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The enormous increase in the consumption of personal protection equipment, such as facemasks,
mainly related to the COVID-19 pandemic, has shone light on the metric tons of plastic waste that are
released into the oceans, with dramatic environmental concerns. Here, we report on the preparation of
carbon dots (C-dots) following an environmentally friendly synthetic strategy using surgical facemasks as
the starting material. Such C-dots are highly photostable and luminescent and were used to prepare
luminescent solar concentrators exhibiting — once connected to silicon photovoltaic panels — a remark-
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able solar-to-energy conversion of 6.1%. Our results could suggest a way both to alleviate the serious
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Introduction

It has been estimated that around 26 000 metric tons of plastic
waste related to the COVID-19 pandemic have been released
into the oceans since the diffusion of the pandemic. This is
connected to the dramatic increase in the production and use
of personal protection equipment, such as facemasks."

Unfortunately, only 14% of all plastic packaging is recycled
globally, while the rest is released into the environment.”
Facemasks are not biodegradable and can be degraded into micro-
and nano-plastics, which are ingested by higher organisms, such as
fishes, and following the food chain, they can enter the human
body, causing chronic health problems.® Indeed, several interna-
tional bodies (including the European Commission) are focusing
their attention on the micro-plastics’ issue.

For these reasons, it is necessary to develop a convenient
method for recycling these waste plastics,” such as converting
them into systems for producing valuable materials. Recently
Abdelhameed et al®> have developed a method to convert
facemask waste into luminescent carbon dots (C-Dots).

C-Dots are nanoparticles consisting of a graphite core covered
by an amorphous surface (shell). They are exclusively composed
of non-toxic elements (C, N and O)® and have useful properties
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environmental problem and to produce low-cost materials for solar energy conversion purposes.

such as high luminescence quantum yield, tunable band gap,
photostability, good biocompatibility and low toxicity. Similar
to semiconductor quantum dots, C-Dots are photoactive nano-
systems that are capable of absorbing UV-Vis light to generate
hole-electron pairs, which can recombine following a radiative
pathway. The luminescence of C-dots is a function of excitation
wavelength, which in turn is connected to the size of the
nanoparticles and to the functionalization on the surfaces. For
all these characteristics, C-Dots have been employed in various
applications,”® including solar energy conversion.'"'* In this
field, luminescent solar concentrators (LSCs) appear as an
attractive technology. LSCs are transparent plastic materials
(generally composed of acrylic polymers) where a chromophore
is embedded in the solid matrix. The chromophore is photo-
excited by solar radiation and emits light, which is then guided
(due to total internal reflection) to the borders of the LSCs. When
silicon-based photovoltaic (PV) panels are positioned at the
borders of the LCSs, the light emitted from the chromophore
is converted into electrical energy. The final purpose of LSC-PV
devices is their integration into buildings and architectural
structures, which leads us to consider applications on facades or
rooftops.*?

To the best of our knowledge, the record power conversion
efficiency for an LSC-coupled PV cell is around 7.1% which was
obtained in 2008 using a luminescent organic dye."* Since then,
several other luminophores have been employed in LSCs, but in
the last few years, the interest moved to the use of semicon-
ductor quantum dots thanks to their photochemical properties,
such as (i) good photostability, (ii) large Stokes shift, and (iii)
tunability of the photochemical properties by changing the size

© 2023 The Author(s). Published by the Royal Society of Chemistry
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or surface functionalization."® Despite all these advantages, the
common semiconductor quantum dots are based on heavy
metals, which have high toxicity and cost, and for this reason,
the use of these systems at an industrial level might be limited.
C-Dots seem to meet all these requirements, and therefore
appear as good candidates for use in LSC devices.

To try to connect the need to recycle facemasks with the
global energy problems,"®"” recently we have obtained carbon
dots in size on average from 4 to 13 nm in diameter, starting
from used surgical facemasks. Then, these C-Dots have been
used to prepare LCSs, which appear transparent and slightly
yellow coloured. Optical and photovoltaic characterization of
the LSC-PV system has been performed, showing a power
efficiency of 6.1%. This value is comparable to that of the best
LSC-PV reported up to now, with the quite important advantage
of being related to otherwise polluting waste objects.

