyvinyl alcohol S [67]
CD/PVA films Urea, PPD S Polyvinyl alcohol S [101]

PVA/CDs Carboxymethylcellulose,
PEI N, S Polyvinyl alcohol S [102]

PVA/CD films Inner cassava peels N Polyvinyl alcohol S [56]
C-dots/PVA Acerola fruit N Polyvinyl alcohol S [57]

CQDs@MIPs Mango peels N (3-aminopropyl)
triethoxysilane S [58]

MIPs-GSCDs Cedrus N (3-aminopropyl)
triethoxysilane S [59]

CDs@SiO2@MIPs Rosemary leaves N (3-aminopropyl)
triethoxysilane S [60]

PAN/CQD nanofibers Chitosan N Polyacrylonitrile S [61]
CD-MIPGlcA Starch, Tryptophan N, S AB1, methacrylamide S [62]

y-CDs/CS o-phenylenediamine S Chitosan N [67]
CDs-polymer Oleic acid S Cellulose acetate N [65]

CDs@Cu/Alg Cetylpyridinium
chloride S Alginate N [68]

C-dot/PEI gel Aldehyde S Polyethyleneimine S [103]
CDs-polymer Hexamethylenetetramine S Polycarbonate S [104]

PE/CDs Ethanolamine S Polyethylene S [66]
PP/CDs Ethanolamine S Polypropylene S [66]

PEG/CDs Ethanolamine S Polyethylene glycol S [66]
CDs/clay/NIPAm β-cyclodextrin S N-isopropylacrylamide S [105]

C-dot/PVB film Cetylpyridinium
chloride/Daaq S Polyvinyl butyral, Polyvinyl

alcohol S [50]

aGQDs-TFN OSN Graphene oxide S Polyimide S [106]

Abbreviations: S = synthetic, N = natural, AB = (4-Acrylamidophenyl) (amino)methaniminium acetate, Daaq = 1,5-diamoanthraquinone.

3. Synthesis Methods for CD/Polymer Composites

CD preparation can be carried out through top-down and bottom-up synthesis meth-
ods. The top-down approaches are defined by the destruction of bigger carbon materials by
physical/chemical means such as laser ablation, electrochemical oxidation, chemical oxida-
tion, arc discharge, and ultrasonic treatment [107]. In contrast, the bottom-up approaches
are defined by the conversion of small carbon molecules into CDs via a chemical reaction
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such as solvothermal treatment, hydrothermal treatment, microwave treatment, pyrolysis,
plasma treatment, or the template route. To prepare CDs before incorporating them with
polymers, hydrothermal, solvothermal, microwave, pyrolysis, and ultrasonic treatments
have been used. Meanwhile, CD/polymer composites have been prepared using several
techniques including stirring, sol–gel, drop casting, conventional solution casting, in situ
chemical polymerization, reverse microemulsion polymerization, interfacial polymeriza-
tion, cross-linking reaction, photopolymerization, polymer-assisted self-assembly, Schiff
base reaction, bulk polymerization, electrospinning, thermal treatment, hydrothermal
treatment, nonsolvent induced phase inversion, and free radical dispersion polymeriza-
tion. The hydrothermal treatment has been most utilized for the preparation of CDs for
composites according to our overview of the available literature. Composite names and
the features of synthesis methods for CDs and CD/polymer composites can be seen in
Table 2. This section overviews the synthesis methods mentioned above for producing
CD/polymer composites.

Table 2. Synthesis methods for CDs and CD/polymer composites.

Composite Name
Synthesis Methods

Ref.
CDs Temp/Heat, Time CD/Polymer Composites

PVA/CDs Hydrothermal 260 ◦C, 2 h Stirring [102]
CDs@MIPs Hydrothermal 200 ◦C, 2 h Sol–Gel [63]
CDs@MIPs Hydrothermal 210 ◦C, 5 h Sol–Gel [69]
BMIP@CDs Hydrothermal 90 ◦C, 0.5 h Sol–Gel [64]

CQDs@MIPs Hydrothermal 200 ◦C, 4 h Sol–Gel Hydrolysis [58]
Y-CD/PVA, Y-CD/CS Hydrothermal 130 ◦C, 2 h Drop casting [67]

C-dots/PVA Hydrothermal 160 ◦C, 18 h Conventional solution casting [57]
PPy@Cdots/PANI@Cdots Hydrothermal 230 ◦C, 4 h In situ chemical polymerization [90]

MCOFs@MIPs@CDs Hydrothermal 200 ◦C, 2 h Reverse microemulsion
polymerization [75]

MIPs-GSCDs Hydrothermal 180 ◦C, 12 h Reverse microemulsion
polymerization [59]

CDs@SiO2@MIPs Hydrothermal 180 ◦C, 12 h Reverse microemulsion
polymerization [60]

aGQDs-TFN OSN Hydrothermal 120 ◦C, 5 h Interfacial polymerization [106]
PDA-CQDs Hydrothermal 180 ◦C, 20 h Interfacial polymerization [98]

CD-TFN membrane Hydrothermal 200 ◦C, 12 h Interfacial polymerization [97]
TFC(Na-CQDs) Hydrothermal 180 ◦C, 3 h Interfacial polymerization [79]
PEI/CDs/PES Hydrothermal 180 ◦C, 20 h Cross-linking [100]

CDs/clay/NIPAm Hydrothermal 70 ◦C, 4 h In situ polymerization [105]
TPU/CDs Hydrothermal 170 ◦C, 3 h In situ polymerization [96]

CDs-polymer Hydrothermal 150 ◦C, 12 h Hydrothermal [104]
CD-MIPGlcA Hydrothermal 160 ◦C, 12 h Photopolymerization [62]

WCDs@PS Solvothermal 180 ◦C, 6 h Polymer-assisted self-assembly [73]
CD/PVA films Solvothermal 120, 150, 180 ◦C, 6 h Stirring [89]

CDs/Fe3O4@MIPs Solvothermal 240 ◦C, 2 h Reverse microemulsion
polymerization [76]

C-MIP Solvothermal 180 ◦C, 4 h Reverse microemulsion
polymerization [88]

C-dot/PEI gel Solvothermal 150 ◦C, 2 h Schiff base reaction [103]
AC-dots-DNT-MIPs Solvothermal 170 ◦C, 2 h Stirring/Bulk polymerization [83]

PAN/CQD nanofibers Solvothermal 180 ◦C, 16 h Electrospinning [61]

C-dot/PVB film NaOH reac-
tion/Solvothermal

25 ◦C, 12 h/200 ◦C, 24
h Stirring [50]

CDs/PNVCL@MSNs Microwave 3 min Stirring [94]
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Table 2. Cont.

