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ABSTRACT  

We present the first successful synthesis of monodisperse carbon nanodots (CNDs) with 

tunable photoluminescence (PL) carried out by laser pyrolysis of two common volatile organic 

precursors such as toluene and pyridine. Remarkably, the initial chemical composition of the 

precursor determines the formation of undoped or N-doped CNDs and their corresponding 

absorption response in the visible range (expanded for the latter). We demonstrate the control 

and versatility of this synthesis method to tune the final outcome and its potential to explore a 
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great number of potential solvent candidates. Furthermore, we have successfully exploited 

these CNDs (both undoped and N-doped) as effective sensitizers of TiO2 nanoparticles in the 

visible-light driven photo-degradation of a cationic dye selected as model organic pollutant.  

 

1. INTRODUCTION 

Luminescent carbon-based nanostructures such as graphene dots, carbon nanotubes 

(CNTs) or carbon nanodots (CNDs) have attracted much attention in recent years on account 

of their outstanding optical properties and potential applications [1-5]. Broad range optical 

response is strongly desirable in applications such as bioimaging, sensing, solar cells and 

theranostics [2, 4, 6-20]. Furthermore, their use as photosensitizers to expand the photocatalytic 

response of semiconductors beyond the UV range has also attracted a great attention in 

photocatalysis in the Advanced Oxidation Process (AOP)  of organic pollutants present in 

wastewaters [2, 4, 11, 20-41]. These features make CNDs an excellent alternative to 

semiconductor quantum dots (QDs) or up-converting rare-earth based nanoparticles (UCNPs) 

that are mostly based on scarce or potentially more toxic components. CNDs are typically 

synthesized by wet chemistry routes (i.e. microwave or hydrothermal methods), which provide 

high control of particle size distributions. [6, 22, 35, 42-44]. However, these methods normally 

demand extended reaction times and yield limited quantities. Furthermore, additional costly 

and tedious post-synthetic treatments are typically required due to the lack of chemical 

composition homogeneity [45-47]. Alternatively, CNDs have been also produced by laser 

driven methods involving either the laser ablation of solid target in organic solution [48-51], 

the laser fragmentation of power carbon material [51, 52] or alternatively the laser 

fragmentation of powdered carbon materials [51, 52]. These routes constitute a single step 

strategy that does not require the use of external chemical agents, guarantying the high-purity 

of synthesized CNDs. However, these approaches, alike other top-down methods, generally 
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face the major drawback of an intrinsically wide size distribution of the produced nanoparticles 

and low production efficiency [51, 53]. For instance, classical laser fragmentation only leads 

to the reduction of almost half of the original powder carbon material [54, 55]. Additionally, 

these methods display limited availability of control in stoichiometry requirements, making 

them very restricted processes for the synthesis of doped CNDs. Among the laser synthesis 

methods, laser pyrolysis represents an elegant alternative for the one-pot synthesis of a wide 

variety of carbonaceous materials, including amorphous carbon materials, fullerenes, carbon 

black, carbides or even graphene powders In the process of CO2 laser pyrolysis [45, 56-60] the 

reaction proceeds in-between the laser beam and the molecular flow of gaseous/vapors phase 

reactants. The resultant condensable products are generated at the interface. The process is 

based on the energy coupling between the laser light and the precursor’s mixture. In case of no 

absorbing gas precursors an additional substance the so-called sensitizer, has to be introduced 

among the reactants [61]. Compared with other laser-driven approaches, the laser pyrolysis 

allows: (i) a well-defined interaction volume delimited by the radiation cross-section and the 

emerging gas flow; (ii) spatial uniformity of the reaction zone; (iii) highly localized and faster 

heating (leading to rapid nucleation) with faster quenching of the particles grow and (iv) 

versatile adjusting of process parameters to endow the nanoparticle with different composition 

and tailored properties. Although the use of a laser source represents an attractive alternative 

to conventional synthesis methods of CNDs (i. e. continuous production, potential scalability, 

low purification needs) [58-60, 62], to date it has not been possible to retrieve them as 

freestanding and well-dispersed nanoparticles.  

Herein we present, to the best of our knowledge, the first example of highly monodisperse 

undoped and N-doped CNDs with tuneable optical response synthesized by laser pyrolysis. 