Results and discussion

Preparation of C-Dots and their photophysical properties in
solution

Carbon dots were synthesized from used facemasks, following a
top-down approach, via a hydrothermal procedure using hydro-
gen peroxide (30% v/v). This synthetic route does not require
many steps, nor specific purification processes and the main
advantage is the absence of organic solvents or toxic materials;
in addition, the use of nitric acid or other acids as typically used
in hydrothermal synthesis is not required. On the other hand, it
does not allow controlling the size of the obtained nano-
particles. Details of the conditions are described in the ESIt
The so-formed C-Dots were dispersed in dichloromethane and
characterized using a Zeiss Merlinn M 1II, a high-resolution
scanning electron microscope (SEM). As shown in Fig. 1, the
C-Dots were evenly distributed, different in size on average
from 4 to 13 nm in diameter.

The absorption spectrum of C-Dots in dichloromethane
solution (see Fig. 2-left) shows strong absorption in the UV
region, with a band at around 290 nm which can be attributed

Fig.1 Image of the C-Dots (dispersed in dichloromethane) obtained
using the high-resolution SEM. The C-Dots are grey colored and the
green borders delimit the nanoparticles against the black background,
which is the carbon-based support. The working distance is less than
1 mm. See the ESIT for further details.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (Left) Absorption spectrum of C-Dots at concentration 18 pg mL™?,
and (in the inset) emission spectra of C-Dots at different excitation
wavelengths. Both measurements had been performed in dichloro-
methane at room temperature. (Right) Photographs of C-Dots in dichloro-
methane solution irradiated under UV light at 365 nm.

to m — ©* transitions and a (less intense) band at lower energy,
assigned to n — m* transitions probably due to the presence of
carbonyl groups on the C-Dots surface. The emission spectra
(Fig. 2, inset) of the C-Dots are a function of the excitation
wavelength, typical for these systems:'® exciting from 360 nm
to 420 nm, the emission peak shifts from 435 nm to 488 nm
(see Table 1 and Fig. 2). As a consequence, the luminescence
quantum yield of C-Dots in solution varies by changing the
excitation wavelength and therefore it is quite often neglected
in the literature. Even if it is known that the luminescence is
due to the hole-electron pair recombination, the luminescence
mechanisms of C-Dots still remain unclear and the possible
explanations are connected to the particle size, or to the surface
functional groups, or to defects in the nanosystems."**°

In fact, it is worth noting that any surface defect bringing sp*
and sp® subunits acts as a surface energy trap, thus contribut-
ing to the multicolor emissions of C-Dots.>'">* Indeed, for the
carbon-based nanomaterials, the photophysical properties are
determined by the n states of the sp* groups. The energy of
these states lies in the band gap of the ¢ and c* states of the sp®
matrix and results in intense emissions in the visible region
and weak absorption bands in the near UV-Vis region.>¢

The presence of functional groups (in particular, carbonyl
groups) is confirmed in the present case by the IR spectrum of
the C-Dots (reported in the ESI,T Fig. S2), where the presence of a
clear signal can be observed between 1750 cm ™" and 1690 cm™ .

The luminescence lifetime of C-Dots in aerated solution
shows a biexponential decay with lifetimes of 3 ns and 9 ns
(Table 1). It should be remembered that there is a wide range of
nanoparticles of different sizes (from 4 to 13 nm) that con-
tribute to these lifetimes. So, the excited-state decays are
probably the dominating, mediated decays related to different
groups of nanoparticles, as suggested by their constancy on
changing emission wavelengths.

