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Abstract: Barium titanate (BaTiO3 or BTO) is a famous lead-free ferroelectric 

material often studied due to its fascinating features for technological 

applications. However, its performance requires continuous enhancement, one 

approach being doping with iron (Fe). This study aimed to demonstrate the 

improvement in the microstructures and dielectric properties of barium 

titanate induced by iron doping. The barium titanate and iron-doped barium 

titanate with the formula of BaTi1-xFexO3 (x = 0, 0.01, 0.03, and 0.05) were 

synthesized using the coprecipitation technique. X-ray diffraction (XRD) 

analysis confirmed the formation of a pure tetragonal phase in all samples, 

while Fourier-transform infrared (FTIR) spectroscopy revealed characteristic 

BTO absorption bands at around 500 cm−1. Compared with pure BTO, Fe-

doped samples exhibited increased lattice constants, crystallite sizes, 

densities, and dielectric constants. Further, the dielectric constants of the 

samples were also higher than those of undoped barium titanate. These results 

indicate that Fe doping enhances the microstructures of BTO, leading to 

improved dielectric performance. 

Keyword: barium titanate; coprecipitation; iron doping; dielectric constant; 

microstructure 

1.  Introduction 

Significant lifestyle changes and the escalation of industrial and technological 

developments demand a high need for energy, especially electricity, which is driving 

much research on energy harvesting and storage. In particular, current energy storage 

devices that are widely used are capacitors. The advantages of capacitors compared to 

others, such as batteries, are that they possess high power density (~104 – 105 W/kg), fast 

charge-discharge rate, stable temperature/ frequency, and more durable performance 

against high temperatures and voltages (Adamczyk-Habrajska, Wodecka-Dus, Goryczka, 

& Makowska, 2024; Wodecka-Dus, Kozielski, Makowska, Bara, & Adamczyk-

Habrajska, 2022; Zhang, Yao, Hao, Cao, & Liu, 2022). The simplest dielectric capacitor 
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structure consists of two metal plates arranged in parallel. These two plates are separated 

by a dielectric material or insulator, which will polarize when subjected to an electric 

field (Islam, Momin, & Nesa, 2019). A dielectric material is crucial in capacitors since it 

determines how much a capacitor can accommodate electrical charges, which is called 

capacitance. 

Ferroelectrics are a type of material that is recognized for its characteristics of a high 

dielectric constant. Accompanied by their fundamental characteristic of having 

permanent dipole moments and spontaneous polarizations, ferroelectrics are extensively 

exploited for the manufacture of multilayer ceramic capacitors (MLCCs), ferroelectric 

random access memories (FRAMs), thermistors, and detectors (Alshoaibi, Kanoun, Ul 

Haq, AlFaify, & Goumri-Said, 2020; Li, Yu, Hao, & Janolin, 2022; More et al., 2021). 

One famous free-lead ferroelectric material often studied is barium titanate (BaTiO3 or 

BTO) due to its fascinating features for technological applications. It has a perovskite 

ABO3 structure where Ba2+ locates the A site created by the associated octahedral and 

Ti4+ ions occupy the B site with an octahedral cage (Nayak & Nayak, 2023; Noguchi & 

Matsuo, 2021). It also has a relatively low Curie temperature (120 oC for bulk) and is 

known for excellent dielectric, ferroelectric, and piezoelectric properties (Reda, El-Dek, 

& Arman, 2022; Sato, Haruta, Sasagawa, Ohta, & Jongprateep, 2019).  

