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Hydroxyapatite, a bioceramic that mimics the mineral composition of bone, has attracted attention in 

both in vitro and in vivo settings for its excellent biocompatibility and osteoconductivity. Pure and magne-

sium-doped hydroxyapatite were synthesized using chemical method, and the samples were characterized 

using XRD, FTIR, and EDX. The dielectric constant, AC conductivity, dielectric loss, and capacitance of the 

samples were measured. The study of dielectric properties of hydroxyapatite-based materials for bioelec-

tronics and smart biomedical devices has been a recent area of interest. Preliminary studies on the effect of 

these samples on the triboelectric performance of polyvinyl alcohol were also done. Magnesium is an essen-

tial trace element in human bones, and therefore, it was incorporated into the nanohydroxyapatite lattice 

to improve biological performance and electrical properties. The results indicate the tunability of electrical 

properties of nanohydroxyapatite and applications of magnesium–doped nanohydroxyapatite for future bi-

omedical devices, sensors, and energy harvesting devices. 
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1. INTRODUCTION 
 

Hydroxyapatite Ca10(PO4)6(OH)2 is the primary in-

organic matrix associated with human hard tissues such 

as bone and teeth. The fundamental properties of bio-

compatibility, bioactivity, osteoconductivity, and chemi-

cal resemblance to the mineral phase of bone have led to 

the role of hydroxyapatite in biological applications such 

as bone grafting, coatings for metallic implants, fillings 

in dentistry, and scaffolds in bone tissue engineering. 

Formulated at the nanoscale, nanohydroxyapatite (HA) 

is a promising form of hydroxyapatite, as the added 

surface area, resorption rate, and biointegration kinetics 

make it suitable for use in regenerative medicine appli-

cations [1-4]. Recently, dielectric properties associated 

with hydroxyapatite have been discussed for several 

bioelectronic interfaces, smart implants, biosensors, and 

drug delivery. Dielectric properties such as real permit-

tivity (ε′), dielectric loss (ε″), and ac conductivity are the 

relevant material properties. The dielectric performance 

of hydroxyapatite composites helps to study the interac-

tions of these materials with body tissues. Further, the 

dielectric properties of the HA composites can be altered 

to modify these interactions. By investigating these 

dielectric properties, novel biofunctional materials can 

be developed. They can respond to the signals from the 

body and also provide electrical stimulation to assist in 

the healing and regeneration of the tissues [5-7]. 

Magnesium (Mg2+) is a trace element found in natural 

bone and is a known regulator of bone metabolism and 

mineralisation. The incorporation of magnesium into HA 

not only increases its biological properties but also affects 

its structural and electrical properties. Magnesium ions 

can partially substitute calcium in the crystalline lattice 

of HA due to their similar charge and size, resulting in 

total distortion of the lattice, an increased defect density, 

and improved ionic mobility, all of which can greatly 

affect the dielectric response of the material [8-10]. As 

such, evaluating the dielectric properties of pure and 

magnesium-doped nanohydroxyapatite is interesting, and 

it is especially important for biomedical applications, like 

fabricating scaffolds for bone implantation, piezoelectric 

coatings for surface modification of hard tissue, or smart 

delivery systems. The current study will consider the 

frequency-dependent dielectric behaviour of pure and 

magnesium-doped nanohydroxyapatite, synthesized by 

the wet chemical method, and the effect of magnesium-

doped hydroxyapatite on the triboelectric performance of 

polyvinyl alcohol (PVA). Triboelectric nanogenerators 

(TENG) are important innovations in the modern period 

because of their sustainability, smart technologies, and 

renewable energy. The biomedical applications of TENGs 

include cell modulation, nerve stimulation, wound heal-

ing, neural prosthesis, drug delivery, hair regeneration, 

gene delivery, microbial disinfection, and healthcare 

monitoring [32]. Doping with magnesium raises lattice 

http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.18(5).05005
https://doi.org/10.21272/jnep.18(5).05005
mailto:sindhuajai8@gmail.com
mailto:anandmgc@gmail.com


 

SINDHU R L, SINI CHANDRAN, ANANDA KUMAR V M J. NANO- ELECTRON. PHYS. 18, 05005 (2026) 

 

 

05005-2 

strain, changes its solubility, and promotes cell differen-

tiation and proliferation. Magnesium is the fourth most 

abundant trace element in human bone. Magnesium-

doped nanohydroxyapatite is a promising material for 

enhanced bone tissue engineering, dental applications, 

and drug delivery systems. The present study focuses on 

the dielectric property of magnesium-doped nanohydrox-

yapatite and its effect on the triboelectric property of 

polyvinyl alcohol. 

