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Green synthesis of carbon quantum dots (CQDs) from sustainable precursors offers a promising route
toward environmentally friendly optoelectronic materials. In this work, waste coffee-derived CQDs were
synthesized via a benign, water-based hydrothermal process without toxic reagents and successfully
incorporated into a biodegradable methyl cellulose (MC) matrix to engineer polymer nanocomposites
with tunable optical properties. The CQDs exhibit a quasi-spherical morphology with abundant surface
functional groups, enabling strong interfacial interactions with the MC chains. As a result, significant
modulation of the polymer’s electronic structure is achieved, evidenced by a pronounced reduction in
the optical band gap from 6.1 to 1.9 eV. This behavior is attributed to the formation of localized
electronic states and enhanced optically inferred interfacial electronic interactions within the MC/CQD

Received 7th February 2026, system. Concurrently, the refractive index increases from 1.15 to 1.51, indicating improved polarizability

Accepted 10th April 2026 and charge carrier density. The nanocomposites also exhibit modified light propagation characteristics,
DOI: 10.1039/d6ma00178e including reduced group velocity, highlighting their potential in photonic applications. By integrating
biomass waste valorization with biodegradable polymer engineering, this study establishes a sustainable
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1. Introduction

Carbon-based materials, distinguished by their remarkable
versatility and environmentally beneficial qualities, mark a
turning point in materials research." The essential physico-
chemical properties of carbon based materials - ranging from
nanodiamonds and carbon nanotubes to graphene and full-
erenes — have catalyzed widespread investigation into their
diverse industrial and biomedical applications. Among these,
carbon quantum dots (CQDs) are a developing class of zero-
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dimensional nanostructures characterized by their separate
quasi-spherical morphology and ultrafine particle size char-
acteristically below 10 nm. Owing to their vigorous fluores-
cence and tunable optoelectronic properties, CQDs have
become a focal point of multidisciplinary research. Their
utility spans a broad spectrum of advanced technologies,
including high-resolution bioimaging, precision biosensing,
and targeted drug delivery systems. Furthermore, their cata-
Iytic and electronic efficiencies have led to significant
advancements in photocatalysis, photovoltaics, and the devel-
opment of next-generation optoelectronic devices such as
light-emitting diodes (LEDs) and high-sensitivity sensors.”™*
Initial carbon dot (CD) synthesis employed top-down meth-
odologies, in which graphite was subjected to extensive pro-
cessing with aggressive chemicals to convert it into graphite
oxide, which was then reduced to nano-sized CDs. Bottom-up
synthesis techniques, in which smaller molecules polymerize
and carbonize to form CDs, are increasingly appealing for
their simplicity and versatility. Recently, increasing emphasis
has been placed on sustainable synthesis strategies, where
biomass-derived precursors such as waste coffee are utilized
to produce CQDs via environmentally benign processes,
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supporting circular economy concepts and green materials
development.®

Recent initiatives utilize renewable raw materials (e.g.,
plants) or renewable refined chemicals (e.g., citric acid and
amino acids) for the synthesis of CDs.® The fabrication of CDs
from naturally occurring precursors, particularly plant-based
materials, has gained significant importance due to their broad
applicability in biomedical technologies and electronic devices.
In addition, deriving CDs from renewable sources contributes
to environmental protection by offering sustainable pathways
for pollution control and waste valorization. A wide range of
natural materials, including fruits, vegetables, coffee grounds,
tea residues, agricultural waste, sediments, and other organic
byproducts, serve as abundant carbon-rich precursors for CD
synthesis. Consequently, these green synthesis strategies are
increasingly preferred because they are environmentally
benign, economically viable, and more sustainable than con-
ventional chemical or physical fabrication methods.”

CQDs exhibit a range of attractive properties, such as facile
and scalable synthesis routes, high aqueous dispersibility, out-
standing photostability, strong photoresponsive behavior, low
cytotoxicity, and ease of surface modification. In addition,
CQDs demonstrate notable promising catalytic and tunable
excitation emission characteristics, making them highly versa-
tile for numerous technological and biomedical applications.?
These zero-dimensional dots possess a core-shell structure, in
which the core, typically measuring 2-3 nm with a lattice
spacing of 0.2 nm, may be either graphitic (sp®) or amorphous
(a combination of sp> and sp® hybridizations). The core is
encased in a self-passivating shell composed of several func-
tional groups, including hydroxyl (-OH), carbonyl (C=0),
carboxyl (-COOH), and amine (-NH,) groups, which enhance
the surface chemistry and optical characteristics of the CQDs.
The structural development of CQDs is affected by various
parameters, including the precursor type, synthesis process,
and parameters like pH, solvent, and length of synthesis.*®°
Furthermore, the CQDs demonstrate notable physicochemical
features, including robust photoluminescence and exceptional
stability, while providing distinct advantages such as high
biocompatibility and straightforward, economical synthesis
methods. The photoluminescence behavior of CQDs is strongly
governed by the nature of the functional groups present on
their surface. Electron-withdrawing functionalities such as
carboxyl (-COOH) groups can modulate fluorescence intensity
by influencing charge transfer processes, while electron-
donating amine (-NH,) groups are capable of shifting emission
characteristics through alterations in the electronic structure.
In addition to their optical role, these surface functionalities
dictate the net surface charge of CQDs: carboxyl groups typi-
cally induce a negative charge, whereas amine groups impart a
positive charge. This variation in surface charge plays a crucial
role in determining colloidal stability as well as electrostatic
interactions with surrounding biomolecules.’

CQDs can be manufactured from several sources and com-
bined with polymers to produce nanocomposites (NNCs). The
advancement of superior CQD/NNC materials through ligand
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exchange, grafting, and capping enhances the biocompatibility
and optoelectrical properties, which is an emerging area of
research.” Ali et al® reported that CODs synthesized from
natural dye extracted from hybrid poplar significantly
enhanced the optical potential of a PVA matrix, reducing the
direct bandgap from 6.35 to 2.87 eV and the indirect bandgap
from 5.85 to 2.50 eV. Natural dyes are inherently rich in carbon,
oxygen, and other heteroatoms, making them excellent pre-
cursors for carbon quantum dot synthesis.

Building on this knowledge, the current work introduces a
sustainable and environmentally benign strategy for fabricating
highly luminescent CQDs from coffee through a one-step
solvothermal process. Methyl cellulose, a semi-synthetic cellu-
lose derivative, was selected as the host biopolymer due to its
biodegradability, renewability, and favorable physicochemical
characteristics. MC exhibits a relatively high T, (184-200 °C),
good film-forming ability, non-toxic nature, low cost, and good
water solubility, along with strong chemical compatibility
toward various dopants. Furthermore, the predominantly
amorphous structure of MC, combined with its abundance of
functional groups, particularly OH and methoxy moieties,
promotes strong intermolecular interactions with organic spe-
cies. These interactions facilitate the uniform incorporation of
CQDs, resulting in composite films with improved structural
integrity and enhanced optical potential.'® Recently, numerous
fillers have been employed to reduce the optical band gap
(Eopg) of metal chalcogenides, nanoparticles, dyes, salts, and
blends, including copper monosulfide (CuS) nanoparticles,"®
TiO, nanoparticles,"" hollyhock (HH) dye,"” copper chloride
(CuCl,),” chitosan (CS), methylcellulose (MC),'* and Ag
nanoparticles.’®> The above approaches are based on metal
based or dye doped polymers, while in the current project a
fully environmentally friendly method has been carried out to
obtain polymer composites with a declined optical band gap.
To attain a tunable optical response in methylcellulose (MC)
matrices, CQDs were created from discarded coffee grounds
using a green hydrothermal methodology and added in various
volumetric concentrations. The incorporation of these CQDs
led to a dramatic improvement of the refractive index to 1.516,
compared to 1.159 for pure MC, although the bandgap was
reduced to 1.9 eV. The observed bandgap lessening is princi-
pally driven by the introduction of localized states and the
chemical interaction - specifically hydrogen bonding - between
the hydroxyl and carboxyl groups of the CQDs and the MC
backbone. These findings suggest that coffee-derived CQDs are
operative agents for engineering light-matter interactions in
biopolymers, proposing a sustainable alternative for optoelec-
tronic device fabrication.

2. Materials and methodology
2.1. Materials

Commercial instant coffee powder was used as the carbon
precursor for the synthesis of carbon quantum dots, while
analytical-grade MC was utilized as the polymer matrix for film

© 2026 The Author(s). Published by the Royal Society of Chemistry
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formation. Analytical grade chloroform was utilized for purifica-
tion. Deionized water was utilized in all studies. All compounds
were utilized as obtained without additional purification.

2.2. Synthesis of carbon quantum dots

In a typical synthesis, 25 g of finely ground coffee was dispersed
in 150 mL of deionized water and stirred magnetically for 25 min
under ambient conditions to ensure complete homogenization.
The obtained suspension was subsequently sealed in a Teflon-
lined stainless-steel autoclave and processed under hydrother-
mal conditions at 180 °C for 24 hours. Upon completion of the
reaction, the autoclave was left to cool naturally to room tem-
perature before further processing. The obtained dark brown
solution was initially filtered to remove large particulates and
unreacted residues, followed by microfiltration to eliminate
remaining suspended impurities. For further purification and
removal of uncarbonized organic molecules, the aqueous CQD
solution was transferred to a separating funnel and extracted
with chloroform. The organic phase (chloroform) containing
uncarbonized species was discarded, while the purified aqueous
phase containing CQDs was collected for further use. Finally, the
CQD solution was stored at 4 °C for subsequent film preparation.
The overall synthesis process is illustrated in Scheme 1a.

