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Accepted: 13 February 2026 This study investigates frequency-dependent dielectric and electrical transport
properties of glass fiber-reinforced concrete (GFRC) systematically doped with
© © The Author(s), 2026, 2026 ZnO-based hybrid composite (ZnO-@) nanoparticles at 1%, 2%, and 3% mass
fractions. Electrical impedance spectroscopy (20 Hz-5 MHz) coupled with micro-
structural characterization (SEM-EDX, FTIR) and mechanical validation estab-
lishes concentration-dependent polarization mechanisms governing electromag-
netic property modulation. The 2% ZnO-@ formulation exhibits optimal dielectric
enhancement with maximum real permittivity (¢'), superior AC conductivity (100
Hz-10 kHz domain), and 100% imaginary modulus augmentation (M"), attributed
to Maxwell-Wagner-Sillars interfacial polarization at ZnO-cement matrix bounda-
ries. Equivalent circuit modeling reveals that grain boundary resistance escalates
to 5.8 MQ at optimal doping, and constant phase element (CPE) exponent values
(P=0.77-0.84) confirming non-Debye relaxation due to hierarchical microstruc-
tural heterogeneity. The critical percolation threshold, between 2% and 3% ZnO
concentration, demarcates the transition from capacitive to conductive behavior,
where specimens at 3% exhibit dielectric parameter regression toward baseline
values due to nanoparticle agglomeration and the formation of conductive path-
ways. Spectroscopic validation confirms the integration of wurtzite-phase ZnO
(Zn-O: 474 cm™") with preserved calcium silicate hydrate phases, while post-aging
Leeb hardness measurements demonstrate 171-176% mechanical reinforcement
(387—456 HLD), validating the retention of structural durability. These findings
establish quantitative compositional guidelines for engineering multifunctional
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construction composites with tailored electromagnetic response characteristics
for interference shielding, capacitive energy storage, and electromagnetically
compatible innovative infrastructure applications.

1 Introduction

In recent years, the quest for advanced materials with
superior dielectric and energy storage properties has
gained significant momentum, particularly in the con-
text of concrete applications. New perspectives have
been emerging for concrete-related materials and their
impact on the environment, and even for energy appli-
cation [1]. Concurrently, the synthesis and application
of nanomaterials in composite systems have become
central to the field of materials science research. Inves-
tigators are systematically exploring diverse method-
ologies to incorporate nanomaterials into composite
matrices to enhance their functional properties and
structural performance. Within the construction sector,
nanomaterial integration strategies are being devel-
oped to enhance the mechanical, chemical, and physi-
cal properties of these materials, making them suitable
for innovative building technologies and specialized
electrical applications [2—-4]. Dielectric materials are
essential for various applications, including capaci-
tors and energy storage devices, due to their ability
to store electrical energy efficiently. Several factors,
including the choice of filler, matrix material, and the
overall composite structure, influence the performance
of dielectric materials. Several studies have compre-
hensively investigated the integration of various addi-
tives into GFRC and evaluated its dielectric properties,
providing a promising spectrum of applications [5, 6].
Yet, such an additive can yield cleaner, safer urban
environments [7]. On the other hand, many research-
ers have focused on ZnO NPs due to their unique opti-
cal and chemical properties, which can be easily modi-
fied by altering the shape. Because of its versatility
in downstream applications, zinc oxide nanoparticles
have been the subject of extensive investigation [8].
Zinc oxide nanoparticles are the second most preva-
lent metal oxide after iron oxide, and they are inexpen-
sive, safe, and easy to manufacture [9]. The physical
and chemical properties of zinc oxide nanoparticles
can be easily altered by modifying the shape and using
other synthesis techniques, precursors, or materials to
form the nanomaterial [10]. Zinc oxide nanoparticles,
a Group II-VI semiconductor inorganic compound,
are commonly used in analytical sensing applications
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and typically appear as a white powder, insoluble in
water. With an energy band gap of 3.37 eV, zinc oxide
nanoparticles exhibit remarkable chemical, electrical,
and thermal stability [11].

ZnO can be utilized as a photoanode in
DSSCs because it is in the minimal conduction band,
whereas the maximum valence band is more energetic.
The hexagonal wurtzite structure of ZnO allows for
effective electron transport. It also facilitates the for-
mation of densely packed ZnO nanostructures [12, 13].
Hydrothermal synthesis is an efficient method for cre-
ating ZnO nanostructures with precise form and size.
Several factors influence the end product, including
reaction duration, temperature, and the composition
of the precursor. The technique commonly uses zinc
salts and alkaline solutions, with the inclusion of sur-
factants or solvents influencing the final structures.
Reaction temperatures ranging from 120 to 200 °C
have been explored, with 150 °C frequently producing
homogeneous morphology. The nature of the original
seeds, such as Zn(OH), or ZnO,, has a considerable
impact on the final form, size, and surface properties
of ZnO [14, 15]. Recent advancements have shown that
doping ZnO with various elements can significantly
enhance its dielectric properties. For instance, studies
have demonstrated that doping with rare-earth metals
or transition metals can lead to improved dielectric
constants and reduced energy losses, making these
composites suitable for high-performance applica-
tions [16, 17]. The enhancement mechanisms in such
systems typically involve: (i) increased interfacial
polarization arising from charge accumulation at het-
erogeneous phase boundaries between semiconduct-
ing dopants and the host matrix, (ii) modification of
oxygen vacancy concentrations that serve as electron
trapping centers, and (iii) formation of secondary
interfacial phases with distinct dielectric relaxation
characteristics [18]. These interfacial polarization phe-
nomena, governed by Maxwell-Wagner-Sillars theory,
become particularly pronounced when the characteris-
tic relaxation time of the system falls within the meas-
urement frequency range, enabling substantial energy
storage capacity through space charge accumulation
[19].
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The unique properties of ZnO, such as its wide
bandgap and high thermal stability, make it an attrac-
tive candidate for use in composite materials. Doping
ZnO not only modifies its electrical characteristics but
also affects its structural and optical properties. For
example, Gd-doped ZnO has shown promising results
in enhancing both dielectric constants and energy den-
sity [20, 21]. The incorporation of such doped ZnO into
GFRC can potentially lead to a new class of building
materials that not only provide structural support but
also contribute to energy efficiency through improved
dielectric performance. Moreover, the integration of
two-dimensional (2D) fillers alongside doped ZnO
has been shown to further enhance dielectric proper-
ties by increasing interfacial polarization effects and
reducing leakage currents [16, 22]. This approach
aligns with current trends in material science, where
hybrid composites are engineered to achieve a balance
between mechanical strength and electrical perfor-
mance. Meanwhile, Glass Fiber-Reinforced Concrete
(GFRC) has gained significant traction in the construc-
tion industry due to its unique properties and versatil-
ity. Comprising a cementitious matrix reinforced with
alkali-resistant glass fibers, GFRC offers a lightweight
yet robust alternative to traditional concrete. Its key
advantages include enhanced tensile strength, dura-
bility, and design flexibility, making it suitable for a
wide range of applications, from architectural facades
to precast components. The GFRC can be molded into
various shapes and finishes, allowing architects to
achieve intricate designs while maintaining structural
integrity [23, 24]. One of the most notable characteris-
tics of GFRC is its impressive strength-to-weight ratio.
Additionally, GFRC’s lightweight nature simplifies
handling and installation, reducing labor costs and
overall project timelines [25]. However, GFRC does
have limitations. Its higher initial cost compared to
traditional concrete can be a barrier for some projects.
Furthermore, while GFRC excels in non-structural
applications, it may not be suitable for heavy-duty
structural components that require high compressive
strength. Additionally, GFRC is susceptible to chemi-
cal degradation in harsh environments, necessitating
the use of protective coatings to enhance its longevity
[26, 27]. While GFRC presents several advantages that
make it an attractive option for modern construction,
understanding its limitations is essential for optimiz-
ing its application in various contexts. The incorpora-
tion of composite-doped zinc oxide (ZnO) into glass
fiber-reinforced concrete (GFRC) presents a promising
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avenue for enhancing the performance of construction
materials. This study aims to explore the novel dielec-
tric and energy storage behavior of composite-doped
ZnO within GFRC composite, addressing the critical
need for materials that can withstand high electrical
fields while maintaining structural integrity. In con-
clusion, the exploration of composite-doped ZnO
within GFRC composite holds significant promise
for advancing the field of construction materials. By
leveraging the unique properties of doped ZnO and
optimizing composite structures, this research aims to
contribute valuable insights into developing high-per-
formance materials that meet the growing demands
for energy-efficient and durable construction solu-
tions. The findings from this study will pave the way
for future research into innovative applications of
dielectric materials in various engineering fields.

2 Materials and methods
2.1 Materials

The GFRC composite mix was designed with a com-
position comprising 50% silica sand (particle size
range 30-35 AFS, 0-1 mm), 45% white Portland
limestone cement conforming to TS EN 197-1 stand-
ards, and 5% calcined kaolin as a mineral additive.
The mix also included a superplasticizer at 0.5% of
the cement weight to improve workability, as well
as a polymer additive at 5% of the cement weight
to enhance performance. The water-to-cement ratio
was maintained at 0.35 to ensure optimal hydration.
To further strengthen the composite, alkali-resistant
glass fibers were added at 3% of the total weight. The
GFRC samples were prepared with varying concen-
trations of ZnO-@ nanoparticles (0%, 1%, 2%, and
3% by weight of the total matrix). The mixture was
thoroughly homogenized using a mechanical mixer
to ensure uniformity, then cast into molds and cured
in a humidity-controlled environment for 28 days.

