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Carbon Quantum Dot-Based Thin Films for Multifunctional and 
Sustainable Applications
Arup Kumer Roy,a Ayesha Binth Humayun,b Yuv-raj Acharjee,a Nusrat Jahan Usha,b and Sumit 
Majumder*b

Carbon quantum dots (CQDs) have attracted significant attention as a versatile class of nanomaterials owing to their 
abundance, biocompatibility, and highly tunable functional properties. Their optical, electronic, and chemical characteristics 
are strongly governed by particle size, surface functional groups, and heteroatom doping, while their carbon-based 
composition makes them attractive candidates for low-toxicity and biocompatible systems. CQDs are typically integrated 
into solid matrices, particularly polymer-based thin films, not only to suppress nanoparticle aggregation and environmental 
degradation but also to realize functional applications. Such integration also enhances the stability, reliability, and 
reproducibility of CQD-based composites, enabling their use for applications ranging from bioimaging and wearable sensing 
to antimicrobial and antifouling coatings, environmental remediation, and flexible optoelectronic devices. However, precise 
control over CQD size, surface chemistry, and dispersion within solid matrices, as well as scalable and reproducible 
fabrication of CQD-based films compatible with industrial processing, remains challenging. Moreover, ensuring long-term 
structural, optical, and functional stability of CQD-based films under practical operating conditions is essential for their 
reliable and widespread deployment. This review provides a comprehensive overview of recent progress in CQD-based films, 
with emphasis on CQD synthesis and film fabrication strategies, key application areas, associated challenges, and future 
research directions. 

1 1   Introduction
2 Carbon quantum dots (CQDs) are zero-dimensional 
3 nanomaterials with characteristic sizes below 10 nanometers.1 
4 CQDs typically exhibit a core-shell structure dominated by 
5 crystalline sp²-carbon domains, although amorphous regions 
6 containing sp² and sp³ carbon can also be present.2 The sp²-rich 
7 domains act as quantum-confined regions with discrete energy 
8 levels, thereby giving rise to stable photoluminescence (PL). 
9 Additionally, CQDs exhibit strong absorption in the ultraviolet 

10 (UV) region, which arises from π–π* transitions of C=C bonds 
11 and n–π* transitions associated with C=O groups.3

12 CQDs possess surface defects and abundant functional groups, 
13 including hydroxyl (–OH), carboxyl (–COOH), carbonyl (–C=O), 
14 amine (–NH₂), and thiol (–SH) groups.4 Depending on the 
15 precursor and synthesis conditions, heteroatoms such as 
16 nitrogen (N), boron (B), phosphorus (P), and sulfur (S) may also 
17 be incorporated into their structure.5 The size, surface 
18 chemistry and heteroatom doping strongly influence the 
19 optical, electronic, and chemical properties of CQDs (Fig. 1).6 
20 Additionally, their carbon-based composition contributes to 
21 realizing non-toxic, bio-compatible nanomaterials,7 making 
22 them promising candidates for diverse applications including 
23 bioimaging, wearable sensors, antimicrobial and antifouling 

24 coatings, environmental remediation, and flexible 
25 optoelectronic devices.

Fig. 1 Properties of Carbon Quantum Dots (CQDs).

26 CQDs are synthesized via top-down methods in which bulk 
27 carbon materials, such as graphite or carbon soot, are broken 
28 down into nanoscale fragments.1,6,7 In contrast, bottom-up 
29 approaches employ biomass-derived or synthetic molecular 
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1 precursors to synthesize CQDs.1,6,7. The latter methods offer 
2 superior control over particle size, surface functional groups, 
3 and heteroatom doping, thereby enabling precise tuning of CQD 
4 properties including their surface chemistry, catalytic 
5 behaviour, PL, and solubility.
6 However, for practical applications, CQDs are typically 
7 incorporated into solid polymer matrices,8 such as polyvinyl 
8 alcohol (PVA), cellulose, or polyvinylidene fluoride (PVDF), 
9 enabling controlled modification of the composite's optical, 

10 electronic, and chemical properties. Furthermore, integration 
11 into thin polymer films suppresses nanoparticle aggregation, 
12 enhances photostability and environmental stability, and 
13 enables direct integration into devices with controlled CQD 
14 distribution. These properties render CQD-based films a 
15 versatile platform for biomedical, environmental, smart food 
16 packaging, and anti-counterfeiting applications (Fig. 2).9,10

Fig. 2 CQD-based thin films – synthesis, fabrication, applications and challenges.

17 Nevertheless, several challenges continue to limit the large-
18 scale application of CQD-based films. A major concern arises 
19 from the variability in the size, composition, and surface 
20 chemistry of CQDs, which stems from limited control and 
21 reproducibility during synthesis.11,12 Additionally, achieving 
22 uniform dispersion over large areas and scaling consistent film 
23 fabrication remain significant engineering challenges. 
24 Furthermore, some CQDs have been reported to pose 
25 ecological risks, raising important safety and environmental 
26 concerns13–16. Addressing these interrelated challenges is 
27 essential for the reproducible, sustainable fabrication and 
28 broader adoption of CQD-based films.
29 In this paper, we review recent advancements in CQD-based 
30 thin films, highlighting the influence of CQD precursors and 
31 synthesis, material properties, and fabrication techniques on 
32 film morphology and device performance, while outlining key 
33 challenges for their widespread adoption. Section 2 covers CQD 
34 synthesis and functionalization alongside film fabrication 
35 methods, while major film classes and their optical, electronic, 
36 catalytic, and antimicrobial characteristics are discussed in 
37 Section 3. Progress in film fabrication techniques and 

38 integration approaches across diverse application settings is 
39 presented in Section 4. Section 5 addresses key challenges and 
40 concerns, including synthesis reproducibility, large-scale 
41 manufacturing, and environmental safety. Finally, the paper 
42 concludes in Section 6 by outlining future perspectives on the 
43 potential of CQD-based films in advancing next-generation 
44 material technologies.

45 2 Carbon Quantum Dot Synthesis

46 2.1 Precursors for CQD Synthesis

47 2.1.1 Green Precursors
48 Carbon quantum dots (CQDs) can be synthesized from a wide 
49 range of biomass resources, including household food waste, 
50 agricultural residues, leaves, seeds, flowers, and fruits, making 
51 them a sustainable, environmentally friendly, and cost-effective 
52 class of nanomaterials. Household food residues, particularly 
53 fruit and vegetable peels, have been widely reported as 
54 effective precursors for CQD synthesis.17–27 Hard biomass 
55 materials such as nut and fruit shells,28–32 as well as crustacean 
56 wastes,33–35 have also been widely utilized. Additionally, 
57 agricultural by-products,36–46 plant leaves,47–63 and seeds64–73 
58 serve as abundant and low-cost carbon sources for CQD 
59 synthesis. These biodegradable materials typically contain high 
60 concentrations of carbohydrates, proteins, amino acids, 
61 polyphenols, and naturally occurring heteroatoms, which 
62 facilitate efficient carbonization and can enable in situ nitrogen 
63 or sulfur doping during CQD formation.
64 Alliums, such as garlic,74 and onion75 contain organosulfur 
65 compounds that act as intrinsic sulfur heteroatom dopants 
66 during carbonization, thereby enhancing the PL and 
67 electrochemical performance of the resulting CQDs. Floral 
68 waste, including various flower petals,76–86 as well as cotton,87 
69 has also been reported to yield highly fluorescent, stable, and 
70 water-dispersible functionalized CQDs suitable for imaging, 
71 sensing, photocatalysis, and environmental remediation 
72 applications. Similarly, fruits,88–95 and their processed 
73 derivatives, such as fruit juices and pomace,95–99 have been 
74 widely investigated as CQD precursors. These sources provide 
75 natural sugars, amino acids, cellulose, organic acids, and 
76 polyphenols that promote efficient carbonization and surface 
77 passivation during CQD formation.100 A comprehensive list of 
78 representative green precursors used for CQD synthesis is 
79 presented in Table I.
80 2.1.2 Heteroatom Doping
81 The electronic structure of CQDs can be tailored through 
82 heteroatom doping, which alters charge distribution, 
83 introduces defect states, and modifies surface functional 
84 groups (Fig. 3). These structural changes directly influence the 
85 PL, optical behavior, and catalytic activity.101–103 In general, 
86 highly electronegative dopants such as nitrogen (N) or sulfur (S) 
87 can result in surface passivation,104 enhanced fluorescence 
88 quantum yield (QY),104 and blue-shifted emission in certain CQD 
89 systems,105 whereas dopants with lower electronegativity, 
90 including phosphorus (P), boron (B), or selenium (Se), may 
91 introduce mid-gap or defect states that shift the emission 
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1 toward longer wavelengths.106 These effects of doping allow for 
2 controlled modulation of the optical band structure and 
3 emission wavelength of CQDs.

Fig. 3 Precursors for CQD synthesis and heteroatom doping.

4 Nitrogen is one of the most extensively investigated dopants in 
5 CQDs, as it introduces electron-rich active sites that enhance 
6 fluorescence efficiency and modify the surface chemistry of N-
7 doped CQDs (N-CQDs). Nitrogen-doped CQDs typically exhibit 
8 pyridinic N, pyrrolic N, and graphitic N configurations,107 along 
9 with surface functional groups such as oxidized nitrogen species 

10 (N-oxides), amines (−NH₂), and oxygen-containing groups 
11 (−COOH, −OH).9 These functional groups contribute to their 
12 high water solubility and fluorescent properties. N-CQDs are 
13 commonly synthesized using nitrogen-containing natural 
14 biomass precursors.108 Additionally, nitrogen-rich organic 
15 molecules,109–111 including amine-based compounds,112–120 and 
16 amino acids,121–125 have been used as effective precursors for 
17 the controlled synthesis of N-CQDs.
18 Another widely studied class of heteroatoms investigated for 
19 CQD doping includes chalcogens such as sulfur (S) and selenium 
20 (Se). Sulfur doping is typically achieved using a variety of S-
21 containing precursors such as organosulfur compounds,74,75,126–

22 130 surfactants,131 and inorganic salts.132 These precursors 
23 provide reactive functional groups including –SH, –SO, –SO₂, 
24 and thioether (R-S-R'), which facilitate the incorporation of 
25 sulfur into the carbon framework during CQD formation. 
26 However, the comparable electronegativities of carbon and 
27 sulfur often limit charge transfer within the doped CQD 
28 structure, thereby influencing the optical, electronic, and 
29 catalytic properties of the resulting CQDs.133 Additionally, Se-
30 doped CQDs (Se-CQDs) are synthesized from Se-based 
31 precursors,134–139 including amino acids such as 
32 selenocystine,134 and L-selenocysteine,137,138 as well as algae 
33 biomass.139 Se-CQDs are known for their biocompatibility, high 
34 water solubility, favorable optical properties, and enhanced 
35 reactive oxygen species (ROS) production capability.134,140 
36 Other single-heteroatom–doped CQDs, including boron-doped 
37 (B-CQDs),141–144 and cobalt-doped CQDs (Co-CQDs),145,146 have 
38 also been reported to provide enhanced catalytic and 

39 electrochemical performance in CQD-based materials.147 Boron 
40 is particularly effective due to its comparable atomic size to 
41 carbon, which allows for its efficient incorporation into the 
42 carbon lattice with minimal strain, thus enhancing the optical 
43 and catalytic performance of CQDs.148

44 Halogen-doped CQDs have attracted significant attention 
45 because the strong electronegativity of halogen atoms enables 
46 effective modulation of the electronic and optical properties of 
47 CQDs.149 For example, fluorine-doped CQDs (F-CQDs) exhibit 
48 strong electron-withdrawing effects due to the high 
49 electronegativity of fluorine (χ = 3.98), which can modify the 
50 electronic structure and introduce new surface states, thereby 
51 inducing red-shifted photoluminescence in certain CQD 
52 systems.150 Various halogen-containing precursors have been 
53 employed to synthesize F-,151–153 Cl-,154–156 Br-,154,157,158  and I-
54 doped CQDs,159,160  as summarized in Table I.
55 Some studies have used multiple precursors to co-dope CQDs 
56 with different heteroatoms in order to enhance their optical, 
57 electronic, and chemical properties through synergistic 
58 interactions between the dopants and the carbon framework.6 
59 For example, boron and nitrogen co-doped CQDs (B,N-CQDs) 
60 have been synthesized using boron sources such as boric 
61 acid,161,162 sodium borohydride,163 and 3-carboxyphenylboronic 
62 acid,164 in combination with nitrogen-rich precursors like EDA, 
63 dopamine, and L-DOPA. Similarly, sulfur and nitrogen co-doped 
64 CQDs (S,N-CQDs) have been produced from various sulfur-
65 based precursors, including thiosemicarbazide,165,166 
66 thiourea,167 L-cysteine,168,169 thionin,170 and sodium sulfide, 
67 171,172 along with nitrogen sources including chitosan, 
68 glutamine, and PEI. Furthermore, sulfur and selenium co-doped 
69 CQDs (S,Se-CQDs) have been reported for applications in 
70 biological imaging and ROS scavenging,173 typically utilizing 
71 citric acid, mercaptoethylamine, and sodium selenite as the 
72 carbon, sulfur, and selenium sources, respectively.
73 Priyadharshini et al. synthesized CQDs co-doped with three 
74 heteroatoms (N, Zn, and B) using tartaric acid, zinc chloride, and 
75 pyrimidine-5-boronic acid as the respective precursors.174 The 
76 resulting CQDs exhibited high fluorescence sensitivity toward 
77 Co²⁺ ions in water. In another study, Co, N, and S co-doped CQDs 
78 were produced from citric acid, methionine, and cobalt acetate 
79 as the respective C, C/N/S, and Co sources, respectively for 
80 fluorescence-based detection of pregabalin in pharmaceutical 
81 capsules.145

82 2.2 Synthesis Methods

83 In the literature, a variety of methods have been explored for 
84 the efficient synthesis of CQDs, which are broadly classified into 
85 top-down and bottom-up methods.175 The selection of a 
86 synthesis method generally depends on the desired properties 
87 of the CQDs, including size and morphology, PL efficiency, and 
88 surface chemistry,4,135 as well as the nature of the precursor 
89 materials used.176

90 In top-down processes, carbon-rich materials such as bulk 
91 carbon,9,177 graphite,178 and carbon nanotubes179 are broken 
92 down into nanoscale particles using physical or chemical 
93 methods, including arc discharge, ball milling, laser ablation, 
94 chemical or electrochemical oxidation, and ultrasonication.180 
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Table I CQD precursors and heteroatom-doped CQDs.
Category Biomass Precursors / Compounds Dopants Key features

Fruit and 
vegetable 
peels

Dragon fruit,17 lemon,18 orange,20 pomegranate,21,22 
banana,23,24 pomelo,25 water melon,26 garlic,27 
onion.19

N, S • High carbohydrate content enabling carbonization. 
• Organic acids/polyphenols assist surface passivation. 
• Introduces oxygen-containing surface groups.

Nut and fruit 
shells

Walnut,28,29 peanut,30 pistachio,31 durian.32 N, S • Lignocellulosic carbon-rich biomass. 
• Aromatic frameworks promote graphitic domains. 

Crustacean 
waste

Prawn,33 shrimp,34 crab shells.35 N, S • Chitin-rich biomolecules enable N doping. 

