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Synthesis of casein-derived carbon nanodots (CND) using a microwave-assisted approach, giving a high

product vyield (25%), s

reported. Casein was

used as a sustainable carbon source, and

polyvinylpyrrolidone was used as a stabilizer for the nanodots. The size of the prepared amorphous CND
corresponds to individual casein coils, which were only partially carbonized. They were obtained due to
the disintegration of casein micelles and submicelles within the microwave-assisted solvothermal

process. The resulting nanodots had bright photoluminescence, and their electronic structure and

optical properties were investigated. A novel competitive model of their luminescence mechanism was

introduced to explain a phenomenon beyond the standard models. The synthesized carbon nanodots
were used as luminescent ink for anticounterfeit applications. A polymer matrix nanocomposite was

prepared by dispersing the nanodots in a flexible and robust poly(styrene-ethylene-butylene-styrene) tri-

block copolymer (SEBS) using the solution cast method. For the first time, the effect of CND on the

luminescence and mechanical properties of the SEBS/CND self-supporting films was studied. The film

Received 24th March 2022
Accepted 19th May 2022

was also studied as a phosphor for light-emitting diodes, with a unique experimental setup to avoid self-

absorption, which results in low efficiency and eliminates the excess UV transmitted. Because of their
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1. Introduction

Carbon nanodots (CND) are nanomaterials invading the current
industrial era because of their exceptional features. As the name
suggests, they belong to the carbon family, having a size of less
than 10 nm. The nanodots typically consist of carbon,
hydrogen, nitrogen, and oxygen." They are expressed in terms of
their carbogenic core and their functional groups present on the
surface. Their core is disorganized, and a high amount of sp®
carbons are present.” Furthermore, their properties can be
modified by the level of oxidation present on their surface.?
Since their discovery in 2004, they have been widely studied due
to their remarkable properties like biocompatibility, good
solubility, photostability, low toxicity, and less cost of prepara-
tion.*” Due to their exceptional characteristics, different
methods have been used for their synthesis like hydrothermal,
solvothermal, microwave etc.**° Depending on the synthesis
method used hydrophilic, hydrophobic, or amphiphilic CND
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high luminescence, photostability, and mechanical properties, these CND could be used as luminescent
labels in the packaging and optoelectronics industries.

are formed."* Their outstanding physicochemical properties
attract their operations in different fields. Amongst all their
exciting properties, their optical characteristics are widely
studied because of their wonderful tuning quality. Their strong
absorption and emission properties improve their effectiveness
in hiding and storing essential information.*

Recently, cost-efficient and environment-friendly polymer/
CND nanocomposites have been given much attention
because of their marvelous attributes. These polymer/CND
nanocomposites have enormous applications like luminescent
solar concentrators, photocatalysis and metal ion detection and
light-emitting diodes.**” CND exhibit different luminescent
colours in transparent polymers. Among the various polymers
available, poly(styrene-ethylene-butylene-styrene) (SEBS) is an
extremely strong and flexible tri-block copolymer. It consists of
a hard segment called polystyrene and a soft segment called
ethylene co-butylene, providing excellent thermo-mechanical
properties. Additionally, it has excellent UV, heat and shatter
resistance, toughness, and high transparency.'® This suggests it
to be an appreciable candidate for security and packaging
applications.
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In recent years, counterfeiting of authentic documents,
brands, and products has been emerging as a serious problem.
However, while advanced manufacturing has its benefits, the
number of counterfeit goods is also rising due to the latest
technological advances. Hence, various anticounterfeit mate-
rials and techniques are being explored to overcome this chal-
lenge. The anticounterfeit techniques make the original items
difficult to duplicate and simple to validate, providing safety to
official and valuable items.” Different types of technologies
developed to reduce the fake transfer of data include holo-
grams, latent fingerprint, security inks, and luminescent
tags."* These technologies play an important role in the safety
of the country and its people. While various kinds of techniques
and materials have been used to regulate the counterfeit of
goods, there has always been a search to obtain better materials
that are cost-effective and easily produced. Currently, there is
a growing trend to use luminescent photoresponsive materials
as anticounterfeit materials.*”®> Among the various luminescent
materials available, specific attention has been given to CND,
because of their excellent optical properties in the UV and
visible light.>#** These nanodots, because of their high photo-
stability, illumination rate and low toxicity, they have been
effectively used to replace the conventional phosphors in
LEDs.>**” Therefore, significant attempts are being made to
understand and explore them, which is the necessity of the
time.

In our paper, we have reported the synthesis of CND from the
disintegration of casein micelles and submicelles using
microwave-assisted approach. Compared to the traditional
microwaves, the microwave reactor provides uniform heating,
less by products and faster rate of synthesis. Casein is an easily
available milk protein that has both hydrophobic and hydro-
philic domains. It is a sustainable green source compound
containing amino acids. It is a natural source of carbon. Poly-
vinylpyrrolidone (PVP) is used as a stabilizer to prevent the
agglomeration of the nanodots. This high quantitative yield
obtained through this method is suitable for large-scale
production. Besides standard characterization, the electronic
structure of CND and its photoluminescence mechanism are
studied in detail. A new competitive model has been introduced
to explain the luminescence mechanism of the nanodots.
Flexible and robust SEBS/CND nanocomposite self-supporting
film is obtained using the simple solution cast method. The
luminescence and mechanical properties of the film were
studied exclusively. According to the best of our knowledge, this
is the first time to report the study on SEBS/CND nano-
composite film. We propose the application of the casein-based
CND as anticounterfeit inks because of their good emission
characteristics. The UV-sensitive luminescent nanocomposite
films, because of their good transparency and photostability,
can be efficiently used as anticounterfeit films for the packaging
of products. Moreover, a peculiar experimental setup is devel-
oped to use SEBS/CND nanocomposite film as an efficient
phosphor material for light-emitting diodes. Even though
carbon dots have been utilized for these applications before,
their product yield, synthesis with less time and appropriate
temperature has always been challenging.”®* Sometimes the
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product yield is not reported or reported with no appreciable
yield. In our work the microwave - reactor assisted method has
proved to be an efficient method as it gives a high product yield
(25%) in comparison with previous reports varying typically
from 0.1% up to 19%.%°*> Moreover, the product is obtained in
less time and appropriate temperature with significant and
exceptional characteristics.

