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Abstract: Aurivillius BaBi2Nb2O9 and Ba1-xPrxBi2Nb2O9 ceramics were successfully synthesized by a 

simple solid state reaction method. Ceramics were prepared from reactants: Nb2O5, Bi2O3, BaCO3 

and Pr2O3. The microstructure, structure, chemical composition, and dielectric properties of the ob-

tained materials were examined. Dielectric properties were investigated in a wide range of temper-

atures (T = 20–500 °C) and frequencies (f = 0.1 kHz–1 MHz). The obtained ceramic materials belong 

to the group of layered perovskites, crystallizing in a tetragonal structure with the space group 

I4/mmm. Modification of the barium niobate compound with praseodymium ions influenced its 

dielectric properties and introducing a small concentration of the dopant ion causes a slight increase 

in the value of electric permittivity and shifts its maximum towards higher temperatures. 
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1. Introduction 

As an important kind of functional material, perovskite ceramics, e.g., PbZrO3 –

PbTiO3 [1,2] or PbFe1/2Nb1/2O3 [3,4], are desirable for any applications operating in the 

automotive, aerospace, and bio-medical industries. However, their preparation, 

application, and disposal have caused serious environmental pollution connected with 

the toxicity of lead. Alternative candidates which have attracted significant attention are 

the Aurivillius compounds described by the general Formula (1) [5–7]: 

The presented chemical formula shows that these structures are composed of regu-

larly arranged layers (Bi2O2)2+ and perovskite blocks (An−1BnO3m+1)2- where n denotes, the 

number of layers of these blocks [8,9]. The A subnetwork is usually occupied by ions of 

elements such as: Bi3+, Sr2+, Ba2+, Ca2+ [10,11], while the B subnetwork has its place for Nb5+, 

Ta5+, W6+, Mo6+ [11–13]. The place of the M cation in the bismuth-oxygen layers is usually 

occupied by bismuth ions [5], but also partially by other ions, such as Gd3+ or Ce3+ [14]. 

The numerous possibilities of ion substitutions, both in the structure of perovskite blocks 

and in bismuth-oxygen layers, create a broad spectrum of modifications of the discussed 

compounds and thus almost any modification of their physical properties [5]. 

BaBi2Nb2O9 (BBN) ceramics is a polycrystalline material belonging to the family of 

layered perovskites. This material is characterized by the layered structure of Aurivillius, 

which is made up of perovskite layers cut from a regular crystal lattice by two planes (001) 

intertwined with bismuth-oxygen layers. Adjacent pseudo-perovskite layers are shifted 
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in relation to each other in the family of directions [110]. Thus, in the said direction, sec-

tions of chains composed of oxygen octahedrons connected with each other by their 

apexes successively follow one another, as well as sections of regular polyhedrons BO12 

and AO12 connected by edges. BBN ceramics can crystallize in a rhombic or tetragonal 

structure [15–17]. 

Since the ceramics of barium bismuth niobate is a material that is still subject to in-

tensive research, various research groups are still looking for the optimal technology and 

modifiers that can significantly improve the parameters already obtained to generate new, 

completely different properties in the material [18–20]. One such promising admixture is 

praseodymium. 

The aim of this study was to synthesize and fabricate BBN and Ba1-xPrxBi2Nb2O9 

(BPBN) for x = 0; 0.2, 0.4, 0.6, 0.8, 0.1 ceramics by solid state reaction. Then, the morphol-

ogy, crystalline structure and dielectric properties of the obtained materials were studied. 

Expanding the knowledge of structural and dielectric properties will create the oppor-

tunity to design innovative functional materials in the future. 

2. Materials and Methods 

Barium bismuth niobate (BaBi2Nb2O9) was doped in the A subnetwork with praseo-

dymium ions (Pr3+) for mole fractions in the range x = 0.01–0.1. The reactants used were 

niobium oxide (V) Nb2O5 (Aldrich 99.9%, St. Louis, MO, USA), bismuth oxide (III) Bi2O3 

(Aldrich 99.9%), barium (III) carbonate BaCO3 (Aldrich 99.9%) and praseodymium oxide 

(III) Pr2O3 (POCH, CZDA). 

The test material was produced using conventional technology, i.e., solid-phase syn-

thesis by free sintering in air. 

The stoichiometric mixture of oxides and carbonates was grinding in a planetary ball 

mill for t = 24 h (with 97% ethyl alcohol, POCH CZDA) at 200 revolutions per minute. 

