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Abstract: Carbon Dots (CDs) are fluorescent carbon-based nanoparticles that have attracted increas-
ing attention in recent years as environment-friendly and cost-effective fluorophores. An application
that can benefit from CDs in a relatively short-term perspective is the fabrication of color-converting
materials in phosphor-converted white LEDs (WLEDs). In this work we present a one-pot solvother-
mal synthesis of polymer-passivated CDs that show a dual emission band (in the green and in the red
regions) upon blue light excitation. A purposely designed numerical approach enables evaluating
how the spectroscopic properties of such CDs can be profitable for application in WLEDs emulating
daylight characteristics. Subsequently, we fabricate nanocomposite coatings based on the dual color-
emitting CDs via solution-based strategies, and we compare their color-converting properties with
those of the simulated ones to finally accomplish white light emission. The combined numerical and
experimental approach can find a general use to reduce the number of experimental trial-and-error
steps required for optimization of CD optical properties for lighting application.

Keywords: carbon dots; solvothermal synthesis; green precursors; polymer passivation; multiple
emission bands; colorimetric numerical simulation; polymer nanocomposite; white LEDs

1. Introduction

Carbon Dots (CDs) are zero-dimensional nanometric particles with carbon-based
chemical composition and intense fluorescence in the visible spectral region [1,2]. Thanks
to their environment-friendly, heavy-metal and rare-earth free structure, CDs have been the
object of extensive interest for implementation in optoelectronic devices, for substitution
of more harmful and/or energy- and cost-demanding materials [3–5]. In particular, many
recent works have focused on the use of CDs in phosphor-converted, white-emitting LEDs
(WLEDs) [5,6]. In these types of devices, UV or blue light emitted from a primary solid-state
semiconductor LED chip is partially absorbed and re-emitted as photoluminescence (PL)
by a phosphor material so that a white light spectrum is produced as result [6–10]. For a
given primary LED chip, the characteristics of the generated white light are dependent
on the spectroscopic properties of the phosphor materials. Therefore, the PL properties
of such phosphors must be opportunely controlled in order to obtain white light with
suitable characteristics. In particular, a sufficiently warm light with Correlated Color
Temperature (CCT) lower than 7000–7500 K and a Color Rendering Index (CRI) of at least
80 are considered as strict requirements to making the final devices suitable for application
in lighting of indoor and outdoor environments [11].

For the fabrication of CD-based color-converting components, it is thus necessary to
have carbonaceous nanoparticles emitting with high efficiency in the regions of blue, green
and red [12–17]. Furthermore, such CDs need to be uniformly incorporated into solid-state
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matrices without relevant degradation of their spectroscopic characteristics [18–20]. In
the past few years, synthesis of CDs through solvothermal treatment of various types
of molecular carbonaceous precursors has emerged as a very effective approach to ob-
taining multicolored emissive CDs [13,21–33]. Instead, most of the reported methods
for fabricating color-converting nanocomposites rely on blending CDs obtained through
separate syntheses, having emission in the blue, green and red upon excitation by a pri-
mary source [13,21–29]. Although these strategies allow fine adjustment of the final CCT
and CRI via easy regulation of the fluorophore’s relative concentrations, they necessar-
ily involve multiple steps for the synthesis and purification of individual CDs. Notably,
this also implies that the overall process of nanocomposite fabrication is affected by high
energy consumption and large production of solvent waste. Therefore, some alterna-
tive approaches have been proposed, aiming at achieving white light relying on one-pot
synthetic procedures of CDs [30–32,34–42]. In such studies, the developed strategies to
fabricate white-emitting nanocomposites can be classified in three categories: (i) single-step
synthesis of CDs with multiple-emitting states, having several fluorescence bands in the
visible range; (ii) exploitation of concentration-dependent emission properties of CDs;
(iii) control over aggregation in CDs’ nanosystems in order to obtain multiple visible emis-
sion bands [30–32,34–42]. Such one-pot methods are capable of drastically reducing the
number of steps required in the overall nanocomposite fabrication process; however, con-
trolling the properties of the final white light is harder with such approaches. For example,
for some one-pot synthesized CDs, the lack of a sufficiently intense red component in the
total spectrum results in cool white light with low CRI [43,44]. Moreover, problems related
to an excessively low photoluminescence quantum yield (PLQY), or to aggregation-induced
quenching of the fluorescence of CDs in the nanocomposites, can hinder the attainment of
high color-converting performances [30,35,40,42].

Further, the design and development of CDs for one-pot fabrication of color-converting
nanocomposites can also benefit from the availability of algorithms for predicting and
optimizing the properties of the final white light color (CIE chromaticity coordinates, CCT
and CRI). More specifically, the ability of correlating the optical properties of CDs resulting
from the synthesis to the color-converting performances in the final devices can speed
up the color converter design, by eliminating the necessity of testing every synthesized
nanoparticle batch into a device to experimentally obtain the white light colorimetric
properties. Presently, the use of such types of algorithms is prevalently limited to the
case of separately synthesized fluorophores, for the optimization of blue, green and red
components in the final spectrum. Moreover, most of these calculation methods have been
conceived for the optimization of narrow emitters, namely rare-earth phosphors [45–52].
More recently, similar algorithms have been applied to color-converting components based
on semiconductor quantum dots [49,53,54]. However, a computational approach explicitly
taking into account specific spectroscopic properties of CDs has not yet been reported, to
the best of our knowledge.

In this work, we report a one-pot solvothermal synthesis of polymer-passivated
CDs that are resistant to aggregation-induced quenching of fluorescence. Indeed, surface
passivation of CDs with polymer chains is an established method to enhance their PL
and prevent aggregation-induced quenching [55–57]. Upon blue light excitation, the as-
synthesized CDs show an emission spectrum with a green and a red band of comparable
intensity. The capability of such CDs to act as color converters with suitable performances
for daylight WLEDs is evaluated by means of a purposely designed numerical calculation
method. Then nanocomposite coatings are prepared in a wide range of thicknesses and CDs
contents, by incorporating the CDs in a polyvinyl alcohol (PVA) matrix, through common
solution-based deposition techniques, such as drop-casting and spin-coating. Then we
identify the most suitable samples for implementation of white daylight LEDs (i.e., the
samples with CCT closer to 6500 K and highest possible CRI), resulting in color-converting
nanocomposites with CIE chromaticity coordinates, CCT and CRI of (0.30, 0.34), 7100 K and
77 (spin-coating deposition) and of (0.30, 0.36), 6902 K and 82 (drop-casting deposition). Our
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work integrates numerical and experimental investigation of the colorimetric properties of
the CDs’ nanocomposites prepared with step-saving fabrication procedures, demonstrating
the effectiveness of the method and its general applicability for assessing the colorimetric
properties of color-converting CDs-based coatings also for other lighting applications.

2. Materials and Methods
2.1. Chemicals

Citric acid (anhydrous, CA, ≥99.5%), urea (99.0–100.5%), poly(ethyleneimine) (PEI,
average Mw ~2000, solution 50 wt.% in H2O), N,N-dimethylformamide (DMF, ≥99.8%),
sodium hydroxide (NaOH, ≥97%), hydrochloric acid (HCl, 37%), polyvinylpyrrolidone
(PVP, K30) and Poly(vinyl alcohol) (PVA, Mw 9000–10,000, 80% hydrolyzed) were purchased
from Sigma Aldrich, Milano, Italy, and used as received, without any further purification.
All aqueous solutions were prepared using MilliQ water.

2.2. Synthesis of Fluorescent CDs

Fluorescent carbon nanoparticles were prepared starting from a classical synthesis
already reported in the literature [58,59] based on the thermal decomposition in autoclave
of citric acid and urea dissolved in DMF. In our work, PEI is additionally introduced among
the precursors as an in-situ surface passivation agent to enhance the emission properties.

In short, 1.8 g of citric acid, 3.6 g of urea (molar ratio of 1:7) and 0.014 g of PEI
(0.02 mM concentration) were dissolved into 18 mL of DMF. The resulting optically clear
DMF solution was then transferred into a 50 mL autoclave lined with borosilicate glass
and heated at 160 ◦C for 6 h. At the end of the solvothermal treatment, the resulting
raw product appeared to be dark-brown and completely opaque, indicating a successful
carbonization process.

To remove possible unreacted precursors and any fluorescent byproduct, the sample
was purified by numerous cycles of washing/precipitation steps under centrifugation.
The performed procedure was based on the surface-charge dependency of the obtained
nanoparticles on the acidity of the surrounding environment, a property common to
many CDs and often reported in the literature [14,60]. Our CDs precipitated after HCl
addition, while remaining highly stable in basic environments. As such, a 5% HCl solution
was initially added to the crude product. The acidified mixture was then centrifuged
to collect the precipitate that is afterwards progressively purified through several cycles
of washing with 0.5% HCl water solution and successive centrifugation. Also, other
fluorescent byproducts formed in the sample mixture; these blue- and green-emitting
species display similar stability in acid as the red-emitting CDs of interest. Thus, at
each washing step only a small fraction of such byproducts was removed along with the
supernatant. The purification was followed by recording the absorption spectrum of each
supernatant (Figure S1), which showed the progressive disappearance of the unwanted
components. Finally, the precipitate was dispersed in a 0.025 mol/L NaOH aqueous
solution. The purified product was then freeze-dried and stored for further uses.

2.3. Transmission Electron Microscopy Investigation of Synthesized CDs

Transmission Electron Microscopy (TEM) analysis was carried out using a JEOL JEM-
1011 microscope (JEOL, Akishima, Tokyo, Japan), equipped with a W filament operating
at 100 kV. Micrographs were acquired using an Olympus Quemesa high resolution CCD
camera. The samples were prepared by dipping carbon-coated copper grids in diluted
aqueous solutions of CDs and then leaving the grids to dry under air. The statistical analysis
on CD size was performed by using a free image analysis software (ImageJ, v.1.52a).

