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ABSTRACT Carbon dot (CD) is a general term that encompasses a plethora of organic materials 

obtained from different reagents and different synthetic routes. Beyond this variety, carbonization 

has been considered for long time as the essential process whereby completely different precursors 

converge into the formation of nano-sized particles with resembling optical properties. In 

particular, CDs outstanding fluorescence emission is frequently attributed to the existence of large 

aromatic structures with extended conjugation. Nevertheless, thanks to the contribution of an 

increasing number of publications, nowadays the impact of these structures on the fluorescence 

emission has been considerably downsized. In some cases, their existence is even highly 

questionable. In return, in these years more solid interpretations have been provided, according to 

mailto:imahori@scl.kyoto-u.ac.jp


 2 

which the chemical and emissive nature of CDs is strictly specific to the combination of synthetic 

precursors employed. Moreover, researchers have become more aware of the complexity of these 

systems, which contain not only nanoparticles, but also single molecules, oligomers and aggregates 

with their own fluorescent behavior. Therefore, we dedicate the first part of this review to the 

individual examination of different classes of citric acid-based CDs as benchmarking CDs class. 

A classification based on the precursors is meant to help the reader to find a common thread 

between CDs structural and optical properties. In the second part, we discuss the employment of 

citric acid-based CDs for energy conversion applications. This includes their exploitation as 

components of light emitting diodes (LEDs), as photocatalysts for hydrogen generation and 

pollutants degradation as well as additives in several types of organic photovoltaic devices.   

1. INTRODUCTION 

 Classification of CDs 

Carbon dots (CDs) are a class of organic nanoparticles exhibiting amazing fluorescence 

properties. Low cost and easy to prepare, water soluble and non-toxic, CDs emerged in the last 

decade as an excellent alternative to conventional dyes, metal-organic complexes and 

semiconductor quantum dots (QDs). Their optical and electronic properties have been exploited 

for countless analytical,1 biomedical2 and energy conversion applications, such as photocatalysis, 

light emitting diodes and solar cells.3–5 Despite their consistent employment, the chemical nature 

of CDs and its relationship with their outstanding fluorescence emission are still a topic under 

debate, being the actual knowledge incomplete and at times contradictory. A first obstacle to the 

subject understanding is given by the inconsistent and misused CDs terminology, since similar or 

identical materials have been reported with different names, such as carbon dots, carbon 
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nanodots (CNDs), carbon quantum dots (CQDs), C-Dots and polymer dots (PDs). This problem 

has been addressed by Cayuela et al., who proposed a simple nomenclature based on the 

structure of the nanoparticle: CQDs are characterized by the presence of a crystalline (graphite-

like) core, while the structure of CNDs is carbonized but amorphous.6 In addition, according to 

Xia et al., polymeric nanoparticles with a certain degree of carbonization should be called 

carbonized polymer dots (CPDs), in order to distinguish them from CNDs, which are completely 

carbonized, and from PDs, which are purely polymeric (Figure 1).7  

 

Figure 1. Schematic representation of the CDs nomenclature based on their 

carbonization/graphitization degree. 

A meaningful name assignation is essential for enriching the bibliography with consistent data, 

since the understanding of the CDs optical properties is based in the first place on the 

fluorophore structure identification. Nevertheless, even the above-mentioned nomenclature can 

be sometimes equivocal. In first place, the “dot” term is confusing itself, since it was originally 

borrowed from the field of semiconductor quantum dots, a class of inorganic nanoparticles with 

0-dimensional nature and in which the energy of the quantized states is depending on the 
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nanoparticle size. In reality, the fluorescence emission of CDs prepared from organic precursors 

has rarely shown size correlation. On the contrary, anisotropic electronic transitions have been 

reported for several CDs systems, implying that these objects are not 0-dimensional.8–11 

Secondly, this classification focuses on the degree of carbonization or graphitization of the 

nanoparticles, thus highlighting the importance of these features over other parameters. 

Nevertheless, several studies reported that the presence of carbonized or graphitized structures is 

not responsible mainly for the CDs optical properties. In some cases it is even detrimental, while 

polymer structures, polymer-bonded molecular fluorophores or aggregates of molecular 

fluorophores have a much stronger impact on the fluorescence. Therefore, at the time of 

understanding the structure/fluorescence relationship of specific CDs systems, a categorization 

based uniquely on their content of carbonized/graphitic structure could be misleading. Instead, 

the type of precursors employed for the CDs preparation is a more informative criterion for 

classification, since their resulting optical properties are heavily defined by this choice. As 

proposed by Zeng et al., the use of a nomenclature based both on the precursors choice and on 

the degree of carbonization would be highly desirable.12 With these premises, in this review 

nanoparticles obtained from different precursors have been dealt separately. In particular, we 

decided to focus on the subcategories of CDs derived from citric acid (CA-CDs), being possibly 

the most represented CDs system in the literature.13 Alone or, most commonly, in combination 

with nitrogen-containing compounds, citric acid can produce a variety of fluorescent materials 

with different structures and optical properties. In particular, urea, ethylenediamine (and similar 

aliphatic amines), aromatic bis-amines and formamide have been frequently exploited as citric 

acid coreactants. Recently, a short review focusing on the relationship between optical properties 

and synthetic conditions of CA-CDs has been published, but the influence of the precursors was 
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not addressed in detail.13 Conversely, in the first part of this review each CDs system arising 

from specific combinations of precursors is described individually and in depth. In this way, we 

provide the reader with a complete and coherent picture of the structural and optical features of 

each system. In the second part, energy conversion applications of CA-CDs are described. 

Specifically, their use as photocatalysts, light emitting diodes and solar cell components over the 

last decade is presented. In line with the purpose of the review, also in this second part the 

importance of synthetic conditions and precursors on the final CA-CDs properties is discussed. 

2. GENERAL ASPECTS OF CA-CDs 

Synthesis – typical procedures for the synthesis of CA-CDs involve pyrolysis, hydrothermal 

treatment, solvothermal treatment or microwave irradiation of the molecular precursors.  As the 

simplest procedure, pyrolysis consists of heating citric acid, alone or mixed with a coreactant, in 

absence of solvent (Figure 2a). The pyrolysis duration can range from few minutes to days14,15 

and the temperatures are typically comprised between 180°C, at which the thermal 

decomposition of CA starts, and 250°C. Higher temperatures were also reported, including 

completely carbonized CA-CDs at 1000°C.16 The hydrothermal method requires the preparation 

of an aqueous solution of the precursors, which is transferred inside a Teflon-lined sealed 

autoclave and placed in an oven (Figure 2a). This method allows reaching high temperatures in a 

water environment, which would not be possible at atmospheric pressure. Furthermore, the 

protocol is highly controllable and reproducible. Temperatures between 140 and 250°C are 

commonly chosen and different reaction times, from one to several hours, can afford in some 

cases different structures.17,18 In the solvothermal treatment, water is replaced with another 

solvent, such as ethanol,19 glycerol,20 formamide21 or DMF,22 chosen for improving the reagents 

solubility but also affecting the resulting CA-CDs structure and properties. As a drawback, the 
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hydrothermal/solvothermal treatment requires high energy consumption and relatively long 

reaction times. In contrast, microwave irradiation provides a quick and green procedure for the 

CA-CDs preparation. In here, a solution of the reagents is heated by irradiation in a laboratory 

microwave or in a domestic one (Figure 2b). Laboratory microwave allows controlling 

parameters such as temperature and power cycling; moreover it can work both in close- and 

open-vessel conditions. On the other hand, domestic microwave can be very practical, as it has 

access to higher radiation power and allows customizable set-up. Typically, the solution is 

placed in a beaker inside the domestic microwave and during the irradiation the water evaporates 

leaving a sticky solid. At that point, the temperature rises considerably and CA-CDs are forming. 

Unfortunately, this approach is not easily reproducible and the temperature reached is unknown. 

Other ways of producing CA-CDs have been reported, such as heating in oil bath,23,24 

sonication25 or solar irradiation.26 

 

Figure 2. Schematic representation of common methods for the synthesis of CA-CDs. a) Pyrolysis 

and hydrothermal/solvothermal treatment. b) Irradiation in domestic microwave oven. 

Purification – in spite of several reports and meta-analysis raising concerns on the problem, 

purification was and still remains the Achilles heel of the majority of CDs studies, including CA-

CDs. According to Essner et al., from a sampling of over 550 CDs papers 12% does not report 
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any purification method, while another 20% employs only centrifugation or bulk filtration 

(Figure 3a).27 It is clear that these procedures do not allow the removal of the molecular 

precursors nor of other molecules and oligomers produced abundantly from any bottom-up 

synthetic procedure. A more suitable method is the dialysis in water, which is the preferred 

option for CA-CDs purification (Figure 3b). Nevertheless, the details about this procedure are 

not always mentioned. Furthermore, it was demonstrated that several days of dialysis with 

frequent changes of water are needed in order to remove completely the molecular 

impurities;27,28 conditions that are seldom respected in practice. In addition, the removal by 

dialysis of molecular species that are not completely soluble in water, such as some aromatic 

compounds, can be challenging. For example, many molecules identified among the unpurified 

CA-CDs mixtures form aggregates, slowing down the purification process. On the other hand, 

these aggregates could correspond to the CA-CDs themselves, as pointed out in several studies, 

thus dialysis would not be the best option for their purification.9,29–31 Beside dialysis, 

chromatography techniques provide a useful approach for understanding the composition of the 

raw CDs. Silica column chromatography,32–34 C18 reverse phase chromatography,29,35  gel 

permeation chromatography,36,37 size-exclusion chromatography38 and ion exchange 

chromatography39 were exploited for the purification and/or characterization of the fluorophores 

for various CA-CDs systems. Naturally, the efficiency of each of these methods strictly depends 

on the size and/or chemical nature of the individual components. In turn, those are determined by 

the precursors choice and the synthesis conditions; therefore it is not possible to establish a 

single purification method valid for all the types of CDs. On the contrary, the purification should 

be optimized each time depending on the system studied.  
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Figure 3. a) A sampling of over 550 CDs publications categorized by their mode of purification. 

Reproduced from ref.27 Copyright 2018, American Chemical Society. b) Representation of dialysis 

purification. 

Characterization – basic routine characterization of CDs involves, but is not limited to, 

microscopy techniques such as atomic force microscopy (AFM) and high-resolution transmission 

electron microscopy (HR-TEM), and spectroscopy techniques such as infrared spectroscopy 

(IR), X-ray photoelectron spectroscopy (XPS), UV/vis and fluorescence spectroscopy. 

