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This work presents a comprehensive experimental and theoretical investigation of polylactide (PLA) nanocomposites reinforced with
zinc oxide (ZnO) nanoparticles at concentrations of 0.5, 1, 3, and 5 wt.%. The dispersion state and microstructural features of ZnO
within the PLA matrix were examined using scanning electron microscopy combined with energy-dispersive X-ray spectroscopy,
revealing homogeneous distribution at low filler contents and progressive agglomeration at higher loadings. X-ray diffraction analysis
confirms that ZnO preserves its hexagonal wurtzite crystal structure after incorporation into the polymer matrix, while composition-
dependent variations in crystallite size and lattice microstrain are found to correlate with the mechanical response of the composites.
Fourier-transform infrared spectroscopy indicates interfacial interactions between PLA chains and ZnO nanoparticles, as evidenced by
systematic shifts in the carbonyl stretching band and associated charge redistribution. Ultraviolet—visible spectroscopy demonstrates a
significant enhancement of UV-shielding performance with increasing ZnO content, accompanied by the emergence of sub-bandgap
absorption tails attributed to defect-related and interfacial electronic states. Density functional theory calculations support the
experimental observations by revealing interfacial charge transfer and a slight modification of the electronic structure at the PLA/ZnO
interface. The results show that ZnO incorporation improves both mechanical stiftness and UV-blocking efficiency, while an optimal
ZnO loading below 1 wt.% is identified to maintain mechanical integrity and minimize agglomeration-induced degradation.
Keywords: PLA/ZnO nanocomposites;, UV-shielding; Mechanical properties; XRD; FTIR; DFT simulations;, Charge transfer;
Nanomaterials; Polymer reinforcement

PACS: 78.20.-¢, 73.61.Ga, 85.60.-q, 68.55.-a

1. INTRODUCTION

Polylactide (PLA) has emerged as one of the most promising biodegradable polymers due to its renewable origin,
biocompatibility, and suitability for packaging, biomedical devices, and environmentally sustainable applications [1].
Despite these advantages, neat PLA generally exhibits limited mechanical strength and poor resistance to ultraviolet (UV)
radiation, which significantly restricts its long-term stability and performance under practical service conditions [2]. As
a result, considerable research efforts have been devoted to improving the functional properties of PLA by incorporating
inorganic fillers and nanostructured reinforcements. Among various inorganic additives, zinc oxide (ZnO) has attracted
particular attention owing to its wide direct bandgap (~3.3 eV), strong UV absorption capability, chemical stability, and
biocompatibility. In addition, ZnO exhibits multifunctional physical properties, including semiconductivity,
piezoelectricity, and surface polarity, which make it a suitable candidate for enhancing both mechanical and optical
characteristics of polymer-based nanocomposites [3,4]. Previous studies have demonstrated that ZnO incorporation can
effectively improve UV-shielding efficiency and stiffness in PLA-based systems; however, these enhancements are often
accompanied by challenges related to nanoparticle dispersion and interfacial compatibility [3—6]. Recent investigations
on ZnO-based thin films, heterostructures, and nanocomposites have highlighted the importance of defect states, surface
polarization, and charge-transfer phenomena in determining the functional properties of ZnO-containing systems [7-9].
Furthermore, theoretical studies based on density functional theory have shown that interfacial charge redistribution can
modify the electronic structure and defect-related states, thereby directly affecting optical absorption and dielectric
behavior in hybrid materials [10]. At higher filler concentrations, ZnO nanoparticles tend to agglomerate due to strong
interparticle interactions, leading to stress concentration sites and deterioration of mechanical performance [11,12].
Therefore, achieving a uniform dispersion of ZnO and understanding the nature of interfacial interactions between the
polymer matrix and the inorganic phase remain critical issues. From a fundamental perspective, the interfacial region
governs stress transfer, phonon scattering, and electronic polarization effects, which collectively influence the mechanical
integrity and optical response of the composite material.

Despite these advances, a systematic correlation between experimental observations and atomistic-level simulations
of PLA/ZnO nanocomposites remains underexplored.

In this study, PLA/ZnO nanocomposites containing 0.5-5 wt.% ZnO are fabricated and investigated using a
combined experimental and theoretical approach. The structural, mechanical, and optical properties are characterized by
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SEM/EDS, XRD, FTIR, and UV—Vis spectroscopy, while density functional theory calculations are employed to elucidate
the electronic structure and interfacial charge transfer at the PLA/ZnO interface. By integrating experimental results with
theoretical insights, this work aims to establish clear structure—property relationships and to identify an optimal ZnO
loading that balances mechanical reinforcement with enhanced UV-shielding performance.

2. MATERIALS AND METHODS

Polylactide (PLA, NatureWorks 4032D) was employed as the polymer matrix, while zinc oxide (ZnO) nanopowder
with an average particle size of 30—60 nm and a purity of 99.9% was used as the inorganic reinforcing phase. Prior to
compounding, PLA pellets were dried under vacuum at 60 °C for 8 h to remove residual moisture, thereby preventing
hydrolytic degradation and undesirable changes in melt rheology during processing, as schematically illustrated in Figure
la. ZnO nanoparticles were incorporated into the PLA matrix at loadings of 0.5, 1, 3, and 5 wt.% to systematically
evaluate the influence of filler content on the structural, optical, and mechanical properties of the resulting
nanocomposites. The composites were prepared by melt blending using a laboratory-scale co-rotating twin-screw extruder
(Figure 1a). The barrel temperature profile was maintained in the range of 170-185°C from the feeding zone to the die,
considering the thermal stability window of PLA to avoid excessive chain scission. The screw rotation speed was set to
60 rpm, and the residence time was approximately 10 min, ensuring effective dispersion of ZnO nanoparticles in the
molten polymer while minimizing thermal degradation. The extrudate strands were subsequently cooled to room
temperature and pelletized (Figure la).
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Figure 1. Preparation workflow of PLA/ZnO nanocomposites (a) and MAH/BPO-assisted surface grafting scheme (b) forming
ester linkages between ZnO—COOH and PLA-OH groups