2.4. Spectroscopic Investigation

The chemical composition of synthesized CDs was investigated with Fourier-Transform
Infrared (FT-IR) spectroscopy, using a PerkinElmer Spectrum One Fourier Transform In-
frared spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) with the attenuated
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total reflection technique, using a 4-mm-diameter diamond microprism as an internal
reflection element.

UV–Vis absorption spectra were recorded with a Cary 5000 spectrophotometer (Agi-
lent Technologies, Inc., Santa Clara, CA, USA). Steady-state photoluminescence excitation
(PLE) and emission (PL) spectra of CDs solution and nanocomposites were acquired us-
ing a Fluorolog 3 spectrofluorometer (HORIBA Jobin-Yvon GmbH, Bensheim, Germany),
equipped with double-grating excitation and emission monochromators and a 450W Xe
lamp as light source. Absolute PLQY was measured using a “Quanta-phi” integration
sphere coated with Spectralon® (HORIBA Jobin Yvon GmbH, Bensheim, Germany) (re-
flectance ≥95% in the range 250–2500 nm). Time-Resolved PL (TRPL) measurements were
carried out by the Time Correlated Single Photon Counting (TCSPC) technique, with a
FluoroHub (HORIBA Jobin-Yvon). CDs solutions were excited using 80 ps laser diode
sources at 375 nm (NanoLED 375L) and at 485 nm (NanoLED 485L), with a final resolution
time of 300 ps.

2.5. Preparation of CDs Powder Fluorophores

Fluorescent powders of CDs were fabricated starting from already reported proce-
dures [61,62]. The purified CDs pellet obtained at the end of the purification process
(Section 2.2) was hygroscopic, thus making it difficult to handle a controllable amount
of embedded CDs powders in nanocomposite preparation. Therefore, a defined amount
of CDs was embedded in PVP to obtain a chemically stable fluorescent powder, easily
processable at ambient conditions. In details, the purified CDs (2 mg) were dissolved in
MilliQ water (1 mL) in presence of PVP (0.4 g) under vigorous magnetic stirring. The
resulting viscous solution was drop-cast onto the surface of a glass plate where water was
left to evaporate firstly at room temperature (RT) for ~1 h and then in an oven at 60 ◦C
for 2–3 h, forming a compact deposited layer. Then the solid film was scratched off the
glass surface and finely ground into a mortar to obtain an emitting CD powder. In the next
section, we refer to “CD powder” as the ground solid PVP-CDs prepared as reported here.

2.6. Preparation of CDs Nanocomposite Films

Nanocomposite films were prepared by embedding the previously prepared CD
powder in a PVA polymeric matrix, as depicted in Scheme 1. In details, CD solid-state
fluorophores were added in variable amounts (2–120 mg/mL of CD powder) to aqueous
solutions of PVA (0.2–0.4 g/mL) and kept under magnetic stirring until obtaining optically
clear dispersions. Such transparent dispersions, hereinafter referred to as “inks”, were used
to deposit fluorescent nanocomposite films onto glass or quartz substrates.
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Two different techniques were used to obtain nanocomposite films, namely drop-
casting and spin-coating, depending on the desired film thickness. In the first case, the
nanocomposite solutions were deposited onto a quartz substrate (10 mm × 10 mm × 1 mm)
by using a drop volume of either 50 or 100 µL and leaving the solvent to evaporate. Specifi-
cally, in case of inks with 0.4 g/mL PVA, the solvent was allowed to evaporate slowly at
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RT (~20 ◦C). For 0.2 g/mL PVA inks, the films were kept on a heating plate at 40 ◦C to
accelerate the solvent evaporation.

Nanocomposite solutions were deposited by spin-coating onto same size quartz sub-
strates by using a two-step spinning recipe: 30 s at 800–1000 rpm (low speed) and 60 s at
6000 rpm (high speed) to ensure an effective edge bead removal.

2.7. Scanning Electron Microscopy Investigation of Prepared Nanocomposites

In-plane and cross-section Scanning Electron Microscopy (SEM) micrographs of the
prepared nanocomposites were acquired using a Zeiss Sigma microscope (Carl Zeiss
Co., Oberkochen, Germany) operating in the range 0.5–20 kV and equipped with an in-
lens secondary electron detector. FE-SEM micrographs were recorded by mounting the
nanocomposite films onto stainless-steel sample holders by using double-sided carbon tape.

An estimation of film thickness was obtained from cross-section SEM micrographs
(dSEM) on the vertically aligned samples by measuring the film thickness in several central
positions and computing the average value. The error of such thickness was calculated as
the root mean square deviation from the average.

2.8. Analysis of PL Spectra for Measurement of Colorimetric Properties

Chromaticity Coordinates (CIE 1931 standard 2-degree observer), Correlated Color
Temperature (CCT) and general Color Rendering Index (CRI) were obtained using MAT-
LAB software (R2021b, v. 9.11.0), with the Add-on pspectro [63]. Relative spectral density
of irradiances (normalized 1 nm-spaced PL spectra in absolute radiometric units, W·cm−2)
were used as input for colorimetric property calculation. Relative spectral density of irradi-
ances resulted either from numerical spectral simulation or from experimental colorimetric
measurements, as described in the following sections.

2.9. Numerical Estimation of Best Achievable White Colorimetric Properties

Simulated relative spectral densities of irradiances were obtained from a linear combi-
nation of external LED chip emission spectrum (blue component) and PL of CDs (green/red
component), as described in Equation (1). Best white chromaticity coordinates were calcu-
lated as the simulated (x, y) values that minimize the function:

(xi − xD65)
2 +

(
yi − yD65

)2 (1)

where xi and yi are the simulated sample chromaticity coordinates and (xD65, yD65) =
(0.31272, 0.32903) are the chromaticity coordinates of D65 illuminant, selected as reference
standard, following CIE recommendations on uniformity of practice in the evaluation
of whiteness of surface colors [11]. The simulated spectrum correspondent to the best
achievable (x, y) is then used as input to calculate the best achievable CCT and CRI.

2.10. Experimental Measurement of Nanocomposite Colorimetric Properties

Colorimetric properties of nanocomposites were measured by mounting opportunely
the nanocomposite films on quartz substrates in the sample chamber of a Fluorolog 3
spectrofluorometer (HORIBA Jobin-Yvon GmbH, Bensheim, Germany). A Kingbright®

Blue (InGaN) LED (peak wavelength: 465 nm) was used as primary blue light source, and
specific precautions were taken to prevent presence of stray incident light or reflected light.
Resulting spectra were converted in relative spectral density of irradiances (by normalizing
and expressing the spectra in absolute radiometric units, W cm−2) and used as input to
calculate chromaticity coordinates, CCT and CRI, by applying the procedure reported in
Section 2.8.
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3. Results and Discussion
3.1. Characterization of CDs Fluorophores

The morphological characterization of CDs was performed by TEM (Figure 1a); the
obtained micrographs show nanoparticles with average diameter of 2.5 nm (σ = 0.8 nm). In
some TEM grid regions, aggregates of CDs (sized ~10 nm) can be found, which may be
ascribed to the presence of the PEI passivating agent inducing aggregation of individual
CDs due to cross-linking of the polymer chains and/or to water evaporation during TEM
grid preparation (Figure S2). Though many reports state that aggregation usually induces a
quenching of the CDs’ fluorescence [14,64], herein such a behavior was not observed for the
passivated synthesized nanoparticles (as shown in the following) thus resulting amenable
for the preparation of solid-state fluorescent nanocomposites based on such CDs.
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Figure 1. (a) TEM micrograph of CDs and the relative size distribution; the obtained average size (x)
and standard deviation (σ) are indicated. (b) CD size distribution as obtained via DLS; the relative
average size (x) and standard deviation (σ) are indicated. (c) FT-IR spectrum of CDs; the identified
main peaks are labeled.

DLS analysis (Figure 1b) indicates a CDs’ size of 66.6 nm (σ = 27.3 nm). The discrep-
ancy of this size value with that resulting from TEM investigation can be ascribed to the
hydrodynamic radius measured by DLS that takes into account both the presence of organic
groups on the CD surface, possibly formed during the synthetic process, and the presence
of the passivating layer of PEI enveloping the nanoparticles. Such organic shell on the
surface could hardly be observed by TEM due to its significantly low contrast. Overall,
the nanoparticles appear composed by a carbonaceous core, clearly visible in the TEM
micrographs, and a softer surface shell is evidenced by the DLS measurements.

Composition of the surface shell of the synthesized CDs was thus studied via FT-IR
spectroscopy (Figure 1c). The complex and feature-rich spectrum observed for CDs is
indicative of a shell composed by many different organic moieties. It is thus possible that
PEI is able to envelop the CDs by interacting with pre-existing functional surface groups.
The very broad band observed around 3340 cm−1 can be ascribed to O–H stretching
vibrations; at 3200 cm−1 it is possible to distinguish another broad band, which is asso-
ciated to N–H stretching, and a triplet of peaks associated to C–H stretching (2960 cm−1,
2925 cm−1, and 2850 cm−1). The presence of amide groups on the CDs surface is confirmed
by the presence of the C=O stretching peak (amide I band) found at 1650 cm−1, of the
N–H2 deformation peak (amide II band) at 1550 cm−1, and of the C–N stretching peak
(amide III band) at 1400 cm−1 and 1340 cm−1. Below 1300 cm−1 a region densely populated
by several different weak signals is observed; such portion of the spectrum recalls the
FT-IR features of citric acid and is thus tentatively associated to the presence of carboxylate
moieties (1110 cm−1 and 1190 cm−1) [65,66]. Although the C=O stretching vibration of this
group is usually found at 1700 cm−1, in our case it is only partially visible as a shoulder
due to the dominant amide I signal.