Agricultural 
byproducts

Onion waste,36 barley bran,37 rice husks,39 coconut 
husks,40 sugarcane wastes and molasses,41,42 wheat 
bran,43 wheat straw,44 lignin,45,46 willow bark.38

N, S, B • Abundant lignocellulosic biomass. 
• Aromatic C structures favor graphitic CQDs. 
• Natural heteroatoms support in situ doping.

Leaves Artichoke,47  bamboo,48  celery,56  coriander,57  
cauliflower leaves,58 ginkgo ,59  hemp ,60  laurel,61  
mango,62  maple,63  neem,49  peach,50  purslane,51 
tea,52  teak,53  tobacco,54 tulsi.55

N • N-rich biomolecules and polyphenols. 
• Supports heteroatom incorporation and surface 
functionalization.

Seeds and 
grains

Castor,64 finger millet,65 kidney beans,66 fennel,67 
chia,68 watermelon,69 fenugreek,70 carom,71 lychee,72 
date.73

N • Rich in proteins, lipids, and carbohydrates. 
• Provides nitrogenous biomolecules for tunable 
surface chemistry.

Alliums Garlic,74 onion.75 S • Organosulfur compounds enable intrinsic S doping. 
• Improves PL and electrochemical activity.

Floral waste Rose,76,77 roselle,79 magnolia,80 mahua (M. 
Longifolia),81 marigold,82,83 chinese plum (P. Mume),84 
R. Hispida,85 chestnut rose (R. Roxburghii),86 cotton,87 
crown flower (C. Gigantea).78

N, S • Flavonoids/pigments/polyphenols promote strong 
photoluminescence. 
• Enables stable, water-dispersible CQD formation.

Fruits and 
derivatives

Apple,88 cherry tomatoes,89 guava,90 lemon,91 orange 
pomace,92 palm,93 unripe peach,94 watermelon.95

Derivatives: apple,96 orange,97 mulberry,98 
watermelon juices.95,99

N, S • Sugars and organic acids support carbonization 
• Amino acids and polyphenols aid surface passivation.

Nitrogen 
sources

Organic: Biomass108, chitosan,110 gelatin.111 
Amines: phenylenediamine,109 EDA,112 o-PD,113 1,4-
Butanediamine,114 EA,115 PEI,116 urea,117 thiourea,118 
DETA,119 NH₃·H₂O.120 
Amino acids: glycine,121 L-arginine,122 L-lysine,123 
L-glutamine,124 and L-cysteine.125

N • Provides abundant amine groups 
• Enables controlled N-doping (pyridinic, pyrrolic, 
graphitic N) 
• Enhances fluorescence efficiency and surface 
reactivity.

Thiomalic acid,126 thioglycolic acid,127 thioacetic 
acid,128 SDS,131 sodium thiosulfate,132 thiourea,129 
Sulfisoxazole + PMSO + PMSO₂.130

S • Supplies –SH/–SO/–SO2 groups for lattice or surface 
doping.
• Modulates CQD band structure and PL

Chalcogen 
sources

Selenocystine,134 sodium selenite,135,136 
L-selenocysteine,137,138 algae biomass.139

Se • Se enhances ROS generation and solubility.

Boron sources BBr3,141 boric acid,142,143 phenylboronic acid.144 B • Incorporates B with minimal C lattice distortion.
• Enhances optical properties.

Cobalt sources Cobalt acetate,145 hexamine cobalt chloride.146 Co • Co introduces catalytic and sensing functionality
Silver Sources Silver nitrate (AgNO3).181 Ag • Enhances antibacterial activity.182

• Increases electron transfer ability.
Halogen 
sources

F: 4,5-difluorobenzene-1,2-diamine,151 
tetrafluoroterephthalic acid,152 2,2,3,3,4,4-
hexafluoro-1,5-pentanediol diglycidyl ether.153

Cl: HCl,154 sucralose,155 and thionyl chloride.156

Br: 3-bromo-1,2-phenylenediamine,154 HBr.157,158

I: iodobenzoic acid,159 KI.160

F, Cl, Br, I • Strongly electronegative dopants alter CQD 
electronic structure.
• Electron-withdrawing effects shift energy levels, 
introduce surface state and modifies PL emission. 
• Tunes optical absorption and surface polarity.

BBr3: Boron tribromide, DETA: Diethylenetriamine, EA: Ethanolamine, EDA: Ethylenediamine, HBr: Hydrobromic acid, HCl: Hydrochloric acid, 
KI: Potassium iodide, NH₃·H₂O: Aqueous ammonia, o-PD: Ortho-phenylenediamine, PEI: Polyethylenimine, PMSO: Methyl phenyl sulfoxide, 
PMSO2: Methyl phenyl sulfone, SDS: Sodium dodecyl sulfate.

2 Although these techniques are relatively straightforward and 
3 suitable for producing CQDs from diverse precursor materials, 
4 they generally offer limited control over particle size, 
5 morphology, and surface functionalization, which can influence 
6 subsequent CQD–polymer interactions, film uniformity and 
7 device performance.9 Additionally, top-down approaches 
8 require long processing times and harsh conditions, such as high 

9 temperatures, elevated pressures, or strong oxidizing agents, to 
10 effectively decompose the carbon matrix.183 
11 In contrast, bottom-up methods synthesize CQDs from small 
12 organic molecules or biomass-derived precursors through 
13 carbonization, polymerization, and thermal decomposition (Fig. 
14 4).
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1 Common bottom-up techniques include hydrothermal or 
2 solvothermal treatment, microwave-assisted synthesis, and 
3 thermal pyrolysis.184 In these processes, molecular precursors 
4 such as carbohydrates, organic acids, amines, amino acids, and 
5 polymeric materials undergo sequential dehydration, 
6 polymerization, and carbonization, resulting in nanoscale 
7 carbon particles with abundant surface functional groups and 
8 enhanced control over particle size, morphology, and 
9 physicochemical properties that promote effective dispersion, 

10 strong polymer interactions, and uniform, high-performance 
11 CQD-based films.107

12 The crude product obtained after CQD synthesis often contains 
13 unreacted precursors, small molecular fluorophores, inorganic 
14 salts, and amorphous carbon particles.185 These impurities can 
15 significantly influence their optical response, surface chemistry, 
16 and reproducibility. Therefore, appropriate purification 
17 strategies are required to isolate well-defined CQDs with stable 
18 physicochemical characteristics. Common purification 
19 techniques include dialysis, centrifugation, solvent extraction, 
20 electrophoresis, and column chromatography.186 In practice, 
21 centrifugation is often used to remove large carbonaceous 
22 aggregates, whereas dialysis uses semipermeable membranes 
23 to eliminate small molecular impurities and inorganic salts. 
24 Additionally, chromatographic methods provide versatile and 
25 highly efficient approaches for high-resolution separation of 
26 CQDs based not only on size but also on surface chemistry, or 
27 polarity. Such purified CQDs exhibit improved dispersion and 
28 interfacial interactions within polymer matrices, thereby 
29 enhancing the optical and electronic performance of CQD-
30 based thin films.186,187

31 A more extensive discussions of CQD synthesis methodologies 
32 is available in several studies.175,180,183,188

33 3 Fabrication of CQD-based Films
34 Researchers have been exploring facile and cost-effective 
35 techniques for incorporating functionalized CQDs into polymer 

36 matrices to enable scalable production of thin films. Polymers 
37 such as PVA, PVDF, PPy, chitosan and cellulose are frequently 
38 reported for their excellent film-forming capabilities. The 
39 hydroxyl (–OH) groups of PVA, chitosan, and cellulose (including 
40 derivatives such as carboxymethyl cellulose and cellulose 
41 acetate) interact with the surface functional groups of CQDs, 
42 such as hydroxyl (–OH), carboxyl (–COOH), and carbonyl (C=O), 
43 as well as amine groups (–NH₂, when present), primarily 
44 through inter- and intra-molecular hydrogen bonding.189–192 In 
45 contrast, for PVDF and PPy, different interaction mechanisms 
46 dominate. In PVDF-based systems, dipole–dipole and weak 
47 electrostatic interactions between CQD surface functionalities 
48 and the polar C–F bonds of the polymer chain are prevalent.193 
49 In PPy/CQD systems, the interaction is primarily governed by π–
50 π stacking between the conjugated pyrrole rings of PPy and the 
51 graphitic domains of CQDs.194 These materials can form highly 
52 uniform, porous and flexible films while maintaining good 
53 compatibility with CQDs, making them ideal matrices for 
54 fabricating uniform, transparent, and mechanically robust 
55 fluorescent composite films.8 As a result, these CQD-based thin 
56 films hold great potential for diverse applications, including 
57 environmental monitoring, biomedical sensing, 
58 optoelectronics, and food preservation. Different fabrication 
59 methods for CQD-based films have been illustrated in Fig. 5.

60 3.1 Electrospinning

61 Electrospinning is a highly effective technique for fabricating 
62 nanofiber-based polymeric films.195 To prepare CQD-based 
63 films using this technique, CQDs are first dispersed into a 
64 solution of polymers such as PVA, PVDF, PET or 
65 cellulose.190,193,196 The resulting mixture is then loaded into a 
66 syringe. A charged jet of the polymer solution is generated 
67 under a strong electric field. As the jet moves toward a 
68 grounded collector, the solvent gradually evaporates, forming a 
69 non-woven mat of ultra-thin polymer fibers with uniformly 
70 embedded CQDs. 

Fig 4.  Carbon quantum dot synthesis methods.
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1 Qin et al. reported a double-layer nanofiber film for via 
2 electrospinning food packaging and preservation 
3 applications.197 The base substrate was formed from 
4 anthocyanin, soy protein isolate (SPI), and PVA. A separate layer 
5 was created by mixing CQDs with chitosan quaternary 
6 ammonium salt (HACC) and PVA, where –OH and –NH₂ groups 
7 in HACC formed hydrogen bonds with the –OH groups of PVA, 
8 enhancing chain entanglement and film stability. The CQD–
9 polymer mixture was then deposited onto the anthocyanin-

10 based substrate using electrospinning, resulting in a 
11 nanofibrous, and active double-layer colorimetric film.

Fig 5.  Fabrication methods of CQDs-based films.
12 Electrospinning technique was also utilized to fabricate a dual-
13 component nanofibrous scaffold for wound-healing 
14 applications.198  Two separate polymer solutions were 
15 electrospun simultaneously, including a gelatin–chitosan 
16 solution containing silver-coated CQDs (Ag–CQDs) and citrate 
17 buffer, and a polycaprolactone (PCL) solution. The Ag–CQD-
18 integrated GCP scaffold (GCP-Q) and the citrate-modified GCP-
19 Q scaffold (GCP-QC) thus produced exhibited enhanced wound-
20 healing and anti-inflammatory properties.
21 In another study, a composite fluorescent amine sensor was 
22 fabricated via electrospinning for the real-time monitoring of 
23 food spoilage. 199 The sensor was developed as a composite 
24 nanofibrous film by electrospinning a solution of PVDF and 
25 CQDs derived from p-phenylenediamine. The resulting 
26 hydrophobic film exhibited a distinct fluorescence color shift 
27 from yellow-green to blue upon exposure to biogenic amines 
28 released from meat products within high-humidity packaging. 
29 Similar PVDF/CQD composite nanofibers were reported that 
30 exhibited piezoelectric and fluorescent properties.200 There, 
31 CQDs with N–H and O–H functional groups and PVDF were first 
32 dissolved in a mixed solvent of DMF and acetone to prepare the 
33 precursor solution, which was then electrospun to produce 
34 nanofibers. The functional groups of the CQDs formed hydrogen 
35 bonds with the –CF2 groups in PVDF, thus enhancing dipole 
36 alignment and β-phase content and contributing to the 
37 nanofibers’ piezoelectric properties.

38 Nie et al. blended citric acid-derived CQDs with polyacrylonitrile 
39 (PAN) in N,N-dimethylformamide (DMF) to obtain a clear and 
40 homogeneous precursor solution.201 This solution was then 
41 electrospun to produce nanofiber films that demonstrated low 
42 toxicity, excellent biocompatibility, and outstanding 
43 antibacterial efficiency (~99.99%) against E. coli, P. aeruginosa, 
44 and B. subtilis. 
45 In another study, a dual-functional CQD/TiO₂ nanofiber 
46 membrane was fabricated using the electrospinning 
47 technique.202 There, citric acid-derived CQDs were incorporated 
48 into TiO₂ and then mixed with a PI/PES solution to prepare the 
49 precursor for electrospinning. The membrane exhibited 
50 enhanced photocatalytic degradation of volatile organic 
51 compounds such as acetone and excellent particulate filtration 
52 efficiency (> 99%) for PM₀.₁. The same material composition and 
53 electrospinning technique were employed to fabricate 
54 nanofiber membranes with strong antibacterial activity against 
55 both E. coli and S. aureus. 203  
56 Viscusi et al. fabricated nanofibrous membranes using the 
57 electrospinning technique.204  In this work, nitrogen-doped 
58 CQDs were derived from pinewood sawdust and incorporated 
59 into a cellulose acetate (CA) solution to form the precursor. The 
60 resulting electrospun CA/CQD membranes exhibited 
61 significantly enhanced adsorption capacity for organic dyes, 
62 including methylene blue (MB) and methyl violet (MV), 
63 demonstrating the membranes’ effectiveness in removing 
64 organic pollutants from wastewater.

65 3.2 Drop and Solvent Casting

66 Drop-casting and solvent-casting are simple and cost-effective 
67 techniques that are widely used for fabricating CQD-based 
68 composite films. In this process, CQDs are dispersed into a 
69 polymer matrix like PVA, cellulose, or chitosan. This resulting 
70 solution is deposited onto a substrate and a solid, freestanding 
71 composite film forms gradually as the solvent evaporates. 
72 In one study, a simple solvent casting technique was used to 
73 fabricate an antibacterial membrane film.192 In this work, 
74 nitrogen-doped CQDs (N-CQDs), synthesized from lemon pulp 
75 and urea, were dispersed into a PVA solution. This mixture was 
76 then poured into molds and allowed to dry at room 
77 temperature for 24 hours, thus forming a solid, freestanding 
78 composite film. The film exhibited high mechanical strength and 
79 strong antibacterial activity, which was attributed to the 
80 enhanced generation of ROS by the incorporated N-CQDs. 
81 Jaykumar et al. employed a solvent casting method to fabricate 
82 a CQD-incorporated PVA thin film, which exhibited near-
83 complete UV-blocking properties. The films demonstrated 
84 potent antibacterial efficacy, achieving 100% inhibition against 
85 S. aureus and S. enterica, as well as a high antioxidant activity 
86 (~99%) as determined by the ABTS (2,2′-azino-bis(3-
87 ethylbenzothiazoline-6-sulfonic acid)) assay.205 In a similar 
88 work,206 a UV-blocking film with antioxidant and antibacterial 
89 properties was fabricated by solvent-casting a solution of green 
90 tea-derived CQDs and PVA. Tao et al. fabricated a composite 
91 film by solution casting a uniform dispersion of lignocellulose-
92 derived CQDs in a PVA matrix.207 The resulting film 
93 demonstrated excellent mechanical flexibility, strong 
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1 fluorescence, and sensitive pH-responsive behavior across a pH 
2 range of 4-8. A solvent casting technique was also employed to 
3 fabricate PVA/CQD nanocomposites that demonstrated both 
4 UV-blocking capability and photocatalytic activity for methylene 
5 blue degradation in wastewater.191 Xu et al. also employed a 
6 solvent casting technique to fabricate PVA/ cellulose 
7 nanofiber/CQD bio-nanocomposite films, which demonstrated 
8 strong fluorescence and effective UV-blocking capabilities.208 
9 A transparent composite film was fabricated by casting a 

10 mixture of nitrogen and phosphorus co-doped CQD (N,P-CQD) 
11 and chitosan solution.209 The resulting N,P-CQD/chitosan 
12 composite film exhibited high mechanical and thermal stability. 
13 The film showed strong antibacterial efficacy against E. 
14 coli and S. aureus along with excellent UV-blocking capabilities.
15 A solution casting method was used to fabricate 
16 CQD/furcellaran (FUR) nanocomposite films.210  In this work, 
17 CQDs were added to a mixture of an aqueous furcellaran 
18 solution and glycerol plasticizer. The resulting solution was cast 
19 into Petri dishes and dried for 24 hours. The resulting films 
20 demonstrated enhanced radical scavenging, metal chelating, 
21 and UV-barrier properties as well as strong antimicrobial 
22 activity against S. aureus and E. coli.
23 A solvent casting technique was employed to fabricate a 
24 fluorescent PVA/CQD composite film.211  After synthesizing 
25 coal-derived CQDs, they were mixed into a PVA solution. This 
26 PVA/CQD solution was then cast onto a glass substrate and 
27 dried under vacuum at room temperature to form a solid film, 
28 which exhibited strong blue emission. A transparent 
29 photoluminescent film was fabricated by casting an aqueous 
30 silk fibroin (SF) and CQD solution onto a polydimethylsiloxane 
31 (PDMS) substrate, followed by drying and methanol 
32 annealing.212 The resulting SF-CQD composite exhibited 
33 enhanced PL, emitting strong green light (500–600 nm) under 
34 380 nm excitation.