OH

In addition, to enhance interfacial compatibility between the inorganic ZnO nanoparticles and the PLA matrix, a
MAH/BPO-assisted surface grafting approach was employed. As schematically shown in Figure 1b, maleic anhydride
(MAH), initiated by benzoyl peroxide (BPO), promotes the formation of ester linkages between the carboxyl groups on
the ZnO surface (ZnO—COOH) and the hydroxyl end groups of PLA (PLA—OH). This chemical grafting mechanism
improves interfacial adhesion, suppresses nanoparticle agglomeration, and facilitates more efficient stress transfer across
the ZnO-PLA interface. Standard testing specimens were produced from the compounded pellets by injection molding.
The molding temperature was maintained at 175-180 °C, and the mold clamping pressure was set to 6—7 MPa. The
samples obtained were prepared for mechanical, thermal, and structural characterization in accordance with ASTM D638,
ASTM D790, and ASTM D256 standards, respectively. Prior to testing, all specimens were conditioned at 23 + 2 °C for
at least 48 h to ensure reproducible equilibrium properties.

2.1 Characterization techniques

The microstructure and elemental distribution of the PLA/ZnO nanocomposites were examined by scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). Fractured tensile specimens were used to
reveal the internal morphology of the composites and to assess the dispersion state of ZnO nanoparticles within the PLA
matrix. SEM provided high-resolution images of particle shape, agglomeration behavior, and fracture features, while EDS
elemental mapping of Zn and O was employed to verify the spatial uniformity and stoichiometric stability of the ZnO
phase inside the polymer [13,14]. The crystalline structure of the nanocomposites was analyzed by X-ray diffraction
(XRD). Diffraction patterns of neat PLA and PLA/ZnO samples containing 0.5, 1, 3, and 5 wt.% ZnO were recorded to
identify the characteristic reflections of the hexagonal wurtzite ZnO phase and to monitor composition-dependent changes
in peak intensity, width, and position. These data were used to confirm the preservation of ZnO crystallinity after melt
processing and to extract qualitative information on crystallite size and microstrain evolution within the polymer matrix.
Fourier-transform infrared (FTIR) spectroscopy was used to examine the chemical structure of PLA and interfacial
interactions in PLA/ZnO nanocomposites. Changes in the carbonyl (C=0) stretching and CH3 vibrational bands were
analyzed to assess modifications in polymer chain packing and local amorphization induced by ZnO incorporation, while
the Zn—O vibration band in the low-wavenumber region confirmed the presence of the ZnO phase. The evolution of these
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bands enabled correlation between molecular-level interfacial effects and the optical and mechanical behavior of the
composites [14,15].

Optical properties and UV-shielding performance were evaluated by UV—-Vis spectroscopy. Absorption spectra of
PLA/ZnO nanocomposites with different ZnO loadings were recorded over the near-UV—visible range and compared with
those of neat PLA. The position and shape of the absorption edge, as well as the appearance of sub-bandgap tails and
broad absorption features at higher filler contents, were analyzed to distinguish between intrinsic band-edge transitions
of wurtzite ZnO and defect-mediated states associated with oxygen vacancies, interstitials, and interfacial defects [16].
These measurements provided direct experimental insight into how ZnO concentration and dispersion control the UV-
blocking efficiency of the hybrid system.

Mechanical properties were characterized using standard tensile, flexural, and impact tests on injection-molded
specimens prepared in accordance with ASTM D638, ASTM D790, and ASTM D256, respectively [10,13]. The samples
were conditioned at 23 + 2°C for at least 48 h prior to testing to ensure reproducible equilibrium behavior. The resulting
stress—strain curves and impact responses were used to quantify the effect of ZnO loading on stiffness, strength, ductility,
and energy absorption, and to establish structure—property relationships in conjunction with the microstructural,
spectroscopic, and theoretical analyses.

To complement the experimental techniques, density functional theory (DFT) calculations were performed to gain
atomistic insight into the electronic structure and interfacial bonding at the PLA/ZnO interface. Simulations were carried
out using a plane-wave pseudopotential framework as implemented in Quantum ESPRESSO, employing a generalized
gradient approximation exchange—correlation functional under periodic boundary conditions. Bulk ZnO and PLA/ZnO
interface supercells were constructed and structurally relaxed, after which total and projected density of states
(DOS/PDOS), charge-density difference maps, and frequency-dependent dielectric functions were computed [1,17].
These calculations enabled quantitative analysis of band-edge states, interfacial charge transfer, and optical absorption,
and were directly correlated with the experimental UV—Vis and FTIR results as well as with the observed mechanical
trends.

3. RESULTS AND DISCUSSION
3.1 Microstructure and crystalline structure
The microstructural behavior of the ZnO/PLA composite was thoroughly examined using high-resolution scanning
electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS), providing detailed insights into
both morphological features and elemental distribution. Figure 2 illustrates the homogeneous dispersion of ZnO
nanoparticles, predominantly in the 200-500 nm range, within the PLA matrix.