CDs’ optical properties, studied using both steady-state and time-resolved techniques,
are presented in Figure 2. The absorbance spectrum of the sample (Figure 2a) presents a



Nanomaterials 2023, 13, 374 7 of 21

main band with a maximum at 550 nm and an additional secondary shoulder at 520 nm.
Excitation at λexc = 550 nm results in an intense red emission peaked at 610 nm (Figure 2b)
with a QY of (30.0 ± 0.8)%. PLE spectrum measured on the low-energy shoulder of this
band (λem = 625 nm, Figure 2a) confirms how most of the absorbance spectrum is indeed
responsible for this red emission. An additional component of the absorbance is revealed
by the PLE measured at λem = 530 nm (Figure 2a). This band presents a maximum at
450 nm and, once excited, generates a green emission peaked at 530 nm. As often reported
in the literature [67–71], the CDs show an excitation dependent emission (Figure S3). In
particular, our CDs are able to generate a dual (green and red) radiative emission. When
excited at 465 nm (i.e., the peak wavelength of the blue LED chip used for excitation in
color-conversion experiments, see Section 2.10, Section 3.4 for more details), both green and
red bands have approximately the same intensity (Figure 2b). This feature is relevant as
enables the application of CDs as color-converting material towards white LEDs. Finally,
two additional bands in the absorbance spectrum at 350 nm and 650 nm are found not
to contribute to any emission. The former is probably due to n–π* transitions arising in
the organic surface shell of the nanoparticles, as often reported [72–74], which in our case
led to dark recombination pathways, while the origin of the latter faint band cannot be
unambiguously assigned.
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Figure 2. Optical properties of CDs aqueous dispersion: (a) UV-vis absorption and PLE spectra
(λem = 530 nm, 625 nm); (b) normalized PL spectra (λexc = 465 nm, 550 nm); (c) diagram of the
hypothesized energy bands responsible for the observed emissions, the colored curves represent the
correspondent PL (bottom) and PLE (top) spectra at the reported λexc and λem; (d) TRPL decay traces
(λexc = 485 nm, λem = 550 nm, 590 nm and 625 nm).

In general, the optical bands related to the green emission observed in our sample
are reminiscent of 4-hydroxy-1H-pyrrolo [3,4-c]pyridine-1,3,6(2H,5H)-trione (HPPT), a
fluorophore which has been found to form during the synthesis of carbon nanoparticles
when using the same molecular precursors; this compound, adsorbed on the CDs’ surface,
has been often indicated as source for their green emission [75]. The origin of the red
emission band, instead, has been previously indicated due to the presence of amino groups
that, working as N dopants, are able to promote the formation of localized conjugated
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domains [76]; this mechanism is then able to induce a strong red-shift in the emission
of blue-emitting CDs. Our case, nonetheless, differs from this example as the observed
emission peak is at 610 nm while the aforementioned mechanism is able to red shift the
emission up to almost 670 nm. In addition, the shape of the CDs’ excitation band (Figure 2a),
composed by a main peak at 550 nm and a secondary shoulder at 520 nm, suggests that our
red emission has a molecular origin. In such a case, the two peaks would correspond to
transitions from different vibrational states of the formed molecule; as described for HPPT
in green-emitting CDs, during the synthesis of the carbon nanoparticles these fluorescent
molecules would form concurrently to the carbonaceous core and bind to its structure. A
possible energy band diagram explaining the observed optical properties of Figure 2a,b
is depicted in Figure 2c. These hypothesized energy levels take into account the separate
optical activity of the two distinct green and red emitting fluorophores originated during
the synthesis.

The emission properties of CDs were then studied by measuring their time resolved
decay kinetics. The CDs solution was excited at 485 nm, and decay traces were acquired
at 550 nm, 590 nm and 625 nm; the experimental data and corresponding best-fitting
curves obtained from a least-squares minimization procedure are shown in Figure 2c. A
bi-exponential time decay was used as model function, as detailed in the Supplementary
Materials and Figure S4, yielding the parameters shown in Table S1. It is worthwhile to note
how the recombination dynamics result faster at the increasing of the emission wavelength.
In addition, the variations observed in both lifetimes at different emission wavelengths
(Table S1 and Figure S5) seem indicative of a strong heterogeneity; such an evidence is
not uncommon in the case of CDs [1,77,78]. For blue emitting CDs, where the emitting
properties were demonstrated to be linked to a molecular fluorophore, such heterogeneity
was attributed to the binding of the fluorescent species to the carbonaceous structure of
CDs [79].

3.2. Numerical Simulations for the Design of CDs Based Nanocomposite Films

The PL spectrum of CDs (λexc = 465 nm), consisting in green and red bands of compa-
rable intensity, strongly suggests a profitable use of such nanoparticles to operate a blue to
green/red color-conversion to white light. Based on the results reported in Figure 2b, we
can reasonably expect that, when CDs are embedded in an optically transparent polymeric
matrix, and are excited with a suitable external source (a blue LED chip with emission peak-
ing at 465 nm), a final spectrum covering blue, green and red regions of the visible range is
generated, if the nanocomposite is loaded with an adequate content of CDs [42,80,81].

However, it is not straightforward to establish exactly how the spectroscopic prop-
erties of the CDs, as well as other characteristics of the film, such as its thickness or the
concentration of CDs in the nanocomposite, affect the perceived color of light generated
after color-conversion. In this sense, the process of improvement and optimization of their
converting properties can be facilitated by using numerical predictions.

In general, the resulting final spectrum can be described as the sum of a green/red
component (from PL of CDs) and of a blue component (from the external LED chip). More
specifically, the final relative spectral density of irradiance (φ(λ)) can be expressed as a
linear combination of that of the green/red component from PL (φGR(λ)) and that of the
blue component from the external LED source (φB(λ)) (all algebraic steps involved in
mathematical definitions of these quantities are described in detail in the Supplementary
Materials):

φ(λ) = f · φGR(λ) + (1 − f ) · φB(λ) (2)

The coefficient f in Equation (2) expresses the fraction of green/red component in
φ(λ), i.e., the fraction of color-converted light, whereas 1 − f expresses the fraction of
residual blue component in the final spectrum. Specifically, in mathematical terms:

f =
AGR

AGR + AB (3)
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1 − f =
AB

AGR + AB (4)

where AGR and AB are the integrated areas associated to PL and to external LED chip in the
final spectrum (Supplementary Materials, Equation (2): choice of normalization conditions
and definitions of relative quantities).

It is worth noting that, in Equation (2), the relative spectral densities of irradiance
φGR(λ) and φB(λ) only depend on the characteristic spectroscopic properties of CDs and
on the selected LED source. On the contrary, the color-converting factor f is generally
strongly influenced by several factors, such as: (i) the intrinsic CDs properties (i.e., their
QY, that estimates their converting efficiency); (ii) the CDs concentration and thickness
of the nanocomposite; and (iii) the geometrical characteristics of the device where the
color-converting layer is integrated [11,82–84]. In fact, divergence of incident and emitted
light beams and viewing angles can affect the relative intensities of blue and green/red
light and hence the colorimetric properties of the final generated light.

Only in a very simplified case, i.e., considering a hypothetical geometry in which
incident light is a perfectly collimated beam, generated light is collected across a 360◦ angle
and reflection and scattering at the nanocomposite surface can be neglected; f will depend
only on the nanocomposite material properties. In this simplified case, it is possible to show
(detailed demonstration in provided in the Supplementary Materials) that the resulting f
(called fm) assumes the following form:

fm =
c

c + 1
(5)

where c expresses the dependence on the nanocomposite properties:

c = QY
(

eαBd − 1
)

(6)

that are: (i) the QY of CDs embedded in the nanocomposites under irradiation from the
external LED source; (ii) the nanocomposite linear absorption coefficient at the wavelength
of incident blue radiation; and (iii) the film thickness (d).

αB is proportional to CDs’ concentration in the nanocomposite. Moreover, the product
αBd is equal to the absorbance of the film at the wavelength of incident blue LED light [85].
Therefore, it can be concluded that, for a color-converting film in a device with a fixed
geometry, f can be varied experimentally fabricating nanocomposites with a variable ab-
sorbance, either by regulating the thickness or the concentration of absorbing nanoparticles
(i.e., the CDs loading in the nanocomposite). This remarks how physical parameters that
can be easily regulated during film fabrication (CDs loading and film thickness) can be
used to modulate the final spectral response of the nanocomposite (φ(λ)), up to eventually
reaching a final spectrum that corresponds to a perceptually white color.

However, in a real device, the specific geometry of sample irradiation and light collec-
tion will affect the observed spectrum, composed of blue light diffused and transmitted
from the nanocomposite and green/red light that is emitted with an intensity that has an
angular dependence. Therefore, in general, due to geometrical restrictions that make it
impossible to collect light across a 360◦ angle, the observed f is also dependent from a
geometrical factor (g). In particular, it can be considered to have a form of the type:

fg = g · fm (7)

Determination of g requires the exact knowledge of several factors, such as the angles
of sample irradiation and resulting light collection, the irradiated area of the sample, the
angles of divergence of the blue diffused and PL emitted light, the acceptance angle and
the position of the final observer [11,82,86–89]. Similar considerations also generally hold
in the case of experimental measurements of colorimetric properties of surfaces, where the
generated spectrum from a sample surface (also called color stimulus) is usually dependent
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on the measuring geometry [11]. Therefore, also determination of fg is very complicated,
since it requires knowledge of g.

The objective appearance of the color of the nanocomposite surface can be evaluated
following prescriptions of colorimetry, in terms of colorimetric parameters, such as CIE
chromaticity coordinates, Correlated Color Temperature (CCT) and Color Rendering Index
(CRI). Such colorimetric properties can be calculated knowing the relative spectral power
distributions of the nanocomposite emitting surface or color stimulus (φ(λ)) [86].

In general, variations in φ(λ) can be brought on by modifications of φGR(λ), φB(λ)
and f . However, since we are not changing the employed fluorophores nor the external
blue LED source, we are particularly interested in evaluating modifications of colorimetric
properties for fixed relative spectral densities of irradiance φGR(λ) and φB(λ), while f
ranges from 0 to 1. Notably, for a fixed geometry, this is equivalent to assessing how experi-
mentally controllable parameters such as αB and d affect the final colorimetric properties of
the nanocomposite. Therefore, taking f as variable, we can simulate several φ(λ) and then
use these results to obtain simulated CIE chromaticity coordinates.

