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Abstract

Nitrogen-doped carbon nanodots synthesized from L-arginine and ethylenediamine (NCNDs); citric acid-derived carbon
nanodots with carboxylic surface groups (a-CDs); and Silica-Cdots hybrids produced through coupling a-CDs to SiO,
nanoparticles were used for the fabrication of fluorescent PMMA-CDs optical films. The nanoparticles occlusion allows
the conversion of a broader UV bandwidth to the visible by enhancing PMMA'’s natural fluorescence. This UV-to-Visible
conversion boost can enhance the efficiency of solar energy concentrators and generators and, as a proof-of-concept, photo-
voltaic cells were coated with NCNDs-doped PMMA films. Experiments show an 11.3% cell efficiency increase after film
application, which can be further enhanced by optimizing film production and deployment, what shows the feasibility and
potential of these low-cost environmentally friendly materials.

Marco C. P. Soares, Michele Cacioppo and Francesco Amato
contributed equally to this work.

< Marco C. P. Soares
marcosoares.feq@gmail.com

4 Michele Cacioppo
michelecacioppo@gmail.com

< Francesco Amato
amatofrancesco89 @libero.it

< Julio R. Bartoli
bartoli @unicamp.br

Laboratory of Photonic Materials and Devices, School
of Mechanical Engineering, University of Campinas,
Campinas, SP, Brazil

Carbon Nanotechnology Group, Department of Chemical
and Pharmaceutical Sciences, University of Trieste, Trieste,
Italy

Published online: 19 October 2023

Laboratory of Microelectronics, Polytechnic School,
University of Sdo Paulo (LME/EPUSP), Sao Paulo, SP,
Brazil

Institute of Physics, University of Sdo Paulo, Sdo Paulo, SP,
Brazil

School of Chemical Engineering, University of Campinas,
Campinas, SP, Brazil

Present Address: Department of Biological, Chemical

and Pharmaceutical Sciences and Technologies (STEBICEF),
University of Palermo, Viale Delle Scienze Ed. 17,

90128 Palermo, Italy

Present Address: Department of Chemistry, University
of Rome “La Sapienza”, Rome, Italy



http://orcid.org/0000-0002-5219-5124
http://crossmark.crossref.org/dialog/?doi=10.1007/s43153-023-00408-w&domain=pdf

Brazilian Journal of Chemical Engineering

Graphical abstract

hv

Photovoltaic Cell

Keywords Carbon nanodots - Fluorescence - Photophysics - Photovoltaic devices - PMMA nanocomposites - Solar cells

Introduction

Carbon Nanodots (CDs) are fluorescent nanoparticles char-
acterized by various surface functional groups and sizes
below 10 nm (Wang and Hu 2014; Kang and Lee 2019).
The conversion of organic precursors containing carboxylic
acids (or nitrogen as doping element) results in the formation
of CDs rich in carboxylic (or amine) surface groups with
enhanced luminescence (Pordevic et al. 2022).

Beyond the low-cost, CDs are environmentally safe mate-
rials (Pordevi¢ et al. 2022; Boakye-Yiadom et al. 2019)
with good biological and biocompatibility properties, being
excreted in urine (Wang and Hu 2014; Huang et al. 2013).
The emission properties of CDs are altered by tuning their
bandgaps, resulting a plethora of applications, such as in
imaging and sensing, fabrication of optoelectronic devices,
perovskite solar cells, graphene phototransistors, photo-
catalytic splitting of water, CO, reduction reactions, drug
delivery and gene transfer (Pordevié et al. 2022; Wang and
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Lu 2022; Tuerhong et al. 2017). Energy applications also
include the use of CDs to increase the efficiency of energy
conversion in solar cells; to photosensitize or photocatalyze
the conversion of solar energy into fuels; or to employ their
fluorescence to prepare light emitting diodes (Pordevic et al.
2022). Their fluorescence properties also find use in light
converters for photovoltaic cells and solar concentrators, and
may replace dye sensitizers (Wang and Lu 2022; Tuerhong
et al. 2017). Moreover, they can be combined with polymeric
materials to obtain luminescent nanocomposites containing
CDs (Perli et al. 2022; Amato et al. 2021, 2019; Gong et al.
2022, 2018; Li et al. 2023; Bouknaitir et al. 2019). Such
polymer nanocomposites, in turns, may be produced through
several techniques, including in-situ polymerization, cross-
linking, solution blending, immersion precipitation and melt
intercalation or exfoliation (Affonso Netto et al. 2022; Alex-
andre and Dubois 2000; Fischer 2003; Remanan et al. 2020;
Bressanin et al. 2018; Prado and Bartoli 2018; Mazzucco
et al. 2016). When nanoparticles dimensions are within the
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molecular levels of polymer chains, these nanocomposites
may exhibit enhanced physical properties.