 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 

The materials used in this study were calcium ni-

trate tetrahydrate, diammonium hydrogen phosphate, 

magnesium nitrate hexahydrate, ammonia solution, 

and PVA. For TENG fabrication, copper-clad plates and 

PTFE were used. 

 

2.2 Synthesis and Characterisation of Nanohy-

droxyapatite and Magnesium-Doped  

Hydroxyapatite 
 

In this study, nanohydroxyapatite was synthesized 

via a simple chemical precipitation method. Appropri-

ate concentrations of calcium nitrate and diammonium 

hydrogen phosphate solutions were prepared with  

deionised water to ensure a molar ratio of calcium to 

phosphorus of 1.67. The reagents are mixed very slowly 

at a pH of 9 (using ammonia solution), and the result-

ing solution, on ageing, centrifuging, and heating, a dry 

white precipitate is obtained and is crushed to fine 

powder with an agate mortar [11, 12]. This powder was 

referred to as HA. For 5 mol % magnesium-doped sam-

ple, a suitable amount of magnesium nitrate hexahy-

drate is added to the calcium nitrate solution such that 

the (Ca + Mg)/P ratio remains 1.67. Then the entire 

experiment is repeated as mentioned above.  

The structural analysis of the synthesised samples 

was done using powder X-ray diffraction. The X-ray 

diffraction pattern of the powdered specimen was taken 

using Bruker D8 ADVANCE with DAVINCI instrument 

operating at 30 kV and 10 mA using CuKα radiation 

( = 1.5418 Å). Diffraction patterns were collected over 

10° ≤ 2θ ≤ 79° with a step size of 0.02. The crystallite 

size, lattice constants, unit cell volume, and crystallinity 

of the synthesised sample were determined. 

The functional groups present in the sample were 

identified using the Fourier Transform Infrared (FTIR) 

Spectroscopy recorded for a wave number range of 4000 

to 400 cm – 1. The FTIR spectra of the prepared samples 

were recorded by the Thermo Scientific Nicolet iS50 

instrument using the KBr pellet technique. 

The components in the nanohydroxyapatite were 

examined using EDX analysis (Carl Zeiss EVO 18 Re-

search instrument). The dielectric properties of the 

samples were measured by a Broadband Dielectric 

Spectrometer (BDS) (NOVOCONTROL Technologies 

GmbH & Co., Germany, Model: Concept 80).  

 

2.3 Fabrication of Triboelectric Layers 
 

The triboelectric performance of hydroxyapatite was 

evaluated by making positive triboelectric layers using 

nanohydroxyapatite and PVA. The positive triboelectric 

layers were made by mixing the nanohydroxyapatite 

synthesized in the appropriate ratios with the polyvinyl 

alcohol solution. The polyvinyl alcohol solution was 

made by mixing 1g of PVA powder with 15 ml of deion-

ized water in a magnetic stirrer at a temperature of 

75 ⁰C for an hour. For hydroxyapatite, the optimal 

concentration to achieve maximum output is 12.5 wt % 

of the HA to PVA mixture. The triboelectric layer made 

with PVA is labelled as PVA. The hydroxyapatite tribo-

electric layer labelled HA was made by mixing 12.5 

weight percentages of hydroxyapatite with respect to 

polyvinyl alcohol, coated on cleaned, etched copper-clad 

electrodes (4  4 cm2), and dried at room temperature 

for 24 hours. In the same way as the other sample, a 

triboelectric layer of magnesium-doped hydroxyapatite 

was also fabricated and labelled as MgHA. The nega-

tive triboelectric layer was prepared with the PTFE 

tape wound on copper-clad electrodes. 