35 3.3 Vacuum Filtration 

36 While solution casting and electrospinning are widely reported 
37 in the literature, some studies have also employed vacuum 
38 filtration for film fabrication.213,214 In this technique, a pressure 
39 differential created by an applied vacuum pulls the liquid phase 
40 through a porous filter medium, enabling the solid components 
41 to deposit uniformly onto the filter surface.7,11,19

42 A fluorescent film was fabricated by filtering a mixture of 
43 chitosan-derived CQDs and dialdehyde cellulose nanofibrils 
44 (DNF) through a 0.1 μm membrane.215 Vacuum filtration was 
45 used to remove the liquid phase, leaving a homogeneous film 
46 with a thickness of 0.2 mm after drying. The film formed a dense 
47 internal network through Schiff base crosslinking between the 
48 CQDs and DNF, along with additional hydrogen bonding, which 
49 together improved its thermal stability and mechanical 
50 strength. The resulting composite film exhibited strong 
51 fluorescence and high sensitivity toward Fe³⁺ ions.
52 Khan et al. employed vacuum filtration followed by sequential 
53 compression molding to uniformly deposit a network of CQD–
54 coupled cellulose nanofibers (CNFs) for fabricating a non-toxic, 
55 biocompatible air-filtration membrane.214 The CNFs were first 
56 surface-modified via oxidation using 2,2,6,6-

57 tetramethylpiperidine-1-oxyl (TEMPO) and then 
58 hydrothermally coupled with N/S-doped CQDs derived from 
59 palm-bunch biomass to obtain a mechanically robust composite 
60 film. The resulting membranes exhibited high filtration 
61 efficiency in capturing aerosol particles, thus demonstrating 
62 their potential as environmentally friendly, high-performance 
63 air-filtration materials.
64 Vacuum filtration was also employed to deposit and immobilize 
65 a CQD-based fluorescence-responsive sensing layer onto a 
66 glass-fiber membrane.213  A suspension of sulfur-doped CQDs 
67 (S-CQDs) and polydopamine (PDA) was vacuum-filtered, 
68 enabling the composite to uniformly assemble and firmly 
69 anchor onto and within the porous membrane structure. The 
70 resulting PDA-rich surface provided abundant adhesion sites for 
71 efficient microplastic capture, leading to enhanced retention of 
72 polyethylene (PE) microplastics with a significantly stronger 
73 fluorescence response.

74 3.4 Other Techniques

75 Researchers have also employed various other techniques to 
76 fabricate CQD-based thin films. Among these, Inkjet printing has 
77 emerged as a cost-effective method for precise deposition of 
78 CQD inks onto diverse substrates such as PVDF membranes and 
79 cotton fabrics.
80 A CQD-based hybrid photocatalytic film was fabricated by 
81 depositing an ink of in-situ doped TiO₂(i)@CQDs nanoparticles 
82 (T-CQD NPs) on PVDF substrate using inkjet printing method.216  
83 The resulting PVDF/TiO₂(i)@CQDs film exhibited exceptional 
84 photocatalytic activity, owing to its S-scheme heterojunction 
85 structure and small particle size that collectively enhanced 
86 charge separation and electron transfer. Furthermore, the 
87 formation of Ti-F bonds between the nanoparticle catalysts and 
88 the PVDF substrate significantly improved the film's mechanical 
89 stability and reusability.
90 Kalytchuk et al. developed a security ink based on the tunable 
91 fluorescence lifetime of CQDs.217 The ink was formulated by 
92 dispersing CQDs at various concentrations into PVA solution. 
93 The authors fabricated multiple anti-counterfeiting tags by 
94 applying the ink onto commercial non-fluorescent paper using 
95 various techniques, including inkjet printing, transfer printing, 
96 casting, and handwriting, thereby demonstrating the ink's 
97 versatility for different security marking applications.
98 In recent years, the Langmuir–Blodgett (LB) technique has 
99 gained significant attention for its capability to deposit highly 

100 ordered, defect-free ultrathin films with molecular-level 
101 precision.218 In this method, amphiphilic molecules floating on 
102 the surface of a liquid are compressed at the air–liquid interface 
103 to form a closely packed, two-dimensionally ordered Langmuir 
104 monolayer. This monolayer is subsequently transferred onto a 
105 solid substrate through controlled vertical dipping to form 
106 Langmuir–Blodgett films. By repeating the deposition process, 
107 precise multilayer Langmuir–Blodgett films can be fabricated. 
108 Bodik et al. successfully fabricated a monolayer LB film of 
109 hydrophobic CQDs (hCQDs) on a silicon substrate.219 The 
110 resulting film exhibited strong PL and high structural integrity, 
111 demonstrating the effectiveness of the LB technique for 
112 producing uniform monolayer CQD films.

Page 7 of 30 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
9:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6MA00039H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00039h


REVIEW

Please do not adjust margins

Please do not adjust margins

Table II. Comparative evaluation of CQD thin-film fabrication methods.

Technique Polymer matrices/ 
Substrates

Scalability Film 
morphology

Key advantages Drawbacks

Solvent 
casting

PVA, PVP, PMMA, 
PPy, Chitosan, 

Cellulose

High Flexible film - Simple, low-cost equipment
- Good optical transparency
- Suitable for hydrophilic polymers

- Often require toxic or flammable VOCs 
- Require polymeric binder

Inkjet 
printing

PVA, PVP, PEG, 
PVDF

Moderate Paper based 
Film

- Easy to use, cost-effective
- Scalable fabrication 
- Low material wastage
- Mask free patterning 

- Substrate is required
- Ultra-small size, ~ 2–10 nm to prevent 
nozzle clogging
- Limited viscosity range

Electro-
spinning

PVA, PAN, PPy, 
CNF, PLA, PET

Moderate Porous 
membrane 

or film

- Extremely high surface area
- Porous: ideal for sensing, filtration
- High flexibility and mechanical strength
- Substrate-free film formation

- Need high power supply
- Low production rate
- Limited types of substrates
- High degree of defect formation

Vacuum 
filtration

Cellulose, PVDF Moderate Flexible film - Simple, low-cost equipment.
- Fast processing
- Good for creating flexible CQD films

- Low-viscosity solvent requirement
- Non-uniform thickness
- High aggregation tendency

Spin 
coating

PMMA, PDMS, 
FTO, ITO, Glass

Low Solid film - Cost-effective and rapid processing
- Uniform thin film formation
- Low deposition temperature

- Low material efficiency
- Restricted to planar substrates
- Limited by substrate size

Langmuir-
Blodgett

CQDs with 
hydrophobic 

ligands, Silicon

Low Solid film - Ultimate control over film thickness
- Creates defect-free, ultra-thin films

- Transfer process may introduce defects, 
particularly in soft or structurally 
unstable molecular films

FTO: Fluorine-doped tin oxide, ITO: Indium tin oxide, PET: Polyethylene terephthalate, PLA: Polylactic acid, PMMA: Poly(methyl methacrylate), PPy: Polypyrrole, 
PVA: Poly(vinyl alcohol), PVDF: Poly(vinylidene fluoride), PVP: polyvinylpyrrolidone, VOCs: volatile organic compounds.

1
2 The LB technique was also used to deposit uniform and 
3 homogeneous thin films of fluorescent, hydrophobic CQDs onto 
4 various substrates.220 The resulting films demonstrated notable 
5 antibacterial and antifouling activity, particularly under blue-
6 light irradiation. Table II presents a comparative assessment of 
7 different fabrication methods for CQD thin films.

8 4 Functional Applications of CQD-Based Films

9 4.1. Sensing and Monitoring

10 Carbon quantum dots (CQDs) offer tunable optoelectronic 
11 properties and can be functionalized with diverse chemical 
12 groups, making them a versatile nanomaterial for fabricating 
13 sensing and detection platforms through integration into 
14 polymeric films (Fig 6). These thin, often flexible films can be 
15 engineered to detect subtle changes in the concentration of 
16 biochemicals, toxic gases, and environmental pollutants 
17 through measurable electrochemical and fluorescence 
18 responses.
19 4.1.1 Chemical Sensors
20 Heavy Metal Ions
21 Carbon quantum dot (CQD)-based thin films have been widely 
22 used for detecting heavy metals in water. The interaction 
23 between the metal ions and the CQDs induces measurable 
24 changes in the fluorescence emission, thus allowing for the 
25 quantitative analysis of heavy metal contaminants.
26 For example, a fluorescence-based lead (Pb²⁺) sensor was 
27 fabricated by embedding dithizone-functionalized CQDs within 
28 a chitosan thin film.221 When coupled with a fiber optic 

29 spectrometer (FOS), the sensor exhibited a highly accurate 
30 linear response across the 0–100 μM concentration range, 
31 achieving a detection limit of 18.3 nM with a rapid response 
32 time (< 60 s) and a maximum error of ~1.4% in water samples.

Fig 6.  Applications of CQD-based films.

33 In a separate study, they introduced a CQD-based thin film for 
34 fluorescence-based detection of heavy metals in water.222 The 
35 CQDs were synthesized from folic acid and incorporated into a 
36 PVA matrix to form the sensing film. The sensor demonstrated 
37 highly accurate performance in detecting heavy metals (Pb, Ni, 
38 Mn, Co, and Cr) with a linear detection range of 0–100 μM, a 
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1 rapid response time under 60 seconds, and low detection limits 
2 ranging from 0.006 to 0.019 ppm in real water samples. The 
3 reported sensors thus offer a fast, sensitive, and reliable point-
4 of-care platform for monitoring heavy metal contamination in 
5 water sources.221,222

6 An electrochemical sensor was developed for detecting lead 
7 ions (Pb²⁺) using CQD-based thin films.223 The CQDs were 
8 synthesized from glutathione (GSH) and integrated with 
9 poly(allylamine hydrochloride) (PAH) via a layer-by-layer (LBL) 

10 assembly technique. The GSH ligand functionalizes the CQDs 
11 with sulfhydryl (-SH) groups, creating specific binding sites for 
12 Pb²⁺ ions. Furthermore, the branched structure of the PAH 
13 matrix significantly increases the film’s active surface area, 
14 thereby enhancing sensor sensitivity by increasing the 
15 interaction between the CQDs and Pb²⁺ ions while facilitating 
16 more efficient electron transfer.
17 Vyas et al. developed a CQD-based thin-film sensor for 
18 detecting mercury (Hg²⁺) in water.224 The film was fabricated by 
19 incorporating CQDs and diphenyl carbazone (DPCO) into a 
20 chitosan (CS) polymer matrix. When exposed to Hg²⁺ ions, DPCO 
21 forms a violet-colored complex, enabling colorimetric detection 
22 using a smartphone camera. This binding also releases protons, 
23 thus altering the pH of the medium. The change in pH affects 
24 the fluorescence of the CQDs, enabling simultaneous 
25 fluorometric detection of mercury in water. The authors 
26 reported achieving limits of detection (LoD) of 290 ppb and 1.8 
27 ppb for colorimetric and fluorometric sensing, respectively.
28 A CQD-dimethylglyoxime (CQD-DMG) composite thin film was 
29 fabricated for rapid detection of Ni²⁺ ions in water.225 The 
30 sensor demonstrated 95% accuracy compared to standard 
31 spectroscopic analysis with low detection limits (0.36 ppm 
32 optical, 0.29 ppm electrochemical) and faster response (<1 
33 minute), thus making the dual sensing platform suitable for 
34 rapid, on-site detection of Ni²⁺ in water resources.
35 Organic Molecules and Gases
36 In one study, an electrochemical dopamine (DA) biosensor 
37 based on a CQDs and chitosan (CS) composite film was 
38 reported.226 The sensitivity of the sensor was enhanced by 
39 depositing the composite film on a glassy carbon electrode. The 
40 sensor exhibited a linear response across a DA concentration 
41 range of 0.1–30.0 μM and a low detection limit of 11.2 nM, 
42 making it a promising tool for clinical diagnostics and 
43 pharmaceutical analysis.
44 Vyas et al. reported a CQD-based thin film biosensor for 
45 detecting organophosphorus pesticides, specifically ethyl 
46 paraoxon (EP) and methyl parathion (MP), in water samples.227 
47 The CQDs were synthesized via a one-pot hydrothermal method 
48 using phthalic acid and triethylenediamine. The CQDs were then 
49 incorporated into a chitosan film, onto which recombinant 
50 organophosphorus acid anhydrolase (OPAA) enzyme was 
51 immobilized to realize the sensor. The sensor exhibited a linear 
52 detection range of 0–100 μM for both pesticides, with detection 
53 limits of 0.18 ppm for EP and 0.69 ppm for MP. With a response 
54 time under five minutes, these sensors thus allow for rapid and 
55 accurate on-site analysis of organophosphate contamination in 
56 real water samples.