Fabrication of LSCs and their photophysical properties

LSCs were produced by thermal polymerization involving lauryl
methacrylate as a monomer, ethyl glycol dimethacrylate as a
cross-linking agent, and lauroyl peroxide as an initiator,”” in
the presence of C-Dots. Such a preparation strategy appears to
be efficient and does not cause photodegradation of the
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Table1 Emission maximum (4max) as a function of excitation wavelength (reported in parenthesis, Zexc) of C-Dots in dichloromethane aerated solution
and in the LSC rigid matrix. The lifetimes are independent of emission wavelength and are biexponential in all cases

)Lmax/nm (;LCXC/nm) TﬂVCTE\gC/nS
C-Dots in solution 435 (360); 442 (370) 3;9
451 (380); 460 (390)
468 (400); 477 (410)
488 (420)
C-Dots in LSC 438 (360); 442 (370) 3;9

449 (380); 463 (390)
470 (400); 475 (410)

485 (420)

systems compared with other strategies such as photochemical
polymerization. The so-obtained LSCs are transparent and
almost colourless (Fig. 3) and display the photoluminescence
of the C-Dots from the edges under UV illumination of the top
of the slab. According to Snell’s law, for a polyacrylate wave-
guide (such as in this case) up to 75% of the light emitted by the
luminescent species can be concentrated at the edge of the slab
by total internal reflection.?®

The selection of polymer is important for the final perfor-
mance of the LSCs because, over the waveguide, the matrix can
partially absorb the emission light from the luminophore
embedded in the LSCs, and this contribution cannot be
neglected. Indeed, Meinardi et al'® used Monte Carlo ray
tracing simulations to investigate the absorption capability of
the optical waveguide, which might decrease the efficiency of
the LSCs. The studies revealed that conventional PMMA (poly-
methyl methacrylate) has considerably good transparency and
absorbs less light than standard window glasses. For these
reasons, among the possible rigid matrices to manufacture the
LSC, we selected poly-acrylates.

The absorption spectrum of the C-Dots embedded into the
LSCs (as shown in the ESIf) shows the same features as the
colloidal dichloromethane solution. The fraction of photons
absorbed by the LSC C-Dots, defined as #apsvis, iS 25.16%
calculated by integration from transmission spectra of the AM
1.5G solar spectrum from 370 nm to 1050 nm), and this value
should be compared with the value of 14.31% for the blank
sample (i.e. LSC without C-Dots), that is not negligible consider-
ing that some incident light is trapped in the waveguide.?®

re——— ut i
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Fig. 3 Photograph of LSCs prepared in this work. In the center, a blank
LSC is reported.
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Once embedded in the LSCs, the luminescence of C-Dots
remains dependent on the excitation wavelength and this
dependence appears to be similar to that in solution: exciting
from 360 nm to 420 nm, the emission peak shifts from 438 nm
to 485 nm (Fig. 4 and Table 1). When comparing the solid to the
colloidal phase, the C-dots emission does not seem to be
significantly altered, despite the absence of solvent and the
different chemical environment around the nanosystems, when
the C-Dots are transferred from dichloromethane solution to
the LSCs. Moreover, the photoluminescence decay of LSC
C-Dots is biexponential, exhibiting the identical lifetimes exhib-
ited by C-dots in solution (3 ns and 9 ns). All these results
indicate that the photophysical properties of C-Dots are not
significantly affected once embedded in the polyacrylic solid
matrix, thus suggesting that surface functional groups do not
influence on the excited states of nanostructures.

A typical measurement for testing the efficiency of the
waveguides in the LSC is to check how the emission intensity
and shape are influenced by the position of the irradiation light
spot on the slab top surface. Ideally, when the irradiation light is
moved from one edge to the other of the LSC top surface, the
shape and emission maximum should not be altered. Practically,
in most cases, the emission intensity decreases slightly when the
source spot is moved away from the edge, thus increasing the
optical path for light emission. This decrease in intensity can be
explained by considering re-absorption events as a consequence
of the increased optical path or by considering that the surface
roughness, together with some bulk defects, can have an impact

I (norm.)