Composite Name
Synthesis Methods

Ref.
CDs Temp/Heat, Time CD/Polymer Composites

CDs@PVA Microwave 650 W, 6 min Thermal treatment [91]
HMIP@CDs Microwave 750 W, 2.5 min Sol–Gel [92]

PAN/PEI-CDs Microwave 750 W, 5 min Interfacial polymerization [71]
CDs-PET film Microwave 850 W, 5 min Drop casting [108]

PES/CDs Pyrolysis 160 ◦C, 55 min Nonsolvent Induced phase inversion [70]
PE/CDs, PP/CDs,

PEG/CDs Pyrolysis 160, 180 ◦C, 60 min Thermal treatment [66]

CDs-polymer Pyrolysis 230–260 ◦C, a few min Magnetic stirring [65]
GQDs-TFN SRNF Pyrolysis 200 ◦C, 30 min Interfacial polymerization [84]

C18-CQDs membrane Pyrolysis 200 ◦C, 4 h Cross-linking reaction [93]
TFN-(Na-CQDs) Pyrolysis 180 ◦C, 3 h Interfacial polymerization [77]
PEI/GQDs-TFC Pyrolysis 200 ◦C, 30 min Interfacial polymerization [81]

TFN-CQD membrane Pyrolysis 200 ◦C, 2 h Interfacial polymerization [82]
GQD-TFN membrane Pyrolysis 200 ◦C, 30 min Interfacial polymerization [80]

Na-CQD-TFN Pyrolysis 180 ◦C, 3 h Interfacial polymerization [78]
GQDs/PIP-TMC TFN Pyrolysis 200 ◦C, 15 min Interfacial polymerization [86]
TFC-PES-PDA-CQD Pyrolysis 180 ◦C, 3 h Interfacial polymerization [72]

PES/GQDs-TMC Pyrolysis 200 ◦C, 15 min Interfacial polymerization/thermal [87]
GQDs/PVDF Pyrolysis 200 ◦C, 30 min Electrospinning [85]
CDS@Cu/Alg Ultrasonic 25 ◦C, 30 min Cross-linking [68]

PVA-N@C-dots Ultrasonic 60 ◦C, 3 h Stirring/drop-cast [74]

Poly(VPBA-AAm)-CDs Ultrasonic and
hydrothermal 8 h/200 ◦C, 24 h Free radical dispersion

polymerization [99]

3.1. Hydrothermal Treatment

Hydrothermal treatment is a low-cost, secure, and environmentally friendly method
for the preparation of CDs. In a typical procedure, a precursor mixed in pure water is
inserted in a Teflon-lined autoclave and heated at 70–260 ◦C for 0.5–24 h in a heating
oven [109]. The color of the solution alters to a yellow or brown, denoting the CDs’ for-
mation. Subsequently, separation and purification are performed to obtain pure CDs. The
preparation process can avoid multistep passivation, expensive reagents, and sophisticated
instruments [110]. Although this method is cheap, environmentally friendly, safe, and easy
to use, it has shortcomings such as poor size control and long reaction time [111,112]. Sev-
eral CDs have been synthesized using the hydrothermal treatment and then used in some
methods for preparing CD/polymer composites. For instance, Issa and Abidin prepared a
polyvinyl alcohol (PVA)/nitrogen-doped CD (PVA/CD) composite film [102]. The CDs
were prepared using CMC from the waste of empty bunches of fruits from oil palms and
a branched PEI. CMC is a natural and cheap carbon precursor, and PEI was chosen as a
nitrogen dopant to produce nitrogen-doped CDs. The CDs were encapsulated with PVA
polymer. The PVA/CD film had synergistic functionality by enhancing the number of
H-bonds for chemisorption compared to the CDs. A representation of the development
of the CDs and PVA/CD composites is shown in Figure 2. In [102], CMC and PEI were
dispersed in deionized water. Subsequently, the mixture was heated in a Teflon-lined
autoclave for 2 h at 260 ◦C. The supernatant was centrifuged to gain a clear carbonaceous
product. The final product was purified by vacuum filtration to eliminate the precipitation.
Then, it was inserted into a dialysis membrane to eliminate the salt ions. Subsequently,
PVA/CD film was produced by adding N-CDs to the PVA solution under constant stirring.
The acquired hydrogel was placed on a glass substrate and heat to dry for 1 h at 80 ◦C.
Finally, the PVA/CD film was removed from the surface of the glass substrate to receive a
free-standing film.
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Furthermore, Bai et al. prepared thermoplastic polyurethane elastomer (TPU)/CD
bulk composites through hydrothermal-assisted in situ polymerization [96]. The CDs
were produced using the hydrothermal method with citric acid and 2AT as the carbon
precursor and nitrogen dopant, respectively. Polyurethane is one of the most famous
polymer materials [112]. In brief, citric acid and 2AT were dispersed in ultrapure water
and heated for 3 h at 170 ◦C. Then, the solution was centrifuged, followed by the dialysis
of the supernatant. A light yellow powder was received after the freeze-drying process
and kept at 4 ◦C. For preparing TPU/CD composites through in situ polymerization, CDs
were dispersed in N,N-dimethyl formamide (DMF) and inserted in a round-bottomed flask
with nitrogen protection. Poly(tetramethylene glycol (PTMG) was inserted under stirring
to produce a homogeneous mixture. Afterward, methylene-bis(4-cyclohexylisocyanate)
(HMDI) was inserted into the reactor. The reaction was performed for 2 h at 80 ◦C with
dibutyltin dilaurate (DBTDL) until isocyanate groups (NCO) were obtained. Finally, 1,4-
butanediol (BDO) was added to the mixture. The agitator was simultaneously accelerated
with a quick viscosity enhancement. A heated mold at ~140 ◦C was set up to handle the
produced mixture and pressed for 10 min at 10 MPa. The product was in the form of a
sheet almost 1 mm thick. The TPU/CD composites were obtained after curing for 24 h at
100 ◦C. In addition, Zheng et al. synthesized CD/polymer composites via hydrothermal
treatment using HMT and polycarbonate as carbon and polymer precursors [104]. After
polymerization of the precursors, CD/polymer composites were prepared in a one-step
process. The reaction temperature was as low as 150 ◦C. The polycarbonate precursor had
the advantages of easy manufacture and cheap price. The synthesized composites powders
were simply cut or polished into phosphors, which is compatible with the manufacturing
process of phosphors. The HMT solution and polycarbonate were placed into a Teflon-line
autoclave and heated for 12 h at 150 ◦C. After the hydrothermal reaction, the reactor was
cooled down naturally. The solution was dialyzed in distilled water for a month.

3.2. Solvothermal Treatment

Solvothermal treatment uses almost the same procedure as the hydrothermal treat-
ment method, but the solvent is changed from water to organic solvents. Usually, a carbon
precursor with an organic solvent is reacted in a sealed reactor and heated at a high
temperature for several hours, followed by separation, purification, and concentration pro-
cedures [113]. The controllable heteroatom doping and simple synthesis process make this
method a fruitful means of fabricating CDs. The shortcomings of solvothermal treatment
are size control difficulty, carbonaceous aggregation during carbonization, long reaction
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time, and problems in solubility [113]. There have been several reports of the preparation of
CDs using the solvothermal method before making CD/polymer composites. For instance,
Bhattacharya et al. constructed FL self-healing gels by reacting CDs derived from some
aldehyde precursors with PEI via solvothermal treatment and Schiff base reaction [103].
The self-healing gel was produced via a Schiff base reaction between the primary amine
residues in the PEI network and the aldehyde units on the CDs surface. The gels’ viscoelas-
tic characteristics could be splendidly arranged by taking control of the CD and polymer
ratios. The preparation and fabrication of the CD/polymer self-healing gel are illustrated
in Figure 3. Three aldehyde building blocks and synthesis conditions used to yield different
colored CDs are depicted in Figure 3A. Glutaraldehyde/ethanol, benzaldehyde/ethanol,
and cyclooctadiene-aldehyde polymer/chloroform were heated via solvothermal treatment
at 150 ◦C, 180 ◦C, and 180 ◦C for 2 h, 20 h, and 20 h, respectively. In particular, the aliphatic
dialdehyde glutaraldehyde produced green-FL CDs (G-CDs), benzaldehyde was utilized
to obtain blue-FL CDs (B-CDs), and a cyclooctadiene-aldehyde polymeric derivative was
utilized to produce yellow-FL CDs (Y-CDs). The method of gel interaction, mainly the vital
structural role of the aldehyde residues, is depicted in Figure 3B. The CDs showed aldehy-
des on their surfaces because of the mild reaction conditions and low temperature, which
prevented pyrolyzing the precursor molecules [114]. The Schiff base reaction between the
plentiful amines within the PEI structure and the aldehyde residues generated imine bonds,
stabilizing the CD/PEI gel upon mixing of the CDs and PEI. The gel was synthesized in a
chloroform/ethanol solvent because the CDs were insoluble in water. Figure 3C shows
the dynamic covalent imine bonds as the core structural element responsible for the gel’s
self-healing characteristics. Remarkably, the imine bonds could be immediately broken and
reconstructed in mild reaction conditions, substantially enabling mechanical interference
and improving the CD/PEI gel.