The performance of BTO needs to be continuously improved for its real-life 

applications. It can be improved by adjusting the microstructures through various 

treatments, including synthesis methods, sintering temperature and times, and doping. It 

is recognized that most of the chemical and physical properties of the material can be 

enhanced through the dopant ions. Understanding the influence of dopants on the 

electronic structure is a crucial step to improving the material's properties. Doping leads 

to modification in the ferroelectric properties, electrical properties, and dielectric 

properties of perovskite BTO, depending upon the dopant size substitution taking place 

either at the A or B site in the ABO3 perovskite structure (Sato et al., 2019; Singh, Dixit, 

& Dobal, 2021a). Various types of dopants, such as Sr, Bi, Y, W, Co, Zr, etc., were 

incorporated to determine their effects on barium titanate properties (Alshoaibi et al., 

2020; Iriani, Sandi, Kusumandari, & Sarifah, 2023; Iriani, Suherman, Sandi, Nurosyid, 

Khairuddin, et al., 2024; Kumar, Thakur, & Luthra, 2018; Mukherjee, Ghosh, Ghosh, & 

Mitra, 2013; Nayak & Nayak, 2023; Reda et al., 2022). Among them, iron dopants are 

preferred as Fe3+ has a radius of 0.645 Å, close to that of Ti4+ of 0.605 Å. 

Particularly, BTO is conventionally synthesized using the familiar solid-state reaction 

method (Kumar et al., 2018; Veerapandiyan et al., 2019; Zhou et al., 2020). However, the 

technique produces a material with high porosity and large particle size, which is 

unbeneficial for the electronic properties of BTO (Iriani, Kusumandari, Ulfa, & Sandi, 

2022; Iriani et al., 2023). Besides, this method is usually performed at a high sintering 

temperature and extended time, consuming energy (Khirade, Birajdar, Raut, & Jadhav, 

2016; Xiong, Xiao, Yao, Liu, & Hao, 2024). To overcome this matter, wet chemical 

procedures can be employed since they can yield materials with fine and homogeneous 

particle sizes (Iriani et al., 2022; Iriani et al., 2023; Iriani, Suherman, Sandi, Nurosyid, 

Khairuddin, et al., 2024). Additionally, these procedures are conducted at low 
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temperatures and in a relatively short time. Several wet chemical methods have been used 

to synthesize barium titanate, including chemical coprecipitation, hydrothermal, sol-gel, 

etc (Mukherjee et al., 2013; Singh et al., 2021a; Suherman, Nurosyid, Khairuddin, Sandi, 

& Irian, 2022). The coprecipitation method is chosen because it is relatively 

straightforward and has low operational costs. 

The influences of doping on the fundamental and electronic properties of BTO have 

been studied by preparing BTO primarily through solid-state and chemical techniques. 

Still, reports on the synthesis of iron-doped nanocrystalline BTO through the 

coprecipitation technique have scarcely been discovered. Therefore, this study was 

conducted to fabricate iron-doped BTO (BaTi1-xFexO3) nanocrystalline using the 

coprecipitation technique and further investigate the influences of iron dopant 

concentrations on the microstructures and dielectric properties of the prepared materials. 

2.  Method 

The synthesis of iron-doped BTO with the formula of BaTi1-xFexO3 (x = 0, 0.01, 0.03, 

and 0.05) was done using the coprecipitation technique. The starting materials were 

barium hydroxide (Ba(OH)2) [Sigma Aldrich, 95%], titanium tetrabutoxide (Ti(C4H9O)4) 

[Sigma Aldrich, 97%], Oxalic acid dihydrate (C2H2O4.2H2O) [Sigma Aldrich ≥ 99%], 

Isopropanol (IPA), ferric nitrate nonahydrate (Fe(NO3)3.9H2O) [Sigma Aldrich ≥ 99%], 

ethanol, polyvinyl alcohol (PVA). 

First, the oxalic acid dihydrate was dissolved in the IPA solution by stirring for 20 min 

(Sol 1). Then, titanium tetrabutoxide was separately diluted into the IPA solution by 

stirring for 20 min (Sol 2). Sol 1 and Sol were mixed, barium hydroxide and ferric nitrate 

nonahydrate were added to the mixture, and stirred for 30 min. The final solution was 

then added with distilled water, stirred for 1 hour, and kept for 24 hours. Afterward, it 

was filtered to obtain the precipitate and then washed with ethanol and distilled water 

until pH 6 was obtained. This precipitate was hydrolyzed at 100 °C for 5 hours to achieve 

dried samples. The dried samples were then crushed and pressed using a hydraulic press 

(100 MPa) to get the pellet samples. Finally, they were sintered at 1000  °C for 4 hours. 

