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In this work, a singular system capable of interacting [
with the entire visible region of the solar spectrum is produced by ’ A A CHiorophyl
combining carbon dots (CDs) and chlorophyll (Chl) pigments, 2
entirely derived from the microalga Chlorella pyrenoidosa. The
process involves the digestion of the C. pyrenoidosa cellular wall in
an acetic acid:cholinium chloride (AA/ChCl) solvent, followed by
a microwave reaction. The resulting CDs exhibit excitation and
emission maxima at 461 and 528 nm, respectively. The Chl centers
enable a secondary photoluminescence (PL) process, thus ensuring
that the as-prepared CDs/Chl system (CDCS) can also interact
with the farther red region of the visible spectrum. The
luminescence properties of CDCS are concentration-dependent,
undergoing a blue shift with dilution. Confocal microscopy
provided insights into the protection of Chl pigments throughout the process. Furthermore, the consequences arising from the
addition of poly(ethylene glycol) oligomers (PEG-200) are also analyzed. The results demonstrate that the interaction between
CDCS and PEG-200 significantly modifies the PL intensity and emission wavelengths, especially at higher PEG-200 concentrations.
This suggests that PEG-200 can act as a modulating agent, stabilizing and even preventing the CDs’ fluorescence quenching while
also affecting the PL properties of Chl. This work presents interesting possibilities for the development of multifunctional
luminescent systems derived from microalgae biomass by addressing how these microorganisms can function not only as precursors
in the formation of advanced functional materials but also as an integrated component of these systems. As an added benefit, a
luminescent solar concentrator (LSC) was fabricated, revealing photostability, as well as optical and power conversion efficiency
values of 11 and 0.2%, respectively, values comparable to state-of-the-art CD-based LSCs.
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consumers. LSCs belong to a group of devices, usually

One of the most attractive ideas about using unicellular known as spectral converters, that are meant to improve the

organisms as carbon dot (CD) precursors is that everything applicability of photovoltaic (PV) cells.*

needed to obtain our nanomaterials is contained inside one An archetypal LSC comprises a planar waveguide coated and
small capsule. All that is required is to break that capsule, allow doped with highly emissive chromophores. Sunlight is
its contents to pour into the reaction vessel, and proceed with absorbed by the chromophore species and re-emitted at a

CD synthesis.

This idea was put into practice in the present work in the
framework of a project devoted to the active layers of
luminescent solar concentrators (LSCs) for building-integrated
photovoltaic (BIPV) technology."” BIPVs represent an
appealing strategy to address the 2050 European targets for
energy performance and ensure the transition to net-zero
emissions.” These concerns are intimately associated with the
urban environment, since buildings are major energy

longer wavelength. The emitted light then propagates to the
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Scheme 1. Preparation Process of the CDCS (2), from the Microalga C. pyrenoidosa (1)“
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“After digestion, with an AA/ChCl (16:1) solvent, the solution underwent a microwave (MW) reaction to produce the CDCS. The latter system

was eventually combined with PEG-200 to yield (3).

waveguide edges by total internal reflection, where small PV
cells convert it into electricity.* The efficiency of the LSCs
depends critically on the optical processes in the devices. The
losses associated with the optically active center include
nonabsorbed photons, emission quantum yield (®) < 100%,
and reabsorption of emitted photons by neighboring optically
active centers, mainly owing to small Stokes shift values. LSCs
offer a series of benefits, an important one being the design of
devices with both tunable transmittance and uniform trans-
parency. In addition, they are particularly suitable for
integration in metropolitan areas since they can harvest direct
and diffuse radiation, and their operation is not jeopardized
under shading conditions. The design of LSCs needs to fulfill a
series of requirements. Such materials should possess a high
molar extinction coefficient (&), high emission quantum yield
(@ > 50%), high brightness (B = ® X ¢), and large Stokes
shift. Furthermore, the emitted photon energy should match
the spectral absorption of the silicon (Si) PV cell. Ideally, LSCs
should absorb in the UV-blue region and emit in the red/near-
infrared (NIR) region.”®

CDs are among the most interesting emitting centers for
LSCs.” ™" CDs ally their excellent photoluminescence (PL)
features, photostability, high aqueous dispersibility, good
thermal stability, and chemical inertness with the nowadays
increasingly relevant qualities of low toxicity, favorable
biocompatibility, and environment-friendly nature, all of
which are anchored in facile synthetic procedures and great
flexibility of surface modification."'™"* CDs are zero-dimen-
sional (0D), quasi-spherical nanoparticles with a carbon-based
core exhibiting various functional groups at the surface
level.'""> They can be prepared by several methods from all
kinds of organic precursors, ranging from simple natural
products (e.g., citric acid, urea, glucose) to complex materials

like waste, plant biomass, and food items."”'* In either case,
these affordable raw materials provide not only the necessary
carbon sources but can also afford a supply of different
heteroatoms—such as sulfur (S), nitrogen (N), and
phosphorus (P)—enhancing CD functionality and addressing
environmental concerns related with their disposal and
treatment.'*'°

Organic colorants are also important emitters for LSCs,
as they can cover a significant part of the solar spectrum and
offer high absorption coefficients, broad emission bands, and
strong quantum yields. They are made of carbon-based
molecules; while most colorants are soluble (dyes), some are
not (pigments). However, they are not environmentally
friendly, have small Stokes shifts, and suffer from significant
reabsorption.'” Interestingly, some biosourced colorants (e.g,,
chlorophyll (Chl), phycobiliproteins) have been successfully
used in LSC devices."*™* This concept of biosourcing
colorants aligns with the increasing emphasis on sustainability
and green synthesis, encouraging the use of abundant natural
raw materials. From here, it follows that by carefully selecting
both the biomass precursors and the experimental conditions
used for the CDs’ production, the added benefit of the
presence of these natural colorants could also be a possibility.

