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Carbon Nanodots (CNDs) are a novel class of nanocarbons that consist of discrete, quasi-spherical
nanoparticles with sizes below 10 nm. Besides, due to their low cost, environmentally friendly and low toxicity,
CNDs could substitute traditional semiconductor quantum dots (QDs), generally top luminescent materials, but
usually made of heavy metals. A very interesting property of CNDs is their tunable emission, characterized by
multi-fluorescence colors under varied excitation wavelengths. Photoluminescent CNDs properties give them
potential applications in areas such as biomedicine, bioimaging, catalysis, optoelectronics and solar
concentrators. Luminescent solar concentrators (LSC) are usually thin plates or sheets made of transparent
polymers, such as poly(methyl methacrylate) (PMMA), doped with photoluminescent species. Direct and
diffuse incident sunlight is absorbed by these species and the emitted visible light is guided through the
polymer to be collected by attached solar cells, increasing their efficiency. CNDs are promising candidates as
luminescent doping species for PMMA in preparing hybrid materials, which could be an advantageous and
innovative alternative for solar cells applications. In this work, highly fluorescent nitrogen-doped CNDs
(NCNDs) were prepared following a simple and controllable synthetic approach under microwave irradiation
(MW). Arginine and ethylenediamine were used as carbon and nitrogen precursors and water as reaction
medium. The MW parameters were optimized (240°C, 26 bar, 200 W, 180 sec) to obtain the desired
properties of the final material, in terms of optical performance. Nanocomposites of NCNDs/PMMA were
prepared by solution blending, with 0.1 wt.% and 0.01 wt.% of NCNDs, followed by film casting. The down
conversion fluorescence behavior of NCNDs and NCND/PMMA nanocomposites were characterized by
Photoluminescence spectroscopy. A broad emission peak at 356 nm was observed for the NCNDs when
excited at 300 nm and the fluorescence peaks shift from 356 to 474 nm as excitation varies from 300 to 420
nm. On the other hand, the fluorescence of the NCNDs in the PMMA matrix showed significant broad
emission at around 450 nm when excited between 300 and 320 nm.

1. Introduction

Carbon Nanodots (CNDs) were accidently discovered during the purification of single-walled carbon
nanotubes through preparative electrophoresis (Xu et al., 2004); once they were exposed to ultraviolet
excitation showed fluorescence emission in the visible spectrum. Since then, CNDs turn into an emerging
class of carbon nanostructures distinguished by their fluorescent properties, low toxicity, good biocompatibility,
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cheap and plentiful nature (Sun et al., 2006; Silva et al., 2011; Wang and Hu, 2014; Arcudi et al. 2016,).
Improvement in the fluorescence efficiency of the CNDs can be obtained by doping with nitrogen. Amino acids
are abundant and inexpensive sources of carbon and nitrogen for these applications (Jiang et al. 2013).
Arcudi et al. (2016) prepared small and highly fluorescent nitrogen-doped carbon nanodots (NCNDs) using a
bottom-up approach through microwave-assisted hydrothermal synthesis, starting from abundant and
inexpensive precursors such as arginine and ethylenediamine. These NCNDs have an average size of ca. 2.5
nm, a narrow size distribution, various functional groups and emissive domains on each dots, which results in
multi-fluorescence colors under different excitation wavelenghts. The NCNDs emit in the blue region of the
visible spectrum, and the photoluminescence spectra showed that the emission shifts from 356 to 474 nm
when the excitation wavelength changes from 300 to 420 nm and the fluorescence intensity decreased as the
peak red shifts Arcudi et al. (2016). Zhang et al. (2018) developed a fluorescence probe for selective
recognition of metal ions, from heavy metal pollution, by using carbon dots as sensing element and quantum
dots (CdSe) as an internal standard emission. Dordevi¢ et al. (2018) synthesized chiral CNDs by means of
arginine, or citric acid, and (R,R) or (S,S) trans-cyclohexanediamine under microwave-assisted hydrothermal
conditions. These CNDs were used as templates for the formation of chiral supramolecular porphyrin
assemblies, showing that it is possible to use and transfer the chiral information to other molecules. Therefore,
photoluminescent CNDs have been attracting great attention because of their potential applications in areas
such as bioimaging, biosensor, controlled drug delivery, optoelectronic devices, solar cells, photocatalysis and
renewable-energy technologies (Wang and Hu, 2014; Arcudi et al. 2016; Rigodanza et al., 2018).

