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Abstract: In this work, photoluminescent (PL) carbon nano dots (CNDs) prepared from argan waste
were embedded in highly optical transparent poly(styrene-co-acrylonitrile) (PSA) and cyclo-olefin
copolymer (COC) matrices, which were further processed into thin films. In the first step, the
luminescent CNDs were prepared through thermal processing of fine-groundargan waste, followed,
in the second step, by direct dispersion in the polymer solutions, obtained by solving PSA and COC
in selected solvents. These two polymer matrices were selected due to their high optical transparency,
resilience to various environmental factors, and ability to be processed as quality thin films. The
structural configuration of the CNDs was investigated through EDX, XPS, and FTIR, while DLS,
HR-SEM, and STEM were used for their morphology investigation. The luminescence of the prepared
CNDs and resulted polymer nanocomposites was thoroughly investigated through steady-state,
absolute PLQY, and lifetime fluorescence. The quality of the resulted CND-polymer nanocomposite
thin films was evaluated through AFM. The prepared highly luminescent thin films with a PL
conversion efficiency of 30% are intended to be applied as outer photonic conversion layers on solar
PV cells for increasing their conversion efficiency through valorization of the UV component of the
solar radiation.

Keywords: carbon dots; polymer nanocomposites; photonic conversion materials

1. Introduction

Photoluminescent carbon nano dots (CNDs) prepared from natural sources [1] could
be a convenient approach due to the abundance of the raw materials from various vegetal
and agricultural wastes available in large quantities. Besides the valorization of these
readily available resources, the resultant CNDs are biocompatible [2] in most cases, and,
according to the chemical composition of the precursors, the application range could vary
from optoelectronic [3,4] and sensing [5,6] devices to biomedicine, including anti-tumoral
activity [7-9] or medical imaging [10] such as MRI investigation techniques [11]. Typically,
the CND structure consists of a surface-rich functional group-decorated graphitic core with
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a disordered configuration containing various atomic species (i.e., N and O) intercalated
between the sp2 carbons [12,13].

One of their most interesting features is their photoluminescence, with a particular
excitation-dependent emission [14,15] which is rather unique among fluorescent materials.
The mechanism of the radiative processes involved in photoluminescent (PL) emission is
still unclear but later studies highlight the importance of the surface functional groups and
defects located within the graphitic core [16,17]. The efficiency of the radiative processes
ranges from a few percent to an impressive 90% quantum yield [18] depending on the
precursors, preparation approach, and certain strategies of surface chemistry modifications
or doping of the graphitic core with various atomic species [19,20]. In most cases, the
reported emission is located within the blue region of the visible spectrum, but green [21,22],
red [23], and NIR [24] emission CNDs have been reported. In this regard, it has been
reported that characteristics of the emission are markedly dependent on the dispersion
medium [25].

CNDs are typically prepared following physical and chemical approaches [26]. The
last ones (e.g., hydrothermal [27], pyrolytic [28], and thermal [29] processing) are usually
the preferred strategic route due to their simplicity and the variety of the resulting CNDs
in terms of composition (e.g., surface groups and graphitic core) adapted for an intended
application. Besides the synthesis strategies, another important aspect in the preparation
of CNDs is the choice of the precursor, and the use of abundant natural sources is most
appealing [30,31]. In this sense, a wide variety of carbon-rich natural sources has been
explored as precursors, covering a diversity of wastes such as plant wastes from agricultural
and food processing [32], dried leaves [33], palm kernel [34], collagen [35], algae [36], or
orange waste peels [37], among the many reported works with notable results.

Regarding applications and especially in those targeting optoelectronic devices, CNDs
are hardly to be used directly, as resulted from synthesis. CND dispersions tend to gradually
lose their PL emission intensity, due to a marked agglomeration of the nanosized particles
into large clusters. This process depends on the dispersion solvent used, with polar solvents
(i.e., water and EtOH) favoring the clustering and thus rendering a fast decay of the PL
(within few days) [38]. Hence, for the applications where the long-term stability of the
PL emission is required, the encapsulation of the CNDs in a suitable matrix appears an
interesting approach to preserve their structural integrity and PL properties [39]. For this,
the compatibility between the CNDs and the embedment medium is a critical requirement.
Another important aspect is the transparency within excitation/emission wavelengths
range. In this regard, optically transparent polymer matrices can provide both the long-
term preservation of CNDs structural and PL emission stability. This is most outstanding
for their use as photonic conversion layers in photovoltaic applications. As a few examples,
CNDs have been embedded in poly(methylmethacrylate) [40], poly(vinyl-alcohol) [41],
poly(dimethylsiloxane) [42], polystyrene [43], poly(vinylchloride), or polycarbonate [25].