Microalgae are emerging as innovative tools,>' ~** finding
applications in fields beyond health and wellness,”*** such as
bioplastics,”>*” pollution control and waste management,***’
and sustainable energy.””*" Empowering all of this research are
unicellular, photosynthetic microorganisms with a remarkable
ability to rapidly grow and flourish in various aquatic
environments due to their simple structure. Containing high
amounts of valuable phytochemicals of interest (e.g.,
polysaccharides, proteins, lipids, pigments), microalgae are a
rich source of bioactive materials.”””"
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Although the green microalgae Chlorella pyrenoidosa stands
out for its commercial exploitation as a food supplement,****
there is also growing interest in its use as a CD precursor.36_39
However, its valuable components are trapped inside robust
cell walls, requiring pretreatment for extraction.””*! Several
studies have explored using water or ethanol as solvents for CD
synthesis from microalgae.*”~* For alternative solvents, such
as eutectic solvents (ESs), research is still scarce,*™**
notwithstanding their versatility in the pretreatment and/or
conversion of biomass into value-added products.*”** ESs
result from the self-association of two or more compounds at
specific molar ratios, predominantly through hydrogen
bonding between a hydrogen bond donor and a hydrogen
bond acceptor. This interaction results in a system with a lower
melting point than its pure components.”' ~>* ESs can easily be
prepared from a vast library of compounds—which includes
ubiquitous naturally occurring compounds (ef., cholinium
(Ch*) sugars, natural carboxylic acids, polyols)’”**—allowing
the design of systems with specific, tunable properties.”’ >

In the present work, a two-component chromophore
platform was derived from C. pyreonoidosa microalgae. CDs
were obtained using an acetic acid: cholinium chloride (AA/
ChCl) ES (Figure S1 in Supporting Information) as an all-
purpose medium for the whole process regarding the
conversion of C. pyrenoidosa biomass to CDs ((1) in Scheme
1). The second component, Chl, was a logical choice due to its
inherent presence in the microalgae C. pyrenoidosa. This
pigment is deeply involved in plants’ sunlight harvesting and
the conversion of the absorbed photons into chemical energy,
thus playing a pivotal role in photosynthesis. Chls are
porphyrin derivatives with a central magnesium cation chelated
into the aromatic structure. They have a characteristic red/NIR
emission at 660—680 and 720 nm, associated with their
monomer chlorophyll a (Chl-a) and dimeric contributions,
respectively.””*’

Additionally, a third component was introduced in the form
of aqueous poly(ethylene glycol) (PEG) solutions. With
known applications in various fields of science (e.g.,
biotechnology and biomedical science, materials science,
organic synthesis), PEGs are a very attractive class of synthetic
polymers.”®>” They have a set of benign characteristics (e.g,,
low toxicity, high biocompatibility, high water solubility)
approved by the Food and Drug Administration for various
biomedical uses, including internal consumption.”” It is
noteworthy that they have been consistently explored as
precursors, solvents/matrices, or passivating agents in the
synthesis of CDs and other nanoparticles.”” More recently,
they were found to exhibit rather strong luminescence,’”!
despite being organic molecules devoid of conjugated =z
systems or fluorophores. However, their use as a CDs’
dispersion medium was only briefly explored, even though
they succeeded in enhancing the CDs’ PL properties, such as
peak wavelength, PL intensity, and electron time decay.’”

The resulting CDs/Chl system (CDCS) water and PEG
solutions were used to fabricate a planar LSC with state-of-the-
art performance.

Dried C. pyrenoidosa was obtained from a commercial source. Glacial
AA (extra pure, 99.7+%, SLR, meets analytical specification of
Ph.Eur, BP, USP) and ChCl (98+%; 3% water, as measured by
thermogravimetric analysis (TGA)) were purchased from Fisher

Chemical. Sodium hydroxide (NaOH, Eka Chemicals pellets), PEG
(average molecular weight (Myy): 200 g mol™, for synthesis, Sigma-
Aldrich), and all remaining reagents were of analytical grade or higher
and were used as received. Distilled water was used throughout.

2.2.1. Solvent Preparation. The synthetic procedure proposed
by Pan et al.%* was followed. The AA/ChCl solvent was prepared by
mixing glacial AA (100 mL; 1.74 mol) and ChCl (15.65 g
corresponding to 15.05 g or 0.108 mol of pure ChCl) inside a 100
mL flask, which corresponds to an AA/ChCl molar ratio of 16:1. The
mixture was then heated at 50 °C with continuous stirring until full
homogenization was observed.

2.2.2. Preparation of CDs from the Algal Precursor. 1.5 g of
dried C. pyrenoidosa was immersed in 15 mL of the AA/ChCI (16:1)
solvent and left for 24 h at room temperature under stirring inside a
sealed, light-protected flask. The resulting mixture was then placed in
a SAMSUNG domestic MW apparatus and allowed to react for 2 min
at 450 W power. Afterward, 10 mL of water was added to the resulting
semidried slurry, and NaOH 1 M solution was used to neutralize the
excess acidity. This mixture was then filtered and twice-centrifuged
(4000 rpm, 20 min) to obtain CDCS.

2.2.3. Preparation of CDs from the Solvent (Experimental
Control). A 15 mL portion of the AA/ChCl (16:1) solvent was
directly placed inside the SAMSUNG domestic MW and allowed to
react for S min at 450 W. This step was followed by addition of 10 mL
of water to the dried residue, neutralization with NaOH (1 M),
filtration, and centrifugation at 4000 rpm for 20 min. In the end, a
clear solution containing the CDs (designated as CDS hereafter) was
obtained.

2.2.4. Preparation of CDs from a Chl Ethanolic Extract
(Experimental Control). A 2 mL portion of a Chl ethanolic extract
was added with 15 mL of the AA/ChCl (16:1) solvent for 24 h at
room temperature. The CD formation for the algal precursor was then
carried out exactly as reported above.

2.2.5. Effect of PEG-200 in the CDCS. For the optical studies,
several aliquots of PEG-200 were weighed and directly added to 5 g of
the CDCS aqueous solution (see Table S3). The resulting solution
was then gently stirred until full homogenization. To obtain the 100%
PEG-200 CDCS solution, S g of the prepared aqueous solution was
lyophilized. Then, 5.5 g of PEG-200 was added to the resulting
powder with stirring until full dissolution.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were recorded with an IRaffinity-1S Shimadzu spectrometer
equipped with a horizontal unique reflection ATR accessory (Golden
Gate). The spectra were recorded with 128 scans between 4000 and
400 cm™" with a resolution of 4 cm™'. Additional FTIR spectra were
collected by using a Thermo Scientific Nicolet iS10 spectrometer with
a smart iTR accessory, covering the 4000—600 cm™' range. The
spectra were obtained by averaging 128 scans at a resolution of 4
cm™'. Approximately 2 mg of the sample was finely ground, mixed
with ~175 mg of predried potassium bromide (KBr, Merck,
spectroscopic grade) in an agate mortar, and then pressed into pellets.