2.3. Preparation and design of methyl cellulose/CQD
nanocomposite films

A methyl cellulose solution was prepared by dissolving 1.5 g of
MC in 150 mL of deionized water under continuous magnetic
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stirring until a clear and homogeneous solution was obtained.
The resulting solution was subsequently divided into three
equal portions of 50 mL each. To fabricate MC/CQD nanocom-
posite films with varying CQD loadings, predetermined
volumes of the prepared aqueous CQD solution were added
to MC solutions. No CQD solution was added to the first
portion, which served as the pristine MC sample. For the
second and third portions, 10 mL and 20 mL of the CQD
solution were added, respectively, and then each mixture was
stirred thoroughly to ensure uniform dispersion of CQDs
within the polymer matrix. Finally, the homogeneous solutions
were cast onto clean, level glass substrates using the solvent-
casting technique, as shown in Scheme 1b. The films were
allowed to dry under ambient conditions until complete solvent
evaporation was achieved, yielding smooth, flexible, and free-
standing films. The dried films were carefully peeled from the
substrates and stored in a desiccator prior to characterization.
For clarity, the prepared films were designated according to
their CQD content as follows: MCQDSO0 (pure MC), MCQDS1
(MC with 10 mL of CQDs), and MCQDS2 (MC with 20 mL
of CQDs).

2.4. Characterization techniques

The structural, morphological, chemical, and optical properties
of the synthesized CQDs and the MC/CQD nanocomposite
films were thoroughly examined utilizing a range of comple-
mentary characterization techniques. The crystallographic
characteristics and structural ordering of the CQDs were
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Scheme 1 The key fabrication processes: (a) the hydrothermal synthesis of CQDs derived from drinking coffee and (b) the solvent-casting technique to

fabricate MC/CQD nanocomposites.
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examined via X-ray diffraction (XRD) utilizing an Angstrom
Advance ADX 2700 diffractometer with Cu Ko radiation (1 =
1.5406 A), working within a 20 range of 10-80° and a step
increase of 0.1°. The morphology, particle size distribution, and
lattice characteristics of the CQDs were analyzed via transmis-
sion electron microscopy (TEM) and high-resolution transmis-
sion electron microscopy (HRTEM) utilizing an FEI Tecnai G2
F30 microscope. FTIR spectra were recorded using an ATR-FTIR
spectrometer (Nicolet 510, Thermo Fisher Scientific) in the
wavenumber range of 4000-400 cm™ ‘. The spectra were col-
lected at room temperature with a resolution of 4 cm™" and
averaged over multiple scans to improve the signal-to-noise
ratio. The spectral analysis was performed based on standard
vibrational band assignments and comparative evaluation of
the peak position, intensity, and band broadening to identify
intermolecular interactions between CQDs and the MC matrix.
In addition, X-ray photoelectron spectroscopy (XPS) was uti-
lized to determine the elemental composition and chemical
bonding states of the CQDs, with measurements carried out
using a Thermo Fisher ESCALAB 250Xi system. Optical proper-
ties were analyzed using a UV 6100 double-beam spectrophoto-
meter (190-1100 nm) to record the absorbance and transmit-
tance spectra of the films, while photoluminescence (PL)
spectroscopy using a Cary Eclipse fluorescence spectrophot-
ometer (Agilent Technologies, USA) was employed to evaluate
the excitation-dependent emission behavior of the CQDs. The
optical constants, including the absorption coefficient, refrac-
tive index, extinction coefficient, dielectric parameters, and
optical band gap, were calculated from the UV-vis data using
established optical models and theoretical approaches.

3. Outcomes and interpretation

3.1. XRD

The crystallographic features and structural ordering of the
carbon quantum dots produced from coffee powder through
a hydrothermal synthesis route were investigated by X-ray
diffraction (XRD), with the corresponding diffraction profile
presented in Fig. 1. The XRD profile displays two broad
diffraction features centered at 20 = 22.67° and 20 = 44.15°,
which are characteristic of carbon-based nanostructures. The
diffraction peak at 20 = 22.67° corresponds to the (002) plane,
while the peak at 20 = 44.15° is assigned to the (100) plane of
carbonaceous materials.'” Such reflections are characteristic of
carbon quantum dots and disordered graphitic carbon derived
from biomass precursors. Peak profile fitting indicates that the
full width at half maximum of the (002) reflection is 12.05°,
whereas the (100) reflection shows a substantially broader
FWHM of 41.50°. The pronounced peak broadening, particu-
larly for the (100) plane, indicates an extremely small crystallite
size and a high degree of structural disorder, which are hall-
marks of nanoscale carbon dots. Such large FWHM values
confirm that the synthesized CQDs possess a predominantly
amorphous to turbostratic carbon structure, rather than well-
ordered crystalline graphite. The (002) diffraction peak
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Fig. 1 XRD spectrum of synthesised CQDs.

corresponds to the stacking of graphene-like layers along the
c-axis. Using Bragg’s law, the interlayer spacing corresponding
to this reflection is calculated to be approximately 0.38 nm,
which is larger than the typical interlayer spacing of bulk
graphite (~0.34 nm). This lattice expansion is attributed to
the disordered arrangement of carbon layers, the presence of
oxygen-containing functional groups, and the ultrasmall size of
the CQDs, all of which disrupt regular graphitic stacking
(JCPDS No. 26-1076)."®'” The remarkably broad (100) diffrac-
tion peak indicates a lack of long-range in-plane ordering, a
hallmark of a turbostratic carbon framework. In this structure,
graphene layers are arbitrarily oriented, keeping only short-
range order — a common feature of CQDs derived from hydro-
thermal carbonization. Markedly, the absence of sharp peaks
suggests that the product is free from crystalline impurities or
residual organic phases. This shows that the chloroform extrac-
tion successfully detached unreacted molecules and low-
molecular-weight byproducts, leaving behind highly purified
carbon nanostructures.

3.2. HRTEM

The microscopic characteristics of the synthesized CQDs were
investigated using TEM and high-resolution TEM (HRTEM), as
shown in Fig. 2. The low-magnification TEM image (Fig. 2a)
reveals that the CQDs are predominantly quasi-spherical in
morphology and homogeneously dispersed over the examined
area, with no evidence of severe agglomeration or particle
fusion. This uniform dispersion is attributed to the hydrother-
mal synthesis route and the subsequent chloroform extraction
process, which effectively removes residual organic species and
prevents secondary carbon growth and particle aggregation.
The absence of large clusters indicates that surface functional
groups introduced during hydrothermal carbonization provide
sufficient electrostatic and steric stabilization, maintaining the
colloidal stability of the CQDs. The statistical analysis of the
particle sizes obtained from multiple TEM images (Fig. 2b)
shows a narrow size distribution ranging from approximately

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM and HRTEM images of the synthesized carbon quantum dots:
(c) TEM image, and (d) HRTEM image showing lattice fringes.

0.6 to 2.6 nm, with an average particle diameter of 1.37 +
0.49 nm. The ultrasmall particle size confirms the formation of
true quantum-sized carbon dots. It suggests that nucleation
dominates over growth during synthesis, a behavior commonly
observed in biomass-derived CQDs synthesized under con-
trolled hydrothermal conditions. The reduced particle size
compared to many reported CQDs can also be attributed to
the efficient purification of the aqueous CQD solution by
chloroform extraction, which limits post-synthesis carbon
deposition and aggregation. High-resolution TEM analysis
(Fig. 2d) reveals distinct and well-resolved lattice fringes within
individual CQDs, confirming the presence of locally ordered
graphitic domains embedded in an amorphous carbon matrix.
The measured interplanar spacing of approximately 0.227 nm
corresponds to the (100) crystallographic plane of graphitic
carbon, which is consistent with previously reported values for
graphene-like carbon quantum dots derived from green and
biomass-based precursors."®

The coexistence of ordered lattice fringes and surrounding
disordered regions indicates a turbostratic carbon structure
characterized by short-range crystallinity and the absence of
long-range periodic order, in good agreement with the broad
diffraction peaks observed in the XRD analysis. The formation
of these graphitic domains arises from localized rearrange-
ment of sp>hybridized carbon atoms during hydrothermal
carbonization of the coffee-derived organic precursors. At the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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same time, rapid nucleation, heteroatom incorporation, and
surface functionalization hinder the formation of extended
crystalline lattices, making this structural configuration parti-
cularly favorable for quantum confinement and defect-related
electronic states, which play a critical role in governing the
optical and electronic properties of CQDs.

3.3. Fourier transform infrared (FTIR) studies

The surface chemistry and functional group composition of the
synthesized CQDs were examined by FTIR, with the resulting
spectrum presented in Fig. 3. The FTIR profile indicates the
existence of various oxygen and nitrogen-containing functional
groups on the CQD surface, a typical characteristic of carbon
dots produced from biomass-based precursors. A broad absorp-
tion feature observed around 3264 cm™" is attributed to O-H
and/or N-H stretching vibrations, confirming the presence of
hydroxyl and amine groups generated during the hydrothermal
conversion of coffee-derived organic constituents.'® The broad
nature of this band suggests extensive hydrogen bonding
among surface functional groups, which contributes to the
high aqueous dispersibility and colloidal stability of the CQDs.
The absorption bands observed at 3007, 2928, and 2865 cm ™!
are attributed to the asymmetric and symmetric stretching
vibrations of aliphatic C-H bonds, confirming the presence of
residual hydrocarbon fragments and partially carbonized
organic moieties on the CQD surface.*®

Mater. Adv., 2026, 7, 5147-5170 | 5151
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Fig. 3 FTIR spectrum of CQDs prepared from hydrothermal carboniza-
tion of drinking coffee.

A prominent absorption band at 1665 cm ™' is assigned to
the C=0 stretching vibration, which may originate from car-
bonyl or amide groups formed through dehydration and oxida-
tion reactions during hydrothermal treatment. This peak lies
within the characteristic range of amide I vibrations (1680-
1630 cm '), indicating the possible formation of secondary
amide structures on the CQD surface.?®?' Moreover, the band
at 1580 cm™ ' can be attributed to in-plane N-H bending
vibrations or C=C stretching of aromatic sp” carbon domains,
reflecting partial graphitization and nitrogen incorporation
within the carbon framework. The absorption peak located at
1455 cm ™ is associated with C-H bending vibrations, while the
band at 1375 cm ™' corresponds to C-N stretching vibrations,
further confirming the presence of amine or amide function-
alities on the CQDs.*°

The distinct absorption peak at 1287 cm ™' is attributed to
C-O stretching vibrations, indicating the presence of alcohol,
ester, or ether groups, whereas the strong band at 1056 cm ™" is
characteristic of C-O-C and C-O stretching modes, commonly
observed in oxygen-rich carbon dots derived from plant-based
precursors.'® The weaker bands appearing at 918, 765, 607, and
531 em ™" are assigned to out-of-plane bending vibrations of C-
H and C-C bonds and skeletal vibrations of the carbon frame-
work, reflecting the structural complexity and heterogeneity of
the CQDs.