Furthermore, we have tested these CNDs as sensitizers to extend the photocatalytic response 

of titania beyond the UV range [21, 25-31, 35, 41] in the photodegradation of an organic dye 
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[63-65]. Volatile organic solvents (toluene and pyridine) were selected as carbon precursors, 

whereas the generated nanoparticles after laser irradiation were collected in a liquid media to 

prevent coalescence events [45, 56, 57]. With this selection we aimed at evaluating the potential 

N-doping effects caused by the subtle modification of the chemical composition of the organic 

precursors (by introducing an N heteroatom). In this regard, the addition of co-reactants 

containing N, P or S atoms has been used to promote the sensitizing capabilities of CNDs in 

conventional (e.g. hydrothermal) synthesis [8] but not achieved before through laser-driven 

pyrolysis. In addition, we evaluate the predominant role of the generated CNDs as electron 

donors with capacity to expand the absorption of anatase towards the visible range.  

 

2. EXPERIMENTAL 

2.1. Chemicals 

Toluene (99.7%), pyridine (99.8%), triethylene glycol (TREG, 99%), titanium(IV) oxide 

99.8% anatase (< 200 nm pseudo spherical nanopowders), crystal violet dye and ethanol with 

analytical purity grade were purchased from Sigma-Aldrich and used without any further 

purification. 

2.2. Laser-driven synthesis of carbon nanodots (undoped CNDs and N-doped CNDs)  

The synthesis of the CNDs was carried out by laser pyrolysis technology. The continuous gas 

flow reactor and the liquid collection system have been described elsewhere [45, 56, 57]. The 

first step was the optimization of the process parameters. In general, the most relevant process 

parameters governing the synthesis include working pressure, gas flow rates, concentration of 

the precursor in the reactant stream and laser intensity [45, 56, 57]. The overall operating 

pressure and the gas flow rates determine the time exposure in the laser beam. Both variables 

tend to shift the residence time in opposite direction. For instance, increasing the total pressure 
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reduces the total volumetric flow rate and consequently increases the residence time (provided 

that the rest of parameters are fixed). In addition to these two parameters, the precursor feeding 

temperature (in case of liquid precursors) determines the final concentration of precursor in the 

reactant stream. All these key variables control the formation of gas phase aggregates and the 

final nanoparticle sizes. On the other hand, the laser power and the gas sensitizer (i.e. SF6) 

feeding flow rate directly correlate with the temperatures reached in the reaction zone. 

Increasing both parameters favor an overall increase of the reaction temperature. In order to 

avoid further contaminations derived from the partial decomposition of the sensitizer, it is 

important to keep as low as possible the gas sensitizer gas flow rates. The optimized reaction 

conditions used in this work are listed in Table S1 (see Supporting Information). Toluene (in 

the case of the undoped CNDs) or pyridine (for N-doped CNDs) were selected as carbon 

precursors. Both liquid solvents fulfill the requirements and can be easily fed into the reaction 

chamber due to their sufficiently high vapor pressure [66]. Moreover, the thermal process in 

which these precursor molecules are converted into atoms, releases C sp2 (toluene) and C sp2/N 

(pyridine), making them suitable candidates for the synthesis of carbon nanodots and further 

evaluation of the potential N-doping effects. The high temperature required for the 

decomposition of those precursors [67, 68] led to use 250 W of laser power in order to reach 

the corresponding dissociation threshold, promoting at the same time the formation of highly 

crystalline undoped CNDs and N-doped CNDs. Lower laser power values typically yielded 

either amorphous or pseudo-crystalline carbonaceous networks. The volatile organic solvents 

were fed from a sealed glass vessel equipped with regulatory opening-close valves and 

immersed in a temperature-controlled bath. A flow rate of 30 sccm of sulfur hexafluoride (SF6) 

selected as sensitizer that specifically absorbs the laser infrared wavelength, and 130 sccm of 

argon (Ar) was used as carrier gas passing through the organic precursor reservoir. An infrared 

CO2 laser beam (Rofin SCx30, λ=10.6 µm) was settled to intersect orthogonally with the gas-
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phase organic reactant streams. The feeding inlet consisted of two concentric nozzles; the 

reactive gas flow (toluene/SF6 or pyridine/SF6) entered through the central inner tube (6.35 mm 

external diameter and 3.28 mm internal diameter), while an argon flow (coaxial gas) was fed 

through the external concentric tube (12.7 mm external diameter and 9.5 mm internal diameter). 