TGA was carried out in a DTA/TGA Netsch STA 449F3 thermal
analyzer. In a typical experiment, samples were heated from room
temperature to 700 °C in alumina (AL, O;) crucibles under a nitrogen
(N,) atmosphere (50 mL min™" purge; 20 mL min™" protective flow),
at a heating rate of 10 °C min™".

Differential scanning calorimetry (DSC) experiments were
performed in a PerkinElmer DSC7 calorimeter equipped with an
intracooler cooling unit. The analyses were carried out using ca. 3 mg
of the compound in 30 xL aluminum vented pans, in the temperature
range from —140 to 20 °C, with a heating rate of 10 °C min™' and a
cooling rate of 20 °C min™". Dry N, at a 20 mL min™" flow rate was
used as the purge gas.

High-resolution transmission electron microscopy (HR-TEM)
images were obtained at the INL—Iberian Nanotechnology
Laboratory, using a JEOL JEM 2100 (200 kV). In a typical procedure,
the samples were dispersed in a water vortex and then applied to a
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Figure 1. Characterization of the CDCS: (a, b) HR-TEM images. The inset of panel (a) shows the CDs’ size distribution and that of panel (b)
shows the SAED with the identified d-spacings (0.18, 0.21, 0.28, and 0.32 nm). The first two d-spacings correspond to the CDs, while the latter are
due to the presence of sodium salts. (c) TGA curves of the C. pyrenoidosa microalga (black line), the extract residue (pink line), and the MW

residue (yellow line).

400-mesh copper grid containing lacey carbon and an ultrathin carbon
support film (Ted Pella ref 01824). Digital Micrograph software was
used for Fast Fourier Transformation (FFT) analysis.

Confocal microscopy (CM) images were also obtained at INL—
Iberian Nanotechnology Laboratory, with the help of a model
LSM780 confocal laser scanning microscope from Carl Zeiss
Microscopy, using a 63X plan-Apochromat oil-emerged objective,
1.4 NA (numerical aperture). In a typical experiment, S0 uL were
pipetted into a chamber slide and placed under the microscope.
Fluorescence excitation was achieved using several lasers, each
operating on an independent channel, providing excitation wave-
lengths of 405, 488, and 633 nm. Images were acquired and processed
with the Zeiss Zen software (Carl Zeiss Microscopy).

The powder X-ray diffraction analysis (PXRD) was conducted
using a Rigaku DMAX III/C diffractometer by performing a 3—60°
(20) scan in reflection mode, with an operating voltage of 30 kV and a
current of 15 mA. Monochromated Cu K,, radiation (1 = 1.54 A) was
used. The solid was deposited onto a glass substrate.

Fluorescence spectra were recorded between 250 and 800 nm with
a Varian Carey Eclipse Fluorescence spectrometer using a 10 mm
quartz cuvette. The excitation and emission slit widths were all set at §
nm. The obtained spectra were corrected for the system’s wavelength
response. The absolute emission quantum yield (@) values were
measured at room temperature by using a C9920—02 Hamamatsu
system. The method is accurate within 10%.

Ultraviolet—visible (UV—vis) absorption spectra were obtained
between 220 and 900 nm with a Lamba 25 PerkinElmer spectrometer
with the aid of a 1 cm quartz cuvette by using deionized water as a
solvent.

2.4. Chl Quantification

The absorbance spectrum was analyzed using UV—vis spectropho-
tometry from 230 to 700 nm, by employing a UV—vis microplate
reader (SpectraMax). Each sample was appropriately diluted in water,
with a sample/water ratio of 1:100. The homogenization of the
samples was achieved via vortex mixing, followed by the pipetting of
300 uL of each sample into individual microplate wells. Each sample
was assayed in duplicate.

3. RESULTS AND DISCUSSION
3.1. CDCS

In this work, C. pyrenoidosa microalgae were used as precursors
for the preparation of CDs. The choice was made for a
commercial source instead of a specially developed strain, since
it provided a low-cost option for the CD synthesis process by
using a widely available source of biomass.

Generating C. pyrenoidosa-derived CDs entailed a two-step
process consisting of a solid—liquid extraction procedure and a
carbonization stage (Scheme 1). The extraction was performed
with the AA/ChCl (16:1) solvent for 24 h, following a process
similar to that described by Lu et al.** Although other authors
have reported processes with shorter extraction times,”*~® the
main concern during the design of this experiment was not one
of recovery of any extracted material but of availability of
sufficient material to carbonize under mild conditions. Hence,
by allowing the pretreatment to proceed for 24 h, we could
ensure extraction and maximal digestion of all susceptible
material. Moreover, the (AA/ChCl) system platform was
chosen because of its previous use in the extraction of
biocomponents from C. pyrenoidosa®™ ™ ® and other spe-
cies.**" We note that the AA/ChCl (2:1) ES®***7" was
found to be too viscous for biomass extraction, which led to a
dilution of up to 50% water.”” Herein, we used a different
proportion with a higher AA/ChCl molar ratio. This
adjustment was done with a 2-fold objective: to lower the
viscosity and thus eliminate the need for water while
simultaneously facilitating the rupture of the microalgae cell
wall—and the consequent extraction of higher amounts of
biocomponents®**””'—due to its more acidic nature.”* In
addition, strong acidic media are reported to afford a higher
degree of surface oxidation in CDs with longer emission due to
a smaller energy gap of surface states in the oxidized CDs.”* To
confirm the eutectic nature of the AA/ChCl (16:1) solvent
herein employed, DSC and ATR-FTIR measurements were
performed (Supporting Information).