2.2 Methods
2.2.1 Sample preparation

The white Portland limestone cement used was of
type CEM II 42.5R. The dry components, silica sand,
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cement, and calcined kaolin, were first blended in
a mechanical mixer until a uniform dry mix was
obtained. The superplasticizer and polymer additive
were then dissolved in the mixing water and gradually
introduced into the dry blend. The ZnO-@ nanopar-
ticles were pre-dispersed in a portion of the mixing
water using ultrasonication to prevent agglomeration
before being added to the mix. The alkali-resistant
glass fibers were incorporated last to minimize fiber
damage during mixing. The fresh mixture was cast
into standard molds, compacted to remove entrapped
air, and subsequently cured in a humidity-controlled
environment at approximately 95% relative humidity
and 23 + 2 °C for 28 days prior to testing.

2.2.2 The measurement of dielectrical properties

We evaluated the dielectric properties of ZnO-@
doped GFRC composites using a Keithley 2400 SMU
and GW Instek 8105G LCR meter connected to a
computer via IEEE 488 interface. Parallel-plate elec-
trode configuration was employed to ensure ohmic
contact. Measurements were conducted across a fre-
quency range of 20 Hz to 5 MHz at ambient tempera-
ture (25 £2 °C) and relative humidity of 45 + 5% all
conducted in triplicate. Specifically, adhesive copper
conductive labels (copper-backed conductive tape)
were affixed to the two opposing flat faces of each
specimen, each label measuring 13 mm in length. The
sample diameter was 13 mm with a thickness of 7
mm. The adhesive backing ensured close electrical
contact between the electrode and the sample sur-
face. During testing, the electrodes were held in firm
contact by the parallel-plate fixture, which provided
reproducible contact pressure and minimized con-
tact resistance, without requiring additional external
shielding or guard-ring electrodes.

Various electrical parameters were analyzed, such
as capacitance, dielectric constants (both real and
imaginary components), dielectric loss ("), Cole—Cole
diagram analysis, dissipation factor (tan d) at both time
and frequency, electrical modulus (M’), and imped-
ance characteristics. This extensive analysis facilitated
a detailed characterization of the dielectric and electri-
cal behavior of ZnO-@ doped GFRC composite sam-
ples under different conditions and frequencies.
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2.2.3 Characterization

Additional experimental assessments included CIE
Lab* color space analysis using a PCE-CSM 10 spec-
trophotometer with D65 illuminant and 10° stand-
ard observer, and particle size distribution of ZnO-@
determined via laser diffraction using a Malvern
Mastersizer 3000 with Hydro EV wet dispersion
unit. The microstructure of the samples was investi-
gated using scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) with an
FEI Quanta FEG 250. Specimens were mounted on
aluminum stubs using double-sided carbon tape and
sputter-coated with a 10 nm gold/palladium layer
to ensure adequate surface conductivity. Scanning
electron microscopy analyses were performed at an
accelerating voltage of 20 kV, yielding high-reso-
lution images of surface morphology and internal
microstructural features. This imaging protocol ena-
bled the precise characterization of microstructural
attributes, thereby enhancing the understanding of
material behavior at the microscale level. The Sur-
face roughness measurements were performed with
a Mahr MarSurf PS 10 Mobile Roughness Measur-
ing Device. Hardness tests, conducted in accordance
with ISO/IEC 17025 standards, utilized the Equotip
Bambino 2/Piccolo 2 device from Proceq, Swit-
zerland. FT-IR spectra were acquired using a SHI-
MADZU Prestige-21 (200 VCE) spectrometer device
with an ATR attachment.

3 Results and discussion

3.1 Morphological and elemental
characterization of the hybrid nanofiller

The structural morphology and elemental composition
of the synthesized ZnO-based hybrid nanocomposite
were examined to evaluate its dual functionality as
both a reinforcing filler and an electrical modifier for
Glass Fiber-Reinforced Concrete (GFRC).

3.1.1 Morphological characteristics

The SEM micrographs in Fig. 1a and b reveal the
hierarchical nature of the hybrid structure. Figure 1a
displays the smooth, laminar features of the organic
substrate, whereas Fig. 1b highlights the rougher,
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Fig. 1 SEM micrographs and elemental analysis of the synthe-
sized hybrid nanocomposite: a The laminar morphology of the
organic matrix, b Surface functionalization showing granular
granular surface texture attributed to the deposition
of zinc oxide nanoparticles. This distinctive surface
roughness is of critical importance for a concrete
additive; it serves to enhance the specific surface area
available for interaction, thereby promoting mechani-
cal interlocking with the cementitious host matrix and
improving the physical integration of the filler.

3.1.2 Elemental composition and dielectric implications

The chemical composition, verified by the EDX analy-
sis presented in Fig. 1c, confirms the successful syn-
thesis of the hybrid system. The dominant concen-
trations of Zinc (42.7 wt%) and Oxygen (41.5 wt%)
validate the presence of the semiconductive ZnO core,
which is the fundamental component required for the
electrical and dielectric tailoring of the composite.

3.1.3 Significance for GFRC application

Furthermore, the detection of Carbon (10.8 wt%)
and Nitrogen (5.0 wt%) is significant. In the context
of this study, these elements are not impurities but
evidence of effective surface functionalization. This
hybrid surface chemistry plays a vital role in the
application: the organic groups (indicated by C and
N) reduce the surface energy mismatch between the
inorganic nanoparticles and the matrix. This mecha-
nism prevents the excessive agglomeration of ZnO
during the mixing process, ensuring a homogene-
ous dispersion throughout the GFRC paste. Conse-
quently, this uniform distribution facilitates the for-
mation of a consistent dielectric network, enabling
the effective tailoring of the concrete’s electrical
properties.
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ZnO agglomerates, and ¢ EDX data quantifying the elemental
composition (C, N, O, Zn)

3.2 Particle size analysis of ZnO-@

The resulting particle size distribution graph and
associated data are summarized in Table 1. The par-
ticle size analysis of the ZnO-@ demonstrates several
critical attributes relevant to potential applications.
The additive concentration is notably low at 0.0032%,
suggesting minimal yet potentially effective incorpo-
ration into the composite matrix. The span of the par-
ticle size distribution is 5.367, indicating a relatively
broad distribution of particle sizes, which is further
corroborated by the uniformity value of 1.458, reflect-
ing a moderate level of particle size consistency. The
specific surface area is remarkably high at 407.9 m?/
kg, which is advantageous for applications necessi-
tating high surface reactivity. The surface area mean
diameter (D [3;2]) is 14.7 um, while the volume mean
diameter (D [4;3]) is 68.3 um, highlighting the pres-
ence of larger particles within the distribution. Addi-
tionally, the Dv(10), Dv(50), and Dv(90) values, repre-
senting the particle diameters at 10%, 50%, and 90% of
the cumulative volume, are 5.40 um, 36.0 pum, and 199
um, respectively, indicating a wide range of particle
sizes with a significant proportion of larger particles.

Table 1 Results of particle size analysis

Property Values
Concentration 0.0032%
Span (Particle Size Distribution) 5.367
Uniformity 1.458
Specific surface area 407.9 m%/kg
D [3;2] 14.7 um

D [4;3] 68.3 um
Dv(10) 5.40 um
Dv(50) 36.0 um
Dv(90) 199 um
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3.3 FTIR analysis

Fourier transform infrared spectroscopy was system-
atically employed to elucidate the chemical bonding
environment, functional group interactions, and phase
composition of ZnO-doped glass fiber-reinforced con-
crete composites across varying nanoparticle concen-
trations (1%, 2%, and 3% ZnO-doped), as presented
in Fig. 2. The vibrational spectroscopic signatures elu-
cidate nanoparticle-matrix interfacial chemistry, sec-
ondary phase formation, and dopant-related effects on
dielectric properties.

The broad absorption band observed at v =3463
cm!, with concentration-dependent variations at
3432 cm™! and 3436 cm™}, is characteristic of O-H
stretching vibrations. These vibrations arise from
surface-adsorbed water molecules and hydroxyl
functionalities inherent to cement hydration products,
particularly portlandite (Ca(OH),) and calcium silicate
hydrate gel phases [28, 29]. Intensity modulation and
slight frequency shifts of this band with progressive
ZnO incorporation indicate altered surface chemistry
and competitive adsorption dynamics between zinc
oxide nanoparticles and moisture at cementitious
matrix interfaces [30]. This observation aligns with
the established understanding of the hygroscopic
nature of ZnO nanostructures, where surface hydroxyl
groups play a pivotal role in nanoparticle dispersion
stability and interfacial bonding mechanisms [31, 32].

The presence of these hydroxyl signatures in the
3200-3600 cm-' region represents intrinsic

1% ZnO-@
2% ZnO-@)
——— 3% ZnO-@

102

100

3463 em

98

3432 em’!

N
3436 em’
96 3004 em”
3015 em*
3026 cm’!

