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Abstract

This study investigates the crystal structure, energy gap, band structure, spectroscopy, thermal, and electrical properties of Pr3+-based 

hydroxyapatites (HAp) co-doped with Zn2+ and Ag+ in varying concentrations. The synthesized samples, designated as 0.25Zn-0.25Pr-

HAp, 0.50Zn-0.25Pr-HAp, 0.75Zn-0.25Pr-HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-HAp, and 0.75Ag-0.25Pr-HAp, were prepared using 

a wet chemical method. The materials were characterized by Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), 

differential thermal analysis (DTA), and thermogravimetric analysis (TGA). Additionally, theoretical calculations employing density 

functional theory (DFT) were conducted to analyze the band structure (BS), energy gap (Eg; EHOMO-ELUMO), and density of states (DOS). 

Results revealed a progressive reduction in the bandgap with increasing dopant concentrations, particularly in Ag-doped samples. 

Notably, 0.75Ag-0.25Pr-HAp exhibited the smallest bandgap of 3.983 eV, indicating enhanced electronic conductivity and potential 

applications in bioelectronics and medical sensors. Furthermore, the co-doped samples demonstrated reduced crystallinity, larger 

crystallite sizes, and excellent stability in biological environments, alongside superior biocompatibility and antibacterial properties. 

Among the synthesized materials, 0.75Ag-0.25Pr-HAp exhibited promising characteristics as a biomedical material for bone-related 

applications, owing to its structural stability, enhanced electrical properties, and suitability in antibacterial and bioelectronic devices. 

This investigation highlights the versatility of Zn/Ag co-doped Pr-HAp materials for advanced biomedical and technological applications.

Keywords

hydroxyapatite, Zn/Ag co-doping, praseodymium-based hydroxyapatites, bandgap, wet chemical method

1 Introduction
Among the various inorganic components of the human 
body, calcium orthophosphates are particularly signifi-
cant for forming essential structures such as bones, teeth, 
and antlers. Among these, hydroxyapatite (HAp) stands 
out as one of the most well-known bioceramic materials 
widely used in biomedicine. HAp is composed of calcium 

phosphate (CaP) and has many potential uses, including 
dental and orthopedic implants and prostheses [1, 2]. 

In addition to possessing several crucial qualities, 
HAp is essentially identical to the inorganic compo-
nent that is found in bones and teeth structure. HAp is 
a highly versatile material ideal for applications involving 

https://doi.org/10.3311/PPch.39496
https://doi.org/10.3311/PPch.39496
mailto:rebaz.katreem@uoh.edu.iq


330|Kareem et al.
Period. Polytech. Chem. Eng., 69(2), pp. 329–338, 2025

the regeneration and repair of hard tissues. Its exceptional 
biocompatibility, thermal stability, high bioactivity, and 
non-toxic nature make it a cornerstone in biomedical sci-
ence [3, 4]. Additionally, HAp has the ability to exchange 
its ions with foreign ions, a property that can significantly 
improve its biocompatibility, mechanical properties, and 
microstructural characteristics. The most common cal-
cium orthophosphates are HAp, and tricalcium phosphate 
(TCP), having the formula Ca3(PO4)2 in two types of α 
and β phases [3, 5–7]. The chemical formula for HAp is 
Ca10(PO4)6(OH)2, and it has a Ca:P molar ratio of 1.67 [8]. 
The synthetic HAp may exist in two crystal structures: 
hexagonal or monoclinic [9, 10]. 

The use of HAp as an implant material in the medical 
industry is limited by its inherently weak mechanical prop-
erties. To address this challenge, various chemical dopants 
are incorporated into pure HAp to enhance its mechani-
cal performance and make it more suitable for high-per-
formance applications. Earlier experiments, and theoret-
ical doped HAp with a variety of ions, including Mg2+, 
Ni2+, K+, Ag+, Na+, Cu2+, Co2+, Sr2+, Ba2+, Zn2+, Mg2+, Pb2+, 
Cd2+, Y3+, La3+, Ce+, Al3+, CO3

2−, F−, Br−, and Cl− [9, 11–13]. 
All of these ions can interchange Ca2+, PO4

3−, and OH− ions 
inside the crystalline lattice of HAp, which results in sig-
nificant alterations to the material’s mechanical and bio-
logical characteristics throughout the process. This results 
in a decrease in the Ca/P ratio, potentially enhancing sol-
ubility and influencing the crystal structure. Even small 
cationic substitutions can significantly impact the struc-
tural characteristics of HAp, including its crystal struc-
ture, lattice parameters, morphology, magnetic properties, 
thermal stability, and mechanical performance [8, 14]. 