Therefore, absent or incomplete purification can be problematic for the real understanding of the 

CDs structure and optical properties. The results obtained from characterization techniques like 

IR, XPS and elemental analysis are meaningless if large amounts of molecular species are 

present in the sample. In addition, since these species are frequently much more fluorescent than 

the CDs themselves, also the optical characterization is misinterpreted.27 An evaluation of the 

sample purity can be performed by nuclear magnetic resonance (NMR) spectroscopy, a powerful 

and commonly available tool in chemistry laboratories. NMR techniques easily allow to spot and 

identify the molecular impurities. Furthermore, in some studies it provided precious information 

for understanding the origin of the fluorescence for different CA-CDs system.35,40–42 

Unfortunately, the employment of NMR in the CDs field is still very limited. On the contrary, 
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numerous studies claim the identification of graphite-like crystalline structures in CDs by means 

of HR-TEM and X-ray diffraction spectroscopy (XRD) characterization. In some cases, the 

presence of G and D bands in Raman spectroscopy is also proposed as a proof of the existence of 

graphite structures, even though these bands could be related to much smaller aromatic 

molecules.43 Other studies suggested instead that the nanoparticles showing lattice fringes in 

TEM are more simply nanocrystals of polymers or aggregated organic molecules rather than 

graphitic cores.44–47 This alternative interpretation sounds legitimate, especially knowing that the 

processes exploited for the graphite production from organic compounds require temperatures 

comprised between 500 and 2000°C and the use of metal catalysts.48 Thus, it would be quite 

surprising if the thermal treatment of citric acid, without any catalyst and at temperatures below 

200°C, leaded to such advertised “graphitic nanoparticles”. 

3. CA-CDs CLASSES 

3.1 Carbon Dots produced from citric acid in absence of N-sources 

Several types of CDs produced from the thermal treatment of only citric acid (oCA-CDs) have 

been reported. In a typical pyrolysis procedure, citric acid crystals are heated at 180-200°C in air, 

causing their melting and thermal decomposition.14,49–51 The material shifts from colorless to 

orange in the process. Alternatively, the irradiation of a citric acid aqueous solution with a 

domestic microwave or its hydrothermal treatment has been performed.15,28,52 In many cases, the 

as-produced material is dissolved in water and neutralized by addition of NaOH, without 

performing any purification. Information about the synthesis conditions, purification, 

nanoparticle size and optical properties of several types of oCA-CDs are listed in Table 1. 

Table 1. Synthesis and properties of oCA-CDs. 
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Synthesis method Purification Diameter (nm) λexc(nm) λem(nm) QY(%) Ref. 

Hydrothermal treatment, 180°C, 24 h, NaOH neutralization None - 350 440 1 .15 

Microwave irradiation, 210°C, 10 min Dialysis (MWCO 1 KDa) 2-3 350 450 - .53 

Microwave irradiation, 550 W, 7 min Dialysis (MWCO 3.5-5 KDa) 3.2-3.8 340 440 7.2 .52 

Pyrolysis, 160°C, 50 min, NaOH neutralization None 2-5 360 460 29 .54 

Pyrolysis, 180°C, 20 min, NaOH neutralization Dialysis (MWCO 3.5-5 KDa) 0.7-1 365 460 10 .51 

Pyrolysis, 180°C, 2 h None 30 380 500 - .50 

Pyrolysis, 180°C 40 h, NaOH neutralization None 3.5-14.3 360 460 2.6 .55 

Pyrolysis, 180°C, 40 h, NaOH neutralization None 4.5-9.1 360 464 2.3 .56 

Pyrolysis, 200°C, 10 min, NaOH neutralization Filtration and dialysis (MWCO 2 KDa) 4 355 450 0.6 .14 

Pyrolysis, 200°C, 30 min, NaOH neutralization None 0.6-1.1 365 450 15.4 .57 

Pyrolysis, 200°C 30 min, NaOH neutralization None 20 420 470 - .58 

Pyrolysis, 200°C 30 min, NaOH neutralization None 2.3 365 460 - .59 

Pyrolysis, 200°C, 30min, NaOH neutralization Dialysis (MWCO 3.5-5 KDa) 0.7-1 365 460 10.5 .51 

Pyrolysis, 200°C, 30 min, NaOH neutralization None 0.5-2 362 460 10.5 .49 

Pyrolysis, 200°C, NaOH neutralization None 3-7 400 470 9 .60 

Pyrolysis, 220°C, 48 h, NaOH neutralization Dialysis (MWCO 1 KDa) 2-7 300 385 1.2 .15 

Pyrolysis, 260°C, 17 min, NaOH neutralization None - 360 460 - .61 

Pyrolysis, 260°C 40 min, NaOH neutralization None 9 362 460 - .62 

Pyrolysis, 260°C, 50 min, NaOH neutralization None - 360 460 - .63 

Pyrolysis, 270°C, 20 min, NaOH neutralization Dialysis (MWCO 3.5-5 KDa) 2-10 365 460 2 .51 

 

Despite the use of different synthetic conditions, common features in the structural and optical 

characterization suggest a strong similarity among oCA-CDs. The first and most common 

interpretation of these features was provided by the core-surface model. According to it, thermal 

activation leads to the self-assembly and intermolecular dehydroxylation of citric acid molecules, 

forming one or more crystalline layers that constitute the nanoparticle core, while all around 

oxygen groups such as carboxylic acids and hydroxyl groups constitute the oCA-CDs surface 

(Figure 4a).49,51,52,64 The crystalline nature of the oCA-CDs core has been frequently inferred by 

HR-TEM, XRD or Raman analysis. In some cases, HR-TEM images show clear lattice fringes, 

where the inter-layer distance resembles the graphite crystal phase,51,64 but more commonly these 

features are not observable.14,49,50,65 XRD patterns also allow calculating the interlayer distance, 

which is not always matching with the graphite one. Leaning on the core-surface model, 
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Dhenadhayalan et al. interpreted the absorption spectrum of oCA-CDs derived from the 

microwave-assisted pyrolysis of citric acid (550 W, domestic oven).52 The strong absorption 

below 300 nm was attributed to the promotion of electrons from the valence band to the 

conduction band of the polyaromatic oCA-CDs core. Instead, the absorption beyond 300 nm was 

related to n-π* transitions originating from the lone pair electrons of oxygen groups located on 

the particle surface (Figure 4b). The finding of an isoemissive point at 464 nm by means of time-

resolved area normalized emission spectrum (TRANES) analysis supported the existence of two 

distinct emissive surface states in addition to the weakly emitting core. Nevertheless, the 

contribution of the core to the whole fluorescence emission is controversial, since several studies 

indicated as detrimental the excessive carbonization of the nanoparticles (Figure 4c).49,51,54 In 

particular, Bagheri et al. performed a systematic study on the oCA-CDs formed by pyrolysis of 

citric acid, determining the influence of temperature and time on the QY (Figure 4d). It was 

shown that the best QY (29%) is reached at 160°C for 50 minutes, a significantly lower 

temperature than in most of the previous works. This QY record was attributed to the optimum 

surface passivation of the oCA-CDs, made possible by the incomplete carbonization of citric 

acid molecules, as well as by carboxyl and hydroxyl groups on the edges. More recently, the 

effective amount of graphitized structures and their impact on the fluorescence properties was 

further questioned. In the work of Wyrzykowski et al., the thermal behavior of citric acid was 

studied by thermogravimetry (TGA) and differential scanning calorimetry (DSC). According to 

this study, citric acid melts at 161°C and above 175°C it converts into several products, including 

trans-aconitic anhydride, itaconic anhydride and citraconic anhydride (Figure 4e).66 Innocenzi et 

al. investigated the presence of these citric acid derivatives as potential intermediates of the 

oCA-CDs formation.50 Citric acid monohydrate was heated at 180°C for 120 minutes, and 
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samples were taken from the reaction every 15 minutes once the crystals were completely 

molten. Infrared characterization of the samples showed that citric acid, once completely lost the 

adsorbed water, undergoes dehydration and decarboxylation reactions forming trans-aconitic 

acid and citraconic anhydride. Fluorescence spectroscopy studies showed that some of these 

oCA-CDs intermediates are blue fluorescent themselves. With the nanoparticles formation the 

emission maximum is red-shifted from 450 nm to 500 nm, indicating that the fluorescent species 

in the oCA-CDs structure are the result of the reactions between different intermediates. 

Moreover, by XPS estimation, it was found a C:O ratio of 1.49 after 2 h of reaction, suggesting 

the absence of graphene-like structures claimed instead by several previous works. These 

conclusions are in agreement with those of Khan and colleagues. In their work, they provided 

direct evidences for the formation of spherical nanocrystallites from methylene succinic acid, a 

molecule formed from the thermal decomposition of citric acid.46 These nanocrystals, observable 

by TEM, can be easily mistaken for carbon dots with graphitic structures. In addition, the 

fluorophore size (0.9 nm) measured by fluorescence correlation spectroscopy does not match 

with the crystalline nanoparticles size measured by TEM (3.65 nm average). Therefore, rather 

than hypothetical CDs, the fluorophore consists of dimer or oligomers of citric acid derivatives. 

It is evident in this context that stricter and more efficient purification protocols are needed. 
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Figure 4. a) Formation of citric acid-based CDs according to ref.49 Adapted from ref.49  Copyright 

2012, Elsevier. b) UV–vis absorption of CA and CDs, and PL spectra of CDs. Inset: (upper) 

emission spectra of CDs with different excitation wavelength, (lower) photographs of the CDs 

solution taken under visible light (left) and under 365 nm UV light (right). Reproduced from ref.49 

Copyright 2012, Elsevier. c) Schematic representation of CDs nucleation and growth according to 

ref.51 Further crosslinking between CDs leads to fluorescence decrease. Adapted from ref.51 

Copyright 2015, Elsevier. d) Samples prepared at different temperatures-times under visible light 

and UV irradiation. Reproduced from ref.54 Copyright 2017, Springer Nature. e) Molecules formed 

from the thermal decomposition of citric acid.  
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The complex mechanisms of citric acid thermal decomposition inevitably lead to a plethora of 

molecular and macromolecular structures whose role in the oCA-CDs emission has not been 

completely cleared. In fact, most of oCA-CDs preparation methods do not envisage an effective 

purification of the material. Conversely, in order to understand the real oCA-CDs contribution to 

the whole optical properties observed, the fraction of nano-sized material in the samples should 

be isolated first. The group of Chen et al. proved this point by exploiting HPLC in order to 

fractionate the reaction intermediates produced by citric acid thermal decomposition and isolate 

the oCA-CDs.28 In this case, the raw product was obtained by the microwave-assisted irradiation 

(700W, domestic oven) for 7 minutes of a citric acid solution, resulting in the water evaporation 

and the partial carbonization of the material. The as-prepared oCA-CDs solution was filtered and 

then dialyzed for 120 hours (membrane MWCO=3.5 kDa). During this time, aliquots of retentate 

were collected and the efficiency of the purification was monitored by HPLC. Interestingly, 

during the dialysis process, the concentration of the retentate decreased from about 580 mg/mL 

to < 1 mg/mL. Thus, the nanoparticles are only a very small fraction of the whole raw material, 

which is mostly composed of unreacted citric acid and molecular intermediates. Clearly, long 

dialysis times (5 days) are required for a good purification.   