The resulting dark-green solution (Figure S4a in the
Supporting Information) was placed inside a MW oven. This
process yielded a dark-green dried residue, which, after being
dissolved in water and subjected to filtration and centrifuga-
tion, afforded a yellowish-brown solution (Figure S4b),
characteristic of CDs, named CDCS hereafter ((2) in Scheme
1). All attempts to dialyze this solution invariably led to the
loss of Chl content. Therefore, further purification through
dialysis was avoided. Consequently, the present results concern
the filtered aqueous solution obtained from MW treatment of
the C. pyrenoidosa biomass.

By lyophilizing this solution, we obtained a light beige
powder. The ATR-FTIR analysis of this powder (Table S1 and
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Figure S5, black, blue, red, and green lines, in the Supporting
Information) confirmed the presence of the acetylcholinium
cation in all samples, as indicated by the bands at 1741 and
1081 cm™" (for a more complete discussion of the ATR-FTIR
spectra, please refer to the Supporting Information). Addi-
tionally, a band located at 1569 cm™" in the ATR-FTIR spectra
of all of the CDCS samples (Figure SS, black, blue, red, and
green lines) was attributed to the C=C stretching vibration,
typical of sp® carbon structures, and indicative of the presence
of CDs.”

As a control experiment, the AA/ChCl (16:1) solvent also
underwent MW carbonization. However, the experimental
conditions that afforded CDCS were insufficient to produce
CDs from just the solvent alone (CDS). Hence, the reaction
time was increased to 5 min while maintaining the same MW
power, at which point CD formation, although minimal, could
be observed. The ATR-FTIR spectrum of the lyophilized
powder (Figure SS, violet line)—albeit different from those
obtained for the CDCS samples—also indicated the presence
of the acetylcholinium cation, and suggested a minimal
presence of CDs (Supporting Information).

The HR-TEM images of the CDCS samples (Figures la,b and
S6 in the Supporting Information) revealed a massive presence
of sphere-shaped nanostructures with an average diameter of
3.9 + 0.7 nm. Both the spherical shape and the size (less than
10 nm) provide unequivocal evidence of the presence of CDs.
The produced CDs exhibit a crystalline structure with
interplanar spacings of 0.18,*’° and 0.21”° nm, which
correspond to the (103) and (100) diffraction planes of
graphitic carbon, respectively. Additionally, two other inter-
planar distances were found. The distance of 0.28 nm is
attributed to the presence of sodium chloride (NaCl),”® while
that of 0.32 has been attributed to the (110) diffraction plane
of sodium acetate (CH,;COONa).”” Both sodium salts
originate from the neutralization step with NaOH, and their
presence was confirmed by PXRD (Figure S7 in the
Supporting Information).

In contrast, the HR-TEM images of the CDS samples
showed mostly undefined structures (Figure S8ab in the
Supporting Information), with only a trace presence of
spherical nanostructures (Figure S8c). The detection of a
small amount of CDs, even after a carbonization time of §
min—which is more than double the time necessary for the
CDCS to form—is clear evidence that the AA/ChCl (16:1) ES
was not the main source of the CDs. Moreover, this confirms
the ATR-FTIR results in which the band attributed to the
presence of sp” carbon domains emerged as a shoulder.

To further confirm that the source of the CDs present in
CDCS samples was derived from the phytochemicals in the
microalgae extract, TGA experiments were performed on the
microalgae extract and carbonization residues, and untreated
biomass.

Typically, biomass pyrolysis under an N, atmosphere occurs
in three main stages. The first event (between room
temperature and ca. 150—200 °C) is associated with the loss
of hydration waters. The second thermal event—where the
mass loss rate is the highest—occurs between 200 and 500 °C.
Finally, above 600 °C, the system evolves to the formation of
carbon-containing species (CO,, C,H,, and tars) until constant
weight is reached.”* " While the degradation of carbohydrates
and proteins under an inert atmosphere occurs during the

second thermal stage, that of the lipids unfolds slowly at
temperatures above 500 °C without the formation of a defined
DTGA peak temperature. As to the decomposition of
carbohydrates and proteins, although they take place at the
same thermal event, each of them occurs independently, within
a specific range of temperatures: nonfibrous carbohydrates
decompose at temperatures between 190 and 270 °C, while
protein degradation starts from ca. 270—370 °C.*>"'

The TGA curves (Figure 1lc) and their corresponding
derivative (DTGA) curves for the microalgae material, before
and after the extraction and MW stages (Figure S9 and Table
S2, Supporting Information), reveal a degradation process
occurring in three different steps, in excellent agreement with
the thermal degradation process just described above. In brief,
mass losses remained approximately at the same level for all
three samples: 3—5% for Stage 1, 48—51% for Stage 2, and
13—19% for Stage 3 (Table S2). It is noteworthy that the
amount of carbohydrate content that was degraded strongly
increased from the C. pyrenoidosa biomass (7%) to the extract
and MW residues (13 and 11%, respectively). Moreover, the
DTGA peak located at 234 °C (Figure S9b) had its area
significantly enlarged (Figure S9c), indicating a greater extent
of carbohydrate degradation associated with the disruption of
the cell wall of C. pyrenoidosa, as a result of the solvent’s action
during the extraction process. After the MW step—and the
formation of CDs—the DTGA peak located at 234 °C (Figure
S9b) shifted to 264 °C (Figure S9a,d), suggesting that a
significant part of the leaked carbohydrates was consumed
during the MW process. This leads us to conclude that the
carbohydrates extracted from the C. pyrenoidosa microalgae are
a significant source of the CDs described here, especially when
taking into consideration the ATR-FTIR spectra of the
lyophilized CDCS systems, which confirmed the presence of
solvent-related entities.

Regarding the potential consumption of protein in the
formation of the CDs, a comparison of the TGA/DTGA
curves of the C. pyrenoidosa (Figure S9b) vis-a-vis the final
residue (Figure S9d) reveals a striking similarity, suggesting
that the protein content remained practically unchanged
(Figure S9a). This strongly suggests that the contribution of
proteins to the formation of CDs was minimal. This likeness is
also evident in the TGA curves for the same samples (Figure
1c) and their identical residual masses (Table S2). This implies
that the cellular structures present after the CDs’ formation
were essentially the same as those at the beginning of the
process. From these observations, two conclusions can be
drawn: first (arising from the close resemblance of the curves),
all components susceptible to degradation and carbonization
during the CD process were effectively transformed; second,
there was likely more biomass available in the reaction mixture
than what the solvent could reach and disrupt.