For optical devices applications, the use of poly(methyl
methacrylate), PMMA, is a particularly interesting polymer
for designing transparent nanocomposite matrices (Affonso
Netto et al. 2022; Bressanin et al. 2018; Prado and Bartoli
2018). PMMA is a highly transparent thermoplastic and an
amorphous polymer in an intermediate position between
commodities and engineering thermoplastics. It presents
relative low cost, good mechanical strength and high opti-
cal transmittance (Ali et al. 2015; Corsaro et al. 2021). Thus,
PMMA-CDs nanocomposites with fluorescence proper-
ties have potential applications in Light-Emitting Devices
(LEDs) (Stepanidenko et al. 2021), Luminescent Solar Con-
centrators (LSCs) (Ma et al. 2019), Dye-Sensitized Solar
Cells (DSCs) (Mohan et al. 2018) and Organic Solar Cells
(OSCs) (Wang and Hu 2014; Bouknaitir et al. 2019; Maxim
et al. 2020; Zhao et al. 2022; Lin et al. 2016; Kwon et al.
2013). In such cases, the polymer matrix is not only respon-
sible for the device’s mechanical support, but also for the
dispersion of the nanodots and prevention of the solid-state
quenching (Kwon et al. 2013).

In competition with CDs, organic dyes or inorganic
quantum dots have been much more used as PMMA doping
substances (Zhou et al. 2015; Waldron et al. 2017; Huang
et al. 2023). However, the stability of organic dyes and toxic-
ity of inorganic elements (CdTe, PbSe) (Moon et al. 2019;
Albaladejo-Siguan et al. 2021; Manshian et al. 2017; Bot-
trill and Green 2011; Wu and Tang 2014) pose significant
concerns. Furthermore, investigations on improving the
luminescence quantum yield (QY) of CDs (ratio of emitted
to absorbed photons) is currently a very active field of study
in modern chemical science, through specialized synthe-
sis routes to produce new doped carbon dots and to obtain
unconventional luminescence profiles (Pordevic et al. 2019,
2020, 2022; Amato et al. 2019; Arcudi et al. 2016, 2017;
Cacioppo et al. 2020; Cadranel et al. 2018; Ghosh et al.
2022; Xia et al. 2019; Yan et al. 2023). Recently, advanced
approaches like the use of mechanochemistry, flow chem-
istry and laser synthesis in the liquid phase are widening
the range of properties and applications of these promising
nanomaterials. Besides, these novel synthesis methodologies
present the advantage of being scalable. Finally, machine
learning could be also applied to go beyond the trial-and-
error approach commonly used to explore the chemistry of
the CDs (Bartolomei et al. 2021).

Therefore, improvements in the energy conversion effi-
ciency of solar cells can be achieved with LSCs or Lumi-
nescent Down Shifting (LDS) devices using low-cost and
environmentally friendly fluorescent carbon dots (Gong
et al. 2018; Li et al. 2017; Choi et al. 2017; Zhao 2019)
instead of organic dyes or inorganic quantum dots. Consid-
ering these aspects, this work investigates the fabrication of

PMMA optical films doped with fluorescent carbon nano-
dots. CDs exhibit a good solubility in polar solvents like
methanol, whereas PMMA is very soluble in chloroform. As
it was previously demonstrated that 2:1 (v/v) is the best ratio
between chloroform and methanol to dissolve CDs chloro-
form (Amato et al. 2019; Soares et al. 2023), this proportion
was applied to the solutions of PMMA to produce function-
alized films by drop-casting. Three different kinds of CDs
were synthesized and tested regarding the fluorescent emis-
sions. Finally, solar cells were coated with these nanocom-
posite films for proof-of-concept experiments on increasing
their energy conversion efficiency.

Materials and methods
Nitrogen-doped carbon nanodots synthesis

Blue-emitting nitrogen-doped carbon nanodots (NCNDs)
from L-arginine (Fluorochem;>98%) and ethylenediamine
(EDA, Sigma-Aldrich; >99.5%) are obtained through the
bottom-up procedure previously described in literature
(Arcudi et al. 2016).