94 -

Transmittance (%)

92 H

1382em’ Sy
1426 em™

90
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-1
Wavenumber cm

Fig.2 The obtained FTIR spectrum of ZnO-@ doped GFRC
specimens
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characteristics of hydrated cement systems rather than
organic contamination, reflecting the fundamental
hydration chemistry of calcium silicate phases that
constitute the primary binding matrix in concrete for-
mulations [33, 34].Weak but discernible absorption
features at v=2915 cm™ and v =3026 cm™! correspond
to aliphatic C-H stretching vibrations (sp® hybridiza-
tion) and aromatic C-H stretching modes (sp* hybridi-
zation), respectively [35]. These spectral signatures
originate predominantly from residual organic cou-
pling agents used in commercial glass fiber surface
treatments, typically silane-based sizing compounds
such as y-aminopropyltriethoxysilane or y-methacryl
oxypropyltrimethoxysilane, which are applied during
fiber manufacturing to enhance fiber-matrix adhesion
and moisture resistance [36]. The persistence of these
vibrational modes across all sample compositions con-
firms the preservation of fiber surface functionality. It
validates the structural integrity of the fiber-matrix
interfacial region, which is essential for effective stress
transfer and mechanical reinforcement in GFRC com-
posites [37]. The relatively high transmittance values
(>95%) associated with these peaks indicate minimal
organic contamination and corroborate the predomi-
nantly inorganic composition of the composite system
[38].The most prominent and diagnostically significant
absorption band appears at v=1036 cm™, with shoul-
der features near 1033 cm™, corresponding to the
asymmetric Si-O-5i stretching vibration (v mode)
within tetrahedral silicate frameworks present in both
E-glass fibers (composed primarily of
5i0,~-Al,0;—Ca0O-MgO) and calcium silicate hydrate
phases formed during cement hydration [39, 40]. This
characteristic vibrational mode is well-documented in
silicate-based materials, typically manifesting in the
900-1100 cm' spectral region, and confirms the pres-
ervation of the three-dimensional siloxane network
throughout composite fabrication and curing pro-
cesses [41, 42]. The systematic broadening and subtle
blue shift of this absorption feature with increasing
ZnO-@ concentration suggest enhanced interfacial
interactions and potential formation of Zn—O-Si bridg-
ing bonds, wherein zinc cations may occupy intersti-
tial or substitutional sites within the silicate structure
[43, 44]. This phenomenon has been reported in poz-
zolanic reaction studies where metal oxide nanoparti-
cles interact with amorphous silica phases to form
secondary silicate compounds such as zinc silicate
(Zn,5i0,, willemite), particularly under alkaline con-
ditions characteristic of cementitious environments
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[45]. The far-infrared region below 700 cm~! contains
the most critical spectroscopic evidence for ZnO nano-
particle incorporation and phase identification. The
distinct absorption band at v =474 cm-! is unambigu-
ously assigned to the characteristic Zn-O stretching
vibration corresponding to the E; transverse optical
phonon mode of wurtzite-phase zinc oxide [46, 47].
This assignment is corroborated by extensive literature
on ZnO nanoparticles synthesized via various routes,
where the fundamental Zn—O vibrational mode con-
sistently appears in the 400-500 cm™ range, with pre-
cise frequency depending on crystallite size, morphol-
ogy, and defect concentration [48]. The progressive
intensification of this band with increasing ZnO-@
loading from 1 to 3% provides quantitative confirma-
tion of the successful integration of nanoparticles and
validates the gravimetric formulation of the composite
samples [49]. Comparative analysis with reference
spectra of pristine ZnO nanopowders demonstrates
excellent frequency correlation, substantiating that the
incorporated zinc oxide maintains its characteristic
wurtzite crystal structure within the GFRC matrix
without phase transformation to alternative poly-
morphs such as zinc blende or rocksalt structures [50,
51]. However, critical examination of the spectral data
reveals an additional absorption feature at v =519
cm-!, which warrants detailed investigation as this
peak does not correspond to the vibrational modes of
stoichiometric wurtzite ZnO. Based on comprehensive
vibrational spectroscopic databases, this absorption
band is tentatively attributed to Cu-O stretching
vibrations associated with copper oxide phases, most
likely monoclinic cupric oxide (CuO, tenorite struc-
ture) [52]. Copper oxide signatures in nominally ZnO-
doped materials can arise through several mecha-
nisms: (i) trace transition metal impurities in
industrial-grade zinc oxide precursors (typically
0.001-0.1 wt% Cu from zinc ore processing) [53], (ii)
contamination during mechanical processing from
copper alloy grinding media or reactor vessels, or (iii)
deliberate engineering of hybrid core—shell nanostruc-
tures wherein excess copper beyond the solubility
limit in the wurtzite lattice precipitates as discrete CuO
nanophases [54]. The progressive emergence and
intensification of this shoulder feature with increasing
ZnO-@ content provides compelling evidence that
copper originates from the nanoparticle precursor
material rather than contamination during composite
fabrication. The identified copper oxide phase may
contribute to the observed dielectric behavior through
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charge carrier trapping at Cu-related defect states,
modification of oxygen vacancy concentrations, and
alteration of grain boundary potential barriers [55, 56].
Bulk CuO exhibits paramagnetic behavior at room
temperature (electron configuration Cu?*: 3d®, spin
§=1/2); the incorporation of paramagnetic centers into
the dielectric composite may influence the interfacial
polarization mechanisms observed in impedance spec-
troscopy [57]. However, definitive assessment of cop-
per’s contribution requires complementary advanced
characterization techniques. X-ray photoelectron spec-
troscopy would provide quantitative elemental analy-
sis and oxidation state determination, distinguishing
between Cu* (3d'°) in cuprous oxide (Cu,0) and Cu**
(3d®) in cupric oxide (CuO) based on characteristic
binding energy shifts and satellite peak structures in
the Cu 2p core-level spectra, also electron paramag-
netic resonance spectroscopy would enable detection
and quantification of paramagnetic Cu®* centers
through analysis of characteristic g-factor values and
hyperfine coupling patterns [58, 59]. Transmission
electron microscopy coupled with energy-dispersive
X-ray spectroscopy would enable nanoscale visualiza-
tion of copper distribution, revealing whether copper
exists as homogeneous substitutional dopants within
the wurtzite lattice or as phase-separated CuO nano-
clusters at grain boundaries. The absorption bands
observed at v=1426 cm™' and v=1382 cm™ are
assigned to the asymmetric C-O stretching vibrations
of carbonate ions (CO,%") arising from atmospheric
carbonation reactions that affect the calcium hydrox-
ide and calcium silicate hydrate phases in the cement
matrix [60]. This carbonation process, represented by
the reaction Ca(OH), + CO, — CaCOs; + H,0, is ubig-
uitous in cementitious materials exposed to ambient
atmospheric conditions and represents a natural aging
phenomenon rather than contamination [61]. The for-
mation of secondary calcite phases through carbona-
tion has been extensively characterized in concrete
durability studies and does not compromise the struc-
tural or functional integrity of GFRC composites under
normal service conditions [62]. The relatively weak
absorption feature at v=1742 cm™, corresponding to
C=0 stretching vibrations characteristic of carbonyl-
containing organic compounds such as esters or
ketones, likely originates from residual plasticizers,
dispersing agents, or oxidative degradation products
of fiber sizing agents [63]. The minimal intensity of
this peak, with transmittance changes less than 2%,
confirms negligible organic content and validates the
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predominantly inorganic composition of the compos-
ite system. Systematic comparison of FTIR spectra
across the concentration series (1%, 2%, and 3% ZnO-
@) reveals several concentration-dependent spectro-
scopic trends that provide insight into nanoparticle-
matrix interactions and dispersion characteristics. The
progressive intensification of the Zn-O stretching
band at 474 cm™! with increasing ZnO-@ loading dem-
onstrates a direct correlation between nanoparticle
concentration and spectroscopic signature intensity,
consistent with Beer-Lambert law principles for infra-
red absorption spectroscopy. The subtle blue shift
observed in the S5i-O-5i stretching frequency, from
approximately 1036 cm™ to 1038 cm-1 with increasing
ZnO content, suggests a strengthening of siloxane
bridging bonds, potentially arising from ZnO-cata-
lyzed silicate polymerization reactions or the forma-
tion of Zn—-O-Si interfacial bonding at nanoparticle-
matrix interfaces. The broadening of the hydroxyl
absorption envelope centered at 3463 cm™! correlates
with increased surface area and hydroxyl site density
associated with higher nanoparticle concentrations,
reflecting the high specific surface area characteristic
of nanoscale ZnO particles. Most significantly, the pro-
gressive emergence and intensification of the shoulder
feature at 519 cm™! with increasing ZnO-@ content
support the hypothesis that copper impurities scale
proportionally with the ZnO-@ feedstock concentra-
tion. The spectroscopic findings have significant impli-
cations for understanding the multifunctional proper-
ties of ZnO-doped GFRC composites and designing
optimized formulations for specific applications. The
confirmed presence of wurtzite-phase ZnO nanopar-
ticles validates the successful implementation of nano-
particle reinforcement strategies aimed at enhancing
mechanical, dielectric, and potentially electromagnetic
shielding properties of conventional GFRC materials.
The identification of copper oxide phases, while ini-
tially considered an impurity, may serendipitously
contribute to functional characteristics relevant to
emerging applications in electromagnetic interference
shielding, sensor technologies, and smart construction
materials with tunable electrical properties through
defect-mediated charge transport mechanisms. The
coexistence of enhanced interfacial polarization effects
observed in electric modulus spectroscopy with trace
paramagnetic phases creates opportunities for devel-
oping materials with coupled dielectric responses suit-
able for electromagnetically compatible construction
applications. In conclusion, comprehensive FTIR

@ Springer

J Mater Sci: Mater Electron (2026) 37:715

spectroscopic analysis confirms successful incorpora-
tion of wurtzite-phase ZnO nanoparticles within the
GFRC matrix while identifying trace copper oxide
phases that may contribute to the composite’s dielec-
tric characteristics. The characteristic vibrational
modes associated with hydroxyl groups, silicate net-
works, carbonate phases, and metal oxide frameworks
collectively validate the complex chemical composi-
tion and interfacial interactions governing the func-
tional properties of these multiphase composites.