The coaxial argon stream (flow rate: 100 sccm) has the role of confining the reactant 

(precursor/SF6 mixture) and the nucleated particles in a region close to the flow axis, 

minimizing deposition on the chamber walls. Additional Ar (600 sccm) and N2 (200 sccm) 

streams were used to provide a protective sheath on the vertical and horizontal windows of the 

chamber. They also helped to avoid nanoparticle deposition onto the walls. All gas flow rates 

to the reactor were mass-flow controlled (Hytec). The working pressure in the reactor chamber 

was controlled through a diaphragm valve, located between the reaction chamber and the 

vacuum pump. The as-prepared nanoparticles were directly collected in a TREG container. 

Total reaction times were defined for 6 hours. During the laser pyrolysis process, the TREG 

solution progressively darkened, as a clear signal of successful capture of the generated product 

materials. The resulting suspensions were labeled as CNDs and N-CNDs depending on the 

precursor used for their synthesis, toluene or pyridine, respectively. In order to carry out further 

characterization of the solids, the obtained suspension was rinsed with ethanol by 

centrifugation at 15000 rpm and 15 ºC for 30 min to remove the excess of TREG solvent. The 

resulting suspensions were stored at room temperature until further use. The synthesis of these 

nanomaterials has been performed by the Synthesis of Nanoparticles Unit of the ICTS 

“NANBIOSIS” at the Institute of Nanoscience of Aragon (INA)-Universidad de Zaragoza. 

2.3. Carbon nanodots decorating TiO2 nanoparticles 

N-CNDs@TiO2 nanohybrids were obtained via a drying-vacuum step at 90 oC. 0.2 g of 

TiO2 anatase (which was previously heated treated at 180 oC during 2 hours) were suspended 

in 2 mL of ethanol. Then 1 mL of N-CNDs suspended in ethanol was added. This suspension 
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was stirred vigorously for 1 hour at room temperature. After that the suspension was washed 

with water and centrifuged at 8000 rpm. The final solid was storaged after drying in a vacuum-

driven oven at 90 oC during 1 hour. 

2.4. Characterization techniques 

The morphologies and particle size distributions were determined by transmission electron 

microscopy (TEM) (FEI Tecnai T20, operating at 200 kV). The high-resolution TEM images 

were obtained in a Titan (FEI TITAN3, operated at 300 kV and equipped with a Gatan Image 

Filter (GIF Tridiem 863)). To prepare the samples, the nanoparticle suspensions were diluted 

into deionized water and then dropcasted onto a holey carbon TEM grid. The surface chemical 

composition of CNDs was analyzed by X-ray photoelectron spectroscopy (XPS) with an Axis 

Ultra DLD (Kratos Tech.) A monochromatic Al Kα source (1486.6 eV) was employed with 

multiple runs at 12 kV, 10 mA and pass energy of 20 eV was used. The binding energies were 

calibrated to the internal C1s (284.3 eV) standard. Analyses of the peaks were performed with 

CasaXPS software, using a weighted sum of Lorentzian and Gaussian component curves after 

Shirley background subtraction as described previously in the literature [69-74]. Steady-state 

fluorescence emission spectra and photoluminescence excitation (PLE) survey spectra were 

collected on a JASCO FP-6500 spectrofluorometer equipped with a 450 W xenon lamp for 

excitation, with temperature controller ETC-273T at 25 °C, using 5x10 mm cuvettes and a 

LS55 Fluorescence Spectrometer (PerkinElmer) equipped with a xenon arc lamp as the light 

source and a quartz cell (10 x 10 mm). UV-Vis spectroscopy (V-67, Jasco Company) was used 

to analyze the absorbance spectra of the nanomaterials and the decoloration of crystal violet 

with a quartz cell of 1 cm light path. A 90 Plus Particle size analyzer (Brookhaven Instruments 