57 A CQD-based thin film sensor was fabricated for formaldehyde 
58 vapor detection.228 The CQDs were synthesized from laurel 
59 leaves and embedded into a PPy film. The CQD/PPy 
60 nanocomposite film thus produced was coated onto a quartz-
61 crystal microbalance (QCM) electrode to fabricate the sensor. 
62 The sensor demonstrated high linearity and sensitivity across a 
63 low formaldehyde concentration range of 0.58–5.82 mgL⁻¹ 
64 while exhibiting good selectivity, reproducibility, and stability, 
65 thus making the sensor a viable and reliable solution for indoor 
66 air quality monitoring and environmental safety applications.
67 Ren et al. developed a fluorescence-based sensor for toluene 
68 gas detection using nitrogen-functionalized CQDs (N-CQDs), 
69 where the nitrogen functional groups enable the CQDs to form 
70 specific hydrogen bonds with toluene molecules.229 The CQDs 
71 were synthesized through a hydrothermal reaction of glycerol 
72 and betaine and then incorporated into a carboxymethyl 
73 cellulose (CMC) membrane. The resulting composite exhibited 
74 high selectivity for toluene, demonstrating a linear fluorescence 
75 response across a concentration range of 200–1400 ppm with a 
76 detection limit of 0.452 ppm. 
77 4.1.2 Environmental Monitoring Sensors
78 A humidity-sensitive composite was developed by incorporating 
79 CQDs into nanofiber clusters (CQDs@NFCs) through a wafer-
80 level plasma etching and solvent evaporation process.230 The 
81 authors used this composite to fabricate a flexible humidity 
82 sensor. The sensor exhibited over a four-fold increase in 
83 fluorescence-based sensitivity across the 7% to 59% relative 
84 humidity (RH) range, which the authors attribute to the 
85 composite's large surface area and abundance of hydrophilic 
86 functional groups.
87 Liu et al. developed a temperature sensor based on red-
88 emitting CQDs (R-CQDs) synthesized from o-phenylenediamine 
89 (oPD).231 The derived R-CQDs were incorporated into a PVA 
90 matrix to form a composite film. The film exhibited pronounced 
91 temperature-dependent fluorescence at low temperatures 
92 (190–260 K) with a relative sensitivity of 0.62% per K, thus 
93 making it a viable choice for non-contact temperature sensing 
94 in cryogenic applications. Elsewhere, a highly sensitive and 
95 stable temperature probe was fabricated from a tunable 
96 fluorescent film.232 The film was composed of methylated CQDs 
97 in a PVA matrix, exhibiting red-emission with a linear thermal 
98 response (R² > 0.99) across a wide temperature range (20–60 
99 °C). The sensor also maintained high signal reversibility over at 

100 least four heating-cooling cycles between 20 and 80 °C. 
101 A temperature-dependent fluorescent film was fabricated using 
102 CQDs derived from lemon bagasse extract.233 The film further 
103 demonstrated significant antioxidant properties. Sun et al. 
104 reported achieving tunable PL (ranging from blue to green and 
105 red) and temperature-sensitive properties in methylenated 
106 CQD/PVA films by systematically modifying surface functional 
107 groups (-NH₂, -OH, -COOH, and -CH₂OH) via a direct 
108 hydrothermal synthesis process.232 The CQDs were synthesized 
109 within a Teflon-lined stainless-steel autoclave at 180 °C through 
110 a direct hydrothermal reaction of citric acid (CA) and 
111 diethylenetriamine (DETA) mixed in a specific molar ratio. The 
112 resulting CQDs were then incorporated into a PVA matrix to 
113 fabricate temperature-sensitive composite films for optical 
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1 temperature probes. In a similar work,234 a CQD/PVA 
2 composite-based optical temperature sensor exhibited a strong 
3 linear response (R² > 0.99) across the 20–90 °C range with a 
4 relative thermal sensitivity of 2.84% per K. 
5 A functionalized glass-fiber membrane was fabricated to 
6 capture and detect microplastics.213  The membrane's active 
7 layer was fabricated by incorporating sulfur-doped CQDs (S-
8 CQDs) and polydopamine (PDA) via vacuum filtration. This 
9 created a surface rich in adhesive PDA, which efficiently 

10 captured polyethylene (PE) microplastics. The incorporated S-
11 CQDs provided a strong fluorescence signal upon capture, 
12 enabling the visual detection and retention of the microplastics 
13 with significantly enhanced sensitivity.

14 4.2 Water Treatment and Ion Filtration

15 Carbon quantum dots (CQDs), when appropriately 
16 functionalized, exhibit excellent water solubility and 
17 uniform dispersibility in various polar solvents, such as ethanol, 
18 methanol, and ethylene glycol. Furthermore, these surface-
19 functionalized CQDs integrate effectively within polymer 
20 matrices.235 The resulting CQD-based composites often 
21 demonstrate photocatalytic activity.  When exposed to sunlight, 
22 these composites generate ROS, which effectively degrade 
23 organic pollutants and inactivate bacterial contaminants.236 
24 When incorporated into filtration membranes, CQDs modify the 
25 porous structure to achieve highly selective and efficient 
26 removal of contaminants.236,237 Furthermore, the 
27 functionalization of CQDs with hydrophilic groups such as 
28 hydroxyl and carboxyl enables them to attract water molecules 
29 through hydrogen bonding, which significantly enhances 
30 membrane permeability and flow efficiency.9 These tailored 
31 properties make CQD-based films cost-effective and 
32 environmentally sustainable materials for applications in water 
33 treatment and desalination.238,239 
34 A CQD-based thin-film nanocomposite (TFN) hollow fiber 
35 membrane was developed for water desalination 
36 applications.240 The TFN was fabricated by incorporating 
37 sodium-functionalized CQDs (Na-CQDs) into polyamide (PI) 
38 through an interfacial polymerization reaction. The Na-CQDs 
39 not only increased the membrane's effective surface area but 
40 also created more interstitial spaces within the PI matrix, 
41 thereby significantly enhancing its water permeability 
42 compared to conventional thin-film composite membranes 
43 while maintaining over 97.5% salt (NaCl) rejection efficiency.
44 Sun et al. synthesized various surface-functionalized CQDs and 
45 fabricated thin-film nanocomposite membranes by 
46 incorporating them into the PI layer using an interfacial 
47 polymerization technique.241 The sulfonic acid-functionalized 
48 CQD membrane exhibited significantly enhanced water 
49 permeation with 93.6% Na₂SO₄ rejection, whereas the amino-
50 functionalized CQD membrane demonstrated superior 
51 antifouling performance.
52 Another study reported the fabrication of several hybrid organic 
53 solvent nanofiltration (OSN) membranes by incorporating sub-
54 5 nm CQDs into a PEI matrix.242 The surface functional groups of 
55 the CQDs were tuned through precise control of the 
56 carbonization degree during synthesis. This PEI/CQD composite 

57 was then coated onto a polyacrylonitrile (PAN) substrate to 
58 form a thin active layer. The resulting membranes exhibited 
59 high durability and solvent resistance, which was attributed to 
60 the fully cross-linked PEI network. Notably, the incorporation of 
61 lowly carbonized CQDs facilitated the permeation of polar 
62 solvents, achieving a 54.3% increase in isopropanol permeance, 
63 while simultaneously suppressing the transport of non-polar 
64 solvents, thereby significantly improving membrane selectivity. 
65 Yang et al. demonstrated that the incorporation of zwitterionic 
66 CQDs into a cellulose acetate/thermoplastic polyurethane 
67 (CA/TPU) matrix significantly increased the membrane's pore 
68 size, porosity, and surface roughness.243 These enhanced 
69 properties resulted in high pure water flux, a 95.4% copper ion 
70 rejection rate, and superior anti-fouling performance, 
71 demonstrating the material's strong potential for large-scale, 
72 industrial wastewater treatment applications.

73 4.3 Photonic and Electronic Applications

74 Carbon quantum dot (CQD)-based films function as highly 
75 efficient active layers in electrochromic devices due to their 
76 tunable and highly stable optical and electrical properties.244 
77 Their high surface area, excellent electrical conductivity, and 
78 rich surface chemistry facilitate rapid charge transfer and 
79 efficient redox reactions, enabling faster coloration/bleaching 
80 switching at low driving voltages.1,245 These properties make 
81 CQD-based films particularly well-suited for advanced 
82 applications in smart windows, flexible displays, and other 
83 dynamic optical filters.
84 Light Emission
85 To enhance the electrochromic performance of polyaniline 
86 (PANI) films in the infrared region, Qin et al. synthesized a CQD-
87 embedded porous PANI film on a gold-coated polyethersulfone 
88 (Au/PES) substrate via an electrochemical polymerization 
89 process.246 The oxygen-containing functional groups on the 
90 CQDs form hydrogen bonds with the PANI chains that induce 
91 localized deformations, thus promoting a porous morphology. 
92 The optimized PANI/CQD composite demonstrated an optical 
93 contrast (ΔT) of 53% at 850 nm and substantial thermal 
94 emittance modulation (Δε = 0.41–0.46) across the 2.5–25 μm 
95 spectral band. The composite also showed improved switching 
96 kinetics and superior cycling stability over pure PANI films, thus 
97 making it a promising material for advanced flexible 
98 electrochromic devices.
99 Another study reported the synthesis of nitrogen- and sulfur-

100 co-doped CQDs (N,S-CQDs) from discarded cigarette butts via a 
101 hydrothermal process. 247 The resulting CQDs exhibit bright and 
102 stable fluorescence, making them a sustainable and cost-
103 effective nanomaterial suitable for multiple applications 
104 including bioimaging, security inks, anti-counterfeiting, and 
105 sensing. When incorporated into a PVA matrix, the CQDs 
106 formed highly photostable fluorescent films, demonstrating 
107 strong potential for use in optical and optoelectronic devices 
108 such as fluorescent displays and light-emitting diodes (LEDs).
109 Photodetection
110 A CQD-based ultraviolet (UV) photodetector was reported, 
111 where mango leaf-derived CQDs were chemisorbed onto zinc 
112 oxide nanorods (ZnO-NRs) to form thin-films of a CQD/ZnO-NRs 
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1 heterostructure.248 The resulting device outperformed 
2 conventional ZnO-based UV detectors, achieving a 
3 photocurrent density of 123.49 μA cm-2, a responsivity of 81.2 
4 mA/W, and an external quantum efficiency (EQE) of 27.6% at 1 
5 V under 365 nm illumination (1 mW cm-2). The device also 
6 exhibited an enhanced zero-bias photoresponse compared to 
7 pristine ZnO nanorod-based devices, thus enabling self-
8 powered operation.
9 Thyda et al. fabricated highly transparent (>95%) CQD-

10 incorporated hybrid thin films for UV detection using a spin-
11 coating technique.249 The hybrid structure was formed by 
12 adsorbing nitrogen-doped CQDs onto ZnO crystallites to 
13 regulate ZnO particle size, thereby enhancing the film's quality 
14 and signal-to-noise ratio (SNR). The resulting photodetector 
15 exhibited stable and reproducible performance under 365 nm 
16 UV illumination (1 mW cm-2), demonstrating nearly threefold 
17 higher responsivity and external quantum efficiency (EQE) while 
18 substantially reducing the dark current compared to pristine 
19 ZnO-based devices.
20 Memory Devices
21 Carbon quantum dot (CQD)-based films can potentially be a 
22 cost-effective platform for the development of flexible 
23 wearable memory devices. For example, a composite resistive 
24 memory device was fabricated by incorporating CQDs into a 
25 Co₃O₄ thin film.250  The CQDs enhance the electric field locally, 
26 thus promoting the controlled formation of confined 
27 conductive filaments and thereby improving resistive switching 
28 uniformity. Furthermore, variations in oxygen vacancy 
29 concentration cause reversible conversion between Co²⁺ and 
30 Co³⁺ oxidation states, thus modulating the magnetic properties 
31 of the material. The composite device demonstrated superior 
32 performance compared to its pristine Co₃O₄ counterpart, 
33 exhibiting a lower initialization voltage, reduced variability in 
34 set/reset voltages, and improved retention stability. 
35 Furthermore, the device showed significant magnetization 
36 modulation (~57%), with saturation magnetization (Ms) values 
37 of 49, 95, and 113 emu cm-3 corresponding to the initial, high-
38 resistance, and low-resistance states, respectively. These 
39 properties make this material promising for developing 
40 multifunctional electro-magnetic integrated systems and next-
41 generation non-volatile memory.
42 Smart Materials
43 A luminescent shape-memory polymer (SMP) composite film 
44 was fabricated by blending cellulose-derived CQDs with PVA.251 
45 The oxygen- and hydrogen-rich CQDs physically cross-link with 
46 the PVA matrix through hydrogen bonding, thereby inducing 
47 shape-memory properties. The composite exhibits a visibly 
48 traceable, full shape recovery at room temperature, with a 
49 recovery rate that can be adjusted from 20 to 200 seconds by 
50 modifying pH and temperature. This luminescent PVA/CQD 
51 SMP film thus has potential applications in smart medical 
52 devices, stimuli-responsive drug release systems, and 
53 intelligent flexible sensors.

54 4.4 Energy Storage and Conversion

55 The incorporation of CQDs into flexible films significantly 
56 enhances their electrical conductivity and charge storage 

57 capacity, making them excellent candidates for fabricating high-
58 performance, robust, and flexible supercapacitors. CQDs 
59 improve the specific capacitance and energy density of these 
60 composite films by facilitating electron transport and increasing 
61 the number of active sites available for redox reactions. 
62 Furthermore, CQDs can act as binders or spacers within the 
63 film's matrix while enhancing its specific surface area, 
64 mechanical flexibility, and porosity. As CQD-based 
65 composite films can effectively buffer volume changes during 
66 charge-discharge cycles and preserve electrode’s structural 
67 integrity, they frequently exhibit excellent long-term charge 
68 retention over thousands of cycles.194,252–254

69 In one study, a CQD/PPy-based composite film was developed 
70 utilizing a direct electrochemical technique to fabricate a 
71 flexible all solid-state supercapacitor (ASSS).194 The device 
72 exhibited excellent cycling stability, retaining 85.7% of its initial 
73 capacitance after 2000 charge-discharge cycles. Furthermore, 
74 the ASSS achieved an areal capacitance of 315 mF cm⁻² at a 
75 current density of 0.2 mA cm⁻², thus demonstrating its potential 
76 for flexible energy storage applications.
77 Dhandapani et al. employed a hybrid electrospray deposition 
78 technique to fabricate high-performance composite thin film 
79 electrodes for supercapacitor applications, where CQDs were 
80 anchored within a poly(aniline-co-indole) copolymer matrix.254 
81 The fabricated thin film electrode exhibited excellent cycling 
82 stability with a maximum specific capacity of 185.1 C g-1 at a 
83 current density of 2 A g-1, while retaining 79.4% of its capacity 
84 at a high current density of 20 A g-1 after 10,000 consecutive 
85 charge-discharge cycles. In a separate study, a PPy/CQD 
86 composite thin film was synthesized by incorporating CQDs into 
87 PPy via a hybrid electrospray technique.255 The study reported 
88 a specific capacitance of 79.25 C g⁻¹ at a current density of 1.5 
89 Ag⁻¹, with an energy density and power density of 26.44 W h 
90 kg⁻¹ and 18,090.82 W kg⁻¹, respectively. The authors used the 
91 composite to fabricate all-solid-state asymmetric 
92 supercapacitor devices. These supercapacitors thus produced 
93 demonstrated an excellent cyclic retention rate of 76.8% over 
94 10,000 cycles at a high current density of 15 A g⁻¹, thus making 
95 the PPy/CQD composite film a promising material for semi-
96 flexible energy storage applications.
97 Elsewhere, CQD films were deposited on N₂ plasma-treated 
98 carbon cloth via electrodeposition.256 The resulting electrode 
99 exhibited significantly enhanced performance due to 

100 electrochemical activation, achieving 572.5 mF cm⁻² areal 
101 specific capacitance and 2862 F g⁻¹ mass specific capacitance. 
102 The authors fabricated a solid symmetrical supercapacitor using 
103 the prepared CQD films. There they reported achieving an 
104 energy density of 17.04 μW h cm⁻² at a power density of 200 
105 mW cm⁻², thus demonstrating its potential for efficient energy 
106 storage applications.
107 The light absorption characteristics of CQDs can be engineered 
108 by modifying their electronic bandgap through precise control 
109 of their size and surface chemistry.91,108,161 Furthermore, CQD 
110 films can be fabricated with high electrical conductivity, which 
111 facilitates efficient charge transport in electronic devices.257 
112 These properties of CQD-based films thus allow for the 
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1 fabrication of lightweight, flexible photovoltaic devices suitable 
2 for wearable devices.
3 Maxim et al. developed a sandwich-structured perovskite solar 
4 cell (PSC) incorporating a phosphorus-doped CQD layer.258 The 
5 CQDs were embedded in a thin poly(methyl methacrylate) 
6 (PMMA) film and applied on the device's illuminated surface to 
7 enhance light harvesting. This layer converts high-energy 
8 ultraviolet (UV) light into visible wavelengths, thereby 
9 compensating for optical losses in the perovskite absorber and 

10 resulting in a ~3% increase in photocurrent and a fill factor 
11 improvement of ~6%. Another study reported the synthesis of 
12 silicon-functionalized CQDs (Si-CQDs) using a one-step 
13 hydrothermal method and integrated into a PVA matrix to 
14 fabricate Si-CQDs@PVA composite thin films.259 These films 
15 functioned as luminescent downshifting (LDS) layers in 
16 cadmium telluride (CdTe) photovoltaic cells, resulting in an 
17 increase of the short-circuit current density from 0.82 to 0.84 
18 mA cm⁻² with a 4.76% improvement in power conversion 
19 efficiency.