Furthermore, Wang et al. produced solid white-light-emitting phosphors (WCDs@PS),
where B-CDs and O-CDs were combined with polystyrene (PS) via a self-assembly tech-
nique [73]. PS acts as a linking agent to displace solid matrixes and as the blocking agent to
avoid intermolecular FL resonance energy transfer and aggregation-induced quenching of
multicolored CDs. The B-CDs and O-CDs were prepared using the solvothermal method.
In brief, citric acid and urea were dispersed in DMF. Then, the mixture was thermally
heated for 6 h at 180 ◦C. The B-CDs and O-CDs were cooled down and separated using
silica column chromatography. Then, the B-CDs and O-CDs were re-dissolved in water
and freeze-dried to get the powdered CDs. Subsequently, the CDs were mixed with the PS
solution under stirring for 4 h. Then, the mixture was centrifuged to eliminate unadsorbed
CDs. The precipitates were taken out and freeze-dried. To fabricate WLEDs, WCDs@PS
powders and silica gel were mixed and deposited on a GaN-LED chip. The chip was coated
to the LED pedestal’s bottom. Finally, the device was dried for 1 h at 150 ◦C. In addition,
Safaei and coworkers fabricated CD/PAN (polyacrylonitrile) composite nanofibers using
solvothermal treatment followed by the electrospinning procedure [61]. CDs were prepared
from chitosan through the solvothermal method. Typically, chitosan was dissolved in 2%
acetic acid and heated for 16 h in a Teflon autoclave at 180 ◦C. After cooling down, the
dark brown product was centrifuged to eliminate the larger particles. The CD solution was
filtered by a membrane filter. The CDs were dispersed in DMF. The dispersion was stirred
at ambient temperature for 2 h. The mixture was sonicated for 2 h at 25 ◦C. PAN powder
was inserted into the dispersion and stirred for 2 h. Subsequently, the sample was placed in
a syringe needle connected to a high-voltage generator. The needle acted as the electrode
for the process of electrospinning. The dispersions were inserted from the syringe pump
with a feed rate of 0.11 mL/h for 3 h.
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aldehyde polymer (iii). (B) Interaction of the CD/PEI gel via Schiff base reaction. (C) Self-healing
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3.3. Microwave Treatment

The microwave treatment method is an efficient, cheap, scalable, environmentally
friendly, and quick strategy to obtain CDs [115,116]. Microwave radiation provides rapid
heating, which can improve both the quality and yield of CDs [117]. The microwave
treatment method has been widely used to prepare CDs but is less frequently used than
the hydrothermal method. Usually, the precursor is dispersed in a solvent and the mixture
is subsequently heated in microwave equipment. Finally, the resulting CDs are separated
and purified. The microwave treatment method has been used to prepare CDs in some
literature. For example, Li et al. produced single-hole hollow molecularly imprinted
polymers (HMIP) that incorporated CDs (HMIP@CDs) through the microwave-assisted
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sol–gel method [80]. The synthesis process of HMIP@CDs is represented in Figure 4. N,
S-CDs with carboxyl groups were produced using ammonium citrate and cysteine through
a microwave treatment at 750 W for 2.5 min. A homogeneous cross-linking polymer shell
was established at the polystyrene particle’s surface via microphase separation and volume
shrinkage of the polymer layer after production and swelling of the carboxyl functional
polystyrene particle. HMIP@CDs was received by removing the polystyrene particle with
dichloromethane. Through the reaction, AEAPMS-CDs were covalently incorporated into
HMIP@CDs by the hydrolysis and condensation reactions of APTES and tetraethoxysilane
(TEOS) through the microwave-assisted sol–gel method. The polymerization process was
performed for 4 h. Moreover, Tian et al. produced CDs@PVA through postsynthetic
thermal annealing at 200 ◦C [91]. CDs-1 were derived from citric acid and NH3 solution by
microwave treatment. The CDs-1 were heated at 200 ◦C under N2 protection to generate
CDs-2. Dehydration and carbonization occurred as outputs of annealing of CDs at 200 ◦C.
Briefly, citric acid was added to NH3 solution and heated in a microwave at 650 W for
5 min, generating a dark brown liquid. The product was diluted in ethanol and centrifuged
to eliminate the agglomerated particles. The supernatant was freeze-dried to gain CDs-1.
Then, the CDs-1 were heated at 200 ◦C for 0.5 h under nitrogen. The product was diluted
in ethanol and centrifuged. The supernatant was freeze-dried to gain CDs-2. For the
preparation of CDs@PVA composites, CDs-1 and CDs-2 were solved in PVA solution,
which was spin-coated onto quartz plates and annealed at 80, 150, 180, and 200 ◦C for 0.5 h.
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In addition, Yuan et al. fabricated PAN/PEI-CDs through microwave treatment-
assisted pyrolysis and interfacial polymerization method [71]. The CDs were easily syn-
thesized via microwave-assisted pyrolysis, attached into a PEI matrix, and afterward
dip-coated on a polyacrylonitrile (PAN) support to obtain a composite membrane via
inter facial polymerization. PEI was chosen as a polymer matrix because of its great
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solvent-resistance and film-forming capability. Citric acid was dispersed in an ultrapure
water/glycerol mixture. Subsequently, diethylenetriamine (DETA) was added to the so-
lution. The mixture was sonicated for about 5 min and heated in a 750 W microwave
for 5 min. The solution color altered to yellow and afterward to black. The solution was
centrifuged using ethanol and then dispersed in water. Then, CDs were obtained using
freeze-drying for 48 h. To prepare the composite membranes, the PAN support was tailored
into a disc and then inserted in NaOH solution for 1 h at 50 ◦C. The residual NaOH was
eliminated by neutralization with water. The hydrolyzed PAN support was kept in water.
A specific number of CDs were dissolved into water under stirring, and a PEI solution was
stirred. Then, the solution of CDs and PEI were mixed under stirring to obtain a PEI-CD
solution. Subsequently, the mixture was cast onto the PAN support layer and maintained
for 10 min. After eliminating the excess solution, n-hexane and TMC solution were cast
onto the PEI-CD surface and allowed for 2 min to carry out a cross-linking reaction. After-
ward, the membrane was dried for about 20 min in air and then for 2 h at 60 ◦C to remove
the remaining n-hexane and complete the cross-linking reaction, generating PAN/PEI-CD
composite membranes.