The samples were later called BT, BTF1, BTF3, and BTF5 for undoped barium titanate, 

BaTi0.99Fe0.01O3, BaTi0.97Fe0.03O3, and BaTi0.95Fe0.05O3, respectively. The prepared 

samples were characterized using X-ray diffraction (XRD) (Bruker D8 Advanced with 

Cu source Kα of 1.5406 Å), Fourier Transform Infrared Spectroscopy (FTIR) (Shimadzu 

A21004802518), and RLC meters (GW Instek LCR meter 7819) to determine their crystal 

structure, functional groups, and dielectric properties. 

3.  Results and Discussion 

Figure 1 denotes the XRD patterns of barium titanate doped with various iron 

concentrations. The patterns matched with the PCPDF data No. 831880, validating the 

formation of tetragonal perovskite of BTO. The inset of Figure 1 presents the influence 

of iron doping on the XRD characteristic peaks, revealing a right shift in the (101) peaks. 

This indicates that the doping has been successfully performed. Further, it denotes that 

crystal structure parameters have been modified. Nevertheless, the marks (* and +) in the 
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patterns exhibit the existence of trash in the prepared materials. These trashes were 

confirmed as BaCO3 (PCPDF no 410373) and BaC2O4 (PCPDF no 190125), emerging 

because the raw materials were incompletely reacted during the synthesis process. This 

might be due to the Ba2+ ions in the solution, which react rapidly with carbon dioxide in 

the environment (Padchasri et al., 2021). 

Table 1 presents the lattice constant, crystallite size (D), and tetragonality (c/a) of the 

prepared samples. Both using the Scherer and William-Hall plot methods, the crystallite 

sizes of iron-doped barium titanate were larger than those of undoped barium titanate. 

This means that iron doping may stimulate crystal growth during the sintering process. 

Still, the crystallite size enlarged linearly at iron doping at x from 0 to 0.03. At x = 0.05, 

it turned to decrease, which might be due to excessive dopant concentration. The lattice 

constants of iron-doped barium titanate also tended to increase than that of undoped 

barium titanate. The tetragonality values of the samples were also varied between 

undoped and doped barium titanate. 

 

 

Figure 1. XRD patterns of pure and iron-doped barium titanate samples 

Table 1. Crystal structure parameters of the prepared samples 

Samples D (nm) D (nm) Lattice Constant Tetragonality 

 Scherrer WH plot a=b(Å) c(Å) c/a(Å) 

BT 38.3 35.4 4.0042 4.0038 0.9999 

BFT1 42.2 38.6 4.0029 4.0014 0.9996 

BFT3 46.7 42.4 4.0045 4.0056 1.0002 

BFT5 41.4 32.7 4.0088 4.0045 0.9989 

 

Figure 2 displays the FTIR spectra of the undoped and doped barium titanate in the 

wavenumbers of 400 – 4000 cm-1. No significant changes were detected in the peak 

positions as iron doping was given. The considerable peaks at about 544 – 561 cm-1 

corresponded to the Ti-O bonds, corresponding to the formation of BTO  (More et al., 

2021; Tihtih, Limame, Ababou, Sayouri, & Ibrahim, 2019). The peak shift in the Ti-O 

bonds due to the iron doping denotes the change in the unit cell size, in this case, the 

lattice constant (Arijun, Mahabub, Mohammad, & Shamima, 2020; Tihtih et al., 2019). 
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The peaks at around 856 – 558 cm-1
 were related to the TiO6 vibrations. The peaks at 

about 1425 – 1442 cm-1 denoted the presence of the carbonyl groups associated with the 

trash in the samples (More et al., 2021; Tihtih et al., 2019). Meanwhile, the peaks at 3447 

– 3456 cm-1 were correlated to the hydroxyl groups due to weakly bound water interaction 

with its environment via hydrogen bonding (Khirade et al., 2016; Yulianingsih & 

Munasir, 2016). 

