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Introduction

Reinforcement using undoped carbon quantum
dots (CQDs) with a partially carbonized structure
doubles the toughness of PVA membranes+

Zeeshan Latif, @2 Hasan B. Albargi, ¢ Zubair Khalig, ©©2 Kinza Shahid,?
Usama Khalid,® Muhammad Bilal Qadir, © *¢ Mumtaz Ali, © *¢
Salman Noshear Arshad, @¢© Al S. Alkorbi © and Mohammed Jalalah @ <9

Nano-carbon-reinforced polymer composites have gained much consideration in functional applications
due to their attractive mechanical strength and cost-effectiveness. The surface chemistry and associated
mechanical strength of carbon nanotubes (CNTs), graphene, and other carbon derivative-based
nanocomposites are well understood. While CQDs are considered emerging carbon derivatives, their
surface chemistry, unique physio-chemical properties, and dispersion behavior in polymers are yet to be
explored. Therefore, in this work, CQDs with different structures were synthesized from lemon pulp and
urea, and their rheology and mechanical strength were studied in the PVA matrix. The surface chemistry
and structure of CQDs were controlled using different solvents and reaction temperatures, respectively.
CQDs possessed a circular shape, with a size of <10 nm, having a suitable carbon core and functional
groups, as confirmed by TEM and FTIR spectroscopy. The dynamic viscosity and particle size of PVA/
CQDs films peaked at 4% inclusion due to the maximum crosslinking of U-CQDs with reinforcement at
180 °C. Compared with pure PVA, the optimized composite showed an 80% larger particle size with 67%
better tensile strength at 4% U-CQDs concentration. In addition to enhanced mechanical strength,
CQDs exhibited antibacterial activity in composites. These CQDs-reinforced PVA composites may be
suitable for different functional textile applications (shape memory composites and photo-active textiles).

with a highly functional surface and typically have a size of less
than 10 nm.* The structure of CQDs allows the tunability of
properties for specific applications, such as composites, semi-

Carbon nanomaterials include a variety of carbon derivatives
with different shapes and sizes, which make them suitable for
a broad range of applications." The most recent derivative of
carbon materials is carbon quantum dots (CQDs), which serve
as cost-effective and sustainable nano-reinforcements for
mechanical and functional applications.> CQDs consist of an
amorphous and crystalline carbon mixture as the core along
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conductors, and photocatalysts; besides, CQDs serve as
sustainable precursors and involve facile synthesis. Specifically,
large amount of CQDs required for nano-reinforcement of
polymers can be achieved by a bottom-up approach via
carbonization of organic precursors. The formation of CQDs
includes four stages: (1) homogenous mixing of precursors, (2)
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T Electronic supplementary information (ESI) available: The formation of
solvent-induced surface states on CQDs in the presence of different solvents
is shown in Fig. S1. The chemical structures of all undoped and N-doped
CQDs, including water-based, ethanol-based, and DMF-based CQDs, along
with the condensation and carbonization stages are shown in Fig. S2. The
interactions between CQDs and PVA chains are shown in Fig. S3. A
comparison of the average tensile strengths from five replicates of samples
fabricated using CQDs with different surface chemistry, sizes, and structures,
and samples with varying concentrations of the CQDs in the PVA polymer are
shown in Table S1. A comparison of results from previous works and this
study, including the degree of polymerization of PVA, CQDs precursors, CQDs
synthesis conditions, CQDs concentration, and the mixing method of CQDs is
presented in Table S2. See DOI: https://doi.org/10.1039/d3na01143g
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formation of fluorophore molecules, (3) formation of a more
extensive molecular network, and (4) partial carbonization of
molecular networks into CQDs. The transformation of precur-
sors to CQDs is a temperature-driven process; therefore, an
elevated temperature is required for their synthesis via hydro-
thermal, magnetic hyperthermia, microwave, plasma, and
ultrasonic routes. The properties of CQDs formed by these
synthetic methods can be tuned by controlling the temperature
and reaction time, as well as the degree and time of carbon-
ization. At the same time, the type of organic precursors is also
an important parameter.*

The size, degree of carbonization, and functional groups at
the surface of CQDs can influence the properties of CQDs-
embedded polymer composites. The addition of CQDs
changes the crystallization dynamics, phase segregation, and
crystal growth as it serves as a crosslinking agent.>® In addition,
CQD composites have an advantage over other nano-
reinforcements as they do not require surface modifications
or dispersing agents. Furthermore, their high surface area
causes stress dissipation, thus enhancing the mechanical
strength of the polymeric structures, ie., increasing their
strength and elongation. The interaction of CQDs with poly-
mers can be via chemical or physical crosslinking; the former
has been shown to increase the mechanical strength by up to
100%, and the latter is capable of only 50% strength enhance-
ment.” In contrast, the effect of reinforcement was more
prominent in thermosetting polymers due to chemical cross-
linking than in thermoplastic polymers. The addition of
0.5 wt% CQDs in a polymer resin led to a threefold increase in
strength, exhibiting their remarkable ability in the synergistic
enhancement of properties. Thus, mechanically enhanced
polymers with CQDs can be used for structural applications.® In
another study, functionalized graphene (f-Gr) was incorporated
in PVA to obtain PVA-graphene (Gr) nanocomposite films
fabricated at varying refluxing and vacuum oven times. Nitric
acid (HNOj;) was used to functionalize the graphene nano-
particles. The PVA-f-Gr nanocomposite had a higher storage
modulus than pristine PVA and the PVA-Gr composite across
the entire temperature range, according to the dynamic
mechanical analysis (DMA). The introduction of f-Gr nano-
crystals into the PVA matrix had a significant impact on the
glass transition state (7Ty), loss modulus, and damping factor
(tan ¢) of the PVA-f-Gr nanocomposite films.® Furthermore,
functionalized silicon carbide (f-SiC) nanoparticles synthesized
via acidic oxidation with HNO; exhibited a homogeneous and
stabilized distribution of activated silicon carbide (SiC) within
the PVA chains. The PVA/f-SiC nanocomposite containing
2 wt% f-SiC showed 77% higher mechanical strength and 105%
higher storage modulus.*