Oxygen- and nitrogen-rich surface groups are essential to the
CQDs’ performance, influencing their surface charge and hydro-
philicity. By improving wettability and material compatibility,
these functional groups guarantee well spreading and stronger
interfacial hold across sensing and bioimaging platforms.>>
FTIR data support this, revealing a hybrid sp*/sp* carbon skele-
ton consistent with eco-friendly synthesis methods.

3.4. XPS study

The elemental composition and chemical states of the pro-
duced carbon quantum dots were analyzed using X-ray photo-
electron spectroscopy (XPS), with the relevant survey and high-

5152 | Mater. Adv., 2026, 7, 5147-5170

View Article Online

Materials Advances

resolution spectra displayed in Fig. 4. The broad-scan XPS
survey spectrum (Fig. 4a) verifies that the CQDs predominantly
consist of carbon, oxygen, and nitrogen, exhibiting distinctive
photoelectron peaks at C 1s (~284.8 V), N 1s (~400 eV), and O
1s (~532 eV), respectively. The quantitative analysis reveals
atomic percentages of C 1s = 76.96%, O 1s = 18.7%, and N 1s =
4.35%, indicating that carbon is the dominant element. In
contrast, a substantial amount of oxygen and a minor fraction
of nitrogen are incorporated into the CQD surface. The
presence of oxygen- and nitrogen-containing species originates
from the oxygen-rich organic constituents of coffee powder and
the nitrogen-based compounds formed during hydrothermal
carbonization, confirming successful heteroatom functionali-
zation of the CQDs. Furthermore, the high-resolution C 1s
spectrum (Fig. 4b) was deconvoluted into three distinct com-
ponents, revealing the complex carbon bonding environment
within the CQDs. The dominant peak centered at approxi-
mately 284.6-284.8 eV is attributed to C-C/C—C bonds, corres-
ponding to sp> and sp*-hybridized carbon frameworks forming
the core structure of the CQDs.>* The second component,
observed at around 285.8-286.2 eV, corresponds to C-N and
C-0O bonds, indicating the presence of nitrogen- and oxygen-
containing functional groups on the CQD surface.>* Addition-
ally, the higher binding energy peak near 288.3-288.8 €V is
attributed to C=O groups, such as carbonyl or carboxyl func-
tionalities, which typically form through oxidation during
hydrothermal synthesis.>® These findings confirm that the
CQDs have a mixed sp’/sp® carbon framework decorated with
polar surface functional groups.

The high-resolution N 1s spectrum (Fig. 4c) further eluci-
dates the chemical state of nitrogen within the CQDs. The
spectrum can be fitted into two main components: a prominent
peak centered at approximately 399.5-400.2 eV, which is attrib-
uted to graphitic (quaternary) nitrogen, and a secondary peak
located at around 401.5-402.2 eV, corresponding to pyridinic
nitrogen.>® The graphitic nitrogen is incorporated within the
carbon lattice and contributes to enhanced electronic conduc-
tivity, while pyridinic nitrogen is typically located at the edges
or defects of the carbon framework and plays a crucial role in
surface reactivity and charge transfer processes.”® Furthermore,
the presence of these nitrogen configurations confirms success-
ful nitrogen doping of the CQDs during hydrothermal treat-
ment, even without the addition of external nitrogen
precursors. The high-resolution O 1s spectrum (Fig. 4d) was
deconvoluted into two prominent peaks, further confirming the
oxygen-rich surface chemistry of the CQDs, as well as the
dominant peak at approximately 532.7-533.2eV, which is attrib-
uted to C-O bonds, including hydroxyl and ether groups. The
lower binding energy component centered at around 530.8-
531.5 eV corresponds to C—=O bonds, such as carbonyl and
carboxyl functionalities.>**” As verified by FTIR analysis, these
functional groups indicate that the carbon framework suffered
incomplete oxidation during synthesis. The resulting density of
oxygen and nitrogen surface groups boosts the CQDs’ hydro-
philicity and dispersibility. These polar sites enable strong
aqueous interactions and thus the CQD particles are ideal for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Photoluminescence spectral analysis

ranging from bioimaging to optoelectronic

The optical behavior of the prepared carbon quantum dots was
comprehensively examined through excitation and photolumi-
nescence (PL) spectroscopic analyses, as illustrated in Fig. 5.
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The excitation and emission profiles of the CQDs are depicted
in Fig. 5a. The excitation spectrum exhibited two prominent
bands located at approximately 242 nm and 343 nm when
observed at 423 nm. The higher-energy band in the ultraviolet
region is ascribed to m-n* electronic transitions within aro-
matic sp>hybridized carbon frameworks, while the lower-
energy excitation centered near 343 nm is related to n-n*
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transitions arising from surface defect states and heteroatom-
containing functional groups. Hence, these assignments are
consistent with the surface chemical features identified by the
FTIR and XPS analyses. Upon excitation at 343 nm, the CQDs
exhibit a strong blue emission with a maximum centered at
423 nm, confirming the formation of optically active carbon
nanodots with well-defined emissive states.

Fig. 5b demonstrates the excitation-dependent photolumi-
nescence response of the CQDs over an excitation wavelength
range of 300-400 nm. As the excitation wavelength is shifted
from 300 to 340 nm, the emission intensity increases, reaching
a maximum at 423 nm. Beyond this excitation wavelength, a
gradual attenuation in emission intensity is observed. This
excitation-dependent emission behavior is a well-known char-
acteristic of carbon quantum dots. It is generally attributed to
the coexistence of multiple emissive surface sites, diverse
energy trap states, and non-uniform surface functionalization,
all of which introduce localized electronic states within the
electronic band structure. Consequently, these results suggest
that the photoluminescence of the CQDs arises from the
combined effects of quantum confinement and surface-state-
dominated radiative recombination. The fluorescence quan-
tum yield (QY) of the CQDs was measured at 4.55%, demon-
strating competitive luminescence efficiency compared with
several biomass-derived carbon dots reported in the literature
using simple and environmentally benign synthesis routes. For
instance, CQDs prepared from food waste via ultrasonication
exhibited a relatively low QY of 2.85%,>® while CQDs derived
from waste frying oil showed a QY of only 3.6% despite the use
of acid-assisted heating.?® Similarly, carbon dots synthesized
from willow bark,*® grass,®" and pomelo peel®” typically display
quantum yields in the range of 6-7%, often requiring longer
reaction times or more energy-intensive hydrothermal pro-
cesses. In contrast, the CQDs developed in this study exhibit
comparable photoluminescence efficiency under relatively mild
synthesis conditions, without the use of harsh chemicals or
extended processing times. Although higher quantum yields
have been reported for CQDs derived from sources such as
orange peel’® or gelatin,>® those systems typically require
prolonged reaction durations or more complex processing
strategies, which may limit their scalability and sustainability.
Therefore, the optical potential of the CQDs synthesized in this
work represents a favorable balance between photolumines-
cence efficiency, green synthesis, and process simplicity, high-
lighting their potential for practical applications in
fluorescence-based sensing, bioimaging, and optoelectronic
devices.

3.6. UV-vis study of CQDs

CQDs’ UV-vis absorption spectra are essential for understand-
ing their surface chemistry and electrical structure, so because
of their nanoscale size and the existence of different chemical
functional groups, carbon quantum dots show discrete absorp-
tion peaks in contrast to bulk carbon, such as graphite. CQDs
produced in this work exhibit notable absorption in the ultra-
violet range with a tail that extends into the visible spectrum,
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according to their UV-vis absorption spectra. The absorption
spectra of both concentrated and diluted CQDs are shown in
Fig. 6. The spectra clearly show two separate absorption bands:
a noticeable peak in the 230-270 nm region and a less notice-
able shoulder or peak in the 300-350 nm range.? A shoulder is
observed at about 360 nm, which is related to the n—-n* orbital
transition associated with the sp3 hybridization, which is
indicative of bonds between carbon atoms and functional
groups containing nitrogen and oxygen. The first peak is
associated with the n-n* transition of the sp” hybridized carbon
framework (C—=C bonds).>® The aromatic C=C bonds inside
the sp® hybridized carbon framework are the origin of m-n*
transitions, so this transition is analogous to that observed in
graphene or benzene.**?” Moreover, aromatic C—=C bonds are
not static double bonds; instead, they manifest as delocalized
pi—electron clouds within cyclic structures, rendering them
stronger, shorter (approximately 1.39 A in benzene), and more
stable than conventional alkenic C—C bonds. Breaking these
bonds requires considerable energy, such as that provided by
metal catalysts or potent oxidants, whereas simple double
bonds readily participate in addition reactions. Their distinc-
tive stability arises from aromaticity, as dictated by Hiickel’s
rule.’” At extended wavelengths, n-n* appears as a shoulder or
a diminished peak. This phenomenon is attributed to the
presence of non-bonding electrons from heteroatoms, specifi-
cally nitrogen in C=N bonds, when the nitrogen is doped, or
oxygen in C—O (carbonyl) or COOH (carboxyl) groups. The
exact position and intensity of these peaks are highly tunable
and depend on surface passivation, synthesis methods, and
precursor materials. The optical bandgap can be reduced by
doping with heteroatoms such as nitrogen or sulfur, which
introduce new energy levels that shift the absorption into the
visible spectrum. In samples with high concentrations of CQDs,
the absorption shifted to the visible spectrum due to m-rn
stacking among the CQD sheets. Intense optical absorption
in the visible spectrum is typically succeeded by an exponential
decline up to 800 nm (red curve) in the UV-vis absorption of
CQDs, as shown in Fig. 6. The highest peak is likely attributable
to oxidation and imperfections in the m-bonding associated
with sp® carbon hybridization. The presence of sp” carbon
hybridization suggests that the CQD core contains both crystal-
line and amorphous graphitic domains. Moreover, the absor-
bance decreases with increasing wavelength, indicating that
these nanoparticles possess a defined optical bandgap.*® For
most CQDs, the bandgap lies between 2.0 eV and 4.0 eV, which
explains why they are highly active under UV and blue light
excitation.