4

Figure 2. SEM micrographs and EDS elemental maps of neat PLA and PLA/ZnO nanocomposites (0.5-5 wt.% ZnO), showing
ZnO dispersion and the spatial distribution of Zn and O

The SEM micrographs reveal irregularly shaped ZnO particles with angular, fragmented morphologies, a direct
result of the intrinsic anisotropy of the wurtzite ZnO crystal lattice [ 18]. The distinct differences in surface energy between
the polar (0001) and non-polar {10-10}/{11-20} planes lead to preferential crack propagation along crystallographic
directions with minimal cleavage energy. Consequently, this results in sharp-edged particles that strongly interact with
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the electron beam, producing a significant topographical contrast. The dispersion of ZnO nanoparticles throughout the
PLA matrix is achieved through viscous shear forces and Brownian diffusion, overcoming the weak van der Waals
attractions between ZnO grains [15]. This prevents significant agglomeration and leads to a homogeneous spatial
distribution of nanoparticles. The final distribution reflects a balance between hydrodynamic dispersion and interfacial
adhesion energies, with the latter primarily mediated by dipole—dipole interactions between the polar ZnO surface and
the PLA chains. The fractured PLA surface displays characteristic layered tearing patterns, indicative of the material’s
relatively low elastic modulus and brittle—ductile transition under high strain rates [19]. Notably, ZnO does not induce
significant stress localization along the fracture path, suggesting that the composite maintains a mechanically coherent
interface where strain is efficiently transferred from the polymer phase to the inorganic phase.

Elemental mapping via EDS confirms that the Zn and O signals are uniformly distributed across the analyzed areas,
directly supporting the evidence of well-dispersed ZnO domains in the composite. The spatial consistency of ZnO-derived
X-ray emission intensities further suggests that no phase segregation or oxygen deficiency gradients are present within
the composite [20]. The stable Zn/O ratio indicated by the mapping suggests that ZnO remains structurally intact within
the PLA matrix, with no significant reduction or surface reconstruction occurring. This observation is crucial as such
phenomena often arise in polymeric environments. Additionally, the lack of elemental accumulation at crack boundaries
indicates that the nanoparticles do not migrate or concentrate in stress fields, supporting the hypothesis that interfacial
energy minimization does not favor the preferential localization of ZnO particles.

— 0.5wt.%
1207 — 1wt%
—_ 3 wt%
—_— 5 wt.%
100
=
s 80
g
‘@ 60
c
s
o
— 40t
20
0 1 1
30 40 50 60 70

20 (degrees)

Figure 3. XRD patterns of PLA/ZnO nanocomposites (0.5-5 wt.% ZnO) highlighting wurtzite ZnO reflections and composition-
dependent changes in peak intensity and broadening

The SEM—-EDS analysis highlights the composite’s architecture, governed by a combination of electron—solid
interaction physics, interfacial bonding energetics, and polymer fracture mechanics. The nanoscale dispersion of ZnO
nanoparticles enhances the microstructural homogeneity, minimizes dielectric discontinuities, and mitigates phonon
scattering, all of which are essential for optimizing the electrical, thermal, and mechanical properties of the composite
[21]. These findings underscore that the ZnO/PLA interface is structurally stable, energetically balanced, and free from
large-scale aggregation, ensuring reliable performance in optoelectronic, sensing, and biocompatible applications. The
homogeneity of the ZnO dispersion and the well-maintained interface provide a strong foundation for the composite’s
advanced functional behavior, as confirmed by the data presented in Figure 2.

The X-ray diffraction (XRD) patterns of the PLA/ZnO nanocomposites containing 0.5, 1.0, 3.0, and 5.0 wt.% ZnO
reveal clear structural evidence of the successful incorporation of the wurtzite ZnO phase into the polymer matrix. As
shown in Figure 3, all samples exhibit characteristic diffraction peaks corresponding to the hexagonal ZnO phase, notably
the (100), (002), (101), (102), (110), and (103) planes. These reflections confirm that the crystalline structure of ZnO is
preserved during melt mixing with PLA, with no evidence of structural degradation or polymorphic transformation. A
marked increase in peak intensity is observed as the ZnO content increases, particularly for the dominant reflections at
approximately 31.7°, 34.4°, and 36.2°, corresponding to the (100), (002), and (101) planes, respectively. This trend
reflects a higher density of diffracting crystallites in the composites with higher ZnO content. From a semiconductor
physics perspective, this behavior indicates that the crystallographic integrity and scattering power of the ZnO domains
remain intact within the polymer matrix [22]. The preservation of strong diffraction intensities suggests that ZnO
nanoparticles maintain their long-range order and do not undergo significant amorphization during processing.