20 4.5 Security Applications

21 A CQD-based fluorescent security ink was developed for anti-
22 counterfeiting applications.217 The fluorescent CQDs were 
23 synthesized by reacting citric acid (CA) with EDA and 
24 subsequently blended into a PVA solution to produce a 
25 fluorescence lifetime-based, non-toxic ink for security 
26 applications. Ren et al. proposed a scalable synthesis method 
27 for CQDs using a vacuum heating technique.255 The resulting 
28 CQDs were incorporated into polymers to create multicolor 
29 fluorescent security ink. When printed on cotton fabric, the ink 
30 maintained a quantum yield of 42%, making it a promising 
31 candidate for high-performance, flexible anti-counterfeiting 
32 applications.
33 In one study, fluorescent CQD-based composites were 
34 developed for anti-counterfeiting applications.260 The 
35 composites were prepared via vacuum heating of a precursor 
36 mixture containing citric acid, urea, boric acid, and CaCl₂, as well 
37 as by dispersing CQDs in polyvinylpyrrolidone (PVP) or an 
38 aqueous solution of cyanic acid. These green-fluorescent CQD-
39 composite materials were then directly mixed with ethanol to 
40 produce fluorescent ink. The CQDs thus obtained exhibited high 
41 QY (40–67%) and strong temperature-dependent fluorescence, 
42 making them suitable for flexible and temperature-responsive 
43 security encoding, anti-counterfeiting, and optical encryption.
44 To promote environmental sustainability, Park et al. 
45 synthesized fluorescent CQDs from municipal wastepaper as a 
46 low-cost and eco-friendly precursor. They employed a 
47 conventional solvothermal method using various solvents, 
48 including water, ethanol (EtOH), and 2-propanol (PrOH), to 
49 process the waste material. The resulting CQDs exhibited strong 
50 fluorescence, as well as excellent chemical and photostability, 
51 making the synthesized CQDs a sustainable solution for 
52 applications in anti-counterfeiting and flexible displays. In 
53 another sustainable approach,261 fluorescent CQDs were 
54 synthesized from hydrolyzed lignin and EDA in formamide (FA) 
55 precursors via a hydrothermal reaction. The resulting CQDs 
56 exhibit strong blue fluorescence along with high thermal and 

57 aging stability, making it a promising sustainable material for 
58 fabricating fluorescent films and anti-counterfeiting inks.

59 4.6 Active Food Packaging

60 Carbon quantum dot (CQD)-based films are emerging as a smart 
61 and sustainable solution for food packaging. These films can be 
62 synthesized from various biomass and agricultural waste 
63 sources, such as fruit peels and cellulose, providing an eco-
64 friendly alternative to conventional plastics.262–264 The optical 
65 bandgap of CQDs can be tuned by controlling their size and 
66 surface chemistry during synthesis.9 This tunable bandgap of 
67 CQDs enables the fabrication of films that effectively block 
68 harmful UV radiation while remaining highly transparent to 
69 visible light. These films can be engineered to enhance water 
70 vapor barrier properties, as well as exhibit antibacterial and 
71 antioxidant activity, evaluated by ABTS and 2,2-diphenyl-1-
72 picrylhydrazyl (DPPH) radical scavenging assays. These CQD-
73 based films thereby offer a sustainable packaging solution for 
74 food preservation and shelf-life extension.265

75 Metal and metal oxide-decorated CQD films have emerged as a 
76 promising class of materials for active food packaging. The 
77 synergistic interaction between the CQDs and the metallic 
78 components enhances the composite's antimicrobial and 
79 antioxidant strengths, making them viable for advanced food 
80 preservation applications. For instance, Na et al. fabricated a 
81 biopolymer-based film by incorporating zinc oxide (ZnO) and a 
82 ZnO/CQD nanocomposite into an agar matrix.266 The resulting 
83 composite film demonstrated strong antibacterial and 
84 antioxidant efficacy, highlighting its potential as a sustainable 
85 packaging material to extend food shelf life and enhance food 
86 safety. Elsewhere, Ag-doped nitrogen-functionalized CQDs (Ag-
87 NCQDs) were integrated with few-layered MoS₂ nanosheets to 
88 form a thermally stable MoS₂–Ag–NCQD composite.267 When 
89 incorporated into a PVA matrix, the resulting film showed an 
90 extremely high oxygen barrier (99.8%) compared to pure PVA 
91 films, making the composite a promising candidate for active 
92 and intelligent packaging material for the food and 
93 pharmaceutical industries.
94 Li et al. developed shielding films against ultraviolet (UV) and 
95 high-energy blue light (HEBL) by incorporating CQDs into a PVA 
96 matrix.268 The CQDs were synthesized from hyperbranched PEI 
97 (hPEI) and hydroxybenzaldehyde derivatives using a 
98 solvothermal method. The resulting CQD/PVA composite films 
99 demonstrated high-performance optical shielding, with a UV-

100 blocking efficiency exceeding 98%, a HEBL-blocking efficiency 
101 over 85%, while maintaining a transmittance of up to 70% for 
102 visible light. In a similar work, lignin-derived CQDs (L-CQDs) 
103 were incorporated into a PVA matrix to create an L-CQD/PVA 
104 film, which demonstrated effectively total blocking efficiency 
105 (>99.9%) across the entire UV spectrum (UV-C, UV-B, and UV-A) 
106 and HEBL.269

107 Another study reported an active UV-blocking packaging film by 
108 integrating amine-functionalized CQDs into a TEMPO-oxidized 
109 nanocellulose (NC) matrix.270 The resulting composite films 
110 exhibited near-complete UV-blocking efficiency (~99.8%), along 
111 with reduced water vapor permeability, enhanced mechanical 
112 strength (1.6 MPa), and high thermal resistance (330 °C), 

Page 12 of 30Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
9:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6MA00039H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00039h


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

1 making the material an efficient and sustainable solution for 
2 food packaging. Ahmadi et al. incorporated CQDs into a 
3 polyurethane (PU) matrix to form a CQD-PU composite 
4 coating.271 This composite demonstrated high UV stability, 
5 showing a 66% reduction in UV-induced chemical degradation 
6 in PU.
7 Many researchers explored organic and renewable sources, 
8 including various forms of biomass and agricultural waste, such 
9 as jute, coconut husk, banana pseudostems, and water hyacinth 

10 fibers, to synthesize CQD composite films.267 
11 A biocompatible active film was fabricated by incorporating 
12 chitosan-derived CQDs into a carboxymethyl cellulose (CMC) 
13 polymer matrix.272 The resulting composite film exhibited a 
14 27.6% increase in tensile strength (TS) compared to the 
15 compared to the neat CMC film, along with high transparency 
16 and strong UV-blocking capability. Furthermore, the CQD–CMC 
17 film showed notable antibacterial and antifungal activity, as 
18 well as excellent antioxidant activity, with ABTS and DPPH 
19 radical scavenging efficiencies of 100% and 87–88%, 
20 respectively, contributing to the extended shelf life of lemons.
21 A guar gum/sodium alginate biopolymer film incorporated with 
22 lemon-derived CQDs demonstrated enhanced functional 
23 properties, including improved UV-blocking capability and a 
24 mechanical strength of 38.80 MPa.273 The composite film also 
25 exhibited significant antioxidant activity, with ABTS and DPPH 
26 radical scavenging efficiencies of 92.4% and 86.6%, respectively, 
27 at 512 µg mL⁻¹, along with strong antibacterial efficacy, 
28 collectively contributing to delayed browning of blanched 
29 asparagus. Han et al. synthesized CQDs through a hydrothermal 
30 process using a precursor combination of lemon extract and 
31 ethyl acetate (EA).91 These CQDs were subsequently embedded 
32 into a polylactic acid (PLA) matrix to fabricate nanocomposite 
33 films. The resulting PLA/CQD composite demonstrated 
34 excellent UV-B blocking capability and significant antimicrobial 
35 activity, making it as a promising and cost-effective material for 
36 food preservation applications. In another study, an eco-
37 friendly nanocomposite film for active, biodegradable 
38 packaging was developed by incorporating lemon peel-derived 
39 CQDs into a PVA matrix.205 The resulting composite film 
40 exhibited multiple functionalities, including antibacterial, 
41 antioxidant, and UV-shielding properties.
42 Ansari et al. developed transparent packaging films with UV-
43 blocking and oxygen-barrier properties for food preservation 
44 and packaging applications.206 There, they synthesized CQDs 
45 from green tea extract and incorporated them into a PVA matrix 
46 through a solvent casting technique to fabricate the functional 
47 films. Elsewhere, a bio-composite film was developed from 
48 CQDs and sericin protein using an ultrasound-assisted synthesis 
49 method.274 The composite exhibited strong fluorescence, 
50 antibacterial, antioxidant, and UV-shielding properties. When 
51 applied as a coating it effectively preserved fresh-cut vegetables 
52 by inhibiting microbial growth and oxidative damage, thereby 
53 extending shelf life.
54 A low-cost, biocompatible packaging film was developed by 
55 incorporating glucose-derived CQDs into a chitosan/gelatin 
56 (Chi/Gel) polymer matrix.275 The resulting Chi/Gel/CQD 
57 composite film exhibited strong UV-blocking, as well as 

58 enhanced ABTS and DPPH scavenging and antimicrobial 
59 properties. The film reportedly extended the shelf life of 
60 avocados by more than 14 days through the inhibition of mold 
61 growth. An active packaging film with light-conversion 
62 capability was fabricated by incorporating glucose-derived 
63 CQDs into a pectin matrix.276 The composite film demonstrated 
64 photoluminescent down-conversion, transforming ultraviolet 
65 radiation into blue light. The ROS generated by the film 
66 contributed to strong antibacterial activity against L. 
67 monocytogenes and E. coli. The film also exhibited significant 
68 ABTS and DPPH radical scavenging efficacy and antifungal 
69 activity, achieving complete inhibition of the fungus A. flavus.
70 In one study, a series of active chitosan films reinforced with 
71 turmeric-derived CQDs was reported.277 There, the fluorescent 
72 properties of the CQDs were used to achieve photodynamic 
73 inactivation of bacteria. Upon exposure to 405 nm light, the 
74 composite film generated a substantial amount of ROS, 
75 resulting in significant bactericidal activity. The authors 
76 reported a reduction in viable counts of S. aureus and E. coli by 
77 approximately 3.19 and 2.05 Log₁₀ CFU mL-1, respectively, 
78 within 40 minutes, thus demonstrating the material's potential 
79 for application in antimicrobial food packaging.
80 A flexible and transparent CQD-based polymeric film was 
81 fabricated, which exhibited effective UV-blocking properties, 
82 along with strong antioxidant activity as demonstrated by ABTS 
83 and DPPH radical scavenging.278 The film was fabricated 
84 through a simple mixing and casting process, where a 
85 thermoplastic starch (TPS) polymer was first synthesized from 
86 glycerol and starch and integrated with clove-derived CQDs and 
87 κ-carrageenan to form a CQD-based TPS/κ-carrageenan 
88 composite. The resulting composite exhibited high mechanical 
89 strength and stability, along with strong antioxidant activity, 
90 effective water vapor barrier properties, and low moisture 
91 retention. These properties make the composite a promising 
92 sustainable, eco-friendly, and biodegradable alternative to 
93 conventional food packaging, capable of extending the shelf life 
94 of agricultural products.
95 A zinc-doped CQD (Zn-CQD) composite film was developed as 
96 an active food packaging material with antibacterial and UV-
97 protective properties.279 The Zn-CQDs were synthesized 
98 through a hydrothermal process using crayfish shells and zinc 
99 acetate dihydrate as precursors. These quantum dots were 

100 subsequently incorporated into a PVA matrix to form the 
101 composite film. When tested on mangoes, the Zn-CQD/PVA film 
102 effectively extended their shelf life by maintaining fruit quality 
103 over a longer storage period.
104 Hong et al. synthesized Zn-CQDs from grapefruit peel and 
105 incorporated them into a CNF matrix to fabricate an 
106 antibacterial composite film (CNF/Zn-GFP-CQDs).280 The film 
107 exhibited significant antibacterial activity against both Gram-
108 positive and Gram-negative bacteria, limiting bacterial growth 
109 to below 7 log₁₀ CFU g⁻¹ over a two-week period. Furthermore, 
110 the composite film functioned as an effective UV barrier and 
111 demonstrated pronounced antioxidant capacity through 
112 efficient scavenging of ABTS and DPPH radicals, consequently 
113 reducing lipid oxidation.
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1 A CQD-incorporated antibacterial composite film was 
2 developed based on starch and hyaluronic acid (HA).281 The film 
3 was first modified with halloysite nanotubes pre-loaded with 
4 antibacterial malva extract. Subsequently included CQDs act 
5 synergistically with these natural antibacterial compounds to 
6 further enhance the film’s antibacterial efficacy while 
7 simultaneously improving its structural flexibility. In 
8 antibacterial assays, the film demonstrated zone of inhibition 
9 (ZOI) of 0.4 ± 0.1 cm and 0.3 ± 0.1 cm against S. aureus and E. 

10 coli, respectively. Furthermore, the composite film exhibited 
11 improved cytocompatibility, thus validating its effectiveness in 
12 maintaining high cell viability.