3.7. FTIR analysis of MC and MC/CQD nanocomposite films

FTIR spectroscopy was applied to elucidate the chemical struc-
ture of pristine methyl cellulose and to investigate the inter-
facial interactions induced by the incorporation of carbon
quantum dots within the MC matrix. The FTIR spectra of (a)
pure MC (MCQDS0), (b) MC/CQD film containing 10 mL CQDs
(MCQDS1), and (c) MC/CQD film containing 20 mL CQDs
(MCQDS2) are presented in Fig. 7.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-visible absorption spectra of carbon quantum dots (CQDs) at
varying concentrations, revealing how their optical absorption shifts with
concentration, and the inset photos display the aqueous CQD solution
under normal daylight and UV light, highlighting its distinctive fluorescent
glow.

For the pristine MC film (Fig. 7a), a broad absorption band
centered at approximately 3440 cm ™' is observed, which is
characteristic of O-H stretching vibrations arising from hydro-
xyl groups in the cellulose backbone and hydrogen-bonded
water molecules.”® The bands located at 2984-2835 cm '
correspond to asymmetric and symmetric C-H stretching
modes of -CH; and -CH,, groups associated with the glucopyr-
anose units of MC.>® A distinct band at 1642 cm™ " is attributed
to the bending vibration of absorbed water (H-O-H), a com-
mon feature in hydrophilic polysaccharides.’® The peaks at
1455 and 1371 cm™ ' are assigned to C-H bending and -CH,
deformation vibrations, respectively, while the bands appearing
at 1311-1189 cm ™' are related to C-O-C stretching and skeletal
vibrations of the cellulose ether structure. The strong
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Fig. 7 FTIR spectra of (a) MCQDSO, (b) MCQDS!L and (c) MCQDS2

composite films.
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absorption near 1052 cm ™" is characteristic of C-O stretching
in the pyranose ring, confirming the integrity of the MC back-
bone, whereas the low-frequency band around 564 cm ' is
associated with skeletal vibrations of the polymer chain. Upon
incorporation of CQDs into the MC matrix (Fig. 7b and c),
noticeable changes in both peak position and intensity are
observed, indicating strong interactions between MC chains
and CQDs. Therefore, in the MCQDS1 sample (Fig. 7b), the
broad O-H stretching band shifts slightly toward lower wave-
numbers (~3351 cm™ ') and becomes broader, indicating
enhanced hydrogen bonding between methylcellulose hydroxyl
groups and oxygen- and nitrogen-containing functional groups
on the CQD surface. This behavior is further accentuated in the
MCQDS2 film (Fig. 7c), where the O-H/N-H stretching band
appears at =3438 cm ', reflecting a modified hydrogen-
bonding environment resulting from the higher CQD
loading.*' In addition, new absorption bands emerge or exist-
ing bands intensify in the nanocomposite films, particularly in
the 1700-1550 cm ™ * region. Weak features observed at ~1697-
1650 cm ™! are attributed to C=O stretching vibrations asso-
ciated with carboxyl and carbonyl groups on the CQD surface.
The presence of these bands provides strong evidence for the
successful incorporation of CQDs and is consistent with
biomass-derived CQDs containing abundant surface functional
groups. Moreover, the bands around 1548-1515 cm ' are
associated with N-H bending or C=N stretching vibrations,
confirming the contribution of nitrogen-containing surface
states introduced by CQDs. In the fingerprint region, the
characteristic MC peaks at 1052-1057 cm ™' remain prominent
in all samples, indicating that the polymer backbone remains
structurally intact after CQD incorporation. However, slight
shifts and intensity variations in the 1050-1200 cm™' range
suggest strong interfacial interactions between MC chains and
CQDs through hydrogen bonding and dipole-dipole interac-
tions. In addition, the appearance and enhancement of bands
near 940-746 cm~ ' in the nanocomposite films further support
changes in the local molecular environment due to CQD-
polymer coupling.

3.8. Optical properties

3.8.1. Absorption and transmittance study. Polymeric sys-
tems can absorb incident radiation in the UV-vis zone through
electronic excitation processes. During the absorption process,
electrons are migrated from their unexcited state to higher-
energy excited states. The nature of these electronic transitions
is governed by the polymer’s intrinsic electronic structure,
which is defined by the arrangement of molecular orbitals,
including o orbitals associated with bonding interactions, w
orbitals responsible for delocalized bonding, and non-bonding
(n) orbitals arising from lone electron pairs. These molecular
orbitals originate from the combination of atomic orbitals
within the polymer framework. Additionally, structural defects
or impurity species are able to initiate localized energy states
within the forbidden band structure, enabling distinct optical
transitions. When such transitions occur within the visible
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region, the defect-related states are commonly referred to as
color centers.*?

Absorbance is essential for characterizing CQDs for various
applications. In addition, CQDs generated by different pro-
cesses display distinct absorption spectra. Fig. 8A displays the
UV-vis absorption spectrum of both pristine MC and modified
CQDs. The UV-vis spectra of MCQDS0, MCQDS1, and MCQDS2
exhibit the distinctive absorption characteristics of carbon
quantum dots, wherein both the core structure and surface
functional groups significantly affect the optical response. All
samples exhibit a pronounced absorption band in the deep-UV
region (~227 nm), which arises from n — w* transitions of
aromatic C=C and C=N bonds within the sp>hybridized
carbon domains. A secondary, broader absorption feature is
observed at approximately 290 nm for MCQDS1 and shifts to
around 388 nm for MCQDS2, corresponding to n — n* transi-
tions associated with surface functional groups such as -OH,
-COOH, and C=0 moieties.”** The presence of surface func-
tionalities, including -OH, -NH,, -COOH, and -C=O0 groups,
as confirmed by FTIR analysis, promotes n — n* electronic
transitions and increases the density of surface-related energy
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states. These effects collectively account for the progressive
redshift toward longer wavelengths. Furthermore, these func-
tional groups enhance the interfacial affinity and interaction
between the CQDs and methylcellulose chains, resulting in
stronger light absorption in the visible region. This behavior
provides clear evidence that the CQDs are effectively incorpo-
rated into the MC matrix and actively modulate its optical
response through enhanced interfacial bonding and more
efficient electronic transitions. From an application perspec-
tive, CQDs induce optical properties in the MC matrix, and
modifiying its optical behavior is a critical requirement for
efficient light harvesting, making such materials attractive for
use in solar energy conversion, photodetection systems, and
ultraviolet-shielding coatings.** Furthermore, pristine MC exhi-
bits near-complete transparency within this wavelength region,
as evidenced by the absence of noticeable absorption in the
visible range (the black curve in Fig. 8A), which is consistent
with its insulating nature. It is well established that optical
absorption does not occur when the photon radiation energy is
lower than the Eqp, between accessible electronic states, so the
material remains transparent to the incoming radiation. Once
the photon energy exceeds this threshold, absorption becomes
possible, enabling electronic transitions from the valence band
to higher-energy states.

In contrast, the pronounced absorption observed for the
CQDs is attributed to the presence and enhancement of addi-
tional electronic states, which are responsible for the increased
absorption intensity in the CQD-doped MC samples.*”> The
transmittance spectra of pure and doped MC polymers with
different concentrations of CQDs are displayed in Fig. 8B.
Beyond the visible range, the pure MC showed a relatively high
degree of transparency; however, the transmittance decreased
when CQDs were added. Because of their surface functional
groups and electronic structure, CQDs strongly absorb light,
which accounts for the drop in transmittance observed when
they are added to the MC polymer. This phenomenon indicates
that the additional CQD fillers interact strongly with the func-
tional groups within the MC polymer chains, thereby reducing
the transparency of the doped films. By blocking dangerous
radiation, protective coatings and optical filters operate better
when transmittance in the UV region is reduced.**

3.8.2. Absorption edge and Urbach energy study. The
absorption coefficient () of a material significantly influences
its selection for potential applications; this signifies its capacity
for light absorption.*® A valuable technique for investigating
electronic transitions is UV-visible spectroscopy. The absorp-
tion edge in both crystalline and non-crystalline materials can
be utilized to ascertain Eqpg. The region where an incoming
photon causes an electron to jump to an upward energy
transition is known as the absorption edge.*” This is known
as the percentage of power absorbed per unit length of the
medium. The following formula was used to determine the
absorption coefficient.*®

- (2.3(t)3A) (1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where ¢ is the sample thickness and A is the absorbance. Fig. 9
displays the o of pure and doped MC films with photon energy
(hv). Extrapolating the linear component of « against applied
photon energy curves at the absorption zero value yielded the
absorption edge (Eeqq) value.'® As evident in Table 1, adding
CQDs to the MC polymer reduced the E.q,. According to
quantitative measurements, the E.q, for pure MC (MCQDSO0)
is around 6 eV, which drops to 2.75 eV for MCQDS1 and then to
1.9 eV for MCQDS?2. It is evident that the E.q, moves toward
higher wavelengths as the concentration of CQDs rises. Bond
cleavage and repair may have created a conjugated bond
system, which is what produced the change in the E.q,. This
corroborates the structural and chemical alterations of MC
when amalgamated with CQDs.*” This lowers the photon
energies, verifying that the Eqpe of the CQDs-doped MC sam-
ples is significantly smaller than that of pure MC. The higher
Urbach energy (Uyp,) is a reflection of the additional structural
disorder and defect states introduced by the insertion of CQDs.
These defects facilitate electronic transitions between the
valence band (VB) and conduction band (CB) by increasing
the density of localized states. The incorporation of CQDs into
the MC polymer reduces the absorption edge energy (Eeqg),
which can be attributed to heteroatom-rich surface states of the
CQDs (-OH, -COOH, and C=O0) and their interaction with the
functional groups of the MC polymer. These interactions
enhance charge-transfer processes, as further evidenced by
the progressive decrease in the optical bandgap energy (Eogp)
with increasing CQD loading. To further clarify the origin of
these optical transitions, the behavior of the MC/CQD

Table 1 Fluctuation of the absorption edge and Urbach energy para-
meters in pure and CQD-incorporated MC samples

Samples Eeqg (€V) Uns (eV)
MCQDSO0 6 0.2757
MCQDS1 2.75 0.5299
MCQDS2 1.9 0.6289
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nanocomposite can be conceptually described in terms of
energy-level interactions. The pristine MC polymer possesses
a wide band gap, while the incorporation of CQDs introduces
discrete energy levels associated with small graphitic domains.
In addition, abundant surface functional groups generate loca-
lized defect states within the forbidden gap. These localized
states act as intermediate energy levels that facilitate sub-band-
gap optical transitions. Consequently, the observed optical
absorption and apparent band gap narrowing arises from
transitions involving these defect and interfacial states, rather
than direct band-to-band transitions as in crystalline semicon-
ductors. CQDs induce optical properties in the MC matrix and
modify its optical behavior and stronger light-matter inter-
action inside the nanocomposite. This makes them potential
candidates for optoelectronic device applications.