Two organic precursors at 1:1 (mol/mol) ratio are mixed
to ultrapure water (> 18 MQ Milli-Q, Millipore): 87.0 mg
of arginine are mixed to 33.0 pL EDA in 100.0 pL Milli-Q
water and this solution is introduced into a CEM Discover-
SP microwave oven with controlled conditions (240 °C, 26
bar and 200 W) for 180 s (reaction represented in Fig. 1a).
The microwave treatment converts the transparent medium
into a brown-colored solution (Fig. 1b), which is then
diluted in water and filtered through a 0.1 pm microporous
membrane for separating a deep yellow liquid (Fig. 1c). As
shown in Fig. 1d, this filtered solution emits a strong blue
fluorescence when irradiated with 365 nm ultraviolet (UV)
light (Pordevi€ et al. 2019). Finally, the yellow solution is
dialyzed against pure water through a dialysis membrane
with molecular weight cut-off of 0.5-1 kDa (Spectrum Labs)
for 2 days (water refreshed every 6 h) (Amato et al. 2019).

The dialyzed solution of NCNDs is lyophilized using
a bench-top freeze-dryer (LaboGene ScanVac CoolSafe;
— 49 °C; 72 h of vacuum). Each synthesis results in 23.0
mg of a brownish solid, so eleven batches are run to obtain
250 mg of NCNDs. It is demonstrated that this procedure is
quite reproducible, and previous characterizations reveal that
the obtained fluorescent NCNDs present relative quantum
yield (QY) of 0.17 (Arcudi et al. 2016); narrow distribution
of diameters (1.0-4.5 nm); and plenty of surface traps and
functional groups that allow tuning the luminescent emis-
sions. Besides, nitrogen doping has been reported to give
excellent optical properties and usually blue-shifted fluores-
cence (Arcudi et al. 2016). The NCNDs fluorescence shows
a broad emission peak at 356 nm when excited at 300 nm
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Fig. 1 a Scheme of formation of blue-emitting NCNDs; b brown-colored solution obtained after microwave-assisted synthesis; ¢ yellow solution
obtained after filtering; and d emission of blue fluorescence by the filtered solution when it is irradiated at 365 nm UV light (Amato et al. 2019)

and a bathochromic shift from 356 to 474 nm as the excita-
tion changes from 300 to 420 nm (Pordevié et al. 2019;
Arcudi et al. 2017).

It is worth noticing that these NCNDs were previously
submitted to the Photoelectron Spectroscopy (XPS) char-
acterization by Arcudi et al. to provide their chemical
composition (part of the characterization protocol applied
to each CD synthesized in the laboratories of the Carbon
Nanotechnology Group) (Arcudi et al. 2016). It was reported
the detection of C (68.0%), N (16.1%) and O (15.9%) with
peaks at 286.8 eV (Cls), 400.33 eV (N1s) and 532.34 eV
(O1s), respectively. The chemical moieties of C and N were
further analyzed by deconvoluting their spectrum. Cls was
deconvoluted into five surface components: sp? (C=C) at
274.5 eV; sp3 (C-C and C-H) at 285.5 eV; C-O/C-N at
286.2 eV; C=0/C=N at 288.3 eV; as well as COOH at 290.5
eV. In turn, N1s spectrum was deconvoluted into four peaks
centered at 398.3, 399.6, 400.5, and 401.9 eV, corresponding
to C=N, NH,, C-N-C and N-C;, respectively. The presence
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of primary amino groups was confirmed by a positive Kaiser
test (Arcudi et al. 2016).

a-CDs and Silica-Cdots hybrids production

Citric acid-derived carbon nanodots (a-CDs) and the nano-
composites formed by combining them with SiO, nanopar-
ticles (Silica-Cdots) are used as produced and characterized
in a previous (open access) report (Amato et al. 2021).
Briefly, a-CDs with sizes from 4 to 10 nm (mostly around
6 nm) are synthetized from the thermolysis of citric acid
(200 g, Fluka, 99.5%) in a muffle furnace under air atmos-
phere at 180 °C for 40 h. In turns, commercial fumed silica
nanoparticles (206 mg Aerosil 300, primary particle size ca.
7 nm, Evonik) are dispersed in ethanol (5 mL) and treated
with 3-aminopropyltriethoxysilane (APTES, 5 mL). This
dispersion is stirred overnight at room temperature (r.t.)
before being purified by centrifugation; dispersed in ethanol
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(three times); and lyophilized for obtaining amino-function-
alized silica nanoparticles (a-SiO,).