In this work, CNDs with remarkable PL emission have been prepared through thermal
processing of argan wastes, and they have been dispersed in poly(styrene-co-acrylonitrile)
(PSA) and cyclo-olefin copolymer (COC) solutions and further processed in thin layers.
The argan waste was selected as a precursor due to its availability as a low-cost material
resulting from the argan oil production [44] through cold pressing of the argan kernels.
Indeed, the production of argan oil represents an important socioecoenomic resource for
Morocco, with over 3000 tons of oil produced per year, representing a percentage of argan
cake wastes generated. On the other hand, the polymer matrices were selected due to their
high optical transparency, resilience to various environmental factors, and ability to yield
high quality thin films. Our data have shown that, through the embedment of the CNDs
in those polymer matrices, the quantum efficiency of their photoluminescent emission is
markedly increased. The prepared CND-COC/PSA nanocomposites were tested with
notable results as thin photonic down-conversion layers aiming to improve the overall
efficiency of the conventional photovoltaic (PV) solar cells by taking advantage of the UV
radiation contained in the solar spectrum (~8% at the earth level).
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2. Materials and Methods
2.1. Materials

Argan cake waste obtained during argan oil preparation through cold pressing (pro-
vided by a local Moroccan co-operative) was used as precursor of the CNDs. Ultra-pure
distilled water (Millipore-Direct Q, Millipore, San Salvador, Salvador), ethanol (EtOH),
chloroform (CLF), and tetrahydrofuran (THF) (Merck-Sigma-Aldrich, Bucharest, Romania)
were used as dispersion media and solvents of the polymer matrices. Poly(styrene-co-
acrylonitrile) (PSA) (Mw = 165,000) and cyclo-olefin copolymer (COC) pellets (Mw = 180,000)
were also supplied by Merck-Sigma-Aldrich, Bucharest, Romania.

2.2. Methods

The infrared (FT-IR) spectra were recorded in the 400-4000 cm~! range using a Shi-
madzu IR Affinity 1S spectrometer (Shimadzu Corp., Kyoto, Japan) according to the KBr
method. The EDX investigation was performed on a Verios G4 UC Scanning Electron
Microscope equipped with an EDS, EDAX Octane Elite energy-dispersive spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). XPS analysis was performed on a K-Alpha
Thermo Scientific spectrometer using Al-Ko (1486.6 eV) radiation. Processing of the XPS
spectra was performed using the Avantage software (ver. 5.9922), with energy values
referenced against the Cls peak of adventitious carbon at 284.6 eV, and using a Shirley
background. Dimensional analysis (DLS) was performed on a Malvern Panalytical Zeta-
sizer Advance Pro Red (Malvern Panalytical Ltd., Malvern, UK). The AFM imaging was
performed using an Ntegra Spectra-NT-MDT instrument (NT-MDT BV, Apeldoorn, The
Netherlands) operated in tapping mode. Silicon cantilever tips (NSG 10) with a resonance
frequency of 140-390 kHz, a force constant of 5.5-22.5 Nm~!, and 10 nm tip curvature
radius were used. The HR-SEM micrographs were recorded with a Carl Zeiss NEON
40EsB Cross Beam System (Zeiss Microscopy, Jena, Germany) with thermal Schottky field
emission emitter and accelerated Ga ions column. The samples were deposited on the
analysis pad from a freshly prepared aqueous and chloroform dispersions of CNDs. The
HR-STEM micrographs were recorded with a Thermo Fisher Verios G4 equipped with
BF/DF/HAADF-STEM detectors. The EtOH-dispersed CND samples were deposited on
the analysis grids and allowed to dry prior to investigation. Freshly prepared samples
were investigated through steady-state fluorescence emission spectra and were recorded
on a Horiba Fluoromax 4P spectrofluorometer (Horiba Ltd., Kyoto, Japan). The absolute
photoluminescence quantum yield (PLQY) values were recorded with the Quanta Fi inte-
gration sphere controlled by the Horiba spectrofluorometer using FluorEssence software
(ver. 3.5.1.20), according to the equipment manufacturer’s procedure. Excited states’ life-
times were investigated on the same equipment with the attached Horiba Lifetime module,
using a 370 nm LED excitation source.