Composites of CQDs with thermoplastic polymers can be
fabricated via physical mixing; however, this can cause
compatibility problems due to the aggregation of CQDs.
Therefore, chemical bonding, which involves interlinking and
interfacial interactions between the polymer chains and CQDs,
is preferably employed to avoid aggregation problems. A CQDs/
thermoplastic polyurethane composite fabricated with 1 wt%
CQDs (added during the polymerization of thermoplastic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polyurethane) showed 1.5 times higher mechanical strength
because of the increased number of active bonding sites on the
surface of the CQDs provided by their functional groups.
Increasing the content of CQDs above 1 wt% in polyurethane
caused aggregation in the matrix and loss of strength due to
increased brittleness."** In addition, CQDs have been used to
reduce the stiffness of polyacrylonitrile (PAN)-derived carbon
nanofibers. The application scope of PAN-derived carbon
nanofibers is limited due to their brittleness. CQDs synthesized
from coal using a nitric and sulfuric acid mixture were used to
fabricate a 1: 1 nanocomposite of CQDs:PAN nanofibers, which
showed a 7 times higher young modulus. This can be explained
by the increased chain alignment in the nanofibers due to the
functional groups on the surface of the CQDs.™

A previous study used the concept of CQDs nano-reinforce-
ment in polyvinyl alcohol (PVA) films for strength and electro-
magnetic applications. CQDs were synthesized using
a microwave approach, and CQDs-PVA films with different
concentrations were fabricated using the solution casting
method. The addition of CQDs increased the breaking strength
by tenfold, while the optimum concentration of CQDs was 6%.
On the other hand, the inclusion of 8% CQDs decreased both
strength and elongation due to aggregation." The increase in
Young's modulus in the optimized CQDs composites was
related to the prevention of chain slippage due to increased
packing density.” Similar results were observed for solution-
cast composite films of chitosan (CS) and nitrogen-sulfur (NS)
co-doped CQDs. The results showed that adding CDQs at 2 wt%
enhanced Young's modulus and tensile strength by nearly 1.5
times.'® The increase in the mechanical performance of the
nanocomposite can be attributed to strong hydrogen bonding at
the CS and NS-CQDs interface.'” Another study used CQDs for
the reinforcement of epoxy/polyurethane (PU) composites for
multipurpose applications such as strength, flexibility, and UV
protection. The pre-PU polymer and epoxy were mixed at 55 °C
for 2 h. and mixed with a CQDs/DMF solution for over 2 h. The
mixture was cooled at ambient temperature, and a nanofilm
was created on the steel surface. Mechanical testing of the film
showed that adding 3% CQDs increased its toughness by more
than 100%."®

Previously, CQDs synthesized based on citric acid, urea, and
ethylene diamine as precursors have been used in polymer
matrices as reinforcement materials; however, there is less
focus on sustainable biomass-derived CQDs. Furthermore,
numerous studies are available on the effect of different
concentrations of CQDs on polymer matrices. However, the
effects of intrinsic factors of CQDs, including crystallinity, size,
surface chemistry, and the mechanism related to increased
tensile properties, have not been comprehensively investigated
in previous studies. To understand the mechanism underlying
the enhanced mechanical and functional properties of CQDs-
polymer composites, the effects of CQDs structure, functional
groups, and optimized concentration on CQDs-PVA composites
were studied herein. CQDs were synthesized using lemon pulp
as the precursor, while the functional groups were controlled
using different solvents for hydrothermal carbonization. The
CQD structure was tuned by using different synthesis
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temperatures to alter the degree of carbonization and the
associated structure of the CQDs. The rheology and mechanical
strength of the CQDs-PVA composites were compared to
elucidate the mechanism of the reinforcement effect of CQDs.
Water was the best solvent for enhancing the mechanical
strength, and the undoped structure was better than the
nitrogen-doped structures. The composite structure of CQDs—
PVA showed a higher degree of amorphous regions, increasing
the elongation. The crosslinking effect of CQDs, as confirmed
by the rheology studies, can directly be related to their
enhanced mechanical strength.

Experimental methods

Materials

Polyvinyl alcohol (PVA, M.W.; 89 000 to 98 000, degree of poly-
merization 2023 to 2227, 95% purity) was purchased from
Sigma-Aldrich (USA). Laboratory-grade solvents such as ethanol
and N,N-dimethylformamide (DMF) were purchased from
Sigma-Aldrich, USA. Other laboratory-grade chemicals,
including citric acid and urea, were purchased from the local
chemical market (Pakistan) to synthesize CQDs. A dialysis
membrane with a pore size of 20 kDa was purchased from the
local chemical market (Pakistan) to separate the CQDs.

Methods

Synthesis of CQDs. The CQDs were synthesized via a hydro-
thermal method using 4 g lemon pulp as the carbon precursor
and 6 g urea as the nitrogen dopant (for the synthesis of
nitrogen-doped CQDs). These precursors were dispersed in
30 mL of different solvents, namely deionized water, ethanol,
and DMF, to synthesize nitrogen-doped CQDs denoted as W-
CQDs, E-CQDs, and D-CQDs, respectively. In the case of undo-
ped CQDs, only 4 g of lemon pulp was dissolved in 30 mL of
deionized water to synthesize U-CQDs. The resulting mixtures
were sonicated for 15-20 min in a water bath sonicator at room
temperature to disperse the reactants. The dispersed solutions
were poured into a 100 mL hydrothermal reactor for carbon-
ization. The hydrothermal reactor was placed in an oven at 140 °
C, 180 °C, and 220 °C for 6 h to obtain CQDs of different sizes
and structures. After carbonization, a dialysis membrane was
used to separate the nanoparticles based on their sizes. After
purification, the colloids of CQDs were dried at 80 °C in an oven.