Among all the as-simulated coordinates, we are interested in finding those corre-
sponding to a white hue. Selecting an adequate white standard illuminant and considering
its chromaticity coordinates as goal point, we can quantitatively assess how distant the
simulated (x, y) are from such ideal chromaticity coordinates. In particular, CIE D65 il-
luminant was selected, following CIE recommendations on uniformity of practice in the
evaluation of whiteness of surface colors [11,86]. We simulated 1000 chromaticity coor-
dinates, letting f vary from 0 to 1 and then the best achievable white coordinates were
calculated as the simulated (x, y) values that minimize the distance with the coordinates of
the reference illuminant. Thereafter, based on the calculated (x, y)baw, we also identified
the other correspondent minimum-distance color parameters: fbaw, CCTbaw and CRIbaw
(Section 2.9).

In Figure 3, the graphical evaluation of the dependence of CIE coordinates (x, y) on
f and the calculation of the most favorable colorimetric parameters are shown. For this
calculation, φB(λ) is measured recording a blank LED chip spectrum in the experimental
configuration described in Section 2.10, using a bare polymer reference sample without CDs
on a quartz substrate (procedures of nanocomposite preparation is reported in Section 2.6),
while the emission of CDs embedded in an optically transparent matrix is simulated using
the PL spectrum of CDs for excitation at 465 nm (Figure 2b) to obtain φGR(λ).
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Figure 3. (a) Simulated relative spectral density of irradiance (φ(λ)) obtained combining LED chip
emission spectrum (φB(λ)) and PL spectrum of CDs (sample SC-A, φGR(λ)) with variable f , according
to (1); (b) 1931 CIE 1931 diagram showing the chromaticity coordinates corresponding to φB(λ) (cyan
dot), to φGR(λ) (red dot), to the simulated φ(λ) in (a) (black dots) and to the standard D65 illuminant
(white dot) and line plot obtained by simulating 1000 chromaticity coordinates as a function of f , in
the range 0 ≤ f ≤ 1.

Since the resulting (x, y)baw are very close to those of the standard D65 illuminant
(Table S2), and the resulting CRIbaw is >80, that is an acceptable value for most white LED
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light bulbs [11], the outcome of the calculation indicates that CDs can effectively serve as
blue to white color converting materials.

3.3. Preparation and Characterization of Nanocomposite Films

Color-converting nanocomposites can be prepared by uniformly dispersing the flu-
orescent carbon nanoparticles in a transparent polymeric matrix of PVA using water as
common solvent. CD powders were mixed with the polymeric host (PVA) in aqueous
medium to produce a fluorescent ink, taking advantage of the high solubility of PVA, PVP
(employed for CD powder fluorophores preparation) and carbon nanoparticles in water
(Sections 2.5 and 2.6).

Then the final nanocomposite was obtained as solid-state film by depositing the
ink onto a quartz substrate. To achieve a homogeneous coating with a complete surface
coverage of the substrate, in-plane uniformity and low surface roughness, it is crucial to
control the deposition process. Moreover, nanocomposite films with variable thickness and
nanoparticle loading can be prepared by properly choosing the deposition technique, CDs
concentration and deposition protocol parameters.

As discussed in Section 3.2, concentration of CDs and film thickness are important
parameters in determining the fraction of incident blue light that is converted into PL
emitted green/red light in Equations (3)−(6). Indeed, either an increase of nanoparticle
content (leading to an increase of αB) or film thickness can turn in an increase of the fraction
of converted light ( f factor), thereby producing a modulation in the color of the final
light. Therefore, both for drop-cast and spin-coated film, the color-converting properties
of the nanocomposites were carefully controlled by properly adjusting the preparative
parameters, achieving a final spectrum with chromaticity coordinates close to those of the
standard white illuminant.

3.3.1. Drop-Cast Films

In the ink preparation, the adjustment of CD powders and PVA concentration allows
to control both final concentration of carbon nanoparticles and viscosity of the ink solution.
To obtain a final film with good surface coverage and macroscopic in-plane thickness
uniformity, control of viscosity and deposited ink solution volume resulted fundamental.
Moreover, the evaporation rate of the solvent had to be carefully controlled (Section 2.7).
In Table 1 a list of the prepared samples along with the set of parameters used for their
preparation are reported.

Table 1. Drop-cast nanocomposite films and parameters used for their preparation.

Sample
CD Powder

Concentration
(mg/mL)

PVA
Concentration

(g/mL)
Drop Volume (µL)

DC-A 100 0.4 100
DC-B 50 0.4 100
DC-C 50 0.2 50
DC-D 2 0.2 50
DC-E 1 0.4 50

Examination of the fabricated nanocomposites by in-plane and cross-section SEM al-
lows to investigate more in detail the microscopic morphological features and to determine
the thickness of the films. In-plane micrographs of the films (Figure 4a) show a very homo-
geneous deposition. Sporadically, only very small (<1 µm) agglomerates are observed onto
the surface, likely due to dust or residues from the preparation and evaporation processes.
The uniformity of the contrast and the absence of large surface defects suggest that carbon
nanoparticles are homogeneously dispersed within the film, without visible aggregation.
Cross-section SEM micrographs (Figure 4b) reveal that the thickness of the films is in the
range of hundreds of µm (detailed procedure of estimation of thickness from cross-sectional
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SEM micrographs, called dSEM, is reported in Section 2.7). Interestingly, a marked variation
of the final film thickness can be easily achieved by controlling the volume of the drop-cast
solution, as can be observed from the comparison of the thicknesses of DC-E (Figure 4a)
and DC-B (Figure S6), reported in Table S3. In fact, the volume of the drop controls directly
the amount of deposited material and hence has a direct effect on the thickness of the final
film as obtained after solvent evaporation.
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Figure 4. Representative (a) in-plane and (b) cross-section SEM micrographs of a drop-casted
nanocomposite film (DC-E).

Optical properties of the drop-cast films have been characterized by recording absorp-
tion and steady-state PL spectra and absolute QYs (Figure 5); the latter have been measured
by exciting samples at 465 nm, the same peak wavelength of the blue LED chip emission.
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Figure 5. (a) UV-Vis absorption and (b) normalized PL emission spectra of drop casted CD nanocom-
posites (λexc = 465 nm); the inset of (b) reports the absolute QYs of samples DC-A, DC-B and DC-C; a
dashed red line in correspondence of the weighted average of QYs (where weights of the average QY
are the experimental errors) is traced as a guide to the eye.

Since PVA is optically transparent in the visible range [37], the embedded CDs are
responsible for the optical properties of the nanocomposites in that spectral region. Indeed,
absorption and PL spectra (Figure 5a,b respectively) show features similar to those of CDs
in aqueous solutions for excitation at 465 nm (Figure 2b). However, both absorption and PL
bands are broader in the nanocomposites and the absorption maximum results redshifted at
570 nm. Such differences can be related to effects of the different local chemical environment
that the CDs experience in the polymer matrix, with respect to CDs in aqueous solution.
More specifically, since CDs are hydrophilic, it can be expected that, when wrapped by the
polymer chains, their polar surface groups may interact with the polar pendant groups
(hydroxyl and pyrrolidone moieties) of the polymers constituting the nanocomposite matrix
(PVA and PVP). Additionally, in the nanocomposites’ absorption spectra, a background due
to scattering of incident radiation is present, that can be attributed either to the formation
of aggregates of the polymer passivated CDs (as described in Section 3.1) or to surface
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roughness features of the thick drop-cast films. Compared to CDs in aqueous solution, the
absorption band at longer wavelengths (~670 nm) is significantly more prominent for all
nanocomposite samples. Moreover, the intensity of this band relative to the maximum at
570 nm changes from sample to sample. More specifically, their ratio increases going from
sample DC-A to DC-E (i.e., for decreasing film absorbance, Figure S8). Additionally, the
comparison between the relative intensities of the green and red fluorescence bands in the
PL spectra (Figure 5b) reveals that the intensity of the red band progressively decreases
from DC-A to DC-E. Since the absorption band peaked at ~570 nm overlaps the spectral
region of the red PL emission band, we can ascribe the progressive relative decrease in
intensity of such red band to an inner filter effect due to photons’ re-absorption therefore
occurring in the same region.

Finally, absolute QY of DC-A, DC-B and DC-C (inset of Figure 5b) resulted of ~10% (all
measured QYs are within the range of 1 standard deviation), despite the difference in CDs
content in the nanocomposite and thickness of the samples. For samples DC-D and DC-E a
reliable QY value could not be measured because of their very low absorbance, comparable
to the scattering losses at 465 nm. Nonetheless, having a weak red emission band, such
samples are expected to yield poor color-converting performances. Overall, DC-A, DC-B
and DC-C, with green and red emission of almost comparable intensity, represent the most
suitable candidates for achieving a white spectrum through color conversion.

3.3.2. Spin-Coating Deposited Films

We investigated spin-coating deposition as an alternative approach to prepare thin
films with lower absorption of incident radiation. Indeed, it is established that the spin-
coating technique allows to prepare films with thickness in the micron and submicron
range, depending on the viscosity of the nanocomposite, with improved surface flatness
compared to drop-casting [84], being such a feature essential for preventing the scattering
of incident light. Also in this case, PVA and CDs concentration in the ink were varied;
moreover, to modulate the film thickness the spinning speed of the first deposition step
was used as an additional parameter, while both spinning speed of the second (high speed)
step and deposition times were left constant for all of the prepared samples.

Two different concentrations of PVA were considered for the spin-coating deposition,
namely 0.2 and 0.4 g/mL. However, the samples with the lower concentration of PVA
resulted in inks with low viscosity, reflecting in films featuring Marangoni defects (such as
coffee stain rings) or incomplete coverage of the quartz substrate (data not shown). Con-
versely, inks containing 0.4 g/mL of PVA yielded uniform films, with a homogeneous and
complete coverage of the substrate surface and the absence of macroscopically observable
defects (Table 2). Thus, further characterization of these films was performed by SEM,
UV-Vis absorption, steady-state PL and measurement of their absolute QYs (Figure 6).