 

 
Figure 2. FTIR spectra of undoped and doped barium titanate 

Table 2. Measured, theoretical, and relative densities and porosities of the undoped and 

doped barium titanate 

Sample 

Measured 

density 

(g/cm3) 

Theoretical 

density (g/cm3) 

Relative 

density (%) 
Porosity (%) 

BT 4.0692 6.0194 67.6011 32.3989 

BFT1 4.6653 6.0411 77.2265 22.7735 

BFT3 5.1654 6.0331 85.6174 14.3826 

BFT5 4.1820 6.0403 69.2357 30.7643 

 

Table 2 exhibits the theoretical, measured, and relative density values of the undoped 

and doped barium titanate. The theoretical density of the samples in this study was in the 

range of 6.0194 to 6.0411g/cm³, which is close to the standard theoretical density of 

barium titanate in the literature (DeChiara, Momjian, Wang, & Randall, 2024; Sufiiarov, 

Kantyukov, Popovich, & Sotov, 2021). Further, it shows that iron doping has increased 

the measured and relative density of the samples, meaning a reduction in porosity. It 

demonstrates that iron doping helps to promote the densification of the material (Kumar 

et al., 2018; Reda et al., 2022). It reveals that the density linearly improved from x=0 

(undoped) to iron doping (x=0.03), then it decreased at iron doping (x=0.05). 
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Figure 3. Frequency-dependence of dielectric constant 

The testing using the LCR meter produced capacitance data that can be converted into 

dielectric constant through the formula of 𝐾 = 𝐶𝑑 𝐴𝜀𝑜⁄ . In which 𝐾, C, 𝑑, 𝐴, and 𝜀𝑜 are 

the dielectric constant, capacitance, pellet thickness, pellet area, and vacuum dielectric 

permittivity (8.85 x 10−12 Farad/m), respectively (Fan, Long, & Hu, 2021; Tang et al., 

2024). Figure 3 exhibits the relation between frequency and dielectric constant. It is a 

normal phenomenon that the dielectric constant decreases at high frequencies due to the 

influence of the polarization by the applied field (Rajan, Gazzali, & Chandrasekaran, 

2017; Singh, Dixit, & Dobal, 2021b; Wang & Yang, 2023). At low frequencies, the 

dipoles in a dielectric material have time to respond to changes in the electric field, so the 

dielectric constant tends to be higher. Meanwhile, as the electric field frequency increases, 

the dipoles cannot keep up with the changes as quickly, causing the dielectric constant to 

decrease. At very high frequencies, the dielectric constant tends to reflect only the 

response of the electrons in the material (Fan et al., 2021; Rayssi, El Kossi, Dhahri, & 

Khirouni, 2018; Wang & Yang, 2023). 

 

 
Figure 4. Dielectric constant as a function of iron concentrations at 1 kHz 

Figure 4 presents the dielectric constant of the samples as a function of iron doping 

concentration. It demonstrates that the dielectric constants improved linearly from x = 0 
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to x = 0.03; then, they declined at an excessive iron doping of x=0.05. This trend is the 

same as the results in the crystallite size and density of the samples. Nevertheless, all iron-

doped samples exhibited higher dielectric constants than pure BTO. Several aspects, 

including density, porosity, crystallite sizes, tetragonality, frequency, etc, can influence 

the dielectric constant (Iriani, Suherman, Sandi, Nurosyid, & Handoko, 2024; Kumar et 

al., 2018; Wang & Yang, 2023). Further, the maximum values of the dielectric constant 

for BTF5 composition could be attributed to its highest density due to the impact of iron 

doping. A denser material provides more space for dipoles to move freely, increasing the 

dielectric constant (Kumar et al., 2018; Zechao Li, 2022). 