PVA/CQDs nanocomposites. PVA/CQDs nanocomposite
films were fabricated using the solution casting technique. A
hot-plate magnetic stirrer was used to prepare the PVA/CQDs
nanocomposite solution. First, 8 g PVA was dissolved in
40 mL distilled water for 12 h at 70 °C. After that, CQDs at
different concentrations with respect to PVA, such as 2, 4, and
6 wt%, were added to the PVA solution. The prepared solutions
were poured onto molds and left for 1 day at room temperature
to evaporate the water. All the films were fabricated using a film
applicator while maintaining a slow heating rate for solvent
evaporation. Fast heating may result in the formation of voids
or trapped air bubbles. The PVA/CQDs nanocomposite films
were characterized using different characterization techniques.
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The average tensile strengths of samples (5 replicates) fabri-
cated with different surface chemistry, size, structure, and
concentration of CQDs in the PVA polymer were compared
(Table S17).

The experimental design of the synthesis of CQDs and the
fabrication of nanocomposites is shown in Scheme 1. Initially,
the different surface states of the CQDs were optimized by using
various solvents (water, ethanol, and DMF) in the hydrothermal
process. Undoped CQDs were also synthesized in water. The
solvent that offered the optimized surface state was used to
carbonize the CQDs at different temperatures, i.e. 220 °C, 180 °©
C, and 140 °C. Finally, the optimal concentration of CQDs in
PVA was determined by testing 2%, 4%, and 6% of CQDs in the
composite structure.

Characterization

The chemical composition of all the synthesized CQDs was
confirmed using Attenuated total reflection Fourier transform
infrared spectroscopy carried out on an ASTM E168 (ATR-FTIR;
Spectrum Two, PerkinElmer, Germany). Photoluminescence
spectroscopy (Jobin Yvon HORIBA NanoLog, France) was used
to analyze the Stoke shifts of the CQDs. A UV-vis spectropho-
tometer (LAMBDA 950, PerkinElmer, United Kingdom) was
used to identify the electronic structure of the CQDs. The
structural crystallinity of the PVA/CQDs nanocomposites was
analyzed using X-ray diffraction (XRD; X’ Pert Pro, PANalytical,
Netherland) with a PIXcel detector and Cu Ka radiation in the 26
= 10-50° range and a 26 step size of 0.03. A zeta sizer was
employed to confirm the particle size by dynamic light scat-
tering according to ISO 13322-2: 2021 and ISO 22412. The
mechanical testing of the PVA/CQDs nanocomposites was per-
formed using a Universal testing machine ASTM D 5079 (UTM,;
Zwick/Roell Z100, Germany). For tensile testing, samples of
length 130 mm and width 25 mm were prepared. The
morphology, crystal lattice, and size of the optimized CQDs
were confirmed by transmission electron microscopy (TEM;
JEM-2100F, JEOL Ltd, Japan). The antibacterial activities of pure
PVA and the PVA-CQDs nanocomposites were evaluated after
0 and 24 h using the agar diffusion method according to the
ISO-20743 standard test.

Results and discussion

The formation of solvent-induced surface states in CQDs in the
presence of various solvents is shown in Fig. S1.1 The solvents
also contribute to the reaction and form new functional groups.
The reaction is accomplished in three steps: (i) rearrangement
of the reactants, (ii) condensation reaction to produce fluo-
rophores, and (iii) carbonization (Fig. S17). The exact chemical
composition of CQDs is still a matter of debate; however, CQDs
are assumed to have a mixture of amorphous and crystalline
carbon cores, which are enriched with functional groups on the
surface. The chemical structures of all undoped and N-doped
CQDs, including water-based, ethanol-based, and DMF-based
CQDs, are shown in Fig. S2t along with the condensation and
carbonization stages.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Experimental design showing the stages of CQDs synthesis optimization. Initially, the surface states were compared, followed by the
optimization of temperature and concentration of CQDs in the composite structure.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was performed in the attenuated total
reflection (ATR) mode using a zinc selenide grid to analyze the
chemical compositions of U-CQDs, W-CQDs, E-CQDs, and D-
CQDs in powder form according to the ASTM E168 standard
test method (Fig. 1). As seen in the figure, the stretching
vibrations of the -OH (hydroxyl) and C-H (alkyl) functional
groups were found at wavenumbers 3350 and 2975 cm ',
respectively, in all the CQDs. However, the spectrum of U-CQDs
showed broad stretching peaks of -OH and C-H, and the
stretching vibrations of the H-C=O (aldehyde) groups
appeared at 2675 cm™ 'in the U-CQDs and D-CQDs IR spectra.
The sharp peaks of the C=0 (carbonyl) and H-O-C=0 (car-
boxy) groups were found at 1750 and 1375 cm ™, respectively, in
all the CQDs spectra. The stretching vibrations of the -C-O-NH
(amide) groups were seen at 1275 cm ' in the spectra of
nitrogen-doped CQDs, such as W-CQDs, E-CQDs, and D-CQDs.
No nitrogen functional groups available were present in undo-
ped CQDs, namely U-CQDs. In addition, the IR signals of the
C-0-C (ether) groups were noted at 1175 cm ™" for all CQDs. In
addition, the stretching vibrations of D-CQDs showed that the
content of oxygenated and nitrogenated groups was higher than

© 2024 The Author(s). Published by the Royal Society of Chemistry

those in the other nitrogen-doped CQDs, namely W-CQDs and
E-CQDs.