2. Experimental section

2.1. Materials required

Polyvinylpyrrolidone (PVP), styrene-ethylene-butylene-styrene
(SEBS) are obtained from Sigma Aldrich. Among many variable
grades of milk protein concentrates (MPC) and milk casein
concentrates (MCC),** a product “MPC 85 Micellar Casein” was
acquired from a local retailer shop in the Czech Republic as
a source of casein. The brand is a natural nutrition and
unflavoured. MPC 85 is known for its content of ca. 71% casein,
11% of residual whey, 5% of residual lactose and minerals, and
1% of residual fat.>* The powder was used before the best before
date. The size of casein micelles was characterized experimen-
tally in our laboratory which confirmed the suitability of the
material for further studies. The distilled water was used for the
preparation of various solutions. The polyethylene tere-
phthalate (PET) foil (Novele™) used as substrates for printing
was bought from Novacentrix, Texas, USA. A UV protection
reflective window film “HooTown Mirror Window Privacy Film
Self-Adhesive One-Way Silver Reflective Window Film UV
Protection, Sun Protection and Heat Insulation Tinted Film,
Silver” was brought commercially from amazon market. This
film has 97% reflectance of UVA. The solvents, including
ethylene glycol and isopropanol, are purchased from PENTA,
Czech Republic. All the chemicals and reagents were used
without any further purification.

2.2. Instrumental characterization

The CND particle size measurement was carried out using
Transmission Electron Microscope (TEM). The TEM model,
JEOL JEM 2100 microscope was operated at 300 kv (LaBg
cathode, point resolution 2.3 A equipped with OLYMPUS SYS
TENGRA camera (2048 x 2048 pixels)). The size analysis of the
particles was analysed by Image]J software. The particle size
distribution of the casein micelles dispersed in ethylene glycol
before the synthesis was determined using Dynamic Light
Scattering method (Zetasizer Nano ZS, model 3600, Malvern
Instruments Ltd., Worcestershire, UK). The X-ray diffraction
pattern was obtained from an X-ray powder diffractometer
(Rigaku Miniflex 600) using Co Ko radiation (A = 1.7903 A),
operated at a beam voltage of 40 kv and a beam current of 100
mA. A UV-Vis spectrophotometer, PerkinElmer Lambda 1050,
was used to obtain the absorption studies. The emission studies
were attained on photoluminescence (PL) spectrophotometer
FLS920, Edinburgh Instruments (Xe lamp with a double
monochromator used for excitation in continuous wave regime)
at room temperature. Time resolved studies were performed
using the same PL spectrophotometer with two different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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excitation pulse diodes. One diode had an excitation wavelength
275 nm with a pulse width of 860 ps and another had an exci-
tation wavelength of 332 nm with a pulse width of 840 ps. Both
were operated at a frequency of 10 MHz. For both UV and PL
experiments, 5 mg of the freeze-dried CND sample was dis-
solved in 5 ml of water. From this solution, 1 ml was taken and
made up to 3 ml to perform the studies. Obtained spectra was
corrected for both detector sensitivity and excitation source
intensity. The Fourier Transform Infrared (FTIR) spectra anal-
ysis was carried out on Thermo Scientific Nicolet 6700 spec-
trometer utilizing the ATR method with the diamond crystal
(4000-400 cm ™', resolution 2 cm™', 64 scans). X-ray photo-
electron spectroscopy (XPS) analysis was carried out using
a Kratos Axis Supra spectrometer equipped with a mono-
chromatic X-ray source with Al Ko excitation. The binding
energy for C 1s at 284.8 eV was used as standard. The printing
was achieved on the FUJIFILM DMP-2800 series Dimatix Mate-
rials Printer. The viscosity and density measurements of the ink
were resolved on a Microviscometer Lovis 2000 ME (1.59 mm
capillary) and Density meter DMA 5000 M (Anton Paar s.r.o.,
Prague, Czech Republic). The surface tension was measured by
Tensiometer K100MK3 (Kriiss GmbH, Hamburg, Germany)
based on the Wilhelmy plate method. The compositional
analysis was obtained on Flash 2000 CHNS/O+MAS200R,
Thermo Scientific. The thermogravimetric analysis was
executed on a Setaram LabSys Evo with TG/DSC sensor in an air
atmosphere (heating ramp 5 °C min~*, up to 1000 °C). The
mechanical properties of the synthesized films were measured
on a Testometric universal-testing machine of type M 350-5CT
(Testometric Co. Ltd., Rochdale, UK). The contact angle studies
were resolved on SEE System (Advex Instruments, Czech
Republic). The total optical transmission of the samples was
measured using a spectrometer Lovibond RT850i (Tintometer
Limited) along with the ASTM D 1003.

2.3. Preparation of carbon dots derived from casein

CND were prepared using casein as a carbon source and PVP as
a stabilizer. Various casein to PVP ratios were attempted to find
a proper synthesis condition for CND within a preliminary
heuristic phase of the research. While the ratio of components
was free, the total volume of the Teflon-lined container in the
monomodal reactor ERTEC Magnum II (600 W; 2.45 GHz) was
given by its construction and used microwave wavelength. The
initial amount of casein was always dispersed and mixed with
ethylene glycol and PVP to obtain a sufficiently stable yellowish
dispersion for the microwave processing. If the concentration of
PVP was too low, the final product was in form of large
agglomerates obviously unsuitable for production of CND.
Increasing the concentration of PVP resulted into a well
dispersed and clear final product brown solution at 1 : 2 casein
to PVP w/w ratio. If the PVP concentration was further
increased, irregular structures were obtained again.