13 4.7 Biomedical Applications

14 Carbon quantum dot (CQD)-based films possess a unique 
15 combination of functional properties, including potent 
16 antimicrobial activity, significant antioxidant capacity, effective 
17 UV blocking, high biocompatibility, and enhanced wound 
18 healing capabilities.57,73,138,265,272 When applied directly to 
19 wounds, these films function as a protective barrier that actively 
20 inhibits bacterial growth. Furthermore, they can be engineered 
21 for controlled therapeutic release and to promote cellular 
22 proliferation, thereby significantly accelerating wound 
23 healing.21,157 Their inherent fluorescence properties also enable 
24 real-time, colorimetric monitoring of the wound site and 
25 facilitates cell labeling applications. This combination of 
26 functionalities makes CQD-based films a highly promising 
27 candidate for a wide variety of biomedical applications.
28 Wound Healing
29 Carbon quantum dot-based films demonstrate strong broad-
30 spectrum antimicrobial activity,69,91,129,180,267 significant 
31 antioxidant capacity,205,210,265,272 effective UV 
32 blocking,209,268,270,273 high biocompatibility,7,9,11,28 and enhanced 
33 wound healing capabilities,123,146,282,283 especially after surface 
34 modification and exposure to visible light. The surface 
35 properties of CQDs influence their solubility, electrostatic 
36 interaction with microbial membranes, and ROS generation.279 
37 These factors enhance the ability of CQD films to inflict 
38 oxidative damage on microbial biomolecules and cellular 
39 components.284 Their versatility, capacity to inhibit biofilm 
40 formation, and effectiveness against both Gram-positive and 
41 Gram-negative bacteria make them highly promising candidates 
42 for next-generation wound dressings, especially in the 
43 treatment of complex or infected chronic wounds.
44 In one study, chitosan (CS) hydrogel were used to develop an 
45 antimicrobial film for wound healing applications.285 The CS 
46 hydrogel was plasticized with glycerol and crosslinked with folic 
47 acid-derived CQDs. When loaded with antibiotic gentamicin, 
48 the film exhibited a controlled release for up to 48 hours in a 
49 phosphate-buffered saline (PBS) medium. The CS/CQD 
50 composite film exhibited superior antibacterial performance 
51 compared to pure CS film, demonstrating a significantly 
52 enhanced ZOI of 2.5 ± 0.1 cm. Furthermore, cytotoxicity assays 
53 on human skin fibroblast cell lines confirmed the film’s high 
54 biocompatibility, with cell viability exceeding 80%.
55 Wen et al. derived CQDs from ginger and incorporated them 
56 into a PVA/chitosan film.282 The composite film exploited the 

57 photoresponsive properties of CQDs to enhance antibacterial 
58 efficacy and promote wound healing. When activated with light, 
59 the film efficiently generated ROS, thus significantly enhancing 
60 bacteriostatic activity and accelerating wound healing.
61 Another study reported an antibacterial composite film for 
62 wound healing applications,283 where a hydrothermal 
63 technique was used to incorporate lanthanum-doped, nitrogen-
64 phosphorus-co-doped CQDs (La@N-P-CQDs) into a PVA matrix. 
65 The La@N-P-CQD/PVA composite film exhibited antibiotic 
66 fluorescence, improved antibacterial activity, and accelerated 
67 wound healing, while showing no adverse effects in vivo, 
68 making it a promising candidate for advanced wound dressing.
69 Ezati et al. prepared a chitosan/gelatin composite film 
70 incorporated with CQDs using a hydrothermal method.275 The 
71 inclusion of CQDs enhanced the antifungal, antibacterial, 
72 antioxidant, and UV-blocking properties of the film significantly. 
73 The composite film exhibited enhanced antibacterial efficacy, 
74 showing a ZOI of 21 ± 3 mm and 19 ± 3 mm against L. 
75 monocytogenes and E. coli, respectively. The composite film 
76 completely inhibited microbial growth after 3 hours of bacterial 
77 exposure and 24 hours of fungal exposure. Furthermore, the 
78 CQDs exhibited enhanced ROS generation, as confirmed by the 
79 Oxygen Radical Absorbance Capacity (ORAC) assay. These 
80 functional properties demonstrate the film's potential for active 
81 food packaging and smart bandage applications.
82 Stanković et al. synthesized fluorescent hydrophobic CQDs 
83 (hCQDs) using a bottom-up condensation approach.220 They 
84 subsequently deposited uniform Langmuir-Blodgett thin films 
85 of these hCQDs on various substrates, including mica, SiO₂/Si, 
86 and glass. Compared to a pure glass sample, the hCQD films 
87 exhibited significantly enhanced antibiofouling and 
88 antibacterial activity (Rb = 1.5) under blue light.
89
90 Bioimaging
91 CQD-incorporated films can be promising candidates for 
92 bioimaging applications due to their intrinsic properties, 
93 including low cytotoxicity, high biocompatibility, and tunable 
94 fluorescence. Specific films, such as those fabricated from o-
95 phenylenediamine-derived CQDs within a polyurethane matrix, 
96 demonstrate significant potential as bioimaging probes.286 
97 These composite films exhibit low cytotoxicity and high cellular 
98 uptake in HeLa cells, making them effective agents for 
99 intracellular imaging. Furthermore, structural and PL 

100 characterization of the films validated their optical properties 
101 required for high-performance, fluorescence-based imaging.
102 A CQD-based thin film was developed for cell labelling and 
103 imaging applications.292 In this work, the biocompatibility and 
104 fluorescence properties of the CQDs were evaluated using the 
105 bacterial species E. coli and S. aureus, along with the fungus A. 
106 niger as microbial models. The microorganisms exhibited 
107 distinct red, green, and blue fluorescence emissions after 
108 incubation, confirming successful cellular uptake of the CQDs 
109 and demonstrating their potential for microbial cell imaging. 
110 A comprehensive summary of the key characteristics of the 
111 CQD-based films, including precursors, synthesis methods, 
112 composite matrices, fabrication techniques, and performance 
113 highlights is presented in Table III.
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Table III. CQD-Based composite films: precursors, synthesis, fabrication, properties, and applications.

Ref CQD precursors CQD synthesis 
process

Resultant 
CQDs

Polymer/
Support

Fabrication method Key features of CQDs
(size, functional groups)

Performance highlights Applications

91 Lemon extract
(Solvent: water, 
Ethyl acetate)

Hydrothermal
200 °C, 5 hr

W-CQDs (W), 
E-CQDs (EA)

PLA Oven drying
60 °C, 1 hr

5 ± 1 nm (W-CQDs),
2 ± 1 nm (E-CQDs),
-OH, -COOH, -C=O

UVB blocking: 82%, OTR 56%, 
Antibacterial activity: 90%, ZOI: E-CQDs: 20 
± 3 mm (E. coli), 8 ± 1 mm (S. aureus), W-
CQDs: 15 ± 2 (E. coli), 8 ± 1 mm (S. aureus)

Active food 
packaging

205 Dried lemon peels Hydrothermal
200 °C, 6 hr

LCQDs PVA Solution casting, 
25 °C, 72 hr

~5 nm,
-OH, -COOH, -C=O

TS 92.5 ± 2.1 MPa, UVA, B, C blocking: 99.1 - 
99.9%, 100% antibacterial, ABTS: 98.6 ± 
0.3%, DPPH: 76.5 ± 0.2

Active food 
packaging

206 Green tree extract Hydrothermal
200 °C, 5 hr

CQDs PVA Oven drying
60 °C, 1 hr

5-35 nm,
-OH, -COOH, -C=O

TS: ~4 to ~29 MPa, 
OTRs: 0.34 to 6.39 cc/m2day

Active food 
packaging

217 CA, EDA Hydrothermal
200-220 °C, 5 hr

CQDs-f, 
CQDs-s

PVA Piezoelectric inkjet 
printing

2-8 nm,
-OH, -COOH, -NH2, -C=O

QY: 28 ± 2 % to 37 ± 2 %,
Lifetime: 4.4 ns (CQDs-f), 6.1 ns (CQDs-s)

Anticounterfeiting

220 PE-PP-PF 68 Hydrothermal
250 °C, 2 hr

hCQDs SiO2/Si, Glass 
and Mica

Langmuir-Blodgett 
technique

~5 nm,
-OH, -COOH, -C=O

CFU mL-1: 7.8x106 (S. aureus), 2.0x107 (E. 
coli), Lifetime: 160 μs 

Antimicrobial film

221 Folic acid Hydrothermal
180 °C, 2 hr

CQDs Dithizone-
Chitosan

Solvent Casting 10 ± 4 nm,
-OH, -COOH, -CS

Detection time: < 1 min, 
Range: 0-100 μM, Limit: 18.3 nM

Pb2+ ion sensor 

222 Folic acid Hydrothermal
180 °C, 2 hr

CQDs PVA Drop casting and 
drying --

QY: 32%, Response time: 1 min, Range: 0-
100 μM, LoD: 0.006 to 0. 019 ppm

Pb, Ni, Mn, Co, Cr 
detection

223 Glutathione, H2O2 Carbonization
250 °C, > 10 min

S-CQDs PAH LbL 5 nm,
-OH, -COOH, -SH, -NH2

Detection range: 0.10 to 5.50 μM,
LoD: ~0.05 μM,
Sensitivity: 241 μA cm-2/μmol L-1

Pb2+ detection

224 Phthalic acid, and TED Microwave
700 W, 2 min

CQDs DPCO Solvent casting, 
overnight

10 ± 2 nm,
-OH, -COOH, -C=O

Fluorometric estimation LoD: 1.8 ppb 
(0.0068 μM), Colorimetric detection LoD: 
297 ppb (0.019 μM), Response time: 2 min

Hg2+ detection

225 PA, TED Microwave
 850 W, 3 min 

CQDs-DMG DMG, 
Chitosan

Solution casting 10 ± 3 nm,
-OH, -COOH, -NH2, -C=O

QY: 14%
Detection limit: 0-100 μM,
LoD: 0.36 ppm (optical), 0.29 ppm, 
(electrochemical), Response time: 1 min

Ni2+ detection

226 PEG-200,
Glucose

Microwave
540 W, 2 min

CQDs-CS Chitosan Solution Casting
60 °C, 30 min

~1.13 nm,
-OH, -COOH

Detection range: 0.1-30.0 μM, 
Limit: 0.0112 μM

Dopamine sensor

227 PA, TED Microwave 
750 W, 2 min

CQDs Chitosan Solvent evaporation 10 ± 3 nm,
-OH, -COOH, -NH2, -NO2

Response time: 5 min, Range: 0-100 μM, 
Limit: 0.18 ppm (EP), 0.69 ppm (MP)

EA, MP pesticides 
sensor

228 Laurel leaves Hydrothermal
150 °C, 4 hr

CQDs PPy Solvent evaporation 
50-60 °C

~4.5 nm,
-OH, -COOH, -NH2, -C=O

Zeta potential: - 45.6 mV, LoD: 0.3796 mg L-1

Sensitivity: 79.91 Hz. L/mg,
Detection limit: 0.58 to 5.82 ppm

Formaldehyde 
sensing
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229 Glycerol/Betaine Hydrothermal, 
180 °C, 8 hr

Gly/Bet CQDs CMC Drying (Blast dryer) ~8.37 nm,
-OH, -COOH, -C=O

LoD: 0.452 ppm (toluene gas),
Detection range: 200 to 1400 mg m-3, 
Lifetime: 5.3 ns, QY: 18.34 %

Hazardous (toluene) 
gas sensor

230 Commercial CQDs PI, Silicon CQDs@NFCs Spin coating, Plasma 
etching, Solvent 
casting

RH: 7-59% Humidity sensors

231 o-PD Hydrothermal, 
200 °C, 24 hr

R-CQDs PVA Solvent casting ~10 nm, red emission Range: 190-260 K, 
Sensitivity: 0.62% K−1

Temperature sensor

232 i) CA, DETA, PPDA
ii) PPDA
iii) CA and PPDA

Hydrothermal
180 °C, 2-6 hr

i) B-CQDs
ii) G-CQDs
iii) R-CQDs

PVA Solvent Evaporation 2.91, 3.01, 3.07 nm,
-OH, -COOH, -NH2, 

-CH2OH

Range: 20 – 60 °C Temperature sensor

233 Lemon bagasse 
extract

Microwave
720 W, 5 min

CQD-L PVA Solvent Casting 
50 °C, 48 hr

< 10 nm,
-OH, -COOH, -C=O

Range: 298-333 K, Sensitivity: 2.69 % K−1, 
QY: 10%, 
IC50: 276.8 ± 4.0 (O2−), 21.6 ± 0.7 (HOCl)

Temperature sensor

234 CA, Urea Carbonization
200 °C, 0.5 hr

CQDs PVA Solvent Evaporation 
80 °C

~1.8 nm, green emission Range: 20-90 °C,
Sensitivity: 2.84% K-1

Temperature sensor

240 CA Hydrothermal
180 °C, 3 hr

CQDs PI Wet spinning and 
polymerization

2-6 nm, Na+-CQDs, 
hollow fiber membranes

Water Permeability: 47.1%,
NaCl rejection: 97.7%

Brackish water 
desalination

241 CA, BPEI, PSS Pyrolysis
200 °C (N2), 2-3 hr

C-CQDs, N-
CQDs, S-CQDs

PI/PSS Interfacial 
polymerization

2.7- 3.4 nm,
-COOH, -NH2, SO3

2-

Flux: 42.1 L m−2h−1, 

Na2SO4 rejection: 93.6%
Water treatment

242 CA, glycerol, DETA Microwave
750 W, 5 min

CQDs
(29.6 wt%)

PEI/PAN Interfacial 
polymerization

5nm,
-OH, –COOH, -NH2

Flux: 42.6 L m−2h−1 (IPA) Organic solvent 
nanofiltration

243 CQDs, 
Tertiary amine, 
Zwitterion

Hydrothermal, 
210 °C, 3 hr

CQDs, TQDs, 
and ZQDs 

TPU, 
Cellulose 
acetate

Wet phase inversion 
method

3.08 ± 1.32 (CQDs), 
3.08 ± 1.08 (TQDs), 

3.09 ± 1.10 nm (ZQDs),
-OH, -COOH, -NH2, -SO3-

High Flux: 6,227.4 Lm−2h−1bar−1 (ZQDs-M),
Cu2+ rejection: 95.4%

Cu2+ detection

246 CA, EDA Hydrothermal
150- 300 °C, 5 hr

PANI/CQDs PANI, Au/PES Drying, RT 3-10 nm,
-OH, -COOH, -NH2

Optical contrast: 53% (850 nm), 
Retention: 95 %

electrochromic 
device

247 Cigarette butts, H2SO4 Hydrothermal
180 °C, 6 hr

N, S-CQDs 
(CBCDs)

(9.6 wt%)

PVA Drop casting (Oven) 3.7 ± 1.4 nm,
-OH, -COOH, -NH2

QY: 26%, 
Detection limit: 0.13 μM (Fe3+), 
0.2 μM (Ascorbic Acid)

Security Ink, 
bioimaging, sensing, 
logic gate

248 Mango leaves Pyrolysis
280 °C, 3 hr

M-CQDs ZnO nanorods Solvent Evaporation 
110 °C, 1 hr

2-3 nm,
-OH, -COOH, -C=O

Photocurrent density: 123.49 μA cm-2, 
Response: 0.5 nA (0 V)

UV photodetector

249 CA, Urea Hydrothermal
190 °C, 8 hr

N-CQDs /ZnO Zn (CH3COO)2 Spin coating/ 
Tubular furnace 
drying 350 °C, 2 hr

~2.5 to 3 nm,
-OH, -COOH, -NH2

Transparency: > 95%, Lifetime: 3.43 ns
Higher responsivity (~3x), external quantum 
efficiency (~3x), and detectivity (~7.5x) 
compared to pristine ZnO

UV photodetector

250 Acetic acid, 
2-Methoxyethano, 
Cobalt acetate

Ball milling
300 rpm, 40 hr

CQD/Co3O4 Spinel Co3O4 Spin coating
350 °C, 5 min

3.2 nm, Co-doped,
-OH, -COOH, -C=O

Saturation magnetization (emu/cc): 49 (IS), 
95 HRS), and 113 (LRS)