380 430 480 530 580 0

A (nm) 68

Fig. 4 Emission spectra of LSC C-Dots exciting at different wavelengths
(indicated on the top right of the panel).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Luminescence spectra exciting the top surface of LSC C-Dots at
different distances from the edge, using a laser at 406 nm. In the inset, the
emission intensity vs optical path is shown.

on the refractive index of the matrix, causing the loss of some
photons over the optical path.?*3*

To perform this test, we used a laser spot centred at 406 nm
to irradiate the top of the LSCs and measured the emission
from the edge. The emission maximum (525 nm for this
excitation wavelength) is only slightly affected by the position
of the laser spot on the LSC surface, due to some losses over the
optical path and the geometric factors between the collection
angle of the detector and the emission cone, but no variation of
the band shape is observed, indicating that no significant
re-absorption takes place (Fig. 5).

The photostability test of the LSC embedding C-Dots has
been performed top irradiating the LSC using an AM 1.5G solar
simulator (100 mW c¢m?) for 24 h, whilst registering the emis-
sion spectra. After a small decrease in the initial hours of
irradiation (which appears common in the literature for other
LSC systems),® the emission intensity remains approximately
constant, indicating the stability of the device and confirming
the photostability of C-Dots in solution (Fig. 6).

I(au)

I(aw)

0 5 10 15 20
Time (h)

422 472 522 572 622
A (nm)

Fig. 6 Photostability test on LSC C-Dots, showing the mild decrease of
emission intensity over 24 h irradiation using an AM 1.5G solar simulator. In
the inset, the emission intensity versus time is shown.
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Photovoltaic performance of the LSC-PV device

In order to measure the photovoltaic performance of the LSC-
PV device, the LSC had been placed on a silicon photovoltaic
(PV) cell, and irradiated perpendicularly at 100 mW cm” using
an AM 1.5G solar simulator.®” In our setup, just one edge of the
LSC was in contact with the PV cell, while the other edges were
uncovered. During the experiment, the short-circuit current
intensity (mA) was detected and converted into the short-
circuit current density J (mA em™?) in order to take into account
the area of the LSC in contact with the PV cell. The same
experiment was also repeated for the blank sample, where some of
the incident light is trapped in the waveguide and reaches the PV
cell, providing a contribution to the photocurrent which cannot be
neglected; so, this value is considered as a reference to estimate the
real optical efficiency of the LSC C-Dots — PV device.

However, since the short-circuit current density is only
providing limited information on the efficiency of the system,
more information can be interpreted from the optical efficiency
Nopt Of the LSC, defined by eqn (1).*

o = T 0

In eqn (1), Jisc is the short-circuit current density (mA cm™2) of
the PV cell coupled with the LSC C-Dots; Jpy is the short-circuit
current density (mA cm™?) of the PV cell obtained dividing the
current intensity (measured under direct irradiation by the AM
1.5G solar simulator) with the area of the PV cell exposed to the
light*® (in our case, Jpy is 4.95 mA cm 2); G is a geometrical
factor, expressed by eqn (2),

Atop
2'Aedgelong X 2Aedge short

G= (2)
where A, is the area of the top surface of the slab whereas
Acdgelong aNd Acqgeshore are the areas of the two edges of the
rectangular slab. A large LSC directs more photons to the PV
cell compared to a small LSC, and thus, Jisc is typically higher
for larger LSCs. The role of the G factor (obviously higher for
large LSCs than for small ones) is to counter-balance such
contributions in eqn (1), taking into account the LSCs geometry
in the optical efficiency of the device.*

The optical efficiency for the blank LSC is approximately
2.4%, due to the incident light trapped in the slab, and this is
quite a high value for a blank, indicating an efficient waveguide
of the rigid matrix and good quality of the surfaces and edges in
the present solid material; 74, for the LSC C-Dots system is
about 6.1%. These results (illustrated in Table 2) clearly indi-
cate that the luminescent C-Dots influence the efficiency of the