 

2.4 Measurement of Electrical Output 
 

The fabricated negative and positive triboelectric 

layers were mounted on an in-house developed triboe-

lectric tester device and operated in a vertical contact 

separation mode. The tester moved at 1 Hz frequency 

and made contact with the triboelectric layers. The 

TENG output was measured by a Keithley 2450 

sourcemeter as shown in Fig. 1. For each sample, the 

output is measured for three different sets of layers, 

and the average value is taken. 
 

 
 

Fig. 1 – Measuring TENG output with a Keithley 2450 

sourcemeter 

 

3. RESULTS AND DISCUSSION 
 

3.1 XRD Analysis 
 

Fig. 2 shows the XRD pattern for pure nanohydrox-

yapatite and the magnesium-doped nanohydroxyap-

atite. The XRD pattern for nanohydroxyapatite can be 

indexed to the hexagonal hydroxyapatite crystal struc-

ture (ICDD No. 09-0432). Hydroxyapatite reveals its 

major peaks at around 25.68°, 31.5°, 32.01°, and 32.68° 

corresponding to (002), (211), (112), and (300) planes. 

There are no other peaks, which indicates that the 

powder is pure, and there is only one phase present. 

The d spacing for the strongest peak is 2.822 Å, which 

is consistent with a hexagonal system with a primitive 

lattice [11-13]. The XRD pattern of magnesium-doped 

hydroxyapatite is the same as that of pure hydroxyap-

atite. It has been observed that the peaks become wider 
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and shift to higher angle values with the addition of 

magnesium. This occurrence is due to the smaller ionic 

radius of magnesium (0.72 Å) when compared with that 

of calcium (0.99 Å), along with the increased structural 

strain observed in magnesium-doped hydroxyapatite 

compared to pure hydroxyapatite [13-14]. The presence 

of magnesium in hydroxyapatite leads to the creation of 

crystal imperfections, resulting in a more defective 

hydroxyapatite crystal. The broadened nature of dif-

fraction peaks shows that the grain size of the sample 

was in the nanometer range. The crystallite size, lattice 

constants (a,c), cell volume, and crystallinity of pure 

and doped samples are given in Table 1. 
 

 
 

Fig. 2 – XRD pattern of HA and MgHA samples 

 

3.2 FTIR Analysis 
 

The FTIR Spectra for pure and magnesium-doped 

nanohydroxyapatite are shown in Fig. 3. Characteristic 

bands of hydroxyapatite were observed for phosphate, 

carbonate, and hydroxyl groups, as given in Table 2. 

The FTIR data confirms the development of hydroxy-

apatite [11, 18]. For the 5 mol % Mg-doped hydroxyap-

atite sample, the primary difference observed in FTIR 

spectra compared to pure HA is small shift and broad-

ening of certain vibrational bands, particularly those 

associated with phosphate and hydroxyl groups. Specif-

ically, the phosphate (PO43 –) bands (around 560-

600 cm – 1 and 900-1100 cm – 1) and hydroxyl (OH⁻) 
bands (around 3248  cm – 1) will show  shifts and chang-

es in intensity [8-10, 19, 20]. 
 

 
 

Fig. 3 – FTIR spectra of the HA and MgHA samples 

Table 1 – The Characteristic bands of HA & MgHA in the 

FTIR spectrum 
 

Sl. 

No. Wavenumber Band 

1 3248 cm – 1 –OH stretching vibrations of 

adsorbed water 
2 1420 cm – 1 Asymmetric Stretching of CO3

2 − 
3 1021 cm – 1 Asymmetric Stretching PO4

3 − 
4 961 cm – 1 Symmetric stretching of PO4

3 − 
5 630 cm – 1 Stretching vibration of OH¯ ions 
6 600 cm – 1 In plane bending O–P–O in PO4

3 ¯ 
7 560 cm – 1 In plane bending O–P–O in PO4

3 ¯ 

 

3.3 EDX Analysis  
 

EDX analysis of HA and MgHA samples is shown in 

Fig. 4 and Fig. 5. The Ca/P ratio for hydroxyapatite is 

found to be 1.77. When doping is done, the calcium-to-

phosphorus ratio decreases, but the (Ca + Mg)/P ratio 

retains a value very close to 1.67 [2, 10]. For the MgHA 

sample, the (Ca + Mg)/P ratio is obtained as 1.74. These 

values are very close to the theoretical value of 1.67. 