3.2 Carbon Dots produced from citric acid and urea (CA/U-CDs) 

Citric acid and urea are non-toxic compounds produced worldwide in large scale. Not 

surprisingly, they are also one of the most exploited combinations of reagents for the preparation 

of CDs. The synthesis can be easily performed without solvent, since the blend of citric acid and 

urea forms an eutectic system whose melting point is significantly lower than those of the pure 

compounds.67 Typical synthesis methods are pyrolysis, hydrothermal/solvothermal treatment or 

microwave irradiation. As it can be observed in Table 2, the CA/U-CDs optical properties are 
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influenced by several parameters, such as the citric acid/urea ratio, the type, temperature and 

duration of thermal treatment and the purification method. In particular, the synthesis conditions 

choice allows targeting the prevalence of blue or of green fluorescence emission. For example, 

high temperatures and longer pyrolysis times cause the decrease of the absorption band with the 

maximum at about 350-360 nm, responsible for the blue fluorescence, and the raise of a new 

absorption band at about 400-420 nm, responsible for the green fluorescence (Figure 5a, 5b and 

5c).68,69 Besides, lower citric acid/urea ratios promote the green emission over the blue one 

(Figure 5d).68 

Table 2. Synthesis and properties of CA/U-CDs. 

CA/U ratio 
(mol/mol) 

Synthesis method Purification Diameter 
(nm) 

λ exc 
(nm) 

λ em 
(nm) 

QY 
(%) 

λ exc. 
dependence 

Ref. 

0.01 Pyrolysis, 230°C, 1h Dialysis (MWCO 3.5 kDa, 10weeks) 13.7 420 520 9 yes .70 

0.02 Pyrolysis, 230°C, 1h Dialysis (MWCO 3.5 kDa, 10weeks) 17.6 420 520 7 yes .70 

0.04 Pyrolysis, 230°C, 1h Dialysis (MWCO 3.5 kDa, 10weeks) 16.1 420 520 5 yes .70 

0.06 Pyrolysis, 160°C, 2h None - 405 529 6 yes .68 

0.31 Pyrolysis, 160°C, 2h None - 347 430 12 yes .68 

0.33 Pyrolysis, 230°C, 1h Dialysis (MWCO 3.5 kDa, 10weeks) 14 460 530 3 yes .70 

0.94 Pyrolysis, 200°C, 2h Centrifugation and dialysis (MWCO 0.5 
kDa) 

6.1 330 438 29.3 yes .71 

0.05 Microwave irradiation, 700 W, 5 min Centrifugation 1.1-4.5 400 522 7.5 yes .72 

0.1 Microwave irradiation, 700 W, 5 min Centrifugation 1.1-2.1 400 521 7.7 yes .72 

0.16 Microwave irradiation, 650 W, 4-5 min Centrifugation 2-20 420 540 18 yes .73 
0.31 Microwave irradiation, 270 W, 2-3 min Centrifugation and filtration 3-5 360 469 - Yes .31 
0.31 Microwave irradiation, 700 W, 5 min Centrifugation 1.4-5.3 360 451 10.2 yes .72 

0.31 Microwave irradiation, 700 W, 5 min Centrifugation 23 410 540 - yes .74 

0.33 Microwave irradiation, 900W, 3 min Filtration and dialysis (MWCO 3.5 kDa) 2-4 375 475 - yes .75 

0.94 Microwave irradiation, 700W, 5 min Centrifugation and dialysis (MWCO 0.5 
kDa) 

7.3 340 433 25.1 yes .71 

0.94 Microwave irradiation, 700W, 5 min Centrifugation 1.7-3.1 350 419 12.1 yes .72 

1 Microwave irradiation, 700W, 5 min Centrifugation and filtration 16 380 520 2.1 yes .76 
1.56 Microwave irradiation, 650W, 4-5 min Centrifugation 4-45 360 440 15 yes .73 
1.88 Microwave irradiation, 700W, 5 min Centrifugation 1.3-3.5 350 420 12.2 yes .72 

0.16 Hydrothermal treatment, 160°C, 4 h Centrifugation 1.0-3.0 360 450 32 - .20 
0.16 Hydrothermal treatment, 180°C, 3 h Filtration 4.1 345 440 40 yes .77 
0.63 Hydrothermal treatment, 180°C, 10 h None 3-4 365 450 - yes .78 

0.94 Hydrothermal treatment, 200°C, 2 h Centrifugation and dialysis (MWCO 0.5 
kDa) 

6.9 320 438 3.7 yes .71 

0.1 Solvothermal treatment (DMF), 140°C, 
12 h 

Centrifugation and precipitation 4 360 440 52.6 yes .18 

0.16 Solvothermal treatment (DMF), 160°C, 
4 h 

Centrifugation 2.0-6.0 540 600 8 - .20 

0.16 Solvothermal treatment (DMF), 160°C, 
6 h 

Precipitation, redispersion and 
centrifugation 

3.0-6.0 550 620 10.6 no .79 

0.16 Solvothermal treatment (DMF), 180°C, 
6 h 

Silica column chromatography 
separation 

2.5 365 450 19.4 no .80 

0.16 Solvothermal treatment (DMF), 180°C, 
6 h 

Silica column chromatography 
separation 

1.7 450 520 27.8 no .80 

0.16 Solvothermal treatment (DMF), 180°C, 
6 h 

Silica column chromatography 
separation 

1.8 420 550 14.6 no .80 

0.16 Solvothermal treatment (DMF), 180°C, 
6 h 

Silica column chromatography 
separation 

3.5 400 590 2 no .80 
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0.16 Solvothermal treatment (glycerol), 
160°C, 4 h 

Centrifugation 2.0-4.0 470 550 13 
 

.20 

0.3 Solvothermal treatment (DMF), 160°C, 
12 h 

Centrifugation and precipitation 4.1 470 540 35.1 no .18 

0.75 Solvothermal treatment (DMF), 200°C, 
12 h 

Centrifugation and precipitation 4.3 550 600 12.9 no .18 

 

 

Figure 5. a) UV-vis absorption and (b) Fluorescence spectra in H2O of selected raw products of 

the thermal CA/U reaction (0.013 mg/mL) at 110–210°C. c) Sequential changes in optical density 

at the absorption maxima of 340 nm and 410 nm of a mixture of citric acid and urea (1:5 molar 

ratio) upon heating at 160°C for 0–160 min. Reproduced from ref.69 Copyright 2020, Royal Society 

of Chemistry. d) Luminescence intensity of the citric acid heated in the urea melt at 160°C for 120 

min (aqueous solution 2 μg/mL). The x-axis is molar ratio of citric acid to urea. The control sample 

consisted of the products of thermal treatment of triammonium citrate (without urea) under the 

same conditions. Adapted from ref.68 Copyright 2016, Beilstein Journal. 

HRTEM images of CDs prepared from citric acid and urea frequently show nanoparticles with 

clear crystal lattice. Since the first studies, these lattice fringes have been related to the existence 

of sp2 carbon domains. In parallel, the presence of aromatic nitrogen, identified by XPS analysis, 

has been considered responsible for the more complex fluorescent behavior and higher quantum 
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yields with respect to the CDs derived uniquely from citric acid.81 According to the most 

widespread interpretation, citric acid thermal decomposition forms the crystalline graphite-like 

core through the same mechanism proposed for oCA-CDs, although, in the presence of urea, 

nitrogen is incorporated as dopant (Figure 6a). The term “dopant” has been adopted by countless 

works for defining the effect of nitrogen on the CDs optoelectronic properties, implying the 

occurrence of charge injection into large aromatic structures with semiconductor 

properties.18,20,39,73,82–86 For example, Qu et al. obtained blue or green fluorescent CA/U-CDs 

using two different ratios of citric acid/urea and proposed that Fermi level energy of the 

conjugated sp2 clusters can be tuned by the amount of graphitic nitrogen.73 In recent years, this 

model was undermined by new investigations focusing on a more attentive separation and 

isolation of the fluorophores. In fact, in the majority of studies the purification procedures are 

inadequate if not totally absents. However, at the same time it is obvious that, beside 

nanoparticles, the thermal treatment of molecular precursors can produce any sort of byproduct.27 

Stachowska et al. exploited filtration or dialysis purification in order to isolate different 

fluorescent fractions from the raw CA/U-CDs material obtained by pyrolysis of citric acid and 

urea (Figure 6b).70 The authors underline how the CA/U-CDs that have been subjected to 

extensive purification (10 weeks dialysis) exhibited low fluorescence emission. This is in 

contrast with the highly fluorescent material processed by simple filtration, thus indicating that 

the main contribution to both blue and green emission originates from molecular species able to 

permeate the dialysis membrane. The molecular dye originating the green emission was firstly 

identified by Kasprzyk et al.40 In their work, the product obtained from the open-vessel 

microwave irradiation of citric acid and urea was placed in a dialysis membrane of 

MWCO=1000 Da, through which the green fluorophore is able to flow out. Thus, the green-
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emitting fluorophore in the dialysate was isolated by preparative high-pressure chromatography 

and characterized by NMR and mass spectrometry. This allowed to identify it with the molecular 

structure 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-trione (HPPT, Figure 6c), of which 

the presence was validated by further studies.69,87 The retentate inside the dialysis membrane 

revealed excitation-dependent emission, probably related to polymer chains, polymer clusters or 

carbon cores to which HPPT derivatives are bonded. In the same work, the microwave-assisted 

synthesis of CA/U-CDs in sealed-vessel condition was also performed and, in this case, blue 

emission was observed. According to LC-ESI-MS chromatograms, citrazinic amide was 

recognized as the molecular source of blue fluorescence (Figure 6c); however, other studies 

reached different conclusions. For example, in the work of Sendão and colleagues, CA/U-CDs 

synthesized by microwave treatment are purified by simple centrifugation or by extensive 

dialysis. In this way, it was demonstrated that the former are strongly green fluorescent and the 

latter are weakly blue fluorescent.74 Therefore, blue fluorescence was attributed to CA/U-CDs 

nanoparticles, while green fluorescence to HPPT molecules. By means of solvent extraction and 

column chromatography separation, W. Strauss et al. isolated three fractions from the pyrolysis 

product at 230°C of citric acid and urea; namely a yellowish-brown fraction showing green 

emission, a colorless fraction showing blue emission and a non-fluorescent fine black powder 

(Figure 6d).69 The deep structural characterization of the green fraction confirmed the previous 

studies by unequivocal identification of the HPPT fluorophore, while oligomeric ureas, such as 

triuret and cyclic tetrauret, were found in the blue fluorescent fraction. The authors suggest that 

strong H-bonding interactions lead HPPT and oligomeric ureas to aggregate into nanoparticles, 

which can further carbonize by effect of heat and form the nano-sized material found in the black 

powder fraction (Figure 6e). H-bonding also seems to have an important role on the formation of 
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aggregates in solution. In fact, it is ascertained that the optical properties of the unpurified CA/U-

CDs solutions are not the simple sum of the individual fluorophores’ properties.69,74  Zholobak et 

al. proposed that the intramolecular forces between HPPT fluorophores and oligomeric urea 

drive the formation of nano-sized aggregates.68 It was shown that the size of these aggregates 

strongly depends on the concentration and that the maximum emission wavelength changes as 

effect of the interaction with different solvents. A systematic investigation of the effect of nine 

polar solvents on the CA/U-CDs absorption, emission and lifetimes was performed by Anjali 

Devi et al.31 The complex trends in the CA/U-CDs optical features were explained with the self-

assembly of the fluorophores into different coexisting structures, i.e. H-aggregates, J-aggregates 

and combinations of the two, whose presence was also supported by TEM characterization.30,31 

Moreover, in the work of Bhuyan et al., it is shown how the reversible formation of aggregates 

from water to acetone goes in parallel with the blue emission suppression in favor of the green 

emission enhancement, reflecting the fluorescence resonance energy transfer (FRET)-mediated 

energy migration from the blue fluorophores to the green fluorophores inside the aggregate.9 

Finally, Yao et al. performed the microwave-assisted irradiation of citric acid and urea, achieving 

to isolate by means of  reversed phase C18 column chromatography the fluorophore 5-

oxopyrrolidine-3-carboxylic acid (OPCA).29  Intriguingly, this molecule is based on a non-

conjugated amide ring and it belongs to a class of emissive compounds recently named non-

traditional intrinsic luminophors (NTIL),88 i.e. organic structures that display photoluminescence 

in the absence of aromatic groups or metal centers. It was found that OPCA blue emission is 

highly enhanced by molecules aggregation, in which intermolecular interactions occur and 

conformational rigidity increases. Thus, in addition to the above described aromatic 

fluorophores, OPCA aggregation or bonding with other organic structures lies at the origin of 
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CA/U-CDs fluorescent emission. Similar compounds to OPCA are plausibly formed by replacing 

urea with aliphatic amines and they could participate to the emission of other types of CA-CDs. 