Peak broadening effects, which vary slightly across compositions, can be attributed to variations in crystallite size
and microstrain within the ZnO domains. The samples containing 0.5 wt.% and 1 wt.% ZnO show slightly broader peaks,
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indicating smaller crystallite sizes or increased lattice distortion due to stronger confinement within the polymer
environment. In contrast, the 3 wt.% and 5 wt.% ZnO/PLA composites exhibit sharper diffraction maxima, indicative of
larger coherent scattering domains. This suggests that at higher ZnO loadings, nanoparticles experience reduced polymer-
induced strain and may form more interconnected or partially agglomerated crystallite clusters, enhancing their structural
stability. Small but measurable peak shifts (+0.1°) across the different compositions are noteworthy, particularly from a
semiconductor physics viewpoint [18,22]. These shifts are typically associated with internal compressive or tensile
stresses imposed on the ZnO lattice as it interacts with the PLA chains. Such microstrain effects arise from differential
thermal expansion between the polymer and the oxide phase, as well as from potential surface-chemical interactions at
the polymer-nanoparticle interface. The direction and magnitude of these shifts provide indirect evidence of interfacial
bonding and stress transfer, which are crucial for determining the optical and electronic properties of ZnO-based hybrid
materials. The weak amorphous halo observed between 18° and 22° originates from the PLA matrix and decreases in
prominence with increasing ZnO content. This behavior further corroborates the progressive dominance of the crystalline
ZnO phase in the diffraction profile. Importantly, the absence of new diffraction peaks or structural anomalies indicates
that no secondary crystalline phases, such as zinc hydroxy species or ZnO-PLA reaction products, are formed during
processing. This structural stability is essential for maintaining the intrinsic semiconductor properties of ZnO, particularly
its wide bandgap (Eg =~ 3.3 €V) and polar surface terminations ((0001) Zn-terminated and (000 1) O-terminated planes),
which govern its optical absorption, excitonic behavior, and interfacial polarization in the polymer matrix [23].

In summary, the XRD analysis demonstrates that ZnO nanoparticles retain their crystalline wurtzite structure
within the PLA matrix, with composition-dependent variations in crystallite size, microstrain, and diffraction intensity.
These structural characteristics directly influence the optical, mechanical, and charge-transport properties of the
nanocomposites, shedding light on the fundamental interactions between the semiconductor ZnO phase and the PLA
matrix. These findings are crucial for understanding and optimizing the hybrid behavior of PLA/ZnO composites, as
further explored in the subsequent sections of this study.

3.2 Interfacial chemical interactions (FTIR)

The FTIR spectra of neat PLA and PLA/ZnO nanocomposites provide detailed insights into the interfacial
interactions and modifications to the local electronic environment resulting from the incorporation of ZnO nanoparticles
[24]. As illustrated in Figure 4, a prominent feature in all samples is the sharp carbonyl stretching vibration (v(C=0))
observed around 1748-1752 c¢cm’!, characteristic of ester linkages in PLA. Upon the introduction of ZnO, this band
undergoes a progressive red shift accompanied by a subtle decrease in intensity. This shift is indicative of coordinate
bonding or dipole—dipole coupling between the electron-rich carbonyl oxygens of PLA and the Zn2+ sites on the ZnO
surface. Such behavior suggests partial electron density withdrawal from the C=0 bond, resulting in a weakened restoring
force and, consequently, a lowered vibrational frequency. These findings confirm the formation of PLA—ZnO charge-
transfer interactions, which play a crucial role in modifying the structural rigidity and local chain dynamics of the polymer
matrix, as evidenced by changes in mechanical and optical properties reported in earlier sections (Figures 3 and 5).
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Figure 4. FTIR spectra of neat PLA and PLA/ZnO nanocomposites, showing shifts in the v(C=0) band (~1748-1752 cm'!) and
changes in C-O—C and CH3 vibrations with ZnO loading

Additionally, the absorption band at 1080-1180 ¢m™!, corresponding to asymmetric C—O—C stretching, broadens and
increases in intensity as ZnO content increases. This suggests that ZnO nanoparticles not only interact with terminal
carbonyl groups but also perturb the ester linkages along the polymer backbone, likely due to restricted segmental mobility
at the polymer—particle interface. Such immobilization effects are typical in polymer nanocomposites exhibiting strong
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inorganic—organic interfacial adhesion, leading to improved thermomechanical stability, as reflected in the mechanical
testing results in Figure 6. The enhancement of stiffness at lower ZnO loadings, while retaining adequate ductility, aligns
with these structural modifications, confirming the effectiveness of ZnO as a reinforcing phase in the PLA matrix [25].

The band at 1450-1360 cm™, attributed to CH3 bending modes, becomes increasingly broadened at higher ZnO
loadings, indicating local amorphization near the filler. ZnO nanoparticles disrupt long-range polymer chain packing,
creating domains of reduced crystallinity. This behavior is consistent with known trends in semiconductor—polymer
composites, in which nanoscale oxides alter phonon confinement and contribute to changes in mechanical properties. At
higher ZnO concentrations, as evidenced by the mechanical data, the enhanced interfacial adhesion restricts polymer
chain relaxation, leading to a transition toward brittle behavior in the nanocomposites. Moreover, a weak but clearly
visible band emerges in the fingerprint region below 700 cm™, around 520-550 ¢cm™!, which corresponds to the Zn-O
lattice vibration. The appearance and intensification of this band across all composite samples provide definitive proof
that ZnO nanoparticles remain structurally intact within the PLA matrix. The coexistence of this band with the shifted
polymer modes offers direct spectroscopic evidence of inorganic—organic hybridization at the molecular scale [24]. This
coupling enhances the overall mechanical properties of the composite, as discussed in previous sections, and ensures the
stability of the ZnO phase within the polymer matrix, as confirmed by XRD and mechanical tests.

Collectively, the vibrational modifications observed in the FTIR spectra reflect strong coupling between the PLA
molecular orbitals and the electronic states of ZnO. This interaction leads to changes in dipole moments and phonon
distributions, which are crucial for understanding the enhanced optical absorption, dielectric response, and UV-shielding
performance observed in ZnO-based polymer nanocomposites (Figure 5). The FTIR data confirm that ZnO nanoparticles
play an active role in interfacial electronic polarization processes, which directly influence the macroscopic functional
properties of the material, including UV absorption, band-edge transitions, charge localization, and photostability [22-24].
These findings are consistent with the overall behavior of the composite, as described in the microstructural analysis and
mechanical characterization sections, underscoring the significant role of ZnO in enhancing the functionality of PLA/ZnO
nanocomposites for advanced applications in optoelectronics, sensing, and biocompatible materials.