3.4. Pyrolysis/Thermal Decomposition

Pyrolysis treatment is a simple method to produce CDs. It is an irreversible thermal
decomposition wherein the precursor decomposes at a high temperature. It entangles chem-
ical and physical alterations of precursors, generating solid black carbon material [118].
Pyrolysis is a fast, facile, and environmentally friendly method, but it is nonscalable and
generates a broad size distribution [111]. Generally, pyrolysis is carried out at a high
temperature with controlled pressure. The resulting black carbon material can be purified
to gain the CDs. For instance, Sun and Wu prepared three CDs from carboxyl, amino, and
sulfonic acid groups and combined them into the polyamide layer of thin-film nanocom-
posite (TFN) membranes through pyrolysis-assisted interfacial polymerization [82]. The
prepared CDs were carboxylic CDs (CCDs), amino CDs (NCDs), and sulfonated CDs
(SCDs). The scheme of the preparation process of these CDs is depicted in Figure 5A. CCDs,
NCDs, and SCDs were prepared by directly pyrolyzing citric acid, citric acid/branched
polyethyleneimine (BPEI), and citric acid/poly(sodium 4-styrene sulfonate) (PSS), respec-
tively. The preparation of TFN membranes combined with various CDs through interfacial
polymerization is depicted in Figure 5B. Initially, three kinds of CDs were dissolved in
piperazine (PIP) solution by ultrasonic dispersion. Afterward, the support membranes
were inserted in the PIP solution, and the excess solution was removed from the membrane
surface. Then, the PIP-saturated support membranes were inserted into the organic phase,
composing trimesoyl chloride (TMC) in cyclohexane. After eliminating the remaining
cyclohexane, the membranes were heated at 70 ◦C for 0.5 h for further polymerization and
then kept in deionized water.

Furthermore, Koulivand et al. developed CD-modified PES through a pyrolysis-
assisted nonsolvent induced phase inversion technique [70]. CDs were prepared using a
simple pyrolysis method. In brief, citric acid in a beaker was heated for 55 min at 160 ◦C.
Under stirring, it was neutralized by NaOH solution, which was then freeze-dried to
receive powdered CDs. Subsequently, the CD-modified PES membranes were produced
through the nonsolvent induced phase inversion method. First, the CDs were inserted
into a flask containing dimethylacetamide (DMAc) as a polymer solvent. The mixture was
stirred for a day to disperse the CDs. Subsequently, polyvinyl pyrrolidone (PVP) and PES
were dispersed into the solution under stirring. The solutions were degassed at 50 ◦C for
2 h in an oven. After cooling down, thin films of the solutions were cast by a casting knife
onto clean glass. Afterward, the films were directly immersed in a water bath to thicken
and produce the membranes. Finally, they were stored in water overnight, dried at 25 ◦C,
cut off, and immersed in water for 12 h.
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Moreover, Rimal, Shishodia, and Srivastava produced CDs from oleic acid, and the
CDs were incorporated in a cellulose acetate polymer matrix to obtain a composite [65]. The
procedure involved the pyrolysis method. In brief, NaOH was dissolved in double-distilled
water. NaOH and double-distilled water were mixed under stirring until a transparent
solution was obtained. Oleic acid was subsequently placed into another beaker and heated
at 230–260 ◦C with constant stirring for a while. The solution was then filtered and
sonicated. Afterward, the CD solution was evaporated to isolate anhydrous CDs. The
solid CDs were dried and dispersed in ethanol. CD/polymer composites were prepared
through the blending method. Cellulose acetate was taken in dimethylformamide and
stirred magnetically. Then, CD solution was dissolved in DMF, stirred, and sonicated.
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Subsequently, the mixture was magnetically stirred, transferred to a Petri dish, and allowed
to rest with ordinary evaporation. Finally, the sample was heated for 2.5 h at 60 ◦C.

3.5. Ultrasonic Treatment

Ultrasonic treatment is an ecofriendly method with the benefits of simple, mild work
conditions, green sources of energy, and the possibility to obtain CDs with controlled
physical and chemical characteristics with low toxicity [119,120]. Typically, a carbon
precursor in an appropriate solvent is sonicated for a desirable time. The radiation energy
is used for condensation and carbonization, resulting in the formation of CDs [121]. This
method has been seldom used to prepare CDs for CD/polymer composites. For instance,
Kumar et al. prepared PVA-N@CD nanocomposites wherein N@CDs were embedded in
PVA polymer [74]. Figure 6 exhibits a probable procedure for the preparation of PVA-
N@CD composites through the ultrasonic treatment and stirring/drop-casting methods.
It exhibits the chemical interactions through H-bonding among the PVA long chain and
various N@CDs’ surface functional groups. In [74], CDs were produced by sonication.
N@CDs were synthesized from a BSA solution. The PVA-N@CDs were produced via
stirring of the N@CDs aqueous solution in PVA solution. PVA was inserted in a beaker
containing water. The PVA–water mixture was maintained under constant stirring for
2 h at 60 ◦C. This clear PVA solution was cooled down, and N@CDs solution was added
under continuous stirring, generating a clear, light yellow, slightly viscous solution. The
pH values of the N@CDs solution and the PVA solution were maintained similarly and
were kept at 6–8 for more stable composites. The composite solutions were utilized to
make a thin film by a drop-casting method, and the solvent was evaporated naturally.
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Furthermore, Li et al. fabricated a pyrophosphate ion (PPi)-responsive alginate hydro-
gel utilizing Cu2+ as a crosslinking agent to form Cu/Alg gel [68]. CDs as a visual indicator
were incorporated in the Cu/Alg gel matrix to yield the composite of CDs@Cu/Alg. The
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CDs were prepared using an ultrasonic method. In brief, NaOH was added to CPC aque-
ous solution and mixed well. Then, the mixture was ultrasonicated for 30 min at 25 ◦C.
Subsequently, the reaction was terminated by adjusting the pH of the solution to neutral
with HCl, followed by dialysis to remove unreacted reagents. Finally, the purified products
were dried at 65 ◦C and redispersed in ultrapure water. The Alg/Cu gel was prepared
by simple mixing of aqueous alginate solution and CuCl2 solution. A gelation assay was
carried out to form an insoluble hydrogel. Then, the hydrogel was washed with ultrapure
water to remove the unreacted reagent. To prepare CDs@Alg/Cu, CDs were first mixed
with alginate aqueous solution. Then, the CuCl2 aqueous solution was added to trigger
the gelation of alginate. After the reaction, the insoluble products were collected by cen-
trifugation and followed by washing with ultrapure water. For PPi-stimulated sol–gel
transition of CDs@Alg/Cu, PPi aqueous solution with different concentrations was added
to the test tube containing CDs@Alg/Cu and mixed well. The reaction took place at room
temperature with gentle shaking.

4. Optical Properties of CD/Polymer Composites

The optical properties of CDs are very significant for their various potential applica-
tions. Most CDs are FL over the visible spectrum, extending into the near-IR region [122].
CDs commonly contain carbon, oxygen, and certain heteroatoms such as nitrogen, boron,
sulfur, silicon, and phosphorus [16]. Most CDs have no significant absorption in the visible
range but emit a multicolor emission from blue to red [16]. Herein, we discuss the optical
characteristics of CD/polymer composites, including UV–vis absorption characters and
FL properties. Hu et al. obtained CD/polymer composites with FL properties [89]. The
original FL characteristics of CDs can be kept in the polymer system [123]. Figure 7A
shows that the CD/PVA composite solution exhibited a quench-resistant FL character. It
has excellent viscosity and can be utilized to make FL ink for distinct patterns, presenting
bright solid-state FL at ambient temperature (Figure 7B). Afterward, CD/PVA films were
produced and exhibited good work on light transmission and ductility (Figure 7C). The FL
spectra of CDs/PVA exhibit their emission wavelengths at 444 nm, 520 nm, 550 nm, and
585 nm. The CD/PVA films were radiated under UV light, and they emitted bright FL color
with QYs of 5.3%, 12.4%, 8.9%, and 6.9% for B-, G-, Y-, and O-emission films, respectively
(Figure 7D). The FL excitation and emission spectra of the CD/PVA solutions/films and
CD solution were similar, denoting that the CDs’ emissive characters were well-maintained
in PVA.

