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ABSTRACT

Traditional piezoelectric materials are expensive and environmentally unsus-
tainable, limiting their adoption in energy-harvesting building applications.
This study proposes an eco-friendly approach for developing a waste-derived
hydroxyapatite (HAP)-reinforced piezoelectric geopolymer hybrid compos-
ite using eggshell waste and fly ash. Eggshell-derived calcium carbonate was
converted into hydroxyapatite through a controlled precipitation process, and
the synthesized HAP was characterized for structural purity, morphology, and
dielectric properties. Geopolymer composite specimens of 50 mm cubic geom-
etry were fabricated by incorporating 15 wt% HAP, 25 wt% ZnO, and 10 wt%
TiO, into a Class F fly ash-based geopolymer matrix and cured at 70 °C for 48 h.
Under uniaxial compressive loading, the hybrid composite generated a maximum
piezoelectric voltage output of 0.149 V at a compressive stress of 22.12 MPa, while
maintaining a compressive strength suitable for non-structural construction appli-
cations. Microstructural analysis confirmed uniform dispersion of HAP within
the geopolymer matrix, contributing to enhanced interfacial polarization and
dielectric response. The results demonstrate that waste-derived HAP can func-
tion as an effective, lead-free piezoelectric phase, enabling the development of
sustainable, energy-responsive geopolymer materials for self-sensing and energy-
harvesting applications.
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emissions due to its energy-intensive clinkerization
process and limestone calcination [1-3]. To achieve car-

1 Introduction

The global construction industry faces increasing
pressure to mitigate its environmental footprint while
maintaining structural performance. Ordinary Port-
land cement (OPC), the dominant binder in construc-
tion, is responsible for nearly 8-10% of global CO,
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bon neutrality, the development of sustainable, multi-
functional alternatives to OPC has become imperative
[4-6]. Geopolymer binders, synthesized through the
alkaline activation of aluminosilicate rich by-products
such as fly ash, slag, or metakaolin, have emerged as a
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viable substitute. These binders exhibit high compres-
sive strength, chemical stability, and up to 80% lower
CO, emissions than OPC. Beyond sustainability, geo-
polymers serve as adaptable matrices for incorporat-
ing functional materials, enabling smart features such
as self-sensing and energy harvesting [7-10].

Among these functionalities, piezoelectricity, the
ability to generate electrical energy from mechanical
stress, offers unique opportunities for self-powered
sensing and energy-harvesting infrastructure [11, 12].
Embedding piezoelectric phases within geopolymer
matrices can transform passive structural components
into active systems capable of monitoring stress, vibra-
tion, or damage in real time. However, conventional
piezoelectric ceramics such as lead zirconate titanate
(PZT) contain toxic lead and require high sintering
temperatures, conflicting with environmental and
sustainability objectives [13-15].

Hydroxyapatite (HAP), a calcium phosphate com-
pound (Ca;o(PO4)s(OH),), has emerged as a promis-
ing, lead-free alternative. HAP possesses a non-cen-
trosymmetric hexagonal crystal structure that enables
moderate piezoelectric response, along with excellent
biocompatibility and chemical stability [16, 17]. While
traditionally used in biomedical applications, recent
studies suggest its potential as a functional piezoelec-
tric phase for composite materials. Importantly, HAP
can be synthesized from low-cost, renewable precur-
sors, making it attractive for sustainable engineering
applications [17].

Specifically, eco-efficient method for HAP synthe-
sis involves the valorization of eggshell waste, a cal-
cium rich by-product of the food industry. Globally,
millions of tons of eggshells are discarded annually,
creating disposal and environmental challenges [6,
18-22]. Since eggshells consist primarily of calcium
carbonate (CaCQO;), they can be thermally converted
to calcium oxide (CaO) and subsequently reacted with
phosphoric acid to produce high-purity HAP. This
conversion not only reduces waste and landfill burden
but also aligns with circular-economy and low-energy
manufacturing principles [23, 24].