3.4 SEM & EDS analysis

SEM and EDS analyses provide comprehensive insight
into the microstructural and elemental composition of
1% ZnO-@ doped GFRC specimens. The SEM image
reveals distinct microstructural features, including
micro gaps, ettringite, ZnO-@ particles, and calcium
hydroxide (CH). Notably, the presence of calcium
silicate hydrate (C-S-H) is highlighted, which is
crucial for concrete’s mechanical strength and dura-
bility (Fig. 3). The EDS spectrum complements this
by identifying the elemental constituents and their
respective weight percentages: carbon (9,30%), oxy-
gen (49.4 %), aluminum (2.20%), silicon (7.40%),
sulfur (1.50%), potassium (0.20%), calcium (27.5%),
copper (2.20%), and zinc (0.40%). This detailed char-
acterization underscores the successful incorporation
of ZnO-@ into the GFRC matrix, potentially enhancing
the material’s mechanical properties and durability.
Such analyses are pivotal for advancing the under-
standing and development of high-performance con-
struction materials.

The SEM and EDS analysis results provide a thor-
ough understanding of the microstructural and ele-
mental makeup of a 2% ZnO-@ doped GFRC com-
posite specimen. The SEM images showcase notable
microstructural characteristics, such as micro gaps,
ettringite, ZnO-@ particles, and calcium hydroxide
(CH). Importantly, the presence of calcium silicate
hydrate (C-5-H) is emphasized, as it plays a vital role
in the mechanical strength and durability of concrete
(Fig. 4).

Complementing this, the EDS spectrum identifies
the elemental components along with their respec-
tive weight percentages: carbon (6,60%), oxygen
(55,8%), magnesium (0,40%), aluminum (2,40%), sili-
con (6,20%), sulfur (1,70%), calcium (24,3%), copper
(2,30%), and zinc (0,30%). This comprehensive charac-
terization highlights the effective integration of ZnO-@
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Fig. 3 The SEM image of the GFRC specimen surface doped
with 1% ZnO-@

into the GFRC matrix, which may enhance the mate-
rial’s mechanical properties and overall durability.
The incorporation of 3% ZnO into GFRC signifi-
cantly influences the microstructural and mechanical
properties of the composite material (Fig. 5). The SEM
micrograph provides a detailed visualization of the
microstructural features, which are crucial for assess-
ing the material’s performance. The presence of ettrin-
gite and C-S-H phases indicates the ongoing hydra-
tion reactions and the formation of binding phases that
contribute to the material’s strength and durability.
Based on the Energy-dispersive X-ray spectroscopy
(EDX) analysis, the ZnO-doped Glass Reinforced
Concrete (GFRC) sample contains approximately
4,20% carbon, 50,6% oxygen, 1,70% aluminum, 6,90%

20.00 kV | 3.0 | 10 000 x D | S| 10.6 mm

Fig. 4 The SEM image of the GFRC specimen surface doped
with 2% ZnO-@
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silicon, 1,00% sulfur, 26,5% calcium, 8,80% copper,
and 0,50% zinc. These elemental percentages provide
a comprehensive understanding of the sample’s com-
position, which is crucial for evaluating its properties
and potential applications. The high oxygen content
indicates the presence of various oxides, while the sig-
nificant amounts of silicon and calcium suggest the
formation of calcium silicate hydrate (C-S-H) phases,
contributing to the material’s strength. The zinc dop-
ing, confirmed by the 0.50% zinc content, is expected
to enhance the photocatalytic and antimicrobial prop-
erties of the concrete, making it suitable for advanced
construction applications.

Furthermore, the micro gaps observed in the SEM
image may indicate potential areas for improvement
in the mixing and curing processes to achieve a more
homogeneous distribution of ZnO particles. Address-
ing these microstructural inconsistencies could lead
to enhanced mechanical properties and longevity of
the GFRC.

In conclusion, the 3% ZnO-doped GFRC sample
demonstrates promising characteristics for advanced
construction applications. Future research should
focus on optimizing the doping process and inves-
tigating the long-term performance of ZnO-doped
GFRC under various environmental conditions.

3.5 Surface roughness analysis
Table 2 presents the surface roughness parameters of

ZnO-@ before and after the aging process. The param-
eters measured include Ra (average roughness), Rz

Fig. 5 The SEM image of the GFRC specimen surface doped
with 3% ZnO-@
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(mean peak-to-valley height), and Rmax (maximum
roughness depth). Before aging, the Ra values for
ZnO-@ at concentrations of 1%, 2%, and 3% were 0.13,
0.59, and 0.94, respectively (Table 2). After aging,
these values changed to 0.39, 0.36, and 1.07, indicat-
ing increases of 200%, — 38.98%, and 13.83%, respec-
tively. For Rz, the initial values were 2.05, 7.09, and
8.86, which changed to 3.34, 3.64, and 9.66 after aging,
reflecting changes of 62.93%, — 48.66%, and 9.02%.
The Rmax values initially recorded were 2.23, 17.1,
and 10.0, which shifted to 1.95, 1.80, and 5.35 after
aging, indicating variations of — 12.56%, — 89.47%, and
- 46.5%. These results highlight significant changes
in surface roughness parameters due to the aging
process, with some parameters increasing and others
decreasing, indicating complex interactions affecting
the ZnO-@ surface morphology.

3.6 Color analysis of ZnO-@ doped GFRC
samples

Table 3 presents color parameters of ZnO-@-doped
GFRC specimens before and after the aging process,
focusing on the L* (lightness), a* (red—green), and
b* (yellow-blue) values. Initially, the L* values for
ZnO-@ at concentrations of 1%, 2%, and 3% were 44.9,
43.7, and 41.1, respectively. After aging, these values
changed to 46.3, 38.9, and 28.9, indicating percentage
changes of 3.12%, — 10.98%, and - 29.68%, respectively.
The color parameter a* values initially were 2.11, 2.13,
and 2.80, which altered to 2.00, 2.07, and 1.80 post-
aging, reflecting changes of — 5.21%, - 2.82%, and
— 35.71%. For the b* values, the initial readings were
3.29, 2.49, and 4.31, which shifted to 2.78, 2.70, and 2.51
after aging, indicating variations of — 15.50%, 8.43%,
and - 41.76%. These results demonstrate that the aging
process significantly affects the color parameters of

Table 2 Surface roughness before (*) and after (**) aging
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ZnO-doped GFRC composite specimens, with notable
increases and decreases in lightness and chromaticity
values, indicating complex interactions that influence
the material’s appearance.

3.7 Leeb hardness measurements of ZnO-@
doped GFRC specimens

Table 4 presents the Leeb hardness measurements
of ZnO-doped GFRC composite before and after the
aging process. Initially, the hardness values for the
1%, 2%, and 3% ZnO-@ composites were 165, 154, and
143 HLD, respectively. After aging, these values sig-
nificantly increased to 456, 417, and 387 HLD, respec-
tively. This represents an increase of approximately
176%, 171%, and 171% for the 1%, 2%, and 3% com-
posites, respectively.

The substantial increase in hardness after aging
can be attributed to incorporating ZnO nanoparti-
cles, which enhance the mechanical properties of the
concrete matrix. The other components of the ZnO-@
likely contribute to this improvement. These compo-
nents act as reinforcing agents, improving the disper-
sion of ZnO nanoparticles and preventing their accu-
mulation, which enhances the overall matrix structure.
Additionally, they may contribute to the formation of
a more robust and interconnected network within the
cement matrix, further enhancing its mechanical prop-
erties. These doped materials interact synergistically
with the cement matrix, significantly improving hard-
ness after the aging process.

3.8 Dielectric properties
To elucidate the electrical behavior, we measured

capacitance (C) and conductance (G) of ZnO-doped
GFRC composites. The dielectric parameters were

Table 3 Color analysis before (*) and after (**) aging

Sample Parameter 1% 2% 3% Sample Content (%) L* a* b*

ZnO-@ (*) Ra 0.13 0.59 0.94 ZNO-@ (*) 1 449 2.11 3.29
Rz 2.05 7.09 8.86 2 43.7 2.13 2.49
Rmax 2.23 17.1 10.0 3 41.1 2.80 431

ZnO-@ (**) Ra 0.39 0.36 1.07 ZNO-@ (**) 1 46.3 2.00 2.78
Rz 3.34 3.64 9.66 2 38.9 2.07 2.70
Rmax 1.95 1.80 5.35 3 28.9 1.80 2.51

(*) Before aging, (**) After aging
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Table 4 Leeb hardness measurement before (*) and after (**)
aging
Sample

Content (%) HLD

165
154
143
456
417
387

Zn0-@ (¥)

ZnO-@ (**)

W N = W N =

(*) Before aging, (**) After aging

calculated from the C and G readings using the proper
formalism as below. All data were obtained from the
measurement system by Keithley 2400 SMU and GW
Instek 8105 LCR meter using the following equations
[1, 64, 65]:

A
Co = €07 1)
e =¢ +je’ ()
y _ C
€= Cy 3)
G
1
£ T 9G, (4)
"
tans = ‘;—, (5)

The complex real permittivity £* as a function
of angular frequency is made up of ¢’, the real part
related to energy storage, and ¢”, the imaginary part
representing dielectric loss. Here, ¢0=8.85x 107*
F-cm™ represents the permittivity of free space, Co
denotes the capacitance of the empty measurement
cell (geometric capacitance without sample), tan d
is the loss tangent (dissipation factor), and w is the
angular frequency.