After milling, the powders were subjected to drying. Then, the dried mixture of powders 

was compacted into pellets of d = 25 mm in diameter by pressing under pressure of p = 

300 MPa in a stainless- steel die. The synthesis was carried out at T = 950 °C in corundum 

crucible with air atmosphere for t = 4 h. After the thermal treatment, the pellets were 

crushed in a mortar and the synthesized material was subjected to wet milling and drying 

again. Before sintering, the compacts were formed in a stainless-steel die of d = 10 mm in 

diameter and pressed into pellets under the pressure of p = 600 MPa. The sintering was 

carried out in ambient air at temperature T = 1100 °C for t = 2 h.  

The Archimedes method with distilled water was employed to evaluate the sample 

density.  

In order to determine the thermochemical properties of obtained powders, differen-

tial thermal analysis (DTA) and thermogravimetric analysis (TG/DTG) were used. Ther-

mal analysis of the produced material was carried out using the MOM q1500D deri-

vatograph, Paulik-Paulik-Erdey system. 

The microstructure and chemical composition of the final ceramics were examined 

with a scanning electron microscope (SEM) JSM-7100F equipped with an energy disper-

sive spectrometer (EDS) NORAN Vantage. The procedure of registering sample images 

was based on the random selection of several fields distributed over the entire surface of 

the tested ceramics. 

The phase analysis and structure details of the tested material were performed based 

on the X″Pert PRO X-ray diffractometer by PANAlytical, Malvern, UK, (Cu-Kα radiation). 

The X-ray diffraction patterns were measured at room temperature in an angular 2θ 

range: 10–140°. The step-scan mode was applied with step 0.04° and time adjusted to re-

ceive accurate counting statistics. The intensities and positions of the diffraction lines of 

the experimental diffraction pattern were compared with that of the international ICDD-

PDF4 database (JCPDS card no. 00-40-0355). The structure refinements were performed 

by Rietveld’s method [21] using the LHPM computer program. 
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The computerized automatic system based on precision LCR meter Agilent, Santa 

Clara, CA, USA, E4980A was used to measure the temperature dependencies of permit-

tivity in a frequency range f = 0.1 kHz–1 MHz. 

3. Results 

A set of thermal analysis methods (DTA, TG, DTG) was used to determine the ther-

mal effects occurring in the tested material before synthesis. The measurement was per-

formed in a range from room temperature to T = 1050 °C at the sample heating rate of υ = 

10 °C/min. For all ceramic materials doped with praseodymium, the nature of the ob-

tained DTA, DTG and TG curves is similar (as evidenced by Figure 1—for x = 0.02 and x 

= 0.1), the relationships of DTA, DTG and TG for the ceramic material modified with pra-

seodymium ions are discussed for x = 0.02. 

 

 

Figure 1. The results of the thermal analysis of the stoichiometric mixture of starting oxides and 

carbonates of BaBi2Nb2O9 ceramics modified with praseodymium ions for x = 0.02 and 0.1. 

It can be noticed that weight loss takes place in three distinct stages. The first weight 

loss can be observed from room temperature to T = 250 °C. It corresponds to the minimum 

on the DTG curve at T = 73 °C and the endothermic maximum at T = 101 °C on the DTA 

curve. This loss can be attributed to the evaporation of the sample moisture. The second 

weight loss is observed in the temperature range from T = 250 °C to T = 660 °C. The minima 
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on the DTG curve at the temperatures T = 269 °C and T = 379 °C correspond to it. This loss 

is also accompanied by exothermic maxima at T = 322 °C and T = 656 °C and endothermic 

maxima at T = 435 °C and T = 560 °C on the DTA curve. The second weight loss results 

from the transition of the bismuth oxide phase from the α phase to the β phase. The third 

weight loss was recorded for the temperature range from T = 650 °C to T = 830 °C. A large 

minimum accompanies it on the DTG curve at the temperature of T = 754 °C. Moreover, 

two maxima appear on the DTA curve in the discussed temperature range. The endother-

mic maximum is marked on the aforementioned curve at T = 732 °C. On the other hand, 

the exothermic maximum appears at the temperature of T = 809 °C. The discussed weight 

loss is related to the thermal decomposition of barium carbonate and the release of carbon 

dioxide CO2 and slight evaporation of bismuth oxide (III). The total weight loss is Δm = 

2%. When discussing the thermal analysis results, one should also mention the additional 

endothermic maximum observed on the DTA curve at the temperature T = 914 °C, which 

is related to the nucleation of the new BBN phase. Above the temperature T = 950 °C, no 

thermal effects were observed in the sample. 