Despite its sustainability advantages, the integra-
tion of waste-derived HAP into geopolymer matri-
ces remains underexplored, particularly regarding
its impact on piezoelectric behaviour. The hydroxyl
rich geopolymer network offers favourable interfacial
bonding with HAP, potentially enhancing dielectric
and electromechanical performance. Additionally,
incorporating semiconducting oxides such as zinc
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oxide (ZnO) and titanium dioxide (TiO,) can create
synergistic effects that improve charge mobility and
polarization within the hybrid composite.

This study aims to synthesize hydroxyapatite from
eggshell waste and evaluate its performance as a
piezoelectric additive in fly ash, based geopolymer
composites. The work investigates structural, dielec-
tric, and electromechanical properties of hybrid sys-
tems containing HAP, ZnO, and TiO, nanoparticles.
Comprehensive characterization using X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and
energy-dispersive spectroscopy (EDS) was conducted
to confirm phase formation, morphology, and inter-
facial bonding. By integrating waste valorization,
sustainable geopolymer chemistry, and functional
material design, this research contributes to develop-
ing eco-efficient, energy-responsive construction mate-
rials. The outcomes demonstrate a pathway toward
self-sensing and energy-harvesting infrastructure that
advances both environmental sustainability and mate-
rial innovation.

2 Research gap and novelty

Previous research has examined piezoelectric fillers in
cement and geopolymer matrices, yet there has been
minimal research on using waste-derived hydroxyapa-
tite as a multifunctional additive. The research still
lacks understanding about how eggshell-derived HAP
and ZnO and TiO, nanoparticles interact to produce
electromechanical coupling effects in geopolymer
systems.

The present study addresses these gaps by devel-
oping a low-temperature, lead-free, waste-derived
hybrid composite and systematically investigating its
structural, dielectric, and piezoelectric performance.
The research introduces an innovative method that
combines biogenic calcium materials with geopoly-
mer binders to create sustainable energy-harvesting
capabilities.

3 Materials and methods

The experimental program for the geopolymer-piezo-
electric composite consists of the principles of piezo-
electric generation, raw material selection, HAP char-
acterisation, and geopolymer-piezoelectric composite
performance evaluation under mechanical stress.
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3.1 Principles of piezoelectric generation

The piezoelectric property of the geopolymer compos-
ite, is mainly due to HAP non-centrosymmetric crystal
lattice and the semiconducting properties of ZnO and
TiO,. The application of mechanical stress causes the
deformation of the lattice, which in turn induces the
alignment of dipoles and the creation of potential dif-
ferences between the electrodes. Figure 1, illustrates
the piezoelectric generation, while the composite
is subjected to mechanical stress. The polarizations
within the geopolymer matrix get greater because of
the interfacial charge accumulation at HAP gel bound-
aries. The presence of ZnO nanoparticles, which are
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the electron-donating centers, is improving the mobil-
ity of charges, whilst TiO, is providing the dielectric
stability. This combination is creating a micro-capac-
itive network that is storing and releasing charges in
the process of loading and unloading cycles.

The natural flexibility of the geopolymeric binder
helps in the transfer of external stresses to the piezo-
electric phases that are embedded, thus ensuring a
proper electromechanical coupling.

3.2 Raw materials

Eggshell powder was sourced from home food scraps,
rinsed thoroughly with distilled water, and then dried
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Fig. 1 Principles of piezoelectric mechanism in geopolymer composite
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at 105 °C for 12 h to get rid of organic matter and mois-
ture. The shells were then manually broken into small
pieces and after drying they are ground to a fine pow-
der (<100 pm). Phosphoric acid (HsPO,, 85%) was the
phosphate source for the hydroxyapatite synthesis,
while sodium hydroxide (NaOH) was used to control
the pH during precipitation. Throughout all reactions,
distilled water was used to prevent ionic contamina-
tion. Fly ash, which was used as the aluminosilicate
precursor for geopolymerization, procured from a
thermal power station and was categorized as low-
calcium (Class F) fly ash and the chemical composi-
tion is shown in Table 1. Analytical grade, zinc oxide
(ZnO) and titanium dioxide (TiO,) nanoparticles were
supplied (particle size <50 nm) from Sigma Aldrich
[23-25].