The UV—vis absorption spectrum of the CDCS-4 sample
displays two shoulders at 252 and 275 nm (Figure S10 in
Supporting Information), attributed to the 7—z* transitions
associated with C=0 and C=C groups.””*” These data
correlate well with the reported ATR-FTIR data (Supporting
Information). Moreover, a long, tailed absorption band extends
from 300 nm to higher wavelengths, encompassing practically
all of the vis region. This tail arises from several weak
absorption bands originating from the various constituents of
the CDCS. Noteworthy contributions include the Soret band
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Figure 2. Optical properties of the CDCS-4 sample. PL spectra at various concentrations: (a) excitation and (b) emission spectra at maximum
concentration; (c) excitation and (d) emission spectra for a 20% diluted solution; and (e) excitation and (f) emission spectra for the 8% diluted
solution. The insets show pictures of the 10 mm quartz cuvette taken under a 365 nm lamp.

and the weaker absorption bands located between the Soret
and the Q bands of Chl,>**”** but also bands arisin§ from the
presence of different surface states in the CDs.”>***°

Broad bands shift from 400 to 475 nm (Figure 2a) and from
490 to 610 nm (Figure 2b) in the excitation and emission
spectra, respectively, at increasing excitation wavelengths, with
the intensity maxima being attained at 461 and 528 nm in the
excitation and emission spectra, respectively, with a Stokes
shift of 67 nm. It is worth noting that these spectra show a
huge improvement compared to the CDS spectra (Figure S11
in the Supporting Information). In the latter case, the
excitation and emission maxima are markedly blue-shifted to
357 and 438 nm, respectively.

The UV—vis absorption spectra also reveal a band at 670 nm
(Figure S11), indicating the presence of Chls. These can be
easily distinguished by their two strong absorption bands: the
Soret band, in the blue region between 400 and 460 nm, and
the Q-band, in the red region, between 640 and 680 nm. 56
For C. pyrenoidosa, the main Chl component has been
identified as Chl-a,*”*® with bands centered around 420—440
and 660—670 nm.***® Thus, the band at 670 nm is due to the
presence of Chl-a. This colorant is also discerned in the PL
spectra reproduced in Figure 2, with an excitation wavelength

maximum at 640 nm—when it becomes the predominant
fluorophore—for an emission at 667 nm.

Further investigation revealed that the PL properties of
CDCS vary with the dilution of its solution. As shown in
Figure 2, both the excitation and emission spectra can be
significantly blue-shifted. When diluting the original solution to
a fifth of its original concentration, i.e., 20% (Figure 2c,d), the
excitation and emission spectra shift from 461 to 346 nm and
528 to 450 nm, respectively, with a Stokes shift of 104 nm.
Further dilution to 8% leads to a further shift to 337 and 418
nm for the emission and excitation spectra, respectively, and a
Stokes shift of 81 nm (Figure 2e,f). Concomitantly, the PL of
the Chl chromophore (emission maximum at 665 nm, Figure
2, left) is considerably reduced at 20% dilution (Figure 2,
middle) and becomes practically inactive at an 8% dilution
(Figure 2).

Recent studies showed that CDs can have concentration-
dependent luminescence, often with significant blue shifts.*”~"*
For example, Meng et al.* reported a 200 nm shift (from 630
to 400 nm) in the PL emission peaks as their CDs’
concentration gradually decreased from 3.0 to 0.03 g L™". In
another study, Zhang et al.”’ communicated a shift from 678 to
435 nm for concentrations of 100 and 0.01 mg L7},
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Figure 3. Representative confocal microscopy images of fluorometric analysis of (I) the C. pyrenoidosa extract: (a) fluorometric analysis with a
solid-state laser exciting at 405 nm; (b) expansion of the previous image with an excitation wavelength of 40S nm and the corresponding
fluorescence emission profile, obtained at several points in the image; (c) same expansion as in panel (b), now under an excitation wavelength of
633 nm with the corresponding fluorescence profile. (II) The CDCS aqueous solution: (a) under a laser exciting at 405 nm (10%) and 633 nm at
different confocal distances; (b) under a laser exciting at 405 and 633 nm, with intensities of 10 and 100%, respectively, also at different confocal
distances; (c) above: fluorescence images acquired under different channels (488 nm in the left and 633 nm in the right) as well as the
reconstructed z-stack images (in the middle); below: the orthogonal view of the reconstructed image from z-stack images (built from a total of 35
images).

respectively. In these®””” and other studies,”' ™ the effect was leading to a disaggregation effect. Thus, for high concen-
attributed to an increase in the CDs’ interparticle distance, trations, the formation of CD-aggregates helps stabilize the
G https://doi.org/10.1021/acsnanoscienceau.4c00048
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solution by minimizing the instability caused by the CDs’ short
distance and the high surface energy. Upon dilution, these
aggregates break apart due to intermolecular interactions.*””

Such an effect could very well be at play here. The CDs’ PL
properties might indeed be concentration-dependent, and the
shift observed from green to blue emission might be a
consequence of particle disaggregation due to dilution.”” On
the other hand, water addition also leads to a loss of emission
of the Chl centers and, thus, of any synergy between these two
phosphors. If that is the case, then introducing more solvent
will make the PL properties of the CDCS closer to those of the
CDs themselves. Nevertheless, the maximum @ values found
for the water-based solutions were 0.02 + 0.01, independently
of the concentration of CDs (Table S4 in Supporting
Information).