Therefore, further studies are necessary to assess this possibility. 

 

Figure 6. a) Examples of N-doping in CA/U-CDs. Green, blue and gray represent carbon, nitrogen 

and hydrogen atoms, respectively. Reproduced from ref.86 Copyright 2021, Elsevier. b) Schematic 

representation of the synthetic and purification approach followed for the preparation of four series 

of photoluminescent liquids and solids, all derived by means of pyrolytic treatment of CA and urea 
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precursor mixtures. Reproduced from ref.70 Copyright 2021, Springer Nature. c) Chemical 

structures of HPPT and citrazinic amide. d) Aqueous solutions of separated products from the 

crude thermal reaction product of citric acid and urea in daylight (left) and under UV light (right). 

e) Proposed reaction mechanism of citric acid and urea to produce solid organic nanoparticles via 

molecular intermediates. Reproduced from ref.69 Copyright 2020, Royal Society of Chemistry. f) 

Proposed mechanism for the formation of OPCA. Reproduced from ref.29 Copyright 2022, Royal 

Society of Chemistry. 

As reported so far, all CA/U-CDs obtained by pyrolysis, microwave irradiation or 

hydrothermal treatment display blue or green fluorescent emission, which originates from 

individual molecular fluorophores as well as from their self-assembly into H-bonded or 

covalently-linked aggregates. Interestingly, CA/U-CDs with emission at longer wavelengths 

have been also achieved by replacing water with DMF18,78–80,89,90 or toluene.91 In the work of Hu 

et al., it is shown that the autoclave thermal treatment of 1.0 g citric acid and 2.0 g urea in 10 mL 

DMF can produce CA/U-CDs with tunable emission, from blue to red, by increasing the reaction 

temperature.80 Similar observations are present in the work of Miao et al., who also reported that 

higher citric acid/urea ratios can red-shift the final CA/U-CDs emission.18 Finally, Sun et al. 

demonstrated that CA/U-CDs with emission from blue to red can be obtained by increasing the 

reagents concentration while not changing their ratio.89 In all these studies, the obtaining of 

different emission colors has been attributed to the formation of N-doped extended π-systems 

whose size and oxidation degree is controlled by the synthesis conditions and in turn determines 

the optical properties. On the other hand, this interpretation does not go along with some recently 

published strong evidences, according to which molecular fluorophores and aggregation 

dynamics are mostly responsible for originating the blue and green fluorescence of CA/U-CDs. 
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Furthermore, the active role of DMF in the CA/U-CDs formation has not been taken into 

account, even if, at the temperatures employed for their synthesis, this solvent is known for 

decomposing into carbon monoxide and dimethylamine and for participating to several types of 

reactions.92–94 Therefore, a better understanding of the structures produced from the DMF-

thermal treatment of citric acid and urea is of extreme interest for the development of long-

wavelength CA/U-CDs and more studies on the subject are desirable.   

3.3 Carbon Dots produced from citric acid in formamide (CA/F-CDs) 

Citric acid-based CDs synthetized by formamide solvothermal treatment deserve a separate 

discussion as these materials, in addition to the blue and/or green emission, all share the ability to 

emit in the red. For example, Ding et al. obtained red fluorescent CA/F-CDs in gram scale by 

simply heating a citric acid and ethylenediamine mixture at 180°C for 24h in autoclave (Figure 

7a).21 The material, afforded by precipitation, displayed an excitation-independent emission at 

627 nm with a record QY of 53%. In another work, citric acid and urea in formamide were 

heated in autoclave at 180°C for 12h and the resulting material was separated by preparative 

anion-exchange column to obtain fractions exhibiting blue, green, yellow or red fluorescence 

alone.39 By means of XPS studies, the emission red-shift was correlated to the increasing amount 

of graphitic nitrogen from the blue-emissive to the red-emissive fraction. The solvothermal 

treatment of citric acid in formamide produces red-fluorescent CA/F-CDs even in absence of 

other nitrogen sources, as reported by Zhou and coworkers.65 In any case, several studies 

underlined the fact that formamide not only acts as a solvent, but also participates to the CA/F-

CDs formation itself or by generating other molecular species through thermal 

decomposition.34,95–98 For example, the microwave-assisted irradiation of ammonium citrate in 

25 mL glycerol yields blue fluorescent CDs, but, by adding first 3 mL of formamide, red 
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fluorescent CA/F-CDs are obtained.99 While the above-mentioned studies related the red 

fluorescence to the presence of extended aromatic domains in the CA/F-CDs core, other works 

claimed instead its molecular origin.35,100,101 Deng et al. performed the solvothermal treatment of 

citric acid and urea in formamide, adjusting the synthesis condition in order to optimize the red 

fluorescence emission (CA/U=0.7, 200°C, 1 h). The material was eluted on a C18 reversed-phase 

column. After three rounds of separation, the obtained CA/F-CDs fractions exhibited seven 

discrete colors under UV illumination, covering the entire visible spectrum (Figure 7b). 

Investigated by TEM, all the fractions showed the presence of similar amorphous nanoparticles, 

without evidences of crystalline structures. IR, Raman, XPS and NMR characterization jointly 

with spectroscopic studies and TD-DFT calculations suggested that small molecular fluorophores 

(MW<500 Da), either bonded or unbounded to the CA/F-CDs polymer structure, are responsible 

for the green and blue fluorescence. Instead, the red emission is attributed to the presence of 

larger molecular dyes (500-3500 Da) such as pyrene analogs. Naturally, more studies will be 

necessary to ascertain the exact nature of the red emitting structures, but the key-role of 

formamide is unquestionable: red CA/F-CDs have been obtained in formamide from citric acid 

with or without amine sources but also from amines in absence of citric acid.102 It is important to 

notice that the thermal decomposition of pure formamide can also produce complex polymers 

with aromatic and nitrogen-rich structures, whose independent role has not been considered 

yet.103,104 
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Figure 7. a) The synthetic route of the R-CDs and the product under room light. Reproduced from 

ref.21 Copyright 2017, American Chemical Society. b) I. Photograph of obtained CD fractions 

illuminated by UV light; II. their normalized fluorescence spectra. III-V. UV-Vis extinction 

spectra of CD-B, CD-G, and CD-R. Reproduced from ref.35 Copyright 2020, with permission from 

the Royal Society of Chemistry. 

3.4 Carbon Dots produced from citric acid and ethylenediamine (CA/E-CDs) or other 

polyamines 

Highly fluorescent, blue emissive CDs can be easily obtained by heating an aqueous solution 

of citric acid and ethylenediamine. As in the case of other types of citric acid-based CDs, this 

phenomenon was firstly attributed to the formation of carbonized cores rich of extended aromatic 

domains. Although still widespread, this interpretation has been eroded step by step by several 

in-depth analysis focused on the understanding of the CA/E-CDs structure, which has pointed 

out the minor or sometimes detrimental contribution of the carbonization process to the main 

fluorescence emission. In this framework, the work of Zhu et al. has been particularly influential. 

They explored the synthesis of numerous citric acid-based CDs prepared with different amine 
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reagents and reaction conditions.105 Besides, they proposed a congruent mechanism for the 

CA/E-CDs formation. Adjusting the citric acid and ethylenediamine concentrations, a QY of 

80% was reached by hydrothermal treatment. In addition, it was observed that, in a range of 

reaction temperatures between 150 and 300°C, a much higher QY was achieved at lower 

temperature (Figure 8a and 8b). Furthermore, the emission from the CA/E-CDs prepared at 

lower temperatures was more subjected to photobleaching with respect to the emission of CA/E-

CDs prepared at higher temperatures, suggesting a major contribution from molecular 

fluorophores in the first case. Therefore, it was proposed that the CA/E-CDs formation occurs in 

two steps: first, citric acid and ethylenediamine condensate and form polymer nanoparticles 

bearing highly fluorescent moieties. The emission of these moieties is independent from 

excitation wavelength. Second, if the temperature is high enough, the partial carbonization of the 

polymer and the formation of a weakly fluorescent carbonized core take place at the expenses of 

the organic fluorophores (Figure 8c). Due to its structural heterogeneity, the emission of the core 

is excitation wavelength-dependent (Figure 8b). Very similar conclusions were reached by 

Krysmann et al. in the case of CA/E-CDs prepared from the pyrolysis of CA and EDA.106 The 

authors observed that the carbonization process starts only above 230°C, while below this 

temperature polymeric nanoparticles and molecular fluorophores are the only products. 
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Figure 8. a) The UV-vis absorption of CD 1-4, prepared in a range of temperature between 150 

and 300°C. The peak at 344 nm (surface/molecule center) decreases from CD 1 (150°C) to CD 4 

(300°C), reflecting the consumption of the molecular fluorophore in favor of the carbonization 

process. b) The QY decreases accordingly and the emission, from excitation wavelength-

independent (CD 1 and 2), becomes excitation wavelength-dependent (CD 3 and 4). Reproduced 

from ref.105 Copyright 2013, Wiley-VCH. 
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c) Possible mechanism for the formation of IPCA fluorophores, polymer species and carbonized 

CA/E-CDs. 

Deng et al. performed the hydrothermal treatment (200°C, 5 h) of citric acid and 

ethylenediamine and, by exploiting a gradient ultracentrifugation method, separated the resulting 

material into fractions according to the components hydrophilicity (Figure 9a and 9b).107 

Interestingly, it was found that the most carbonized particles, which are the less hydrophilic, are 

also the less fluorescent ones, while the purely polymeric and highly hydrophilic particles 

display the highest fluorescence emission (Figure 9c and 9d). It was proposed that the carbonized 

core is able to partially self-adsorb the fluorescence emission of the molecular state, thus acting 

as a quencher (Figure 9e). 