3.3 Optical properties and UV-shielding
The UV-Vis absorption spectra of PLA/ZnO nanocomposites containing 0.5, 1, 3, and 5 wt.% ZnO reveal distinct
optical characteristics that are influenced by both the intrinsic electronic properties of ZnO and the interfacial interactions
within the PLA matrix. As shown in Figure 5, all ZnO-loaded samples exhibit a pronounced absorption edge in the near-
UV region (approximately 360-380 nm), corresponding to the direct wide bandgap transition of wurtzite ZnO [26]. The
presence of this sharp absorption drop, which is absent in pure PLA, confirms the successful optical activation of ZnO
nanoparticles embedded within the biopolymer matrix.
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Figure 5. UV—Vis absorption spectra of PLA/ZnO nanocomposites (0.5—5 wt.% ZnO) showing enhanced near-UV absorption and
the emergence of sub-bandgap tails at higher loadings

A systematic increase in absorbance is observed across the entire spectral range as the ZnO content rises. This
behavior can be attributed to the higher density of electronic states provided by the dispersed ZnO nanoparticles, which
enhances the interaction between light and matter through increased scattering and excitonic absorption [27]. The slight
blue shift or modulation of the absorption edge observed between the different samples suggests subtle variations in the
nanoparticle-polymer interfacial bonding. At lower ZnO loadings (0.5-1 wt.%), the nanoparticles remain well dispersed,
resulting in sharper band-edge transitions and minimal sub-bandgap absorption. This behavior is consistent with isolated
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nanoparticle excitonic absorption, in which surface states are comparatively less active, as indicated by the SEM and
XRD results.

In contrast, at higher ZnO loadings (3-5 wt.%), the spectra show additional absorption shoulders and broad sub-
bandgap tails extending toward longer wavelengths (500-650 nm). These features are typically associated with oxygen
vacancies (V_O), zinc interstitials (Zn_i), and surface defect complexes that become more prominent when ZnO
nanoparticles form loose agglomerates or strongly interact with the carbonyl groups of PLA. From a semiconductor
physics perspective, these extended states form a defect band within the forbidden gap, enabling sub-bandgap electronic
transitions that manifest as long-wavelength absorption. Such defect-mediated transitions are known to enhance optical
attenuation, thereby improving the UV-shielding efficiency of the composite material [26].

The enhanced UV absorption at higher ZnO loadings confirms that the composite functions as an effective UV
barrier. ZnO nanoparticles, due to their high refractive index and excitonic oscillator strength, efficiently block UV
radiation through a combination of absorption and Mie-type scattering [8]. This optical signature aligns with the
synergistic interaction between ZnO’s wide bandgap semiconductor nature and the amorphous PLA matrix, resulting in
improved protection against photodegradation. The gradual increase in baseline absorbance with increasing ZnO content
further suggests enhanced light scattering and multiple internal reflections within the composite microstructure.

Overall, the UV-Vis analysis demonstrates that incorporating ZnO nanoparticles into PLA significantly alters the
polymer’s optical response. Higher ZnO concentrations lead to stronger UV attenuation but also introduce defect-related
absorption pathways [8,24,26]. These findings are consistent with theoretical understanding of wide-bandgap
semiconductor nanoparticles embedded in organic matrices, confirming the potential of PLA/ZnO composites as high-
performance UV-shielding and optically functional materials, as further validated by the structural and mechanical
characterization discussed earlier.

3.4 Mechanical properties
The stress-strain characteristics of PLA and ZnO-reinforced PLA nanocomposites illustrate how semiconductor
oxide nanoparticles modify the mechanical behavior of the polymer matrix through interfacial interactions, chain
immobilization, and load-transfer mechanisms [20,27]. As shown in Figure 6, pristine PLA exhibits the highest tensile
stress and elongation, indicative of its flexible semi-crystalline structure and unhindered molecular mobility. The smooth
curvature of the PLA stress-strain curve reflects homogeneous chain stretching until strain-induced crystallization and
molecular disentanglement occur near failure, demonstrating the material's inherent ductility.
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Figure 6. Tensile stress—strain curves of neat PLA and PLA/ZnO nanocomposites at different ZnO loadings, illustrating increased
stiffness at 0.5—1 wt.% and reduced ductility at >3 wt.% ZnO

When ZnO nanoparticles are incorporated at 0.5 wt.% (red curve), the composite retains much of the native PLA
ductility but shows a moderate decrease in maximum stress. This behavior suggests the formation of well-dispersed ZnO
inclusions that create localized stiff regions while maintaining effective load distribution across the matrix. At this
concentration, ZnO particles likely act as mechanical reinforcement nuclei, improving early-stage stress transfer while
only slightly restricting chain rotation. This effect is consistent with the enhanced interfacial bonding between PLA and
ZnO, as observed in FTIR spectra. A further increase in ZnO loading to 1 wt.% (green curve) results in a steeper initial
slope, reflecting higher stiffness, but the overall tensile strength decreases relative to pure PLA. This profile indicates that
ZnO nanoparticles begin to significantly influence polymer chain dynamics. The enhanced stiffness arises from stronger
interfacial interactions between PLA’s carbonyl groups and ZnO surface states, which suppress segmental mobility [19].
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However, the micro-scale stress concentration around nanoparticle clusters initiates early yielding, reducing elongation
at break. This behavior is characteristic of nanocomposites where dispersion is sufficient for reinforcement but insufficient
to avoid localized strain incompatibility, as evidenced by the changes in mechanical response and FTIR shifts.