The U,, serves as an effective parameter for assessing
whether a material exhibits predominantly amorphous or crys-
talline characteristics following doping. The presence of an
Urbach tail is a hallmark of structurally disordered and amor-
phous systems and provides valuable insight into their electro-
nic transport behavior. In amorphous materials, these band-tail
states originate from local structural distortions and network
strain, which shift electronic states into the forbidden energy
gap. The resulting tail states extend exponentially into the
bandgap region. Accordingly, in the low-absorption regime,
the absorption coefficient («) follows the Urbach relation.*®

v
o = o exp U (2)

In this relation, o, represents a proportionality constant, while
the Uy, corresponds to the characteristic width of the localized
tail states extending into the forbidden bandgap. The value of
Uy, can be extracted from the 1/slope of the linear regions
obtained in plots of In(x) as a function of Av, as illustrated in
Fig. 10. The calculated Uy, for pristine MC is 0.2757 eV, whereas
a substantially higher value of 0.6289 eV is observed for the
CQD-doped MC sample, as summarized in Table 1. This
increase in Urbach energy is indicative of an enhanced degree
of structural disorder and amorphization within the CQDs/MC
nanocomposite network. The broadening of the band-tail states
reflects the introduction of imperfections and localized states
in the electronic structure of the host matrix.”® Prasher et al.
have established that the rise in Uy, signifies the augmentation
of the amorphous component.”" Adding functional groups like
-NH,, -C=O0, -OH, and -COOH to the surface of CQDs is very
important. These groups create defect sites that trap energy and
interact strongly with the hydroxyl and methoxy groups of MC,
which makes the nanocomposite more structurally disordered.
The wide diffraction peaks shown in the XRD pattern show that
the CQDs that were made have mostly an amorphous to
turbostratic carbon structure. The significant peak broadening
and small crystallite size show that there is a lot of structural
disorder, which means that there is no long-range crystalline
ordering. The structural data from XRD match the optical data.
The rise in Urbach energy shows that there are more localized
states (see Section 4.8.5) that are linked to structural disorder.
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Fig. 10 The In(x) spectra against hv for pure MC and MC/CQD nano-
composite films.

The Urbach energy measurements back up the XRD data,
showing that there is a strong link between the CQDs’ micro-
structural qualities and their optical electronic properties.

3.8.3. Refractive index and extinction coefficient. The eva-
luation of optical constants, particularly the refractive index
and extinction coefficient, is essential for assessing materials
intended for optoelectronic applications. The refractive index is
a fundamental intrinsic property that describes how light or
electromagnetic radiation propagates through an optical med-
ium. When an incoming radiation beam strikes the contact
between two substances possessing dissimilar refractive
indices, both its velocity and direction of propagation are
altered. In materials that exhibit optical absorption, the refrac-
tive index must be expressed as a complex quantity to account
for energy loss, thereby enabling an accurate description of the
absorptive behavior of the medium®*>?

fi=n+ik (3)

Let 7i, n and k denote the complex refractive index, the actual
refractive index, and the extinction coefficient, respectively. The
values of n were derived from the k and reflectance (R) by
Kramers-Kronig relations.>*

4R 1+ R
"(A):\/(l—R)szﬂfR @

where k = a4/4nt, which is inversely related to specimen width
(©) and directly related to wavelength (1) and o. The Beer-
Lambert law calculates reflectance from absorbance (4) and
transmittance (7), and for transmittance calculations, use T =
107%.%7% Fig. 11 illustrates the variation of n with 1 for both
pristine and modified MC samples. The findings indicate that
incorporating CQD fillers into the MC polymer altered the
refractive index of the films, increasing it from 1.159 to
approximately 1.516. When a material is exposed to incoming
electromagnetic radiation, its internal charge distribution will
experience time-varying forces due to the electric field (EF)
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for pure MC and MC/CQD nanocomposite samples.

component of the incident radiation. The extensive dispersion
region is attributed to the samples’ polar characteristics. At
high wavelengths, polar molecules will be unable to respond to
the field oscillation due to their inertia. The refractive index
evidently increased with increasing CQD concentration. The
refractive index depends on both density and polarizability.
Consequently, the augmentation of CQD concentration intro-
duces heteroatom-rich functional groups that generate loca-
lized electronic states and facilitate the formation of space
charge at the CQD-polymer interfaces. The resulting increase
in localized charge density within the band gap enhances the
material’s electronic polarizability, which in turn contributes to
the increase in the refractive index of the NNC. We have shown
in prior studies that when the refractive index goes up, the Eqpg
invariably goes down.>*~® Polymers exhibiting high refractive
indices have recently attracted considerable attention for a
wide range of technological applications, including display
technologies, next-generation organic light-emitting diodes
(OLEDs), anti-reflection coatings, diverse semiconductor-based
devices,>® optical adhesives,> and ophthalmic applications.*

The extinction coefficient reflects a material’s attenuation of
incident electromagnetic radiation. Fig. 12 presents the depen-
dence of k on wavelength (4). The wavelength-dependent varia-
tion of k signifies the interaction between incoming photons
and the medium. Physically, the extinction coefficient describes
the reduction in the intensity of an electromagnetic wave per
unit thickness of the material due to absorption and
scattering.’® The k rises with increasing CQD concentration;
however, its growth is minimal in comparison to that of n. The
low k signifies that the composite samples remain highly
clear.®® In short, adding CQDs to the MC polymer raises the
extinction coefficient. This is mostly because the CQDs’ con-
jugated carbon cores, defect states, and surface functional
groups enhance the polymer’s light absorption. This trend
aligns with the observation that the Eqp, has decreased and
the composite’s refractive index has increased.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Extinction coefficient (k) spectra against the incident wavelength
(nm) for pure MC and MC/CQD nanocomposite samples.

3.8.4. Phase and group velocity. In optical science, phase
velocity Vp and group velocity V, are the two essential physical
parameters of refractive index scattering. In optics, the phase
velocity of an electromagnetic wave is the speed at which a
particular part of the wave, like its crest or trough, moves
through a medium. The value is determined by the material’s
refractive index and the incident light’s wavelength. The phase
velocity can be computed analytically as Vp = ¢/n, where c¢ is the
light speed. The incorporation of CQDs into the film increases
its density, thereby increasing the refractive index, as demon-
strated in Fig. 13A. Consequently, the higher refractive index of
MC: CQDs leads to slower propagation of light through the
material.

The V, is the rate at which the envelope of an optical
oscillation packet propagates across a medium. It quantifies
the velocity at which the energy or data are transmitted as a
wave packet propagates. The V, of light in the doped MC
material can be altered by dispersion processes induced by
additives or dopants like CQDs. The parameter values are
computed using the formula depicted in Fig. 13B.°

Ve =3x 108/(n - (ﬂ%)) (5)

In Fig. 13A, Vp performs better than the group velocity, and
the combined effect of the two components increases with the
wavelength. However, both values decrease as the CQD content
increases. This variation may be due to the rise in the n of the
compositions as the CQD content rises. The Eqp,e at each curve’s
apex correlates with a negative segment of the dn/dJ factor.®?
Using Eopg = 1239.83//4, we can determine the Eqp, significant
peaks in polar MC and MC/CQD samples from Fig. 13B.”® For
MCQDS0, MCQDS1, and MCQDS2, the computed Eqp,, values
are 4.30 eV, 3.21 eV and 2.49 eV, respectively. The significant
electrical interaction between CQDs and the MC polymer
matrix is confirmed by the steady drop in Eqp, with increasing
CQD content. CQDs induce optical properties in the MC matrix
and the presence of localized defect states and improved

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

2.8

== NMCQDS0
= MCQDS1
MCQDS2

Phase velocity, V x 108(m/sec)

T T T T
200 400 600 800 1000

Wavelength (nm)

3.0

—
o
Q
2
2
S
=
)
%
o
-
x
o
> 20
>
=
[%]
o
[
>
Qo
>
o
=4
0]

B

2.5

2.0 25
288 n

f[——MCQDS1
—— MCQDS2;

0.5 05

200 400 600 800
Wavelength (nm)

0.0 T T
200 400 600

Wavelength (nm)

Fig. 13 (A) Phase velocity and (B) group velocity spectra against the
wavelength (nm) for pure MC and MC/CQD nanocomposite samples.

hydrogen bonding resulting from surface functional groups
on CQDs are responsible for this decrease. These factors
increase structural disorder and promote sub-band-gap optical
transitions. Overall, the refractive index is a function of the
wavelength, n = n(1). This means that when light hits a
substance, different wavelengths (1) move through it at differ-
ent speeds. This is called optical dispersion. The refractive
index increases with concentration due to the rise in localized
states within the forbidden energy gap, while the phase velocity
decreases. This change in the electrical structure changes how
the material spreads out, which in turn changes how light
travels through it. An optical pulse is made up of multiple
monochromatic waves. As it goes across a dispersive medium,
each frequency component moves at a distinct speed. This is
why the pulse’s strong peak gets wider and flatter over time.
This shows that the material is absorbing and spreading out
the light. Since phase velocity doesn’t carry information, it can
be faster than the speed of light. In contrast, group velocity
cannot exceed the speed of light because information is trans-
mitted by group velocity; the current study confirms this point.
In the anomalous dispersion regime, the group velocity may
exceed the speed of light; however, this apparent superluminal
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behavior does not correspond to superluminal information
transfer. Slow light propagation can significantly enhance
linear and nonlinear optical effects, enabling applications in
photonic devices such as optical delay lines, all-optical signal
processing, optical switching, fibers, and optical storage

systems.®%

3.9. Dielectric study

One of the inherent characteristics of materials is the dielectric
property, which is represented by a complex dielectric function
(¢*), and it gauges how materials respond when they come into
contact with an electric field that induces polarization.®* The
dielectric constant of materials, as delineated in eqn (6), com-
prises a real component, ¢ and an imaginary component, g;.
The real component signifies the material’s ability to attenuate
the velocity of light, while the imaginary component indicates
its efficacy in energy absorption due to polarisation.®®