Finally, a-SiO, (50 mg) is mixed to the a-CDs (223 mg)
dispersed in dry dimethylformamide (DMF, 10 mL) in the
presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (200 mg, EDCeHCI Alfa Aesar) and
N-hydroxysuccinimide (120 mg NHS, Sigma Aldrich). This
mixture is stirred at 70 °C for 2 days under inert atmosphere
(Ar), and DMF is removed through azeotropic distillation
with toluene. Milli-Q water is added, and the system is puri-
fied by centrifugation (two cycles of 20 min at 3000 rpm)
for obtaining Silica-Cdots nanohybrids with sizes on the
order of 50 nm, nitrogen and oxygenated surface groups, and
excitation-dependent fluorescence. The maximum intensity
is observed for the 360 nm-excitation (emission at 465 nm),
and the emission shifts from 465 to 513 nm (green) as the
excitation changes from 360 to 430 nm. FT-IR, TGA, XPS,
XRD analysis and Raman spectra of the a-CDs and Silica-
Cdots nanoparticles are readily available in the Supporting
Information document accompanying the reference (Amato
et al. 2021).

Preparation of doped-PMMA optical films

The synthesized carbon nanodots are used to prepare nano-
composites with PMMA by solution blending: PMMA pel-
lets are dissolved in chloroform, whereas previously lyo-
philized nanodots are dispersed in a solution of methanol
and chloroform. The solutions are mixed, and thin films of
nanocomposites are finally prepared by drop-casting on a
glass substrate (Petri dishes).

PMMA pellets (Plexiglas VO 52, Arkema) are dried in
an oven for 4 h at 80 °C and subsequently cooled to room
temperature in a vacuum chamber with drier agent. For the
preparation of a PMMA optical film by casting, a ratio of
21.5:1 (mL/g) of chloroform (Sigma-Aldrich) to PMMA is
used, and the system is left under magnetic stirring for 2 h
at room temperature, followed by 20 s of ultrasound bath.

Lyophilized carbon nanodots are dispersed in a mixture
of chloroform and methanol 2:1 (v/v) [best ratio previously
demonstrated (Amato et al. 2019)] and subsequently kept in
an ultrasound bath for 10 min. One example of dispersion
prepared with this procedure is shown on Fig. SI 1 (Support-
ing Information), where a-CDs (5 wt%) are observed under
daylight and under 365 nm UV light.

After that, the CDs dispersion is added to that of PMMA-
chloroform and mixed in an ultrasound bath for 10 min.
Different CDs-PMMA systems are prepared according to
the desired concentration of CDs, from 0.1 to 5% in mass
[for instance, Fig. SI 2 (Supporting Information) shows
the aspect of the solution obtained for the system PMMA-
NCNDs (5 wt%)].

Next, the optical films are produced by solution casting
onto Petri dishes, slowly pouring (drop-by-drop) the CDs-
PMMA solution with a pipette. For this step, the dishes are
kept at level to evenly maintain the thickness of the casted
volume. Finally, the Petri dishes are left to dry in an atmos-
phere saturated with chloroform vapor (room temperature)
for 48—72 h to avoid formation of microvoids due to rapid
volatilization. The saturated atmosphere is created by plac-
ing several vials containing chloroform close to the Petri
dishes, keeping the set covered to ensure isolation from
the room. A PMMA casting film with no carbon nanodots
(pristine sample) is also prepared through this same pro-
cedure. The optical films formed on the Petri dishes are
weighed after 24 h, 48 h and 72 h, until the mass losses
due to the evaporation of chloroform are stabilized. Figure
SI 3 (Supporting Information) shows the aspect and the
blue fluorescence observed (A =365 nm irradiation) from a
PMMA-NCNDs (5 wt%) film formed in the Petri dish. The
fluorescence of CDs is stable as long as they are dry and
can be dried before use. Once incorporated into the PMMA
polymer matrix, the CDs do not suffer from humidity effects
and the fluorescence of the optical films remains stable.

Films’ fluorescence and photovoltaic
characterizations

The PMMA-CD:s film is cut with a scalpel from the bottom
of the Petri dish in the shape of a 45 mm X 13.5 mm rec-
tangle. Then, the dish is taken to the freezer for 1-2 min to
allow the polymeric film to be released from the dish. Thus,
the film’s mass and thickness are measured before the fluo-
rescence evaluation. Figure 2 shows the aspect of one film
formed with PMMA and NCNDs (0.5 wt%) when the mate-
rial is observed under daylight and under 365 nm-UV light.