At higher ZnO concentrations (5 wt.%, blue curve), the stress-strain curve shifts toward brittle behavior, with
substantially lower stress and strain thresholds. This significant reduction is attributed to nanoparticle agglomeration,
which compromises mechanical integrity by forming rigid, poorly bonded micro-domains that fracture prematurely.
Excess ZnO restricts polymer chain relaxation, increases phonon scattering at the filler-matrix interface, and disrupts
elastic deformation pathways. These effects collectively suppress the composite’s toughness and highlight the sensitivity
of polymer mechanical properties to filler percolation thresholds, as confirmed by the UV-Vis analysis, which indicates
increased scattering and light attenuation [28]. From a semiconductor physics perspective, ZnO, a wide-bandgap
semiconductor with strong surface dipoles, modifies the PLA matrix beyond simple mechanical reinforcement. ZnO’s
surface hydroxyl groups interact strongly with the carbonyl groups of PLA, altering local electronic density and
vibrational modes, which correlates with the FTIR spectral shifts observed earlier [5,11,24]. This interfacial coupling
reduces polymer mobility, stiffens the matrix, and ultimately governs the observed mechanical behavior, as also seen in
the optical and structural characterization results.

Overall, the mechanical data reveal an optimal ZnO concentration window (<1 wt.%) where reinforcement is
effective without compromising ductility. Beyond this threshold, excessive interface-matrix mismatch and nanoparticle
networking lead to early failure and mechanical degradation. These findings align closely with the optical and FTIR
results, confirming that ZnO nanoparticles play an active physicochemical role in altering the polymer structure at both
molecular and continuum scales. These insights, coupled with the structural and optical analyses, underscore the complex
interactions that govern the performance of ZnO/PLA nanocomposites in advanced applications.

3.5 DFT insights (Electronic Structure and Density of States (DOS) Analysis)
Density functional theory (DFT) calculations were carried out using the Quantum ESPRESSO package, applying
a plane-wave pseudopotential method to calculate the electronic structure of the PLA/ZnO interface. The total density of
states (DOS) and projected density of states (PDOS) indicate that the valence band (VB) is predominantly composed of
O-2p states, while the conduction band (CB) edge is dominated by Zn-4s orbitals. These findings are in agreement with
the well-established wide bandgap of ZnO, as depicted in Figure 7.
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Figure 7. DFT-calculated total and projected density of states (DOS/PDOS) for bulk ZnO and the PLA/ZnO interface, showing
0O-2p—dominated valence states and Zn-4s—dominated conduction-edge states with interfacial shallow states

Upon the adsorption of the PLA surface onto ZnO, a narrowing of the energy gap and the appearance of shallow
defect states were observed. These states arise due to surface polarization effects and charge redistribution between the
carbonyl groups of PLA and Zn atoms on the ZnO surface [11]. The formation of these states correlates with the red-shift
in the UV-Vis absorption spectra and the shift in the FTIR v(C=0) band, consistent with experimental observations. The
red-shift indicates charge transfer between the ZnO surface and PLA, suggesting strong interfacial interactions. The DFT
results are consistent with experimental data, particularly the UV-Vis and FTIR findings, where the shift in the absorption
edge and changes in the FTIR spectra are attributed to the interfacial charge transfer and the modification of the bandgap.
The narrowing of the gap and the introduction of shallow defect states observed in the calculations are in agreement with
the changes in optical and vibrational properties identified experimentally. These calculations provide a theoretical
framework for understanding the electronic interactions at the PLA/ZnO interface, which play a significant role in the
observed optical behavior and are key to the material's performance in UV-shielding applications [29].
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3.6 DFT insights (Interfacial Charge Transfer and Bonding)
Simulated charge density difference maps, shown in Figure 8, highlight the asymmetric electron accumulation
near the carbonyl oxygen atoms of PLA and electron depletion around surface Zn sites, consistent with semiconductor
physics principles of charge redistribution at interfaces.

3
0.5
0.0
-1
-0.5
-2
3T -2 0 2 4

Energy (eV)

Figure 8. Charge density difference map of the PLA/ZnO interface (yellow: accumulation; blue: depletion), indicating charge
transfer from surface Zn sites toward PLA carbonyl oxygen atoms (O--*Zn interaction)
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This behavior suggests a partial coordination-type interaction (O---Zn) between the polar ZnO surface and the non-
polar PLA chains. In semiconductor terms, this interfacial interaction induces a dipole at the interface, which stabilizes
the PLA/ZnO composite by enhancing the compatibility between the polymer matrix and the inorganic filler [8,19]. This
interfacial dipole leads to stronger bonding at low ZnO loadings (0.5-1 wt.%), which correlates with the observed increase
in mechanical stiffness (Figure 6), as the polymer matrix undergoes less segmental motion due to the interfacial
coordination.

The nature of these interactions can be explained using band bending theory. At the interface, the surface of ZnO,
with its polar {0001} termination, has a strong dipole moment due to surface polarization. When PLA interacts with ZnO,
this dipole is partially neutralized through charge transfer, resulting in a reduction of the interfacial potential barrier [30].
This reduces the energy required for stress transfer between the polymer matrix and the nanoparticles, which is reflected
in the mechanical reinforcement observed for 0.5-1 wt.% ZnO composites.