 

Figure 9. a) Photographs of the centrifuge tube (under ambient light) before and after 

centrifugation (left: under ambient light, and right: under UV light). b) Scheme of proposed 

mechanism of separation: CA/E-CDs were clustered at starting point and de-clustered at 

successive layers with increasing water content during sedimentation. c) PL spectra of original 
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sample and separated fractions (excited at 340 nm; all samples diluted to the same absorbance). d) 

QY variation of typical fractions, showing that more hydrophilic CA/E-CDs have higher 

fluorescence. e) Scheme of absorption, emission and re-adsorption of highly carbonized CA/E-

CDs. Reproduced from ref.107 Copyright 2015, Springer Nature. 

 The size and location of the organic fluorophore was further investigated by Hsu and 

colleagues by means of fluorescence anisotropy methods, finding that the main contribution to 

the whole emission originated from emitters of about 0.65 nm size, thus smaller than most of the 

particles observed in TEM.11 The first identification of the molecular organic fluorophore was 

reported by Song et al., who fractionated the hydrothermal products (140°C, 8h) of citric acid 

and ethylenediamine by silica column chromatography and characterized the fluorescent 

fractions by NMR, mass spectrometry and elemental analysis.41 It was found that the major 

responsible for the blue fluorescence was not the nanoparticles fraction, but the molecule, 5-oxo-

1,2,3,5-tetrahydroimidazo[1,2-a]pyridine-8-carboxylic acid (IPCA). In addition, IPCA 

derivatives or other molecular emitters bonded to the CA/E-CDs core could be responsible for 

the more complex emissive behavior of CA/E-CDs with respect to the isolated IPCA 

fluorophore.41,108 The syntheses of IPCA and similar fused 2-pyridones from citric acid and β-

amines were explored in the work of Kasprzyk et al.109 For example, by replacing 

ethylenediamine with cysteamine or L-cysteine, 5-oxo-3,5-dihydro-2H-thiazolo[3,2-a]pyridine-

7-carboxylic acid (TPCA) and 5-oxo-3,5-dihydro-2H-thiazolo[3,2-a]pyridine-3,7- dicarboxylic 

acid (TPDCA) are obtained respectively, whose presence was attested in CDs prepared from 

these reagents.110 The existence of defined molecular fluorophores, which can form in parallel 

but also take part to the polymerization process and formation of nanoparticles, is not the sole 

origin of the CA/E-CDs fluorescence. Besides the molecular fluorophores, at high temperature 
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citric acid and ethylenediamine or other polyamines undergo condensation, dehydration and 

crosslinking reactions that create CDs with compact and spatially constrained structures. In this 

circumstance, the proximity inside the CDs of electron rich groups, such as amides, amines and 

carboxylic acids, can force the electron-cloud overlaps and energy-level splittings without the 

need to form specific chemical bonds.111 Thus, new electronic transitions become accessible and 

the structural rigidity of the environment, hampering the energy dissipation of the absorbed 

photons through rotational and vibrational motions, promotes instead the radiative relaxation of 

the excited state originating light emission (Figure 10).112–114 This phenomenon was summarized 

in the concept of crosslink-enhanced emission (CEE) effect by Yang’s group.7,115–117  

 

Figure 10. Graphical representation of the CEE effect. On the left, free chains of polymer carrying 

electron-rich groups. Upon light absorption, energy is dissipated by vibrational and rotational 

motions. On the right, the polymer chains are crosslinked and form a rigid bundle. Upon light 

absorption, vibrational relaxation is impeded and fluorescence emission occurs. 

The work of Vallan et al. provided evidences of the crosslink-enhanced effect emission 

phenomenon in CDs derived from citric acid and ethylenediamine.42 In here, the amidation 

reaction between carboxylic acids and amines was carried out by microwave irradiation (140°C, 
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3 min.) or by the employment of the N,N′-diisopropylcarbodiimide coupling agent at room 

temperature (Figure 11a). Both synthetic pathways produced polyamide nanoparticles, 

comparable in size and chemical structures, and no aromatic C=C double bonds were detected by 

NMR spectroscopy. Interestingly, both types of CA/E-CDs exhibited strong blue fluorescence, 

demonstrating that the polymer structure is itself emissive without the contribution of molecular 

conjugated fluorophores or the one of a carbonized core (Figure 11b and 11c). Amide bonds, 

intramolecular H-bonds and electrostatic interactions were proposed as the responsible for the 

high conformational rigidity promoting the CEE effect. Furthermore, CDs prepared from 

tricarballylic acid (without –OH group) instead of citric acid displayed much weaker emission, 

highlighting the role of the hydroxyl group in assisting structural rigidity (Figure 11a).  

 

Figure 11. a) Reaction of EDA with citric acid or with tricarballylic acid to form polymeric CA-

CDs by microwave irradiation or by coupling agent. b) UV/Vis, c) excitation and emission spectra 

of the as-produced CA-CDs. Reproduced from ref.42 Copyright 2018, American Chemical Society. 

Several types of fluorescent citric acid-based polymer dots were synthesized at room 

temperature by the same group, showing the versatility of the coupling agent-mediated 

polycondensation.118 In fact, the CEE effect does not require specific molecules, but it is rather 
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common when amide (or imide) crosslinkers are present, which is a characteristic of all the CDs 

systems obtained from polyamine- and polycarboxylic acid-bearing precursors. For example, 

CDs have been prepared from citric acid with polyethyleneimine119,120 or aminoacids;121–123 or 

from polyacrylic acid with ethylenediamine.115,124 Aromatic bis-amines have been also employed 

for the CDs synthesis with citric acid. In particular, phenylenediamines and diaminonaphthalenes 

were exploited for achieving different emission colors (Table 3). For example, several green 

fluorescent CDs have been prepared by hydrothermal treatment of citric acid with p-

phenylenediamine.25,125–127 Yuan et al. obtained five different CDs, exhibiting fluorescence from 

blue to red, by ethanol solvothermal treatment of 1,5-diaminonaphthalene or 2,3-

diaminonaphthalene and different reaction conditions (Figure 12).17  

 

Figure 12. a) Preparation of fluorescent CDs from blue to red by solvothermal treatment of CA 

and 1,5- or 2,3-diaminonaphtalene. b) Photographs of the obtained CDs solutions in daylight (left) 

and under UV light (right). Reproduced from ref.17 Copyright 2017, Wiley-VCH.  

The emissive mechanisms behind the multicolor fluorescence of citric acid/aromatic bis-

amine-based CDs have not been rationalized yet and several works attributed it to the presence 

of large aromatic systems or molecular fluorophores. Moreover, phenylenediamines thermal 
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treatment is known to produce fluorescent nanoparticles and fluorescent dyes even in absence of 

citric acid.128–130  

Table 3. Synthesis and properties of CDs obtained from citric acid and aromatic polyamines. 

Amine Coreactant Synthesis method Purification Diameter 
(nm) 

λexc(nm
) 

λem(nm) QY 
(%) 

λ exc. 
dependance 

Ref
. 

o-phenylenediamine - hydrothermal treatment, 
160°C, 8 h Centrifugation and dialysis (MWCO 0.5 kDa) 3 370 440 92 no .131 

o-phenylenediamine - hydrothermal treatment, 
200°C, 5 h Centrifugation and dialysis (MWCO 1 kDa) 1.6  370 446 49 no .132 

o-phenylenediamine - solar irradiation in a funnel-
shape tin paper, 2 min Dialysis (MWCO 0.5 kDa) 4.3  378 462 65 no .26 

o-phenylenediamine - solvothermal treatment 
(DMF), 200°C, 5 h Sephadex column chromatography 3-8  400 450 46 yes .36 

o-phenylenediamine - ultrasonication,  
42 kHz, 1h, argon Filtration and size exclusion chromatography 2 400 562 - no .38 

o-phenylenediamine - ultrasonication,  
42 kHz, 1h, argon Filtration and size exclusion chromatography 3.4  400 562 - no .25 

o-phenylenediamine - Coupling agent-mediated 
polycondensation, r.t. Filtration and dialysis (MWCO 0.5-1 kDa) 1.2 390 433 3.9 yes .118 

m-phenylenediamine H3PO4 
hydrothermal treatment, 
200°C, 5 h Centrifugation and dialysis (MWCO 1 kDa) 4.8 393 504 - yes .133 

m-phenylenediamine - microwave irradiation,  
200°C, 30 min, 300 W Dialysis 5-7  365 

430 
(548 in 
solid) 

30 yes .134 

m-phenylenediamine - Coupling agent-mediated 
polycondensation, r.t. Filtration and dialysis (MWCO 0.5-1 kDa) 1.2 350 440 1.6 yes .118 

p-phenylenediamine - hydrothermal treatment, 
180°C, 4 h Filtration 2.4 360 450 - no .135 

p-phenylenediamine - hydrothermal treatment, 
200°C, 8 h Filtration and dialysis (MWCO 0.5 kDa) 2.3 360 500 12 yes .125 

p-phenylenediamine - hydrothermal treatment, 
200°C, 8 h Dialysis (MWCO 0.5 kDa) 3.6 360 496 9 yes .126 

p-phenylenediamine - hydrothermal treatment, 
210°C, 11 h Filtration and dialysis (MWCO 0.5 kDa) 3.7 360 505 - yes .127 

p-phenylenediamine - microwave irradiation,  
800W, 50 s Filtration 3.4 360 445 45 no .136 

p-phenylenediamine - Coupling agent-mediated 
polycondensation, r.t. Filtration and dialysis (MWCO 0.5-1 kDa) 1.6 370 440 0.8 yes .118 

1,5-
diaminonaphthalene H2SO4 

solvothermal treatment 
(EtOH), 200°C, 1 h Dialysis 6.7 500 625 12 no .17 

1,5-
diaminonaphthalene - solvothermal treatment 

(EtOH), 200°C, 4 h Dialysis 3.8 420 552 58 no .17 

1,5-
diaminonaphthalene - solvothermal treatment 

(EtOH), 200°C, 9 h Dialysis 4.9 480 583 53 no .17 

2,3-
diaminonaphthalene - solvothermal treatment 

(EtOH), 200°C, 4 h Dialysis 2 360 454 75 no .17 

2,3-
diaminonaphtalene - solvothermal treatment 

(EtOH), 200°C, 9 h Dialysis or silica column cromatography 5 360 500 70 no .137 

2,3-
diaminonaphthalene - solvothermal treatment 

(EtOH), 200°C, 9 h Dialysis 2.4 380 534 73 no .17 

 

3.5 Scheme of the CA-CDs fluorophores 

In summary, the thermal treatment of citric acid in combination with various nitrogen-

containing sources affords a large variety of fluorescent structures. The type and fluorescent 

behavior of these structures mostly depends on the precursors’ combination and it cannot be 

generalized. Thus, a simplified scheme showing the fluorescent products of the most relevant 
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combinations is proposed in Figure 13, in order to recapitulate the content of the previous 

sections.  
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Figure 13. Simplified scheme of the fluorophores produced by thermal treatment of citric acid (i) 

alone, (ii) with urea, (iii) with ethylenediamine or other polyamines, (iv) with formamide. The 

employment of very high temperatures, normally above 200-250°C, causes a loss of oxygen by 

dehydration and decarboxylation reactions. Unpredictable reaction pathways bring to the 

formation of heterogeneous aromatic structures. The question marks indicate a lack of knowledge 

regarding the precise nature of these structures. 