Optical characterization

The optical properties of the CQDs were analyzed to confirm the
synthesis of CQDs with different surface states. The change in
surface states was observed from the Stokes shift of the CQDs.
UV-vis spectroscopy was used to study light absorption by the
CQDs and the associated electronic transition in the UV and
visible spectral range. The absorbance spectra of U-CQDs, W-
CQDs, E-CQDs, and D-CQDs were analyzed using a UV-vis
spectrophotometer, and the results are shown in Fig. 2(a). The
UV-vis absorbance spectra displayed two regions: one for m—m*
transitions in the 250-380 nm wavelength range of the UV
spectrum, and the second representing n-m* transitions in the
visible 380-700 nm wavelength spectrum. The w-7* higher
energy spectrum is associated with the carbon cores (C-C, C=
C), and these peaks were found in all samples, including U-
CQDs, W-CQDs, E-CQDs, and D-CQDs." Meanwhile, n-7t* in
the lower energy spectrum is associated with the surface states,
which generate discrete energy levels between the highest
occupied molecular orbitals (HOMOs) and the lowest

Nanoscale Adv., 2024, 6,1750-1764 | 1753
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Fig. 1 FTIR spectra show that undoped CQDs have only oxygenated
functional groups and nitrogen-dopped CQDs have both oxygenated
and nitrogenated functional groups.

unoccupied molecular orbitals (LUMOSs)."** Two types of
surface states could be observed: (1) oxygenated functional
groups such as C=0 or C-O were observed in all CQDs. (2)
Nitrogenated functional groups such as C-N-C or C-N-H
occurred in nitrogen-doped CQDs such as W-CQDs, E-CQDs,
and D-CQDs. The shoulder peaks of the nitrogen-doped CQDs
indicate that the content of both oxygenated and nitrogenated
functional groups was higher in D-CQDs.** The E-CQDs showed
a broad peak of oxygenated groups; however, the content of
nitrogenated groups was lower than that in W-CQDs. The
shoulder peaks of the undoped U-CQDs represented only
oxygenated functional groups. Generally, a higher number of
surface functional groups decreases the HOMO-LUMO energy
gap, resulting in transitions at lower energies.*>** The change in
the excitation energy values was calculated using Tauc plots,
and the HOMO-LUMO bandgaps of U-CQDs, W-CQDs, E-CQDs,
and D-CQDs were calculated to be 2.48, 2.39, 2.37, and 2.32 eV,
respectively [Fig. 2(b)].

Fluorescence is an optical characteristic of CQDs that can be
directly related to their electronic structure. The PL spectra
verified the quantum confinement effect and related photoex-
citation in the CQDs. The characteristic emission of the CQDs
in the colloid state was analyzed after excitation using PL
spectroscopy, which exhibited their excitation-emission spectra.
The emission of the U-CQDs, W-CQDs, E-CQDs, and D-CQDs
colloids were centered at wavelengths 440, 450, 475, and
550 nm, respectively [Fig. 2(c)]. An increase in the surface state
usually causes a decrease in the bandgap between the HOMO
and LUMO levels; therefore, the Stokes shifts increase.>*** The
D-CQDs revealed the highest content of surface states. Conse-
quently, the bandgap between its HOMO and LUMO levels was
the least. As the bandgap decreases, discrete energy levels are
formed between HOMO and LUMO levels; therefore, the PL
spectra showed emission at higher wavelengths.>**” Based on
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the UV-vis absorbance spectra and bandgap values, the possible
electronic transitions of the CQDs are shown in Fig. 2(d). The
undoped CQDs have the least surface states and vibrational
relaxation; therefore, they have the largest band gap and low
Stokes shift emission. Compared with E-CQDs and W-CQDs, the
surface states and vibrational relaxation of D-CQDs are higher;
therefore, the bandgap of D-CQDs would be decreased, hence
resulting in higher Stokes shift emission. Equivalent represen-
tations of CQDs HOMO-LUMO changes have been reported in
previous studies.?***?*> The colloids of U-CQDs, W-CQDs, E-
CQDs, and D-CQDs emitted blue, bluish-yellow, yellowish-
green, and yellow colors under UV irradiation, respectively
[Fig. 2(e)]. In addition, the emissions of pure PVA and the PVA +
U-CQDs, PVA + W-CQDs, PVA + E-CQDs, and PVA + D-CQDs
nanocomposite films were observed under UV and visible
lights, as shown in Fig. 2(f). The emission of the D-CQDs films
was the highest under the UV irradiation, which represents
their high quantum yield and better dispersion in the PVA
matrix. However, the emission of U-CQDs was almost quenched
after dispersion in the PVA matrix.

Optimization of the different surface states of CQDs

The effects of the different surface states of CQDs on the
mechanical and rheological properties of the PVA/CQDs nano-
composites were analyzed, as shown in Fig. 3. The average
particle sizes of the PVA/CQDs nanocomposites with different
surface states of CQDs were measured using dynamic light
scattering analysis (zeta sizer). As shown in Fig. 3(a), the average
particle size of PVA + U-CQDs, PVA + W-CQDs, PVA + E-CQDs,
and PVA + D-CQDs were observed to be 21.5, 12.5, 14, and 17
d nm, respectively. The average particle size of the PVA/CQDs
composite with undoped CQDs reinforcements was greater
than those of the nanocomposites fabricated using nitrogen-
doped CQDs. The particle size is associated with the interac-
tion of the CQDs with the PVA molecules; as the intermolecular
interactions between PVA and CQDs increase, the average
particle size of the PVA/CQDs composite increases. The
nitrogen-doped CQDs have both oxygenated and nitrogenated
functional groups in their structures. Both these functional
groups are electronegative and tend to accept electrons from
PVA, and these functional groups may lead to repulsion
between PVA and CQDs, thereby decreasing the interaction
between PVA and CQDs. Hence, the particle size of the nitrogen-
doped PVA/CQDs is reduced. However, undoped CQDs have
only oxygenated functional groups on their surfaces. These
functional groups are more electronegative than nitrogenated
functional groups and form strong physical interactions
between PVA and CQDs, hence increasing the particle size of the
corresponding PVA/CQDs composite.