Hence after the initial optimization, 0.1 g of casein was taken
in a beaker, and 20 ml of ethylene glycol was added. This
solution was kept for ultrasonication for 60 minutes to obtain
a good dispersion. Ethylene glycol serves the dual purpose of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a solvent and a reducing agent. In another beaker, 0.2 g of PVP
was taken and dissolved in 20 ml of ethylene glycol using
ultrasonication for 10 minutes. Both the solutions were mixed
and poured into a Teflon-lined container and kept in the
microwave reactor. The reaction was carried out at 200 °C for 30
minutes with 100% (600 W) power. After cooling, the brown
colour solution obtained was filtered using a 0.22 pum
membrane filter. The filtered solution was dialyzed using
a dialysis bag (3.5 kDa) for two days to remove the undesired low
molecular side products or source compound residues. The
solution was again centrifuged at 6000 rpm corresponding to
a range from RCF i, 1489 g to RCF 5, 5514 g all the undesired
particles still remaining after dialysis. A centrifuge THERMO
Multifuge X3R (Thermo Fisher Scientific, Germany) was used.
Finally, the solution was freeze-dried for another two days to
obtain the desired product. The product yield (PY) achieved
through this method was calculated using the following
formula.*®

McND

PY= 0
mca + mpyp

x 100 (1)
where mcynp refers to the mass of the CND obtained after
lyophilization, mc4 refers to the mass of casein, and mpyp refers
to the mass of PVP. The product yield obtained using this
calculation was found to be 25%.

2.4. Preparation of SEBS/CND nanocomposite film

For the preparation of SEBS/CND nanocomposite film, 20 wt%
of SEBS solution and 0.25 wt% (C1), 0.5 wt% (C2), and 1 wt%
(C3) CND solution were prepared in chloroform. Both the
solutions were mixed in a 2 : 1 volume ratio and stirred for 60
minutes. After this period, the solution was cast on a Petri dish
and covered to allow the film to dry slowly overnight. The next
day the film could be easily peeled off from the Petri dish, and
the desired characterizations were achieved.

2.5. Preparation of CND ink

The fluorescent CND ink was prepared by mixing the CND
solution and ethylene glycol. Here, 1 wt% of the CND solution
was prepared in water and mixed with ethylene glycol ina 2 : 1
volume ratio. Ethylene glycol is added to increase the viscosity
of the ink. The prepared ink is mixed well using a sonicator for
10 minutes to obtain proper dispersion. The CND ink was
loaded into the cartridge and kept in the cartridge holder. The
temperature of the printer head nozzles was maintained at
30 °C. Similarly, the temperature of the PET foil, which was used
as a substrate, was controlled at 40 °C.

2.6. Preparation of CND-LEDs

For the effective distribution of CND into the SEBS polymer
solution, 2 ml of 2.5 wt% of CND dispersion in chloroform was
added dropwise for 1 hour in 4 ml of 22 wt% SEBS solution of
chloroform. After appropriate mixing, the mixture was allowed
to be stirred for another hour. This mixture was drop cast on
a Petri dish and dried overnight to obtain a uniformly distrib-
uted CND/SEBS polymer film. The film was mounted as a flat
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layer on the LED device a wavelength of about 365 nm. To
obtain maximum visible light a cut off filter of 395 nm and a UV
protection reflective window film was placed on top of the CND/
SEBS polymer film.

2.7. Sample preparation for water contact angle studies

To determine the water contact angle (WCA), five measure-
ments were carried out on the same PET substrate, using 5 pl of
CND ink for each droplet. After placing a drop on the substrate
the angle it formed with the film substrate was analysed using
the system. Generally, if the contact angle is less than 90°, the
substrate is hydrophilic; if the contact angle is more than 90°,
the substrate is hydrophobic.

3. Results and discussions

3.1. Characterization of the carbon nanodots

The morphology of the synthesized CND is shown in Fig. 1(A). It
is clear from the image that the nanodots are of different sizes.
The TEM image shown helps in understanding the spherical
nature of the particles. The average size of the particles as
calculated by the Image] software was found to be 4.3 + 1.1 nm.

Fig. 1(B) shows the XRD pattern of the CND. The broad peak
at 18° of two theta corresponds to 0.57 nm interlayer spacing,
thus indicating the amorphous nature of the CND,*® rather than
graphitization.”*® The thermal stability of the CND was
analyzed using thermal gravimetric analysis in the helium
atmosphere as shown in Fig. 1(C). The weight loss at around
100 °C can be attributed to the loss of small molecular weight
compounds or adsorbed water. From around 260 °C to 450 °C,
the decline observed is due to the decomposition of surface
functional groups, the capping polymer, and likely some core
components as well.>***° The residual mass at 800 °C is found to
be 15.3%, which also testifies for low carbonization of the
prepared CND and partial preservation of the structure of the
precursor.

Table 1 shows the elemental analysis of casein and CND. The
analysis was carried out to observe the change in the elemental
composition between the precursor casein and the CND
formed. The experiment was performed in three batches and
their average was calculated. The elemental composition of
carbon, hydrogen and nitrogen content in the CND was found

(A)

(B)
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Table 1 Elemental analysis (wt%) of casein and carbon nanodots

Carbon nanodots

Element Casein (wWt%) (Wt%)
C 46 56
H 6 8
N 12 10

to be 56, 8, and 10 wt%, respectively. The remaining wt% is
assumed to be oxygen which is about 26 wt% in CND, while
36 wt% is in casein. The increase in the carbon wt% is evident
due to the carbonization process.

An X-ray photoelectron spectroscopy (XPS) was employed to
deeply investigate the bonding relations between elements in
the synthesized CND sample as demonstrated in Fig. 2. The
overview spectrum is not shown for the sake of brevity. The
elemental ratio C: N: O was 76 : 10 : 13 in at% while the ratio
among these elements from Table 1 is 65 : 10 : 23. The insig-
nificant difference can be attributed to the experimental errors
and differences between the two techniques due to different
manifestations of carbon and moisture contamination in
a vacuum apparatus and weighing in the ambient atmosphere
for elemental analysis. In the C 1s XPS spectrum, four contri-
butions were detected. These components with binding ener-
gies 284.9, 285.6, 286.7, and 287.9 eV are assigned to C-C/C=C,
C-N, C-0O, and C=0 species, respectively. It should be noted,
that no component is manifested at binding energy ~288.7 eV
corresponding to the absence of carboxyl groups (O-C=0),
excluding thus the presence of -COOH or ester groups. The O 1s
XPS spectrum revealed the signals at binding energy 531.2 and
532.3 eV corresponding to O=C and O-C bonds, respectively.
The N 1s XPS spectrum shows the main contribution at
400.0 eV, characteristic of the nitrogen atoms bound to carbon.
Concerning the FTIR spectra and composition of the sample,
the peak at 400.0 eV is most likely attributed to N-C=0 amide
bonds of the peptide backbone preserved from casein precursor
after CND synthesis.*"** The same group in PVP may contribute
to the intensity of the signal as well. The component at the
higher binding energy side (401.6 eV) is attributed to NH or NH,
species.”® These findings also match the FTIR spectroscopy