& =g +ig (6)

&, is derived from the index of refraction (n) of the medium (¢, =
n* — k%), while ¢; is calculated using k.*° Polymer materials
designed for energy storage applications must have elevated
capacitance density, attainable via a high dielectric constant.
Recently, considerable efforts have been focused on optimizing
the dielectric characteristics of polymer materials to satisfy the
specifications for their integration into capacitors and energy
storage devices.®® Fig. 14 illustrates the dielectric spectra () of
pure MC and MC/CQD NNC films as a function of wavelength,
indicating a progressive rise in ¢, from 1.344 to 2.297 with the
incorporation of CQDs into the MC polymer. CQDs induce
optical properties in the MC matrix, and improved dielectric
response, along with adjustable optical characteristics, vali-
dates the use of MC/CQD NNC films for optoelectronic device
applications such as solar cells, photodetectors, and
photodiodes.®® Furthermore, the enhancement in ¢, is attribu-
table to the elevated density of localized charge carriers and

== MCQDS0
=== MCQDS1
MCQDS2

2.297

1.632

1.344
T
1000

T T
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Fig. 14 Real component of the dielectric constant spectra vs. wavelength
(nm) for both pure and doped MC materials.
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interfacial polarization arising from the interaction between
CQDs and the polar functional groups of the MC chains. The
Spitzer-Fan model posits a high correlation between the ¢, and
the density of electronic states within the Eq, of polymeric
materials.>® Consequently, the observed enhancement in &,
with increasing CQD loading indicates a significant rise in
the density of localized states within the Egp,. These localized
states originate from surface defects and functional groups
(-OH, -COOH, -C=0O0, and -NH,) present on the CQDs, which
introduce additional energy levels and facilitate charge trap-
ping. As a result, the incorporation of CQDs into the MC
polymer enhances dipolar and interfacial polarization, leading
to an overall improvement in dielectric response and a mod-
ification of the electronic structure of the NNC films.

Fig. 15 illustrates the linearity of the graphs representing the
direct correlation between the ¢, constant and the square of the
wavelength within designated intervals, so validating the
Spiter-Fan equation.®”

2
e N ,
& = b — 55— X —/ 7
T 4m2e2ey Com )
where the effective mass of the electron m* = 1.16m,., the

dielectric constant of free space is &, the electron charge is e
and the concentration of charge carriers is N. The constant
values are presented in Table 2. Thus, eqn (7) can be utilized to
estimate the parameters N/m* and ¢, derived from the analy-
sis of the slopes and intercepts of the ¢, vs. square wavelength
graph, as presented in ref. 54. This table indicates that with
increasing CQD concentration, the localized density of states in
the MC film rises from 26.3836 x 10°® to 113.8790 x 10°° m ™’
kg '; additionally, the high-frequency dielectric constant (e.,)
increases from 1.3929 to 3.3131. This rising localized density
and ¢, can be attributed to the introduction of additional
localized electronic states and charge-transfer pathways by the
CQDs, as well as to enhanced interfacial polarization at the MC/
CQD interfaces.>*

ARV . ——MCQDS0
’ = MC QDS
6+ -MCQDS2
5_
o Slope=-0.00215,Intercept=1.3929
4 \ Slope=-0.00439,Intercept=1.9781
\ Slope=-0.00928, Intercept=3.1331
3_
24
1 T T T T T
0 20 40 60 80 100 120

)\2 x1 0-14(m)2

Fig. 15 ¢ spectral variation for pure and MC:CQD nanocomposites
against a double wavelength.
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Table 2 Localized density and dielectric constant at short wavelengths
(nm) for pure and doped MC samples

Samples N/m* x 10> (m® kg ™) €op

MCQASO 26.3836 1.3929
MCQAS1 53.8716 1.9781
MCQAS2 113.8790 3.1331

Fig. 16 shows the change in ¢; with the triple wavelength for
both pristine and MC:CQD nanocomposites films. The relaxa-
tion time (7) can be calculated by inserting the localized density
value into eqn (7). Eqn (8) and (9) were used to derive the values
for optical mobility (uope) and optical resistivity (pop), which
are shown in Table 2.°®

e N (1) ;
= <8n3c3so>m7*(;> + (8)

et
Hopt == ©)
1
Popt = A (10)
2
e“N
(Up]2 = " (11)
Eym

The comparatively high refractive indices of the MC/CQD NNC
films cause a considerable slowdown in light propagation,
resulting in reduced values of the optical relaxation time (),
Hopt and pope. The incorporation of CQDs results in an increase
in the electron plasma frequency (wp), which rises from
0.87361 x 10" Hz for pure MC to 1.815 x 10" Hz for the
CQD-loaded films. The systematic increase in wp with rise in
CQD content can be ascribed to an enhancement in the charge-
carrier density (N) arising from the introduction of additional
localized electronic states and charge-transfer pathways pro-
vided by the CQDs. This interpretation is valid under the
assumption that the effective mass (m*) of the charge carriers
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= MICQDS1
MCQDS2
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.
Slope=-3.66474E-6,Intercept=1.40665E-5
0.0004 + Slope=-1.50494E-4, Intercept=9.77975E-5
Slope=-5.14178E-4,Intercept=2.50067E-4
0.0002
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T T
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A% x107"8(m)®
Fig. 16 ¢ spectral variation for pure MC and MC:CQD nanocomposites

against the triple wavelength.
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remains approximately constant. Furthermore, strong interfa-
cial interactions between the CQDs and the MC chains promote
carrier delocalization, thereby enhancing the composite’s over-
all electronic response. Quantitative evaluation of these optical
parameters is essential for understanding light-matter inter-
action in MC/CQD NNCs and for assessing their potential
suitability in optical and optoelectronic device applications.®”
Additionally, robust interactions with the polar MC chains are
facilitated by the presence of functional groups such as nitro-
gen and oxygen on the surface of CQDs, which promotes charge
delocalization and improves carrier mobility. The dielectric
response of the MC/CQD NNC films is significantly enhanced,
illustrating the efficacy of CQDs in modifying the electrical and
polarization properties of the polymer system. A significant
finding of the present work is the correlation between macro-
scopic optical properties and microscopic charge-transport
behavior. From a macroscopic perspective, an increase in the
n leads to a reduction in the Vp propagating through the MC/
CQD nanocomposite films. In contrast, from a microscopic
viewpoint, a similar trend is observed, as the mobility of charge
carriers decreases with increasing CQD concentration. The
decline in mobility is due to increased carrier scattering and
the emergence of confined states caused by CQDs. Conse-
quently, the persistent reduction in both phase velocity (macro-
scopic scale) and mobility (microscopic scale) substantiates a
robust correlation between the optical response and charge
transport pathways in the examined polymer-CQD combi-
nation (Table 3).

3.10. Optical energy gap study

Eopg of semiconductors signifies essential physical character-
istics that define their optical and electrical properties. The
characteristics and extent of these fundamental material
features significantly influence the use of semiconductors in
electrical, optical, and optoelectronic devices, thereby facilitat-
ing the evaluation of band-gap-designed devices for continu-
ous, optimal absorption of broadband spectral sources.
Moreover, devices such as photonic crystals, waveguides, and
solar cells®® rely on the optical band gap energy (Eopg), which is
defined as the energy range in a material where electronic
states are forbidden, a concept widely used in solid-state
physics. Eqpg, situated between the CB and the VB, is a region
where electron mobility is restricted. Depending on their
energy gap, materials can be categorized as conductors, semi-
conductors, or insulators. Metals normally display insignificant
band gaps, while insulators contain a greater band gap, usually
approximately 4.5 eV, in comparison to semiconductors. Mate-
rials having significant bandgaps are usually inappropriate for
optoelectronic applications.®® Previous studies have validated
that actual Eqp, can be ascertained from ¢; and the character-
istics of electron transition have been determined using Tauc’s
model.’””%”" The optical dielectric function theoretically
includes all intrinsic effects associated with light-matter inter-
action processes. Prior research suggests that the primary
peak of ¢ is predominantly affected by electron transitions
from the valence band to the conduction band. The imaginary
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Table 3 Optical parameters derived from dielectric loss versus 2%: relaxation time, optical mobility, optical resistivity, and plasma frequency

Samples N/m* x 10%° J Tx 10" Hopt N, x 10%° Popt X 107° wp X 10"°
MCQASO 26.3836 114.1091 311.37 4.7195 2.785 0.4755 0.87361
MCQAS1 53.8716 232.9948 15.482 0.2347 5.6867 4.6835 1.2483
MCQAS2 113.8790 492.5267 9.5789 0.1452 12.021 3.581 1.815
component of the dielectric loss characteristic is analyzed
concerning the Av capacity for energy gap assessment. The 000104 ——McCaDso
optical properties and electrical band structure are tightly == MCQDS1
linked. Understanding the real and imaginary components of 0.0006 - MCQDS2
the dielectric function enables the calculation of critical optical '
characteristics. The optical polarizability and attenuation of the 0.0006
material relate to the real and imaginary components of the R
dielectric, respectively. Consequently, photonic dielectric loss is “’
crucial for the precise evaluation of Egpe.”"7? 000047
2ne’ c Vi2s(pC _ gV 0.0002
=" ) |PRlur WK [o(ER — Ex — ho) (11) :
€ gy ;
0.0000 ;

- ' 14
where w and Q denote the incident photon and the crystal ! 'é T T T : ;
volume, respectively, while ¢, and e denote the vacuum permit- hv (eV)
tivity and electron charge, respectively. The polarization vector