This analysis also confirms the presence of magnesium 

in the sample. 
 

Table 2 – The lattice constants, unit cell volume, crystallite 

size, and crystallinity of HA and MgHA samples 
 

 
 

 
 

Fig. 4 – EDX spectrum of HA 
 

 
 

Fig. 5 – EDX spectrum of MgHA 

 

3.4 Dielectric Analysis 
 

The frequency-dependent dielectric feature of the 

sample was studied via broadband dielectric spectros-

Sample Crystallite Size 

(nm) 

Lattice Constants (A0) Unit Cell 

Volume (A03) a = b c 

HA 20.2 9.43 6.883 530.4 

MgHA 15.7 9.42 6.880 529.6 
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copy. The dielectric characteristics of the samples were 

studied over a frequency range (1 Hz – 1 MHz). The 

real part of the dielectric constant (') is indicative of 

the stored energy in the dielectric. The variation of ε' 

and frequency is shown in Fig. 6. ' is large at low fre-

quency. This could be attributed to several factors, such 

as interfacial dislocations, charge defects, oxygen va-

cancies, grain boundary effects, and interfacial or space 

charge polarization [22]. A dielectric material is made 

up of conducting grains that are separated by insulat-

ing grain boundaries, according to the Maxwell-Wagner 

model. When an external field is applied, there is an 

action on charge carriers in the dielectric, which can 

usually move more easily across the grains; however, 

they tend to accumulate at the grain boundaries. The 

dielectric constant appears reasonably constant and 

flattens out in the high-frequency region because the 

atoms and electrons in the samples polarize fast and 

have high polarization with the application of the field 

[22]. Thus, the mobile ions cannot rotate fast enough, 

which means the dipoles' oscillation is lagging behind 

the applied field, and this lagging reduces the dielectric 

constant [22-25]. At high frequencies, the ionic, dipole, 

and space charge polarizations become ineffective [23]. 

This variation in dielectric constant with frequency is a 

characteristic of dielectric materials. The dielectric 

constant for 5mol% magnesium-doped hydroxyapatite 

is greater than that of pure hydroxyapatite because 

magnesium doping often leads to a decrease in grain 

size, and therefore, grain areas increase. This increases 

the Maxwell Wagner interfacial polarization as charge 

accumulates at the interface between the grains of 

different conductivities and dielectric properties. This 

interfacial polarization begins to dominate at low fre-

quencies, which contribute to a high dielectric constant. 

When magnesium substitutes for calcium, the mis-

match in lattice size drastically distorts the lattice and 

produces local point defects. As a result of local distor-

tion, local dipoles are produced and result in increased 

polarizability of the material, especially at low and 

intermediate frequencies [22, 23, 26, 27]. 
 

 
 