The rheological properties, such as dynamic viscosity and
tangent delta, of all nanocomposites reinforced with nitrogen-
doped and undoped CQDs were analyzed against the angular
frequency. The dynamic viscosities of all PVA/CQDs nano-
composites were different due to the different surface states of
the CQDs, as shown in Fig. 3(b), at the same concentration of
PVA. The dynamic viscosities of PVA + U-CQDs, PVA + W-CQDs,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PVA + E-CQDs, and PVA + D-CQDs were found to be 10, 5, 7, and
8 Pa s, respectively. The dynamic viscosity reduced and exhibi-
ted non-Newtonian behavior as the angular frequency
increased. The PVA + U-CQDs showed the highest dynamic
viscosity due to the excessive content of oxygenated groups in U-
CQDs, which promote excellent hydrogen bonding between the
CQDs and PVA molecules. These strong intermolecular inter-
actions produce more internal resistance between the PVA
chains, resulting in its high viscosity.** Tangent (tan) delta is the
ratio of the loss modulus to the storage modulus, and it
measures the viscoelastic behavior of polymer fluids. The gel
point is the state at which the sample shows viscoelastic
behavior, and the tan delta is unity at the gel point. As seen in
Fig. 3(c), the tan delta values of the nitrogen-doped CQDs-
reinforced PVA nanocomposites were higher than that of the
undoped CQDs-reinforced nanocomposite.

The storage modulus of the PVA + U-CQDs nanocomposite
is enhanced due to the strong interactions of these CQDs
with the polymer matrix. These strong intermolecular inter-
actions increase the internal resistance between PVA and
CQDs; hence, the viscous behavior is dominant, and the tan

© 2024 The Author(s). Published by the Royal Society of Chemistry

colloids and PVA-CQDs films under visible light and UV irradiation.

delta is decreased.'® Moreover, due to the good dispersion
and better physical interactions such as hydrogen bonding
and van der Waals forces between the CQDs and the PVA
matrix,** the internal resistance between PVA and CQDs
increased.’>?®

The mechanical strength of the fabricated PVA/CQDs
nanocomposite films with different CQDs surface chemistry
were examined using a universal testing machine according to
the ASTM D2256 standard. The tensile strength curves
showing the load and extension of all the PVA/CQDs nano-
composites are depicted in Fig. 3(d). The nanocomposite films
of PVA + U-CQDs, PVA + W-CQDs, E-CQDs, and D-CQDs were
extended around 117%, 78%, 83%, and 76% against 122, 90,
65, and 100 N loads, respectively. The mechanical strength of
the PVA/CQDs nanocomposites with U-CQDs in the polymer
matrix were significantly enhanced compared with the
nitrogen-doped CQDs-reinforced PVA/CQDs nanocomposites.
The surface states of U-CQDs provide additional hydrogen
bonding with PVA chains; therefore, the strong hydrogen
bonding of PVA and CQDs enhances the mechanical strength
of the PVA film."**?® The schematic of the interaction

Nanoscale Adv., 2024, 6,1750-1764 | 1755
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the CQDs functional groups.

mechanisms in the nitrogen-doped and undoped CQDs-
reinforced PVA/CQDs nanocomposites is shown in Fig. 3(e).
Unlike the enhanced optical properties of nitrogen-doped
CQDs, the mechanical strength of U-CQDs are better due to
the stronger interactions of the electronegative oxygenated
functional groups.**°

1756 | Nanoscale Adv,, 2024, 6, 1750-1764

Effects of the different sizes and structures of the CQDs

The effects of the different sizes and structures of CQDs on the
mechanical and rheological properties of the PVA/CQDs nano-
composites were compared, as shown in Fig. 4. CQDs with
different sizes and structures were synthesized by tuning the
synthesis temperature. The average particle size of PVA + U-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CQDs 140 °C, PVA + U-CQDs 180 °C, and PVA + U-CQDs 220 °C
were approximately 20, 21.5, and 27 d nm, respectively, as
shown in Fig. 4(a). In the structure of U-CQDs 140 °C, less
carbonization and higher surface functional groups that inter-
acted with PVA molecules were observed; however, the content
of carbon cores was negligible. In the structure of U-CQDs 220 °
C, a higher content of carbon core and negligible content of
available functional groups were found. Therefore, the size of U-
CQDs 220 °C fosters weak interactions with PVA molecules. The
particle size of U-CQDs synthesized at 220 °C is expected to be
larger due to higher carbonization of CQDs and less function-
ality. Compared with this, the U-CQDs synthesized at 180 °C
have both optimum surface states and carbon cores in their
structures, which enabled stronger interactions with PVA. Given
the suitable content of functional groups and degree of
carbonization achieved in PVA + U-CQDs 180 °C, a narrow size
distribution was observed in the respective composite.