(Fig. 3(A)).
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(A) TEM image, (B) XRD pattern, and (C) TGA curve of the carbon nanodots in He atmosphere.
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The FTIR spectroscopy helps in the identification of the
functional groups present in the CND. The FTIR spectrum of
casein, CND and PVP is shown in Fig. 3(A). The FTIR spectra of
CND is partially similar to that of PVP and casein. Moreover, it
can be expected that the surface of the CND is covered with rich
PVP chains.** The absence of certain bands from PVP and
casein, as well as a shift in the position of the bands in the CND,
indicate that a chemical reaction, rather than a physical inter-
action has occurred.

The presence of O-H and N-H vibrations in CND was
confirmed by the broad vibrational band from 3600 cm ™ to
3100 cm ™' (CND-3357 cm™'). Due to interactions with amide
groups, the shoulder of this band expands extensively to lower
wavenumbers in casein, whereas it is considerably inhibited in
CND and absent in PVP. It may imply that the polymeric
structure of the protein is degraded during the synthesis of
CND. The band centered at 3062 cm ™" in casein corresponds to
the valence vibration of CH bond in the aromatic system.
Symmetric and asymmetric stretching of aliphatic CH at
2950 ecm ' and 2925 cm ' (CH3 v,s and CHj vym) and
2873 ecm™ ' with a shoulder at 2855 cm ™" (CH, 7,5 and CH, vgyn,)
are present in all the three spectra. The sharp vibrational band
at 1637 cm ' in casein and 1651 cm ™' in both PVP and CND is

© 2022 The Author(s). Published by the Royal Society of Chemistry

Wavelength (nm)

(A) FTIR spectra of casein, CND and PVP and (B) absorption and an example of emission spectra of the CND at 365 nm.

due to C=O0 stretching vibrations (Amide I). Increased intensity
of this band indicates the presence of large no. of amide (N-C=
O) groups on the surface. Contrarily, the second typical
absorption band classic for polyamides (including proteins)
involving both C-N stretching and C-N-H in-plane bending in
the stretch-bend mode (Amide 1I) is centred at 1527 cm ™' in
casein and is largely suppressed in CND, though a distinguish-
able band of low intensity remains. This again testifies for
a significant change of backbone structure during synthesis. A
group of absorption bands at 1492, 1464, 1438, and 1423 cm ™'
correspond to C-N and CH, scissor vibration and deformations
of the cyclic side groups in PVP, which are observable in the
spectrum of CND. A week absorption band at 1375 cm™" is
present in all three spectra yet slightly shifted to higher wave-
numbers in casein. This band can be assigned to -CHj; Beym
(umbrella) vibration, testifying to the presence of terminal CH;
groups in the sample. The strong band at 1288 cm™' in CND
reveals the presence of C-N-H (Amide III) in the stretch-open
mode of vibration. The other bands situated in the region of
1300 cm ' and lower are related to C-H bending. The week
bands above 1200 em ™" (i.e. 1275, 1225 and 1214 cm ™ ') indicate
CH, wagging, C-N stretching and CH, twisting, which is
confirmed by the week peak at 1169 cm . The moderate and
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strong peaks at 1084 cm™ " and 1043 cm ', reveal the presence
C-0 stretching in C-O-C and C-OH groups. The weak band at
885 cm™ " can be associated with CNC groups in amides or with
oxygen-containing groups. The weak band located at 848 cm™*
is associated with the vibration modes for C-C bond in the
pyrrolidone ring. Finally, the set of weak absorption bands at
732, 648, and 571 cm™ ' are associated with CH, rocking vibra-
tions, thereby confirming the manifestation of long aliphatic
chains in both the CND and PVP spectra.*** Altogether, the
observed features testify for carbonization of the casein due to
the partial destruction of peptide bonds in the original protein
backbone, partial condensation of the aromatic groups and
formation of ether and alcohol groups. On the other hand, no
free carboxylic or isolated carbonyl groups (ketones, aldehydes,
esters) were formed in the synthesis of CND as can be deduced
from the absence of the carbonyl absorption band above
1700 cm ", Surface stabilization of the CND by PVP is also in
line with features observed in FTIR absorption spectra.

The optical properties of the CND were studied using a set of
characterizations. The UV-Vis absorption spectrum and emis-
sion spectra of the synthesized CND at 365 nm are manifested
in Fig. 3(B). As can be observed, a small peak can be seen at
278 nm in the otherwise broad absorption spectra tailing over
the visible range. The occurrence of the peak is accounted to the
presence of w-m* transition of the aromatic C=C bond or n-7*
transition of the C=0, =C-N, =C-0 group as well.****** This
suggests the presence of isolated molecular-like states.
However, these chromophores or fluorophores are rather
a small molecular part or fragment than an edge or molecular
state with an extended conjugated m-bond system. Indeed, there
is no absorption peak between 300 nm and 400 nm in the
spectrum (Fig. 3(B)) otherwise reported for CND with developed
core, edge and surface states structure.” Generally, the spec-
trum resembles the typical spectral feature of a disordered
semiconductor which may be likely due to both structural
irregularity and the size distribution of particles.”* The UV-Vis
absorption spectrum is deeper analyzed in Fig. 4(A) and (B).
Understanding the optical properties of CND remains difficult,
as they usually lack a well-defined electronic band structure and
have fluctuating properties that vary between sources (e.g.
source compound, synthesis method, degree of carbonization,
crystallinity or amorphousness, polydispersity). Despite such
complexity, Tauc band gap can be considered as a phenome-
nological parameter for comparison.”** Hence, the Tauc plot
was constructed.” In Fig. 4(A), a best linear fit for allowed
indirect transition between the valence band (VB) and the
conduction band (CB), yielding Ey; = 1.8 eV was attained. The
linear part of the spectrum in the Tauc plot (T; region) spans
approximately from 3 eV to 4 eV (420-310 nm). Above 4 eV,
a peak may be observed due to the transitions associated with
isolated chromophores. The absorption edge of the CND is not
abrupt, and the absorption tail extends deep into the forbidden
gap. Thus, at lower energies (i.e. <3 eV) a manifestation of
structural disorder is observed.”®*” Two separate strictly linear
parts of this tailing region were identified at lower wavelengths
(2.95-2.65 eV and 420-466 nm) ascribed as Urbach tail (U
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Fig. 4 (A) Tauc plot for indirect allowed transition and (B) absorption

spectrum in natural logarithm scale replotted against absorbed light
energy for band gap tail analysis, where U represents Urbach tail
region, WAT stands for weak absorption transition region, T; indicates
the region corresponding to the linear part of the Tauc plot (band gap
Eg) and T, is used for the second band gap region (Eg,). Corre-
sponding electronic transitions are assigned to the prominent part of
the spectrum.