Corporation) was employed to determine ζ-potential measurements. The fluorescence quantum 

yields (QYs) were determined in aqueous solution using quinine sulphate (0.1 M in H2SO4) as 

reference fluorophore [6, 75]. Using excitation wavelengths at 360 nm and keeping absorbance 
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values below 0.1, QYs were 5% and 12% for undoped and N-doped CNDs, respectively and 

in line with previously reported carbon dots [20, 35, 76-78]. The surface morphology and Z-

heights of the CNDs was characterized by atomic force microscopy (AFM) using a MultiMode 

8 AFM system (Bruker). Images were taken in tapping mode using a high-resolution force 

modulation “Golden” silicon cantilevers (FMG01 series) with integrated tetrahedral tip, 

exhibiting a typical force constant and a resonant frequency of 3 N m−1 and 60 kHz, 

respectively. Raman characterization was carried out using a Raman Spectrometer WiTec alpha 

300. A Helium-Neon 532 nm laser was used for excitation of the Raman signal and the laser 

power for each sample was 1 mW. A 50x optical aperture was used resulting in a 1.2 μm 

diameter spot. Acquisition times of 1 second and a single spectrum accumulation per spectrum 

were typically required. Raman fitting of the raw spectra was carried out using 4 bands denoted 

as G, D, D´and I following the convention established in previous literature [79-81] to establish 

the specific contributions of ordered and disordered fractions of the carbon network.  

2.5. Photocatalytic degradation of Crystal Violet under white-LED irradiation 

Photo-catalytic degradation assays of the cationic organic dye (see Figure S6 for -potential 

measurements) crystal violet were performed under white light LED irradiation. A white light 

LED emitter from LED-Engin (9.37 W, LZ4 model) was coupled to Synjet® a cooling system. 

The degradation assays were carried out suspending 0.6 mg of the TiO2 decorated with the 

different CNDs or plain TiO2 nanoparticles as control, in 3 mL of 0.025 mM Crystal Violet 

(CV) solution at its natural operating pH (pH = 6) [63-65, 82]. The selection of this cationic 

dye was suitable due to the negative surface charge measured for the N-CNDs@TiO2 

nanoparticles by ζ-potential at that specific pH value. This charge differences would in 

principle favor a stronger electrostatic interaction between the photocatalyst and the organic 

molecule. The suspensions were magnetically stirred under dark for 30 min, prior to the 

irradiation with a white light emitting LED, in order to guarantee the establishment of an 
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adsorption/desorption equilibrium. Different aliquots of 200 L were taken at different time 

intervals. After centrifugation, the samples were measured by UV-visible spectroscopy 

monitoring the maximum absorbance of CV centred at 588 nm. All the photodegradation assays 

of CV were performed under the same experimental conditions. At least three assays were 

carried out for each tested solid and different N-CNDs@TiO2 batches were tested in order to 

certify the reproducibility of the photocatalytic effect depending on the synthesized material. 

2.6. Detection of radicals and quenching experiments under LED irradiation 

The generation of hydroxyl radical under white LED irradiation was evaluated using terephtalic 

acid (TA) as a probe, which selectively reacts with •OH to form a fluorescent derivative [35, 

78, 83]. In a typical procedure, the detection of hydroxyl radicals (•OH) was carried out with 

the aid of terephthalic acid (TA, 3 mL, 5 mM), which selectively reacts to generate a fluorescent 

product (2-hydroxy terephthalic acid) emitting at ca. 425 nm. After white LED illumination at 

different time intervals, the mixture solution was centrifuged to remove the photocatalyst 

nanoparticles. The fluorescence emission spectrum of the generated 2-hydroxy disodium 

terephtalate in the supernatant was subsequently measured at an excitation wavelength of 315 

nm. The quenching experiments of the photocatalytic activity were carried out by degradation 

of CV under white LED light irradiation.  0.6 mg nanohybrids were suspended in 3 mL that 

contained 0.025 mM CV and 1 mM of EDTA-Na2 (selected as hole scavenger) or alternatively 

1mM 1-butanol (as hydroxyl radical scavenger) in an aqueous suspension at pH 6. The 

suspensions were magnetically stirred under dark for 30 min, prior to the irradiation with one 

white light emitting LED, in order to guarantee the establishment of an adsorption/desorption 

equilibrium. Different aliquots of 200 μL were taken at several selected time intervals and after 

centrifugation of the samples these were measured in UV-visible spectroscopy equipment, 

following the decreasing of the maximum absorption peak of the dye centred at 588 nm. 
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3. RESULTS AND DISCUSSION 

3.1. Synthesis and characterization of undoped and N-doped carbon dots retrieved by laser 

pyrolysis of different organic volatile solvents  

Scheme1 summarizes the laser pyrolysis process used to generate the CNDs [45, 56, 57]. 