2.3. Preparation of the Argan-Waste-Derived CNDs and Polymer—CND Nanocomposites

Argan cake waste (coarse grinded and dried at 120 °C for 48 h) generated during
argan oil preparation through cold pressing was used as precursor. The as-received argan
cake waste pellets were ground to a fine powder with an average 100-150 um size, and
further dried prior to thermal processing.

For the preparation of the CNDs, a partial carbonization of the argan waste powders
was performed under normal atmospheric conditions. In a typical experimental procedure,
ca. 0.5 g of argan waste powders are introduced in an open quartz tube reactor provided
with a glass heating jacket and exposed at 280 °C for 15 min using a temperature/flow
regulated hot air gun (the temperature is reached in ca. 5 s) (Figure S1, Supplementary
Information). After the 15 min, the remaining mass in quartz tube is suddenly flooded with
cold (34 °C) water or cold THF/PSA solutions (0.8 g PSA in 25 mL THF), CLE/COC (0.5 g
COC in 20 mL CLF; COC is dissolved under reflux at 62-63 °C and vigorous stirring for
at least 1-2 h, given its high resistance to solvents). Approximately 10 mL of the solvents
(water/CLF/THF or PSA/THF, COC/CLF) are used to flood the hot carbonized mass
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resulted after thermal exposure. In our previous works [11,21,43], it was found that the
rapid flooding of the hot carbonized mass is critically important in order to obtain CNDs
with intense PL emission, most probably due to the sudden cooling of the hot reaction
mass when a favorable configuration of the carbonaceous core is achieved. The resulting
dispersions are centrifuged at 15,000 rpm for about 15 min. After centrifugation, the final
dispersions are optically clear under environmental illumination and present an intense
blue PL emission under UV-A/UV-B excitation (Figure 1). The yield of CNDs obtained in
the synthesis (evaluated upon evaporation of the solvent in an oven) was ca. 0.1 g CNDs.
The COC-CND and PSA-CND thin films were obtained by using a commercially available
airbrush with a 0.2 mm nozzle supplied with compressed air. The spray coating operations
were performed in a dust free environment. The samples were deposited according to their
destination on test PV cells or glass and mica slides for further investigation of the quality
of the thin films.

Figure 1. Prepared argan-derived-CNDs dispersed in water and a thick film of CND/COC nanocom-
posite under UV-A excitation.

3. Results and Discussion

As mentioned above, the structural configuration of CNDs has an essential role in
their photoluminescence emission properties. Hence, we have performed a thorough
morpho-structural characterization of the CNDs from argan wastes, so as to link their
physicochemical properties with the observed PL emission, both in aqueous suspensions
and embedded in polymer nanocomposites.

3.1. Physicochemical Characterization of the Prepared CNDs

The overall composition of the argan cake waste used as a precursor is presented
in Table 1, along with that of the obtained CNDs. The wide XPS survey spectra and
deconvoluted data of the Cls, Ols, and N1s regions are shown in the Supplementary
Information (Figures 52-54).

Table 1. Elemental composition of the argan waste and the prepared CNDs.

EDX XPS
Argan Cake Waste CNDs Argan Cake Waste CNDs
Element
wt.% at.% wt.% at.% wt.% at.% wt.% at.%
Carbon 74.4 78.7 81.5 84.6 78.7 82.9 83.8 86.5
Nitrogen 8.8 8 9.4 8.3 2.6 2.3 7.2 8

Oxygen 16.8 13.3 9.1 7.1 18.7 14.8 9 5.5
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It should be noted that there is a rather good agreement between the composition
evaluated by EDX and XPS (with the exception of nitrogen for the precursor), indicating a
homogeneous composition of the materials. As seen, the thermal treatment of the argan
waste resulted in an overall increase in the carbon content from 74.4 to 81.5 wt.% and
a marked decrease in the oxygen content (16.8 to 9.1 wt.%), while the nitrogen content
remained rather similar. The carbon enrichment of a biomass precursor upon the thermal
treatment is expected, due to the removal of volatile matter (mainly oxygen containing
groups) during the treatment. Interestingly, the temperature is low enough to preserve
most of the nitrogen content. The XPS spectra of the Cls region (Figures S3 and S4) were
deconvoluted into various contributions at binding energies of 284.6 eV (Csp?), 286.2 eV
(C-O bonds), and 286.7 eV (C=0 bonds). The large contributions of the peaks at 284.6 eV
(78 at.%) and 285.7 eV (8 at.%) for the Cls region confirmed the predominant aromatic
structure of the CNDs. The XPS spectra of the Ols region show the presence of quinone
and hydroxyl moieties.