On the other hand, polymeric nanocomposites often exhibit enhanced properties derived from the synergistic
effect of the matrix properties and the homogeneous dispersed nanofiller components, namely if the
nanoparticles dimensions reach the molecular levels of polymer chains (Alexandre and Dubois, 2000; Fischer,
2003). Nowadays, notable industrial applications rely on the use of polymer nanocomposites, using usually
particles in the form of nanosheets, nanofibres or nanotubes that are prepared by in situ polymerization,
solution or melt blending. Improvements on mechanical, thermal and flammability properties were found with
layered minerals, such as clays (Gilman, 1999; Dimos et al, 2017; Prado and Bartoli, 2018); besides electrical
properties using carbon nanostructures (Jia et al., 1999; Bressanin et al, 2018).

Poly(methyl methacrylate), PMMA, is an amorphous polymer that occupies an intermediate categorized
position between commodities and engineering thermoplastics, due to its relative low cost and good
mechanical strength, weathering resistance and optical transmittance. Polymer nanocomposites of
PMMA/NCNDs with fluorescence properties have potential applications in polymeric optical devices such as
Light-Emitting Devices (LED), Luminescent Solar Concentrators (LSC), Dye-Sensitized Solar Cells (DSC) and
Organic Solar Cells (OSC) (Wang et al., 2014). LEDs were fabricated with free-standing luminescent films of
NCNDs embedded into PMMA, where the polymer matrix provides not only mechanical support, but also
disperses the NCNDs preventing solid state quenching (Kwon et al., 2013). LSCs are made of transparent
polymeric materials doped with luminescent species. When the LSCs are coupled to photovoltaic cells, the
sunlight incident photons are absorbed by these species which emit visible light through the polymer to the
solar cells, increasing their efficiency (Reisfeld et al., 1988). In general, the LSC luminescent species are
organic dyes or inorganic quantum dots (Zhou et al. 2015; Waldron et al., 2017), which present disadvantages
due to the photodegradation of the organic dyes or the toxicity of inorganic elements. Recently, new LSCs
materials were reported using NCNDs as luminescent species embedded in PMMA matrix (Li et al., 2017;
Gong et al., 2018). The NCND were prepared by microwave-assisted pyrolysis of citric and urea aqueous
solution. The photoluminescence spectra of NCNDs in ethanol solutions showed emission spectra centered at
around 435 nm when excited at 365 nm. The power conversion efficiency of the solar cell coupled to the LSC
slab increased from 1.48% to 2.63% for blank PMMA and NCND/PMMA containing 0.08 wt% of NCNDs,
respectively. Finally, Choi et al. (2017) prepared amphiphilic carbon quantum dots by microwave-assisted
pyrolysis of citric acid and 4,7,10-trioxa-1,13-tridecanediamine (TTDDA), showing strong blue fluorescence in
methanol under UV excitation and promising properties as top down-converting layer for crystalline silicon
solar cells, since a 2% enhancement of cell efficiency was achieved by incorporating a carbon dot top layer.

In this work, nanocomposites of NCND/PMMA were prepared by solution blending method, followed by film
casting, by using the NCNDs previously reported by Arcudi et al. (2016). The down conversion fluorescence
behavior of NCNDs and NCNDs/PMMA nanocomposites were characterized by photoluminescence
spectroscopy, revealing high potential as low cost, stable and non-toxic luminescent polymeric materials for
forthcoming works on the fabrication of solar concentrators or converting top-layers for silicon solar cells.

2. Materials and methods

L-Arginine (Fluorochem, 298%) and ethylenediamine (Sigma-Aldrich, 299.5%), were used as carbon and
nitrogen sources for the synthesis of the NCNDs, without prior purification. Ultrapure water (Milli-Q) was used
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for all the experiments. The synthesis was carried out in a microwave oven (CEM Discover-SP) under
controlled conditions of temperature, pressure and time. The aqueous solution of NCNDs was dialyzed
against pure water through a dialysis membrane for 2 days (500-1000 Da cutoff, Float-A-Lyzer G2) and
lyophilized using a bench top freeze-dryer (LaboGene ScanVac CoolSafe) (Arcudi et al., 2016).