The synthesis of HAp provides enhanced control 
over its material properties. Various methods have been 
employed for HAp synthesis, including sol-gel, hydrother-
mal, solid-state reactions, as well as dry and wet chemical 
techniques [8, 15]. Pr3+, the third element in the lantha-
nide series with an atomic number of 59, is a rare earth 
element belonging to the light lanthanide group. It is not 
essential to functionally substitute calcium with Pr3+ ions 
to replace it in proteins and cell membranes. Lanthanide 
ions, including Pr3+, exhibit biological properties similar 
to Ca2+ due to their comparable ionic radii [16, 17]. For 
a long time, Ag+ was used as a disinfectant. It possesses 
a wide range of antibacterial properties and exhibits low 
toxicity to mammals. In other words, the combination 
of HAp and Ag nanoparticles demonstrates exceptional 
antibacterial properties, making it an ideal biomaterial 

for treating bacterial bone infections such as osteomyeli-
tis. This is particularly crucial for addressing the diverse 
types of bacteria that can colonize biomaterials and lead to 
infections [18, 19]. Recent studies suggest that small quan-
tities of silver exhibit antibacterial properties, whereas 
higher concentrations can be toxic [20]. Zn2+ plays a vital 
role in regulating enzyme activity and aids in the absorp-
tion and release of minerals from the bone reservoir in 
the body [21]. Multiple studies have developed Zn-doped 
HAps for use as antibacterial agents [22, 23]. Examples 
include applications in bone grafting, coatings on metallic 
implants to enhance biocompatibility and biological activ-
ity and promoting bone mineralization [24]. 

In our previous research by Sahin et al. [25] different 
concentrations of Zn/Ag co-doped HAp based on praseo-
dymium were synthesized, including five distinct compo-
sitions: 0.4Pr-HAp, 0.4Zn-0.4Pr-HAp, 0.8Zn-0.4Pr-HAp, 
0.4Ag-0.4Pr-HAp, and 0.8Zn-0.4Pr-HAp. These samples 
were analyzed using density of states (DOS) and band 
structure (BS) calculations. The band gap values ranged 
from 4.4037 eV to 4.1554 eV, indicating a reduction in 
energy from 0.4Pr-HAp to 0.8Ag-0.4Pr-HAp. Theoretical 
studies revealed a consistent decrease in the band gap with 
the addition of Ag or Zn co-dopants in Pr-based HAp. 
The discoveries by Sahin et al. [25] significantly impact 
the tunability of the electrical properties of HAp through 
controlled doping with Zn, Pr, and Ag. Enhancing these 
favorable electronic properties is crucial for applications 
such as coatings for biocompatible electronics and other 
related fields. The study by Sinulingga et al. [26] demon-
strates that the 2.5Ag/2.5Zn co-doping approach in HAp 
can enhance osteoblastic cell proliferation and improve 
antibacterial activity. This co-doping method was found to 
be significantly more effective compared to 2.5Ag-doped 
HAp or 5Ag-doped HAp. 

In the current investigation, six different concentrations 
of Zn/Ag co-doped HAp based on Pr were synthesized using 
a wet chemical process, which is a facile method for pre-
paring nanomaterials having high purity. The samples were 
designated as 0.25Zn-0.25Pr-HAp, 0.50Zn-0.25Pr-HAp, 
0.75Zn-0.25Pr-HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-
HAp, and 0.75Ag-0.25Pr-HAp. A series of experimental 
evaluations, including X-ray diffraction (XRD), Fourier-
transform infrared (FTIR) spectroscopy, differential thermal 
analysis (DTA), and thermogravimetric analysis (TGA), 
were conducted on the samples. Additionally, theoretical 
calculations using density functional theory (DFT) were 
performed to investigate the BS, energy gap Eg, and DOS.
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2 Materials and method
(49.875 − x) mmol calcium nitrate tetrahydrate (Carlo 
Erba), 0.125 mmol praseodymium (III) nitrate hexahydrate 
(Alfa Aesar), x mmol zinc acetate dihydrate (Carlo Erba) 
were dissolved in distilled water for the Zn-doped sam-
ples. Instead of the zinc acetate dehydrate, x mmol silver 
nitrate (Sigma-Aldrich) was used to prepare the Ag-doped 
samples. Here x was selected as 0.125, 0.250 and 0.375, 
respectively. 30.0 mmol diammonium hydrogen phosphate 
(Merck) was dissolved in the same solvent and added drop 
wisely to the first mixture. For all the samples, the pH 
of the final solution was adjusted to 10.0 using ammonia 
solution (Sigma-Aldrich) and all the mixtures were stirred 
at 65 °C for 4 h. After stirring these were dried in an oven 
at 120 °C for 38 h, and the as-dried powders were cal-
cined in an electric furnace at 900 °C for 3 h. The prepa-
ration of the 0.25Zn-0.25Pr-HAp, 0.50Zn-0.25Pr-HAp, 
0.75Zn-0.25Pr-HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-
HAp, and 0.75Ag-0.25Pr-HAp samples was carried out, 
where these numbers point out the atomic percentage of 
each dopant in the HAp structure.