The resulting condensable products are generated from the laser induced chemical reaction at 

the interface of the laser beam and vaporized solvent (i. e. toluene for undoped or pyridine for 

N-doped CNDs). Sulfur hexafluoride is used as photosensitiser to accomplish the energy 

transfer process between the laser light and precursor’s mixture. The net result of the laser 

excitation is a thermal process in which the reactant molecules are converted into atoms 

(Scheme 1 bottom, Reaction Zone). CNDs formation starts abruptly when a sufficient 

concentration of condensable products is reached in the vapor phase. To prepare small and 

spherical particles it is necessary to create a high degree of super-saturation for inducing the 

formation of a high density of nuclei and then quickly quench the particle growth by slowing 

down the kinetics, due to the fast decrease of temperature with radial distance. After leaving 

the hot reaction zone gas, the as-prepared nanoparticles are driven by the gas flow into the 

collector system containing TREG (Scheme 1 bottom, Collection System).  
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Scheme 1. (Top): Schematic display of the CO2 laser assisted pyrolysis process to generate 

carbon nanodots derived from toluene or pyridine; (Bottom): Detailed scheme of the 

experimental setup including the feeding system, the reaction area and the collection in TREG 

medium.  
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Transmission electron microscopy (TEM) analysis of the collected suspensions showed a 

narrow size distribution of nanoparticles with mean diameters of 2.3 ± 1.6 nm and 2.0 ± 0.7 

nm for the CNDs derived from toluene (Figure S1 and Figure S2a) and pyridine (Figure 1a and 

Figure S2b), respectively. HR-TEM revealed that both CNDs are highly crystalline (Figure 1a-

1b and Figure S1a-S1b) stacked in a hexagonal crystal structure corresponding to graphite 2H 

with a space group P6_3mc [84, 85]. These structures were confirmed on multiple individual 

CNDs by FFT images that rendered lattice distances of 0.184 nm, 0.199 nm and 0.210 nm 

corresponding to (102), (101) and (100) planes of graphite 2H (see Figure 1c and Figure S1), 

respectively [84, 85]. Given the two-dimensional nature of TEM, the shape of the CNDs was 

further assessed by Atomic Force Microscopy (AFM). Figure 1d showed the 3D and 2D AFM 

topographic images of the N-doped CNDs. The location of A, B, and C were randomly spotted 

dots, their heights were 1.5, 2.1 and 2.9 nm, respectively, yielding and average height of 2.2 

nm, which is close to the size (2.0 nm) obtained from TEM. An analogous dimension 

organization was observed in the case of the undoped CNDs (Figure S3) and confirmed the 

pseudo-spherical distribution of the CNDs. 

Representative first-order Raman spectra revealed two maxima for both CNDs centered at 

~1350 cm-1 and ~1595 cm-1, respectively (see Figure S4). The additional broadening observed 

for the N-doped CNDs was mostly caused by an asymmetric tailing at lower shift values. The 

spectra were deconvoluted following previous fitting parameters by Maldonado et al. [80] or 

Cuesta et al. [79]. The fitting bands were referred to as G, D´, D and I, respectively. The G 

band at 1595 cm-1 arising from vibrational mode of ordered graphitic crystal planes with sp2 

bonds was only slightly more intense for the N-CNDs than the undoped ones (Figure S4) and 

accounted for a similar level of ordered graphitic domains. In contrast, the contributions of D 

and especially D´ and I bands that are attributed to relaxations in local symmetry of graphitic 

planes caused by local distortions, stacking faults, the presence of impurities or the presence of 
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disordered graphitic planes  is more prominent in the Raman spectra recorded for the N-doped 

CNDs (Figure S4) [79-81, 86]. An analogous evolution has been previously observed in N-

doped CNTs with increasing N levels [80].  