Fig. 6 – Variation of dielectric constant with frequency for HA 

and MgHA samples 
 

Dielectric polarization occurs when a material is 

placed in an electric field. This indicates that the elec-

tric dipole moment of the material has changed by a 

process of polarization, as the dipoles have been aligned 

from random orientation to an orientation that is 

aligned with the applied electric field. The difference in 

phase between the electric field and dielectric polariza-

tion is termed "dielectric loss," which is an indication of 

the lost energy [22]. Fig. 7 depicts the change in dielec-

tric loss with frequency for frequencies in the range of  

1 Hz to 1 MHz. The dielectric loss decreases with an 

increase in frequency at low frequencies and reaches a 

plateau region at high frequencies. At low frequencies, 

the carriers are spatially confined, and the gradual 

movement of charge carriers is responsible for polariza-

tion in low frequencies. Hence, rotating dipoles in the 

low-frequency region requires more energy, resulting in 

high dielectric loss. At high frequency, charge carriers 

exhibit long-range mobility. One reason for the varia-

tion in dielectric properties is due to interfacial polari-

zation from having phases with different conductivity 

[23]. The orientation of the hydroxyl ion (OH–) will also 

induce a phase change in the materials. In addition, 

the host material, having a hexagonal structure, ac-

commodates the incorporation of a variety of monova-

lent, divalent, and trivalent ion dopants within the 

hydroxyapatite lattice, which will influence the dielec-

tric properties of hydroxyapatite [23]. The obtained 

results from our study indicated that the ion dopants in 

the host lattice shrink the structure, produce crystallo-

graphic defects, and increase the mobility of the charge 

carriers [23]. Thus, it is apparent that doping influ-

ences the dielectric properties. Materials with high 

dielectric loss offer good potential candidates for micro-

electronic system applications, energy storage, multi-

layer ceramic capacitors, and high-density energy stor-

age industries [22]. 
 

 
 

Fig. 7 – Variation of dielectric loss with frequency for HA and 

MgHA samples 
 

Fig. 8 presents a frequency plot of the AC conductiv-

ity. The frequency dependence of conductivity is the 

sum of the DC conductivity due to free charge and the 

polarization conductivity due to bound charge. It can be 

seen from the figure that conductivity is increasing 

smoothly with frequency. The electrode polarization 

effects are present in the DC conductivity plateau re-

gion and disappear in the dispersive region at higher 

frequencies. Very low conductivity values at low fre-

quencies may stem from ionic accumulation effects 

experienced from the slow periodic reversal of the elec-

tric field. In the high-frequency or mid-frequency re-

gion, features of Jonscher's power law nature emerge, 

and the conductivity increase is rapid with frequency 

(22-24). The mechanism demonstrates non-Debye re-

laxation processes, which show movement of charge 

carriers in the localized states [26]. The higher AC 

conductivity in Mg-doped Hydroxyapatite compared to 
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pure HA in broadband dielectric spectroscopy is mainly 

due to ionic mobility capacity and defect concentration 

enhanced by Mg substitution. Hence, because of an 

electric field, the mobility of the charge carriers (ions) 

is higher, which accounts for the higher conductivity, 

especially at higher frequencies [24].  
 

 
 

Fig. 8 – Variation of AC Conductivity with frequency for HA 

and MgHA samples 
 

The capacitance decreases exponentially with in-

creasing frequency (Fig. 9). An increasing frequency 

would promote the charge-transfer process that leads to 

capacitance decay [54]. Thus, the capacitance decays for 

both samples in the high-frequency range that follows 

conductivity. The capacitance of magnesium-doped hy-

droxyapatite is higher compared to the pure sample 

because magnesium doping introduces more mobile ions, 

which can shift and reorient under an electric field, lead-

ing to increased polarization and higher capacitance. 

Moreover, defects (vacancies, interstitials) that exist in 

the Mg-doped hydroxyapatite lattice can be charge traps 

or charge storage sites. This potentially enhances the 

capability of the material for charge storage, providing 

for a larger capacitance. While greater conductivity may 

result in higher dielectric loss, it can also contribute to 

the greater charge storage capacity of the material, par-

ticularly at lower frequencies, when the behaviour of the 

material is like a capacitor [22, 26-27].  
 

 
 

Fig. 9 – Variation of Capacitance with frequency for HA and 

MgHA samples 

 

3.5 Measurement of Electrical Output 
 

The peak-to-peak voltage and peak-to-peak current 

for the samples PVA, HA, and MgHA, and the obtained 

power density are given in Table 3. The output voltage 

for PVA, HA, and MgHA samples was found to be 

220 ± 6 V, 261 ± 4 V, and 287 ± 6 V, respectively. The 

output current for the samples was found to be 

6.8 ± 0.6 A, 9.1 ± 0.4 A, and 16 ± 0.7 A, respectively. 

When the nanoparticles were added to PVA in the tri-

bo-positive layer, the output increased. This is because 

the presence of nanoparticles enhances the surface 

roughness, dielectric properties, and effective surface 

area of the TENG [28-31]. The greater triboelectric 

performance from MgHA compared to pure HA can be 

attributed to several factors, including its dielectric 

constant, capacitance, charge trapping potential, and 

surface activity. Magnesium doping causes lattice 

strain and increases the dipole moment. Moreover, due 

to enhanced ion hopping, the AC conductivity also in-

creases. These factors all increased surface charge 

density and improved electrical output, which may 

make MgHA a suitable candidate for biocompatible or 

flexible energy-harvesting applications, particularly as 

a constituent material for tribopositive layer in triboe-

lectric nanogenerators [19]. 
 