The presence of Chl in our final systems justified further
studies. When considering the whole process of CDs’
formation, where C. pyrenoidosa biomass is exposed to a very
acidic solvent and a MW treatment, the presence of Chl seems
unlikely. Chls are quite stable in their natural environment, but
they can easily degrade during extraction and processing steps
due to exposure to heat, light, acids, oxygen, or enzymes.” ™
In particular, chemical environments with low value of pH
have been associated with the loss of the central Mg>* cation,
followed by the incorporation of protons to form pheophytin
and the resulting change of color from bright green to olive
green (Figure S12 in Supporting Information). 97 Likewise,
thermal treatment can also lead to the replacement of the
chelated Mg** cation, with additional exposure to either heat
or acid resulting in the loss of the phytol chain attached to the
porphyrin ring, thus forming a pheophorbide (Figure §12).7%%7
Of note, even though these compounds are structurall
different, their absorption spectra are quite similar.***>”
Both heat and acids were used in the formation process of
CDs, and for this reason, the band ascribed to Chl in the UV—
vis absorption spectra may indicate, instead of Chl itself, the
presence of one (or more) of its degradation products.

In our experiments, we managed to extract Chl from the
cells of C. pyrenoidosa. The spectrophotometric determination
of the total Chl content was about 0.9 mg ML
corresponding to 9 mg of g4 c. pyrmidm_l. This result is a
considerable improvement over the one recently reported by
Ozel et al,®® of 21.49 + 0.42 mg Loy for the total Chl
content extracted from Chlorella vulgaris with an AA/ChCl
(2:1) ES. However, spectrophotometric analysis was unable to
determine the Chl content in the CDCS samples at the end of
the process under the same experimental conditions. This is
likely because of the prolonged contact between Chl and AA
without any other component that might help stabilize the
pigment, such as carbohydrates, which are known to increase
the stability of natural pigments.'°”'*" Moreover, the complex-
ity of the CDCS prevented any further analysis, thereby
hindering the possibility of deeper characterization to identify
the specific colorant in the solution.

The presence of the Chl colorant in the CDCS further
prompted us to replicate our CDs results using only a Chl
extract instead of the whole C. pyrenoidosa extract. The
resulting system did not exhibit any spectroscopic evidence
(Figure S13—II in the Supporting Information) of Chl
presence, thus confirming that this colorant was fully
consumed in the carbonization process. Instead, a significant

presence of nanostructures with an average diameter of 5.6 +
1.7 nm was observed (Figure S13—I). While their shape was
not perfectly circular, the presence of lattice fringes with a d-
spacing of 0.21 nm—corresponding to the (100) diffraction
plane of graphitic carbon—along with the dimensions of the
structures, tally well with the formation of CDs.”* Hence, if the
Chl that we have in our extract does not survive the MW stage
on its own, its presence needs to be explained in another way.
This led to the hypothesis that Chl might be encapsulated or
otherwise related to the excess Chiorella cells identified by the
TGA results. Therefore, the decision was made to probe the
biomass extract and the resulting CDCS solution directly using
CM.

Figure 3-1 shows that there is still a significant number of
aggregates composed of ellipsoidal structures after the end of
the extraction process. These structures, with dimensions
ranging between 2 and 5 um, were identified as unprocessed C.
pyrenoidosa cells, as their dimensions and shape fit with what is
seen in electronic microscopy for this microalga.”>~®” This
result confirms what was first seen in the TGA measurements
for the algae residue, demonstrating that the amount of C.
pyrenoidosa used was higher than the amount that the AA/
ChCl (16:1) solvent could effectively degrade. In addition, the
fluorescence spectrum profile under excitation at 405 nm
(Figure 3-Ib) shows a broad band peaking at S03 nm for all
spherical objects, which is also in line with the emission
spectrum of a cellular wall. However, when the sample was
excited at 633 nm (Figure 3-Ic), the only observed spectrum
was that of Chl, regardless of the monitored region. This
means that the Chl dye is present not only in the cells but
mostly in the solution, attesting that there was, at least, a
partial extraction.

Confocal images of CDCS (Figure 3-II), in turn, reveal an
entirely different situation. Although the whole C. pyrenoidosa
cells were still visible (Figure 3-IIa,b), cell wall fragments were
also clearly discerned (Figure 3-Ila,c). This means that some of
the cells that were unaffected by the solvent were able to
withstand the MW step, thus surviving the whole process.
Additionally, Chl was only detected inside the whole cells
(Figure 3-1Ia,b) and on a few specific fragments (Figure 3-Ilc;
and Supporting Video 1), where it remained attached to the
wall fragments. In conclusion, the source of Chl is the surviving
C. pyrenoidosa whole cells and is a direct consequence of the
high solid—liquid ratio of the mass of C. pyrenoidosa and the
volume of AA/ChCI (16:1) used in these experiments.

This result is interesting because it shows that microalgae
can withstand MW treatment. The implications seem quite
clear: preserving the Chl pigments (and possibly other
colorants) is possible, even under harsh experimental
conditions, as long as the microalgae’s cell wall remains intact
throughout the entire treatment process. Although, such a
process is restricted to unicellular organisms, it nevertheless
remains an original and useful strategy that can be expanded to
other species containing colorants of interest. More
importantly, this process opens an enticing fresh take on the
preparation of multiphosphor materials with in situ generated
CDs in a simple, easy way.

To further understand the phenomena of the dependency of
the CDCS’ PL solution properties with the concentration—
and in an attempt to restore its initial properties—weighted
amounts of PEG-200 were consecutively added to the aqueous
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Figure 4. Representative confocal microscopy images of fluorometric analysis of (I) the 75% PEG-200 CDCS aqueous solution: (a) fluorometric
analysis with a solid-state laser exciting at 488 nm; (b) expansion of image (a); (c) corresponding fluorescence emission profile, obtained at several
points in (b); (d) expansion of image (b); and (e) fluorescence emission profile obtained for image (d) for excitation at 490 nm. (II) The CDCS
PEG-200 solution: (a) under a laser exciting at wavelengths of 405 nm (25%) and 633 nm (100%); (b) expansion of the previous image under a
laser exciting at 488 nm, and (c) fluorescence emission profile of image (b).

solution, and their optical properties were assessed ((3) in
Scheme 1). The choice of PEG-200 as a cosolvent was guided
by several reasons: it is in a liquid form at room temperature,
has high polarizability, and demonstrates excellent solubility in
water throughout all composition ranges.'”” Although, for a
long time, PEG was deemed nonemissive—due to the lack of
conjugated 7 systems or fluorophores—recent studies reported
some rather interesting PL properties.éo’m’103
conjugated polymers self-assemble/aggregate in solution
(normally for high concentrations) and in the solid state,
yielding membranes and films. In the aggregated state, the
oxygen atoms get together, favoring through-space delocaliza-