The dynamic viscosity of the PVA/CQDs nanocomposites
fabricated with CQDs of different sizes and structures were
analyzed, as shown in Fig. 4(b). In the structure of CQDs, the
carbon core provides toughness, and the functional groups offer
physical crosslinking via intramolecular and intermolecular
hydrogen bonding with PVA. U-CQDs 220 °C have a higher
carbon core content, which provides toughness to PVA/CQDs
nanocomposite; however, the functional groups are the least
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due to higher carbonization at elevated temperatures. There-
fore, fewer physical interactions occur between PVA and CQDs,
providing less internal resistance and lower viscosity. Mean-
while, U-CQDs 140 °C have less carbon core content and higher
functional groups in their structure than U-CQDs 220 °C.
However, U-CQDs 180 °C have the optimum content of carbon
cores and functional groups in their structure. Therefore, U-
CQDs 180 °C provide higher toughness and physical cross-
linking between the PVA chains. These higher molecular
interactions offer higher resistance and higher viscosity. The
effects of different sizes and structures of U-CQDs on the tan
delta values of PVA/CQDs nanocomposites are shown in
Fig. 4(c). The U-CQDs 220 °C have a lower content of functional
groups, which leads to weak intermolecular interactions with
PVA, and therefore, a low viscous response. U-CQDs 140 °C have
a higher content of functional groups that form weak physical
interactions with PVA molecules and hence have a lower viscous
modulus. However, U-CQDs 180 °C have a high content of
surface functional groups that produce strong physical inter-
molecular interactions with PVA, which can be associated with
high viscous response. Therefore, the tan delta of PVA + U-CQDs
180 °C was higher than those of other CQDs.

The mechanical strength of the PVA/CQDs nanocomposites
with U-CQDs of varying sizes and structures are shown in
Fig. 4(d). The nanocomposites PVA + U-CQDs 140 °C, PVA + U-
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Fig. 4 Effects of different sizes and structures of optimized surface states of CQDs on PVA are shown: (a) dynamic light scattering, (b) dynamic
viscosity, (c) tan-delta, and (d) tensile strength of U-CQDs synthesized at 140 °C, 180 °C, and 220 °C.
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CQDs 180 °C, and PVA + U-CQDs 220 °C could elongate up to
80%, 120%, and 90% at 120, 150, and 100 N loads, respectively.
The U-CQDs 140 °C reinforced nanocomposite exhibits low
strength because of the poor crystal structure formed at lower
temperatures, which can suppress crack generation and prop-
agation. The U-CQDs 180 °C have suitable contents of both
carbonized core structure and polar surface functional groups
that offer stiffness and strong interfacial interactions between
the PVA chains,* as required for better mechanical perfor-
mance.** While the U-CQDs 220 °C only have good content of
carbonized core structures due to high-temperature synthesis,
this kind of CQDs offers fewer interactions between PVA chains
and, therefore, results in composites with low strength.

Optimization of the concentration of U-CQDs 180 °C

As the U-CQDs 180 °C present the best mechanical strength,
their concentration in the composite was optimized. The effects
of different concentrations of U-CQDs 180 °C on the mechanical
and rheological properties of PVA/CQDs nanocomposites are
shown in Fig. 5. The average particle size of the PVA/CQDs
nanocomposites with different optimized U-CQDs 180 °C
concentrations were also analyzed, as demonstrated in Fig. 5(a).
The particle size of PVA composites with 2, 4, and 6% loadings
of U-CQDs were 19, 21.5, and 33.5 d nm, respectively. The
average particle size of the PVA/CQDs nanocomposites with 2%
loading of U-CQDs was smaller due to the lower content of
active interaction sites between the PVA and CQDs. The particle
size of the PVA/CQDs nanocomposites with a 4% concentration
of U-CQDs was larger than that at a 2% U-CQDs concentration.
At 4% U-CQDs, the maximum number of oxygenated functional
groups attached to the PVA molecules produced a large particle
size. As the concentration of U-CQDs increased, the particle size
of the PVA/CQDs nanocomposites increased. However, at 6%
loading of U-CQDs in PVA, the size of particles increased in the
form of clusters because the higher content of U-CQDs caused
their self-aggregation within the PVA molecules.

Fig. 5(b) depicts the effect of different concentrations of U-
CQDs 180 °C on the dynamic viscosity of the PVA/CQDs nano-
composites. At 2%, 4%, and 6% U-CQDs loadings in PVA, the
dynamic viscosity of the PVA/CQDs nanocomposites were 8.5,
12, and 7 Pa s, respectively. It was observed that the dynamic
viscosity of the PVA/CQDs nanocomposite increased with
increasing the content of CQDs. As the concentration of CQDs
increased, the inter- and intra-molecular hydrogen bonding
with PVA also increased, hence increasing the crosslinking
density of the nanocomposite. However, at a higher content of
CQDs, the dynamic viscosity of the nanocomposite was reduced
due to the aggregation of CQDs in the PVA matrix. However, at
6 wt% of CQDs, the dynamic viscosity was decreased because
CQDs to CQDs physical interactions were increased and formed
an aggregation.*>*> These aggregated CQDs serve as a surfactant
between the PVA chains, reducing the viscosity of the nano-
composite. Fig. 5(c) shows the effect of different concentrations
of U-CQDs 180 °C in PVA on the tan delta of the PVA/CQDs
nanocomposites. It was observed that the tan delta of the
PVA/CQDs nanocomposite decreased with increasing the

1758 | Nanoscale Adv., 2024, 6, 1750-1764
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content of U-CQDs. As the concentration of U-CQDs increased,
the inter- and intra-molecular hydrogen bonding with PVA also
increased; hence, the crosslinking density of the nano-
composite increased. However, a very high concentration of
CQDs reduces the viscous behavior of the nanocomposite due to
the aggregation of CQDs in the PVA matrix.****