Thermal analysis was also performed for BBN ceramic powder doped with praseo-

dymium after synthesis (Figure 2). 

 

 

Figure 2. Results of thermal analysis of BaBi2Nb2O9 material modified with praseodymium ions 

after synthesis for x = 0.02 and x = 0.1. 
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The analysis of the TG curve shows that the weight loss in the case of synthesized 

powders is slow and small—the total weight loss is only Δm = 0.7%. There are also four 

characteristic DTA maxima at the temperatures T = 95 °C, T = 340 °C, T = 686 °C and T = 

813 °C. The last three probably correspond to the changes in the crystal structure of tested 

sample, manifested, among other things, in the movement of oxygen octahedrons, which 

is widely described in more detail in paper [22]. Moreover, slight maximum is visible on 

DTA and also DTG curves around temperature 269 °C. The maximum seems to confirm 

our earlier theories about crystallographic structure evolution in this temperature range 

[22]. It is commonly known that the ions exchange their positions –the barium ions enter 

into bismuth oxide layers and replace the bismuth ions. The bismuth ions occupy, in turn, 

the free space in the perovskite blocks [23,24]. In the final effect, the “average” macro-

scopic structure is tetragonal. Still, this structure contains the polar nano-regions (clusters) 

with orthorhombic distortion, which cause the relaxor-type ferroelectric properties ob-

served in the material. The mentioned clusters start gradually changing their symmetry 

from orthorhombic to tetragonal at sufficiently high temperatures, which leaves a mark 

on the DTA and DTG curves. The fastest course of weight loss was recorded at T = 67 °C. 

It is a characteristic point of most measurements made with this method and corresponds 

to moisture loss. Above the temperature T = 820 °C, no thermal effects were registered. 

This information allows us to correctly determine the temperature of the synthesis, which 

should be higher than all thermal processes. 

In order to determine the effect of the modifier concentration on the crystal structure 

of BBN ceramics, an X-ray diffraction test was performed. The first step in analyzing the 

obtained results was phase identification which consisted of comparing the intensity and 

position of the diffraction lines of the experimental diffraction pattern with the pattern 

from the international database. The analysis allowed us to state that the crystalline grains 

of the discussed ceramic materials are single-phase at room temperature. All X-ray dif-

fraction patterns revealed diffraction lines belonging to the barium bismuth niobate 

(BaBi2Nb2O9) tetragonal phase—JSPDS card no 00-040-0355. Modifying the material with 

praseodymium ions for mole fractions x = 0.02–0.10 does not change the crystal structure 

of the compound, the symmetry of which can be described using the I4/mmm space 

group. In order to receive information from praseodymium ions addition impact on crys-

tal structure, the lattice parameters were determined using the Rietveld method [25–27]. 

The crystallographic data from the JSPDS card 00-040-355 were used as a starting model 

for the refinement. Results of the refinement are shown in Figure 3, whereas calculated 

values of the crystallographic parameters as well as the reliability factors determining the 

goodness of refinement (Rp-reliability factor of the weighted patterns, Rwp reliability factor 

of the patterns, Rexp—expected weighted profile factor) are summarized in Table 1. The 

fitting parameters Rp and Rwp are smaller than 9%, indicating that the obtained refinement 

results were highly reliable [28].  

  



Materials 2022, 15, 5790 6 of 15 
 

 

  

  

Figure 3. Results of matching the X-ray spectrum of BBN ceramics doped with Pr3+ ions. 

Table 1. The lattice parameters, unit cell volume and the reliability factors of BBN ceramics modi-

fied into A-subnetwork with Pr3+ ions. 

Mole 

Fraction 
a [Å ] b [Å] c [Å] V [Å 3] R-Factor [%] 

x = 0.00 3.9406 3.9406 25.6378 398.1 

Rp = 6.06 

Rwp = 8.73 

Rexp = 4.80 

x = 0.02 3.9285 3.9285 25.6054 395.2 

Rp = 6.48 

Rwp = 8.16 

Rexp = 4.16 

x = 0.04 3.9317 3.9317 25.6118 395.9 

Rp = 6.69 

Rwp = 8.92 

Rexp = 4.02 

x = 0.06 3.9293 3.9293 25.5999 395.2 

Rp = 6.49 

Rwp = 8.22 

Rexp = 4.01 

x = 0.08 3.9278 3.9278 25.604 395.3 

Rp = 6.15 

Rwp = 8.29 

Rexp = 4.22 

x = 0.10 3.9316 3.9316 25.604 395.8 

Rp = 6.73 

Rwp = 8.16 

Rexp = 4.27 

Considering the differences in the ion radii of praseodymium (rPr = 0.9·1010 m) and 

barium (rBa = 1.36·1010 m), significant changes in the size of the unit cell parameters could 

be expected. Despite such significant differences in the size of the ion rays, the admixture 

of praseodymium ions has an insignificant effect on the size of the unit cell. This fact is 

connected with the specific structure of layered perovskites; in particular, the presence of 

bismuth-oxygen layers in their structure prevents drastic changes in the crystal lattice. 