Table 1 – Electrical output obtained for the samples 
 

Sl. No. Sample VPP (V) I PP (μA) 

1 PVA 220 ± 6 6.8 ± 0.6 

2 HA 261 ± 4 9.1 ± 0.4 

3 MgHA 287 ± 6 16 ± 0.7 
 

 
 

Fig. 10 – The variation of open circuit voltage and short cir-

cuit current of PVA 
 

 
 

Fig. 11 – The variation of open circuit voltage and short cir-

cuit current of the HA-PVA layer 
 

 
 

Fig. 12 – The variation of open circuit voltage and short cir-

cuit current of MgHA-PVA layer 

 

4. CONCLUSION 
 

This study presents an extensive investigation of 
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the dielectric behaviour of pure and magnesium-doped 

nanohydroxyapatite (MgHA) using broadband dielectric 

spectroscopy over a frequency range of 1 Hz to 1 MHz. 

The measured parameters – real permittivity (ε′), im-

aginary permittivity (″), AC conductivity (ac), and 

capacitance (Cp) – were found to improve substantially 

in the MgHA samples compared to undoped hydroxy-

apatite. The rise in ′ for MgHA is a measure of the 

increased capacity to hold electrostatic energy, which is 

mainly attributed to defect-induced dipoles and interfa-

cial polarization as a result of magnesium substitution. 

The higher ″ is in line with increased dielectric relaxa-

tion and movement of charge carriers, which agrees 

with the seen increase in AC conductivity (ac). These 

trends indicate that Mg doping provides localized 

charge carriers and defect dipoles that take an active 

role in polarization and conduction processes. The in-

creased Cp values also indicate enhanced charge accu-

mulation and capacitive performance, perhaps arising 

from increased dielectric surface area and grain bound-

ary effects. Together, these improvements place MgHA 

as a high-permittivity bioceramic with promising appli-

cations in a wide variety of future technologies like 

dielectric energy storage devices, micro-capacitors, 

Triboelectric nanogenerators (TENGs), piezoelectric 

harvesters, and flexible electronic components. Overall, 

magnesium doping appears as a versatile method to 

modulate the dielectric and electrical performance of 

hydroxyapatite, rendering it an ideal material for next-

generation bioceramic and energy-harvesting plat-

forms. 
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Вплив легування магнієм на діелектричні властивості та трибоелектричні  

характеристики наногідроксиапатиту 
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Гідроксиапатит, біокераміка, що імітує мінеральний склад кістки, привернула увагу як in vitro, 

так і in vivo завдяки своїй чудовій біосумісності та остеопровідності. Чистий та легований магнієм гід-

роксиапатит був синтезований хімічним методом, а зразки були охарактеризовані за допомогою XRD, 

FTIR та EDX. Були виміряні діелектрична проникність, провідність змінного струму, діелектричні 

втрати та ємність зразків. Вивчення діелектричних властивостей матеріалів на основі гідроксиапати-

ту для біоелектроніки та інтелектуальних біомедичних пристроїв є нещодавньою сферою інтересу. Та-

кож були проведені попередні дослідження впливу цих зразків на трибоелектричні характеристики 

полівінілового спирту. Магній є важливим мікроелементом у кістках людини, тому його було включе-

но до решітки наногідроксіапатиту для покращення біологічних характеристик та електричних влас-

тивостей. Результати вказують на можливість налаштування електричних властивостей наногідрок-

сіапатиту та застосування наногідроксіапатиту, легованого магнієм, для майбутніх біомедичних при-

строїв, сенсорів та пристроїв для збору енергії. 
 

Ключові слова: Наногідроксиапатит, Хімічне осадження, Діелектричні втрати, Діелектрична про-

никність, Гідроксиапатит, легований магнієм, TENG. 
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