region) and at higher wavelengths (1.55-2.40 eV and 800-516
nm) assigned as weak absorption tail (WAT).>*>58-60

The Urbach tail is related to the disorder, defects, and
thermal vibrations in the lattice of a material. They are associ-
ated with the transitions from localized electronic centers to
extended states or vice versa, but the latter is considered less
probable. This region is analyzed when plotted in the In scale in
Fig. 4(B). The following equation can be used to determine
Urbach energy, which expresses how absorbance («) scales with
photon energy (hv).*®

Oé(/’ll/) ~ e/11//EU (2)

Thus, the Urbach energy (Ey) may be calculated from the
reciprocal slope of the linear portion in Fig. 4(B). The high value
of the Urbach energy 0.93 eV obtained for the CND indicates
a large structural disorder and broad distribution of localized
states. Although these states are usually associated with surface
defects,**” we expect many defects in the whole structure of our
CND as it is amorphous without any sign of a crystalline core
structure.

The lowest part of the absorption edge is the WAT region and
is related to the purity and perfection of the material. It involves
transitions between localized defect states. It is calculated using
the following equation.*®

a(hw) ~ &"Fuar (3)

The reciprocal slope obtained from the linear portion of the
curve in Fig. 4(B) yields weak absorption tail energy (Ewar). The
Ewar is always larger than Ey. The high value 1.18 eV of Ewar
suggests the presence of significant populations of localized tail

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01911f

Open Access Article. Published on 01 June 2022. Downloaded on 11/15/2025 2:33:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

states and deep band gap states in the electronic structure of the
CND. Such rich and wide distribution of defects was inbuilt,
most likely due to partial of
macromolecules.

When the solution of CND was illuminated with a UV lamp
of 365 nm, blue fluorescence was obtained as illustrated in
Fig. 3(B). The absolute quantum yield obtained using the inte-
grating sphere was found to be 4%. The observed excitation-
dependent property of the CND is one of their distinguishing
emission characteristics.®® A PL emission spectra was recorded
for excitation wavelengths 250 nm to 310 nm (Fig. 5(A)) and for
excitation wavelengths 320 nm to 420 nm (Fig. 5(B)). A common
scale bar of the 3000 arbitrary unit size is shown in both figures
to enable intensity comparison. Several trends can be observed
in the PL spectra in Fig. 5(B). Firstly, a red-shift in the PL
emission maxima (Aem,max) iS Observed with an increase in

carbonization casein

(A)

View Article Online

RSC Advances

excitation wavelength (1.,) above 320 nm, which implies a rela-
tively simple band structure of CND.**** Secondly, the intensity
of PL emission increases up to a maximum of 442 nm when
excited at 370 nm and then decreases with a further increase of
Aex- The initial increase in PL intensity may be due to the
diminishing self-absorption effect or intersystem conversion.
According to the literature, the bathochromic shift observed
with decreasing intensity might be due to low optical absorp-
tion in the visible range or due to surface defects because of the
high level of surface oxidation.**** The latter possibility seems
to be inappropriate in our case, according to the FTIR and XPS
analysis. These PL findings correlate with the PL mechanisms
like quantum confinement theory and the surface state model
of CND.** However, more than one radiative relaxation channel
is observed in Fig. 5(A) (Aex = 320) as indicated by the dot and
dash lines connecting corresponding PL emission maxima

(B)

excitation excitation
7N wavelength wavelength
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Fig.5 The graphs (A) and (B) show PL emission spectra of CND excited at variable wavelengths. The graph (C) shows the dependence of the PL
emission maximum energy and wavelength on the used excitation energy. The graph (D) indicates relaxation energy as the difference between
PL emission maximum energy and excitation energy plotted versus the excitation energy. White and shaded area delimits the two PL modes in

graphs (C) and (D).
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(Aem,max)- It is noteworthy that the maximum at lower wave-
lengths (at ~347 nm) does not change its position with the
change of A., while the maximum at higher wavelengths blue-
shifts. This mechanism is analyzed in terms of energy bands
and indirect transitions below.

The PL emission with fixed Aemmax in the UV range was
already observed for carbon dots in carbon nitride nanoflakes
and can be attributed to isolated fluorophores in our case as
well.>” Although molecular state mechanism is expected for
bottom-up synthesized CND, it mostly works well when the PL
emission is not excitation-dependent.**** There are three
common amino acids in casein, namely phenylalanine (Phe),
tyrosine (Tyr), and tryptophan (Trp), exhibiting intrinsic fluo-
rescence. It is expected that their residues are present in the
synthesized CND. The observed transition at ~347 nm fits most
likely to the luminescence of Trp. Phe and Tyr transit at shorter
wavelengths and may be involved in the UV emissions in 260-
310 nm. Their luminescence may be lowered due to the energy
transfer between them due to their spectral match.

A more elaborate analysis of the observed phenomenon in
terms of energy can be seen in Fig. 5(C) and (D). The full squares
in Fig. 5(C) represent the energy (/em,max) corresponding to
Aem,max Observed at the higher A, and the empty circles
represent MWep max corresponding to the Aepm max Observed at the
lower Ay The difference between Avep max and Ave, in Fig. 5(D)
is interpreted as the vibrational relaxation energy or even
intersystem crossing relaxation energy. The two regions below
and above 320 nm in Fig. 5(C) and (D) are distinguished by light
grey colour. As shown in Fig. 5(C), for A.x above 320 nm, the
hvem max Obeys a single linear dependency on the Ave, with the
slope value ~0.55. This is comparable to the decreasing relax-
ation energy in Fig. 5(D) with a slope of 0.45, resulting in zero
relaxation energy for hv., = 2.0. This value correlates well with
the first band gap energy (E,) 1.8 eV. Hence, it is expected that
the luminescence will vanish at about 620 nm.