Memory device
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251 Cellulose fiber, 
Ammonia

Hydrothermal
200 °C, 4 hr

CQDs
(9 wt%)

PVA Solvent casting
60 °C, 5 d

3-7 nm,
-OH, -COOH, -NH2

Shape recovery time window: 20-200 s Water-induced 
shape memory 

194 Graphite rod Electrochemical
30 V, 120 hr

CQDs/PPy SSMW Electrochemical 
polymerization

-OH, -COOH, C-N Specific capacitance: 315 mFcm-2 (0.2 mA 
cm-2), Cyclability: 85.7% (after 2,000 cycles)

Solid state 
supercapacitor

196 CA, Urea Microwave
650 W, 4 min

CQDs PET NFDW Electrospray 
deposition
Flow rate:
0.6 to 0.8 mL h-1., 
3 kV

21 ± 11 nm Fiber radius: ~34 ± 4.59 μm, RH: 40.1% 
(Flow rate 0.8 mL h-1, Voltage 2.43 kV), 
Fiber radius: ~19.11 ± 4.04 μm, RH: 34 % 
(Flow rate 0.6 mL/h, Voltage 2.55 kV), 
Fiber radius: ~29.09 ± 7.67 μm, RH: 41.1% 
(Flow rate 0.8 mL h-1)

Pattern (logo, QR 
code fabrication)

254 Fish scale Hydrothermal
180 °C, 24 hr

PAPI@CQDs PAPI Electrospray 
(1 mL/min, 0-12 kV, 
0-3 bar)

6 ± 1 nm,
-OH, -COOH, -NH2

Lifetime: 5.1-6.2 ns, Specific capacity: 185.1 
C/g (2 Ag-1), Cyclability: 79.4% at 20 Ag-1 
(after 10,000 cycles)

Hybrid 
supercapacitor

255 CA, Urea Hydrothermal
200-250 °C, 2 hr

CQDs
(70 Wt %)

Cotton fabric Vacuum heating
80 °C, 10 min

3.34 ± 1.34 nm,
-OH, -COOH, -NH2, -C=O

QY: ~79%, 
QY (CQDs in cotton fabrics): 42%

Anticounterfeiting

256 CA, Urea Hydrothermal
180 °C, 5 hr

CQDs Carbon cloth Electrochemical 
deposition

~5 nm,
-OH, -COOH, -NH2

Capacitance: 572.5 mFcm-2, Energy density: 
17.04 μWhcm-2, Power density: 200 mWcm-2 

Supercapacitor

258 Na2HPO4, Dextrose Hydrothermal
200 °C, 1 hr

P-CQDs PMMA/ FTO-
coated glass

Spin coating 3-7 nm Photocurrent: ~ 3%, Fill Factor: ~ 6% Solar cell

259 CA, Tris, KH-792 Hydrothermal
180 °C, 10 hr

Si-CQDs PVA Vacuum drying
70 °C, 1 hr

~3.31 nm,
-OH, -COOH, -C=O, -NH2

QY: 86.67%, Jsc: 0.84 mAcm-2, 
Pmax: 0.201W, Power conversion: 4.76%

Photovoltaic cells

260 a. CA/Urea/CaCl2 (CDs)  
b. EDA/H3PO4 

(RTP-CDs) 

Hydrothermal
200-250 °C, 2 hr

CQDs@PVP,
CQDs @CA,
CQDs@BNO

PVA
Cyanic acid 
Boric acid

Vacuum Heating 
80 °C, 12 hr

5-6 nm,
-OH, -COOH, -NH2, -C=O

Lifetime: 9.7-12.6 ns
QY: 40–67%

Anticounterfeiting

261 Lignin, EDA, 
Formamide 

Hydrothermal
180 °C, 10 hr

F-NCQDs PVA Solvent evaporation
40 °C, 24 hr

3.24, 3.42, 4.46 nm,
-OH, -COOH, -NH2, -C=O

QY: 42.69% Anticounterfeiting

266 Chestnut shell and 
extract

Heating
100 °C, 40 min

ZnO/CQDs ZnO, Agar Oven drying
50 °C, 48 hr

4-6 nm,
-OH, -COOH

Photocatalytic activity: > 3-log CFU g-1, 
TS: ~15.15 MPa, OTR: 4.28 ± 0.88 cc m-2 day

Antimicrobial and 
antioxidant packages

268 HPEI, and 
Hydroxybenzaldehyde

Solvothermal
180 °C, 8 hr

D/O/M/P-
CQDs

PVA Solvent casting
80 °C, 24 hr

1.76-4.2 nm,
-OH, -COOH, -C=O, -NH2

UV blocking: > 98%, 
HEBL blocking: > 85%

UV and blue light 
blocking

269 Lignin, and EDA Hydrothermal
200 °C, 12 hr

N-CQDs PVA Solvent Casting
60 °C, 24 hr

< 10 nm,
-OH, -COOH, -C=O, -NH2

QY: 19.61 ± 3.29%, UV blocking: 100 % (UVA, 

B, C), HEBL blocking: 99.9 %
UV and HEBL 
blocking

270 CA, PEI Hydrothermal
180 °C, 20 hr

NH2 -CQDs TEMPO-
oxidized NC

Desiccator Drying
24 hr

-OH, -COOH, -NH2 UVA blocking: 99.8%, TS: 1.6 MPa,
Thermal resistance: 330 °C

Active packaging

271 CA Oil bath
200 °C, 2 hr

CQDs PU Drying
60 °C, 2 hr

5-7 nm,
-OH, -COOH, -C=O, -C-N

UV resistance: > 66% UV blocking

272 Ascorbic acid, 
Chitosan

Hydrothermal
180 °C, 12 hr

CQDs CMC Solution casting 
25 °C, 48 hr

~7.8 nm,
-OH, -COOH, -NH2

UV blocking: 80-100%, ABTS: 100%, DPPH: 
87-88%, TS: > 27.6%, EM: > 61.5%

Active food 
packaging
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273 Lemon peel Hydrothermal
200 °C, 3 hr

CQDs Guar gum, SA Solution casting 
30 °C, 48 hr

2.8 nm,
-OH, -COOH, -C=O

TS: 38.80 MPa, ABTS: 43.45 %, DPPH: 
34.47%, 
ZOI: 18.94 mm (E. coli.), 15.45 (S. aureus)

Active food 
packaging

274 Banana peel Hydrothermal
180 °C, 8 hr

SCCQD Sericin 
protein

Solvent casting 10 nm,
-OH, -COOH

Antibacterial activity, ZOI: 146%, ~ 19 mm 
(B. subtilis), 157%, ~ 20 mm (E. coli)

Active food 
packaging

275 Glucose Hydrothermal
200 °C, 6 hr

CQDs Chitosan, 
Gelatin

Solvent casting, 
25 °C, 48 hr

-OH, -COOH, -C=O, -NH2 TS: ~79-82 MPa, EM: ~2.5-2.7 GPa, UV 
blocking: 99%, Antioxidant (ABTS: 98.1%, 
DPPH: 74.7%,) 100% antibacterial (Listeria 
and E. coli.), 
ZOI: 4±2 (A. flavus), 6±3 mm (C. orbiculare)

Active food 
packaging

276 Glucose Hydrothermal
200 °C, 6 hr

Pectin/CQDs Pectin Solution casting -OH, -COOH, -C=O 100% antibacterial; ZOI (mm): 3-7 (Listeria), 
1-8 (E. coli.), 4-12 (A. flavus), Antioxidant 
(ABTS: ~ 95%, DPPH: ~92%), TS: 38-43 MPa

Antibacterial and 
antioxidant

277 Turmeric (Curcumin) Hydrothermal
180 °C, 12 hr

CQDs-CS Chitosan Solvent casting
35-40 °C, 24-48 hr 

-OH, -COOH, -C=O 3.19 Log10 CFU mL-1 (S. aureus),
2.05 CFU mL-1 (E. coli) 

Active food 
packaging

278 Clove, PEI, Cysteine Hydrothermal
180 °C, 8 hr

CPCDs TPS, κ-
carrageenan

Oven drying
60 °C, 12 hr

6.5 nm,
-OH, -COOH, -NH2, -SH

Zeta potential: - 5.85 mV, TS: > 40 MPa, 
Transparency: ~77%, 
Antioxidant (ABTS: > 90%, DPPH: > 80 %)

Active food 
packaging

280 Grapefruit peel, 
Zinc nitrate

Hydrothermal
200 °C, 6 hr

Zn-GFP-CQDs Cellulose 
nanofiber

Solvent casting
RT, 72 Hr

1-20 nm, 
Zn doped, -OH, -COOH, -

C=O

TS: ~ 59-71 MPa, UV blocking: 85.7 %,
Antioxidant (ABTS: ~ 99.81, DPPH: ~ 
77.44%), ZOI (mm): 24.30 ± 0.56 (S. aureus), 
23.48 ± 0.82 mm (S. enterica), 17.65 ± 0.23 
(E.Coli), 17.59 ± 0.24 (L. monocytogenes)

Food packaging

281 CA, Glycerine Microwave
600 W, 15 min

CQDs Malva extract 
@HNTs/

Starch/HA 

Solvent casting 
RT, 48 hr

-OH, -COOH, -C=O, -NH2 TS: > 266.86 MPa, 
ZOI: 0.4 ± 0.1 cm (S. Aureus), 
0.3 ± 0.1 cm (E.Coli)

Antimicrobial film

282 Turmeric extract Hydrothermal, 
180 °C, 12 hr

PCH-CQDs Chitosan/HA/
PVA

Air-dried 
40 °C, 24 h 

-OH, -COOH, -C=O, -NH2 TS: 8.97 ± 0.93 MPa,
Swelling ratio:  250% (PBS, pH 7.4)
Antibacterial activity: > 2.20 (S. aureus), 1.28 
- 1.45 (E. coli) Log10 CFU mL-1, 
Wound closure: 69.22  ± 2.81% after 3 days

Wound dressing

283 ATP, LaCl3 Hydrothermal, 
180 °C, 6 hr

La@N-P-
CQDs

PVA Drying 
90 °C, 2 hr

~2.55 nm,
-NH2, -OH, -COOH

Lifetime: 4.18 ns, Antibacterial activity:
> 99.9% (S. aureus and E. coli), 
Wound closure:  75% after 7 days

Wound dressing

285 Folic acid Hydrothermal
240 °C, 6 hr

CS/CQDs Chitosan, GM
L-Arginine

Solvent Drying
60 °C

1.798 nm, Hydrogel film TS: 3.43 – 6.60 MPa, Swelling ratio: ~ 800% 
(PBS, pH 7.4), Haemostatic potential: ~34% 
Blood clotting index: ~70%, 
ZOI: ~2.5 ± 0.1 cm for Gram positive and 
negative, Cell viability: > 80%

Wound dressing
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287 Chitosan, AgNO3 Hydrothermal
200 °C, 12 hr

MoS2-Ag-
NCQDs

PVA Oven drying
60 °C, 1 hr

3 ± 1 nm to 4 ± 1 nm, 
Ag doped, -OH, -NH2

TS: 78.92 ± 3 MPa, OTR: 99.8 % Active food 
packaging

288 Banana fiber, Jute, 
Coconut husk, Water 
hyacinth

Hydrothermal
200 °C, 2 hr

CQDs PVA Oven drying
60 °C, 24 hr

< 10 nm,
-OH, -COOH, -C=O

TS: 1.05 ± 0.040 to 1.72 ± 0.002 MPa
UV-blocking: 89 to 92.55 %, Antibacterial 
activity: 100% (E. coli and S. aureus)

Active food 
packaging

289 Crayfish shells, 
Zinc Acetate

Hydrothermal
180 °C, 5.5 hr

Zn-CQDs PVA Solvent Casting
25 °C, 25 hr

2-6 nm,
-OH, -COOH, Zn doped

Transmittance: 52.59 – 63.83%
Antioxidant (ABTS: ~94.94%, DPPH: 
~67.72%)

Active food 
packaging

290 Waste paper Hydrothermal, 
Solvothermal
210 °C, 12 hr

D-CQD (DI) 
E-CQD (EtOH)
P-CQD (PrOH)

PVA Solvent evaporation
60 °C, 1 d

2.6-4.4 nm,
-OH, -COOH, -C=O

QY: 12% (D-CQDs), 27% (E-CQDs), 
10% (P-CQDs)

Anticounterfeiting

291 L-Ascorbic acid, 
Glycerol

Hydrothermal
170 °C, 1.1 hr

ZnO/CQDs Zinc Acetate Drying 150 °C, 1 hr ~5 nm, 
-OH, -COOH, -NH2

LoD: 100 ppb, Detection range: 100 ppb to 
100 ppm, Response time: 34s, Recovery 
time: 36 s

NO sensor

286 o-PD Solvothermal
180 °C, 12 hr

CQDs PU Swell-
encapsulation-
shrink

4 ± 1 nm,
-NH2, -OH --

Antibacterial and 
bioimaging

292 CA Flame/ 
Combustion 

CQDs Petrol, 
Glass/Quartz

Langmuir-Blodgett 
technique

0.5-1.5 nm,
-OH, -COOH,

QY: 10.2%, Fungal spores (A. niger), LoD: 
0.93 μg mL-1

Bioimaging

293 Dextrose, Urea Coconut oil bath, 
180 °C, 24 hr

CQDs PPy Electrospray 
deposition
0-3 bar, 0 to 20 kV 

~1.5 nm,
-OH, -COOH,

Capacitance: 79.25 Cg-1 (1.5 Ag-1), 
Energy density: 26.44 Wh Kg-1, 
Power density: 18090.82 W Kg-1, 
Retention: 76.8% at 15 Ag-1 (10,000 cycles)

Supercapacitor

294 L-Proline, 
Methyl orange

Hydrothermal
180 °C, 6 hr

N,S-CQDs PVA Solvent evaporation
45 °C, 12 hr

~5.36 nm, 
-COOH, -OH, -NH2

TS: ~27.66 MPa, Detection limit: 0-25 μM, 
LoD: 0.94 μM, UV-blocking: 99.5%, QY: 
22.5% (Ethanol) & 12.7% (Acetone),
Lifetime: 6.73 ns

Active Food 
Packaging and 
Chlortetracycline 
(CTC) Detection

295 Banana leaf Hydrothermal
200 °C, 15 hr

CQDs PVP/Glass Spin coating, (400 
rpm, 40 s), Vacuum 
drying, 30 °C, 12 hr

~3.48 nm,
 -C=O, -OH, -NH2

EQE: 15.25%, PCE: 15.94%, Voc: 6.77 V, Jsc: 
3.19 mA cm− 2, FF: 73.6% at 0.4% CQDs

Solar cells

296 Damask rose Hydrothermal
190 °C, 24 hr

CQDs PDA Drop-cast on Al foil,
oven dry @ 50 °C

~3.3 nm, 
-OH, -COOH, 

Detection range: 0.1 to 345 μM, LoD: 0.069 
μM in 0.1 M PBS, Zeta potential: -19 mV

Dopamine detection 
(Amperometry)

297 Stinging nettle 

(Herbal tea)