The results of XRD studies made by Y.Wu and co-authors [29] on BBN ceramics doped by 

vanadium showed that up to the concentration of additive below 15 atomic% modification 

has only a slight effect on the unit cell parameters. Above this value of concentration, the 

process of structural changes is activated due to high stresses in the crystal structure.  
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The cell parameters were used to determine the theoretical density of discussed ma-

terials. The density was compared with the one obtained by Archimedes’ method—the 

results are collected in Table 2. 

Table 2. Density of BBN ceramics doped in the A-subnetwork with Pr3+ ions. 

A Mole Fraction Density ρ [g/cm3] +/− (Δρ) [g/cm3] ρ/ρtheoretical [%] 

0.00 7.071 0.001 97 

0.02 6590 0.011 93 

0.04 6.866 0.001 97 

0.06 6.929 0.004 98 

0.08 6.706 0.004 95 

0.10 6.758 0.002 96 

The analysis of the obtained data shows that the addition of Pr3+ ions causes a de-

crease in the density value in relation to the reference composition.  

BaBi2Nb2O9 ceramics modified with praseodymium ions were subjected to micro-

structural examination using a scanning electron microscope. Figure 4 shows the SEM 

image of BaBi2Nb2O9 ceramics doped with Pr3+ ions at a magnification of 10,000×. 

 

Figure 4. SEM image of BaBi2Nb2O9 ceramics doped with Pr3+ ions for different modifier concen-

trations. 

The analysis of the obtained images of the ceramic microstructure shows that the 

increase in the dopant content causes a slight reduction in the grain size. The base material 

and materials containing praseodymium with a concentration lower than x = 0.06 are char-

acterized by an angular grain shape and emphasized grain boundaries. Starting from the 

concentration x = 0.06, the grains become rounder and elongate mainly along the Y-axis, 

assuming a shape much more similar to the plates. Moreover, their growth is layered, 

which is visible for samples containing Pr3+ admixture at concentrations x = 0.08 and x = 

0.10. This is a characteristic feature of the morphology of materials belonging to the Au-

rivillius family in which bismuth layers play a significant role [30]. The presented SEM 

images of the microstructure of the tested material indicate that the increase in the 



Materials 2022, 15, 5790 8 of 15 
 

 

concentration of Pr3+ ions causes a slight grain grinding, which increases their homogene-

ity. It is also worth noting that with the content of praseodymium ions x = 0.10, there is a 

change like cracks—for lower dopant content, the cracks are intercrystalline. In contrast, 

for ceramics containing the highest tested modifier concentration, transcrystalline cracks 

appear. The average grain size for x = 0 was ca. 2 µm [31], for x = 0.02–1.8 µm, for x = 0.04 

was 1.7 µm, for x = 0.06 and x = 0.08 was ca. 1.5 µm, while for x = 0.1 it was ca. 1.4 µm. 

The EDS method was used to determine the qualitative and quantitative composition 

of the chemical elements building BBN ceramics and modified with praseodymium ions. 

The EDS qualitative analysis confirmed that the obtained results indicate a high homoge-

neity of the chemical composition of the obtained ceramic materials. The results of the 

quantitative analysis are presented in Table 3, comparing them simultaneously with the 

theoretical content of components. 

Table 3. Theoretical and experimental statement of the percentage of the elements (expressed as 

oxides) building ceramics BPBN. 

x 
Theoretical content [%] Content of EDS [%] Error (σ2) [%] 

BaO Bi2O3 Nb2O5 Pr2O3 BaO Bi2O3 Nb2O5 Pr2O3 BaO Bi2O3 Nb2O5 Pr2O3 

0.02 0.02 21.8 52.6 30 0.02 20.6 51 27.9 1.2 1.6 2.1 0.02 

0.04 0.04 21.4 52.6 30 0.04 19.3 51.1 29 2.1 1.5 1 0.04 

0.06 0.06 20.9 52.6 30 0.06 18.8 50.6 29.8 2.1 2 0.2 0.06 

0.08 0.08 20.5 52.6 30 0.08 19.5 51.4 27.7 1 1.2 2.3 0.08 

0.10 0.1 20 52.6 30 0.1 18.7 50 29.4 1.3 2.6 0.6 0.1 

The differences between the obtained values and the theoretical stoichiometry are 

slight and are within the error limits of the method used. The obtained results indicate a 

high homogeneity of the chemical composition of the obtained ceramic materials. 