XRD data were collected using a Bruker D8 Advance 
diffractometer with Cu-Kα radiation. FTIR measurements 
were conducted using a PerkinElmer Spectrum One spec-
trophotometer with KBr pellets. A Perkin Elmer Diamond 
TG/DTA was used to record DTA and TGA data. 

3 Results and discussion
3.1 XRD analysis
As shown in Fig. 1, the XRD patterns of the HAps in 
their as-prepared state are presented. The primary phase 
identified was HAp (JCPDS 09-0432), while the second-
ary phase was β-TCP (JCPDS 09-0169). A comparison is 
made between the theoretical and experimental XRD val-
ues, obtained after optimization, with the lattice parame-
ters (a and c) and unit cell volume (V) of these samples, 
which are summarized in Table 1.

Equation (1) was used to calculate the a and c lattice 
parameters [27]: 

1 4

3
2

2 2

2

2

2d
h hk k

a
l
c

�
� ��

�
�

�

�
� � . (1)

Where h, k and l are Miller indices and d is the interpla-
nar distance.

To calculate the volume of unit cells V (nm3) of the hex-
agonal unit cell, Eq. (2) was utilized, which is expressed 
as follows: 

V a c= 0 866 2
. . (2)

According to the findings of a recent study, the XRD 
lattice parameters for pure HAp were found to be in agree-
ment with the following values: a = b and c are 0.9418 nm 
and 0.6884 nm, respectively, and V = 0.5288 nm3 also 
exists [28]. 

A relationship exists between the percentage of crys-
tallinity, denoted as XC%, and the solubility of the Zn/Ag  
co-doped HAp based Pr concentrations. Equation (3) was 
used to determine the XC% for each sample. This was 
accomplished by using the intensity (I300) of the (300) 
reflection in conjunction with the intensity of the pit 
(V112/300) that existed concurrently between the (112) and 
(300) reflections.
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For the purpose of determining the size D of the crys-
tallites, the Scherer formula was used [29]: 

D �
0 9.
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�
� �

. (4)

Fig. 1 The XRD patterns of Zn or Ag co-doped HAp based  
Pr-HAp samples
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Table 1 shows the XRD related data of the Zn or Ag 
co-doped Pr based HAp samples with the sample codes: 
0.25Zn-0.25Pr-HAp, 0.50Zn-0.25Pr-HAp, 0.75Zn-0.25Pr-
HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-HAp, and 
0.75Ag-0.25Pr-HAp. The numbers indicate the atomic per-
centage (at%) of each dopant in the HAp structure.

The experimental and theoretical values of the a and c 
lattice parameters, as well as the unit cell volume, were 
influenced by the quantity and type of Zn or Ag in the 
co-doped Pr based HAp samples. Theoretical values 
indicate an increase in both the a and c lattice param-
eters for all samples, except for 0.25Zn-0.25Pr-HAp, 
0.50Zn-0.25Pr-HAp, and 0.75Zn-0.25Pr-HAp. Similarly, 
V increased for all samples, except for the 0.75Zn-0.25Pr-
HAp sample (Table 1). In the experimental investiga-
tions, the a and c lattice parameters, as well as the unit 
cell volume, decreased with increasing Zn co-doping 
concentrations in Pr-based HAp. For Zn-doped samples, 
these parameters decreased with 0.25 at% Zn addition 

but increased with 0.75 at% Zn addition at 0.25% Pr con-
centration (Table 1). Since Zn2+ (0.074 nm) has a smaller 
ionic radius than Ca2+ (0.099 nm), it may reduce the lattice 
parameters a and c, as well as the unit cell volume. Also, 
the HAp structural stability may improve with this modi-
fication by Zn ions. Our findings suggest that the theoret-
ical and experimental values are in close agreement, with 
only minor discrepancies. This indicates that the samples 
with the lowest Zn content, i.e., the 0.25Zn-0.25Pr-HAp 
sample, exhibited the smallest crystallinity, the largest 
crystallite size, and the smallest unit cell volume. In con-
trast, the largest V and crystallinity were observed in the 
sample with the highest Ag content (0.75 at% Ag) (Fig. 1). 
Crystallinity of HAp samples affects their solubility and 
biological characteristics. Low solubility correlates with 
high crystallinity. Solubility, like crystallinity, impacts 
crystal size [30, 31]. Fig. 2 illustrates the experimental 
and theoretical relationship between V and the lattice 
parameters a and c. 