The effect of different concentrations of U-CQDs 180 °C in
PVA on the mechanical strength is compared in Fig. 5(d). The
results reveal that the mechanical strength of nanocomposites
increased with the content of U-CQDs. As the concentration of
CQDs increased, the content of active sites increased,
promoting strong hydrogen bonding; hence, the mechanical
strength were enhanced. However, at 6% loading of CQDs, the
mechanical performance of the nanocomposite was reduced
because of the self-aggregation of CQDs.*'****3> A schematic
representation of the effect of varying the concentration of
CQDs in the polymer matrix is shown in Fig. 5(e). Aggregates of
CQDs disturb the intrinsic crystallization of PVA, resulting in
poor mechanical strength. Due to their high surface area, CQDs
can change the polymer structure even at a very low content.
Consequently, higher contents are unnecessary because the
maximum desirable improvement in mechanical strength can
be obtained at low contents. Furthermore, the self-aggregation
of CQDs observed in some past studies is due to the dissim-
ilar hydrophobic/hydrophilic nature of the CQDs and polymers.
For instance, epoxy is hydrophobic, and CQDs used as rein-
forcement are hydrophilic; therefore, poor mutual compatibility
causes aggregation. A facile way to reduce self-aggregation is by
enhancing the compatibility of the polymer matrices and CQDs
reinforcements. Finally, the aggregation can be suppressed
using colloidal chemistry; surface passivation of CQDs with PEG
and surfactant-type polymers can be of great advantage in this
regard. Similarly, highly electronegative functional groups can
increase the dispersion and zeta potential of CQDs, i.e. fluorine-
doped CQDs can potentially be tested in the future.

Comparison of pure PVA and the optimized PVA/CQDs
composites

From the above results, it can be concluded that the inclusion of
4% U-CQDs 180 °C in PVA gives the best mechanical and
rheological properties; a comparison of pure PVA and the
optimized PVA/U-CQDs 180 °C nanocomposites is provided in
Fig. 6. As shown in Fig. 6(a), the average particle size of PVA and
optimized PVA/CQDs were 12 and 21.5 d nm, respectively. With
the addition of 4% CQDs, the particle size of PVA/CQDs was
80% larger than that of pure PVA. The average particle size of
pure PVA is smaller because of the absence of crosslinking
between the PVA chains; however, the particle size of optimized
PVA/U-CQDs 180 °C is larger because the CQDs serve as cross-
linkers between the PVA chains.*

The dynamic viscosity of pure PVA and optimized PVA/CQDs
are 4.1 and 12 Pa s, respectively [Fig. 6(b)], which indicate that
the viscosity of PVA/CQDs was three times higher than that of
pristine PVA. The carbon core and functional groups of CQDs
offer strong intermolecular interactions between PVA chains,
producing higher internal resistance between the chains and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PVA matrix.

thus providing higher viscosity.>® Furthermore, the tan delta
values of pure PVA and the optimized PVA/CQDs nano-
composites are compared in Fig. 6(c). The tan delta of opti-
mized PVA/CQDs was reduced due to an increase in the viscous
region of the nanocomposite, and the functional groups of
CQDs provide additional crosslinking between the PVA chains.

The mechanical strength of pristine PVA and optimized PVA/
CQDs are compared in Fig. 6(d); with the inclusion of 4% CQDs,
the tensile strength of the nanocomposite increased by 67%

© 2024 The Author(s). Published by the Royal Society of Chemistry

compared to that of pure PVA. The surface states of the CQDs
provide additional hydrogen bonding between the PVA chains;
therefore, the strong hydrogen bonding in PVA/CQDs enhanced
the mechanical strength of the PVA film."*”?® In addition, the
CQDs have a carbonized core structure and polar surface states
that offer stiffness and strong interfacial interactions between
the PVA molecules,” which in turn lead to better mechanical
performance.**
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To elucidate the mechanism underlying the enhanced
properties of the CQDs-PVA composite, the crystal structures of
pure PVA and optimized PVA/CQDs nanocomposite were
observed using XRD [Fig. 6(e)]. The broad peak of PVA was
centered at 26 = 19.5° belonging to the (101) diffraction plane,
which is associated with the semi-crystalline nature of the PVA
polymer. However, a broad peak with lower intensity was
detected for the PVA/CQDs nanocomposites at 26 = 20.2°,
which is attributed to the (002) diffraction plane. This difference
in peak shape is associated with the highly disordered structure
and higher intermolecular distance of the PVA/CQDs
composite.*® Therefore, the crystalline part of PVA was
observed at a lower angle, and the crystalline part of the opti-
mized PVA/CQDs was found at a higher angle. Furthermore,
PVA has a higher-intensity peak, which is related to the higher
ratio of crystalline regions. Pure PVA has a higher crystal size
due to strong inter/intramolecular hydrogen bonding between
the molecular chains of PVA. In contrast, the PVA/CQDs
composite has smaller crystalline regions because the CQDs
restrict the formation of larger-sized crystals due to the inter-
calation of CQDs between the PVA chains. The PVA/CQDs have
a smaller crystal size because the CQDs suppress the growth of
PVA crystallization [Fig. 6(f)], and therefore, empty spaces are
formed. It can be said that composite films have more amor-
phous regions, which aids the extension of the PVA-CQDs films.

The size and structure of the optimized CQDs were analyzed
using transmission electron microscopy (TEM). The structure
and size of CQDs are primarily dependent on the reaction
temperature, time, and precursor content.”” At low resolution
[Fig. 7(a)], the size of the optimized CQDs was found to be less
than 10 nm. However, at high resolution [Fig. 7(b)], the average
size of CQDs was around the range of 5 nm. The optimized

1760 | Nanoscale Adv, 2024, 6, 1750-1764

CQDs were semi-crystalline in structure with defined crystal
fringes in the core and amorphous regions on the surface. The
surface states on the surface of the carbon core showed amor-
phous domains, and the carbon core revealed the crystalline
domains of the CQDs.