Overall, the yields revealed that the dielectric properties of barium titanate improved 

due to Fe doping. The study by Singh et al. (Singh et al., 2021b) exhibited distinct results 

that the dielectric constants reduced with the incorporation of Fe and increasingly 

declined with increasing Fe content. Singh et al. synthesized Fe-doped barium titanate via 

the sol-gel method, while this study employed the coprecipitation method that induced 

distinct structural properties affecting the dielectric constants. If compared, the synthesis 

using the coprecipitation in this study could produce a larger crystal size with the addition 

of Fe, which has a role in providing a free movement of dipoles, thereby improving the 

dielectric properties. Another similar study by Boyar et al. (Bhoyar et al., 2020) also 

revealed that the dielectric constants of Fe-doped barium strontium titanate prepared by 

the sol-gel method declined with higher Fe doping, which might be due to the decreased 

grain size. This finding suggests that this study demonstrated a better result of Fe doping 

on the properties of barium titanate. 

Furthermore, this study has implications. Fe doping into the barium titanate structure 

can modify its dielectric properties, potentially improving this material's performance in 

applications such as capacitors and piezoelectric devices. Nevertheless, this study has 

several limitations. First, the coprecipitation method requires exact control of pH, 

temperature, and reagent concentration to ensure homogeneous Fe doping in the BTO 

matrix. Minor parameter variations can lead to compositional inhomogeneities, 

negatively impacting material properties. Second, Fe doping can lead to the formation of 

unwanted secondary phases (Figure 1) that can affect the dielectric properties and stability 

of the material. Third, although the coprecipitation method is effective at the laboratory 

scale, its application at the industrial scale may face challenges related to reproducibility 

and consistency of product quality. 

For improvement, further research can be focused on optimizing the synthesis 

parameters, such as pH, temperature, and reaction time, to achieve more homogeneous 

Fe doping and reduce the formation of secondary phases. Furthermore, the use of 

advanced characterization techniques, such as impedance spectroscopy and high-

resolution electron microscopy, can provide a deeper understanding of the relationship 

between the microstructure and the dielectric properties of the material. Third, exploring 

the effects of doping with other elements or multiple doping combinations can open up 

opportunities to further improve the material properties according to specific application 

needs. Finally, exploring other synthesis methods, such as hydrothermal, can help 
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overcome the limitations of the coprecipitation method and improve the quality and 

consistency of the resulting materials. 

Lastly, this research has the potential to significantly impact various fields of physics, 

especially materials physics and technological applications. This research can enrich the 

understanding of how transition metal doping, such as Fe, affects the ferroelectric and 

dielectric properties of BaTiO₃. This is relevant for studying phase transitions and 

spontaneous polarization phenomena in ferroelectric materials. Next, Fe doping can 

modify the electronic structure of BTO, affecting the material's band gap, which is 

essential in the design of photocatalytic devices and sensors based on ferroelectric 

materials. Further, BTO is a key ingredient in multilayer capacitors. The enhancement of 

dielectric properties through Fe doping can produce capacitors with higher capacitance 

and better temperature stability. Moreover, materials with high and stable dielectric 

properties are suitable for applications in solid-state batteries and energy storage devices 

based on supercapacitors. 

4.  Conclusion 

The pure and Fe-doped BaTiO₃ with various Fe concentrations have been successfully 

synthesized with the coprecipitation technique. The formation of the pure tetragonal 

phase of undoped and doped nanocrystalline barium titanate has been confirmed with the 

XRD data. The iron doping has enlarged the crystallite sizes of the samples. Besides, the 

iron doping enhanced the density of the samples and reduced their porosity. Further, the 

increase in these microstructures led to an improved dielectric constant. The optimum 

dielectric constant was achieved by the sample with an iron doping concentration of x = 

0.03 due to its highest density. Still, iron-doped barium titanate samples demonstrated 

enhanced microstructure properties, thereby improving the dielectric constant. Further 

research may focus on varying the doping of other elements or multi-doping combinations 

to strengthen stability and dielectric properties. 
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