An analytical grade 99% purity, sodium hydrox-
ide (NaOH) was purchased from Sigma Aldrich, India.
The 10 M-NaOH solution was prepared by dissolving
NaOH solid in a distilled water to attain the desired
concentrations. Sodium silicate solution was procured
from RB scientific, Coimbatore. The alkaline solution
was prepared by mixing of sodium silicate solution
and 10 M sodium hydroxide solution, 24 h prior to
mixing it with percussor material for sufficient gel
formation.

3.3 Synthesis of hydroxyapatite from eggshell
powder

The synthesis of hydroxyapatite followed the chemi-
cal precipitation method optimized for waste-derived
calcium sources, as shown in Fig. 2. Cleaned and dried
eggshell powder of 300 g was calcined in a muffle fur-
nace at 900 °C for 3 h to thermally decompose calcium
carbonate (CaCQ:s) into reactive calcium oxide (CaO).
After completion of calcination, the calcined powder

Table 1 Chemical composition of flyash

Chemicals Formula Flyash (%)
Silicon dioxide Si02 62
Aluminum oxide AI203 32

Iron Oxide Fe203 3

Lime CaO 0.5
Sulphur Trioxide S0O3 0.1
Magnesium Oxide MgO 0.53

Loss of ignition LOI 0.7
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was stored in airtight containers to avoid re-carbona-
tion by exposure of atmospheric CO,.

For the synthesis process, 500 mL of distilled water
was poured in a 1 L borosilicate beaker and stirred
magnetically. A measured volume of 220 mL of 85%
phosphoric acid (HsPO4) was gradually added to the
water under continuous stirring, allowing the mixture
to cool slightly to control exothermic heat generation.
The prepared CaO was then introduced in small por-
tions to the acid solution while maintaining vigor-
ous stirring to ensure homogeneous mixing. The pH
of the reaction mixture was continuously monitored
and maintained between 9 and 10 by the dropwise
addition of dilute sodium hydroxide (NaOH) solu-
tion, facilitating the controlled formation of calcium
phosphate. Stirring was continued for approximately
2-3 h at room temperature to promote complete pre-
cipitation [23, 24].

The final slurry was kept undisturbed for 12-24 h
to confirm enough crystal nucleation and growth.
Subsequently, the aged suspension was filtered using
Whatman filter paper, and the obtained precipitate
was washed three to four times with distilled water
to remove residual ions and unreacted phosphate
species. The purified hydroxyapatite precipitate was
oven-dried at 100-120 °C for 6-12 h until a constant
weight was achieved. The dried material was finely
ground using a mortar and pestle, sieved to obtain
a particle size of <50 um, and finally stored in desic-
cated containers to preserve its purity prior to charac-
terization and composite fabrication [25].

3.4 Process of pelletisation

The synthesized hydroxyapatite (HAP) powder was
first converted into a compact pellet to facilitate die-
lectric and piezoelectric characterization as shown in
Fig. 3. Approximately the required mass of HAP was
weighed and placed into a hardened steel die assem-
bly, where it was pressed using a uniaxial hydraulic
press to form a cylindrical pellet. The applied compac-
tion pressure was maintained to achieve a dense and
uniform disc with a diameter of approximately 10 mm
and a thickness of 2 mm, minimizing internal voids
and ensuring structural integrity.

Following compaction, the green pellet was care-
fully removed from the die and subjected to a con-
trolled sintering process. The specimen was placed in
a muffle furnace and heated to 500 °C at a moderate
heating rate to avoid thermal shock. The pellet was
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Fig. 2 Synthesis of HAP

Fig. 3 The process of HAP
pelletisation
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held at this temperature for 2 h, allowing for partial After sintering, the pellet was cooled gradually
densification, improved crystallinity, and enhanced to room temperature inside the furnace to prevent
inter-particle bonding, which are essential for reliable ~ microcracking. To prepare the specimen for dielec-
electrical measurements. tric and piezoelectric testing, conductive silver paste
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was uniformly applied onto both flat faces of the pel-
let, forming stable and low-resistance electrodes. The
coated pellet was then allowed to dry completely,
ensuring good electrical contact for subsequent char-
acterization tests.