FTIR analysis was performed for both the argan cake waste precursor and the vacuum-
dried CND powders obtained upon thermal processing and cooling in water as a dispersion
medium (Figure 2a,b). As seen, the precursor presents a wide signal located between
3359-3259 cm !, related to the bending and stretching vibrations of -OH bonds and at-
tributed to hydroxyl groups and intercalated water [45]. As expected, the contribution of
this signal decreased significantly upon the thermal treatment of the precursor to render
the CNDs. The bands at 2927/2858 cm ™!, characteristic of the stretching vibrations of
C-H in sp® bonds, were detected in both samples, although they were slightly displaced
to lower wavenumbers (2921/2852 cm~!) in the CNDs, suggesting some re-arrangements
of the carbon within the graphitic core. The presence of various types of fatty acids in the
argan waste is highlighted by the bands related to carbonyl groups (1737-1647 cm™!). The
precursor also displayed a band located at 1546 cm ™! associated to N-O stretching. Both
former bands are less evident for the CNDs. The 1457 cm~! (-C-H bending) low-intensity
peak is slightly down shifted at 1452 cm ! in the case of CNDs. The low-intensity bands
located at 1241 and 1153 cm ™! are attributed to -C-N and -C-O stretching vibrations, and
they are observed in both samples. The band associated with the C=C stretching vibrations
of hybridized sp? carbons (~1580-1602 cm~!) and the band located at 740 cm ™! associ-
ated to the -C=C- bending vibrations were only observed for the CNDs; this confirms the
aromatization of the carbon matrix during the thermal treatment.

1 1 " 1
argan waste
argan derived CNDs

intensity (a.u.)

- ——  ——————4
4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumber (cm™)

Figure 2. Record FT—IR spectra of the (a) argan cake waste and (b) derived CNDs.

Dynamic light scattering (DLS) was employed to analyze the particle size of the
CNDs dispersed in water and chloroform (Figure 3). As seen, the average hydrodynamic
diameter of the CND particles dispersed in water is mostly located within the 6-21 nm
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range, with the largest fraction (19.17%) at 10 nm. On the other hand, the CND particles
dispersed in chloroform displayed a narrower distribution of particle sizes, with the average
hydrodynamic diameter in the 6-32 nm range, and the largest fraction (58.3%) within the
9-13 nm range. Furthermore, the zeta potential recorded for the CNDs dispersed in water is
—44.9 mV, which indicates a moderate to good stability of the dispersion. The narrower size
distribution recorded for chloroform-dispersed CNDs indicates the lower agglomeration
tendency of the CNDs in this solvent, compared to water. This is attributed to polar surface
moieties present in the CNDs, as inferred by the XPS and FTIR analysis. The average
particle size is in rather good agreement with the particle size analysis obtained from
SEM/TEM images (see below).

20 +

= Size distribution CNDs dispersed in water

-
()]
1

Size distribution CNDs dispersed in chloroform

Volume (Percent)
S
1

Zeta potential (mV): -44.9
Conductivity (mS/cm): 0.0883

) —

B e ma e S e S B S B e s
0 10 20 30 40 50 60 70 80 90
Size (d. nm)

Figure 3. Average hydrodynamic diameter distribution of CND particles dispersed in water and
chloroform, obtained by dynamic light scattering.

High-resolution SEM micrographs of the CNDs dispersed in water and in chloroform
are presented in Figure 4a,b, respectively. Average particle sizes of 25-30 nm were observed
for the sample dispersed in water, with some higher-dimension clusters (70-80 nm) clearly
visible. This wider distribution of particle sizes is due to the agglomeration tendency in
water. For the CNDs dispersed in chloroform, the particle size distribution is markedly
lower, with an average size within 15-25 nm and less observation of bigger clusters.