PMMA films had their photoluminescence (PL) spectra
analyzed at room temperature with a Cary Ellipse-Varian
Fluorescence Spectrophotometer (Agilent Technologies) at
excitation wavelengths from 300 to 360 nm, 600 nm/min
scan speed, and excitation and emission slits of 5 nm. A
Fluorolog 3 Fluorescence Spectrophotometer (Horiba)

Fig.2 PMMA-NCND:s films (0.5 wt%) observed under: a daylight; b
UV light (A =365 nm)
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equipped with sample holders for thin films was used in the
characterization of the produced optical films.
Photovoltaic measurements were performed with in-
house silicon-based solar cells (laboratory scale, usually des-
tined to didactic purposes) with dimensions of 25 mm X 25
mm and maximum efficiency of 5%. The tests were con-
ducted by positioning and holding the pristine PMMA and
doped PMMA-CDs optical films on the surface of the solar
cells. The cells were tested on a bench designed for photo-
voltaic measurements (Stem 2007) equipped with a solar
simulator where the light source is a xenon XPS 300 (Solar
Light) adjusted for an incident intensity of 1000 W/m?. A
thermostatic bath keeps the cells temperature constant at
25 °C, and the I XV curves of the photovoltaic devices are
measured with a digital multimeter HP 34401 A (Hewlett
Packard) and Lab Tracer 2.0 (Keithley) software. Also, the
measurement system uses a standard solar cell with short-
circuit current I, =66.40 mA for reference purposes. The

400 . T - T .
Excitation wavelength (nm)
300 )
320 —310 i
—320
- —330 1
S —340
& 2404 ——350 T
2 ——360 ]
g
© 160+ e
+—
£ ]
80 %
A NN
S A e DI D
o T T T T T T 1
350 400 450 500 550 600 650
Wavelength (nm)
400 T T T T T T T T y T T
Excitation wavelength (nm)
(c) 310
320 —350
—360
3
5240
>
=
g
o© 160
e
£
80
0

T T T T
450 500 550 600

Wavelength (nm)

T
350 400 650

Intensity (a.u.)

Intensity (a.u.)

solar cells and testing bench are shown on Fig. SI 4 (Sup-
porting Information).

Results and discussion
Characterization of films fluorescence emission

The pristine PMMA film exhibits a natural fluorescence
emission when irradiated from 300 to 320 nm (broad emis-
sion peak around 450 nm), but there is no luminescence for
irradiations at longer wavelengths (Fig. 3a). If compared
to the pristine material, the PMMA-NCNDs films reveals
additional emission bands for excitations longer than 320
nm (Figs. 3b—d). From the films produced using chloroform/
methanol 2:1, it is possible to discern the PMMA typical
bands without spectral shifts along with the CDs ones with
lower intensity. The lower intensity of CDs emissions can
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Fig.3 PL spectra: a PMMA pristine film; and different vol. proportions of chloroform to methanol for producing PMMA-NCNDs composites
(0.1 wt% of CDs). Proportions of: b 2:1 (selected as standard); ¢ (3.3):1; d 4:1 (v/v)
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be explained by several phenomena: (1) low number of light
emitters in the matrix (Perli et al. 2022; Gong et al. 2018;
Jiang et al. 2020; Lakowicz 2006); (2) low fluorescence
quantum yield of the emitters (related to the type of car-
bon dots used) (Lakowicz 2006); (3) matrix-related effects
and the quality of nanoparticles dispersion (modification
of the emissive domains on each dot) (Jiang et al. 2020);
and (4) solvatochromic effects (Chandra et al. 2019; Bano
et al. 2019; Reichardt 2005). In addition, quenching phe-
nomena can occur, as carbon dots can act as electron donors
or acceptors in their excited states (Pordevi¢ et al. 2020;
Cacioppo et al. 2020). The composition of the solvent mix-
ture (type of CD and its concentration) is a major factor in
modulating the fluorescence emission of the film (Fig. 3c, d).
This is illustrated by the matrices obtained for chloroform/
methanol ratios of 3.3:1 and 4:1 showing PMMA emissions
alongside broader NCNDs emission bands with undistin-
guishable maximum (~400-450 nm). From this data, the
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solvent mixture ratio 2:1 resulted in the best compromise in
terms of NCNDs emission for this study.

To verify the hypotheses that the intensities could be
related to the concentration and nature of the occluded car-
bon nanodots, higher concentrations of NCNDs (5 wt%)
were tested and compared against the same concentrations of
a-CDs and Silica-Cdots. The PMMA-a-CDs solution used
in this study (before casting) is shown on Fig. ST 5 (Sup-
porting Information), whereas the PL results are presented
in Fig. 4.