At higher ZnO concentrations (> 3 wt.%), charge density accumulation around ZnO domains disrupts the matrix-
filler interface, leading to localized stress concentrations. This is consistent with semiconductor percolation theory, where
an increase in filler concentration causes the nanoparticles to aggregate, creating a network that reduces the composite’s
overall mechanical integrity. The aggregation results in reduced load transfer efficiency and increases in the phonon
scattering at the interface, contributing to a decrease in ductility and an increase in brittle fracture, as seen in the stress-
strain behavior (Figure 6). This phenomenon can be explained by the phonon confinement model, which states that at
higher filler loadings, the interface becomes less effective at transmitting stress, leading to mechanical degradation.

The changes in the charge distribution and their impact on mechanical behavior are further supported by theories of
charge localization in semiconductor heterostructures. As the ZnO content increases, the local electron density around
ZnO domains increases, which alters the electronic band structure at the interface. This results in localized states in the
bandgap, causing defects that facilitate non-radiative recombination and disrupt phonon conduction, ultimately weakening
the composite’s overall mechanical properties.

Theoretical optical absorption spectra, calculated from the dielectric function (g2), reveal a pronounced band-edge
absorption near 3.2-3.3 eV, as shown in Figure 9. These spectra were derived using DFT calculations, where the electronic
structure of PLA/ZnO nanocomposites with varying ZnO concentrations (0.5%, 1%, 3%, and 5%) was modeled. The
absorption edge shifts only slightly with increasing ZnO concentration, but the intensity of absorption increases
significantly, indicating that optical enhancement is driven primarily by ZnO’s intrinsic electronic transitions, not by
band-tail modifications. This behavior correlates well with the experimental UV—Vis results, which show similar
absorption characteristics (Figure 5).

Furthermore, a slight sub-bandgap absorption tail is observed in the theoretical spectra, attributed to interfacial
defects at the PLA/ZnO interface. This corresponds with the experimental Urbach tail observed in the UV—Vis spectra,
where the tail is associated with oxygen vacancies and other defects within the ZnO phase, confirming the presence of
localized states in the bandgap. These defects enhance optical attenuation, improving the UV-blocking capability of the
composite, as reflected in the enhanced UV absorption shown in Figure 5. Additionally, these observations align with the
FTIR results, where shifts in the v(C=0) band suggest interfacial charge transfer and dipole formation, further supporting
the role of interfacial defects in modifying the optical and mechanical properties of the nanocomposites [29].
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Figure 9. DFT-calculated optical absorption spectra of PLA and PLA/ZnO models, showing ZnO band-edge absorption (~3.2-3.3
eV) and increasing absorption intensity with ZnO content

4. CONCLUSIONS

This study comprehensively investigated the structural, mechanical, optical, and electronic properties of PLA/ZnO
nanocomposites with varying ZnO concentrations (0.5%, 1%, 3%, and 5 wt.%). The results demonstrate that incorporating
ZnO nanoparticles into the PLA matrix significantly enhances the material's mechanical and optical properties, with ZnO
playing a key role in improving the composite's UV-shielding capabilities. SEM and EDS analysis revealed that at low
ZnO loadings (0.5-1 wt.%), the nanoparticles were well-dispersed within the PLA matrix, contributing to an increase in
composite stiffness while maintaining reasonable ductility. This dispersion led to stronger interfacial interactions, as
evidenced by FTIR, which showed shifts in the carbonyl stretching band (v(C=0)) indicating charge transfer between
PLA and ZnO, thereby stabilizing the interface. However, at higher ZnO concentrations (> 3 wt.%), nanoparticle
agglomeration occurred, resulting in decreased mechanical strength and increased brittleness, as confirmed by stress-
strain analysis. This transition to brittle behavior at high filler concentrations highlights the sensitivity of mechanical
performance to the dispersion quality of ZnO in the polymer matrix. XRD analysis further supported these findings,
showing that ZnO nanoparticles retained their crystalline wurtzite structure within the PLA matrix. An increase in ZnO
content led to variations in crystallite size and microstrain, which directly influenced the mechanical properties. At higher
ZnO loadings, the broader diffraction peaks indicated the onset of ZnO agglomeration, correlating with the observed
reduction in tensile strength and elongation. The lack of structural degradation or polymorphic transformation in ZnO
confirms the preservation of its intrinsic properties, which is crucial for maintaining the composite's functional
characteristics. The UV-Vis absorption spectra showed improved UV-shielding performance with increasing ZnO
content, as the composite exhibited a clear absorption peak in the near-UV region, consistent with the electronic transitions
of ZnO. The appearance of sub-bandgap absorption tails at higher ZnO concentrations was attributed to defect states, a
conclusion further supported by DFT simulations. These simulations showed that PLA adsorption onto ZnO surfaces
induced charge redistribution, leading to shallow defect states and slight bandgap narrowing, which contributed to the
observed red-shift in the absorption edge. The presence of these defects also enhanced the composite's UV attenuation,
supporting its potential for UV-blocking applications.