 

Figure 1. Morphological characterization of the N-doped carbon nanodots (N-CNDs) 

retrieved from the laser-assisted pyrolysis of pyridine: a) Low-magnification TEM image 

accounting for the homogeneous distribution; b) HR-TEM image and inset accounting for the 

crystalline nature of the N-CNDs; c) 2D and 3D AFM topographic images including Z-height 

analysis at positions marked with blue lines and labelled as A-C in the 2D image of the N-

CNDs.  
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Moreover, the N-doping was confirmed by XPS analysis (Figure 2, Figures S5-S6).  The 

presence of N1s signal further confirmed the formation of N-C bonds in the carbon 

nanoparticles retrieved from pyridine (Figure 2b). In contrast, the CNDs from toluene rendered 

no signal in this region (Figure S5). N1s photoemission spectrum in the N-CNDs was fitted 

with two characteristics peaks (Figure 2b). The first contribution at 399.4 eV was attributed to 

pyridinic-N (N-6), while the second centered at 401.7 eV was assigned to graphitic-N 

quaternary amines (N-Q) (Figure 2b) [13, 16, 17, 26, 70, 72-75, 83, 87]. The surface atomic 

percentage detected for N was slightly above 1% (Table S2), thereby accounting for a limited 

doping level for the N-CNDs. In the expanded C1s spectrum of N-CNDs (Figure 2a) the 

dominant peak at 284.3 eV raised from C-C bond with sp2 hybridization, while the peaks at 

around 285.7, and 288.5 eV are attributed to C–N/C–O, and C=O and/or C=N bonds, 

respectively [69, 70, 75, 87, 88]. As expected, when N atoms are intercalated within the 

graphitic lattices the signals in the spectrum of C1s changed accordingly. Therefore, a less 

pronounced peak at 286.2 eV (C–N/C–O) was observed for the CNDs derived from toluene 

(Figure S5). Analogous expanded O1s XP spectra were found for both type of carbon dots 

(Figure 2c and Figure S5). The O1s peaks at 531.3 and 532.9 eV shown in Figure 2c were 

associated with oxygen doubly and singly bound to aromatic rings, respectively [13, 69, 71, 

72, 74]. The major presence of surface oxygen in the N-doped CNDs (Table S2) points out to 

a major presence of carbon with defects containing surface active groups in accordance with 

the major disorder level detected by Raman spectroscopy (Figure S4). The contribution of 

oxygen can be tentatively attributed with the oxygen present in the solvent precursors. Finally, 

it is worth mentioning the minor presence of S and F induced by the partial decomposition of 

the sensitizer (Table S2). 
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Figure 2. X-ray photoemission spectra and fittings of the a) C1s region; b) N1s region; c) 

O1s region corresponding to the N-CNDs; d) Optical characterization of the undoped CNDs 

from toluene: Absorption spectrum, (blue dashed line), photoluminescence excitation spectrum 

at λem = 320 nm (PLE-black dotted curve) combined with the photoluminescence (PL) spectra 

for a range of excitation wavelengths (300-400 nm); e) Optical characterization of the N-doped 

CNDs from pyridine: Absorption spectrum (blue dashed line),  photoluminescence excitation 

spectrum at λem = 450 nm (PLE-black curve) combined with the photoluminescence (PL) 

spectra for a range of excitation wavelengths (360-450 nm).  

The absorption spectrum of the CNDs showed the typical -* transition band at 250-275 

nm [26] while in the N-doped CNDs a shoulder at 350 nm is typically assigned to the n-* 

transitions of the N centers (Figures 2d-2e) [1, 25, 26]. The broad absorption in the visible 

range has been previously attributed to a wider distribution of N levels and/or the presence of 

oxygen functional groups present in surface defects [5, 16, 20, 26, 31, 47, 76, 85, 89, 90]. 
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Therefore, in our case the doping with N atoms seems to disrupt the graphitic ordering in the 

CNDs and contributes to the creation of major fraction of disordered sp2 – sp3 clusters within 

the main graphitic network. This hypothesis has been further supported by XPS and Raman 

analysis (vide supra) and in previous works in the recent literature [16, 28, 31, 91-94]. The 

evaluation of the optical properties corroborated the excitation wavelength dependence on the 

photoluminescence (PL) emission properties for the undoped CNDs (Figure 2d) that is 

tentatively attributed to optical selection of differently sized nanoparticles (quantum effect), 

surface traps and/or reorganization of solvent’s polarization [95]. In the case of N-CNDs such 

dependence is not observed (Figure 2e), suggesting a different electronic configuration in 

which the radiative decay of excited electrons occur from N energy states of the N-CNDs [24-