Hydrothermal
200 °C, 7 hr

CQDs CNF Solvent evaporation
25 °C

3.4 ± 0.52 nm, 
-OH, -COOH, -C=O

TS: 59.7 ± 2.1 MPa, 
UV blocking: 85.2% (UVA), 58.9% (UVB), 
ZOI: S. enterica (86.4 ± 1.7%), S. aureus (97.1 
± 1.1%), E. coli (72.2 ± 2.0%), 
L. monocytogenes (94.9 ± 1.6%), 
ABTS: 100.0%

Active packaging

298 Neem leaves Hydrothermal
180 °C, 6 hr

N-CQDs Ethyl 
cellulose/PEO

Electrospray 
deposition
Flow rate: 
1.2 mL h-1, 18 kV

~2.57 nm, 
-COOH, -C=O, -OH, -NH2, 

TS: ~2.65 – 7.22 MPa, UVA: 99.92% and UVB:  
99.98 % blocking, 
ABTS: ~90%, DPPH: ~73%, Zeta Potential: -
12.78 mV, QY: ~3.65%

Active packaging
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299 o-PD, 3,4-DBSA Hydrothermal
200 °C, 12 hr

CQDs-(1-3) PLA, HFPI Electrospray 
deposition,
Flow rate:
1-1.5 mL h-1, 18 kV

4.93 ± 1.44, 3.08 ± 1.02, 
1.96 ± 0.73 nm, 

-OH, -COOH, -C=O, -OH, 
-NH2

TS: 2.78 ± 0.24, 2.91 ± 0.11, 3.78 ± 0.2 MPa, 
Zeta Potential: -34.1, +16.9, -23.3 mV, 
ABTS: 77.9 ± 0.2, 90.76 ± 1.0, 96.95 ± 0.3 %, 
DPPH: 69.73 ±1 .16%, 75.8 ± 1.27%, and 
79.16 ± 0.09%, RH: 80%

Active packaging

3,4-DBSA: 3,4-Diaminobenzene sulfonic acid
ABTS: 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ASSS: All-solid-state supercapacitors
ATP: Adenosine triphosphate
BPEI: Branched polyethyleneimine
CA: Citric acid
CMC: Carboxymethyl cellulose
CNF: Cellulose nanofiber
CPCDs: Clove, polyethylenimine and cysteine derived CQDs
CQDs-f: CQDs with fast fluorescence lifetimes
CQDs-s: CQDs with slow fluorescence lifetimes
CTC: Chlortetracycline
D-CQDs: 2,4-Dihydroxybenzaldehyde CQDs
DETA: Diethylenetriamine
DMG: Dimethylglyoxime
DPCO: 1,5-Diphenylcarbazone
DPPH: 2,2-Diphenyl-1-picrylhydrazyl
E-CQDs (EA): Lemon extract-dispersed CQDs (ethyl acetate) 
EM: Elastic modulus
EP: Ethyl paraoxon

EQE: External quantum efficiency
FA: Folic acid 
F-NCQDs: N-doped lignin-based CDs in formamide
HFPI: Hexafluoroisopropanol
HNT: Halloysite nanotubes
hCQDs: Hydrophobic carbon dots
KH-792: N-[3-(Trimethoxysilyl)propyl]ethylenediamine
M-CQDs: m-Hydroxybenzaldehyde CQDs
MP: Methyl parathion
NFC: Nanofiber clusters
NFDW: Near-field direct write
O-CQDs: o-Hydroxybenzaldehyde CQDs
o-PD: o-Phenylenediamine
OTR: Oxygen transmission rate
P-CQDs: p-Hydroxybenzaldehyde CQDs
PA: Phthalic acid
PAH: Poly(allylamine hydrochloride)
PAN: Polyacrylonitrile
PAPI: Poly(Aniline-Co-Indole)
PD: Photodetector

PDA: Polydopamine
PE-PP-PF 68: Polyoxyethylene-polyoxypropylene-polyoxyethylene Pluronic 68 
PEG: Polyethylene glycol
PEO: Poly(ethylene oxide)
PES: Polyethersulfone
PLA: Polylactic acid
PMMA: Poly(Methyl Methacrylate)
PPy: Polypyrrole
PSS: Poly(sodium 4-styrene sulfonate)
PVA: Polyvinyl alcohol
SA: Sodium alginate
SCCQD: Sericin protein CQD
SSMW: Stainless steel wire meshes
TED: Triethylene diamine
TPS: Thermoplastic starch
TPU: Thermoplastic polyurethane
Tris: Tris(hydroxymethyl)aminomethane
TS: Tensile strength
W-CQDs (W): Lemon extract-dispersed CQDs (water solvent)
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1 5 Challenges and Concerns
2 Although CQD-based films have shown significant promise for 
3 applications in biosensing, bioimaging, active food packaging, 
4 environmental monitoring, and membrane filtration, several 
5 critical challenges must be addressed to enable their safe, 
6 reliable, and widespread commercial adoption (Fig 7).

Fig 7. Challenges in CQD-based film development and application.

7 Synthesis Reproducibility and Consistency 

8 A major challenge in CQD synthesis is the lack of reproducibility, 
9 which hinders the scalable fabrication of consistent, uniform, 

10 and high-performance films. CQDs often display broad size 
11 distributions, variable surface chemistries, and differing 
12 impurity levels, leading to inconsistencies in critical 
13 performance metrics such as photoluminescence quantum 
14 yield, antibacterial activity, and selectivity in separation 
15 membranes.12 Significant variations in the CQD properties, such 
16 as size and surface chemistry, may occur between batches due 
17 to subtle differences in precursor purity, reaction temperature, 
18 or reaction duration, which influence nucleation, growth, and 
19 functionalization, ultimately affecting optical, electronic, and 
20 chemical performance of the resulting CQDs.300,301 Aggregation 
21 and phase separation during film or membrane fabrication can 
22 further reduce effective surface area, induce fluorescence self-
23 quenching, and introduce structural defects, compromising 
24 electronic, mechanical, and thermal properties.7

25 Scalable Fabrication of High-performance Films

26 Scaling laboratory techniques such as spin-coating, Langmuir–
27 Blodgett deposition or drop-casting for the mass production of 
28 large-area, defect-free CQD films or membranes remains 
29 challenging. Achieving uniform thickness, controlled porosity, 
30 and homogeneous CQD distribution, along with robust 
31 integration with host matrices such as polymers and metals, is 
32 difficult due to poor interfacial compatibility arising from 
33 mismatched surface energies and polarities. Chemical 
34 interactions between CQD surface functional groups and the 

35 polymer matrix can induce defects and crosslinking, promoting 
36 non-radiative energy transfer and thereby quenching PL.302 
37 Additionally, CQD aggregation can lead to uneven dispersion, 
38 further reducing functional performance. These limitations 
39 further complicate the scalability of CQD-based films for 
40 industrial applications. Therefore, further research into scalable 
41 and controllable deposition techniques, such as spray coating, 
42 roll-to-roll fabrication, and slot-die coating, is needed, as these 
43 methods can produce large-area, uniform films while mitigating 
44 issues such as aggregation, uneven thickness, and poor 
45 integration with polymer substrates.300,301,303

46 Performance and Long-term Stability

47 CQD-based films and membranes are susceptible to 
48 degradation caused by photobleaching, oxidative damage, and 
49 harsh conditions such as high salinity or varying humidity, pH, 
50 and temperature.107,304 In addition, limited structural control, 
51 heterogeneous surface defects, and nanoparticle aggregation 
52 broaden the emission bandwidth of many CQDs, compromising 
53 color purity and reducing quantum yield, particularly in the 
54 near-infrared region.305,306 Additionally, the high surface-to-
55 volume ratio and diverse surface ligands can also lead to 
56 inconsistent functional properties, negatively affecting the 
57 reproducibility, uniformity, and long-term stability of the films 
58 in practical applications.307

59 Safety, Toxicity, and Environmental Concerns

60 Carbon quantum dots are generally nontoxic and more 
61 biocompatible than conventional heavy metal-based quantum 
62 dots. However, CQD films can undergo leaching during 
63 application or disposal, particularly under mechanical or 
64 environmental stress or in the presence of solvents, releasing 
65 surface ligands, CQD fragments, or adsorbed contaminants into 
66 the surrounding medium and posing potential risks to human 
67 health and the environment. The high surface-to-volume ratio 
68 of CQD films further increases the likelihood of adsorption and 
69 transport of external agents. Toxicity may arise from residual 
70 precursors and catalysts, and can be influenced by surface 
71 functional groups, metal incorporation, heteroatom dopants, 
72 particle size, surface charge, and oxidative or photolytic 
73 degradation.13,14,308 Exposure to high concentrations of CQDs 
74 can induce cytotoxicity, oxidative stress, and inflammatory 
75 responses in mammalian cells.14 CQDs can also affect aquatic 
76 organisms, including phytoplankton, zooplankton, and benthic 
77 species, raising concerns about environmental accumulation 
78 and long-term ecological impacts.15 Neurological effects, 
79 including neuronal damage, have been reported under 
80 enhanced exposure or inhalation.309 These risks may be 
81 aggravated during large-scale production, particularly if residual 
82 contaminants or dopants are present. However, the 
83 toxicological implications of CQD-incorporated polymers 
84 remain insufficiently studied for safety-critical applications such 
85 as food packaging and biomedical devices. Comprehensive 
86 assessment of these effects is essential for the sustainable and 
87 safe use of CQD-based materials.
88 Life-cycle Assessment
89 Life-cycle assessment (LCA) provides a systematic framework to 
90 evaluate the environmental and safety impacts of CQD films 
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1 from synthesis to disposal. Factors such as fabrication method, 
2 precursor type, energy consumption, and waste generation 
3 critically influence sustainability metrics, including carbon 
4 footprint, water use, and chemical hazard potential. However, 
5 the absence of comprehensive LCA studies leaves the overall 
6 environmental footprint of these films uncertain.310,311 
7 Green synthesis approaches,312 including biomass-derived 
8 precursors, as well as ecofriendly solvent-free methods (e.g., 
9 solid-state or mechanochemical synthesis) and low-energy 

10 approaches (e.g., hydrothermal or microwave-assisted 
11 synthesis),311 can reduce toxic residues, minimize solvent 
12 waste, lower energy consumption per unit of film. Additionally, 
13 scalable deposition techniques like spray coating, roll-to-roll 
14 fabrication, and slot-die coating enable the production of large-
15 area films with uniform thickness and controlled morphology, 
16 reducing material waste and defects while enhancing overall 
17 energy and resource efficiency. Incorporating these strategies 
18 within an LCA framework can provide quantitative insights into 
19 environmental trade-offs and guide the sustainable 
20 development of CQD-based films.
21 Regulatory Considerations
22 Despite increasing interest in CQD-based films, the regulatory 
23 framework specific to their use remains limited. Existing 
24 frameworks from agencies such as the US FDA, EU, and OECD 
25 provide general protocols for toxicity, safety, and 
26 environmental assessment,313,314 but do not fully address the 
27 unique physicochemical properties of CQDs, including 
28 nanoscale size, surface functionalization, and potential 
29 leaching. The limited availability of systematic data on toxicity, 
30 migration, bioaccumulation, and long-term exposure further 
31 complicates regulatory approval, particularly for applications in 
32 healthcare, food preservation, and environmental systems.
33 In addition, the lack of standardized characterization and 
34 testing protocols remains a critical challenge. While techniques 
35 such as TEM, SEM, FTIR, XRD, and XPS are widely used,315 
36 inconsistencies in sample preparation, measurement 
37 conditions, and data interpretation hinder reliable comparison 
38 across studies. The development of harmonized safety 
39 evaluation protocols, standardized testing methods, and clear 
40 regulatory guidelines for production, use, and disposal is critical 
41 for enabling reliable risk assessment and ensuring the safe 
42 deployment of CQD-based materials. These measures will 
43 facilitate their translation from laboratory research to 
44 commercial applications while minimizing potential ecological 
45 and health risks.303

46 Addressing these interrelated challenges is essential for 
47 translating CQD-based materials from promising laboratory 
48 studies to reliable, safe, and sustainable commercial 
49 applications.

50 6 Conclusions
51 Carbon quantum dots are a cost-effective and highly versatile 
52 class of nanomaterials, characterized by their quantum-
53 confined PL, tunable optoelectronic properties, and rich surface 
54 chemistry. They can be synthesized efficiently using various top-
55 down and bottom-up methods from a wide range of natural and 

56 biomass-derived precursors, enabling sustainable and cost-
57 effective large-scale production of CQDs. These advanced 
58 synthesis approaches also allow precise control over particle 
59 size, heteroatom doping, and surface functionalization. 
60 These nanomaterials can be incorporated into a wide range of 
61 polymer matrices and inorganic substrates, allowing for the 
62 fabrication of multifunctional and application-specific 
63 composite materials. Advanced thin-film deposition 
64 techniques, including electrospinning, solvent casting, 
65 Langmuir–Blodgett deposition, inkjet printing, and spray 
66 coating, enable the fabrication of functional thin films with 
67 precisely tailored properties for applications such as 
68 fluorescence sensing, UV shielding, catalytic degradation, anti-
69 counterfeiting, antimicrobial activity, and flexible 
70 optoelectronics. Moreover, their carbon-based composition 
71 provides low toxicity and excellent biocompatibility, making 
72 CQD-based films as promising materials for biomedical, 
73 environmental, and sustainable packaging applications.
74 However, several key challenges must be addressed to enable 
75 the widespread adoption of CQD-based films in commercial 
76 applications. The lack of reproducible and standardized 
77 synthesis protocols may cause variations in particle size, 
78 composition, and surface chemistry, thus affecting the 
79 consistency and performance of the resulting films. 
80 Additionally, nanoparticle aggregation and surface non-
81 uniformities remain major obstacles to fabricating large-area, 
82 defect-free thin films, making scalable manufacturing difficult. 
83 Besides, achieving long-term reliability and environmental 
84 stability of CQD-based films under operational stresses, 
85 including prolonged light exposure and fluctuations in 
86 temperature, pH, and humidity, remains a significant challenge. 
87 Furthermore, potential ecological risks of CQD-based films, 
88 including their toxicity and bioaccumulation, must be 
89 thoroughly studied to ensure the safe and sustainable use of 
90 these materials.
91 In addition to addressing these challenges, future research 
92 should be directed towards the development of advanced CQD 
93 composites and their integration into functional devices. 
94 Integrating CQDs with complementary nanomaterials, such as 
95 two-dimensional semiconductors or metal-organic frameworks, 
96 can potentially result in synergistic improvements in charge 
97 transport, catalytic activity, optical performance, and 
98 mechanical robustness. Additionally, continued efforts are 
99 required to translate these materials into functional next-

100 generation devices, including field-effect transistors, wearable 
101 optoelectronic sensors, artificial synapses for neuromorphic 
102 computing, and sustainable energy storage and conversion 
103 systems. 
104 By addressing existing challenges and through continued 
105 research and innovation, CQD-based films can evolve into a 
106 versatile and sustainable materials platform with strong 
107 potential for multifaceted applications in flexible and wearable 
108 healthcare devices, optoelectronics, food preservation and 
109 packaging, filtration systems, and diverse environmental 
110 remediation technologies.
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Data Availability Statement 

All information presented is based on data previously reported in the literature. No primary 

research results, software or code have been included and no new data were generated or 

analysed as part of this review. 

 

Sincerely, 

Sumit Majumder, PhD, SMIEEE 

Assistant Professor 

Department of Biomedical Engineering, Chittagong University of Engineering and Technology,  

Chattogram 4349, Bangladesh. 
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