Besides FL color, CD/polymer composites have their own FL properties based on
excitation and emission wavelengths and UV–vis absorption behavior. For instance, Wang
et al. prepared MCOFs@MIPs@CDs by using citric acid and APTES as a carbon precursor
and a functional monomer, respectively [75]. The FL properties of the composites were
investigated by measuring the whole emission spectra of the composites at various exci-
tation wavelengths from 320 to 410 nm. The optimum excitation was 370 nm, whereas
the optimum emission wavelength was ~470 nm (Figure 8A,B). The composites without
2,4,6-trinitrophenol (TNP) showed stronger FL signal than those with TNP, and the FL
intensity of those without TNP was recovered to 91.3% of that of MCOFs@NIPs@CDs
(Figure 8C). The FL stabilization phenomenon is due to the incorporated CDs being much
more stable because of the MCOFs and MIP shell protection [124]. CD/polymer composites
also show UV–vis absorption behavior. For instance, CD/PVA films that were synthesized
by Zhao et al. exhibited broad band absorption over the visible light range (Figure 8D). The
adsorption peak was centered at about 489 nm, while the adsorption at 532 nm was still
high. Furthermore, TPU/CDs synthesized by Bai et al. exhibited wide absorbance bands
in UV–vis wavelength ranges, identical to those of the constituent CDs [96]. The CDs were
embedded into the composites without altering their fundamental optical properties [125].
Each peak intensity increased along with the concentration of the CDs. The interaction
among CDs increased with the level of CDs, and CDs’ dispersion in the TPU matrix also
altered as the level of CDs increased. Accordingly, the CDs in each composite exhibited
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various energy gaps and surface states. Therefore, the absorption peak center showed a red
shift [126]. Table 3 presents the features of the optical properties of multiple CD/polymer
composites, including excitation wavelength (λEx), emission wavelength (λEm), QYs, UV–
vis absorption peak (Abs.), and FL color. The QYs of CD/polymer composites were rarely
calculated. Generally, the optical properties of CDs and CD/polymer composites have
similar patterns because the polymers do not alter the optical characters of bare CDs. The
FL emission colors of the CD/polymer composites were green (G), blue (B), cyan (C), red
(R), yellow (Y), and orange (O), depending on their FL emission wavelengths.
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In addition, the physicochemical properties of CDs influenced the optical properties
of CD/polymer composites. The absorbance and FL behaviors of CD/polymer composites
were primarily derived from the nature of the CDs. In general, the average size of the CDs
was less than 10 nm, and the largest size was 60 nm [127]. The superior characteristics
of QDs are the effect of quantum confinement taking place when the QDs’ size is lower
than their Bohr exciton radius [128,129]. The primary result of the quantum confinement
effect is that the band gaps of CDs exhibit dependence on their size, leading to various size-
dependent optical characteristics of the CDs [128]. CDs separated and purified by column
chromatography generated various sizes of CDs with small size distributions [3]. The FL
characteristics differed explicitly with different size of CDs. The sizes of CDs exhibited
different optimum FL emission peak centers. In addition to the size, the FL may derive from
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intrinsic and defect states of emission. The presence of C=C, C=O, C-O, and O-C=O bonds
suggests that CDs have various functional groups. The functional groups may contribute
to the UV–visible absorption characteristics and play a prominent role in assigning the
absorption peak position [130]. FL was associated with the surface state connected to the
hybridization structure of the functional groups and the carbon core. Most carboxyl and
amide groups contributed to green FL, while hydroxyl groups contributed to blue FL [131].
The enhanced oxidation degree and the substitution of hydroxyl groups by amino groups
induced a red shift in FL emission [89]. Therefore, the FL characteristics of CD/polymer
composites were affected by the optical selection of different sizes of CDs and various
emissive traps on the CDs’ surfaces. For CDs with identical surface functional groups,
the gel-column-separated fractions of various FL QYs have commonly been associated
with various levels of surface passivation/functionalization, in which less functionaliza-
tion/passivation resulted in less FL QYs [132,133]. The significant enhancements in QY
of CDs in polymer films compared to those in solutions were correlated mainly with the
increased surface passivation effect of CDs in the film environment [122]. However, the
absorption of CDs owes to the π-plasmon transitions in the carbon core, and the film has
no valuable impact on these transitions [122].

Figure 8. (A) FL emission spectra of MCOFs@MIPs@CDs with various excitation wavelengths
(320–410 nm). (B) Maximum FL excitation and emission spectra of MCOFs@MIPs@CDs. The inset
shows images of the MCOFs@MIPs@CDs solution under daylight and UV light of 365 nm. (C) FL
emission spectra of MCOFs@NIPs@CDs (curve a), MCOFs@MIPs@CDs without TNP (curve b),
and MCOFs@MIPs@CDs with TNP (curve c). (D) The UV–vis absorption spectra of TPU/CD
nanocomposites. Reprinted with permission from [75,101]. Copyright (2019) Elsevier and Copyright
(2020) Springer Nature.
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Table 3. The optical properties of several CD/polymer composites, including FL and UV–vis absorption properties.

Composites λEx (nm) λEm (nm) QY (%) Abs. (nm) FL Color Ref.

CD/PVA film 532 585 N/A 489 N/A [101]
PVA/CD film 420 530 N/A ~220, ~290 G [56]

CDs@MIPs 370 470 51.8 370 B [63]
CS/PVA/CDs 360 436 N/A 360 C [95]

PVA/CDs 360 ~470 47 294/340 B [102]
PE/CDs, PP/CDs,

PEG/CDs 350, 380 ~450–470 2.5–38 N/A B, G, R [66]

C-MIP 540 610 N/A N/A R [88]
MCOFs@MIPs@CDs 370 470 N/A N/A C [75]

TPU/CDs 400 470 68 335, 399 B [96]
CD-polymer 455 550 14.86 200–500 Y [104]

CDs/Fe3O4@MIPs 370 470 N/A N/A B [76]

CD/PVA films 365, 450, 420,
400 444,520, 550,585 5.3–12.4 365, 450, 420,

400 B, G, Y, O [89]

CDS@Cu/Alg 400 513 N/A N/A G [68]
CQDs@MIPs 360 453 N/A ~260 N/A [58]

C-dots/PVB film 400 550 N/A 353, 410, 500 G-B, O-R [50]
MIPs-GSCDs 340 410 18.6 ~275 N/A [59]
CD-polymer N/A 470 50 250, 300 G [65]

CDs@SiO2@MIPs 380 >450 N/A 288 N/A [60]
WCDs@PS 380 ~590 10.7, 15.2 N/A O, B [73]
CDs@MIPs 360 450 N/A 250–300 B [69]

C-dot/PEI gel 470 ~565 1.9–4 290, 340, 380 C [103]