The next step in understanding the influence of praseodymium admixture on the 

properties of BaBi2Nb2O9 ceramics was to subject the samples to temperature measure-

ments of the dependence of dielectric properties. The tests were carried out in a wide 

range of temperatures, from room temperature to T = 800 K. Figure 5 shows the depend-

ence of the electric permittivity as a function of temperature, BBN ceramics for concentra-

tions x = 0.02–0.10 of praseodymium admixture, measured in the measurement field with 

the frequency f = 100 kHz. 

 

Figure 5. Temperature dependence of the real part of electric permittivity, BaBi2Nb2O9 ceramics 

modified with Pr3+ ions. 
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The presented temperature dependencies of electric permittivity show that the in-

creasing concentration of praseodymium ions introduced into the sample causes a grad-

ual increase in the value of ε at each temperature ranging from room temperature to Tm 

temperature, corresponding to the maximum dielectric permittivity. It is also worth men-

tioning that at temperatures close to room temperature, the value of the electric permit-

tivity of each modified sample is higher than the reference sample. The tendency changes 

in the temperature range slightly lower than Tm—in this case, the electric permittivity 

value is higher than recorded for the reference sample only for the concentration x = 0.10. 

Moreover, what should be noted is a substantial shift of the maximum electric permittivity 

toward lower temperatures (Figure 6). 

0.00 0.02 0.04 0.06 0.08 0.10

410

420

430

440

450

460

470

T
m
 [
K

]

x  

Figure 6. Dependence of the temperature Tm determined from the measurement of ε′ (T) on the 

mole fraction of praseodymium admixture. 

The shape of the temperature characteristics of the electric permittivity indicates a 

strong broadening of the phase transition, which is connected with the inability to apply 

the Curie–Weiss law in a wide range of temperatures above the Tm temperature. The tem-

perature Tdev, from which the Curie–Weiss law is applied, was determined based on 1/ε′ 

(T) characteristic (Figure 7). The value of Tdev is strongly dependent on praseodymium 

concentration. Namely, at a concentration of x = 0.02 Tdev equals 561 K and gradually de-

creases with the increase of admixture content. For the BBN ceramics containing x = 0.10 

Tdev achieves value of 485 K. 

  

Figure 7. Temperature dependence of the reciprocal of the real component of electric permittivity 

determined for the heating process, in the measuring field with the frequency f = 100 kHz, for 

BaBi2Nb2O9 ceramics modified with praseodymium ions for concentrations x = 0.02 and x = 0.10. 

In the temperature range where the applicability of the Curie–Weiss law fails, an at-

tempt was made to fit the data to the modified Curie–Weiss law (2) [32]: 
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where: 

εmax is the maximum value of electric permittivity,  

C—the Curie-like constant, 

γ—the diffuseness parameter.  

An example of such a match for BBN materials doped with praseodymium in 

amounts x = 0.02 and x = 0.10, respectively, is shown in Figure 8. 

  

Figure 8. Graph of the dependence of ln (1/ε − 1/εmax) as a function of ln (T − Tm)) for BBN ceramics 

doped with praseodymium in the amount of x = 0.02 and x = 0.1. 

The discussed fit allowed us to determine the diffuseness parameter γ. In the case of 

the lowest concentration of praseodymium admixture, a rapid increase in the value of the 

γ diffusion parameter is observed (Table 4). For the highest amount of modifier, the γ 

achieved smaller values; however, it never returns to its original value for pure BBN ce-

ramics. The same upward trend in the parameter g was also observed in the case of sim-

ultaneous doping of BBN ceramics with Cu and Ta [33] ions [34]. This allows us to specu-

late that the praseodymium ions, in contrast to vanadium ones [35], enhance the disorder 

of the crystal lattice [30], which should also influence the frequency dispersion observed 

in the BBN ceramics. In order to investigate this issue, the temperature dependence of 

electric permittivity was measured in a wide frequency range of the measurement field. 