3.5 Characterization of synthesized
hydroxyapatite

The synthesized HAP powder was characterized to
confirm its crystal structure, morphology, and die-
lectric properties. XRD analysis was conducted to
characterize and ensure the HAP synthesis. The XRD
patterns were collected in the 20 range of 20-90° by
employing Cu Ka radiation (A =1.5406 A) and the
related peaks were compared with the JCPDS data
for hydroxyapatite [26]. The crystal size (D) was cal-
culated applying the Scherrer Eq. (1):

_ K\
- PcosO @)

where K=0.9 (shape factor), A =X-ray wavelength, g
= full width at half maximum, and 6 = Bragg angle.

The elemental composition and Ca/P ratio were
determined by means of EDS analysis, which con-
firmed the stoichiometric formation of hydroxyapa-
tite (theoretical Ca/P = 1.67). In order to evaluate
uniformity, data were collected from several areas.
Further, SEM used to examine the morphology, par-
ticle size, and structure of the synthesized powder
[26]. The dielectric constant (er) and dielectric loss
tangent (tan 0) of the synthesized hydroxyapatite
(HAP) were recorded within the frequency range of
1 kHz-1 MHz using an LCR meter [27].

SEM was conducted to examine the fracture mor-
phology of the samples. Specimens were coated with
a thin conductive carbon layer using a standard car-
bon evaporation method to prevent charging dur-
ing imaging. Fractured pieces from the composite
specimens were mounted on aluminum stubs using
carbon adhesive tabs. Microstructural observations
were performed using a Zeiss DSM-960 SEM oper-
ated under high vacuum with an accelerating volt-
age of 10-20 kV. Imaging was carried out mainly
in secondary electron (SE) mode to observe surface
topography, with BSE mode used selectively for
compositional contrast. The SEM images were used
to evaluate particle morphology, pore structure, and
the dispersion of HAP.
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3.6 Formulation of geopolymer-piezoelectric
hybrid composite

The geopolymer matrix has been formulated by mix-
ing of flyash and prepared alkaline solution. The fly
ash to activator ratio was kept constant at 0.4 by
weight. Along with geopolymer composite, the addi-
tion of HAP, ZnO, and TiO, nanoparticles was done
in the proportions indicated in Table 2 to enhance
piezoelectric properties.

The process of making geopolymer-piezoelectric
composites is shown in Fig. 4. Using a mechani-
cal mixer, dry components (fly ash, ZnO, TiO,,
and HAP) were initially dry blended for ten min-
utes to ensure the even dispersion of nanoparticles
and HAP in the fly ash matrix. Sodium silicate and
12 M-NaOH solution were blended in a 2.5:1 mass
ratio to prepare the alkaline activator solution sepa-
rately, and the mixture was allowed to settle for 24 h
prior to being used.

The dry mix was then formulated into a paste
by adding the activator solution very slowly while
stirring continuously. The mixture was poured into
molds of 50 mm cubes and vibrate it lightly to let
the air bubbles trapped inside escape. After that,
the specimens were wrapped in polyethylene sheets
which served to reduce moisture loss and covered
with ambient conditions for 24 h and then cured in
an oven at 70 °C for 48 h [28, 29]. The specimens
underwent demoulding after the curing process and
their surfaces are polished to eliminate the irregular-
ities. Conductive silver wire needle electrodes were
placed on the opposite sides of the cubes in order to
make the voltage measurement possible during the
piezoelectric testing. The samples with electrodes
were kept at room temperature for 12 h for drying
before the testing [28, 29].

Table 2 Mix design for hybrid geopolymer—piezoelectric com-

posite
Component Weight (g) Percentage (%) Weight ratio
Fly ash 125 50 0.50
ZnO nanoparticles 62.5 25 0.25
Eggshell-derived 37.5 15 0.15
HAP
TiO, nanoparticles 25 10 0.10
Total 250 100 -
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Fig. 4 The process of making geopolymer-piezo electric composites; a Mixing, b Casting, ¢ & d Demoulded sample, respectively

3.7 Mechanical testing and electrical
measurements

Compressive strength tests were performed with the
help of a universal testing machine (UTM), to a maxi-
mum load of 2 mm/min. The highest load applied was
noted, and compressive stress was computed taking
into consideration the cross-sectional area of the speci-
men. The average of three specimens was taken for
each mix to ensure repeatability [30, 31]. Figure 5,
illustrates the test setup for the piezoelectric voltage
measurements under compressive testing.