4. CA-CDs FOR ENERGY CONVERSION APPLICATIONS 

Photoactive materials are at the base of numerous applications, including conversion of light 

into chemical transformations and into electricity or, vice versa, conversion of electricity into 

light. Nowadays, the seek for suitable cheap and green materials is more current than ever, also 

due to the advancing global energy crisis that imposes a change in the way energy is produced 

and consumed. Thus, the outstanding optical properties of CA-CDs motivated researcher to test 

their implementation in several energy conversion technologies. Even if still in its infancy, the 

use of CA-CDs in the energy conversion field already achieved very promising results, calling 

for further studies. Therefore, in the next part of this review we present the latest advances of 

CA-CDs in the field of light-emitting diodes, photocatalysis and solar cells, in which these 

materials have been largely exploited.  

4.1 CA-CDs in light-emitting diodes 

Low energy consumption, high current-to-light efficiency and compact design make LEDs 

technology extremely versatile. On the other hand, difficult manufacture and high cost of 

components could limit LEDs rapid diffusion and new alternatives should be searched among 

cheap, easy to produce and non-toxic materials. In this context, CDs-based light emitters are 
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extremely promising candidates. In fact, CA-CDs have been successfully employed as phosphors 

or as emissive layer for the preparation of LEDs. In the first case, CDs, typically embedded in a 

transparent polymer, form a layer that encapsulates the diode (color conversion layer): the UV 

light emitted from the device is absorbed by the CDs layer and converted to colored fluorescence 

emission (Figure 14a). In the second case, CA-CDs, alone or in a photoconductive polymer 

matrix, have been employed as the emissive layer of the device, where charge recombination 

occurs with the emission of light (Figure 14b). In the next sections, several examples of the two 

categories are given. 

 

Figure 14. a) Scheme of the color conversion mechanism by CDs phosphors covering a UV-LED 

chip. b) Scheme of a LED structure using CDs as emissive layer. ETL and HTL represent the 

electron transport layer and the hole transport layer respectively. Substrate is typically glass. 

In phosphor-based LEDs auto-quenching is a relevant issue that need to be addressed first, 

since CDs powder is typically non-emissive due to nanoparticles aggregation. Therefore, several 

strategies have been explored in order to obtain space-confined CDs and suppress quenching in 

solid. Most commonly, CDs are dispersed in polymers chosen for their hydrophilic character, 
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high optical transparency and good mechanical properties, such as polyvinyl alcohol (PVA),80,138 

Poly(methyl methacrylate) (PMMA),139 Poly(2-hydroxyethyl methacrylate) (PHEMA),140 

Polyvinylpyrrolidone (PVP),90 polyamide resin141 and epoxy resins.18,122,142,143 Besides, 

quenching resistant nanoparticles can be obtained in situ during CDs formation. Organic silanes 

have been broadly exploited for this purpose and several CDs-based phosphors were synthesized 

from the reaction between citric acid and silyl ethylenediamines.142,144–149 The thermally-

activated hydrolysis and polymerization of silyl groups produce tethered and clustered silanes, 

which passivate the CDs surface and prevent their aggregation.147 Variations in the phosphor 

concentration or in the conversion layer thickness is an intelligent approach for tuning the 

chromaticity of the LEDs emission. The fluorescence emission traveling along the output path is 

progressively reabsorbed by other CDs, and, so higher is the CDs concentration or the path 

length, so more probable becomes the reabsorption of the shorter wavelengths, producing a 

gradual enhancement of the long wavelengths component.149,150 This phenomenon was exploited 

by Zhang et al., who prepared WLEDs with only one type of CDs simply by tuning the 

concentration.122 Zhou et al. prepared five LEDs with different chromaticity and color 

temperatures by adjusting the ratio between CDs-based phosphor and polymer matrix.151 Several 

more examples of WLEDs obtained with the employment of only one CA-CD type are reported 

in literature (Table 4).139,140,146,152,153 

Table 4. CA-CDs in LEDs color conversion layer. 

CDs precursors Synthesis method Composition of the 
conversion layer 

LED 
color 

CIE 1931 CRI CCT 
(K) 

LE 
(lm/W) 

 

ammonium citrate, 
formamide, glycerol 

Microwave irradiation, 1 min YAG:Ce layer and 
CDs/SiO2 layer in epoxy 
glue 

White (0.33, 0.34) 91 4962 67.5 .99 

CA and N-(3-
trimethoxysilylpropyl)ethyle
nediamine 

Microwave irradiation, 180°C, 5 min KH-792-CDs White (0.32, 0.36) - 6071 - .14

2 

CA, 1-amino-2-naphthol 
hydrochloride 

Solvothermal treatment, 180°C, 12h Two types of CDs in OE-
6550A/B silica gel 

White (0.32, 0.33) 86 5989 - .15

4 
CA, 5-amino-1,10-
phenanthroline 

Hydrothermal treatment, 200°C, 7h Mixture of CDs in PHEMA White (0.33, 0.33) 92 - 30.5 .14

0 
CA, ammonium hydroxide Hydrothermal treatment, 200°C, 12h CDs, SrSi2O2N2:Eu and 

Sr2Si5N8:Eu in epoxy resin 
White (0.33, 0.37) 95 5447 - .15

5 
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CA, EDA, oleylamine, 
HNO3 

Octadecene, 250°C, argon CDs in PMMA Warm 
white 

(0.37, 0.41) - 4385 - .13

9 
CA, monoethanolamine or 
aminoacids 

Microwave irradiation Mixture of CDs in epoxy 
resin 

Warm 
white 

(0.43,0.41) 96 3059 41.2 .12

2 
CA, monoethanolamine or 
aminoacids 

Microwave irradiation Mixture of CDs in epoxy 
resin 

White (0.33,0.36) 97 5475 46.8 .12

2 
CA, N-(3-
Trimethoxysilylpropyl)ethyl
enediamine 

240°C, 5min KH-792-CDs in silicone White (0.30, 0.21) 74 5030 79.4 .14

8 

CA, N-(3-
Trimethoxysilylpropyl)ethyl
enediamine 

Hydrothermal treatment, 180°C, 4h CDs/CdS in silicone Yellow-
white 

(0.27, 0.32) 71 9051 - .15

6 

CA, N-(3-
Trimethoxysilylpropyl)ethyl
enediamine 

Hydrothermal treatment, 200°C, 6h KH-792-CDs White (0.29, 0.32) 84 8285 - .14

5 

CA, N-(3-
Trimethoxysilylpropyl)ethyl
enediamine 

Hydrothermal treatment, 200°C, 6h KH-792-CDs White (0.31, 0.36) 84 6282 - .14

6 

CA, Nile blue A Solvothermal treatment (water and/or EtOH), 
200°C, 5h 

Mixture of CDs in epoxy 
resin 

White (0.31, 0.29) 87 5643 - .15

7 
CA, thiourea Hydrothermal treatment, 160°C, 6h CDs/YAG:Ce3+/PVA White (0.23, 0.31) 75 7342 19.9 .15

8 
CA, thiourea, ammonium 
fluoride 

Solvothermal treatment (DMF), 180°C, 8h CDs in epoxy resin White (0.36, 0.36) 94 4705 - .14

3 
CA, urea Hydrothermal treatment, 180°C, 4h Mixture of CDs in PVP White (0.33, 0.33) 89 5612 - .13

5 
CA, urea Microwave irradiation, 750W, 5 min CNDs@BaSO4/PDMS White (0.34, 0.39) 72 5002 21 .15

1 
CA, urea Solvothermal treatment (DEF), 160°C, 4h CDs in epoxy resin Blue (0.21, 0.54) - 47920 63 .15

9 
CA, urea Solvothermal treatment (DMAC), 160°C, 4h CDs in epoxy resin Warm 

white 
(0.38, 0.49) - 4492 22 .15

9 
CA, urea Solvothermal treatment (DMF), 120, 150, 180°C, 

6h 
Mixture of CDs in PVA White (0.32, 0.33) 83 4820 - .80 

CA, urea Solvothermal treatment (DMF), 140-200°C, 12h Mixture of CDs in epoxy 
resin 

White (0.35, 0.30) 92 5606 - .18 

CA, urea Solvothermal treatment (DMF), 160°C, 4h CDs in epoxy resin White (0.35, 0.42) - 5054 15 .15

9 
CA, urea Solvothermal treatment (DMF), 160°C, 6h SiO-CDs/YAG:Ce3+ Warm 

white 
(0.38,0.39) 76 4072 83.2 .16

0 
CA, urea Solvothermal treatment (DMF), 180°C, 8h CDs in PVP White (0.35, 0.33) 

or (0.394, 
0.323) 

80 4807 10.2 .90 

CA, urea Solvothermal treatment (H2O, DMF or glycerol), 
160°C, 4h 

Na2SiO3/CDs in PDMS White (0.34, 0.31) 82 5048 8.34 .20 

CA, urea, AEPMDS, 
IPMDS 

220°C, 30 min CDs:AEPMDS:IPMDS White (0.32, 0.32) 84 12336 30 .14

7 
CA,N-(3-
trimethoxysilylpropyl)ethyle
nediamine 

Microwave irradiation, 180°C, 5 min Mixture of CDs in PVA White (0.42, 0.41) 83 3466 - .14

4 

 

CA-CDs as emissive layer in LEDs –Notably, the majority of CA-CDs exploited for the 

preparation of LEDs emissive layer are synthesized at high temperature, ranging from 250 to 

300°C.23,161–164 It is possible that a high carbonization degree is beneficial or even essential in 

order for CA-CDs to exhibit electroluminescence, as the presence of large aromatic domains 

enhances charge mobility. Another common feature of many electroluminescent CA-CDs is the 

presence of long aliphatic chains in their structure, which confers them oleophilic character.23,161–

165 This is a crucial requirement for the preparation of CA-CDs organic solutions and for 

processing them into smooth and homogeneous films. Furthermore, when CA-CDs are mixed 

with a photoconductive polymer, the oleophilic character allows their good dispersion in the 
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matrix and obviates CDs aggregation.33,163 For example, Yuan et al. prepared the LED emissive 

layer by mixing CA-CDs with polyvinylcarbazole (PVK), obtaining a blue emitting device with 

a maximum EQE of 4%,33 corresponding to a current efficiency of 2.6 cd A–1 and exceeding that 

of Perovskite-based deep-blue LEDs.166–168 Instead, in the work of Zhang et al. blue, cyan, 

magenta and white light could be obtained by tuning the voltage of the CA-CDs-based LED.23  

4.2 CA-CDs in photocatalysis 

CA-CDs have demonstrated noteworthy photocatalytic potential for several applications, 

including photocatalytic hydrogen generation from water, photoreduction of carbon dioxide and 

photodegradation of dyes and harmful molecules. Several photocatalysts for hydrogen 

production were obtained by preparing CA-CDs heterojunctions with semiconductors, such as 

TiO2 nanocrystals, 22 carbon nitride (g-C3N4) and MoS2 nanosheets.169 For example, Chen et al. 

developed a highly efficient ternary photocatalyst, constructed using Cu-In-Zn-S, CA-CDs and 

MoS2. The hydrogen production rate of CIZS/MoS2/CDs was of 3706 μmol g-1h-1, 6.65 times to 

that of pure CIZS and 148.24 times to that of MoS2. According to the authors, the strong electron 

storage ability of CA-CDs restricted the charge recombination and enhanced the charge 

separation at the heterojunction interfaces (Figure 15a).170 In the works of Zhang, photocatalytic 

overall water splitting has been achieved coupling CA-CDs with CuNi or of CuCo plasmonic 

bimetal-based photocatalysts (Figure 15b and 15c).171,172 According to these studies, CA-CDs 

can accept and store electrons from the co-catalyst conductive band, facilitating the 

photoinduced separation of the electrons and holes and enhancing the photocatalytic ability of 

the composite.  
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Figure 15. a) Schematic mechanism illustration for CIZS/MoS2/CDs. Reproduced from ref.170 

Copyright 2022, Elsevier. b) Synthesis route of CuCo/CA-CDs dendrite-like structures. c) 

Schematic illustration of the photocatalytic overall water splitting mechanism. Reproduced from 

ref.171 Copyright 2020, American Chemical Society. 