The NCNDs/PMMA nanocomposites were prepared by solution blending processes. PMMA pellets (Plexiglas
V052, Arkema), oven dried at 65 °C overnight, were either dissolved in methacrylate monomer (MA) (Sigma-
Aldrich) or in chloroform (Sigma-Aldrich). Alcoholic dispersions of NCNDs, from 0.01 % to 1 % by mass of
PMMA, were added to the PMMA solutions. PMMA/NCNDs nanocomposites films were prepared by solution
casting in saturated conditions of their respective solvents.Photoluminescence (PL) spectra of NCNDs in
aqueous solution and PMMA/NCND nanocomposites films were measured at room temperature with the
fluorescence spectrophotometers Cary Ellipse-Varian and Horiba Fluorolog 3, respectively, at excitation
wavelengths from 300 to 440 nm and 600 nm/min scan speed.

3. Results and Discussion

3.1 Synthesis of fluorescent NCNDs

The NCNDs were obtained via microwave (MW)-assisted hydrothermal synthesis by using L-arginine (87.0
mg) and ethylenediamine (33.0 uL), 1:1 mol/mol ratio) as precursors and water as reaction medium (100 uL).
After the heating process (240 °C, 26 bar, 200 W and 180 s,), the reaction mixture changes color from
transparent to brown, as a result of the formation of NCNDs (Figure 1-a). The NCNDs solution was diluted
with Milli Q water and filtered through a 0.1 ym microporous membrane (Millipore, JHWP) to remove large
particles or aggregates (Figure 1b). The aqueous solution of NCNDs emitted strong blue luminescence
(Figure 1-c) under a 365 nm UV lamp.

Figure 1: Aqueous solution of NCND after: MW synthesis (), filtration (b) and under 365 nm UV light (c)

3.2 Nanocomposites of PMMA/NCNDs

The PMMA/NCNDs nanocomposites were prepared by solution blending processes, using two distinct
solvents for PMMA: (i) chloroform and (ii) methacrylate monomer (MA).

(i) Solution blending with chloroform:

The NCNDs are highly soluble in polar solvents, such as methanol or ethanol, but PMMA is soluble in non-
polar solvents, such as chloroform. In order to obtain a homogenous dispersion of NCNDs in the PMMA
solution, various ratio of chloroform/methanol were investigated for NCNDs (1.55 mg), under ultrasonic bath
stirring, resulting the 2:1 (v/v) as the better ratio. This transparent dispersion was exposed to a 365 nm UV
lamp showing the characteristic blue fluorescence. Several dispersions with NCNDs (1.55 mg) were prepared
and following its addition to solutions containing chloroform and PMMA in a 3/1 ratio (v/m) at room
temperature, under ultrasonic bath stirring, to get different amount of NCNDs relative to PMMA (1 wt%, 0.5
wt% and 0.01 wt%). Transparent self-standing films of PMMA/NCND were prepared via solution casting on
Petri dishes, slowly pouring (drop-by-drop) the PMMA/NCNDs dispersion with a pipette, at room temperature.
A PMMA solution (without NCNDs) was also prepared as reference, following the same procedure.

ii) Solution blending with MA monomer:

PMMA pellets were dissolved in MA (2.62 g PMMA for 25 mL MA, 1/ 9 ratio) at 50 °C under magnetic stirring
for 1 h and ultrasonic bath for 10 min. The NCNDs were dispersed in ethanol (1.0 mL) at the content of 0.1
wt% (2.62 mg) related to PMMA, under ultrasonic bath stirring for 2 min. Then, the dispersion of NCNDs was
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added to the PMMA-MMA solution and left overnight under magnetic stirring. A PMMA-MA solution was also
prepared as reference, following the same procedure. PMMA/NCNDs films were prepared via solution casting
on microscope glass slides, slowly pouring (drop-by-drop) the PMMA/NCNDs dispersion with a pipette. The
samples were left to dry in vapor-saturated ambient of MA, at room temperature and overnight. A PMMA-MA
casting film (without NCNDs) was also prepared as reference, following the same procedure.