A represents the active contact area, while d repre-
sents the thickness of the sample examined. The capac-
itance-frequency (C-f) characteristics of ZnO-doped
glass-reinforced concrete (GFRC) samples compared
to the undoped reference are presented in Fig. 6a.
All studied samples exhibited a decrease in capaci-
tance with increasing frequency, ranging from 100
Hz to 1 MHz, indicating dispersive behavior typical
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Fig. 6 a The Capacitance (C-f) and b normalized conductance

(G/w), which is proportional to the imaginary permittivity (¢”)
characteristics of ZnO-doped GFRC composite

of cementitious materials, while the addition of ZnO
particles significantly alters the dielectric response of
GFRC samples, particularly at lower frequencies (100
Hz-10 kHz). Regarding the concentration-dependent
behavior, 1% ZnO particle doping yielded a moder-
ate increase in capacitance values compared to the
reference. The 2% ZnO doping shows the most pro-
nounced effect, with the highest capacitance values
across most of the frequency range. Surprisingly, 3%
Zn0O doping leads to capacitance values closer to those
of the reference sample, suggesting a possible satura-
tion effect. On the other hand, the impact of ZnO dop-
ing on Low-frequency enhancement is most evident
below 10 kHz, where the doped samples (especially
2% Zn0O) exhibit substantially higher capacitance than
the reference sample. Meanwhile, above 100 kHz, the
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capacitance values of all samples converge, indicat-
ing that ZnO doping primarily affects low-frequency
dielectric behavior. Upon the addition of ZnO compos-
ite, a non-linear doping response was realized in the
obtained results. Clearly, the non-monotonic change
in capacitance with increasing ZnO concentration
(2% > 1% >3%) refer to complex interactions between
the dopant and the GFRC composite matrix which
necessitates further evaluation frequency-dependent
normalized conductance (G/w) characteristics of the
samples, which directly relate to the imaginary part
of the complex permittivity (¢” &« G/w), can be seen
from Fig. 6b. The examined measurements span from
100 Hz to 1 MHz, providing insight into the GFRC’s
response across a wide frequency spectrum. The
undoped reference sample exhibited relatively low
and stable conductance values across the frequency
range. While the ZnO composite doping significantly
alters the conductance behavior, with the effect vary-
ing by concentration. The conductance characteristics
of ZnO-doped GFRC samples exhibit distinct pat-
terns across varying concentrations of doping. The
1% ZnO-doped sample demonstrates the most pro-
nounced conductance peak, centered around 1 kHz.
In contrast, the 2% ZnO-doped sample displays a
notable but reduced peak, shifted towards higher fre-
quencies (approximately 10 kHz). Interestingly, the 3%
ZnO-doped sample shows conductance values more
closely aligned with the undoped reference, suggest-
ing a potential saturation point or alteration in con-
duction mechanisms at elevated doping levels. Both
1% and 2% ZnO-doped samples exhibit well-defined,
bell-shaped conductance profiles, indicative of relax-
ation processes. These processes may be attributed
to interfacial polarization or charge carrier hopping
mechanisms. In the low-frequency range (<1 kHz), the
1% ZnO-doped sample outperforms the 2% sample in
terms of conductance. However, this trend inverts at
higher frequencies, with the 2% sample maintaining
superior conductance beyond the peak frequencies.
As frequencies approach 1 MHz, all samples con-
verge towards similar, low conductance values. This
convergence implies that ZnO doping exerts its most
significant impact on conductance within the low to
mid-frequency range. These findings suggest that ZnO
doping can be effectively employed to modulate the
dielectric properties of GFRC, with potential applica-
tions in enhancing electrical response or energy stor-
age capabilities. The optimal doping concentration
appears to be approximately 2% ZnO, beyond which
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further doping may yield diminishing returns or even
adversely affect the material’s capacitive behavior. The
observed conductance peaks and their frequency shifts
relative to doping concentration provide valuable
insights into the charge transport mechanisms within
the composite. The optimal doping level is contingent
upon the desired operational frequency range, with
1% and 2% ZnO exhibiting enhanced conductance
across different frequency bands. The unexpected
behavior of the 3% ZnO-doped sample warrants fur-
ther investigation, for the frequency dependence of
the real and the imaginary permittivity (¢'and ¢") for
ZnO-doped composite samples with varying concen-
trations (1%, 2%, and 3%) compared to an undoped
reference sample were evaluated by employing
Egs. (3) and (4), respectively.

The real part ¢’ of permittivity was obtained across
a frequency range of 100 Hz to 1 MHz. it was observed
that all samples exhibit a decrease in £’ with increasing
frequency, indicating dielectric relaxation processes
typical in composite materials. Also, the doping
amount declared that ZnO composite significantly
alters the dielectric behavior of GFRC, particularly at
lower frequencies. The 1% and 2% ZnO samples show
markedly higher ¢’ values compared to the reference,
especially below 10 kHz. Regarding the concentration-
dependent response, 1% ZnO doping yielded the high-
est ¢’ values at very low frequencies (<500 Hz), while
2% ZnO doping exhibited the highest ¢’ values over a
broader frequency range (500 Hz-100 kHz). Interest-
ingly, 3% ZnO doping leads to ¢’ values similar to or
slightly below the reference sample. The dielectric
behavior of ZnO-doped GFRC samples exhibits dis-
tinct characteristics across different frequency ranges
and doping concentrations. In the low-frequency
domain, particularly below 1 kHz, the 1% and 2%
ZnO-doped samples demonstrate a marked increase
in real permittivity (&'), indicative of strong interfacial
polarization effects. Notably, the 2% ZnO-doped sam-
ple maintains elevated &' values across a broader fre-
quency spectrum compared to its 1% counterpart. As
frequencies exceed 100 kHz, a convergence in ¢’ values
is observed across all samples, suggesting that ZnO
doping predominantly influences the low-frequency
dielectric response. The 1% and 2% ZnO-doped sam-
ples exhibit more pronounced relaxation behavior,
evidenced by a steeper decline in ¢’ as frequency
increases. These findings highlight the potential of
Zn0O doping to significantly enhance the dielectric per-
mittivity of GFRC materials, particularly at lower



J Mater Sci: Mater Electron (2026) 37:715

frequencies. The optimal doping concentration
appears to be approximately 2% ZnO, which sustains
elevated ¢' values over the broadest frequency range.
The unexpected behavior observed in the 3% ZnO-
doped sample suggests a potential saturation effect or
structural alterations at higher doping levels, warrant-
ing further investigation. The enhanced low-frequency
permittivity in doped samples can be attributed to
increased interfacial polarization, possibly resulting
from the formation of space charge regions at ZnO-
concrete interfaces. This property could prove advan-
tageous for applications requiring high dielectric con-
stants at lower frequencies, such as energy storage
devices or sensing systems. The convergence of ¢’ val-
ues at higher frequencies indicates that ZnO doping
primarily influences slower polarization mechanisms,
while faster electronic and atomic polarizations
remain relatively unaffected. This insight provides
valuable information for tailoring the dielectric prop-
erties of GFRC materials for specific frequency-
dependent applications. On the other hand, frequency-
dependent behavior of the imaginary part of dielectric
permittivity (") for ZnO-doped glass-reinforced con-
crete (GFRC) samples across a frequency range of
100 Hz to 1 MHz can be seen from Fig. 6b to further
insights into dielectric loss mechanisms. It was found
that ZnO doping significantly modifies the &” behav-
ior, particularly at lower frequencies. The 1% and 2%
ZnO-doped samples exhibited pronounced peaks in
¢", indicating strong dielectric loss mechanisms absent
in the reference sample. The response is concentration-
dependent: 1% ZnO displays the highest " peak, cen-
tered around 1-2 kHz, while 2% ZnO shows a lower
but broader peak, shifted to higher frequencies
(approximately 10 kHz). Interestingly, 3% ZnO unex-
pectedly exhibits €” values close to or below the refer-
ence, mirroring its behavior in &'. The peaks in €” for
1% and 2% ZnO samples correspond to the regions of
steepest decline in &' (Fig. 7a), confirming the presence
of dielectric relaxation processes. The shift in peak fre-
quency from 1 to 2% ZnO suggests a change in the
dominant relaxation mechanism with increased dop-
ing. In the low-frequency domain, unlike &', which
showed a monotonic increase, ¢” for 1% and 2% ZnO
samples display a slight decrease below 1 kHz, indi-
cating a transition between different loss mechanisms.
At high frequencies (above 100 kHz), all samples were
converged to low ¢” values, consistent with the behav-
ior observed in ¢'. The frequency ranges where &"
peaks occur correspond to the regions of highest
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dispersion in ¢', indicating that the same physical pro-
cesses are responsible for both energy storage (¢') and
energy dissipation (¢") in the material. These results,
when combined with the ¢’ data, provide a compre-
hensive picture of the dielectric behavior in ZnO-
doped GFRC. The appearance of loss peaks in the 1%
and 2% ZnO samples suggests the introduction of new
relaxation mechanisms, possibly related to interfacial
polarization at the ZnO-GFRC interfaces or charge car-
rier hopping. The shift in peak frequency between 1
and 2% ZnO indicates that increasing the dopant con-
centration not only enhances the magnitude of the
dielectric response but also alters its frequency
dependence. In addition, Fig. 7c shows how the dielec-
tric loss tangent (tand) varies with frequency for varied
amounts of composite-doped ZnO in GFRC compos-
ite. The dissipation factor (Tand) is the ratio of energy
lost by a material to the total energy in a circuit. The
Tand was calculated using the Eq. (5). Figure 7 c com-
plements the previous analyses of €' and ¢", offering
insights into the overall dielectric loss characteristics
across a frequency range of 100 Hz to 1 MHz. ZnO
doping was found to be significantly modifies the tan
0 behavior, particularly in the mid-frequency range.
The 1% and 2% ZnO-doped samples exhibited pro-
nounced peaks in tan 9, indicating frequency ranges
of maximum dielectric loss. The response is concen-
tration-dependent: 1% ZnO displays the highest tan d
peak, centered around 2-3 kHz, while 2% ZnO shows
a lower but broader peak, shifted to higher frequencies
(approximately 20-30 kHz). Notably, 3% ZnO unex-
pectedly exhibits tan d values similar to or below the
reference, consistent with its behavior in ¢’ and ¢". The
tan d peaks for 1% and 2% ZnO samples closely cor-
respond to the £” peaks observed in Fig. 7b, confirm-
ing the frequency ranges of maximum energy dissipa-
tion. The shift in peak frequency from 1 to 2% ZnO
further supports the change in dominant relaxation
mechanisms with increased doping. In the low-fre-
quency domain, all samples show a slight increase in
tan 0 at very low frequencies (<200 Hz), suggesting
the onset of a different loss mechanism, possibly
related to DC conductivity. At high frequencies (above
100 kHz), tan d values for all samples tend to converge,
consistent with the behavior observed in ¢’ and ¢" part.
Also, it was realized that tan d peaks occur at frequen-
cies where &’ shows the steepest decline and &" exhibits
maxima, providing a comprehensive view of the die-
lectric relaxation processes. Based on those contribu-
tions, it can be said that the appearance of distinct tan
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Fig. 7 Frequency-dependent dielectric characteristics of ZnO-doped GFRC composites: a real permittivity (¢'), b imaginary permittiv-

ity (¢"), and c loss tangent (tan 3)”