Increasing NCNDs nanoparticles concentration resulted
in more well-defined and intense emission bands for the
dots emissions, even reaching levels slightly higher than the
PMMA matrix. Now, the maxima for emissions from 330 to
360 nm excitations are clearly centered at 450 nm. Thus, the
presence of fluorescent nanoparticles extends the range of
UV-to-Visible conversion in PMMA up to excitation wave-
lengths of 360 nm.
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Superior spectral energy conversion was obtained when
testing a-CDs and Silica-Cdots hybrids in relation to
NCNDs, with several emission peaks showing higher inten-
sities than the emissions from the matrix. The peaks are
still centered at 450 nm, and Fig. 4b (a-CDs) presents all
CDs emissions above the PMMA’s (peaks increasing with
the excitation wavelength). Emissions observed for 350 and
360 nm excitations overcame 1000 a.u. (arbitrary units) and
saturated the detector, so they were omitted from Fig. 4b.
Lastly, Fig. 4c shows lower intensities for the hybrids when
compared to a-CDs. This is most likely related to the very
larger dimensions of the hybrids and to the modification of
the surface functional groups originated from the coupling
reaction between the a-CDs carboxylic acids and the SiO,
nanoparticles, which removes some of the free -COOH.
Such structural differences modify the interactions between
the dispersed phase and the acrylate matrix and can lead to
changes in the quenching mechanisms and emissive domains
on each nanodot (Amato et al. 2021; Cadranel et al. 2018;
Jiang et al. 2020; Bano et al. 2019).

To avoid further detector saturation issues, the previous
analysis was repeated, but the excitation and emission slits
were reduced from 5 to 2.5 nm. As shown on Figure SI
6 (Supporting Information), the slits reduction results in
spectra which much lower intensities: as a matter of fact,
only the PMMA-a-CDs system could be analyzed, show-
ing intensities increasing with excitations from 340 to 370
nm and a clear emission maximum at 425 nm, which cor-
responds to the excitation at 370 nm. This increase of the
intensity with the excitation wavelength was not observed
on the other systems.

The films observed under daylight and under UV radia-
tion (A=365 nm) are shown in Fig. SI 7 (Supporting Infor-
mation). Their absorption and transmittance properties, in
turn (obtained with the spectrophotometer), are compared
in Figs. SI 8-9 (Supporting Information). In Fig. SI 8, the
UV-Visible absorption spectra for the nanodots composites
show maximum absorbance at 250 nm, corresponding to
the t—n" transition of the sp* carbons of the CDs cores.
Shoulders at 275-300 nm with tails extending to the visible
range are present, assigned to the n — z* transitions involv-
ing the electron lone pairs of the carboxylic and nitrogen
surface groups (Perli et al. 2022; Amato et al. 2021). The
pristine sample presents almost no absorbance on the ana-
lyzed range, whereas the PMMA-a-CDs is the composite
with highest capability of absorbing ultraviolet light. This
behavior is approximately opposite to the observed for the
transmittances (Fig. SI 9): until 300 nm, pristine has a trans-
mittance considerably higher than the composites, whereas
the PMMA-a-CDs shows a slower sigmoidal increase of the
transmittance, reaching a value close to 100% only for wave-
lengths longer than 500 nm. The Silica-Cdots nanocompos-
ite has the highest transmittance on the visible, which may
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be related to inherent optical properties of silicates (Saleh
and Teich 1991; Santos et al. 2011).

Screening of the photovoltaic properties

Carbon nanodots show interesting applications in photoca-
talysis and renewable energies and can be used in solar con-
centrators (LSC) or converter (LDS) devices. These devices
are designed to collect solar light by absorbing incident
photons and reemitting them through an optical waveguide
(Wang and Hu 2014; Stepanidenko et al. 2021; Zhao et al.
2022).

In general, the LSC collector is composed of thin plates or
sheets of a transparent material doped with luminescent spe-
cies. Incident sunlight excites these species, and then their
reemissions are collected with a waveguide and directed to
the photovoltaic cells, improving the energy conversion effi-
ciency (Reisfeld et al. 1988; Barik and Pradhan 2021; Liu
et al. 2020). In turn, solar converters (LDS) are films or pho-
toluminescent layers deposited and adhered on the surface
of solar cells or photodiodes. LDSs have the same function
of shifting the solar spectrum to longer wavelengths (down
shifting), converting UV radiation to visible light (Choi et al.
2017; Ahmed et al. 2012).

Due to its great optical properties, PMMA is one of the
most applied materials for manufacturing LSCs (Reisfeld
et al. 1988) and LDSs (Choi et al. 2017). In general, these
LSCs use organic dyes or inorganic quantum dots as fluo-
rescent species, showing disadvantages such as the photo-
degradation of the organic dyes or the toxicity of the inor-
ganic nanoparticles (Zhou et al. 2015; Waldron et al. 2017,
Ahmed et al. 2012). Thus, the photoluminescent behavior of
the PMMA-CDs matrices could be exploited to improve the
External Quantum Efficiency (EQE) of photovoltaic cells,
considering the large-scale systems’ production costs (Reis-
feld et al. 1988).