Mag.: 16.09 K x

Figure 4. HR-SEM micrographs of the CNDs dispersed in (a) water and (b) chloroform.
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Figure 5a,b presents the TEM micrographs of the prepared CNDs. The samples were
prepared by dispersing the CNDs in ethanol, and further allowed to dry on the grids. As
seen, nanostructures with dimensions within the 5-20 nm range and a reasonable narrow
size distribution were obtained (Figure 5a). Figure 5b provides an interesting close up view
of singular nanostructures, which clearly sustains the cluster organization of much smaller
individual entities (approx. 5 nm).

Figure 5. TEM micrographs of the CNDs recorded at (a) 230 k and (b) 405 k magnifications.

3.2. Characterization of the CND/Polymer Nanocomposites

Figure 6a,b displays the AFM images recorded for the prepared CND/polymer
nanocomposites: CND/PSA and CND/COC. The films were deposited on mica through
spray coating. The films prepared from CND/COC (Figure 6a) are smooth and homoge-
nous in appearance, with a relatively low density of height irregularities (these are most
likely due to small variations of compressed air pressure during the spray coating). In case
of the CND/PSA (Figure 6b), the density of height variations is slightly higher, with several
regular patterns observed that affect the smoothness of the surface. We attribute these
patterns to the rapid drying of the nanocomposite on the mica slide. Anyhow, these small
height variations observed in both nanocomposites do not modify the optical transparency
of the deposited layers (see below).

(a)

0.28 um
0.00 um
4.21 pm
3.99 pm
215.7 nm
279.6 nm
0.0 0.0

Figure 6. AFM images of the CND/polymer nanocomposites: (a) CND/COC and (b) CND/PSA.
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3.3. Photoluminescence Features of the CNDs and the CND/Polymer Nanocomposites

The photoluminescence (PL) features of the prepared carbon nanostructures were
investigated both in the suspensions (water and chloroform) and after immobilization
in the polymers (CND/polymer nanocomposites). Figure 7a—c presents the steady-state
emission spectra of the argan-derived CNDs dispersed in water, chloroform (CLF), and
tetrahydrofuran (THF), respectively. As indicated above, the solvents were chosen based
on their ability to dissolve the polymers (see experimental section). All the emission spectra
were recorded within a 310400 nm excitation range (10 nm step).

L L L L L L L L L L L L

1
—— Ex.310nm, Em.peak 391nm o ( ) o ( )
T Ex 320nm, Em peak 393nm K b . —— Ex310nm, Em.peak 416nm $1(C

~——— Ex.330nm, Em peak 403nm
Ex:340nm, Em.peak 421nm
~——— Ex.350nm, Em peak 429nm
Ex.360nm, Em.peak 436nm
Ex.370nm, Em.peak 439nm
—— Ex.380nm, Em.peak 440nm
—— Ex.390nm, Em peak 447nm
~——— Ex.400nm, Em.peak 458nm

1 1 1 1 L L 1 L 1

—— Ex.310nm, Em.peak 399nm
—— Ex.320nm, Em peak 404nm
—— Ex.330nm, Em peak 406nm

Ex.340nm, Em.peak 418nm
—— Ex.350nm, Em.peak 424nm

Ex.360nm, Em.peak 438nm

Ex.370nm, Em.peak 444nm
——Ex.380nm, Em.peak 449nm
—— Ex.390nm, Em.peak 460nm
—— Ex.400nm, Em.peak 466nm

—— Ex.320nm, Em.peak 409nm ot
—— Ex.330nm, Em peak 410nm
Ex340nm, Em.peak 412nm
—— Ex350nm, Em peak 419nm
Ex.360nm, Em.peak 427nm /
Ex.370nm, Em.peak 435nm
—— Ex.380nm, Em peak 439nm
—— Ex.390nm, Em peak 449nm i
—— Ex.400nm, Em.peak 459nm

o

Wavelength (nm)
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330 360 390 420 450 480 510 540 570 600 630 660
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Wavelength (nm)

Figure 7. Steady-state PL emission of the argan-prepared CNDs dispersed in (a) water, (b) chloroform,
and (c) tetrahydrofuran.

As seen, wide-range emission bands were obtained in all the solvents (average FWHM
50 nm). For the CNDs dispersed in water, the emission bands are centered between
391-458 nm, with the most intense emission at 421 nm under 340 nm excitation. For the
CNDs dispersed in CLF, the emission bands were located in the 416459 nm range, while
the most intense emission signal is located at 427 nm under 360 nm excitation. Finally, for
the CNDs dispersed in THF, the emission bands are located between the 399-466 nm range
and the most intense emission signal at 449 nm was achieved under 380 nm excitation.