Table 2. List of spin-coating deposited nanocomposites film prepared, parameters used for their
preparation and thickness of the films measured from the interference fringes observed in the UV-Vis
absorption spectra (dUV-Vis) and from cross-section SEM micrographs (dSEM).

Sample
CD Powder

Concentration
(mg/mL)

PVA
Concentration

(g/mL)

First Step
Spin Speed

(rpm)
dUV-Vis (µm) dSEM (µm)

SC-A 100 0.4 1000 ~5 4.9 ± 0.1
SC-B1 50 0.4 1000 ~4 3.9 ± 0.1
SC-B2 50 0.4 800 ~4 3.9 ± 0.3
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Figure 6. (a) UV-Vis absorption and (b) normalized PL spectra of the spin coated nanocomposite
films (λexc = 465 nm); the inset of (b) reports the absolute QYs of the samples; a dashed red line is
traced in correspondence of the weighted average of QYs (where weights are the average QY are the
experimental errors), as a guide to the eye.

Cross-section SEM micrographs of spin-coated nanocomposites show films with av-
erage thickness of just a few µm (Table 2, Figure S9). Moreover, it is worth noting that
the measured average thickness increased of ~1 µm by doubling the concentration of CD
powders in the ink solution. This can be safely attributed to an increase in the ink viscosity.
In fact, in most cases, there is a positive correlation between the thickness of the final film (d)
and the viscosity of the spinning solution (µ), which can be explained, for example, through
the Meyerhofer Model, for which d ∝ µ1/3 [90]. On the other hand, tuning spinning speeds
seems less effective for modulating the film thickness. Indeed, achieving an accurate control
on a ~µm thick film, while preserving macroscopic uniformity, complete surface coverage
and microscopic surface flatness is not trivial by spin-coating [85].

UV-Vis absorption spectra of low absorbing samples SC-A, SC-B1 and SC-B2
(Figure 6b) show interference fringes, which are strongly indicative of the high surface
flatness of these samples. The fringes located in the transparency region of the spectra can
be used to obtain an estimate of the film thickness (dUV-Vis), that results in agreement with
the thickness measured from cross-section SEM micrographs (details on estimation of film
thickness from UV-Vis interference fringes are provided in the Supplementary Materials).

Interestingly, PL spectra of SC-A, SC-B1 and SC-B2 films in Figure 6c show little
differences in the relative intensities of the green and red bands. SC-A displays a relatively
less intense green band, while in SC-B1 and SC-B2, the intensities of the two bands are
almost comparable. The weaker green band in SC-A can be explained based on photon
re-absorption (Figure S7), occurring due to spectral overlap with the absorption band
at 570 nm, that is almost 4 times more intense in SC-A with respect to SC-B1 and SC-
B2 samples.

The QYs of spin-coating deposited films are in the range between 20 and 25% (inset of
Figure 6c), about twice the value of the drop-cast ones (inset of Figure 5b). Since spin-coating
deposited samples are significantly thinner and less absorbing, their QY increase may be
ascribed to a limited re-absorption phenomenon across the whole emission spectrum, with
respect to thicker and/or possibly more concentrated nanocomposites.

3.4. Evaluation of Nanocomposite Film Color Converting Performances

Based on the spectral profiles of PL emission of both the blue LED chip and the CDs
for excitation at 465 nm (Figure 2b), it is possible to estimate the best achievable white
coordinates obtainable using CDs fluorophores as color converters (Section 3.2). When
CDs are embedded in a nanocomposite, for a fixed geometry, achievement of chromaticity
coordinates close to the calculated ones can be addressed by an optimization of absorption
coefficient at incident light wavelength, thickness and QY (Section 3.2). In general, for a
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given fabricated nanocomposite, the measured colorimetric properties (CIE chromaticity
coordinates, CCT and CRI) will be more or less close to the calculated best achievable ones,
depending on their actual optical properties and thickness.

Herein, colorimetric properties of all the prepared nanocomposites are measured
experimentally recording the relative spectral density of irradiances with the measure-
ment configuration described in Section 2.10 and subsequently obtained by processing
the recorded spectra as reported in Section 2.8; the resulting parameters are reported in
Table 3. The measured chromaticity coordinates are represented in the CIE 1931 diagram in
Figure 7a.

Table 3. Experimentally measured colorimetric properties (CIE chromaticity coordinates, CCT and
CRI) of prepared nanocomposite films.

Sample (x, y) CCT (K) CRI

DC-A (0.32, 0.40) 5913 81
DC-B (0.31, 0.38) 6341 80
DC-C (0.30, 0.36) 6902 82
DC-D (0.24, 0.30) 13,610 63
DC-E (0.22, 0.28) 19,499 59
SC-A (0.30, 0.34) 7100 77
SC-B1 (0.27, 0.31) 9894 74
SC-B2 (0.27, 0.31) 9894 73
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Figure 7. (a) CIE 1931 chromaticity diagrams reporting experimentally measured coordinates for
all prepared nanocomposites, simulated theoretical trend (Section 3.2), chromaticity coordinates of
blue LED chip and CDs; (b) radar chart indicating the experimentally measured CIE chromaticity
coordinates deviation, percentage CCT deviation and CRI deviation for samples DC-A, DC-B, DC-C,
SC-A, SC-B1 and SC-B2 (having green and red bands with comparable intensity) from the chromaticity
coordinates, CCT and CRI of standard CIE illuminant D65, respectively called ∆CIE, ∆CCT and
∆CRI (the detailed procedure for calculation of such deviations is described in the Supplementary
Materials); the insets of (b) show a sketch (left) and photograph of sample SC-A (right) irradiated
with the blue InGaN LED chip.

The experimental chromaticity coordinates of samples having a PL emission spectrum
with a green and red band of comparable intensity (DC-A, DC-B, DC-C, SC-A, SC-B1 and SC-
B2) show a trend that may be traced back to a modulation of f (fraction of converted light)
for increasing absorbance at 465 nm. This trend is similar to that simulated in Section 3.2.
Deviation of the experimental coordinates from the theoretical trend can be attributed to
the differences in the PL emission spectrum of CDs nanocomposites with respect to the PL
spectrum of CDs in solution (Section 3.1, Figure 2b). In fact, the CDs emission spectrum
was assumed as invariant for the definition of φGR(λ) in the simulation. However, it is
worth noting that the general trend comprises both drop-cast and spin-coating deposited
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nanocomposites, in spite of the different deposition techniques and the more than one order
of magnitude thickness difference and extinction of incident radiation (Section 3.3). This
remarks how the fraction of color-converted light, determining the chromaticity coordinates
and other colorimetric properties is dependent on the final properties of nanocomposite
film, i.e., absorption coefficient, QY, spectral features of embedded fluorophores, thickness,
being, instead, not specifically dependent on the preparation technique employed to obtain
the color-converting nanocomposite.

Unlike nanocomposites having green and red emission bands of almost equal intensity,
samples DC-D and DC-E show chromaticity coordinates in the light blue region of the CIE
1931 diagram. This can be explained considering that these samples have a PL emission
spectrum with a less intense red component, as well as a low absorbance at 465 nm
(Section 3.3). Moreover, their measured chromaticity coordinates also result out of the
trend defined by the coordinates of the other samples, which can also be ascribed to the PL
emission spectrum of DC-D and DC-E being significantly different from that of other CDs
nanocomposites.

Finally, the samples, among those prepared, that present the colorimetric character-
istics closest to those of the CIE illuminant D65, selected as reference for achieving white
light, can be identified by examining the deviations of the experimentally measured prop-
erties (chromaticity coordinates, CCT and CRI) from the colorimetric properties of the
standard illuminant (Figure 7b). As a result, SC-A, with chromaticity coordinates (0.30,
0.34), is the sample with the minimum coordinate distance with respect to D65. However,
∆CCT and ∆CRI for this sample are not the lowest measured, as this sample has CCT of
7100 K and CRI of 77. On the contrary, both ∆CCT and ∆CRI are the lowest for DC-C.
Such sample has coordinates (0.30, 0.36), CCT of 6902 K and CRI of 82. It is worth noting
that both SC-A and DC-C, despite their differences in deposition method, thickness and
CDs concentration, ultimately yield a fairly similar fraction of color-converted light and
somewhat akin colorimetric properties. This further demonstrates that properly adjusting
the preparative conditions, both drop-casting and spin-coating deposition methods can be
used to obtain color-converting nanocomposites with a satisfactory white light, although
with slightly different colorimetric properties. Moreover, considering that most common
commercial daylight LED-based light bulbs have a CCT of 6500 K or higher and CRI
~80 [11], we can conclude that the colorimetric features of both these samples are feasible
for implementation in these types of devices.

4. Conclusions

To summarize, we synthesized by solvothermal approach polymer passivated CDs
having a double band PL emission in the green and in the red spectral regions upon excita-
tion with blue light. A numerical calculation method, based on the simulation of emission
spectra resulting from irradiation of CDs with a commercial blue LED chip, was developed
and employed to evaluate the suitability of such CDs for application in phosphor converted
daylight WLEDs. Next, we incorporated the as-synthesized CDs in a PVA matrix, using
spin-coating and drop-casting deposition techniques to realize solid state nanocompos-
ite coatings, varying nanoparticle concentration over two orders of magnitude and the
thickness from microns to hundreds of microns. Then the color-converting properties of
such nanocomposites were experimentally measured and compared with the ideally best
achievable colorimetric properties calculated with the numerical method mentioned above.