Carbon nanodots-based nanocomposites have already
been leveraged on solar energy applications (Gong et al.
2018; Li et al. 2017; Choi et al. 2017). In these studies,
PMMA-doped films were used as luminescent solar collec-
tors and cells’ top-layers, converting UV to visible light.
That is because silicon-based solar cells show poor light
harvesting performance under UV-irradiation, leading to
poor quantum efficiencies in the UV region (Amato et al.
2019; Tsai et al. 2016).

Most of the incident UV photons produce photogenerated
carriers (electron—hole pairs) close to the surface, which
could easily recombine with defect sites in the depletion
region, the intermediary zone of the solar cell’s p—n junc-
tion where the electric current is generated. In this context,
NCNDs could facilitate the down-conversion effect on sili-
con cells: photons with longer wavelengths (in the visible
range) could be absorbed and excite carriers in the depletion
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Fig.5 Curves of current versus voltage for the solar cells with: (blue)
pristine sample; and (red) PMMA-NCNDs optical film

Table 1 Photovoltaic data obtained for the two tested solar cells cov-
ered with pristine and PMMA-NCNDs optical films

Pristine PMMA-NCNDs
I,. (mA) 23.87 26.55
V. (V) 0.6069 0.6098
J,. (mA/cm?) 9.95 11.06
P, (mW) 10.18 11.32
FF 0.703 0.699
0 (%) 4.24 472

region for immediate photogenerated carrier separation due
to the built-in electric field, leading to increased photovoltaic
effect (Amato et al. 2019; Choi et al. 2017; Tsai et al. 2016).

Therefore, as PMMA-CDs nanocomposites are promis-
ing candidates for solar cells applications, NCNDs-doped
optical films were used in proof-of-concept experiments on
the improvement of cell efficiency by positioning the doped
films on the external surfaces of silicon-based solar cells
with dimensions of 25 mm X 25 mm.

The photovoltaic results (current I versus voltage V for
a given incident irradiance power P;) obtained for the cell
with pristine sample are compared to the NCNDs-doped (0.5
wt%) optical film in Fig. 5, and the experimental parameters
obtained are shown in Table 1. Here I is the short-circuit
current, which is the maximum current that may occur on
the cell (zero-voltage condition). This current is due to the
generation and collection of light-generated carriers and, for
an ideal solar cell at moderate resistive loss mechanisms,
it is identical to the light-generated current (Honsberg and
Bowden 2019a). The open-circuit voltage V, in turns, is
the maximum voltage available for a solar cell, occurring at
zero current. It corresponds to the amount of forward bias

on the solar cell due to the bias of the cell junction with the
light-generated current (Honsberg and Bowden 2019b).

V.. presents a complex non-linear relation with tempera-
ture and increases with the bandgap, whereas I, decreases
with this gap. In an ideal device, V is limited by radia-
tive recombination (electron-hole) (Honsberg and Bowden
2019b). I, on the other hand, depends on a series of fac-
tors, including: (1) the area of the solar cell; (2) the number
of incident photons, or power of the incident light source
P,,; (3) the spectrum of the incident light; (4) the optical
properties (absorption, transmittance and reflection) of the
solar cell; and (5) the minority-carrier collection probabil-
ity of the solar cell, which mainly depends on the surface
passivation and on the minority carrier lifetime in the cell’s
base (Honsberg and Bowden 2019a). For both I, and V.
conditions, the power produced by the cell is zero. So, the
fill factor (FF) is a parameter used in conjunction with I
and V,, to determine the efficiency of the cell. It is given by
the relation between the maximum power P, . of the cell
and the product between I, and V. This relation is defined
as Eq. (1) (Honsberg and Bowden 2019c¢).
FF P

(Voc x Isc) m

FF may be understood as a measurement of the “square-
ness” of the solar cell’s IXV curve and is also the area of
the largest rectangle which may be inscribed in this plot. The
FF from a solar cell can be determined by differentiating its
power with respect to the voltage and finding the maximum
P_..x (dP/dV =0): the rectangle area is obtained by multiply-
ing the V of maximum power by the correspondent current
value retrieved from I curve (Honsberg and Bowden 2019c).
From these parameters, the efficiency of the solar cell n may
be finally calculated as Eq. (2) or, in percentage, as Eq. (3)
(Gong et al. 2018).