26], due to the relatively strong electron affinity of N atoms. Indeed, previous experimental 

observations and quantum-mechanical calculations have proved the strong electron-

withdrawing ability of the N atoms within the conjugated C plane [24-26, 96, 97]. This is 

confirmed again with the photoluminescence excitation spectra (PLE) (Figure 2e) in which the 

major contribution come from the wavelength corresponding to the n-* transitions at 350 nm 

in contrast with the corresponding excitation spectrum of the undoped CNDs where the major 

contribution comes from the -* (Figure 2d). This illustrates, to the best of our knowledge, i) 

the first examples of freestanding CNDs synthesized through the laser-assisted pyrolysis of 

regular solvents and how a minimal variation on the chemical structure of these starting 

precursors can be crucial to tune the optical response of the resulting products.  

As an example of the functionality afforded by the CNDs, they have been applied in 

expanded-range photocatalysis. Taking into account that carbon nanostructures have been 

previously reported as successful sensitizers to expand the response of TiO2 beyond the UV 

region [27-30, 98-100], we used impregnation followed by drying under vacuum to deposit the 

undoped and N-doped CNDs onto commercial anatase nanoparticles (Figure 3a) [21]. HRTEM 
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analysis confirmed the homogeneous distribution of the N-CNDs onto the semiconductor phase 

(Figure 3b). Likewise, an enhanced absorption towards the visible-NIR range was also 

observed by UV-Vis spectroscopy following the deposition of N-CNDs on anatase 

nanoparticles (Figure 3c). This is attributable to the contribution of extra n-π* transitions 

provided by the additional N energy surface states that will contribute to narrow the band gap 

of the hybrid material [25, 26]. 

 

Figure 3. a) Scheme representing the incorporation of the N-CNDs onto TiO2 nanoparticles 

surface to obtain the final N-CNDs@TiO2 hybrid nanomaterial; b) HR-TEM image of the 

carbon nanodots retrieved from pyridine (N-CNDs) after deployment onto the TiO2 surface (N-

CNDs@TiO2); c) UV-visible absorbance spectra of TiO2 powder nanoparticles with and 
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without N-CNDs; d) Crystal violet photodegradation curves under white LED light irradiation, 

in the absence of catalyst (void circles), with TiO2 nanoparticles (triangles) and in the presence 

of the undoped CNDs@TiO2 (squared symbols) and N-CNDs@TiO2 hybrids (filled circles), 

respectively. Inset: Crystal violet structure and digital pictures of different CV aliquots after 

irradiation at different time intervals in the presence of the N-CNDs@TiO2 NPs. 

3.2. Evaluation of the Carbon Dots as Visible-light Photo-sensitizers 

The visible-light driven photo-activity of plain anatase nanoparticles, CND-TiO2 and N-

CND-TiO2 hybrids was evaluated in the degradation of an organic model dye such as crystal 

violet (CV) subjected to illumination with a high intensity white-light emitting LED (see 

Experimental section for details). As previously stated in the Experimental section, the 

photodegradation experiments were carried out at pH = 6, as typically reported for CV [63-65, 

82]. The ζ-Potential for the N-CNDs@TiO2 nanoparticles at pH 6 (negatively charged, see 

Figure S6) would be beneficial to ensure an optimal electrostatic interaction with the cationic 

dye. Figure 3d shows the complete degradation of CV after 80 min of irradiation in the presence 

of the N-CNDs@TiO2 photocatalyst. In contrast, the control experiment with no catalyst or the 

non-decorated TiO2 support only rendered 10% and 40% maximum degradation, respectively 

under identical irradiation conditions. The hybrid containing the undoped CNDs achieved a 

maximum CV conversion of 50% after 80 min, thereby confirming the enhanced 

photodegradation capabilities of the N-CNDs (Figure 3d). 