The numerically calculated best white daylight achievable from CDs resulted in a
CCT of 6540 K, very close to that of the standard illuminant D65 (CCT ~6500 K) and a
CRI of 82, that can be considered appropriate for the fabrication of WLEDs with good
rendering of objects’ natural color [11]. On the other hand, the experimentally measured
colorimetric characteristics of fabricated CDs nanocomposites showed some deviations
from the simulated ideal values (and from D65 properties), which were ascribed to small
variations in the spectral emission of CDs when embedded in the polymer nanocomposites,
also dependent on the variable nanoparticle concentration and film morphology. The
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least deviations from D65 properties were found for samples SC-A and DC-C, respectively
prepared by spin-coating and drop-casting. In particular, SC-A chromaticity coordinates
are (0.30, 0.34), CCT = 7100 K and CRI = 77, and DC-C (0.30, 0.36), CCT = 6902 K and CRI
= 82. Since the properties of both samples result suitable for daylight WLED fabrication,
both employed deposition procedures (under opportune preparative parameters) appear
reliable for the preparation of CDs coatings with appropriate colorimetric properties.
Finally, the proposed numerical prediction of final white color properties of CDs, validated
through experimental realization of samples and colorimetric property measurement, may
be generalized in the future to evaluate the performances of bottom-up synthesized CDs
for implementation in phosphor converted WLEDs for a given lighting application, with
more time-saving procedures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13030374/s1, Figure S1. Absorption spectra of the CDs
crude synthetic batch and of the supernatants discarded at each purification step; Figure S2. TEM
image of CDs; Figure S3. PL spectra of CDs aqueous dispersions at different excitation wavelengths.
TR decay fit and results analysis; Figure S4. TR decay fit results, comparison between relative
amplitudes and lifetimes; Table S1. TR decay fit parameters; Figure S5. Comparison between the
relative amplitudes and lifetimes obtained from the TR decay fit.; Equation (2): choice of normalization
conditions and definitions of relative quantities; Derivation of Equations (5) and (6) and underlying
assumptions; Table S2. Best achievable white colorimetric properties of CDs and D65; Figure S6:
SEM micrographs of DC-B; Table S3: dSEM of DC-B and DC-E; Figure S7. UV-vis absorption and
normalized PL spectra of CDs aqueous dispersions at different concentrations. Figure S8. Ratio of
the absorbance at 670 nm and at 570 nm in the absorption spectra of nanocomposite films prepared
by drop-casting as a function of the absorbance at 465 nm going from sample DC-A to DC-E; Figure
S9. Cross-section SEM micrographs of SC-A, SC-B1 and SC-B2; Estimate of film thickness from
interference fringes in UV-Vis absorption spectra of nanocomposite films prepared by spin-coating.
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Author Contributions: Conceptualization: G.M., A.M.; Methodology: G.M., A.M., A.P. and M.S.;
Validation: A.M., A.P., E.F. and M.L.C.; Formal analysis: A.M.and E.F.; Investigation: G.M., A.M., A.P.
and M.S.; Resources: M.S.; Data curation: A.P., E.F., M.L.C. and M.S.; Writing—original draft: G.M.,
A.M.; Writing—review & editing: G.M., A.M., A.P., E.F., M.L.C. and M.S.; Visualization: G.M. and
M.L.C.; Funding acquisition: M.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Italian MIUR PRIN 2017 Candl2 Project, Prot. n.
2017W75RAE.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sciortino, A.; Cannizzo, A.; Messina, F. Carbon Nanodots: A Review—From the Current Understanding of the Fundamental

Photophysics to the Full Control of the Optical Response. C 2018, 4, 67. [CrossRef]
2. Yuan, T.; Meng, T.; He, P.; Shi, Y.; Li, Y.; Li, X.; Fan, L.; Yang, S. Carbon Quantum Dots: An Emerging Material for Optoelectronic

Applications. J. Mater. Chem. C 2019, 7, 6820–6835. [CrossRef]
3. Zhang, H.; Zhang, H.; Pan, A.; Yang, B.; He, L.; Wu, Y. Rare Earth-Free Luminescent Materials for WLEDs: Recent Progress and

Perspectives. Adv. Mater. Technol. 2021, 6, 2000648. [CrossRef]
4. Fang, M.-H.; Bao, Z.; Huang, W.-T.; Liu, R.-S. Evolutionary Generation of Phosphor Materials and Their Progress in Future

Applications for Light-Emitting Diodes. Chem. Rev. 2022, 122, 11474–11513. [CrossRef]
5. Trapani, D.; Macaluso, R.; Crupi, I.; Mosca, M. Color Conversion Light-Emitting Diodes Based on Carbon Dots: A Review.

Materials 2022, 15, 5450. [CrossRef]
6. Kim, T.H.; Wang, W.; Li, Q. Advancement in Materials for Energy-Saving Lighting Devices. Front. Chem. Sci. Eng. 2012, 6, 13–26.

[CrossRef]

https://www.mdpi.com/article/10.3390/nano13030374/s1
https://www.mdpi.com/article/10.3390/nano13030374/s1
http://doi.org/10.3390/c4040067
http://doi.org/10.1039/C9TC01730E
http://doi.org/10.1002/admt.202000648
http://doi.org/10.1021/acs.chemrev.1c00952
http://doi.org/10.3390/ma15155450
http://doi.org/10.1007/s11705-011-1168-y


Nanomaterials 2023, 13, 374 18 of 21

7. Hu, H.; Tang, B.; Wan, H.; Sun, H.; Zhou, S.; Dai, J.; Chen, C.; Liu, S.; Guo, L.J. Boosted Ultraviolet Electroluminescence of
InGaN/AlGaN Quantum Structures Grown on High-Index Contrast Patterned Sapphire with Silica Array. Nano Energy 2020, 69,
104427. [CrossRef]

8. Zhou, S.; Liu, X.; Yan, H.; Chen, Z.; Liu, Y.; Liu, S. Highly Efficient GaN-Based High-Power Flip-Chip Light-Emitting Diodes. Opt.
Express OE 2019, 27, A669–A692. [CrossRef]

9. Zhou, S.; Wan, Z.; Lei, Y.; Tang, B.; Tao, G.; Du, P.; Zhao, X. InGaN Quantum Well with Gradually Varying Indium Content for
High-Efficiency GaN-Based Green Light-Emitting Diodes. Opt. Lett. OL 2022, 47, 1291–1294. [CrossRef]

10. Zhao, X.; Tang, B.; Gong, L.; Bai, J.; Ping, J.; Zhou, S. Rational Construction of Staggered InGaN Quantum Wells for Efficient
Yellow Light-Emitting Diodes. Appl. Phys. Lett. 2021, 118, 182102. [CrossRef]

11. Schanda, J.; International Commission on Illumination (Eds.) Colorimetry: Understanding the CIE System; CIE/Commission
Internationale de l’Eclairage: Vienna, Austria; Wiley-Interscience: Hoboken, NJ, USA, 2007; ISBN 978-0-470-04904-4.

12. Ding, H.; Wei, J.-S.; Zhong, N.; Gao, Q.-Y.; Xiong, H.-M. Highly Efficient Red-Emitting Carbon Dots with Gram-Scale Yield for
Bioimaging. Langmuir 2017, 33, 12635–12642. [CrossRef]

13. Wang, Z.; Yuan, F.; Li, X.; Li, Y.; Zhong, H.; Fan, L.; Yang, S. 53% Efficient Red Emissive Carbon Quantum Dots for High Color
Rendering and Stable Warm White-Light-Emitting Diodes. Adv. Mater. 2017, 29, 1702910. [CrossRef] [PubMed]

14. Minervini, G.; Panniello, A.; Madonia, A.; Carbonaro, C.M.; Mocci, F.; Sibillano, T.; Giannini, C.; Comparelli, R.; Ingrosso, C.;
Depalo, N.; et al. Photostable Carbon Dots with Intense Green Emission in an Open Reactor Synthesis. Carbon 2022, 198, 230–243.
[CrossRef]

15. Meloni, M.; Stagi, L.; Sanna, D.; Garroni, S.; Calvillo, L.; Terracina, A.; Cannas, M.; Messina, F.; Carbonaro, C.M.; Innocenzi,
P.; et al. Harnessing Molecular Fluorophores in the Carbon Dots Matrix: The Case of Safranin O. Nanomaterials 2022, 12, 2351.
[CrossRef] [PubMed]

16. Zhang, H.; Wu, S.; Xing, Z.; Wang, H.-B. Turning Waste into Treasure: Chicken Eggshell Membrane Derived Fluorescent Carbon
Nanodots for the Rapid and Sensitive Detection of Hg2+ and Glutathione. Analyst 2021, 146, 7250–7256. [CrossRef]

17. Zhang, H.; Wu, S.; Xing, Z.; Gao, M.; Sun, M.; Wang, J.; Wang, H.-B. Green Synthesis of Carbon Nanodots for Direct and Rapid
Determination of Theophylline through Fluorescence Turn on–off Strategy. Appl. Phys. A 2022, 128, 356. [CrossRef]

18. Kausar, A. Polymer/Carbon-Based Quantum Dot Nanocomposite: Forthcoming Materials for Technical Application. J. Macromol.
Sci. Part A 2019, 56, 341–356. [CrossRef]

19. Zhou, Y.; Sharma, S.; Peng, Z.; Leblanc, R. Polymers in Carbon Dots: A Review. Polymers 2017, 9, 67. [CrossRef]
20. Dimos, K. Tuning Carbon Dots’ Optoelectronic Properties with Polymers. Polymers 2018, 10, 1312. [CrossRef]
21. Zhu, J.; Bai, X.; Bai, J.; Pan, G.; Zhu, Y.; Zhai, Y.; Shao, H.; Chen, X.; Dong, B.; Zhang, H.; et al. Emitting Color Tunable Carbon

Dots by Adjusting Solvent towards Light-Emitting Devices. Nanotechnology 2018, 29, 085705. [CrossRef]
22. Tian, Z.; Zhang, X.; Li, D.; Zhou, D.; Jing, P.; Shen, D.; Qu, S.; Zboril, R.; Rogach, A.L. Full-Color Inorganic Carbon Dot Phosphors

for White-Light-Emitting Diodes. Adv. Opt. Mater. 2017, 5, 1700416. [CrossRef]
23. Ding, H.; Yu, S.-B.; Wei, J.-S.; Xiong, H.-M. Full-Color Light-Emitting Carbon Dots with a Surface-State-Controlled Luminescence