For the water-dispersed CNDs, the Stokes shift (i.e., difference between the spectral
position of the maximum of the absorption band and the maximum of the emission band)
is slightly higher (ca. 79 nm at 350 nm excitation) than that of the CNDs dispersed in CLF
(ca. 69 nm at 350 nm excitation) and the CNDs dispersed in THF (ca. 74 nm at 350 nm
excitation). For the CNDs dispersed in water, the emission of low-energy photon results
are attributed to the presence of -OH moieties in the vicinity of the emissive sites [46]. This
is supported by the XPS analysis.

Figure 8a,b displays the emission spectra recorded for the CNDs immobilized in the
different polymers: COC/CND and PSA /CND nanocomposites, recorded within the same
310-400 nm excitation range. It should be noted that both nanocomposites presented an
intense PL emission (ca. 2 times more intense than that of the CNDs dispersed in water
and 3—4 times compared with CND-CLF/THF dispersions). According to our tests, the PL
emission remained unchanged and stable for several months (tested over four months).

As shown in Figure 1, upon excitation with a regular UV-A source, the dominant
emission of both nanocomposites is located in the blue area of the visible spectrum. In
particular, the COC/CND nanocomposite PL emission band ranged between 383 and
455 nm, the most intense contribution being located at 407 nm under 350 nm excitation
(Figure 8a). In contrast, the emission of PSA/CND is located within the 367463 nm
range, with the most intense emission contribution at 388 nm under a 340 nm excitation
wavelength (Figure 8b). The most notable difference compared to the emission features
of the CNDs dispersed in the different solvents is the markedly smaller Stokes shift of the
immobilized CNDs, particularly for COC/CND (ca. 57 nm for COC/CND, and 79 nm for
PSA /CND, under 350 nm excitation). Besides the improved PL emission stability, the rigid
environment provided by the polymer backbone seems to also improve the efficiency of
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the radiative processes. This is inferred from the absolute PLQY yield values recorded for
the immobilized and non-immobilized CNDs (Table 2).

Ex.310nm, Em.peak 383nm
—— Ex.320nm, Em.peak 386nm
—— Ex.330nm, Em.peak 489nm
Ex.340nm, Em.peak 402nm
Ex.350nm, Em.peak 407nm

A .
8
N
R (b) —— Ex.310nm, Em.peak 367nm
\ —— Ex.320nm, Em.peak 373nm
4 —— Ex.330nm, Em.peak 380nm

Ex.340nm, Em.peak 388nm
\ \,

Ex.350nm, Em.peak 429nm
Ex.360nm, Em.peak 424nm o
Ex.370nm, Em.peak 429nm N
Ex.380nm, Em.peak 433nm 9+
Ex.390nm, Em.peak 442nm \
Ex.400nm, Em.peak 455nm

Ex.360nm, Em.peak 436nm
Ex.370nm, Em.peak 437nm
Ex.380nm, Em.peak 441nm
—— Ex.390nm, Em.peak 453nm
Ex.400nm, Em.peak 463nm

Counts

1 v 1T 77"
330 360 390 420

T b 1 " 1 . 1 X T ¥ I . 1 b
450 480 510 540 570 600 630 660
Wavelength (nm)

r iyl LrLre st s v .
330 360 390 420 450 480 510 540 570 600 630 660
Wavelength (nm)

Figure 8. Steady-state PL emission of the (a) COC/CND and (b) PSA/CND nanocomposites.

Table 2. Absolute PLQY values at different excitation wavelengths of the solvent dispersed CNDs
and the CND/polymer nanocomposites (maximum values are highlighted in bold).