0 peaks in the 1% and 2% ZnO samples confirms the
introduction of new energy dissipation mechanisms
due to ZnO particles doping to the GFRC sample.
Additionally, the shift in peak frequency between 1
and 2% ZnO indicates that increasing dopant concen-
tration affects both the magnitude of dielectric loss
and its frequency dependence. The tan d data corrobo-
rate the earlier hypothesis that a 1-2% ZnO doping
range represents an optimal range for enhancing die-
lectric properties. The unexpected behavior of the 3%
ZnO sample across all dielectric parameters strongly
suggests a critical concentration beyond which addi-
tional ZnO becomes ineffective or possibly detrimental
to the dielectric properties. In conclusion, the com-
bined analysis of €', €”, and tan d reveals that ZnO
doping can be used to engineer the frequency-depend-
ent dielectric properties of GFRC materials precisely.
This tunable behavior, particularly the ability to con-
trol the frequency of maximum dielectric loss, could
be exploited in applications such as electromagnetic
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interference shielding or energy storage devices,
where specific dielectric loss characteristics are
crucial.

Meanwhile, the real part of the electrical modulus
(M") characteristics of ZnO concrete samples, com-
pared with a control sample, were analyzed across
different ZnO addition ratios using the correspond-
ing ¢’ and ¢” values for the studied ZnO doped GFRC
composite. The components were determined using
the following equations:

. 1 . 24 -
M ==—=M +jM" = +j
e* g2 + g2 g+ g2

(6)

The frequency range examined was from 100 Hz
to 1 MHz. The results, depicted in Fig. 8a, reveal a
sigmoidal trend across all samples, with M’ values
increasing from low to high frequencies before pla-
teauing. The control sample (Ref) consistently exhib-
ited the lowest modulus values across the frequency
spectrum. In contrast, the ZnO concrete samples
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demonstrated progressively higher electrical modulus
values with increasing ZnO content. Specifically, the
1% ZnO sample showed a moderate increase in M’ val-
ues, while the 2% and 3% ZnO samples exhibited more
pronounced increases, indicating a clear enhancement
in electrical properties with higher ZnO concentra-
tions. It can be concluded that the incorporation of
ZnO into GFRC composite significantly influences
its electrical characteristics, with higher ZnO ratios
leading to improved electrical modulus values. This
enhancement is likely due to the conductive nature of
ZnO, which facilitates better charge transport within
the concrete matrix. Also, the imaginary part of electri-
cal modulus M" as a function of frequency for ZnO-
doped GFRC samples with varying concentrations
(1%, 2%, and 3%) compared to an undoped reference
sample was evaluated too and is illustrated in Fig. 8b.
The results obtained revealed distinct relaxation peaks
for each sample, indicating the presence of different
relaxation processes. The reference sample exhibits a
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Fig. 8 a Real part b imaginary part of electrical modulus charac-
teristics of ZnO-@ doped GFRC composite
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broad peak centered around 10 kHz, while the ZnO-
doped samples show more pronounced and shifted
peaks. The 1% ZnO-doped sample displays the high-
est M" peak magnitude, occurring at approximately
5 kHz. The 2% ZnO-doped sample shows a peak of
slightly lower magnitude but shifted to a higher fre-
quency of approximately 50 kHz. Interestingly, the 3%
ZnO-doped sample exhibits a significantly suppressed
peak, with its maximum occurring at the lowest fre-
quency among all samples, around 500 Hz. Our find-
ings suggest that ZnO doping has a significant influ-
ence on the dielectric relaxation behavior of GFRC.
The shift in peak frequencies and changes in peak
magnitudes with varying ZnO concentrations indicate
alterations in the charge carrier dynamics and polari-
zation mechanisms within the material. The non-linear
relationship between ZnO concentration and peak
characteristics implies complex interactions between
the dopant and the GFRC matrix, potentially affecting
the material’s electrical properties and microstructure.

Further evaluation was obtained as the variation
of real permittivity (¢”) with Energy (¢') for Differ-
ent Concentrations of ZnO-@ doped GFRC compos-
ite namely Cole—Cole plot and illustrated in Fig. 9a.
Cole-Cole plots reveal distinct dielectric behavior
between the reference sample and ZnO-doped GFRC
composites at varying concentrations (1%, 2%, and
3%). The reference sample (Ref) exhibits the larg-
est semicircle, indicating a higher overall dielectric
response compared to the ZnO-doped samples. Its
curve extends from approximately ¢'=50 to ¢'=375,
with a maximum &” value reaching about 115. As the
ZnO doping concentration increases, a clear trend of
decreasing semicircle size is observed. The 1% ZnO
sample showed a smaller semicircle compared to the
reference, with &' ranging from about 50 to 300 and a
maximum &” of approximately 75. The 2% ZnO sample
further reduced in size, with &' spanning from about
50 to 250 and a peak &” of roughly 70. The 3% ZnO
sample displays the smallest semicircle, suggesting
the most significant alteration in dielectric properties.
Its curve is notably compressed, with &' ranging only
from about 50 to 150 and a maximum &" of approxi-
mately 20. This systematic reduction in semicircle size
with increasing ZnO concentration indicates that ZnO
doping progressively modifies the dielectric relaxation
processes within the GFRC composite. The shrinking
semicircles suggest a decrease in the overall polariz-
ability of the material, potentially accompanied by
faster relaxation times with higher ZnO content. Our
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observations suggest that ZnO doping effectively
tunes the dielectric properties of GFRC composite,
with higher concentrations resulting in more pro-
nounced changes. This tuning capability could be
advantageous for tailoring the material’s electromag-
netic response for specific applications in construction
or electronic industries. Figure 9b, presents the Argand
plot diagrams for glass fiber-reinforced concrete
(GFRC) samples doped with varying concentrations
of ZnO, compared to a control sample. Argand plots
revealed significant changes in the dielectric proper-
ties of GFRC with the addition of ZnO. The control
sample exhibited the highest peak in the Argand plot,
indicating the maximum dielectric loss. As the ZnO
concentration increases from 1 to 2% and 3%, a consist-
ent trend of decreasing peak height is observed. This
reduction in peak height suggests that ZnO doping
effectively lowers the dielectric loss in GFRC samples.
Also, a notable shift in peak position towards lower
M’ values was evident with increasing ZnO content.
This shift can be attributed to alterations in the polari-
zation processes within the GFRC composite matrix
due to the presence of ZnO particles. The observed
trend implies that ZnO doping modifies the electri-
cal conductivity and polarization characteristics of the
GFRC composite. The systematic changes in both peak
height and position with increasing ZnO concentra-
tion suggest a direct relationship between ZnO con-
tent and the dielectric properties of GFRC composite.
This relationship can be explained by the interaction
between ZnO particles and the cementitious matrix,
which likely alters the microstructural pathways for
charge transport and polarization. The 3% ZnO-doped
sample shows the most pronounced effects, with the
lowest peak height and the furthest shift towards
lower M’ values. This observation indicates that higher
concentrations of ZnO have a more significant impact
on reducing dielectric loss and modifying polariza-
tion characteristics in GFRC. Our findings suggest that
ZnO doping could be an effective method for tuning
the dielectric properties of GFRC composites. The abil-
ity to reduce dielectric loss through ZnO addition may
have important implications for applications requiring
enhanced electromagnetic shielding or improved insu-
lative properties in construction materials.

The electric modulus formalism (M* =1/¢e*) was
employed to investigate the interfacial polarization
mechanisms and charge carrier dynamics in ZnO-@
doped GFRC composites, as depicted in the Argand
diagram (M" vs M’, Fig. 9b). This representation
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effectively suppresses electrode polarization artifacts
and emphasizes bulk relaxation processes, providing
complementary insights to the conventional Cole-Cole
analysis [66, 67]. Based on the results obtained from
Fig. 9b, it can be stated that the Argand plots exhibit
characteristic semicircular arcs corresponding to
non-Debye relaxation processes. The reference sam-
ple demonstrated M"” max = 0.0017 centered at M’ =
0.0070, establishing baseline dielectric relaxation gov-
erned by cement hydration products and fiber-matrix
interfacial polarization. Notably, the Progressive ZnO
incorporation yielded a biphasic response: enhance-
ment phase (1-2% ZnO-@) with M" max increasing to
0.0034 (100% enhancement), followed by degradation
phase (3% ZnO-@) with M" max declining to 0.0014.
This non-monotonic behavior indicates a critical per-
colation threshold between 2 and 3% ZnO concentra-
tion, consistent with interfacial polarization theory
in heterogeneous dielectric systems [68, 69]. Further-
more, to elucidate the charge transport mechanisms
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and interfacial polarization dynamics, the imped-
ance spectroscopy data were systematically fitted to a
modified Debye equivalent circuit model comprising
series resistance or electrode contact resistance (Rs)
in combination with a parallel arrangement of grain
boundary resistance (RGB) and constant phase ele-
ment or non-ideal capacitance (Cpj), represented
as: Rs+ (Rgg! | Cpg) [70-72] which can be seen from
Fig. 9c. This circuit topology accurately illustrates the
contribution of electrode contact resistance (Rs) and
the non-ideal interfacial relaxation behavior governed
by grain boundary resistance. The constant phase ele-
ment, which replaces the ideal capacitor to account
for dispersive dielectric relaxation inherent to hetero-
geneous materials, exhibits impedance described by
Zcpr = 1/[T(jw)"], where T represents the Cpy; coefficient
(F-s™D), w denotes angular frequency. The exponent P
quantifies deviation from ideal Debye behavior, with
P =1 corresponding to pure capacitance and P <1 indi-
cating distributed relaxation time constants [73]. Non-
linear least-squares fitting of the experimental Argand
diagrams yielded circuit parameters that exhibited
systematic concentration-dependent trends. Non-lin-
ear least-squares fitting of the experimental Argand
diagrams yielded circuit parameters that exhibited
systematic concentration-dependent trends. Table 5
presents the extracted equivalent circuit parameters
for all ZnO-@ doped GFRC compositions, revealing
quantitative relationships between dopant concentra-
tion and interfacial electrical properties.