Mechanism. ACS Nano 2016, 10, 484–491. [CrossRef] [PubMed]
24. An, Y.; Liu, C.; Li, Y.; Chen, M.; Zheng, Y.; Tian, H.; Shi, R.; He, X.; Lin, X. Preparation of Multicolour Solid Fluorescent Carbon

Dots for Light-Emitting Diodes Using Phenylethylamine as a Co-Carbonization Agent. Int. J. Mol. Sci. 2022, 23, 11071. [CrossRef]
[PubMed]

25. Miao, X.; Qu, D.; Yang, D.; Nie, B.; Zhao, Y.; Fan, H.; Sun, Z. Synthesis of Carbon Dots with Multiple Color Emission by Controlled
Graphitization and Surface Functionalization. Adv. Mater. 2018, 30, 1704740. [CrossRef]

26. Zhou, X.; Yi, K.; Yang, Y.; Xie, G.; Ji, X.; He, Z. A Novel Method for the Synthesis of Carbon Dots Assisted by Free Radicals. Nano
Res. 2022, 15, 9470–9478. [CrossRef]

27. Da, X.; Han, Z.; Yang, Z.; Zhang, D.; Hong, R.; Tao, C.; Lin, H.; Huang, Y. Preparation of Multicolor Carbon Dots with High
Fluorescence Quantum Yield and Application in White LED. Chem. Phys. Lett. 2022, 794, 139497. [CrossRef]

28. Sun, Z.; Yan, F.; Xu, J.; Zhang, H.; Chen, L. Solvent-Controlled Synthesis Strategy of Multicolor Emission Carbon Dots and Its
Applications in Sensing and Light-Emitting Devices. Nano Res. 2022, 15, 414–422. [CrossRef]

29. Perikala, M.; Bhardwaj, A. Waste to White Light: A Sustainable Method for Converting Biohazardous Waste to Broadband White
LEDs. RSC Adv. 2022, 12, 11443–11453. [CrossRef] [PubMed]

30. Xu, X.; Mo, L.; Li, Y.; Pan, X.; Hu, G.; Lei, B.; Zhang, X.; Zheng, M.; Zhuang, J.; Liu, Y.; et al. Construction of Carbon Dots
with Color-Tunable Aggregation-Induced Emission by Nitrogen-Induced Intramolecular Charge Transfer. Adv. Mater. 2021, 33,
2104872. [CrossRef]

31. Wei, C.; Hu, S.; Liang, F.; Song, Z.; Liu, X. One-Pot Synthesis of Concentration and Excitation Dual-Dependency Truly Full-Color
Photoluminescence Carbon Dots. Chin. Chem. Lett. 2022, 33, 4116–4120. [CrossRef]

32. Madhu, M.; Chen, T.-H.; Tseng, W.-L. White-Light Emission of Single Carbon Dots Prepared by Hydrothermal Carbonization of
Poly(Diallyldimethylammonium Chloride): Applications to Fabrication of White-Light-Emitting Films. J. Colloid Interface Sci.
2019, 556, 120–127. [CrossRef] [PubMed]

33. Minervini, G.; Panniello, A.; Fanizza, E.; Agostiano, A.; Curri, M.L.; Striccoli, M. Oil-Dispersible Green-Emitting Carbon Dots:
New Insights on a Facile and Efficient Synthesis. Materials 2020, 13, 3716. [CrossRef] [PubMed]

http://doi.org/10.1016/j.nanoen.2019.104427
http://doi.org/10.1364/OE.27.00A669
http://doi.org/10.1364/OL.452477
http://doi.org/10.1063/5.0043240
http://doi.org/10.1021/acs.langmuir.7b02385
http://doi.org/10.1002/adma.201702910
http://www.ncbi.nlm.nih.gov/pubmed/28758696
http://doi.org/10.1016/j.carbon.2022.07.034
http://doi.org/10.3390/nano12142351
http://www.ncbi.nlm.nih.gov/pubmed/35889575
http://doi.org/10.1039/D1AN01582F
http://doi.org/10.1007/s00339-022-05485-1
http://doi.org/10.1080/10601325.2019.1578614
http://doi.org/10.3390/polym9020067
http://doi.org/10.3390/polym10121312
http://doi.org/10.1088/1361-6528/aaa321
http://doi.org/10.1002/adom.201700416
http://doi.org/10.1021/acsnano.5b05406
http://www.ncbi.nlm.nih.gov/pubmed/26646584
http://doi.org/10.3390/ijms231911071
http://www.ncbi.nlm.nih.gov/pubmed/36232382
http://doi.org/10.1002/adma.201704740
http://doi.org/10.1007/s12274-022-4567-0
http://doi.org/10.1016/j.cplett.2022.139497
http://doi.org/10.1007/s12274-021-3495-8
http://doi.org/10.1039/D2RA01146H
http://www.ncbi.nlm.nih.gov/pubmed/35425042
http://doi.org/10.1002/adma.202104872
http://doi.org/10.1016/j.cclet.2022.01.053
http://doi.org/10.1016/j.jcis.2019.08.049
http://www.ncbi.nlm.nih.gov/pubmed/31437657
http://doi.org/10.3390/ma13173716
http://www.ncbi.nlm.nih.gov/pubmed/32842684


Nanomaterials 2023, 13, 374 19 of 21

34. Panniello, A.; Di Mauro, A.E.; Fanizza, E.; Depalo, N.; Agostiano, A.; Curri, M.L.; Striccoli, M. Luminescent Oil-Soluble Carbon
Dots toward White Light Emission: A Spectroscopic Study. J. Phys. Chem. C 2018, 122, 839–849. [CrossRef]

35. Chen, Y.; Zheng, M.; Xiao, Y.; Dong, H.; Zhang, H.; Zhuang, J.; Hu, H.; Lei, B.; Liu, Y. A Self-Quenching-Resistant Carbon-Dot
Powder with Tunable Solid-State Fluorescence and Construction of Dual-Fluorescence Morphologies for White Light-Emission.
Adv. Mater. 2016, 28, 312–318. [CrossRef]

36. Ganiga, M.; Cyriac, J. Direct Synthesis of Highly Stable Nitrogen Rich Carbon Dots toward White Light Emission. RSC Adv. 2015,
5, 101333–101337. [CrossRef]

37. Wang, Y.; Zhao, Y.; Zhang, F.; Chen, L.; Yang, Y.; Liu, X. Fluorescent Polyvinyl Alcohol Films Based on Nitrogen and Sulfur
Co-Doped Carbon Dots towards White Light-Emitting Devices. New J. Chem. 2016, 40, 8710–8716. [CrossRef]

38. Wang, Z.; Liu, Y.; Zhen, S.; Li, X.; Zhang, W.; Sun, X.; Xu, B.; Wang, X.; Gao, Z.; Meng, X. Gram-Scale Synthesis of 41% Efficient
Single-Component White-Light-Emissive Carbonized Polymer Dots with Hybrid Fluorescence/Phosphorescence for White
Light-Emitting Diodes. Adv. Sci. 2020, 7, 1902688. [CrossRef]

39. Zhang, F.; Wang, Y.; Miao, Y.; He, Y.; Yang, Y.; Liu, X. Optimal Nitrogen and Phosphorus Codoping Carbon Dots towards White
Light-Emitting Device. Appl. Phys. Lett. 2016, 109, 083103. [CrossRef]

40. Zhang, Y.; Zhuo, P.; Yin, H.; Fan, Y.; Zhang, J.; Liu, X.; Chen, Z. Solid-State Fluorescent Carbon Dots with Aggregation-Induced
Yellow Emission for White Light-Emitting Diodes with High Luminous Efficiencies. ACS Appl. Mater. Interfaces 2019, 11,
24395–24403. [CrossRef]

41. Ahmad, K.; Pal, A.; Pan, U.N.; Chattopadhyay, A.; Paul, A. Synthesis of Single-Particle Level White-Light-Emitting Carbon Dots
via a One-Step Microwave Method. J. Mater. Chem. C 2018, 6, 6691–6697. [CrossRef]

42. Zhang, Y.; Xiao, J.; Zhuo, P.; Yin, H.; Fan, Y.; Liu, X.; Chen, Z. Carbon Dots Exhibiting Concentration-Dependent Full-Visible-
Spectrum Emission for Light-Emitting Diode Applications. ACS Appl. Mater. Interfaces 2019, 11, 46054–46061. [CrossRef]
[PubMed]

43. Gavalas, S.; Kelarakis, A. Towards Red Emissive Systems Based on Carbon Dots. Nanomaterials 2021, 11, 2089. [CrossRef]
[PubMed]

44. Zhu, Z.; Zhai, Y.; Li, Z.; Zhu, P.; Mao, S.; Zhu, C.; Du, D.; Belfiore, L.A.; Tang, J.; Lin, Y. Red Carbon Dots: Optical Property
Regulations and Applications. Mater. Today 2019, 30, 52–79. [CrossRef]

45. Lee, J.M.; Yoo, J.G.; Kim, J.S.; Sohn, K.S. A Search for New Red and Green Phosphors Using a Computational Evolutionary
Optimization Process. Mater. Sci. Forum 2005, 475–479, 1117–1120. [CrossRef]

46. Zheng, Z.; Wang, L.; Zhang, H.; Zhou, T.; Zheng, P.; Liang, P. An Optimal Spectral Model for Phosphor-Converted White
Light-Emitting Diodes Used in the Mesopic Vision. J. Am. Ceram. Soc. 2019, 102, 260–266. [CrossRef]

47. Sohn, K.-S.; Park, D.H.; Cho, S.H.; Kwak, J.S.; Kim, J.S. Computational Evolutionary Optimization of Red Phosphor for Use in
Tricolor White LEDs. Chem. Mater. 2006, 18, 1768–1772. [CrossRef]

48. Sohn, K.-S.; Kim, B.I.; Shin, N. Genetic Algorithm-Assisted Combinatorial Search for New Red Phosphors of High Efficiency at
Soft Ultraviolet Excitation. J. Electrochem. Soc. 2004, 151, H243. [CrossRef]