Table 1 Comparison of theoretical and experimental XRD results

Sample code
Theoretical Experimental

a (nm) c (nm) V (nm3) a (nm) c (nm) V (nm3) XC (%) D (nm)

0.25Zn-0.25Pr-HAp 0.9489 0.6795 0.5298 0.9395 0.6848 0.5235 84.74 29.76

0.50Zn-0.25Pr-HAp 0.9487 0.6802 0.5302 0.9381 0.6834 0.5208 90.17 28.89

0.75Zn-0.25Pr-HAp 0.9471 0.6810 0.5290 0.9326 0.6797 0.5120 87.04 28.67

0.25Ag-0.25Pr-HAp 0.9418 0.6808 0.5229 0.9384 0.6833 0.5211 85.62 29.75

0.50Ag-0.25Pr-HAp 0.9418 0.6880 0.5285 0.9387 0.6863 0.5237 90.00 32.35

0.75Ag-0.25Pr-HAp 0.9460 0.6884 0.5335 0.9411 0.6879 0.5276 91.58 31.24

Fig. 2 The theoretical and experimental values of a, c and V
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Based on our recent research by Sahin et al. [25], the 
0.8% Zn or Ag co-doped Pr3+ based HAp was character-
ized by smaller crystallinity and larger crystallite size. 
In comparison, our current study shows that this material 
holds promise for various biomedical application, includ-
ing bone-related treatments and implants, due to its anti-
bacterial properties, stability in biological settings, and 
biocompatibility. The observed reduction in crystallinity 
strongly suggests that the Pr, Zn, and Ag ions have been 
successfully incorporated into the HAp samples.

3.2 FTIR spectroscopy analysis
FTIR spectroscopy was employed to identify and analyze 
specific functional groups. The wave numbers associated 
with the Zn or Ag co-doped Pr based HAp ranged from 
400 to 4000 cm−1 (Fig. 3). The bands of PO4

−3 group were 
recorded at 553 (υ2), 597 (υ4), 960 (υ1), 1020 (υ3), and 1089 
(υ3) cm−1 in the FTIR spectra. As a result of this investiga-
tion, the vibrational modes of the OH− group are connected 
to the bands that were detected at 629, and 3570 cm−1, 
respectively (Fig. 3). Lastly, our findings concurred with 

Fig. 3 The as-plotted FTIR investigations of the Zn or Ag co-doped Pr-based HAp
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Zn or Ag co-doped Pr based HAp [25], Ag-HAp [18], 
Zn-HAp [21], and Pr-HAp [17].

3.3 Thermal characterization
DTA is a thermal analysis technique used to measure the 
temperature difference between a sample and an inert ref-
erence material as they undergo the same heating or cool-
ing process [32]. DTA thermograms of the HAp samples 
in their as-produced state are shown in Fig. 4. 

There is no peak associated with phase change for the Zn 
or Ag co-doped Pr-based HAp samples. These results are in 
excellent agreement with the literature [17, 27], since all the 
samples that were created in their original state are thermally 
stable in the temperature range of ambient 25 to 1000 °C.

TGA measures changes in a sample mass during heating 
or cooling, through tracking mass variations with tempera-
ture, TGA evaluates the thermal stability and composition of 
the material [33]. The mass losses were detected as 1.26%, 
0.33%, 0.38%, 1.00%, 0.26% and 1.45% for the samples of 
0.25Zn-0.25Pr-HAp, 0.50Zn-0.25Pr-HAp, 0.75Zn-0.25Pr-
HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-HAp, and 

0.75Ag-0.25Pr-HAp, respectively (Fig. 5). According to the 
prior study by Sahin et al. [25], the TGA and DTA results 
showed that the as-used Zn or Ag co-dopants in the Pr-based 
HAp did not affect the thermal properties of the samples.