Few works also reported the employment of CA-CDs photocatalysts in H2 production in absence 

of cocatalyst and investigated the photocatalytic mechanism.120,173 In particular, Jana et al. 

achieved record H2 evolution rate of 19.70 mmol (H2) g (catalyst)−1 h−1 in seawater with CA-
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CDs obtained by microwave irradiation of citric acid and urea (200°C for 5 min).173 However, 

the as-prepared CA-CDs are not active directly, but they need to be activated by 90 minutes of 

Sun-simulated irradiation and air exposition. During this time, two consecutive transformations 

are observed in the absorption spectrum of CA-CDs (Figure Xa, b and c). It is known that 

nanoparticles prepared from thermal treatment of citric acid and urea contain citrazinic acid and 

HPPT molecular fluorophores. Thus, the authors studied the optical transformations occurring 

for these two molecules under the same illumination conditions and they found good match with 

those spectral changes seen for CA-CDs. These changes were attributed to the photoxidation, 

dimerization and trimerization of citrazinic acid. Furthermore, they proved that a simple mixture 

of citrazinic acid and HPPT also exhibits H2 generation ability. In there, HPPT has a role in 

accelerating the chemical reactions occurring on citrazinic acid. Finally, the author suggested 

that molecular fluorophores derived from citrazinic acid are the main responsible for the CA-

CDs photocatalytic ability.  

Beside solar fuel production, CA-CDs photocatalytic ability has been widely exploited for the 

degradation of pollutants (Table 5).174 Upon light absorption, electron transfer can occur from 

and to the excited CA-CDs-based material. OH- oxidation and O2 reduction at the photocatalyst 

surface produce the •OH radical and the •O2
- superoxide anion respectively, that can further react 

with organic pollutants. The detection of these reactive species in the CA-CDs photocatalytic 

media has been confirmed by several studies.175–177  

Table 5. CA-CDs employed as photocatalysts for dyes and pollutants degradation. 

CDs precursors CDs synthesis method Photocatalyst Pollutant Efficiency and time Ref. 

Ammonium citrate, EDA Hydrothermal treatment, 200°C, 5h CDs/OV-BiOBr Tetracycline hydrochloride 82.7% in 60 min .178 

Ammonium citrate, EDA Hydrothermal treatment, 200°C, 5h CDs/Bi2WO6 Tetracycline hydrochloride 97% in 25 min .179 

CA Hydrothermal treatment, 180°C, 8h CDs/layered mesoporous TiO2 Methyl orange 91.0% in 24 min .180 
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CA Pyrolysis, 200°C, 30 min CDs/stainless-steel nanotubes Phenanthrene 93% in 360 min .181 

CA Pyrolisis, 180°C, 2h Y-Ag3PO4/CDs/BiVO4 Atenolol 90.9% in 360 min .182 

CA Microwave irradiation (EtOH), 150°C, 5 min CDs/WS2 nanosheets Congo red 12% in 10 min .183 

CA, (3-aminopropyl) triethoxysilane Pyrolysis, 200°C TiO2/CDs nanocomposite Methyl orange 39.1% in 120 min .184 

CA, ascorbic acid Hydrothermal treatment, 160°C, 3h CDs/α-Bi2O3 Levoflaxcin 79% in 120 min .185 

CA, ascorbic acid Hydrothermal treatment, 160°C, 3h CDs/α-Bi2O3 Indigo carmine 86% in 120 min .185 

CA, diethylenetriamine Hydrothermal treatment, 200°C, 5h CDs alone Methylene blue 97% in 160 min .177 

CA, diethylenetriamine Hydrothermal treatment, 230°C, 12h CDs/Fe(III) Aminopyrine 99% in 15 min .186 

CA, EDA Microwave irradiation, 800W, 10 min CDs/CdSe-rGO Tetracycline hydrochloride 90% in 60 min .187 

CA, EDA Hydrothermal treatment, 180°C, 6h CDs/bismuth oxyiodide Methyl orange 98% in 5 min .188 

CA, EDA Hydrothermal treatment, 180°C, 5h CDs/g-C3N4 Rhodamine B 95.2% in 210 min .189 

CA, EDA Hydrothermal treatment, 180°C, 5h CDs/g-C3N4 Tetracycline hydrochloride 78.6% in 240 min .189 

CA, EDA Hydrothermal treatment, 160°C, 8h CDs/LaCoO3/ATP Tetracycline hydrochloride 78% in 120 min .190 

CA, EDA Hydrothermal treatment, 160°C, 8h CDs/LaCoO3/ATP Chlortetracycline 46% in 120 min .190 

CA, EDA Hydrothermal treatment, 240°C, 5h CDs alone Rhodamine B 100% in 25 min .175 

CA, EDA Hydrothermal treatment, 240°C, 5h CDs alone Cefacrol 83% in 25 min .175 

CA, EDA Hydrothermal treatment, 180°C, 5h CDs/ZIS/BiOC Tetracycline hydrochloride 82.3% in 60 min .191 

CA, L-cysteine Hydrothermal treatment, 120°C, 5h CDs/porous Eu micro-networks Rhodamine 6G 95% in 160 min .192 

CA, L-cysteine Hydrothermal treatment, 200°C, 6h CDs/hollow tubular g-C3N4 Tetracycline hydrochloride 82.7% in 40 min .193 

CA, thiourea Hydrothermal treatment, 160°C, 4h CDs/TiO2 P25 Rhodamine B 60% in 90 min .83 

CA, thiourea Hydrothermal treatment, 180°C, 12h CDs/TiO2 hollow structure Methylene blue 95% in 10 min .194 

CA, urea Microwave irradiation, 5 min CDs/Bi:TiO2 Rhodamine B 96.4% in 40 min .176 

CA, urea Microwave irradiation, 5 min CDs/Bi:TiO2 Phenol 92.7% in 120 min .176 

CA, urea Microwave irradiation, 800W,  4 min CDs/TiO2 acid red 88 84% in 60 min .195 

CA, urea Hydrothermal treatment, 180°C, 5h CDs/Bi5Nb3O15 Sarafloxacin 86.8% in 180 min .196 

CA, urea Hydrothermal treatment, 180°C, 12h CDs/ZnMoO4 Methylene blue 99.6% in 100 min .197 

CA, urea Hydrothermal treatment, 180°C, 5h CDs/g-C3N4/SnO2 Indomethacin 90.8% in 80 min .198 

CA, urea Hydrothermal treatment, 180°C, 8h CDs/TiO2 Rhodamine B 94% in 120 min .199 

CA, urea Hydrothermal treatment, 180°C, 5h CDs/MoS2 QDs/TiO2 nanosheets Rhodamine B 96.4% in 80 min .200 

CA, urea Pyrolysis, 550°C, 3h CDs alone Methylene blue 90% at 1.015 kGy .201 

 

4.3 CA-CDs in organic solar cells 

CA-CDs have been introduced in several types of organic photovoltaics (OPVs), such as dye-

sensitized solar cells, perovskite-based solar cells and bulk heterojunction organic solar cells.3 In 

all these systems, CA-CDs have been applied as photosensitizers, electron acceptors and hole 

acceptors, UV light down-converters, stabilizers and more, allowing to achieve solar cells with 

higher power conversion efficiency (PCE) and stability (Table 6).  
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Table 6. CA-CDs employed as components of photovoltaic devices. 

CDs precursors Synthesis method Device structure PCE, % increment 
due to CDs in (  ) 

Voc 
(V) 

Jsc (mA cm-

2), % increment 
due to CDs in 
(  ) 

Effect in the application Ref
. 

 

CA, 2,3-
diaminonaphtal
ene 

Solvothermal treatment 
(EtOH), 200°C, 9h 

FTO/TiO2@CDs:N-719: 
D149/Pt 

8% (+0.7%) 0.73  14.7, (+1.2) Extended absorption, photostability 
improvement  

.137 

CA, 2,3-
diaminonaphtal
ene 

Solvothermal treatment 
(EtOH), 200°C, 4h 

FTO/TiO2/TiO2/MAPbI3:
CDs/Spiro-OMeTAD/Ag 

19.38%, (+1.79%) 1.14  22.3, (+0.31) Passivation of grain boundaries .202 

CA, 2-
Imidazolidineth
ione 

Hydrothermal 
treatment, 200°C 

FTO/TiO2@CDs/MAPbI3
/Spiro-MeOTAD/Au 

18.87%, (+2.63%) 1.08  23.29, (+1.28) Passivation of grain boundaries, electron 
extraction improvement 

.203 

CA, 
ammonium 
hydroxide 

Pyrolysis, 200°C, 3h FTO/TiO2/TiO2@CDs/ele
ctrolyte/Pt 

0.79% 0.47 2.65 Electron extraction improvement .204 

CA, 
ammonium 
hydroxide 

Pyrolysis, 200°C, 3h FTO/TiO2@CDs:ZnTSPc
,I2:LiI:DMPII:TBP/Pt 

1.01%, (+0.67%) 0.47  4.20, (+2.23) Enhanced charge separation .205 

CA, EDA Hydrothermal 
treatment, 250°C, 5h 

FTO/ZnOCDs@CDs:N71
9, KI:I2/Pt 

5.92%, (+4.12%) 0.67 2.34, (+1.56) Enhanced charge separation .206 

CA, EDA Hydrothermal 
treatment, 200°C, 5h 

FTO/TiO2/TiO2:CDs/MA
PBClxI3-x/Spiro-
OMeTAD/Au 

16.4%, (+1.79%) 1.02 22.64, (+1.75) Extended absorption, photostability 
improvement 

.207 

CA, EDA Hydrothermal 
treatment, 230°C, 5h 

ITO/NiO@CDs/N719, 
I-:I3-/Pt 

9.85%, (+7.41%) 0.58  23.6, (+12.4) Enhanced charge separation .208 

CA, EDA Microwave irradiation, 
750W, 8 min 

ITO/PEIE/CDs/PTB7:PC7

1BM/MoO3/Ag 
8.34%, (+0.91%) 0.76  16.7, (+2.4) Electron extraction improvement .209 