As evident from Table 5, the grain boundary
resistance demonstrated a progressive enhancement
from R;p=2.8 MQ (reference) to 5.8 MQ (2% ZnO-
@), reflecting intensified interfacial charge blocking
effects attributed to the formation of a ZnO nano-
particle-induced barrier layer at the cement matrix
interfaces. The extracted CPE exponent values ranged
from P=0.77 to 0.84 across all compositions, substan-
tiating a significant departure from the ideal capaci-
tive response. This non-ideality arises from the inher-
ent complexity of cementitious composites, which
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encompasses hierarchical pore network distributions
(ranging from nanoscale C-5-H gel pores to micro-
scale capillary pores), spatial compositional gradients
between cement phases and ZnO dopants, interfa-
cial roughness at fiber-matrix and particle-matrix
boundaries, and tortuosity effects in charge carrier
pathways [74, 75]. The reduced P values for optimally
doped samples (P = 0.77 for 2% ZnO-@) further indi-
cate that enhanced microstructural heterogeneity is
introduced by ZnO nanoparticle dispersion, result-
ing in broadened relaxation time distributions and
increased interfacial complexity, which is conducive
to charge accumulation and dielectric loss enhance-
ment. The obtained mechanism can be explained as
Maxwell-Wagner-Sillars Interfacial Polarization,
the pronounced M" enhancement in 1-2% ZnO-@
samples originates from Maxwell-Wagner-Sillars
(MWS) interfacial polarization at ZnO nanoparticle-
matrix boundaries [76, 77]. The semiconducting ZnO
particles (bandgap ~ 3.37 eV) embedded within the
semi-insulating cement matrix create heterogeneous
dielectric interfaces that accumulate space charges
under applied electric fields. The characteristic relaxa-
tion time (t = Rgb x Ceff) increased from 8.5 x 10~ to
15.8 x 10~ s with optimal doping, confirming enhanced
charge trapping at interfacial states [78, 79]. This
behavior is consistent with the Koops phenomenologi-
cal model for polycrystalline dielectrics, where highly
resistive grain boundaries impede charge carrier
migration, resulting in elevated interfacial polarization
[80-82]. Regarding the Critical Concentration Thresh-
old and Percolation Effects, the anomalous decline in
M" max for 3% ZnO-@ samples signifies the onset of
percolation-driven conductivity enhancement. Three
synergistic mechanisms contribute to this phenom-
enon: (i) formation of conductive pathways through
ZnO nanoparticle agglomeration, reducing effective
interfacial area and charge accumulation capacity [83,
84]; (ii) particle clustering-induced microstructural
defects compromising dielectric integrity [85]; and (iii)
transition from capacitor-like to resistor-like behavior

Table 5 The extracted

! o Sample Rs(kQ) RgbMQ)  Cppr Cpp T(X107s) M. My
equlv.alent circult parameters (x1 00 F)
from impedance spectroscopy
fitting for ZnO-@ doped Reference 12 2.8 42 0.82 8.5 0.0017  0.007
GFRC composites 1% Zn0O-@ 1.5 45 3.8 0.79 12.2 0.0032  0.0075
2% 7Zn0O-@ 1.8 58 35 0.77 15.8 0.0034  0.0095
3%7Zn0O-@ 2.1 3.2 45 0.84 9.1 0.0014  0.006
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as inter-particle spacing approaches the charge carrier
tunneling threshold (~ 2-5 nm) [86, 87]. The observed
dielectric enhancement mechanisms in ZnO-@ doped
GFRC composites can be rigorously understood
through the framework of interfacial polarization
theory applicable to heterogeneous multi-phase sys-
tems. When semiconducting ZnO nanoparticles (con-
ductivity oy = 10#-107 S/cm) are embedded within
the semi-insulating cementitious matrix (conductiv-
ity 0, = 108-10"° S/cm), substantial conductivity and
permittivity mismatches arise at phase boundaries,
creating conditions favorable for Maxwell-Wagner-
Sillars (MWS) interfacial polarization [18, 19]. Under
applied alternating electric fields, mobile charge car-
riers (electrons and holes in ZnO; ionic species in the
cement pore solution) migrate toward interfaces but
cannot freely traverse the high-resistance boundaries,
resulting in space charge accumulation and associated
polarization. The characteristic relaxation time for this
process, given by tMWS = go(&1 + €,)/(0; + 0,), explains
why our observed relaxation frequencies (100-200 Hz)
correspond to the interfacial polarization regime
rather than dipolar or electronic mechanisms [76, 77].
This behavior parallels recent findings in rare-earth
doped oxide composites, where similar heterogene-
ous interfaces generate enhanced dielectric responses
through controlled defect engineering and interface
density optimization [18]. The synergistic contribu-
tion of multiple polarization mechanisms, including
dipolar reorientation of surface hydroxyl groups, ionic
displacement polarization within the C-S-H gel struc-
ture, and predominantly MWS interfacial polarization
at ZnO-cement boundaries, collectively accounts for
the substantial permittivity enhancement observed in
optimally doped samples. The non-monotonic con-
centration dependence further reflects the competing
effects between increased interfacial area (beneficial
for polarization) and nanoparticle agglomeration-
induced conductive pathway formation (detrimental
to dielectric performance), consistent with percola-
tion theory predictions for conductive filler-insulating
matrix composites [19].

The leftward centroid shift (M’ peak =0.0095 to
0.0060) and reduced Rgb (5.8 to 3.2 MQ) substanti-
ate the enhanced DC conductivity, which suppresses
capacitive charge storage mechanisms [88, 89]. This
percolation-induced transition from dielectric-to-con-
ductive behavior aligns with established theoretical
frameworks for composite materials, where the critical
percolation threshold (¢c) depends on filler geometry,
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Fig. 10 The AC electrical conductivity plots of ZnO-doped
GFRC composites

dispersion quality, and interfacial contact resistance.
Our experimental identification of @c between 2 and
3% ZnO-@ concentration suggests that the high aspect
ratio ZnO nanostructures (as evidenced by particle
size distribution analysis showing Dv(90) =199 um)
create interconnected networks at relatively low
volume fractions. Similar concentration-dependent
dielectric-to-conductive transitions have been docu-
mented in hybrid filler systems incorporating 2D
nanomaterials and metal oxide nanoparticles, where
engineered interfaces enable precise control over
charge transport pathways while maintaining struc-
tural integrity [19].

Overall, the apparent contradiction between
Cole-Cole (decreasing semicircle dimensions) and
Argand (initial M” enhancement) plots resolves
through recognition of their complementary nature.
The permittivity formalism (¢” vs &) emphasizes
low-frequency polarization losses and overall
polarizability, whereas electric modulus (M" vs
M') accentuates high-frequency resistive processes
and localized charge transport [90, 91]. The sys-
tematic €” reduction (Fig. 10a) reflects diminished
bulk polarizability due to ZnO’s lower relative per-
mittivity (er = 8.5) compared to hydrated cement
phases (er = 10-20) [92]. Conversely, M" enhance-
ment indicates the creation of high-density interfa-
cial polarization sites despite an overall reduction
in polarizability, demonstrating that ZnO doping
generates localized charge accumulation zones
rather than bulk polarization enhancement [93, 94].
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For the microstructural-dielectric property correla-
tions, the optimal 2% ZnO-@ formulation achieves
an ideal microstructural architecture, wherein
semi-insulating ZnO nanoparticles establish a per-
colating network of interfacial polarization zones
without forming continuous conductive pathways.
This configuration maximizes space charge accumu-
lation (elevated M") while maintaining high resis-
tivity (large Rgb), creating potential wells that trap
charge carriers at interfaces [95, 96]. The interfacial
layer thickness, estimated from the Debye screening
length (AD =(ee kT/2e’n) = 5-15 nm for cementi-
tious systems), suggests that optimal nanoparticle
dispersion maintains an inter-particle spacing suffi-
cient to prevent electron hopping while maximizing
interface density [97, 98]. Furthermore, the enhanced
dielectric loss tangent (tan o = M"/M') for 2% ZnO-@
composites translates to superior microwave absorp-
tion capacity through interfacial polarization losses
and multiple scattering at heterogeneous boundaries
[99, 100]. The frequency-dependent relaxation (char-
acteristic frequency fc=1/2nt = 100-200 Hz) posi-
tions these materials favorably for low-frequency
EMI shielding applications in construction sectors
requiring electromagnetic compatibility [101]. Con-
versely, the 3% ZnO-@ formulation, which exhib-
its suppressed relaxation losses while maintaining
GFRC mechanical reinforcement, is suitable for
low-loss dielectric applications, such as insulative
substrates for embedded wireless communication
systems [102, 103]. The successful equivalent circuit
fitting validates the applicability of interfacial polari-
zation theory to ZnO-doped GFRC composites. The
non-ideal Debye behavior necessitates consideration
of distributed relaxation time models (Havriliak-
Negami, Cole-Davidson functions) for comprehen-
sive frequency-domain characterization [104, 105].
The obtained CPE parameters align with reports for
heterogeneous cementitious systems, where textural
heterogeneity, pore size distribution, and interfacial
roughness collectively generate multi-scale relaxa-
tion processes [106, 107]. On the other hand, AC
conductivity (o,.) of ZnO-@ doped GFRC compos-
ites was calculated from the imaginary permittivity
according to Eq. (7) as below:

6. = €' we (7)

where o, is the ac conductivity, defined as a function
of ¢” and frequency, w, denoting angular frequency
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equal to 27ntf. The AC electrical conductivity (o,.) of
ZnO-doped GFRC composite samples, compared
to the control (Ref), is also revealed and presented
in Fig. 10 against frequency (Hz). Both plots were
on logarithmic scales. The frequency range spans
from 100 Hz to 1 MHz. Conductivity of all samples
increases with frequency, characteristic of AC trans-
port in composite materials. The reference sample
(Ref) exhibits the lowest conductivity across most of
the frequency spectrum, indicating that ZnO dop-
ing generally enhances the electrical conductivity of
GFRC composite. Among the ZnO-doped samples,
the 2% ZnO concentration exhibits the highest con-
ductivity, particularly at frequencies above 10 kHz.
This suggests an optimal doping level for maximizing
electrical conductivity. The 1% ZnO sample exhibits
intermediate conductivity, higher than the reference
but lower than the 2% ZnO sample for most of the
frequency range. Interestingly, the 3% ZnO sample
exhibits lower conductivity than both the 1% and 2%
ZnO samples, especially at higher frequencies. This
unexpected behavior might be attributed to agglomer-
ation effects or changes in the GFRC’s microstructure
at higher doping concentrations. A notable feature is
the sharp decrease in conductivity for the 1% ZnO
sample at frequencies approaching 1 MHz, which is
not observed in the other samples. This could indicate
a unique frequency-dependent response mechanism in
the 1% ZnO-doped GFRC composite at high frequen-
cies. In summary, ZnO doping has a significant influ-
ence on the AC electrical conductivity of GFRC com-
posite, with a 2% concentration providing the most
substantial enhancement. The non-linear relationship
between ZnO concentration and conductivity high-
lights the complex interactions within the composite
material and underscores the importance of optimiz-
ing doping levels for specific applications.

Lastly, Fig. 11a shows the changes of real imped-
ance (Z') measured in megaohms (MQ) over frequency
ranging from 100 Hz to 1 MHz for ZnO-@ composite-
doped GFRC composite with different ratios of added
nanoparticles compared to the control sample. At the
same time, the complex impedance (Z*) in Eq. 8, real
and imaginary impedance (Z’ and Z") in Egs. 9 and 10,
were identified using the following formulas:

¥ 1

Z — =ZI 'ZU
iwCye* +J (8)

@ Springer



715 Page 20 of 25

—u— Ref

—a— 1% ZnO-@
——2% ZnO-@
—A— 3% ZnO-@

g
2 I
N 4F
2b
oF
2l " PR | i 2l a2l " PR |
100 1k 10k 100k M
Freq. (Hz)
90
[ —u— Ref
[ —=—1% ZnO-@
s N —e—2% Zn0-@
. ®) —&—3% ZnO-@
60 |
g
s I
No3oF
15F
oF
Lo 1 1 2l 1 1

100 1k 10k 100k 1M
Freq. (Hz)

Fig. 11 a The real part of impedance (Z') b The imaginary part
of impedance (Z") of ZnO-@ doped GFRC composite samples

21 £
- a)Co [6’2 + 8"2] (9)

’
" £

= a)CO[£IZ +£//2] (10)

The results demonstrate that the impedance
decreases with increasing frequency for all samples
which is consistent with capacitive behavior in cemen-
titious composites, that indicative of a capacitive
nature in the materials, where impedance inversely
correlates with frequency. The presence of ZnO nano-
particles significantly influences the impedance values,
particularly at lower frequencies. The Reference Sam-
ple (Ref) exhibited the highest impedance across most
of the frequency range, starting at approximately 10
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MQ at 100 Hz and decreasing sharply to below 2 MQ
at 1 MHz. The introduction of 1% ZnO nanoparticles
results in a noticeable decrease in impedance com-
pared to the reference. Starting just below 10 M( at 100
Hz, the curve follows a steep decline, closely mirror-
ing the reference sample but maintaining consistently
lower values across all frequencies. While increasing
the ZnO concentration to 2% leads to a further reduc-
tion in impedance. The curve starts at around 8 MQ
at 100 Hz and decreases more rapidly than the 1%
ZnO sample, indicating enhanced conductive proper-
ties due to the higher nanoparticle content. The sam-
ple with the highest concentration of ZnO shows the
lowest impedance values, starting around 6 MQ at
100 Hz. The rapid decrease in impedance is more pro-
nounced, suggesting that the addition of more nano-
particles significantly enhances the conductivity of the
GFRC. Our observations clearly demonstrate that the
doping of ZnO nanoparticles into GFRC significantly
affects its electrical properties, particularly the real part
of impedance (Z’). As the ZnO content increases, the
impedance decreases, which could be beneficial for
applications requiring materials with lower electrical
resistance. This behavior is likely due to the nanoparti-
cles providing additional pathways for charge carriers,
thus reducing the material’s overall resistance to elec-
trical flow. In addition, the imaginary part of imped-
ance (Z") was evaluated and is illustrated in Fig. 11b.
Based on the observations, the impedance was found to
decrease with increasing ZnO concentration, indicating
enhanced conductivity. Specifically, the control sample
exhibited the highest impedance across all frequencies,
while the 3% ZnO-doped sample showed the lowest
impedance, suggesting improved electrical connectiv-
ity. This, after all, highlights the potential of ZnO dop-
ing to modify the electrical properties of GFRC com-
posite, making it suitable for applications requiring
lower impedance and enhanced conductivity.

4 Conclusion

This systematic investigation establishes ZnO nano-
particle doping as an effective strategy for engineer-
ing multifunctional GFRC composites with enhanced
dielectric and mechanical properties. The concentra-
tion-dependent dielectric response reveals complex
interfacial phenomena governed by Maxwell-Wag-
ner-Sillars polarization at nanoparticle-matrix bound-
aries. Optimal performance at 2% ZnO concentration
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reflects an ideal microstructural architecture where
semi-insulating nanoparticles establish high-den-
sity interfacial polarization zones without forming
continuous conductive pathways. The pronounced
enhancement in imaginary modulus (100% increase)
and grain boundary resistance (5.8 MQ) confirms
effective charge accumulation mechanisms governed
by Maxwell-Wagner-Sillars interfacial polarization at
semiconducting ZnO-insulating cement boundaries,
suitable for electromagnetic interference shielding
applications. The critical percolation threshold, iden-
tified between 2 and 3% ZnO, provides crucial design
parameters for tailoring electrical properties. Beyond
this threshold, nanoparticle agglomeration initiates
the formation of conductive pathways, suppressing
capacitive behavior and reducing dielectric loss. This
biphasic response demonstrates the necessity for pre-
cise compositional control in heterogeneous dielec-
tric systems. Mechanical characterization validates
structural integrity maintenance despite nanoparticle
incorporation, with substantial post-aging hardness
enhancement (171-176% increase), confirming long-
term durability. The successful integration of semi-
conducting ZnO nanoparticles within the cementi-
tious matrix, as verified through SEM-EDX and FTIR
analysis, demonstrates the feasibility of developing
construction materials with dual structural and func-
tional capabilities. Future research should focus on
intermediate concentration ranges (1.5-2.5% ZnO) for
fine-tuning dielectric properties, investigating alterna-
tive synthesis routes to prevent nanoparticle agglom-
eration at elevated concentrations, and conducting
field-scale assessments of electromagnetic shielding
performance. Long-term environmental stability test-
ing under varied thermal and humidity conditions
remains essential for validating practical applicability.
The demonstrated tunability of dielectric properties
through controlled ZnO doping establishes a founda-
tion for next-generation smart construction materials
integrating energy efficiency, electromagnetic com-
patibility, and structural performance within unified
composite systems. Several experimental limitations
warrant consideration for comprehensive property
validation. The dielectric measurements remain
confined to ambient temperature conditions; sys-
tematic temperature-dependent impedance analysis
across construction-relevant thermal ranges (- 20 °C
to +80 °C) is necessary to assess operational stability
under environmental cycling. The characterized fre-
quency domain (20 Hz-5 MHz) captures interfacial
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polarization mechanisms but excludes microwave
frequencies (1-18 GHz), which are directly relevant
to electromagnetic interference shielding applications,
requiring vector network analyzer measurements for
quantitative determination of shielding effectiveness.
The identified copper oxide phase (Cu-O: 519 cm™)
requires elemental quantification through inductively
coupled plasma mass spectrometry and oxidation
state confirmation via X-ray photoelectron spectros-
copy to isolate its contribution to dielectric behavior.
Our mechanical property assessment is limited to
surface hardness; however, bulk structural perfor-
mance demands the characterization of compressive
strength, flexural modulus, and fracture toughness to
ensure preservation of load-bearing capacity.
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