Fig. 17 & spectral variation for pure MC and MC:CQD nanocomposites

of the incident electromagnetic wave is denoted by u, whereas
the location vector is represented by r. The wave functions for
the CB and VB at K are denoted as ¥ and V¢, respectively. The
theoretical formulation of the optical dielectric constant
involves a complex frequency-dependent function; conse-
quently, its accurate determination requires substantial com-
putational effort. On the other hand, measuring the dielectric
constant experimentally using the imaginary part of the optical
dielectric function (g) is rather simple. This macroscopic
technique gives a more predictable method for estimating the
optical band gap by utilizing the n and & in the computation, as
expressed by the relation ¢ = 2nk.>®” You can get the actual
Eopg by looking at where the linear part of ¢; crosses the Av axis
in the spectrum. The strong link between electron—-photon
interactions and the optical dielectric function, which shows
that interband electronic transitions happen in materials,
explains this phenomenon. Fig. 17 shows that you can find
the real Egpe by using the g;, which is found by crossing linear
segments of the ¢; spectra along the horizontal axis of photon
energy. This figure indicates that the energy bandgap of pure
MC film is 6.1 eV, which then decreases significantly to 2.85 eV
for MCQDS1 and 1.9 eV for MCQDS2. Our prior research
revealed pronounced peaks in the ¢; plot, attributable to the
amorphous characteristics of the samples. The extensive peaks
illustrated in Fig. 17 can be attributed to the amorphous form
of the samples.”* Table 4 presents the estimated Eqp, derived
from the ¢; plots. The chart shows that the Eqpe drops progres-
sively with increasing CQD content in the MC polymer matrix.
It should be noted that the observed reduction in optical band
gap corresponds to an effective optical band gap arising from
localized states and defect-induced transitions, rather than a
true bulk-like band structure modification. This behavior is
characteristic of disordered polymer nanocomposites, where

5162 | Mater. Adv., 2026, 7, 5147-5170

against hv.

Table 4 Correlation of Eqpg (€V) from Tauc's model with photon energy
(eh)¥T and ¢

Samples (ahv)? (xhw)*? (o) (ahv)'? &
MCQDSO 6.2 5.95 5.8 5.6 6.1
MCQDS1 2.9 2.6 2.5 2.45 2.85
MCQDS2 2.7 1.8 1.45 1.4 1.9

sub-band-gap transitions are governed by tail states and inter-
facial electronic interactions. The absorption behavior in the
low-energy region follows the Urbach rule, o(Av) = o, exp(hv/Ey),
where Ey represents the Urbach energy associated with loca-
lized tail states. This trend indicates strong electrical interac-
tions between the CQDs and the polar MC chains, which
enhance optical absorption. These interactions arise from the
incorporation of CQDs into the host polymer, creating localized
charge-carrier states (trapping sites) within the band structure.
The presence of these confined states facilitates electronic
transitions at lower energies, thereby causing the observed
reduction in Eqpg.”*

Quantum mechanical principles offer fundamental insight
into light-matter interactions and the functioning of electronic
materials. However, from a practical and quantitative perspec-
tive, Tauc’s relation is widely recognized as one of the most
accurate methods for evaluating the Eq,, in nanocomposite
systems. Accurate determination of the Eq,, from optical
absorption data often necessitates careful consideration of
alternative approaches, particularly due to the presence of
band-tail states near the VB and CB. Despite these complexities,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Tauc’s model remains one of the most effective and commonly
employed techniques for determining the Eqpg.”
ahv = M(hv — Eopg) (13)
where M represents a constant that is independent of energy.
The Eqpg can be calculated by utilizing eqn (12) on the recorded
UV-vis spectra of the samples. Moreover, the characteristics of
the electronic transition can be found by defining the value of
T. For direct electronic transitions, T takes the values 1/2 or 3/2,
while for indirect transitions, T equals 2 or 3, depending on
whether the transitions are allowed or forbidden, respectively.”?
In crystalline solids, a direct transition occurs when an
electron is promoted from the VB to the CB without a change
in crystal momentum, meaning the transition happens at the
same point in k-space and conserves both energy and momen-
tum. In contrast, an indirect transition involves electronic
states at different k-space positions within the conduction
and valence bands. Such transitions can occur only with the
assistance of phonons, which provide the required momentum
compensation.”® By extrapolating the intersection of the linear
segment of the (ah)"" with the whv axis, one can obtain the
value of Eqpe in Fig. 18. The type of transition can be deter-
mined by comparing the Eqp, values derived from the dielectric
loss plot with those obtained from the Tauc’s equation model,
as can be seen in Table 4.*>°° By comparing the Eqp, values
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obtained from Tauc’s model (Fig. 18A-D) with the energies
derived from ¢; (Fig. 17), the nature of the electronic transitions
can be determined. Specifically, for MCQDS0 and MCQDS2, the
transitions are classified as direct forbidden (T = 3/2), whereas
for MCQDS1, they are identified as direct allowed (T = 1/2).
Moreover, the XRD results validated that the MC crystalline
structure was compromised by the CQDs. The mismatch
between the VB and the CB is a well-known characteristic of
amorphous materials, which prevents direct allowed transi-
tions. Notably, despite structural distortions in the MC:CQD
NNC samples, they retain significant crystalline regions, as
confirmed by XRD analysis and morphological observations.
Consequently, the direct forbidden (T = 2/3) outcomes for
composite samples are linked to the diminished crystalline
order in the MC:CQD NNC. The Eqp, value (generally less than
2) for MC/CQD films renders them appropriate foundational
structures for solar cell applications, organic light-emitting
diodes (OLEDs),** photo-detectors and photovoltaic cells.”
Table 5 summarizes the variation in Eg,, and n of MC-based
nanocomposites as a function of CQD content. The results
clearly demonstrate that the incorporation of CQDs causes a
significant narrowing of the band gap, indicating strong elec-
tronic coupling between the CQDs and the methylcellulose
matrix. By comparison, other modifiers such as polymer
blends, organic dyes, ceramic fillers, or conventional nano-
particles typically produce only marginal reduction in the Eqp,.
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(A—D) Tauc's spectral plots for different kinds of transitions versus hv.
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Table 5 Energy gap and refractive index of the MC polymer NNC with
varying concentrations of CQDs and other additives (dye, polymer blends,

ceramic fillers, and nanoparticles)

Doped polymer Eopg (eV) n Ref.
MC:CuS nanoparticles (NPs) 6.24-2.35 1.18-2.06 10
MC:hollyhock (HH) dye 5.6-2.7 — 12
MC:CuCl, salt 6.21-2.68 1.44-2.04 13
MC:Ag NPs 5.76-4.27 — 15
CS (chitosan)/MC: LiBF, 5.10-4.88  2.44-2.63 77
MC:Cosmos sulphureus Cav. 6.2-2.3 1.15-1.18 68
(CsC) flowers
MC:Pb*' 6.32-4.44  — 78
MC:methylene blue 6.29-5.95 — 79
MC:CQDs 6.1-1.9 1.159-1.516 Present
work

The pronounced influence of CQDs is attributed to the for-
mation of localized charge-carrier states within the polymer
network, which act as trapping centers and enable lower-energy
electronic transitions. This modification enhances optical
absorption, thereby improving the suitability of the composite
for optoelectronic applications.

3.10.1. Cody representations for the bandgap study. Cody
contended that the rising value of Tauc’s optical gap, linked to
the reduction in film thickness, arises from the curvature of the
dependency of the spectra of the function («/h)"" on the
energy of the input photon. The Eq,, of the MC/CQDs films
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with varying thicknesses can be ascertained from the intersec-
tion of the linear segment depicted in the graph of (a/Av)"”
versus photon energy. The convergence of this linear extension
along the abscissa, according to the Cody model of Egp,,
enables the calculation of Eqp,, yielding the band energies
depicted in Fig. 19(A-D) for the allowed direct and indirect
transitions, respectively. Cody representations exhibit a slight
curvature in comparison to Tauc’s plots and reveal a reduced
dependence of the optical gap on the thickness of thin CQD
layers, unlike the observations made using Tauc’s technique.
Tauc asserted that the momentum matrix component is unaf-
fected by hv, whereas Cody proposed that the dipole matrix
element is likewise not reliant on hv. Table 6 presents the
estimated Eqp, values derived from Cody’s method.”>*" By
juxtaposing the Egp, values derived from the Cody model
(Fig. 19A-D) with those acquired from the optical dielectric
loss spectra, the characteristics of the electronic transitions
may be accurately discerned. The analysis indicates that both
MCQDS0 and MCQDS1 demonstrate direct band transitions
with a transition index of T = 3/2. At the same time, MCQDS2
displays a direct allowed transition with T = 1/2, further
demonstrating that the insertion of CQDs induces optical
properties in the MC matrix and modifies the structure of the
MC matrix in a predictable manner, thereby substantiating the
validity of the employed optical models. When comparing
results from Tauc’s plots and Cody’s representations, there
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(A—D) Cody spectral plots for different kinds of transitions versus hv satisfied Tauc's models.
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Table 6 Optical energy gap (Eopg) of MC and MC/CQD nanocomposites
evaluated using the Cody method from optical absorption data

Samples (o/h)? (a/he)?? (a/her)M? (a/ha)*? &
MCQDS0 6.25 5.95 5.9 5.8 6.1
MCQDS1 3.4 2.5 2.4 2.25 2.85
MCQDS2 2.2 1.5 1.4 1.2 1.9

are slight variances in Eqp, levels that can be ignored when
taking the measurement error range into account. It is possible
to conclude that these distinctions are not important, making
their use unnecessary. The energy band gap for both organic
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and inorganic semiconductors can be computed using these
models.