CA, EDA Hydrothermal 
treatment, 250°C, 10h 

ITO/PEDOT:PSS/ 
DR3TBDTT:PC71BM 
/CDs/Al 

7.78%, (+1.59%) 0.90  13.32, (+0.44) Electron extraction improvement .210 

CA, EDA Microwave irradiation, 
750W, 8 min 

ITO/PEIE/P3HT:PC60BM
:CDs/MoO3/Ag 

3.5%, (+0.8%) 0.65  8.0, (+1.1) Enhanced charge separation .211 

CA, EDA Hydrothermal 
treatment, 200°C, 5h 

FTO/c-TiO2/m-
TiO2/MAPbI3:CDs/Spiro-
OMeTAD/Ag 

16.49%, (+3.70%) 1.08  20.66, (+1.31) Passivation of grain boundaries, 
photosensitization 

.212 

CA, L-cysteine Hydrothermal 
treatment, 200°C, 3h 

ITO/Cs2CO3-
CDs/P3HT:PCBM/V2O5/
Au 

3.17%, (+0.58%) 0.59  9.04, (+0.67) Electron extraction improvement .213 

CA, NaOH Hydrothermal 
treatment, 160°C, 10h 

FTO/SnO2@CDs/MAPbI
3/Spiro-OMeTAD/Au 

19.2%, (+2.4%) 1.07 23.9, (+2.3) Enhancement of charge transfer .214 

CA, Thiourea Solvothermal treatment ITO/PEDOT:PSS:CDs/M
APbI3/PCBM:PCB/Ag 

18.03%, (+2.62%) 1.01  22.60, (+0.95) Hole extraction improvement .215 

CA, urea Hydrothermal 
treatment, 200°C, 6h 

FTO/TiO2@CDs/Dye, 
I-:I3-/Pt 

15.5%, (+7.7%) 1.06  22.2, (+13) Increase of porosity, improved charge 
separation 

.216 

CA, urea Microwave irradiation, 
650W, 5 min 

ITO/TiO2/PC71BM:PCDT
BT/CDs/MoO3/Ag 

7.22%, (+1.29%) 0.87 14.71, (+1.22) Hole extraction improvement .217 

CA, urea Solvothermal treatment 
(DMF), 160°C, 6h 

ITO/GO/CDs/MAPbI3/PC
BM/Ag  

16.2 %, (+1.5%) 0.95  21.0, (+1.0) Hole extraction improvement, 
photostability improvement 

.218 

CA, urea Solvothermal treatment 
(DMF), 160°C, 6h 

ITO/PTAA/MAPbI3/CDs:
SAM/C60/Bphen/Ag 

21.1%, (+2.5%) 1.10  23.2, (+1.83) Electron extraction improvement, 
passivation of grain boundaries, 

.219 

CA, urea Microwave irradiation, 
450W, 2 min 

FTO/TiO2/TiO2@CDs:N-
719:I-:I3-/Pt 

8.75%, (+4.30%) 0.71  18.13, (+7.87) Extended absorption .220 

CA, β-Alanine Microwave irradiation, 
700W, 3 min 

ITO/PEI:CDs/PTB7-
Th:PC71BM/MoO3/Ag 

9.49%, (+0.93%) 0.77  17.24, (+0.81) Hole extraction improvement .221 

 

In dye-sensitized solar cells (DSSCs), the presence of CA-CDs in the photoelectrode has proven 

to enhance the PCE through multiple mechanisms: i) the high number of CA-CDs charged 

groups provides better anchoring points for the adsorption of photosensitizer; ii) the light down-

conversion due to the CA-CDs fluorescence increases the photon harvesting ability of the 

photosensitizer; iii) CA-CDs transport electrons from the photosensitizer LUMO level to 

electrode conductive band, counteracting charge recombination (Figure 16).220 It is important to 

notice that in several works the preparation of the photoelectrode involves the annealing of CA-
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CDs at temperatures between 230-500°C.206,208,220 Plausibly, a harsh carbonization of their 

structure occurs at this step, creating extended aromatic domains that are beneficial for the 

electron transport ability observed. 

 

Figure 16. Roles of CA-CDs in the improvement of DSSC’s photoelectrode performances. 

In perovskite-based solar cells (PSCs), the employment of CA-CDs has shown several benefits, 

in terms of both PCE enhancement and improved device stability. In the work of Jin et al., a CA-

CDs layer was able to convert UV light to visible light, on one hand increasing the harvesting 

capability of the perovskite layer and, on the other, protecting its components from UV 

degradation.207  Also when CA-CDs were introduced directly in the active layer by previously 

mixing them with the perovskite precursors the PCE of the devices was consistently 

improved.202,212 The authors suggested that CA-CDs have a coordination effect at the grain 

boundaries. In fact, at the periphery of the perovskite crystals, uncoordinated I- and Pb2+ act as 
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charge carrier recombination sites. Herein, the carboxylic groups, hydroxyl groups and amino-

groups of CA-CDs are able to bind the uncoordinated ions, limiting their ability of trapping holes 

and electrons (Figure 17a). Moreover, the passivation with CA-CDs protects the perovskite from 

the contact with moisture, increasing the stability of the solar cell.202 CA-CDs have been also 

exploited as a component of the charge transport layer. Impedance measurements showed that 

the presence of CA-CDs in the transport layer has a positive effect on the charge mobility, 

reflected in the increase short circuit current density (Jsc) of the cell.203,207,214,218 In the work of 

Benedetti et al., CA-CDs were introduced as an additional hole transport layer between 

perovskite active layer and graphene oxide (GO) transport layer, showing that the CA-CDs layer 

can shift the work function of GO towards more negative values, improving its hole acceptor 

ability 218  Finally, the application of a CA-CDs/polyvinylpyrrolidone layer on the glass side of 

the PSC device could improve the stability of the cell and also increase the PCE, thanks to the 

CA-CDs conversion of UV light into blue-green light, suitable for the active layer absorption 

(Figure 17b).  

In bulk heterojunction organic solar cells (BHJ OSCs), the active layer consists of the blend of 

two organic components, designated to generate and separate electrons and holes upon light 

absorption. Most typically, modified fullerenes such as PC60BM or PC71BM are employed as 

efficient electron acceptors, while polythiophenes such as P3HT or PTB7-Th are popular low 

band gap electron donors. For example, Lim et Al. mixed different amounts of CA-CDs with 

P3HT and PC60BM for the preparation of the BHJ OSC active layer, obtaining an enhancement 

of Jsc and PCE in all the cases.211 In other works, CA-CDs have been employed as components 

of the BHJ OSC electron transport layer.209,210,213,221 Kang et al. prepared a device using PTB7-

Th:PC71BM as photoactive layer and an ultra-thin polyethyleneimine (PEI) layer as electron 
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transport layer.221 It is well known that the dipole-dipole organization of ultrathin PEI (<2 nm) 

can reduce the electrode surface work function and facilitate electrons extraction.222 The authors 

synthesized CA-CDs by microwave irradiation of citric acid and β-Alanine and exploited them 

as addictive in the PEI layer. In this way, an increment of PCE was observed with respect to the 

case where PEI alone was employed. Therefore, they suggested that the zwitterionic nature of 

CA-CDs could improve the PEI layer dipole-dipole organization. Finally, Zhang et al. achieved a 

PCE improvement by exploiting CA-CDs as hole transport layer of an inverted BHJ OSC with 

structure ITO/TiO2/PC71BM:PCDTBT/CDs/MoO3/Ag (Figure 17c and 17d).217 The authors 

suggested that the CA-CDs interlayer can effectively bridge the separated islands of active layer 

to transport free charge carriers towards electrodes, reducing carrier recombination and 

improving charge mobility. Moreover, CA-CDs-mediated UV down-conversion enhanced the 

absorption of the active layer, further increasing the short-circuit current. 

 

Figure 17. a) Schematic illustration of the proposed interaction between CA-CDs and perovskite 

grains. Reproduced from ref.212 Copyright 2018, Springer Nature. b) Schematic of an inverted 
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planar device with CA-CDs incorporated at the interface between GO and perovskite, and a 

protective/down-shifting layer made of CA-CDs/PVP on the exterior side. Adapted from ref.218 

Copyright 2019, Elsevier. c) The device structure of the inverted BHJ-OSCs. d) Scheme of energy 

levels of the materials involved in inverted polymer solar cells. Adapted from ref.217 Copyright 

2016, American Chemical Society. 

As described in this section and summarized in Table 6, the presence of CA-CDs can improve 

the performance of OPVs in very different ways through both physicochemical and electronic 

interactions with the other components. Nevertheless, in a consistent part of these studies CA-

CDs were employed with little or no purification. Therefore, the heterogeneity of these materials 

does not allow the individuation of the organic structures contributing to the PCE enhancement. 

Beside the effect of the raw CA-CDs mixture on the OPV performances, it could be interesting 

to isolate and test the mixture components individually. In this way, the identification and 

optimization of key parameters could be pursued. 

CONCLUSION 

In summary, the thermal treatment of citric acid alone or jointly with other N-containing 

organic molecules can produce an incredible variety of molecular, oligomeric, polymeric and 

particle-like species with fluorescence properties. The nature of these species, their complexity 

and heterogeneity depends in first place on the choice of the synthetic precursors, but also on the 

reaction conditions, temperature and time. In here, by employing classification criteria based on 

the precursors, several CA-CDs systems of relevance have been discussed individually. We 

believe that this approach can provide a better understanding of the relationship between 

chemical structure and optical behavior of CA-CDs. Moreover, it helps to discern the differences 
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and the uniqueness among materials that are frequently grouped under a very general definition. 

In the second part of the article, a list of energy conversion applications of CA-CDs was 

presented. By circumscribing this list to the sole citric acid-based CDs, potentialities and limits 

of this specific class are outlined over the vast horizon of carbon dots materials. Undoubtedly, 

the results reported open the way to exciting possibilities in the field of energy conversion. 

Nevertheless, some issues should be addressed first. While it is ascertained that CA-CDs does 

not require a carbonization process in order to display fluorescence, higher temperatures could be 

crucial for the improvement of the CA-CDs charge-transfer ability. Thus, it remains to be seen if 

the excited states responsible for CA-CDs emission are the same involved in the charge transfer 

processes described in the context of several applications. If they are not, also the carbonization 

of alternative precursors into non-fluorescent nanoparticles could afford similar electronic 

activity. Another point that should be taken into account is that an improvement in the 

performance of heterojunctions could be not related necessarily to the CA-CDs electronic 

properties. Electrostatic and dipole interactions with metal or semiconductor surfaces can play an 

important role, by decreasing the material work function and facilitating electron injection. At 

the state of the art, these hypothesis have been scarcely explored and very little is known about 

the electronic phenomena taking place in CA-CDs. In order to obviate this problem, controllable 

syntheses followed by meticulous purification procedures are necessary, since they can provide 

materials with homogeneous structures and properties. Besides, more studies with a special focus 

on the relationship between CA-CDs structure and their electronic and optoelectronic properties 

are highly desirable. Only by improving the fundamental comprehension of these materials it 

will be possible to disclose their full potential for applications. 
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