The digital multi-meter, which was configured for
a 2 V range, was used to monitor the electric response
of the geopolymer-piezoelectric composite during

Fig. 5 Test setup of piezo-
electric voltage measurement
under compressive loading

compressive loading. The electrodes that were con-
nected to the sample were linked with the multi-meter
to capture the momentary voltage output [32, 33].

4 Results and discussion

The HAP and hybrid composite were subjected to
detailed characterization for determining the struc-
tural formation, dielectric performance, and electro-
mechanical behaviour. The results from the X-ray dif-
fraction (XRD), energy-dispersive spectroscopy (EDS),
dielectric analysis, piezoelectric testing, and micro-
structural observation are presented and discussed in
the following subsections.
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4.1 Structural characterization of HAP (XRD)

The XRD pattern for the HAP showed that a crystal-
line calcium phosphate phase was formed as shown
in Fig. 6. There were strong diffraction peaks at the
angles of 20, which were 22.8°, 25.2°, 26.0°, 28.2°,
29.0°, 29.8°, 32.1°, and 32.5°, and they matched the
hydroxyapatite planes of (200), (002), (210), (211),
(112), (300), (202), and (310) respectively.

The identified peaks were in complete agreement
with the standard JCPDS card No. 09-0432 thereby
verifying the hexagonal crystal symmetry of the
single-phase HAP. Peak sharpening was observed
which is indicative of high crystallinity that is a con-
sequence of pH control (*9-10) and aging during the
synthesis process. The average crystallite size was
approximately 40-50 nm which classified the mate-
rial as nanocrystalline hydroxyapatite and was cal-
culated by the Scherrer equation on the (211) peak
at 26.2°.

The absence of any secondary phases like trical-
cium phosphate (TCP) and calcium oxide signifies
that the precursors were almost completely con-
verted during the synthesis process. The presence
of minor peaks due to the adsorbed carbonates was

Fig. 6 XRD pattern of HAP
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so small that it could not be seen which indicates that
the washing and calcination processes were effective.

Through quantitative phase analysis, it was deter-
mined that the predominant component of the synthe-
sized powder was hydroxyapatite, while very small
amounts of other substances like tribarium tellurium
(VI) hexaoxide (14%), silver niobate (10%), barium
nickel boride (13%) and zirconium cobalt gallide (12%)
were also present, which has been shown in Table 3.
The presence of these secondary phases is probably
due to the addition of small amounts of elemental
impurities introduced through the activator derived
from fly ash or from the reaction vessel. Even though
these impurities are in very small amounts, they might
still be able to enhance the dielectric property together
with the other mechanisms by offering additional
paths for charge transport.

4.2 Dielectric properties of hydroxyapatite

The study of dielectric response is the basic characteri-
sations, for the development of piezoelectric materi-
als like HAP, as this phenomenon is the main factor
influencing energy storage, power loss, and overall
device performance. The data indicates the frequency
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20 (Degree)
Tabl.e 3 .Relat.lve phase Phase Name Weight Fraction (%)  Possible Effect
fractions identified from
XRD pattern Hydroxyapatite (HAP) >50 Primary piezoelectric phase
Tribarium tellurium(VI) hexaoxide 14 Dielectric stabilizer
Silver niobate 10 Charge mobility enhancer
Barium nickel boride 13 Conductive network phase
Zirconium cobalt gallide 12 Microstructural stabilizer
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dependence of the HAP material’s dielectric constant
(¢"), which is the relative dielectric permittivity, and
the dielectric loss (¢"), which relates to energy dis-
sipation. These two parameters were examined as a
function of the logarithmic frequency to discover the
major polarization and relaxation mechanisms inside
the material.