Such non-

tion of the lone pairs of electrons, and the rigid structure
reduces nonradiative processes. The process—known as
aggregation-induced emission—enables discrete chromo-
phores or auxchromophores to engage in spatial conjugation
via cooperative conformation (intramolecular) followed by
aggregation (intermolecular), resulting in fluorescence or
sometimes phosphorescence emission.”"'**

The UV—vis absorption spectrum of PEG-200 shows a
broad absorption band below 210 nm with a tail extending to
350 nm. Small shoulders are also seen at 262, 270, and 286 nm
(Figure Sl4a in Supporting Information). The excitation
spectrum of PEG-200 displays two distinct peaks centered at
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229 and 277 nm. Under radiation between 220 and 320 nm,
the emission spectrum exhibits broad bands between 300 and
350 nm, with a tail extending to 500 nm. Irradiation at 230 nm
led to the highest emission intensity at 305 nm, with the
second highest emission occurring at 280 nm (Figure S14b,c).
Sun et al.’' reported similar spectra for PEG entities over a
wide range of M,y (between 2 and 12 kDa), which agrees with
those discussed here. Significantly, a red shift of the emission
maxima was observed with increasing My, (from 313 to 34S
nm, corresponding to My values of 2 and 10 kDa,
respectively). Thus, the maximum blue-shift now observed
PEG-200 aligns with what would be expected for a low-My,
PEG. However, the PL properties of PEG are still open to
debate, with a recent paper highlighting that the presence of
fluorogenic stabilizers (i.e, 3-tert-butyl-4-hydroxyanisole, 3-
BHA) in commercially available PEG products might be
responsible for the recently discovered PL properties of
PEG.'” Indeed, the UV—vis absorption spectra of 3-BHA
reported by Bin et al.'” are very similar to the one we
obtained for PEG-200, with absorption peaks at 223 and 278—
280 nm that coincide with the excitation bands reported
here.'”*'% Since the presence of 3-BHA in our PEG-200
cannot be excluded, any interpretation of the PL properties of
PEG-200 should be taken with extreme care.

The PL properties of the CDCS solubilized in water/PEG
mixtures over the whole PEG weight/molar fraction ranges are
summarized in Table S3 (Supporting Information) and are
represented in Figures S15—S17 (Supporting Information).
The addition of small amounts of PEG to the aqueous CDCS
solution primarily affects the fluorescence intensity, along with
slight red shifts in both the excitation and emission maxima.
This implies that the addition of PEG-200 to the system has an
impact on the quenching of the fluorescence mechanisms.
Even so, a PEG weight ratio of 75% or higher results in a
pronounced increase in intensity, as well as a significant blue
shift in the wavelength maxima (from 457 and 525 to 383 and
464 nm, for the excitation and the emission maxima,
respectively). These concentration-dependent shifts indicate
direct interactions between PEG oligomers and the surface of
the CDCS fluorophores, supporting the presence of emissive
surface states. The implication is that PEG-200 not only acts as
a passivating agent in preventing particle aggregation but also
modulates the PL properties of the CDCS. Despite that, there
are no significant changes in the @ values of the water/PEG-
200 mixtures to those of the only water or only PEG-200
solvent, the maximum value being 0.02 = 0.01 (Table S4,
Supporting Information).

Several studies reported negative deviations of excess molar
volumes of water/low-My; PEG mixtures, indicating a volume
contraction upon mixjng.mé_log This effect was correlated
with a 3D H-bonded structure arising from the interactions
between water and the PEG molecules within the mixture. In
the case of PEG-200, these intermolecular H-bonding
interactions attained a maximum at a PEG molar fraction,
XrEG ~ 0.26 (which corresponds to about 80% wt PEG),
regardless of the temperature.'”’ ™%’ The major contribution
to the significant negative excess molar volumes of the mixture
was attributed to the H-bonding between the water — O— and
the terminal — H of PEG. The presence of weaker H-bonding
interactions between the water — H and the ether — O— of
PEG, however, cannot be discarded. Thus, small additions of
PEG-200 are expected to bring some heterogeneities to the
solution but without significant changes to the environment

around the fluorophores, which seems to fit the small
variations observed in the intensity and the position of the
Chl and the CDs bands (Figures S16 and S17). Borodin et
al.''” studied the polymer dynamics of aqueous PEG solutions
and found that the first hydration shell is largely formed for an
aqueous PEG solution at 50%. Although their study focused on
PEG-600, it has been shown that variation in hydration
numbers for PEG-200 and PEG-600 was minimal (6.06 and
5.76, respectively).''" As illustrated in Table S3 and Figure
S15, the PL properties of the CDCS in water/PEG-200
solutions for a weight ratio below 60% remain relatively stable
despite gradual intensity increases due to the formation of H-
bonding networks between H,O and PEG-200. At about 75—
80% PEG-200 weight ratio, the interactions with H,O are at
their strongest, followed by a stage where PEG-rich areas begin
to form at higher PEG-200 weight ratios.'”7'"9 At this stage,
there is a notable blue shift in excitation and emission maxima
(from 457 and 525 nm to 383 and 464 nm, respectively),
resembling the shift seen when the CDCS is diluted in water.
This observation hints at a diminishing influence of Chl,
potentially indicating some synergy between the CDs and the
C. pyrenoidosa cells.

The CM images obtained for the 75% PEG-200 aqueous
solution and 100% PEG-200 solutions of CDCS are
represented in Figure 4. As observed, no Chl was detected in
either solution. In both cases, only small structures were found,
closely resembling fragments. These structures were more
common in the full 100% PEG-200 solution than in the 75%
PEG-200 solution (Figure 4-L1II, respectively). Upon magni-
fication, emission profiling was performed for the selected
areas. A peak was observed at around $47—557 nm (Figures 4-
Ic,IIc), coinciding with the emission spectra for the CDCS
solution under excitation at 490 nm (Figure 4-Id), which led to
its attribution to CD clusters. Moreover, a second set of
structures was found in the 75% PEG-200 aqueous solution,
with profiling revealing a band centered at 511 nm after
excitation at 405 nm (Figure S18 in the Supporting
Information). Given the resemblance of the spectrum obtained
here (Figure S18) with that of the C. pyrenoidosa extract
(Figure 3-Ib), we interpreted these second structures as cell
wall fragments because these are the only visible structures
observable in the C. pyrenoidosa extract.