Y-CD/PVA, Y-CDs/CS 420 550 6 234, 259, 285,
420 Y [67]

CDs@PVA 365 420–440 N/A ~350 B [91]
C-dots/PVA 360 459 8.64 282, 341 G [57]
HMIP@CDs 390 503 N/A ~300 N/A [92]
BMIP@CDs 425 520 N/A N/A N/A [64]

CD-MIPGlcA 445 ~500 0.97 ~350 B [62]
Poly(VPBA-AAm)-

CDs 900 515 N/A 241 B [99]

PAN/CQD nanofibers 350, 477, 530 560, 598, 660 N/A 314, 316, 318 R, G, B [61]
PVA-N@C-dots 390 ~460 44 286, 355 C [74]

The concentration of the CDs also affected the FL intensity or wavelength. At low
concentrations, the interaction between the polar groups reduces, while high numbers of
polar groups tend to establish aggregations [134]. The QY and the production yield of
CD/polymer composites were affected by the mixture composition and amount ratio be-
tween CDs and polymeric molecules. Fernandes et al. reported that ethanolamine (EA) was
converted to CDs about 28% and 20% in PEG/CD and PE/CD composites, respectively [66].
Under similar conditions, EA was converted to CDs about 9% without addition of polymer.
The dispersion of EA in the polymeric matrix decreases its volatilization, improving the
QY and yield of the CDs. Wang et al. observed the effect of the PS/WCD mass ratio on the
FL characteristics of WCD@PS composites [73]. When increasing the feed ratio from 1:1 to
2:1, the FL intensities at 430 and 590 nm were decreased. The excess PS exhibited a cloudy
mixture and led to the FL quenching of the WCDs. Meanwhile, inadequate PS resulted in a
low yield of WCD@PS composites, even though the FL intensity still maintained stable.
Hence, they set the feed ratio of PS/WCDs to 1:1. We deduce that the amount and nature
of each precursor has a significant impact on the FL QY as well as the production yield of
the composites. Based on the aforementioned factors related to the optical properties of
CD/polymer composites, a pictorial representation of interaction between the CDs and
polymer, as well as some factors to improve/correct the optical properties and production
yield of CD/polymer composites, is depicted in Figure 9. The surface functional groups on
the CDs can create H-bonds with the pendant polar groups presented in polymer matrix.
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The H-bond interaction informs the equal distribution of CDs in the polymer matrix. The
adjustment of some factors mentioned in the scheme could help to produce CD/polymer
composites with desired optical characteristics and optimum production yield.
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5. Coating Characteristics of CD/Polymer Composites

The coating characteristics of CD/polymer composites are an important parameter
for achieving better composites. CDs can increase the physisorption-assisted coating of
polymer chains onto their surface. The polymers can act as stabilizers for the CDs. The
polymer chains have a high affinity to attach to the CDs’ surface [135]. CDs act as ph-
ysisorption fix sites, and particularly as physical cross-linking points, in the composites.
The cross-linking points increase the mechanical strength of the composites. Hazarika et al.
revealed that CD/polymer composites showed two to six times better strength than pristine
polymer film [136]. These composites also showed high thermal stability, increased glass
transition temperature (Tg), and good chemical resistance due to the interfacial adhesion
between CDs and polymer chains or physicochemical interactions. Yang et al. observed
that CD/TFC (thin film composite) membranes had no damage after being folded in half,
showing flexible and strong membranes with various added concentrations of CDs [100].
No valuable alteration of CDs’ morphology was obtained after coating with polyethersul-
fone (PES) substrates. The TFC membranes without CDs exhibited a flat surface. With
increasing CD loading, small particles were observed on the membrane surface. As the
number of CDs increased, the crystallinity of the interfacial polymerized layer was dramat-
ically enhanced. The thickness of the selective layer of membranes was similar, at around
100 nm, meaning that CDs did not affect the thickness of the interfacial polymerization (IP)
layer. Higher PEI levels could induce thicker polyamide layers, generating lower water
fluxes, which was beneficial for solute retention. Increasing CD concentration led to a
reduction of water permeability.

Furthermore, Wang et al. revealed that a measured TEM image of CDs@MIPs showed
a spherical shape with a bit of adhesion [63]. The degree of adhesion of CDs@NIPs was
more serious, and the particle sizes were much smaller. The template affected the composite
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structure during the preparation process. Li et al. utilized CDs to modify a polyamide
reverse osmosis membrane [97]. CDs were coated onto the active layer of the thin film
membrane during the IP process, inducing increased membrane hydrophilicity, porosity,
and permeability. The thickness of the selective layer was decreased, and the desalination
was improved. In addition, Shao et al. reported the preparation of a TFC layer by PIP and
TMC in an IP process to establish a nodule structure with a cross-sectional thickness of
80–120 nm [98]. The PES substrate was coated with a mixture of CDs, CMPI, and NaOH
before the IP process. CMPI was utilized to activate the carboxyl groups on the CDs’
surface to stabilize the bonding between the CDs and the polyamide selective layer. The
remaining NaOH from the CD-coating step might act as a HCl acceptor produced during
the IP process. The PES substrate was pretreated by PDA before depositing the mixture.
The PDA layer distributed uniformly on the PES substrate. The composite membrane with
a coating of PDA and CDs (PDA-CD-TFC) exhibited a unique nodule structure with only
30 nm cross-section thickness, which was one-third and one-sixth of those of pristine TFC
and a CD-TFC membrane, respectively. The degree of cross-linking in the PDA-CD-TFC
membranes increased and the permeability declination was reduced with the increase
of PDA levels, indicating a successful PDA coating. A sequential coating of PDA-CDs
was performed not only to protect the substrate from damage but also to improve the
membrane structure. The coating process of the PDA-CD-TFC membrane is illustrated in
Figure 10.
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6. Sensing Applications of CD/Polymer Composites

CD/polymer composites have been applied for various necessary fields, including
sensing applications. CD/polymer composites have been utilized as chemical sensors for
2,4,6-trinitrophenol (TNP), 4-nitrophenol (4-NP), mesotrione, 2,4-dinitrotoluene (DNT),
Ag+, Cu2+, and Fe3+; as biological sensors for epidermal growth factor receptor (EGFR)
epitopes, alkaline phosphatase (ALP), thiabendazole (TBZ), caffeic acid, tetracycline, 3-
nitrotyrosine (3-NT), and glucose; and as physical sensors for determining temperature
and relative humidity. The analytical performance of each composite used as a sensor can
be seen in Table 4. The types of sensing, target analytes, linear ranges, linear coefficients
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(R2), and limits of detection (LODs) are summarized. Based on their sensing applications,
CD precursors, CD synthesis methods, polymer precursors, and CD/polymer synthesis
methods were correlated as shown in Figure 11. Citric acid, some plants (mango peels,
acerola fruit, Cedrus, and rosemary leaves), glucose, o-phenylenediamine, cetylpyridinium
chloride, and ammonium citrate have been used as CDs precursors. These precursors
have been utilized to produce CDs using hydrothermal, solvothermal, microwave, and
ultrasonic treatments. The CDs have then been used to produce CD/polymer composites by
incorporating several polymer precursors, including APTES, acrylamide, polyvinyl alcohol,
and some others (poly (tetramethylene glycol), chitosan, methyl acrylate, alginate, styrene,
dopamine, polystyrene, and polyethylene terephthalate) into the CDs. These CD/polymer
composites have been obtained using reverse microemulsion polymerization, sol–gel, drop
casting, in situ polymerization, bulk polymerization, cross-linking, free radical dispersion
polymerization, and polymer-assisted self-assembly. Finally, the composites have been
used as chemical, biological, and physical sensors for various important targets. In this
section, we overview the sensing applications of CD/polymer composites according to
their sensing categories.