4.2.1 Dielectric constant (&') analysis

The behaviour of the dielectric constant (¢') with fre-
quency is shown in Fig. 7, and it has a characteristic
dispersion profile that indicates the material ability
to be polarized and its multiple phases. The highest
dielectric constant, about 50,000, is reached at the low
frequencies (Log f = 0 Hz). This large dielectric effect
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is due to the charge carriers (Maxwell-Wagner-Sillars)
moving and gathering at different interfaces (e.g.,
grain boundaries, microstructural defects, and phase
boundaries). At the very low frequencies, the electric
field applied is very slow that it allows the charge
carriers to orient and accumulate, thus, significantly
increasing the charge-storage ability of the material
as a whole.

At higher frequencies, the trend is quite different,
the €' drops off very steeply up to Log f = 2 Hz. This
rapid reduction signifies the relaxation of slower
polarization mechanisms, particularly dipolar and
interfacial polarization processes that can no longer
synchronize with the faster reversal of the AC electric
field. The inability of these mechanisms to trace the
field oscillations results in a marked loss of polariz-
ability and, consequently, a significant drop in the
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Fig. 7 Variation of dielectric constant
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dielectric constant. The area links up with the polariza-
tion relaxation zone, mirroring the dynamic bounda-
ries of the material internal charge distribution.

Outside this regime, the dielectric constant still
decreases but this time the rate is much slower and
more gradual and it finally stabilizes as the frequency
becomes very high (Log f>3 Hz). In this area, only
electronic and atomic polarizations that have very
short relaxation times can react to the rapidly oscil-
lating field, while interfacial and dipolar components
become inactive. Consequently, €’ gets closer to a low
value which is almost constant and this low value rep-
resents the inherent dielectric property of the mate-
rial without any significant influence of the interfacial
area[34-36].

Finally, the dielectric behaviour indicates the mate-
rial outstanding low-frequency dielectric enhance-
ment, wherein space-charge polarization constitutes
the primary mechanism, yielding a clear transition to
the relaxation process and finally to a high-frequency
plateau being due to intrinsic polarization mecha-
nisms. This dielectric dispersion pattern suggests a
microstructure composed of different areas with vari-
ous polarization modes, thus pointing out the mate-
rial’s suitability for the application areas where high
charge-storage capability at low frequencies and sta-
ble dielectric response at high frequencies would be
required.

Fig. 8 Loss tangent as a

J Mater Sci: Mater Electron (2026) 37:560

4.2.2 Dielectric loss (¢") analysis

Figure 8, shows the frequency-sensitive dielectric loss
(&"), which is an indicator of the materials capability to
dissipate electrical energy via the processes of conduc-
tion, polarization lag, and interfacial phenomena. The
dielectric loss at the lowest frequency (Log f = 0 Hz)
starts moderately at a value of about 8.5 which points
to the occurrence of low-frequency conduction and
interfacial polarization mechanisms. Simultaneously
the charge carriers manage to get the time necessary to
get along with the applied field, thus, there is moder-
ate electrical dissipation.

With increasing frequency, ¢” shows an even, grad-
ual increase, getting up to about 11.5 around Log f =
1.7 for the maximum loss peak. This specific peak is
associated with a dielectric relaxation process, which
occurs when the electric field’s angular frequency is
equal to the material’s relaxation time for the main
dipolar or space-charge polarization process. The
development of this peak suggests the presence of
charge carriers or dipoles that are mobile, and the
mobile dipoles are the ones that lose energy during the
orientation switch. This is typical behaviour associated
with Maxwell-Wagner interfacial polarization, which
is widely seen in the case of heterogeneous composites
or ceramics where there are different conductivities
across microstructural interfaces[37, 38].

function of frequency
124

10 A

Dielectric Loss (g”)

—— Dielectric loss (¢')
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The dielectric loss reveals a steep decline, beyond
the relaxation frequency, which means that the polari-
zation process that caused the peak is no longer able
to follow the field’s fast variations. The slow-moving
charges and dipoles cannot reorient at these higher
frequencies; hence their contribution is insignificant.
As a result, the dielectric loss drops quickly and finally
comes down very close to zero as the frequency sur-
passes Log f>4 Hz. The almost disappearing €” in
this range of high-frequency implies an extremely
low-energy dissipation, thus confirming that only fast
polarization mechanisms, mainly electronic polariza-
tion, are in action.