The quantitative antibacterial activity of pure PVA (ref.) and
the nanocomposites of PVA + undoped CQDs and PVA + N-
doped CQDs were analyzed after incubation times of 0 and
24 h, as shown in Fig. 8. For this purpose, agar plates were
inoculated by adding a bacterial culture at 2 x 10° CFU mL™ " to
facilitate bacterial growth. The sample was cut to 3.8 cm and
autoclaved for 15 min at 121 °C. The pure PVA and PVA/CQDs
nanocomposite films were placed on agar plates that were
already filled with 1 mL of the bacterial solution for 60 s, and the
sample surfaces were pressed down by applying a 200 g weight.
Subsequently, the samples were removed from the agar surface
and immediately placed in glass plates containing 30 mL water.
After that, the plates were placed at 37 °C for 24 h to obtain the
bacterial count at 0 and 24 h. As shown in Fig. 8, ref. 1,
exhibited 99.99% bacterial growth on pure PVA film, whereas
ref. ,4 , showed above 95% bacterial growth. However, the PVA +
Undoped CQDs nanocomposite showed 90% bacterial growth
at 0 h and 70% bacterial inhibition after 24 h. On the other
hand, the nanocomposite of PVA + N-doped CQDs exhibited less
than 40% bacterial growth at 0 h and almost negligible bacterial
incubation after 24 h. The incorporation of N-CQDs enhanced
the antibacterial activity compared with the undoped CQDs-
based nanocomposite and pristine PVA as the N-CQDs offer
stronger photosensitization for the production of reactive
oxygen species (ROS), such as O," ", O,, and HO, ", under light
irradiation.**" In addition, the N-doped CQDs absorb more
light than the undoped CQDs, which is one of the main reasons

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TEM analysis of U-CQDs 180 °C shows the size and crystallographic images at (a) low resolution and (b) high resolution.

for the enhanced antibacterial activity of PVA + N-doped CQDs
nanocomposite.*® This confirms that N-CQDs not only serve as
mechanical reinforcement but also impart functional
attributes.**

Results from previous works and this study, including the
degree of polymerization of PVA, CQDs precursors, CQDs
synthesis conditions, CQDs concentration, and the mixing
method of CQDs, were compared (Table S21). However, the role
of CQDs in the mechanical reinforcement of PVA has rarely
been studied earlier.

Mechanisms underlying the enhancement of rheological and
mechanical strength

CQDs serve as crosslinkers and enhance the viscosity of polymer
materials if chemical or secondary bonds are formed between

the polymer chains and CQDs. On the contrary, CQDs can serve
as a lubricant in the presence of long-chain hydrocarbon
molecules such as PEG, which have fewer interactions with
CQDs. Unlike other nano-reinforcements, surface modification
and dispersing agents are not necessary for CQDs. Furthermore,
the higher surface area of CQDs offers a larger interface for
stress dissipation and is, therefore, responsible for improved
mechanical strength. Generally, CQDs enhance attributes
related to toughness, such as tensile strength and extension, in
polymer/CQDs nanocomposites. A higher elongation at break is
associated with a lower degree of crystallinity of the composite,
which decreases the stiffness. An enhancement in breaking
load happens because of the additional crosslinks of the CQDs
surfaces with the polymer matrix, which enables the carbon
cores of the CQDs to overcome crack propagation. The

Fig. 8 Comparison of the antibacterial activity of pure PVA (ref.) and the PVA + undoped CQDs and PVA + N-doped CQDs nanocomposites at

0 and after 24 h of incubation.
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interactions between CQDs and PVA chains are shown in
Fig. (S31). Hydrogen bonding is possible between the hydroxyl
groups of PVA and CQDs, which render strong physicochemical
interactions for reinforcement effect. As for the effect of CQDs
doping, undoped CQDs with higher electronegativity provide
suitable compatibility with most polymer materials. On the
other hand, nitrogen-doped CQDs offer higher compatibility
with polymers that contain highly electronegative functional
groups, such as chloroprene rubber, in which nitrogen-doped
CQDs can serve as the electropositive component for mutual
secondary bonding.

Conclusion

CQDs were successfully synthesized from lemon pulp and urea,
and their rheology and mechanical strength were studied in the
PVA matrix. The CQDs possesses a circular shape, with a size of
less than 10 nm, having a suitable carbon core and functional
groups, as confirmed using TEM and FTIR analysis. The U-
CQDs showed better performance than all nitrogen-doped
CQDs and presented a moderate degree of carbonization at
180 °C temperature. The optimal content of CQDs in the PVA
films was found to be 4%; lower concentrations offered fewer
available functional sites, whereas higher concentrations pre-
sented the problem of aggregation. In addition, the dynamic
viscosity and particle size of the PVA/CQDs film peaked at 4%
inclusion when the maximum crosslinking was achieved with
U-CQDs 180 °C reinforcement. Compared with pure PVA, the
optimized composite with 4% U-CQDs showed an 80% larger
particle size and 67% better tensile strength. The better elon-
gation of the composite was related to the smaller-sized crys-
talline regions and more amorphous regions than those present
in pure PVA films.

In conclusion, 4% U-CQDs synthesized at 180 °C in the PVA
matrix showed significantly enhanced rheological and
mechanical strength. Meanwhile, the nitrogen-doped CQDs-
reinforced PVA nanocomposite exhibited enhanced antibacte-
rial properties due to the higher absorption of light. Thus, these
materials can find applications in textile warp sizing and
minimize the consumption of sizing materials. Moreover, U-
CQDs can suppress the UV degradation of PVA used for
outdoor applications.
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