In conclusion, the integration of ZnO nanoparticles into the PLA matrix significantly enhances the composite's
properties. The optimal ZnO concentration for balancing reinforcement and ductility is below 1 wt.%, at which the
composite maintains mechanical integrity while improving UV shielding. Higher ZnO concentrations lead to nanoparticle
agglomeration, which degrades mechanical properties and increases defect-related absorption. The combination of
experimental results and DFT simulations provides a thorough understanding of how ZnO nanoparticles alter the structure
and properties of PLA/ZnO nanocomposites, offering a pathway to optimize these materials for advanced applications in
optoelectronics, sensing, and biocompatibility.
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EKCIIEPUMEHTAJIBHE TA MOJEJIOBAJIBHE JOCJII)KEHHSI CTPYKTYPHHUX, OITUYHUX TA
MEXAHIYHUX BJACTUBOCTE HAHOKOMITO3UTIB PLA/ZnO
®axpinain T. FOcynos!, Toxip6ek 1. Paxmonos!, Mexpimain ®. Axmaxxonos!, Jliio6apoany €. Adaykoaiposa?,
€amypar Hocumor?, IpTuxopmxon I0abuics!
'Depeancoruil Oeporcasnuti mexuiynuil ynigepcumem, Pepeana, Ysdexucman
Yupuuywbkutl OeporcasHutl nedazoziunuil yHisepcumem, Yupuuk, ¥Y3oexucman
SMiscchapodnuil kazaxcoko-mypeyvkuil yHisepcumem imeni Xoooici Axmeda fcasi, Kazaxcman

V wiit po6oTi NPEACTaBICHO KOMIUICKCHE KCIIEPUMEHTAIBHE Ta TCOPETHYHE JOCIIPKCHHS HAHOKOMITO3UTIB Ha OCHOBI MOJIIAKTULY
(PLA), apmoBanux HaHOYAaCTMHKaMH Okcuay IWHKY (ZnO) 3 xoHmetpamismu 0,5, 1, 3 ta 5 mac.%. Cram gucnepcii Ta
MIKpOCTpYKTYypHi ocobmuBocti ZnO B Matpuni PLA nociimkyBaiucst 3a JOIOMOIOI CKaHyBaJbHOI €JIEKTPOHHOI MIKPOCKOIIT y
TIO€THAHHI 3 €HEPTrOANCIIEPCIHHOI0 PEHTTEHIBCHKOIO CIIEKTPOCKOIII €0, 1110 BUSBIJIO OJHOPIAHUN PO3NO/iT HAOBHIOBAYA 32 HU3BKOTO
BMICTy Ta IOCTYIOBE arjIOMEpyBaHHs 3a BHIIMX KOHIEHTpauiid. AHaji3 peHTreHiBChbKOi Audpakiii MiATBEpAUB 30EpeKCHHS
reKcaroHajabHOI BIOPLUUTHOI KPUCTANIYHOI CTPYKTYpH ZnO micisi BBEACHHS B MOJIMEPHY MATPHUIO, TOAI K KOMITO3UIIMHO 3aJIeXHi
3MiHH pPO3MIpY KpHUCTaNiTiB i MikpoaedopMamiii IpaTKu KOPETIOITh i3 MEXaHIYHOK BIINOBIAII0 KOMIO3WTIB. [H(pauepBoHa
CIIEKTPOCKOIIA 3 IepeTBOpeHHAM Dyp’e CBITUUTH MPO HasBHICTH MixK(pa3HUX B3aeMOJiil Mix JaHIoraMu PLA Ta HaHOYacTHHKaMHU
ZnO, 10 HPOSIBIAETHCS Y CUCTEMATUYHUX 3CYBaX CMYrH BAJICHTHHX KOJIMBaHb KapOOHIUIBHOI IPYIHX Ta MOB’S3aHHX i3 LUM edeKTax
Hepepo3noaity 3apsay. YibTpadioleToBO-BHIMMA CIHEKTPOCKOIIS IEMOHCTPY€E CYTTEBE MiABUIICHHS eEKTUBHOCTI €KpaHyBaHHS
yIbTpadioNeTOBOro BUIPOMIHIOBAHHS 31 3pOCTaHHAM BMicTy ZnO, IIO CYNPOBOKYETHCS MOSBOIO IMIiJ30HHUX CMYT IOTJIMHAHHS,
3yMOBJICHUX JAc(pEKTHUMH Ta MiK(a3HHMH €JIEKTPOHHUMHU CTaHaMH. PO3paxyHKH B Mekax Teopil (QYHKI[OHATY T'yCTHHH
MiATBEPUKYIOTh EKCIIEPUMEHTAJbHI Pe3yJIbTaTh, BUSBILIIOUN MiK(a3HHH MEepeHoc 3apsay Ta He3HauHi Moaudikarii eIeKTpOoHHOT
CTPYKTYpHu Ha Mexi po3ainy PLA/ZnO. Otpumani pe3ysbTaTi MOKa3yloTh, 10 BBeAeHHS ZnO MigBHILY€e MEXaHIYHY )KOPCTKICTD i
edexTuBHICTh YP-3aXUCTy, IPH [IbOMY ONnTUMaNbHUHA BMicT ZnO Hmkue 1 Mac.% 3abe3nedye 30epekeHHs: MeXaHi4HOT LiIicHOCTI Ta
MiHIMIi3ye€ JeTpajanito, CIPUINHEHY arjIoMepaIli€l0 HAaHOYaCTHHOK.
Kurouosi ciioBa: nanoxomnosumu PLA/ZnO; Y @-3axucm; mexaniyni enacmusocmi, penmeerniecvka ougparyia (XRD),; FTIR; DFT-
MOOENIOBANHSL; NePEHECEHHs 3aPAJy, HAHOMAMEPIAAU, NOTIMEPHE APMYBAHHS