3.10.2. Differentiation methods for bandgap estimation.
This study primarily examines the determination of Eqp, for
permitted direct transitions using various methods. The Eq is
found by many methods, the initial three of which include
graphing the first derivative as a function of photon energy for
transmittance spectra, refractive index, and reflectance spectra.
In these methods, the energy of the gap is determined from the
initial maximum apex in the higher-energy range on the x-axis
(see Fig. 20A-C), where the position of the highest peak
correlates with the optical energy gap.°>*" The analysis of solid
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Fig. 20 Various techniques used to determine the optical band gap Eqpg of MC and MC/CQD nanocomposite films from the corresponding optical

spectra.
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structures and defects involves examining the dielectric loss
tangent, which is calculated from the measured dielectric
constant values. The dielectric parameter (tan ) is defined as
the ratio of the ¢; component to the ¢, of the dielectric constant.
Consequently, tan d is defined as:>°

tand = = (14)
&

Fig. 20D illustrates the dependency of tand on Av for both
pristine MC and MC/CQD nanocomposite films. The tané
demonstrates elevated levels at high Av throughout all analyzed
samples, corresponding to a rise in CQD concentration. More-
over, a rise in CQDs leads to a decrease in the value of Egp,e. The
last approach is optical conductivity (g,p), which possesses the
dimension of frequency in the Gaussian system of units, is
suitable for optical materials, and is often derived from the n
and « values, using the following relation.®>

(15)

The optical conductivity (o,p) of both pristine MC and MC/
CQD nanocomposite films was evaluated using the corres-
ponding relation. Fig. 20E depicts the dependence of ¢4, On
photon energy (Av) for the undoped and CQD-incorporated MC
samples. From these plots, it is evident that the logarithmic
values of o, increase approximately linearly with rising
photon energy and then exhibit a sharp upturn as the photon
energy approaches the Eqp, of the materials. This sudden
increase in optical conductivity indicates the generation of a
large population of free charge carriers resulting from electro-
nic transitions from the valence band to the conduction band
within the polymeric electronic structure.®* Another way to
determine the energy band gap is the figure of merit (¢im)
for transparent films, written as @gm, = T"°/R, where R; denotes
sheet resistance. The film’s R, measures the electrical resis-
tance R, of the films. Minimal sheet resistance is crucial for
transparent electrodes in technical gadgets and solar cells,
since it indicates enhanced electrical conductivity.*> Conse-
quently, ¢mm has been established to improve the physical
properties of MC/CQD films. The merit of the composite
samples was progressively enhanced with rising CQD concen-
tration. We can calculate the Eqpg from the absorption edge or
significant peaks in pure MC polymer and MC/CQD samples by
using Eqpe = 1239.83/4 (see Fig. 20F). The optical bandgap
values obtained from all these approaches are compiled in
Table 7, which clearly indicates that the energy gap figures are
converging across all techniques. The optical bandgap values
diminish with increasing concentrations of CQDs. The
reduction of the energy gap with the incorporation of CQDs
into the MC matrix indicates the emergence of disorder within
the polymer structures, resulting in the creation of localized
energy states within the forbidden energy band gap. This
phenomenon leads to the formation of trap levels during the
transition from the HOMO to the LUMO in the MC/CQDs,
thereby decreasing the energy required for the electron
transition.>® It is obvious through comparing five differentia-
tion approaches for band gap analysis across all composite

Gopt = NAC/AT
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Table 7 Various techniques for examining the optical band gap Egpg and
contrasting it with hypothetical dielectric loss

Samples d7/dZ2  dR/dAA  dn/di oop tan o Pfilm &
MCQDSO 6.1 6.39 6.39 6.15 5.9 6.02 6.1
MCQDS1 3.28 3.17 3.18 3 2.55 2.56 2.85
MCQDS2 2.79 2.48 2.49 2.15 1.6 1.85 1.9

samples with dielectric loss that d7/d/ is a notable strategy for
MCQDS0, 6, is prominent for MCQDS1, and ¢g, is excep-
tional for MCQDS2.

3.10.3. Wemple and DiDomenico (WDD) method. Wemple
and DiDomenico (WDD) formulated the concept of a single-
oscillator model for the electronic dielectric constant. The
model is applicable for characterizing refractive index disper-
sion at photon energies beneath the interband absorption
threshold. In the single-oscillator model, the frequency-
dependent dielectric constant is employed to delineate two
energy quantities, E, and Eg.

1 E

— = hw)? +—= 16

1 BE™ TE (16)
Eq

- Ji4= 17

1o 5 (17)

Location of oscillator energy (E,) represents the average excita-
tion energy for electronic transitions, while (E4) is the disper-
sion energy, which quantifies the average strength of interband
optical transitions.®* Moreover, Eq links the coordination num-
ber and the charge distribution within each unit cell, which is
intrinsically associated with chemical bonding.®® The values of
(Eq) and (E,) can be derived from the intercept and slope of the
fitted lines in the graph of ;12—1—1 against square phone energy,
as illustrated in Fig. 21. The WDD dispersion parameters, E,
and Ey, for all films were directly derived from the slope
(EoEq) " and the intercept (Eo/Eq) of the linear equations, as

35
= NMCQDS0
304 = MCQDS1
MCQDS2
2.5+
< 20
N
=
T 154
Slope=-0.11081,Intercept=3.8545
Slope=-0.11838,Intercept=1.33707
1.0
0.5 1
0.0 T
0 10 20

(hvy?

Fig. 21 WDD spectral analysis of MC and MC/CQD nanocomposites
showing the variation of 1/(n?> — 1) as a function of ().
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Table 8 Optical dispersion and nonlinear optical parameters of MC and MC/CQD nanocomposites obtained using the WDD single-oscillator model

Samples Eq E, o 11 ¥ x 107 n, x 1071 f

MCQDS0 1.5301 5.8979 1.2594 0.2037 3.08967 9.2437 9.0245
MCQDS1 2.5135 3.3608 1.7479 0.5871 213.387 460.003 8.4474
MCQDS2 2.8375 2.7413 2.0351 0.8125 782.882 1449.52 7.7785

presented in Table 8. It is evident that augmenting the concen-
tration of CQDs resulted in a reduction of the single E, and an
elevation of E4. This model proposes that E, is correlated with
the optical band gap (Eopg).”® For the present films, the E,
values were nearly equal to the corresponding Eop, values (see
Table 8). Moreover, dispersion plays a critical role in the study
of optical materials, serving as a fundamental parameter in
optical communication and device design. The static refractive
index values n, (the zero-frequency refractive index) of the
analyzed films were derived from the WDD dispersion para-
meters E, and Eq utilizing eqn (17),*® which improves the
material’s strength. The rise in the value of n, correlates with
improved polarizability. Systems like CQDs may perturb the
lattice structure, resulting in a reduction in lattice energy and
an elevation in the value of 7y.*” The strength of an individual
oscillator (f) is defined as f = EyEq4, refer to Table 8. The
field of nonlinear optics is expected to enable a wide range of
photonic devices. This motivates the investigation of the non-
linear optical properties of MC-CQD NNCs at different concen-
trations. Accordingly, the linear optical susceptibility (x)) and
the third-order nonlinear optical susceptibility (;**)) of the MC-
CQD composites have been determined for the nonlinear
optical analysis

X(]) _ Ed/EO
4n

) =6.82 x 1073 (Eq/E)? (18)

Table 8 presents the values of z") and 7, which exhibit a
progressive increase corresponding to the rising content of
CQDs. Moreover, the determination of the nonlinear refractive
index is crucial for numerous optoelectronic applications;
consequently, the nonlinear refractive index (n,) for the MC-
CQD NNC is determined using 7 and n, data, using the
following equation.

n, = 121/, (19)

The estimated values of n, improve with the addition of CQDs,
as shown in Table 8. Because of their unusual optical proper-
ties, MC-CQDs lead the field in optoelectronic applications.®®
In addition, at higher CQD loadings, quantum confinement
effects become increasingly significant, leading to the for-
mation of additional discrete energy levels and the amplifica-
tion of nonlinear optical phenomena. The observed
enhancement in third-order nonlinear oscillatory behavior is
primarily attributed to the increased density of electronic states
near the band edges. Furthermore, the reduction in the optical
band gap (Eopg) enables electronic transitions at lower photon
energies, thereby facilitating multiphoton excitation within the

© 2026 The Author(s). Published by the Royal Society of Chemistry

composite system. Owing to the pronounced improvement in
nonlinear optical parameters, most notably the substantial
increase in third-order nonlinear susceptibility (*)) and non-
linear refractive index (1), the MC/CQD nanocomposite films
developed in this study exhibit strong potential for advanced
photonic and optoelectronic applications. Such materials are
particularly suitable for all-optical switching, optical limiting,
and modulation devices that require media with high nonlinear
optical response.?”

4. Conclusion

In this study, CQDs were sustainably synthesized from the
coffee residue using a hydrothermal method. HRTEM, XRD,
and structural and morphological evaluations verified the
synthesis of ultrasmall CQDs with particle sizes below 5 nm
and primarily amorphous properties. XPS and FTIR surface
chemistry analyses revealed the presence of several functional
groups, including -OH, -NH, C=0, C-N, and C—C. These
groups are crucial for enhancing the functionality of the
methylcellulose (MC) polymer matrix in conjunction with other
components. The incorporation of CQDs into MC enhanced the
optical characteristics of the MC polymer. The UV-visible
absorption spectrum shows that the MC/CQD nanocomposite
improves light absorption, significantly reducing the optical
gap from 6.1 eV (MCQDS0) to 1.9 eV (MCQDS2). This was
validated by Tauc’s plot, tan d, Gqp, @fiim, and the differentia-
tion method. The heteroatoms and functional groups (C=0,
NH,, and COOH) in CQDs are thought to have reduced the
energy gap by creating localized energy states, and better
optically inferred interfacial electronic interactions have led
to an increased Urbach tail. The refractive index rises from 1.15
to 1.51, indicating an increase in the number of charge carriers
and the composite system’s polarization capacity, which is
suitable for optoelectronic devices. Studies of photolumines-
cence show that our CQDs have a quantum yield of 4.55%. This
means that they would work well in optoelectronic devices. The
emergence and alteration of unique peaks in the group velocity
spectra demonstrated that CQDs can modify light propagation
and reduce photon velocity within the MC polymer. The study,
which employed optical dielectric functions and the Wemple-
DiDomenico model, augmented our understanding of the dis-
persion properties and fundamental optoelectronic features of
the nanocomposites. This study shows that use of natural CQDs
is an efficient, cost-effective, and environmentally friendly
method for inducing the optical properties of MC polymers.
The MC-CQD nanocomposites are a great candidate for appli-
cations in photoelectronic devices.
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