Table 2 Photovoltaic data of the LSC blank and with C-Dots. The results
reported here are average values obtained by repeating the photovoltaic
measurements on four LSCs of the same dimensions and containing the
same concentrations of C-Dots

LSC I (mA) Jisc (mMAcm™) G factor Hopt (%)
Blank  0.10 (£0.01)  0.15 (£0.02) 1.29 (£0.01)  2.38 (£0.17)
CDot  0.22 (£0.01)  0.41 (+0.02) 1.35 (£0.01)  6.07 (+0.12)

Mater. Adv., 2023, 4, 5200-5205 | 5203
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Fig. 7 Short-circuit current intensity measured after exciting the top
surface of LSC C-Dots at different distances from the edge, using a laser
at 406 nm.

LSC-PV device, and this can be further highlighted by subtract-
ing #,p¢ of the blank LSC (2.4%) to #op of the LSC C-Dots (6.1%),
in order to remove the contribution of the incident light: the
resulting optical efficiency of 3.7% is the direct contribution by
the C-Dots.

However, since 7, does not take into account, the fraction
of photons absorbed by the LSC C-Dots, we calculated the
corrected optical efficiency #op¢ans according to eqn (3).

Mopt 3)
nabs-vis(LSC-CDots) - ']abs-vis(BLANK)

”oplabs% =

In eqn (3), fabs~is(Lsc-coots) 18 the fraction of photons absorbed
by the LSC-CDots and #aps.vis(sLank) iS the fraction of photons
absorbed by the blank LSC. Applying eqn (3), the corrected
optical efficiency #op¢aps iS 56.3%.

Moreover, comparison of the /-V curve registered for LSC-
CDots coupled to the PV panel and the J-V curve of the PV panel
without LSCs (see Fig. S7 in the ESIT) highlights that the fill
factor of the device is not significantly affected by the presence
of the LSCs. Finally, we studied the photovoltaic performance
of the LSCs as a function of the position of the excitation light
on the slab surface. To perform this experiment, we adopted
the same set-up used to measure the influence of the distance
on the emission intensity. The short-circuit current density is
only slightly affected when the light spot moves from the edge
to the center of the slab surface and then reaches a plateau, in
agreement with the luminescence behavior under the same
experimental conditions (Fig. 7).

Conclusions

Carbon dots derived from used facemasks have been prepared
via hydrothermal procedures, without organic solvents or toxic
materials and specific purification processes, and have been
characterized by infrared spectroscopy and SEM, which showed
that the size of the prepared C-dots is rather uniform, with a
diameter ranging from 4 to 13 nm. Quite photostable lumines-
cent solar concentrators (LSC) have been prepared by using
these C-dots, by thermal polymerization involving poly-acrylate
species as a monomer and cross-linking agents, and lauroyl
peroxide as the initiator. The absorption and photophysical
properties of these C-dots-based LSC have been compared to
the same properties of the C-dots in dichloromethane solution:

5204 | Mater. Adv, 2023, 4, 5200-5205
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in both media, absorption spectra show absorption in the
visible region and luminescence in the 380-600 nm region,
with emission maxima depending on the excitation wavelength,
typical for these nanosystems. Luminescence decay is biphasic
and is dominated by lifetimes of the order of 3 and 9 ns. The
C-dots LSC have been interfaced with silicon photovoltaic sys-
tems, and the systems so obtained exhibit a power efficiency for
solar-to-electricity conversion of 6.1%, which is not far from the
best reported literature value (7.1%), which however is based on
more expensive synthetic luminescent organic dyes (ref. 12).

The present results illustrate a strategy to address a serious
environmental problem that is the enormous production of
plastic wastes derived from surgical facemasks whose con-
sumption is still impressively large.

Considering the thousands of tons of plastic wastes related
to the COVID-19 pandemic emergency which have been
released into the oceans (ref. 1), the transformation of surgical
facemasks into a resource could substantially contribute both
to alleviate the environmental problem and to produce low-cost
materials for solar energy conversion purposes.
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