49. Guo, Z.; Liu, K.; Zheng, L.; Shih, T.; Lu, Y.; Wu, T.; Lin, Y.; Zhang, Y.; Zheng, J.; Chen, J.; et al. Investigation on Three-Hump
Phosphor-Coated White Light-Emitting Diodes for Healthy Lighting by Genetic Algorithm. IEEE Photonics J. 2019, 11, 8200110.
[CrossRef]

50. Cavinato, L.M.; Wölfl, S.; Pöthig, A.; Fresta, E.; Garino, C.; Fernandez-Cestau, J.; Barolo, C.; Costa, R.D. Multivariate Analysis
Identifying [Cu(NˆN)(PˆP)]+ Design and Device Architecture Enables First-Class Blue and White Light-Emitting Electrochemical
Cells. Adv. Mater. 2022, 34, 2109228. [CrossRef]

51. Zhao, Y.; Zhong, P.; He, G. Optimization of the Light-Emitting Diode Daylight Simulator Based on the CIE Metamerism Index
Method. Color Res. Appl. 2022, 47, 65–73. [CrossRef]

52. Ashdown, I. Solid-State Lighting: A Systems Engineering Approach. Opt. Amp Photonics News OPN 2007, 18, 24–30. [CrossRef]
53. Xiao, H.; Li, Y.; Li, B.; Wang, G. An Investigation on CCT and Ra Optimization for Trichromatic White LEDs Using a Dual-Weight-

Coefficient-Based Algorithm. Micromachines 2022, 13, 276. [CrossRef] [PubMed]
54. Lien, J.-Y.; Chen, C.-J.; Chiang, R.-K.; Wang, S.-L. High Color-Rendering Warm-White Lamps Using Quantum-Dot Color

Conversion Films. Opt. Express 2016, 24, A1021. [CrossRef] [PubMed]
55. Sun, Y.-P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K.A.S.; Pathak, P.; Meziani, M.J.; Harruff, B.A.; Wang, X.; Wang, H.; et al.

Quantum-Sized Carbon Dots for Bright and Colorful Photoluminescence. J. Am. Chem. Soc. 2006, 128, 7756–7757. [CrossRef]
56. Liu, E.; Li, D.; Zhou, X.; Zhou, G.; Xiao, H.; Zhou, D.; Tian, P.; Guo, R.; Qu, S. Highly Emissive Carbon Dots in Solid State and

Their Applications in Light-Emitting Devices and Visible Light Communication. ACS Sustain. Chem. Eng. 2019, 7, 9301–9308.
[CrossRef]

57. Qu, Y.; Bai, X.; Li, D.; Zhang, X.; Liang, C.; Zheng, W.; Qu, S. Solution-Processable Carbon Dots with Efficient Solid-State
Red/near-Infrared Emission. J. Colloid Interface Sci. 2022, 613, 547–553. [CrossRef] [PubMed]

58. Li, D.; Jing, P.; Sun, L.; An, Y.; Shan, X.; Lu, X.; Zhou, D.; Han, D.; Shen, D.; Zhai, Y.; et al. Near-Infrared Excitation/Emission and
Multiphoton-Induced Fluorescence of Carbon Dots. Adv. Mater. 2018, 30, 1705913. [CrossRef]

59. Qu, S.; Zhou, D.; Li, D.; Ji, W.; Jing, P.; Han, D.; Liu, L.; Zeng, H.; Shen, D. Toward Efficient Orange Emissive Carbon Nanodots
through Conjugated Sp2-Domain Controlling and Surface Charges Engineering. Adv. Mater. 2016, 28, 3516–3521. [CrossRef]

http://doi.org/10.1021/acs.jpcc.7b09788
http://doi.org/10.1002/adma.201503380
http://doi.org/10.1039/C5RA17789H
http://doi.org/10.1039/C6NJ01753C
http://doi.org/10.1002/advs.201902688
http://doi.org/10.1063/1.4961631
http://doi.org/10.1021/acsami.9b04600
http://doi.org/10.1039/C8TC01276H
http://doi.org/10.1021/acsami.9b14472
http://www.ncbi.nlm.nih.gov/pubmed/31718129
http://doi.org/10.3390/nano11082089
http://www.ncbi.nlm.nih.gov/pubmed/34443920
http://doi.org/10.1016/j.mattod.2019.05.003
http://doi.org/10.4028/www.scientific.net/MSF.475-479.1117
http://doi.org/10.1111/jace.15894
http://doi.org/10.1021/cm052179o
http://doi.org/10.1149/1.1808592
http://doi.org/10.1109/JPHOT.2018.2885091
http://doi.org/10.1002/adma.202109228
http://doi.org/10.1002/col.22700
http://doi.org/10.1364/OPN.18.1.000024
http://doi.org/10.3390/mi13020276
http://www.ncbi.nlm.nih.gov/pubmed/35208400
http://doi.org/10.1364/OE.24.0A1021
http://www.ncbi.nlm.nih.gov/pubmed/27410891
http://doi.org/10.1021/ja062677d
http://doi.org/10.1021/acssuschemeng.9b00325
http://doi.org/10.1016/j.jcis.2021.12.192
http://www.ncbi.nlm.nih.gov/pubmed/35063786
http://doi.org/10.1002/adma.201705913
http://doi.org/10.1002/adma.201504891


Nanomaterials 2023, 13, 374 20 of 21

60. Madonia, A.; Martin-Sabi, M.; Sadaoui, A.; Ruhlmann, L.; Ammar, S.; Schaming, D. Dawson-Type Polyoxometalates Photosensi-
tized with Carbon Dots for Photocatalytic Reduction of Silver Ions. Mater. Res. Bull. 2022, 149, 111721. [CrossRef]

61. Jiang, K.; Feng, X.; Gao, X.; Wang, Y.; Cai, C.; Li, Z.; Lin, H. Preparation of Multicolor Photoluminescent Carbon Dots by Tuning
Surface States. Nanomaterials 2019, 9, 529. [CrossRef]

62. Chang, Q.; Zhou, X.; Xiang, G.; Jiang, S.; Li, L.; Wang, Y.; Li, Y.; Cao, Z.; Tang, X.; Ling, F.; et al. Full Color Fluorescent Carbon
Quantum Dots Synthesized from Triammonium Citrate for Cell Imaging and White LEDs. Dye. Pigment. 2021, 193, 109478.
[CrossRef]

63. Aldrich, M. MATLAB Central File Exchange. Pspectro: Photometric and Colorimetric Calculations. Available online: https:
//www.mathworks.com/matlabcentral/fileexchange/28185-pspectro-photometric-and-colorimetric-calculations (accessed on
13 September 2022).

64. Wang, J.; Yang, Y.; Liu, X. Solid-State Fluorescent Carbon Dots: Quenching Resistance Strategies, High Quantum Efficiency
Control, Multicolor Tuning, and Applications. Mater. Adv. 2020, 1, 3122–3142. [CrossRef]

65. Coblentz Soc. Collection. In Citric Acid in NIST Chemistry WebBook, NIST Standard Reference Database Number 69; Linstrom,
P.J., Mallard, W.G., Eds.; National Institute of Standards and Technology: Gaithersburg, MD, USA, 2022. Available online:
https://webbook.nist.gov/cgi/cbook.cgi?ID=C77929&Mask=80#IR-Spec (accessed on 10 January 2023). [CrossRef]

66. Sigma-Aldrich®. Sigma-Aldrich Library of FTIR Spectra; Wiley: Hoboken, NJ, USA, 2019; ISBN 978-1-119-37679-8.
67. Sharma, A.; Gadly, T.; Gupta, A.; Ballal, A.; Ghosh, S.K.; Kumbhakar, M. Origin of Excitation Dependent Fluorescence in Carbon

Nanodots. J. Phys. Chem. Lett. 2016, 7, 3695–3702. [CrossRef]
68. Gharat, P.M.; Chethodil, J.M.; Srivastava, A.P.; Praseetha, P.K.; Pal, H.; Choudhury, S.D. An Insight into the Molecular and

Surface State Photoluminescence of Carbon Dots Revealed through Solvent-Induced Modulations in Their Excitation Wavelength
Dependent Emission Properties. Photochem. Photobiol. Sci. 2019, 18, 110–119. [CrossRef] [PubMed]

69. Zhu, P.; Tan, K.; Chen, Q.; Xiong, J.; Gao, L. Origins of Efficient Multiemission Luminescence in Carbon Dots. Chem. Mater. 2019,
31, 4732–4742. [CrossRef]

70. Nguyen, H.A.; Srivastava, I.; Pan, D.; Gruebele, M. Unraveling the Fluorescence Mechanism of Carbon Dots with Sub -Single-
Particle Resolution. ACS Nano 2020, 14, 6127–6137. [CrossRef] [PubMed]

71. Sciortino, A.; Marino, E.; van Dam, B.; Schall, P.; Cannas, M.; Messina, F. Solvatochromism Unravels the Emission Mechanism of
Carbon Nanodots. J. Phys. Chem. Lett. 2016, 7, 3419–3423. [CrossRef]

72. Carbonaro, C.M.; Corpino, R.; Salis, M.; Mocci, F.; Thakkar, S.V.; Olla, C.; Ricci, P.C. On the Emission Properties of Carbon Dots:
Reviewing Data and Discussing Models. C 2019, 5, 60. [CrossRef]

73. Zhu, S.; Song, Y.; Zhao, X.; Shao, J.; Zhang, J.; Yang, B. The Photoluminescence Mechanism in Carbon Dots (Graphene Quantum
Dots, Carbon Nanodots, and Polymer Dots): Current State and Future Perspective. Nano Res. 2015, 8, 355–381. [CrossRef]

74. Nguyen, V.; Si, J.; Yan, L.; Hou, X. Electron–Hole Recombination Dynamics in Carbon Nanodots. Carbon 2015, 95, 659–663.
[CrossRef]
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