Interestingly, two features were revealed at the higher exci-
tation energy region below 320 nm. Firstly, the open circle
symbols with constant energy (horizontal) dot line represent the
radiative transition channel that is independent of A.,. It can be
associated with the isolated fluorophores most likely Trp resi-
dues as discussed above. A similarly simple pattern is seen (for
open circles) in Fig. 5(D), where the energy difference decreases
with unity slope, and zero relaxation energy is observed at
3.6 eV. This corresponds perfectly with the fixed emission
wavelength ~347 nm. The point at Ave, = 4.0 €V (310 nm) shows
the almost vanishing emission intensity, which is in agreement
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with the absorption edge of Trp. Secondly, the emission
maxima (full squares) blue-shifts with increasing excitation
wavelength in Fig. 5(C), which is manifested as diminishing
progression of the relaxation energy with the slope 1.23 yielding
zero relaxation energy for 3.15 eV in Fig. 5(D). This could indi-
cate a splitting of the CB into two (CB,; and CB,), which is also
consistent with the PL quantum confinement theory of CND
(size of the CND ~ 4 nm). This is the size range for eventual
moderate quantum confinement effects in CND.**%

To verify the presence of three possible radiative deexcitation
mechanisms and investigate their nature, time resolved PL
experiment was performed. A double exponential decay was
used for fitting the data and an average lifetime 7 was calculated
according to the eqn (4)

0[1‘[12 +0[2‘L'22

o7+ T

T= (4)
where «; and 7; are the parameters of the model.®® The dimen-
sionless «; represent pre-exponential factors and t; stands for
lifetimes of the two fluorescence decay components. The values
of the pre-exponential factor «; depend on the emission center
concentrations, their absorption coefficient, quantum yields,
and intensities of each radiative pathway at the used excitation
wavelength. The results are summarized in Table 2.

A revision of the Tauc plot enables hypothetical linear
extrapolation of the absorbance curve at highest energies
showing the second gap (E,,) between 3 and 3.7 eV with the
value ~3.3 eV as the best guess (Fig. 4(A)). It is expected that the
LUMO of the isolated fluorophore (possibly Trp) is partially
located in the second conduction band (molecular state). For
corresponding transitions emitting constantly at ~347 nm, the
lifetime analysis confirmed fluorescence lifetimes. These were
similar to those of tryptophan residues in proteins existing in
two conformations (with corresponding 7, = 0.94 ns and 1, =
3.35 ns) with the average lifetime about 2.2 ns (Fig. 6(A)).*” It is
anticipated that the electrons excited to the higher extended
states have two different ways of radiative relaxation. Either the
excited electron relaxes until trapped at the localized fluo-
rophore and the energy is released at the fixed wavelength
(Aem,max ~ 347 nm), or the excited electron may relax within the
CB,, and then radiative recombination at a higher wavelength
may occur. The closer the hve, energy is to the hvem max (~3.6
eV), the less energy relaxation can be observed. This suggests
some extinguishing of extended vibrational states in proximity
to the isolated fluorophore energy level which works as a trap.
Therefore, the lifetime was measured for emission at 430 nm

Table 2 Lifetimes of PL emissions of carbon nanodots excited by two different sources

Lifetime analysis results

Excitation wavelength Emission wavelength

(nm) (nm) o (—) 74 (ns) o (—) 7, (ns) 7 (ns)
275 347 0.055 0.94 0.017 3.35 2.20
275 430 0.044 1.25 0.017 6.62 4.85
332 430 0.036 1.85 0.012 8.30 5.71
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Fig. 6 Lifetime analysis of CND fluorescence at (A) dex 275 Nm and Aem 347 NM (B) Aex 275 nm and Aem 430 nm (C) Aex 332 nm and Ay 430 nm.
Double exponential decay model was used and average lifetime is indicated in the graphs.

excited by the 275 nm wavelength light, exactly the same as for
the Trp fluorophore. A long average lifetime of 4.85 ns, typical
for carbon dots was obtained (Fig. 6(B)).***> The short living
component t; = 1.25 ns is quite close to the one of Trp while the
long living component 7; = 6.6 ns suggest a slow energy relax-
ation in an extended energy level system. It can be hypothesized
that electrons excited to higher energies may live longer and
relax to lower energies since there is less probability for them to
be trapped at the fluorophore. In contrast, for excited electrons
closer to the fluorophore lowest vibrational level, less time is
available for the energy relaxation of the electron because of its
high probability of being trapped. The third lifetime experiment
was performed to verify the nature of typical CND luminescence
dependent on excitation wavelength as observed for excitations
below 3.9 eV in our case. The average lifetime of emission at
430 nm pumped by 332 nm pulses showed slow relaxations
typical for extended electronic states for both components 7, =
1.85 ns and 7, = 8.30 ns with an average lifetime of about 5.7 ns
(Fig. 6(C)).>>**

The different types of electronic transitions observed in the
CND are summarized in Fig. 7 for improved understanding. The
energy level diagram in Fig. 7(A) shows the two identified bands
and their possible absorption transitions. It is noteworthy that
the Urbach and WAT transitions cannot contribute to the
observed UV and visible luminescence features due to their small
energy which discriminates the standard surface state PL model
from consideration. Although the simple band diagram corre-
sponds to the absorption spectrum in Fig. 3(B) and its analysis in
Fig. 4(A) and (B), it cannot fully explain the blue shift of PL
emission concurrent and the fixed wavelength emission in the
UV region. Hence, a new model is given to reflect the indirect
allowed transition between the extended ground states in VB and
extended states in CB; or CB,. Such transitions are likely to occur
in a defect-rich semiconducting material. In the band diagram of
Fig. 7(B) the vertical arrow indicates the direct transition to the
molecular state (MS), while the indirect transitions are depicted
by inclined arrows. The vibrational relaxations are indicated by
curved arrows in Fig. 7(B) and (C). The electrons (red asterisks)
excited by the energies higher than 3.9 eV have such energy that
they may follow either of the two possible relaxation pathways.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The first channel (1) towards the left in Fig. 7(C) involves the
trapping of the electron at the fluorophore followed by a fast
relaxation to its lowest excited state and fast emission. The