The principal dielectric loss pattern reveals the
occurrence of a distinctly relaxation process and the
material being highly effective at high frequencies,
where the energy loss becomes trivial. Its such feature
is a plus for applications that need low-loss dielec-
tric materials, for instance, high-frequency capaci-
tors, insulation parts, and power-saving electronic
materials.

4.3 Microstructural observation of HAP

To understand the characteristics of particle shape,
grain connectivity, and porosity, the surface morphol-
ogy of the synthesized HAP from eggshell powder was
studied with the help of scanning electron microscopy.
Representative SEM micrographs at 2 pm and 1 um
scale bars are shown in Fig. 9a and b, respectively,
which were taken at corresponding magnifications.

EHT=1000kv Mag= 10.00KX
WD= 56mm  Signal A=InLens
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The lower magnification micrograph (Fig. 9a) shows
that the HAP powder is made up of mainly irregularly
shaped agglomerates which consist of fine primary
particles. These agglomerates have an open structure
and are not fully dried because of the low-temperature
drying process, the same process that gives them their
sponge-like appearance. Such open spaces can allow
the activator solution to penetrate during the com-
posite manufacturing process, thereby resulting in a
stronger mechanical bond with the geopolymer matrix
through interlocking. The particle size distribution is
from sub-micron to a few microns, with the clusters
being held together loosely by forces on the surface,
a morphological characteristic of chemically precipi-
tated hydroxyapatite.

Upon the application of higher magnification
(Fig. 9b), the primary HAP grains exhibit a morphol-
ogy that is nearly spherical to somewhat rod-like and
have an average diameter ranging from 80 to 300 nm.
The particles have smooth surfaces and distinct grain
boundaries, signifying a high level of crystallinity, in
agreement with the XRD findings. Nanoscale pores
and voids between the particles are seen which indi-
cates that the material synthesized has a large specific
surface area that is advantageous for the dielectric
polarization enhancement in the composite system.

There is no visible contamination, secondary crys-
talline inclusions, and amorphous residues, thereby
proving the chemical purity and uniformity of the syn-
thesis route. The nanoscale roughness and even grain
distribution suggest that the precipitation process pro-
duced HAP crystals with good nucleation and very

EHT=10.00kv Mag= 25.00KX

WD= 56mm  Signal A=InLens

Fig. 9 SEM images of fractured surface of hybrid geopolymer—-HAP composite showing uniform dispersion and dense matrix
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little growth coalescence. The mentioned microstruc-
tural features are favourable for the upcoming incor-
poration into the geopolymer binder as they could
provide the necessary intimate particle contact and
reactive surface sites for strong interfacial bonding.

Finally, SEM analyses confirm that the process of
converting eggshell to HAP is effective, as it yields
fine, porous, and uniformly distributed nanocrys-
tals. Such morphological characteristics are directly
responsible for the better dielectric performance since
they help charge to build up at the interfaces of grains
and also help to transfer the stress during mechanical
loading.

4.4 Piezoelectric response under compressive
loading, measured electrical output

An observable piezoelectric voltage output was pro-
duced by the hybrid geopolymer composite when
compressive stress was applied to it. The highest volt-
age instantly recorded was 0.149 V at a pressure of
22.12 MPa. The stress applied caused an increase in
the produced voltage that was almost linear within
the elastic range, as shown in Fig. 10.

The outcome demonstrates the composite’s capacity
to transform mechanical energy into electrical energy,
thus proving the successful insertion of polar phases
(HAP, ZnO, TiO,) into the geopolymer matrix. In spite
of the small amount compared to that of commercial
PZT ceramics, it is still considered as a remarkable per-
formance for a lead-free, low-temperature processed
system.

This study analysed that the addition of HAP up
to 15 wt% gave the best increase in dielectric and
piezoelectric properties. At the lower concentrations,
the number of polarization centers was not enough to
produce the expected voltage, while at the higher con-
centrations there was a chance of particle agglomera-
tion which would lead to loss of mechanical integrity.
Therefore, the composition of 15% HAP was chosen as
it provides a good combination of functional perfor-
mance and structural stability [39, 40].