Excitation (nm) 310 320 330 340 350 360 370 380 390 400
CNDs dispersed in HO CIE 1931 parameter X= 0.167, Y= 0.130 @350 nm
Absolute PLQY (%) 2.6 12.3 14 13.8 15.1 11.3 9.3 7.5 5.3 3.4
CNDs dispersed in THF CIE 1931 parameter X= 0.168, Y= 0.153 @350 nm
Absolute PLQY (%) 1.4 3.4 41 5.5 5.9 5.5 5.2 5 4.9 4.7
CNDs dispersed in CLF CIE 1931 parameter X = 0.168, Y = 0.148 @350 nm
Absolute PLQY (%) 8.1 8.1 8.5 8.8 8.9 8.7 8.2 8 7.5 6.9
CND/PSA nanocomposite CIE 1931 parameter X = 0.187, Y = 0.175 @350 nm
Absolute PLQY (%) 18 12.4 12.6 12.1 12 10 8 7.7 8.6 10.1
CND/COC nanocomposite CIE 1931 parameter X = 0.176, Y = 0.157 @350 nm
Absolute PLQY (%) 29.6 224 21.7 239 21.8 17.1 14.9 14.9 16.6 18.3

For the dispersed CNDs, the highest PLQY values were recorded at a 350 nm excitation
wavelength and followed the trend of water > CLF > THF, with a value when using water
as the dispersion medium (ca. 15.1%) of almost twice and three times higher than those
obtained upon dispersion in CLF and THE, respectively. Interestingly, this trend does not
follow a clear correlation with the polarity of the solvents (e.g., dielectric constants of 80 for
water; 7.4 for THF; and 4.7 for CLF), suggesting the important role of the surface charges.
For the CND/polymer nanocomposites, the PLQY followed the trend of CND/COC (29.6%)
> CND/PSA (18%), even though both values are higher than those of the dispersed carbon
nanostructures. In this case, the maximum PLQY was obtained upon excitation at 310 nm.
The values upon excitation at 350 nm were still higher or comparable to those of the
dispersed CNDs. This confirms the improved efficiency of the radiative process upon the
embedment in the polymer matrix.

Figure 9a,b shows a comparison of the chromatic parameters (according to the CIE
1931 chromaticity co-ordinates) between the solvent-dispersed CNDs and those of the
CND/polymer nanocomposites recorded under 350 nm excitation. As seen, the chro-
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maticity co-ordinates of the immobilized CNDs were slightly shifted to higher luminance
(brightness, y co-ordinate) and chromaticity (color, x co-ordinate), thus demonstrating the
improved stability of the PL features of the former.

CIE 1931 Cromaticity CIE 1931 Cromaticity

Color coordinates
[a]: x=0.187, y=0.175 (350 nm)

[b]: x=0.176, y=0.156 {350 nm)

Figure 9. PL emission chromaticity parameters (CIE1931) of the (a) solvent-dispersed CNDs and the
(b) CND/ polymer nanocomposites.

The excited states’ lifetime recorded for both CLF-dispersed CNDs and COC-CND
nanocomposites revealed radiative processes within the nanosecond range, as presented in
Figure 10 and detailed in Table 3.

1 1 1 1 1 1
1000
800 .
= Decay chloroform dispersed CNDs
g J e Fit chloroform dispersed CNDs
=]
\8_, 600 Decay CNDs-COC nanocomposite
> = Fit CNDs-Topas nanocomposite
‘D
c
L 400
£
200
0 : d : T T i
5 10 15 20 25 30 35 40
Time (ns)

Figure 10. PL lifetime decay recorded for the CLF-dispersed CNDs and COC-CND nanocomposites.

Table 3. Recorded excited states’ lifetimes.

CLF Dispersed CNDs COC-CND Nanocomposites
Lifetimes (ns) Contribution (%) Lifetimes (ns) Contribution (%)
1 =1.01 20 1 =1.05 84
T2 =3.38 55 71 =3.03 12

13 =9.18 25 71 =10.60 4
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Furthermore, the lifetime of the excited states of the CND/polymer nanocomposites
was within the nanosecond range (Table 3), typical values for CNDs as reported in the
literature [47]. It should be noted that the lifetime of the radiative processes for the
CND/polymer nanocomposites was lower than that of the dispersed nanostructures (ca.
predominant contribution at 1.05 ns). This agrees with the higher PLQY values. Through
embedment in the polymer matrix, the excitation energy transferred to the emissive sites
within the CNDs and the resulted photon emission become more efficient.