Table 4. Several sensing applications of CD/polymer composites and their sensing performances.

Composites Applications Analytes Linear Range R2 LOD Ref.

CDs@MIPs Chemical Sensor 4-NP 0.025–5 mg/L 0.9883 35 nM [63]
MCOFs@MIPs@CDs Chemical Sensor TNP 0.0003–100 µM 0.9920 0.1 nM [75]

TPU/CDs Chemical Sensor Ag+ 0.05–5.0 mM 0.976 12 µM [96]
CDs/Fe3O4@MIPs Chemical Sensor TNP 1 nM-100 µM 0.9975 0.5 nM [76]

CQDs@MIPs Chemical Sensor Mesotrione 15–3000 nmol/L 0.991 4.7 nmol/L [58]
Y-CD/PVA and CS Chemical Sensor Cu2+ 0.0001–0.1 mM 0.99 10 nM [67]

C-dots/PVA Chemical Sensor Fe3+ 0.001–0.012
mol/L 0.9925 N/A [57]

AC-dots-DNT-MIPs Chemical Sensor DNT 1–15 ppm 0.998 0.28 ppm [83]
C-MIP Biological Sensor EGFR epitopes 2.0–15.0 µg/mL 0.99396 0.73 µg/mL [88]

CDs@Cu/Alg Biological Sensor ALP 2–100 mU/mL 0.9955 0.55 mU/mL [68]
MIPs-GSCDs Biological Sensor Phenobarbital 0.4–34.5 nmol/L 0.997 0.1 nmol/L [59]

CDs@SiO2@MIPs Biological Sensor TBZ 0.03–1.73 µg/mL - 8 ng/mL [60]
CDs@MIPs Biological Sensor Caffeic acid 0.5–200 µM 0.9973 0.11 µM [69]
HMIP@CDs Biological Sensor Tetracycline 10–200 µg/L 0.9972 3.1 µg/L [92]
BMIP@CDs Biological Sensor 3-NT 0.05–1.85 µM 0.9978 17 nM [64]

Poly(VPBA-Aam)-CDs Biological Sensor Glucose 0–20 mM 0.9952 N/A [99]
WCDs@PS Physical Sensor Temp. 20–80 ◦C 0.979 N/A [73]

CDs-PET film Physical Sensor Humidity <55%, >55% 0.9579, 0.9050 N/A [108]
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6.1. Chemical Sensors

Wang et al. applied CDs/Fe3O4@MIPs to assess their selectivity and sensitivity in
detecting TNP [76]. TNP is a molecule that reduces the FL intensity of CDs at the excitation
and emission wavelengths at 370 nm and 470 nm, respectively. For selectivity, several
competitive compounds of TNP (phenol, 3-nitrophenol, 2-nitrophenol, 4-nitrophenol, m-
dihydroxybenzene, catechol, pyrogallol, hydroquinone, and 2,4-dinitroaniline) and metal
ions (Al3+, Fe3+, Fe2+, Pb2+, Ba2+, Cd2+, Co2+, Ni2+, and Mg2+) were selected to investigate
the capability of CDs/Fe3O4@MIPs to detect the compounds. The CDs/Fe3O4@MIPs
exhibited a higher response to TNP than to other species or to CDs/Fe3O4@NIPs. No
distinction was observed in the FL intensity of CDs/Fe3O4@NIPs among the compounds.
These findings indicated that CDs/Fe3O4@MIPs have higher adsorption and binding
affinity for TNPs due to their special cavities. The CDs/Fe3O4@MIPs exhibited high
selectivity toward TNP. The FL intensity of CDs/Fe3O4@MIPs decreased more than that
of CDs/Fe3O4@NIPs after adding similar TNP concentrations (Figure 12a,b). This event
could be related to the specific imprinted cavities generated by TNP in CDs/Fe3O4@MIPs
during the synthesis process. Because to the nonspecific TNP adsorption onto the surface
of CDs/Fe3O4@NIPs, TNP can slightly adsorb onto CDs/Fe3O4@NIPs with a small FL
quenching effect. CDs/Fe3O4@MIPs had good linearity in the concentration range of
1 nM–100 µM (Figure 12c). The LOD of CDs/Fe3O4@MIPs for TNP was 0.5 nM, with an
R2 of 0.9975. Meanwhile, the LOD of CDs/Fe3O4@NIPs for TNP was 1 µM, with an R2 of
0.9920. Therefore, the CDs/Fe3O4@MIPs were highly sensitive to TNP. Figure 12d shows
the data from 0 to 60 min. The adsorption process achieved the equilibrium at 1 min,
indicating rapid response time. This method was applied to determine TNP in spiked river
and tap water samples with 89.4–108.5% recoveries and <6% RSD.
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Furthermore, Wang et al. applied CDs@MIPs as an FL sensor for sensitive and selective
determination of 4-NP [63]. The relative FL intensity of CDs@MIPs reduced gradually as
the concentration of 4-NP increased. The LOD of 4-NP was 35 nM, with an R2 of 0.9374.
CDs@MIPs could specifically recognize 4-NP among some competitive analogs (phenol,
2-nitrophenol, 3-nitrophenol, pyrogallol, and hydroquinone) and metal ions (Ni2+, Fe3+,
Co2−, Cd2+, Pb2+, Fe2+, and Al3+). The decreased impact of this FL sensor may be related
to the specific imprinted cavities generated by 4-NP in CDs@MIPs during the preparation
process. Then, the CDs@MIPs were effectively utilized to determine 4-NP content in river
water samples with 94.0–103.4% recoveries and <6.5% RSD. In addition, Wu et al. applied
Y-CDs and Y-CD/polymer composite sensors to determine Cu2+ [67]. Y-CDs showed great
selectivity toward Cu2+ over other species (K+, Mn2+, Zn2+, Ba2+, Cr3+, Al3+, Mg2+, Hg2+,
Ca2+, Pb2+, and Ni2+) via FL quenching. There was a small alteration in the emission
intensity after the addition of various species. The FL intensity reduced linearly (R2 = 0.99)
with increasing Cu2+ concentration. To improve detection, two Y-CD/polymer composite
sensors were prepared: Y-CD/PVA and Y-CD/CS (chitosan). The sensor response of
Y-CD/CS was more sensitive than that of Y-CD/PVA films; because of the chelation
mechanism of CS with Cu2+, Cu2+ can more easily infiltrate into the film. Y-CD/CS films
showed good selectivity for Cu2+. When the concentration of Cu2+ increased, the FL of this
sensor was reduced dramatically, and the FL color change could be seen by the naked eye.
The LOD of Y-CD/CS for Cu2+ was 10 nM.