3.3 Photoluminescence of NCNDs and PMMA/NCND nanocomposites

The fluorescence spectra at different excitation wavelengths of the aqueous solutions of NCNDs are shown in
Figure 2. A broad emission peak at 356 nm was observed when the sample was excited at 300 nm
wavelength and the fluorescence peak shift from 356 to 474 nm as the excitation wavelength changes from
300 to 420 nm. Emission peak intensity decreased as the peak red shifts. The excitation dependence of
photoluminescence of NCNDs is due to the different state energy levels of several functional groups on the
surface of NCNDs (NH2, NH, OH, CH, C=0, C-O-C) because their optical properties are affected by the
competition among different emission centers and traps (Arcudi et al., 2016).
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Figure 2: FL spectra of the NCNDs in water at excitation wavelengths from 300 to 440 nm.

The fluorescence spectra of the PMMA/NCND nanocomposite film with 0.1 wt% of NCNDs content are shown
in Figure 3. When the nanocomposite film is excited from 300 to 320 nm wavelength, it was observed a broad
emission peak around 450 nm without any shift. However, no emission peaks were observed for excitations
above 330 nm. Therefore, the solid-state photoluminescence analysis showed a different fluorescent behavior
when NCNDs were embedded in the PMMA matrix. Likely, this could be related to some matrix effect, amount
of nanoparticles or quality of their dispersion in the PMMA, which could result in quenching or modification of
the emissive domains on each dot.

Intensity (a.u.)

Intensity (a.u.
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Figure 3: FL spectra of PMMA/NCND-0.1 wit% Figure 4: FL spectra of the PMMA/ NCND-0.01 wt%
nanocomposite film at excitation wavelengths from hanocomposite film at excitation wavelengths from
300 to 340 nm. 300 to 340 nm.
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Figure 5: FL spectra of PMMA nanocomposite films with 0.1 wt% and 0.01 wt.% of NCNDs, excited at 310 nm.

Fluorescence spectra of the PMMA/NCND nanocomposite film with 0.01 wt% NCNDs are shown in Figure 4.
Again, a broad emission peak around 450 nm was observed when excited from 300 to 320 nm wavelength,
but a low intensity band was detected at 330 nm excitation. Higher fluorescence intensities were measured in
the nanocomposite with a 10 times lower content of NCNDs, as showed for the 310 nm excitation wavelength
in Figure 5. On reducing the concentration of NCNDs in the polymer matrix, the first evidence seems to be a
higher fluorescence intensity; this hypothesis could be verified by an optimization on the control of the NCNDs
concentration in the polymer and the relative set-up of the experiment. Quenching phenomena could be also
occur, since carbon dots can act as electron donors or acceptors in their excited state (Cadranel et al., 2018).
Besides, photostability of NCND was established, as FL measurements of the nanocomposite film (0.01 wt%
NCNDs) were done one year later their preparation.

The luminescence of NCNDs in the visible range from 400 to 450 nm, when excited from 300 to 330 nm, could
be exploited to improve External Quantum Efficiency (EQE) in photovoltaic cells, as novel materials for
luminescent solar collector or cell top layer, converting UV to visible light. Silicon based solar cells show poor
light harvesting performance under UV irradiation leading to poor quantum efficiencies in the UV region (Tsai
et al., 2016). Most of the incident UV photons produce photogenerated carriers (electron-hole pairs) near the
surface, which could easily recombine with defect sites in the depletion region, intermediary zone of the p-n
junction in the solar cell where electric current is generated. Thus, NCNDs could facilitate the down-
conversion effect on silicon cells. More long-wavelengths photons (in the visible light) can be absorbed and
excite carriers in the depletion region for immediate photogenerated carrier separation due to the built-in
electric field, leading to increased photovoltaic effect (Tsai et al., 2016; Choi et al., 2017).

4. Conclusions

NCNDs were synthetized using low cost ad non-toxic precursors by using a simple and controllable method
under microwave irradiation.PMMA/NCNDs nanocomposites were prepared by solution blending, with 0.1
wt.% and 0.01 wt.% of NCNDs, obtaining solvent casting films. The fluorescence of the NCNDs in the PMMA
matrix showed significant broad emission at around 450 nm when excited between 300 and 320 nm, being
more intense for the nanocomposite with the lower content of NCNDs (0.01 wt.%). These novel
PMMA/NCNDs nanocomposites are promising candidates for silicon solar cells, converting UV into visible light
in order to improve the efficiency of a photovoltaic cell.
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