(A)

T, MS

T, u

WAT

Fig. 7 (A) Schematic representation of various electronic transitions
taking place between the valence and the conduction band. (B) The
two different emission pathways responsible for the blue shift in the PL
spectrum. (C) Magnified image of the electronic transitions happening
in the conduction band and the molecular states (T; and T,-the two
Tauc regions, MS-molecular state, U-Urbach transitions, WAT-weak
absorption transitions, Eg; and Eg>-two band gaps, CB; and CB,-two
conduction bands, the numerals in brackets indicate radiative channels
as explained in the text).
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second channel (2) towards the right goes through relaxation in
the CB,. As the indirect radiative recombination involves phonon
or defect interaction, it takes a longer time than a direct deex-
citation from the fluorophore. Therefore, the excited electron has
a chance to pass through the indirect band channel only before it
is caught by the trap, which results in its limited relaxation
manifested as the observed blue shift. To complete the picture
for excitations below 3.9 eV, the third radiative channel (3) is the
standard one between CB; and VB or CB, and VB with vibrational
relaxations. This results in the red shift of slower PL emission
maximum with the diminishing progression of the difference
between Aex and Aem max. For the sake of simplicity, the arrows
indicating radiative and other deexcitations are not shown. As
none of the three standard models known for carbon nanodots
can explain sufficiently the observed luminescence
phenomena,******* we introduced the above-described model
under the name “competitive model”. The name is suggested
due to the competition between the first and second radiative
deexcitation channels present in the electronic structure of the
prepared CND.

3.2. Mechanism for the synthesis of CND

Based on the spectroscopic and microscopic characterization,
a synthesis mechanism of CND has been described. For most
common proteins, the standard mechanism of carbon dots
synthesis from macromolecular sources follows a process of
denaturation, aromatization and nucleation.®*”® However, in our
case, another mechanism has been introduced to explain the
nature of the reaction. Ethylene glycol is a solvent highly

(A)
Daylight UV (365 nm)

©)

Fig. 8
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absorbing microwave radiation, enabling rapid heating of the
reaction mixture. Casein obtained from bovine milk is poly-
disperse, having spherical colloidal particles of 50-600 nm.
These are called “casein micelles” with an average diameter of
~150 nm.”" In our case, casein was dispersed in ethylene glycol,
and its micellar nature was restored before microwave process-
ing. The average diameter of particles obtained after the ultra-
sonication of the dispersion was 497 nm (with DLS PDI 0.51)
according to the DLS measurements. This indicates that the
ultrasonication did not destroy the structural integrity of the
casein micelles before microwave processing. The resulting CND
are of two orders of magnitude smaller, about 4 nm. The diam-
eter of the submicelles consisting of 20 to 25 casein molecules is
12 to 15 nm.”> The number of the casein coils (25) in the sub-
micelle (15 nm) indicates a diameter of about 5 nm for a single
casein coil. It is reasonable to expect that the casein micelles
were disintegrated into submicelles which were further frag-
mented into individual casein coils by the fast microwave heat-
ing. Further, the denatured casein coils are partially carbonized
into CND, retaining still some moieties and structural features of
the casein source. The solvent molecules neither take part in
transesterification reactions nor allow oxidation. The presence of
PVP forms most likely a capping layer around the CND and
prevents them from forming agglomerations.

3.3. SEBS/CND nanocomposite film

To verify the use of the nanocomposite films for anti-
counterfeit application, the films were tested under visible and
UV light as shown in Fig. 8(A). When the film was irradiated

(B)

Cl C3
2y TG
Ly 12%%2%
EzT i3, L5 RS
§553%; §aii®
sgdass LIS HH

(A) SEBS/CND nanocomposite film under visible and UV light (365 nm). The film was cast in a Petri dish of the diameter 8 cm. The

photographs were taken at different places and from different viewing angles. Therefore, the diameter is indicated by the black and white
double-sided arrows added to the images. (B) Visible light transmittance through the films. (C) SEBS/CND polymer films on a guest card of TBU

under daylight only and with UV lamp (365 nm) switched on.
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with a UV lamp (365 nm), the film emitted a blue fluorescence.
However, under visible light conditions, the film appears to be
colourless. These results show that the prepared SEBS/CND
nanocomposite film is UV sensitive and can be used for anti-
counterfeit applications.

The light transmittance through these nanocomposite
films was studied along ASTM D 1003. It was observed that the
composite film (0.5% CND) had optical transparency of 45%.
To visually observe the transparency, we kept the synthesized
films with different compositions of CND over some text. As
can be seen in Fig. 8(B), the letters in the text are visible even
up to 1% CND concentration. Fig. 8(C) shows SEBS/CND
polymer films on a guest card of Tomas Bata University. The
figure beautifully depicts the transparency of the film in the
daylight; however, when the films were exposed to a UV
banknote detector of wavelength 365 nm, the bright lumi-
nescence of the films is observed. Hence, these films can be
effectively used in the packaging industries and for anti-
counterfeit applications.

3.3.1. Fluorescent stability under UV irradiation. To esti-
mate the stability of the synthesized SEBS/CND nanocomposite
film under UV illumination, the film was exposed to UV irra-
diation (450 W) for a particular period, and their corresponding
fluorescent intensity was measured under an ambient atmo-
sphere. A fixed slit width of 1 pym was maintained with a UV
irradiance of 0.20 mW cm ™. The change in fluorescent inten-
sity with increasing time is shown in Fig. 9. As demonstrated,
a decrease of up to 30% is observed in the fluorescent intensity
up to four hours, after which there are negligible changes in the
fluorescent intensity. These experiments show a good photo-
stability of the SEBS/CND nanocomposite film even with pro-
longed exposure to UV irradiation.