Two additional consecutive photo-degradation experiments were carried out with the most 

active photocatalyst. After replacing with fresh dye solutions, the stability and reusability of 

the N-CNDs@TiO2 were tested. There were no evidences of deactivation over three cycles 

(Figure S7). In order to establish a mechanism, we studied the steady-state fluorescence 

changes of disodium terephthalate (NaTA) in the presence of the TiO2 and N-CNDs@TiO2 

under white LED irradiation, respectively [35, 78]. NaTA is a highly sensitive and selective 
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fluorescent probe for hydroxyl radicals (•OH) (inset in Figure 4a). The weakly fluorescent 

NaTA can react with •OH and convert into the highly fluorescent 2-hydroxy disodium 

terephtalate [33, 35, 83]. Preliminary control experiments evaluating the direct photolysis of 

NaTA under white LED irradiation or the potential catalytic effect of N-CNDs@TiO2 in the 

the absence of light were also carried out. No signal accounting for the generation of hydroxyl 

radicals was found (data not shown). Figure 4 shows how the PL signal of hydroxylated NaTa 

byproduct is quite more prominent in the photocatalyst decorated with N-CNDs than in the 

plain TiO2 NPs (Figure 4a). This corroborates the enhanced radical generation under visible 

light exposure when N-CNDs are present as sensitizers. Additional experiments with the in situ 

generation of hydroxyl radicals under white LED light irradiation have been also monitored 

using terephtalic acid (TA) as a probe, thereby corroborating the selective formation of these 

•OH radical groups only in the presence of the N-CNDs@TiO2.  
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Figure 4. Evaluation of the in situ generation of hydroxyl radicals upon photoirradiation 

with a high radiance white LED in the presence of a) plain anatase commercial nanoparticles 

and b) N-CNDs@TiO2 nanohybrids; c) Quenching experiments to evaluate the influence of 

hole (EDTA) and hydroxyl radical (butanol) scavengers; d) Schematic display of the role of 

CNDs as photosensitizers able to withdraw electrons to the conduction band of the titania 

support and the main reaction pathways to form hydroxyl radicals.  

Additional experiments including different and specific scavengers (butanol for hydroxyl 

radicals and EDTA for holes) have been carried out in order to corroborate the active 

participation of these reactive oxidative species [101]. Given the much stronger quenching 

effect of EDTA (Figure 4c), the mechanism seems to be preferentially driven by the 



 21 

photogeneration of holes. In our opinion, the presence of holes can be favored due to the strong 

interaction between the CNDs and the titania support that overlap their energy levels and 

facilitate a proper electron transfer from the excited levels of CNDs to the conduction band of 

TiO2 (Figure 4d) [24, 27, 102]. As a result, the electron-hole recombination rate in the CNDs 

is delayed and the holes can readily react with water molecules to form hydroxyl radicals (h+ 

+ H2O → •OH + H+, Figure 4d)), either on the surface of the CNDs or through the surface of 

Ti-O-Ti species as claimed by Nosaka et al. [103]. The other ROS formation mechanism 

governed by the interaction between photo-generated electrons and adsorbed oxygen molecules 

to yield oxygen superanions (e- + O2 (ads) → •O2
− →… → •OH, see Figure 4d) is less 

straightforward and requires a major number of intermediate reactions to form the most reactive 

hydroxyl radicals [63, 65]. It is also worth mentioning a small fraction of deep UV light from 

LED is also able to excite the TiO2 itself (Figure 3d and Figure 4a). Still, the positive effect of 

both undoped and N-doped CNDs is clearly demonstrated (Figure 3d). 

4. CONCLUSIONS 

In summary, for the first time we have shown that luminescent CNDs with tunable 

optical properties can be obtained through the laser-driven transformation of conventional 

organic solvents such as toluene and pyridine. Upon laser irradiation, the pyrolysis of toluene 

primarily led to the conformation of carbon nanodots with oxygen functional groups while the 

nitrogen-containing precursor gave rise to an N-doped carbon species with expanded optical 

range towards the visible range. The process is extremely fast and provides an optimal result, 

as the doping elements are intimately embedded in the carbon structures. This novel approach 

(laser-driven decomposition of organic molecules with the desired doping elements) harbours 

enormous prospects compared with classical preparation techniques for light-emitting CNDs, 

such as hydrothermal synthesis. In this case, the functionality of the carbon dots as efficient 
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sensitizers to expand the photocatalytic response of anatase paves the way for multiple 

alternatives of synthesis where controlled doping with heteroatoms is relevant. 
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