(Js¢ X Ve X FF)

n= P @

Jsc X Voc X FF
,1=(SC POC )XIOO% 3)

m

The current density J . is related to the cell’s transmission
and to the amount of excited photoelectrons in the device,
presenting a great influence on the overall efficiency of the
system (Chung et al. 2012). Moreover, previous studies with
carbon nanodots-doped light solar concentrators indicate
that both J, and V. should increase with the concentration
of nanoparticles. Since the total of excited photoelectrons is
associated with the doping concentration, the intensity of the
emitted fluorescence increases with CDs concentration. Gong
et al. (2018) argue that such increase is not indefinite, though,
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so the concentration of nanoparticles has an optimal value.
This comes from overlaps between the absorption spectra and
the fluorescence emission spectra of carbon nanodots leading
to reabsorption of emitted photons by the CDs themselves.
Finally, as the fluorescence quantum efficiency must be smaller
than 1 (Lakowicz 2006), the final emitted fluorescence inten-
sity is necessarily smaller than the absorbed intensity, resulting
in a loss of energy in the conversion process. Therefore, if the
doping concentration exceeds the optimum value (a condi-
tion that must be determined empirically), the fluorescence
intensity and the solar cell’s efficiency will start decreasing
(Gong et al. 2018).

In Fig. 5 and Table 1, the IXV curve and photovoltaic
parameters are presented for a PMMA-0.5 wt% NCNDs and
pristine optical films of ~35 pm thicknesses. An increase in
the solar cell efficiency is observed for the NCNDs-doped
matrix, from 4.24 to 4.72%. Even though at first glance this
11.3% increase might seem of low significance, it can be trans-
lated into substantial savings of economic and environmental
resources on commercial systems. For instance, a typical panel
has an efficiency of 15% and surface area of 1 m?, producing
about 150 W of electrical energy (Vourvoulias 2023). Employ-
ing such panels, the National Renewable Energy Laboratory
(NREL—USA) estimates that 2.8 acres of panels are needed
to supply 1000 households with electricity for a year (1 GWh),
corresponding to 32 acres of land for the solar farm (Business
2013; Ong et al. 2013). Thus, an efficiency increase of 11.3%
would bring the net panel efficiency up to 16.7%, reducing
the total area of the panels to 2.5 acres (10.7% reduction); and
lowering the total land needed for the solar plant to 28.7 acres
(10.3% reduction).

Furthermore, the current experimental setup is based on the
simple partial superposition of the optical films on the cell’s
surfaces, leading to limiting factors to the efficiency gain such
as poor interface contact conditions and the possible formation
of an intermediate air layer (dielectric). Light reflections may
be observed on a setup like this, as the PMMA layer is not
adhered on the cell surface and the film thickness was not opti-
mized for interferometric anti-reflexive properties. Spurious
reflections reduce the conversion efficiency by partially reject-
ing light back to the external medium. Therefore, the reduction
of the film’s reflectance could be a strategy for improving the
energy conversion (Saleh and Teich 1991; Taylor 2002). Natu-
rally, the use of the most-efficient carbon nanodots (a-CDs) is
also expected to lead to better results, since they present the
most intense emissions.

Conclusions
Three typologies of carbon dots, namely NCNDs, a-CDs

and Silica-Cdots hybrids, were applied to the fabrica-
tion of fluorescent PMMA optical films, significantly
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enhancing the PMMA’s natural fluorescence and allow-
ing the conversion of a wider UV wavelength spectrum
to visible for increased solar cell efficiency. Initial test-
ing showed an 11.3% increase in efficiency by employing
fluorescent films, even in not optimized conditions. This
gain is translated in up to 10.3% of land use reduction in
solar plants functionalized with fluorescent films to gener-
ate the same amount of power as regular panels, showing
the feasibility and potential application of these low-cost
sustainable materials.

Upcoming works will focus on optimizing the usage
of a-CDs (that present the highest UV-to-Visible conver-
sion) as the standard for fluorescent film fabrication, to
further enhance efficiency gains. Since these nanoparti-
cles are formed by thermolysis in simple muffles, they are
particularly adequate for large-scale manufacturing due
to requiring simpler, cheaper and easily scalable equip-
ment. In addition to larger efficiency gains, as very high
UV absorbance is observed for a-CDs (Fig. SI 8), doped
PMMA films will help protect the cell against UV-induced
degradation to the passivation layers, increasing the lifes-
pan of panels and leading to reduced maintenance costs.
Methodologies for direct coating of the cells with doped
films will also be investigated to eliminate the extra die-
lectric layer (air gaps) and minimize reflection losses.
Potential avenues to accomplish this are drop-casting the
PMMA-CDs chloroform solutions directly on the cell’s
surface, and spin-coating.
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