6.2. Biological Sensors

Xu et al. applied CDs@MIPs as a sensitive method to detect caffeic acid in human
plasma [69]. The CDs@MIPs showed great specificity and binding capability to caffeic
acid. The FL intensity of CDs@MIPs lowered gradually as caffeic acid concentration
increased from 0.5 to 200 µM. Figure 13A,B depicts the FL intensity alterations of CDs@MIPs
and CDs@NIPs, respectively, as caffeic acid concentration increased. The FL intensity
of CDs@MIPs was reduced more than that of CDs@NIPs as caffeic acid concentration
increased. The linear relationship between the FL intensity of CDs@MIPs or CDs@NIPs and
caffeic acid concentration is shown in Figure 13C. The LODs of CDs@MIPs and CDs@NIPs
for caffeic acid were 0.11 µM and 0.34 µM, with R2 of 0.9973 and 0.9936, respectively. The
CDs@MIPs responded to caffeic acid more than CDs@NIPs did. This is related to the
specific binding of caffeic acid at certain sites in CDs@MIPs; CDs@NIPs possessed only
physical adsorption to caffeic acid. CDs@MIPs could be used at least five times without
a notable reduction in their ability to detect caffeic acid (Figure 13D). The FL responses
of CDs@MIPs to different interfering substances in plasma, such as Mg2+, Ca2+, Na+,
galactose, glucose, BSA, Cys, and Gly, were examined. The FL response of CDs@MIPs
to caffeic acid was higher than that to the interferents, indicating specific adsorption of
CDs@MIPs toward caffeic acid. This method was effectively applied to determine caffeic
acid in human plasma, with recoveries in the range of 98.4–107.6% and RSDs in the range
of 3.6–10.2%.

Moreover, Zhang et al. applied C-MIP (CD-incorporated epitope imprinted polymer)
to FL imaging of cervical cancer by identifying the EGFR [88]. As C-MIP existed in
various concentrations of epitopes solution, C-MIP had nearly no alteration at the emission
peak center. However, the FL intensity reduced as the epitopes’ concentration increased,
exhibiting FL quenching. The FL excitation and emission wavelengths were 540 nm
and 610 nm, respectively. The FL intensity of C-MIP was reduced more than that of
C-NIP at identical epitope concentrations. The FL of C-MIP was reduced by the EGFR
epitopes because of the inevitable recognition of EGFR epitopes via their imprinted cavities.
These imprinted sites, complementary to the template, could specifically identify the
target. The linear range of FL quenching was 2.0 to 15.0 µg mL−1

, and the LOD was
0.73 µg mL−1. Therefore, C-MIP could specifically identify the EGFR epitopes. In addition,
Jalili and Amjadi applied an FL sensor to detect 3-NT utilizing bioinspired molecularly
imprinted polymer (BMIP)@CDs [64]. This sensor was easily produced by dipping CDs
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in a weak alkaline dopamine solution having 3-NT as a template. After extracting the
embedded template molecules, the imprinted binding sites were left in the BMIP@CD
composite, which was then used to specifically identify 3-NT. For selectivity, several
species, such as glucose, sucrose, lactose, ascorbic acid, uric acid, glycine, creatinine, L-
cysteine, K+, Na+, Ag+, NH4

+, Mg2+, Zn2+, Ca2+, Fe2+, Fe3+, Pb2+, Cu2+, Cd2+, Ni2+, Al3+,
Cl−, F−, SO4

2−, PO4
3−, and NO3

−, were investigated. Only 3-NT had great quenching
efficiency on BMIP@CDs. The BMIP@CDs’ FL intensity was prominently quenched as
3-NT concentration increased. This sensor had concentration linearity of 0.050–1.85 µM,
with LOD of 17 nM and R2 of 0.9978. Then, the system was used to detect 3-NT in human
serum samples with recoveries in a range of 95.6–101.2% and RSDs in a range of 1.4–3.9%.
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6.3. Physical Sensors

Wang and coworkers implemented WCDs@PS for sensitive detection of tempera-
ture [73]. The solid WCDs@PS showed ratiometric FL with temperature-tunable char-
acteristics. As the temperature increased to 80 ◦C, the FL intensity of BCDs at 430 nm
remained steady. However, the OCD emission at 590 nm was decreased (Figure 14A,B).
The temperature-responsive characteristics of WCDs@PS resulted from OCDs, confirm-
ing that PS, as a great linking agent, did not alter the CDs’ nature. The intensity ratio
of two emission wavelengths (I590/I430) was analyzed as a temperature function in both
backward and forward temperature models. The signal ratio showed good linear correla-
tion with the temperature (Figure 14C). These WLEDs showed a temperature-dependent
emission character, the light-emission spectrum of which could be adapted in situ from
white (λ ~ 400–730 nm) to blue (λ ~ 440 nm) in the range of 20–80 ◦C. The FL switching
processes were replicated for eight sequent repetitions by several cycles of heating and
cooling in the range of 20–80 ◦C. The finding indicated significant reversibility of the
two-way switching operations by WCDs@PS (Figure 14D). Temperature-driven tunable



Coatings 2021, 11, 1100 25 of 31

LEDs as a thermochromism system would widen the implementation of CD-based lighting
systems in specific displays.
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7. Summary and Future Perspectives

In this article, the different precursors, preparation methods, optical characteristics,
and sensing applications of CD/polymer composites were overviewed and discussed. CDs
have been produced from numerous carbon precursors, such as inner cassava peels, Acerola
fruit, mango peels, Cedrus, rosemary leaf, chitosan, starch, citric acid, glucose, oleic acid,
ethanolamine, and some others. Various polymer precursors, including chitosan, cellulose
acetate, alginate, APTES, polyethersulfone, polyethyleneimine, polydopamine, polystyrene,
polyvinyl alcohol, and some others, were also discussed. CDs have been prepared through
various synthesis methods, including hydrothermal, solvothermal, microwave, pyrolysis,
and ultrasonic treatments. CD/polymer composites have been prepared through stirring,
sol–gel, drop casting, conventional solution casting, in situ chemical polymerization, re-
verse microemulsion polymerization, interfacial polymerization, cross-linking reaction,
hydrothermal, thermal treatment, photopolymerization, polymer-assisted self-assembly,
Schiff base reaction, bulk polymerization, electrospinning, nonsolvent induced phase in-
version, and free radical dispersion polymerization. The optical properties and coating
characteristics of CD/polymer composites, including FL properties and UV–vis absorption,
were discussed. CD/polymer composites have shown good performance as chemical, bio-
logical, and physical sensors for various targets. The sensing applications of CD/polymer
composites were categorized and discussed. Increasing the sensitivity and selectivity of
CD/polymer composites for various targets would broaden and enrich their sensing capa-
bilities. The obvious advances in CD/polymer composites for sensing applications make
them noteworthy as a prospective material and differentiate them from various carbon
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material composites. Most of the sensing applications of the CD/polymer composites are
dependent on their FL quenching efficiency.

In spite of substantial opportunities afforded by CD/polymer composites, there are still
some challenges in investigating their considerable potential, including: (1) CD/polymer
composites can be prepared from various cheap and highly abundant natural carbon and
polymer precursors in order to enhance their function; (2) one-step synthesis methods for
CD/polymer composites can be used for efficient and cheap sample preparation; (3) new
natural/synthetic precursors for CDs conceiving N, S, P, or various heteroatoms could be
examined in the future for doped-CD/polymer composites; (4) natural polymer/biopolymer
precursors could be considered as green precursors for preparing CD/polymer composites
or other polymer composites; (5) the applications of CD/polymer composites for various
new targets/analytes could be expanded with high sensitivity and selectivity using various
sensing methods; and (6) the utilization of CD/polymer composites as physical sensors was
very rare, so increased attention is required in this field. Based on the above perspectives,
we hope that the research into CD/polymer composites can be continued in the future
to develop more beneficial aspects in precursors, synthesis methods, characterizations,
and applications.
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