3.4 Theoretical computations
During the theoretical investigations, the BS, DOS, and 
Eg calculations were performed using DFT. All the sim-
ulated theoretical findings were obtained using the 
CASTEP Software [15, 34]. The Dirac δ-function expres-
sion describes the DOS with specified energy [8, 34, 35]: 

DOS E E i� � � �� ��2 � � . (5)

In Eq. (5), δ is a Dirac function, E is representing 
the total energy, and εi is the energy of the ith molecular 
orbital. The factor of two is used to count spins that are 
degenerate. The estimated DOS, BS, and energy gap for 
every synthesized Pr-based HAp co-doped with Zn/Ag 
at different percentages, with sample names: specifically, 
0.25Zn-0.25Pr-HAp, 0.50Zn-0.25Pr-HAp, 0.75Zn-0.25Pr-
HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-HAp, and 
0.75Ag-0.25Pr-HAp samples.

3.4.1 BS and DOS calculations
In quantum mechanical systems, modern DFT algorithms 
can calculate a wide range of phenomena, including elec-
tronic structure, chemical and optical properties, band 
structures, spectroscopic features, elastic and vibrational 
properties, crystal structures, and thermal characteris-
tics. Moreover, the capacity to predict how theoretical 
and experimental findings relate to structure and proper-
ties [36–38]. The electronic DOS quantifies how "packed" 
the electrons are in energy levels in addition to referring to 
the quantity of accessible quantum states per energy unit. 
A high DOS at a given energy level indicates that multiple 
states are available for occupation, influencing both elec-
trical conductivity and heat capacity [15]. 

The electronic band gap of a material is defined as 
the difference between its electron affinity—the energy 
required to add an electron to the structure—and its first 
ionization energy—the energy needed to remove an elec-
tron from the system. Both energies can be calculated 
using conventional DFT, forming the basis of the del-
ta-SCF method, a technique for determining band gap 
properties [39, 40]. The band gaps were measured and 
acquired at intervals ranging from G to H. The BS calcu-
lations and DOS findings for a Pr-based HAp with Zn or 
Ag at different percentages: 0.25, 0.50, and 0.75 at% are 
shown in Fig. 6.Fig. 5 The TGA results for the HAp samples

Fig. 4 The DTA results for the HAp samples
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The electronic properties of HAp doped with 0.25% 
Pr and co-doped with varying concentrations of Zn 
or Ag were systematically investigated to evaluate the 
impact of dopant composition on the band gap and DOS 
as shown in Fig. 6. The studied compositions include 
0.25Zn-0.25Pr-HAp, 0.50Zn-0.25Pr-HAp, 0.75Zn-0.25Pr-
HAp, 0.25Ag-0.25Pr-HAp, 0.50Ag-0.25Pr-HAp, and 
0.75Ag-0.25Pr-HAp, with corresponding band gap val-
ues of 4.538 eV, 4.382 eV, 4.351 eV, 4.312 eV, 4.368 eV, 
and 3.983 eV, respectively. The gradual reduction in 
band gap with increasing dopant concentration, particu-
larly in Ag-doped systems, suggests a notable improve-
ment in electronic conductivity. Exploring the small 
band gaps in Ag-doped HAp could uncover enhanced 
electrical properties, making them suitable for applica-
tions in bioelectronics or medical sensors. Notably, the 

0.75Ag-0.25Pr-HAp composition exhibits the smallest 
band gap of 3.983 eV. Sinulingga et al. [26] concluded 
that using the 2.5%Ag/2.5%Zn co-doped HAp biomate-
rials were extremely more effective than 2.5%Ag-doped 
HAp or 5%Ag-doped HAp. This trend can be attributed to 
the ability of Zn and Ag co-dopants to introduce localized 
electronic states within the band gap, thereby altering the 
electronic structure of the HAp matrix. 

The discoveries of Sahin et al. [25] on the Zn or Ag 
co-dopants Pr-based HAp, and our current investigation 
revealed that the Ag concentration may increase HAp's 
structural stability, corrosion efficiency, reactivity, safety 
in vivo, as well as improve bioactivity. [26]. These modi-
fications suggest that the co-dopants not only reduce the 
band gap but also enhance the electronic environment, 
making the material more conducive to electron transport. 

Fig. 6 Band structure, and density of states calculations of Zn2+ or Ag+ co-doped Pr3+ based HAp samples: (a) 0.25Zn-0.25Pr-HAp, (b) 0.50Zn-0.25Pr-HAp, 
(c) 0.75Zn-0.25Pr-HAp, (d) 0.25Ag-0.25Pr-HAp, (e) 0.50Ag-0.25Pr-HAp, and (f) 0.75Ag-0.25Pr-HAp

(a) (b)

(c) (d)

(e) (f)
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