4. Testing the Prepared CND/Polymer Nanocomposites as Photonic Conversion Layers
on PV Cells

As mentioned above, the prepared nanocomposites could be easily implemented as
photonic conversion layers in a new approach aiming to increase the conversion efficiency
of commercially available PV solar cells by taking advantage of the UV radiation contained
in the solar spectrum. Most of the available PV solar cells are less sensitive in the upper
spectral region of the solar spectrum, the incident UV photons having a low impact on
the overall conversion efficiency. Through conversion of the solar UV photons located
in the UV-A/UV-B range into the Vis range where the PV cells are mostly sensitive, the
overall conversion efficiency could be improved. Typically, the solar radiation UV content
at earth level is ~8% depending on the geographical position, elevation, season, time of
the day, and specific atmospheric conditions [48]. By harvesting the solar UV photons,
which are rather unused in the conversion processes of the commonly available PV cells,
an improvement in the overall efficiency could be achieved. Even a small 4-5% conversion
efficiency improvement in the UV region could be significant for energy generation where
the output power/surface ratio is very important.

In order to test the newly prepared CND/polymer nanocomposites, some commonly
available polycrystalline PV cells (model ZW85X115, 12 V, 1.5 W) were provided with
an outer photonic conversion layer consisting of the prepared COC-CND nanocompos-
ites. The thin polymeric nanocomposite layer was obtained through spray coating using
the methodology and equipment described in Section 2.3. The results are presented in
Figure 11a,b.

(b) PV cell with COC-CNDs outer layer
under UV-A excitation

Figure 11. PV cell provided with the COC-CND nanocomposite outer thin layer: (a) under normal
illumination conditions and (b) under UV-A excitation.

As could be noted, the deposited COC-CND nanocomposite thin layer present a
strong PL emission under UV-A excitation (provided by a 6 W laboratory 365 nm UV lamp)
in the blue region of the visible spectrum, thus down-converting the UV photons in a
region where the PV cells are more sensitive. Details of the experimental testing layout and
measurement setup are presented in Figure S5 (Supplemental Information).
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The measurements were performed using a custom-made UV source consisting of
an UV LED array powered by an I/V regulated power supply. In order to minimize the
measurements errors due to the inherent production batch variance of the PV cells, the
same PV cells were measured prior to the application of the COC-CND thin layer with
the exactly the same power supply parameters (V/I) of the UV LED array. In each case,
the intensity of the LED array UV emission was fine-tuned with a UVAB light meter (RS
Pro IM-213) to a value of 5 mW/cm? (roughly corresponding to a 5% UV content of the
solar radiation). The output of the tested PV cells was measured without a load resistor
using a Tenma 72-7732 data-logging multimeter. The results clearly indicate the conversion
efficiency improvement provided by the thin COC-CND photonic conversion layer. Thus,
prior to the addition of the outer photonic conversion layer, the PV cell output measured
10.62 V, while the same PV cell provided with the COC-CND conversion layer achieved
11.14 V.

5. Conclusions

Blue-emitting polymer/carbon nanodot nanocomposites were prepared through em-
bedding carbon nanodots prepared upon thermal processing of argan cake waste in opti-
cally transparent polymer matrices. The as-prepared CNDs dispersed in various solvents
presented characteristic excitation wavelength-dependent emission features, with the maxi-
mum of the emission located in the blue region of the visible spectrum. The immobilization
of the CNDs in optically transparent matrices (e.g., poly(styrene-co-acrylonitrile and cyclo-
olefin copolymer) preserved the long-term (blue) emission properties of the CNDs, and
improved the quantum efficiency of the radiative processes by twice and three times
(achieving a 29.6% PLQY).

The facile processability of the CNDs in thin films of optically transparent polymers
is a promising alternative for the implementation of these carbon nanostructures as pho-
tonic down-conversion layers in optoelectronics devices. Our preliminary tests of their
implementation on commercially available PV cells revealed a notable improvement in
the conversion efficiency in the UV range. Current studies are ongoing, aiming to fur-
ther improve the conversion efficiency of conventional photovoltaic solar cells with these
conversion layers by taking advantage of the UV radiation contained in the solar spectrum.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano14010083/s1, Figure S1: Laboratory experimental setup
used for CNDs preparation; Figure 52: XPS survey spectra recorded for (a) argan waste cake and
(b) prepared CNDs; Figure S3: Deconvolution of the (a) Cls, (b) Ols and (c) N1s regions in the XPS
spectra recorded for argan waste cake; Figure S4: Deconvolution of the (a) Cls, (b) Ols and (c) N1s
regions in the XPS spectra recorded the prepared CNDs; Figure S5: Experimental testing layout and
measurement setup for testing the PV cells provided with the prepared nanocomposites as photonic
conversion layers.
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