Further, the direct piezoelectric response of ZnO
comes from its wurtzite structure, but TiO, (anatase)
increases surface charge trapping and the dielectric
constant. The presence of both materials together
allows for increased voltage generation by facilitat-
ing the movement of electrons between the conduc-
tive interfaces. Furthermore, the two oxides help to
improve the microstructure by providing nucleation
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Fig. 10 Voltage output of geopolymer and HAP composite

sites for the formation of geopolymer gel during the
process [41-43].

In addition, the interactions that happen at the
atomic level between calcium ions released from
HAP with silanol/aluminosilicate groups in the geo-
polymer matrix to form bonds that are quite strong at
the interface. This makes it possible for the forces to
be effectively transferred during compressive loading
and also causes less energy to be lost in the process.
Surface interaction of this kind is very important for
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consistent piezoelectric performance and durability
over a long period of time [44, 45].

The hybrid composite’s compressive strength was
found to be 22.12 MPa, which indicates that the addi-
tion of functional filler did not affect the mechanical
performance of the composite as much as the case of
conventional geopolymers with similar composition.
The strength can be used for non-structural and light-
load-bearing applications. The small reduction in com-
pressive strength that can be observed in the hybrid
composite with respect to pure geopolymer reference
samples can be explained by the presence of rigid par-
ticles which hinder gel formation. Nevertheless, the
trade-off is compensated by the additional electrical
functionality.

5 Potential applications and limitations

The developed hybrid geopolymer, hydroxyapatite
composite offers significant potential for smart and
sustainable construction applications. Its ability to
convert mechanical stress into electrical output ena-
bles use in self-sensing components, energy-harvest-
ing pavements, and fagade or flooring systems where
electromechanical responsiveness enhances perfor-
mance. The low-temperature synthesis and reliance
on waste-derived resources make the material par-
ticularly suitable for environmentally conscious infra-
structure projects. However, certain limitations must
be addressed before large-scale implementation. The
generated voltage, while measurable, remains rela-
tively low compared with conventional piezoelectric
ceramics, necessitating optimization of phase disper-
sion, poling, and interfacial bonding. Additionally,
long-term durability under cyclic loading and variable
environmental conditions requires further evaluation.
Despite these challenges, the material’s scalability, low
embodied energy, and compatibility with standard
cementitious processing position it as a promising
candidate for next-generation, self-powered sensing
elements in sustainable construction systems.

6 Conclusions

The research ensures the sustainable and opera-
tional way for developing piezoelectric geopolymer
composites from the hydroxyapatite prepared from
waste eggshell powder. The key features of the study
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includes eggshell waste has been turned into high-
purity hydroxyapatite using a controlled wet-chemical
precipitation method at room temperature. XRD con-
firmed the presence of crystalline HAP with hexago-
nal symmetry and an average crystallite size of about
45 nm. EDS analysis gave a Ca/P ratio of 1.66, which is
in line with stoichiometric hydroxyapatite. The addi-
tion of 15 wt % HAP, along with ZnO (25%) and TiO,
(10%) nanoparticles, to the fly ash geopolymer matrix
resulted in a composite that was dense and homogene-
ous. Further, the hybrid composite generated a voltage
output of 0.149 V under 22.12 MPa compressive stress,
demonstrating effective electromechanical coupling.
The synergistic interaction between HAP, ZnO, and
TiO, contributed to improved charge polarization
and dielectric stability. The compressive strength of
the modified geopolymer stayed at approximately
22 MPa, adequate for non-heavily structural uses,
hence electricity function was gained without substan-
tial trade-off in the load-bearing ability.

The research ensures that development of eco-
friendly piezoelectric geopolymer composites is fea-
sible by utilizing hydroxyapatite from eggshells in
combination with fly ash. The method paves the way
for environmentally friendly and low-temperature
thermal smart building materials. Composites are
primarily recommended for non-structural applica-
tions like facade panels, tiles, and pavements, where
electromechanical responsiveness can be a significant
functional added value. Overall, the present frame-
work, is technically sound and sustainable for the use
of waste-derived, energy-responsive geopolymer com-
posites in smart infrastructure.
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