3.3.2. Mechanical properties. The mechanical property of
the SEBS/CND nanocomposite was studied and their stress-
strain curve analysis is depicted in Fig. 10. It is observed that the
nanocomposite film can take more stress as compared to SEBS.
This indicates the good interaction between the filler (CND) and
the matrix.

B
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Fig. 9 UV stability test of SEBS/CND nanocomposite film using fluo-
rescence spectra.
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Fig. 10 Stress—strain curves of SEBS and SEBS/CND nanocomposite
film — one curve selected as an example for each sample.

The elastomer characteristics were observed in the strain,
with the increase in the concentration of the CND filler, the
strain at break increases from ca. 900% to ca. 1200%. This
shows that the addition of filler increases the resistance of the
nanocomposite film. However as can be seen, with the increase
in the concentration of the filler to 1%, a decrease in the strain
is observed. This can be attributed to the fact that with the
increase in concentration, the particles tend to agglomerate
leading to the break of the nanocomposite film.” The Young's
modulus of the pristine SEBS and the nanocomposite film was
found to be (97 + 8) MPa and (77 + 9) MPa (C3), respectively.
This decrease in the Young's modulus can be accounted to the
presence of cracks and pores in the nanocomposite film or to
poor adhesion of the filler and matrix. It may also be due to the
very different nature of SEBS and PVP, which are normally
immiscible and grafting results in
compatibilisation.”™

only copolymer

3.4. Carbon nanodots as anticounterfeit ink

To demonstrate the application of CND as anticounterfeit ink,
we created some patterns on a PET substrate. Inkjet printing
was used to obtain the desired patterns of the CND ink. The
dynamic viscosity, surface tension, and density of the CND ink
are measured to be 2.263 mPa s, 41 Nm ™', and 1.04 g cm .

Fig. 11(A) depicts an image of the printed patterns from CND
ink with and without the presence of UV (254 nm). The motif is
practically invisible in daylight. However, when the patterns
were excited at 254 nm using a UV lamp, the patterns emitted an
intensive blue fluorescence. Excitation of the patterns by
365 nm wavelength resulted in a less prominent fluorescence on
the substrate. These results indicate the effectiveness of the
CND to be used as anticounterfeit ink for printing. As seen in
Fig. 11(B), the compatibility of the CND ink with the PET
substrate was analyzed using water contact angle studies. Five
measurements were carried out on the substrate at different
places. Their average was calculated to be 18.24°. This indicates
the hydrophilic nature of the ink towards the substrate.
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(A)
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Fig. 11 (A) Printed pattern from the CND ink on PET substrate with
(right) and without (left) UV (254 nm). (B) Water contact angle on PET
substrate.

Fig. 12(A) shows the thermal stability of the ink, which was
analyzed by treating the printed patterns at three different
temperatures 60 °C, 90 °C, 120 °C. The patterns were kept at
each temperature for 60 minutes. As observed in Fig. 12(B), the
PL intensity of the untreated PET substrate with the ink has less
luminescence as compared to the treated PET substrates with
the ink. As apparent from the spectra, the luminescence of the

(A)

Fig. 12
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ink substrates treated at different temperatures remains almost
the same with their maximum red shifted due to prevalent
agglomerations with increase in temperature. This indicates
a good thermal and photostability of the CND ink.

3.5. Application of CND as phosphors in LEDs

To demonstrate the ability of CND as phosphors, a CND-based
phosphor LED was created by layering SEBS/CND nano-
composite film on top of a UV chip with an excitation wave-
length of about 365 nm. The luminescence spectra with the
operating device and the chromaticity diagram with the final
colour of the device is displayed in Fig. 13(A) and (B).
Phosphors based on materials with maximum emission
wavelength dependent on the excitation wavelength may suffer
from problems like self absorption and long wavelength emis-
sion. As a result of these factors, the device's efficiency is
reduced. These problems were eliminated to a great extent by
a proper selection of the film thickness and concentration of
CND. Moreover, a commercial reflective UV protection window
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(A) Thermal treatment of the printed CND ink at 60°, 90°, and 120 °C. (B) PL spectra of the printed CND ink without and with heat
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film was used to enhance the efficiency of CND luminescence.
As this was just a preliminary optimization, a cutoff filter at
395 nm was used to suppress the excessive excitation UV light
coming through the phosphor film. Further development is
necessary to fully optimize the device, however, this is beyond
the scope of this article.

4. Conclusions

In summary, the synthesis of casein-based CND has been
successfully achieved using a microwave-assisted approach. The
advantage of this method is its high product yield of about 25%
with respect to the initial weight of casein precursor and PVP
stabilizer. A synthesis mechanism has been deduced. Casein
micelles were quickly disintegrated into submicelles, which were
then separated into individual casein coils of the size that corre-
sponded to the CND. The casein coils were only partially carbon-
ized, and the resulting amorphous CND still included certain
structural motifs and chemical moieties from the original source.
Regarding the electronic properties, CND showed blue fluores-
cence when irradiated with a UV lamp (365 nm), and the emission
properties manifested excitation-dependent PL characteristics. The
unique blue shift followed by red shift in the PL spectra and the
portion of UV luminescence independent on the excitation wave-
length stands out to be an exciting property of the casein derived
CND, which has a scope to be explored more. The mechanism
underlying these luminous characteristics can be explained by
a new competitive model which is beyond the standard models in
CND. The observation of Urbach and WAT region tailing deep into
the band gap in the absorption spectrum gave a new perspective to
understand the defects and disorders in the electronic structure of
CND. The solution cast method was utilized to obtain a flexible
SEBS/CND nanocomposite film with good photostability, optical
transmittance, and mechanical properties. The synthesized CND
has found its application in anticounterfeit market for polymer ink
with appreciable thermal stability. The free-standing luminescent
nanocomposite film can be effectively employed as anticounterfeit
films for packaging and security applications. The potential of CND
as phosphor material for LEDs as has been suggested in the work
using a unique experimental setup which eliminates excess of UV
transmission and avoids self absorption resulting in lower effi-
ciency. Moreover, the transparency attained by this polymeric
nanocomposite makes it to be a promising candidate for possible
applications in information technology, defense system, trans-
portation, and environmental protection. The promising results
obtained and the characteristics like nontoxicity, easy preparation,
cost effectiveness of CND makes it a good phosphor material to be
used for multipurpose applications.
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