The absence of whole cells of C. pyrenoidosa in both
solutions made us hypothesize that they suffer lysis upon
dispersion in PEG-rich solutions. This may explain the
consistent loss of intensity of the Chl Q-band in the emission
spectra, as the PEG-200:water ratio increased (Figures $16 and
S17). The foundations for our hypothesis are based on two
concomitant mechanisms of action. First, PEG is known to
interact with cell walls and alter their plasticity and
permeability, rendering them more susceptible to osmotic
pressure.''”''? Second, the osmotic stress induced by
introducing high concentrations of PEG-200 to the aqueous
solution contributed to the damage in the cell wall, eventually
leading to cell disruption.''* Even so, by introducing small
quantities of PEG-200, it remains possible to fine-tune the PL
properties of the CDCS, which could be advantageous for
designing the active layer of LSCs.

Planar LSCs were fabricated from CDCS-in-water and CDCS-
in-100% PEG-200 samples. Each solution was used to fill a
glass container coupled to a c-Si PV cell, as previously
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Figure S. Luminescent solar concentrator (LSC). (a) Photograph of the fabricated LSC based on the CDCS-in-water sample under simulated
AM1.5G irradiation. (b) I-V curves and (c) measured short-circuit current values during continuous exposure to AM1.5G irradiation. Emission
spectra measured at the edges of the LSCs are shown for (d) the CDCS-in-water sample and (e) the CDCS-in-100% PEG sample, both under
AM1.5G irradiation. (f) Variation in the integrated area of emission spectra over the exposure time.

reported.”” Each device was characterized under simulated
AMI.5G irradiation (Figure Sa), and the conversion efficiency
(nopt = P,./P;,, where P is the output optical power and P,,
is the incident optical power) and power conversion efficiency
(PCE = P,,/P,, where P, is the electrical output power)
were calculated following standard methods''> (see the
Supporting Information for details). The CDCS-in-water-
based device yielded 7, and PCE values of 9.4 + 0.3 and 0.17
+ 0.01%, respectively, while the LSC based on the CDCS-in-
100% PEG-200 sample reached 7, and PCE values of 10.7 +
0.4 and 0.23 + 0.01%. This indicates no significant difference
between the water and PEG-200 media (Figure Sb).
Comparing the performance’> with other CDs and natural-
based centers (Table SS), it is possible to infer that the results
here reported are among the best ones. To test the
performance in a time-extended operation mode, the fabricated
LSC devices were exposed continuously to AM1.5G radiation
for 6 h, retaining approximately 90% of their initial electrical
(Figure Sc) and optical (Figure Sd—f) performance for the
CDCS. For the PEG-200-based LSCs, the electrical current
and the intensity that showed an initial increase were stable
during the experiment, in good agreement with the PEG-200
acting as a protective layer for the CDs. The spectra reported
show the solar simulator output modified by the LSCs’
absorption and emission, confirming their capability to absorb
and convert solar radiation.

In this work, CDs have been prepared from C. pyrenoidosa
biomass, obtained from a commercial source through MW
carbonization. For this process, an ES consisting of AA and
ChCl was used as the extracting agent and solvent medium.
The resulting CDs, with a diameter of 3.9 &+ 0.7 nm, exhibit

emission in the green region of the spectrum (526 nm) upon
excitation in the blue region (472 nm). More interestingly, this
procedure also retained Chl centers, emitting in the far-red
region of the spectrum. These Chl centers are due to the
presence of C. pyrenoidosa cells, which managed to survive
both the extraction and the MW procedures due to the high
solid—liquid ratio, meaning the mass of C. pyrenoidosa per mL
of ES used in the procedure, making this system a two-
phosphor system emitting in the green and red regions.
Additionally, there seems to be a synergistic effect between
these two phosphors since the CD PL properties are blue-
shifted whenever the activity of the chlorophyllin centers
diminishes, either through dilution or by introducing a high
concentration of PEG-200 oligomers. Overall, introducing
PEG-200 entities also led to an improved PL system,
evidenced by increased fluorescence intensity and narrowed
excitation and emission bands, particularly PEG-200/water
ratios up to 75%. When placed in a planar LSC cell, the CDCS-
in-100%PEG-200 revealed photostability and optical and
power conversion efficiency values of 11 and 0.2%,
respectively, comparable to state-of-the-art CDs-based LSCs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00048.

Results for DSC and FTIR (for the eutectic system);
ATR-FTIR, as well as additional thermogravimetric
analyses, TEM, and PL measurements for the CDCS
system and the control experiment performed for the
Chl extract; and additional PL measurements for the
CDCS in water/PEG-200 solutions (PDF)
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Video animation of the z-stack images obtained for the
CDCS system by CM (AVI)
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AA, acetic acid; AA: ChCl, acetic acid: cholinium chloride
solvent; ATR-FTIR, attenuated total reflectance Fourier
transformed Infrared; BIPV, building-integrated photovoltaics;
CD, carbon dots; CDCS, carbon dots/chlorophyll system;
CDS, solvent-derived carbon dots; Ch+, cholinium cation;
ChCl, cholinium chloride; Chl, chlorophyll; CM, confocal
microscopy; DSC, differential scanning calorimetry; DTGA,
first-derivative of the TGA; ES, eutectiv solvent; HBA,
hydrogen bond acceptor; HBD, hydrogen bond donor
(HBD); MW, molecular weight; HR-TEM, high-resolution
transmission electron microscopy; PEG-200, poly(ethylene
glycol) with a molecular weight of 200; PL, photolumines-
cence; PV, photocoltaic; TGA, thermogravimetric analysis;
UV—vis, UV—visible absorption; spectra
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