Figure 9 presents the characteristics of the real part of the electric permittivity component 

ε′ as a function of temperature, carried out for the measurement field in the range f = 0.1 

kHz–1 MHz. 

Table 4. Diffusion parameter γ for different concentrations of praseodymium admixture for BBN 

ceramics. 

Mole Fraction Parameter γ 

0.00 [31] 1.45 

0.02 1.95 

0.04 1.73 

0.06 1.73 

0.08 1.75 

0.10 1.64 
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Figure 9. Temperature dependence. The real part of the electric permittivity component of 

BaBi2Nb2O9 ceramics doped with Pr3+ ions for the measurement field in the range f = 0.1 kHz–1 MHz 

(The arrow in the figures shows the direction of increasing the frequency of the measurement field.). 

The curves presented in Figure 9 show the existence of a substantial frequency dis-

persion, both the maximum value of the electric permittivity Δεmax and the corresponding 

temperature ΔTm. In order to compare the sizes of both dispersions, the degrees of disper-

sion Δεmax (3) and ΔTm (4) were used, which are defined as follows: 

∆���� = ��������� − �������� (3)

∆�� = ������ − ������� (4)

The determined values are summarized in Table 5. The values of ΔTm differ signifi-

cantly from those obtained for classic relaxors, such as PMN or PLZT 8/65/35, for which 

ΔTm is respectively ΔTm = 20 K [36] and ΔTm = 25 K [37]. Their analysis clearly shows that 

a small admixture of praseodymium ions causes a significant reduction of the discussed 

frequency dispersion. However, for the content of praseodymium ions at the level of x = 

0.08 and x = 0.10, a sharp increase in both parameters is observed again—for the highest 

discussed concentration, the values of both parameters significantly exceeded the values 

determined for the reference sample. 
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Table 5. Parameters ΔTm and Δεmax as a function of the admixture of praseodymium ions of the 

pseudoperovskite structure of BBN ceramics. 

Mole Fraction ΔTm Δεmax 

0.00 [31] 92.59 68 

0.02 80.84 61.7 

0.04 79.64 56.3 

0.06 73.84 72.35 

0.08 98.68 78.13 

0.10 102 112.1 

The analysis of the results of the ε(T,f) measurements was completed by plotting the 

characteristics f(Tm) dependences for all discussed ceramic materials. An example of such 

a characteristic is shown in Figure 10. 

400 420 440 460 480 500
0.0

4.0x10
5

8.0x10
5

1.2x10
6

1.6x10
6

2.0x10
6

x=0.02

 

 

f 
[H

z]

T
m
 [K]

 

Figure 10. The dependence of Tm on the frequency of the measurement field obtained for the BBN 

ceramics doped with praseodymium for a mole fraction x = 0.02. The red line marks the fit to the 

Vogel—Fulcher equation. 

The Tm(f) relationship was successfully described by the Vogel-Fulcher Equation (5) 

[5,33,38,39]: 

� = ����� �
−��

���� − ���
� (5)

where: 

Ea—activation energy related to the mechanism of reorientation of dipole moments, 

Tf—freezing temperature of the polarization fluctuation, 

f0—pre-exponential factor. 

The fitting procedure allowed to determine the value of the freezing temperature Tf 

and the activation energy Ea for individual samples. The values determined from adjust-

ing the measurement data to the Vogel-Fulcher relationship are summarized in Table 6. 
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Table 6. List of parameters describing the relaxation properties of BaBi2Nb2O9 ceramics modified 

with Pr3+ cations. 

A Mole 

Fraction 

Tm [K] 

100 [kHz] 

εmax 

100 [kHz] 
Ea [eV] Tf [K] fo [Hz] 

0.00 [31] 456 406 0,46 170 9.68·1012 

0.02 465 366 0,29 267 3.87·1011 

0.04 456 381 0,26 240 7.12·1011 

0.06 447 409 0,24 266 1.96·1011 

0.08 422 399 0,23 246 6.71·1011 

0.10 420 416 0,19 216 2.56·1010 

The admixture of praseodymium ions significantly reduces the activation energy as-

sociated with the reorientation of the dipole moments while increasing the freezing tem-

perature Tm. Considering the increase in the Tf temperature value and the decrease in the 

Tdev temperature value, it can be concluded that the temperature range of the occurrence 

of properties typical for ferroelectric relaxers becomes narrower [33,40]. 

4. Conclusions 

The main purpose of the paper was to present the effect of the praseodymium doping 

on the microstructure, structure, and dielectric properties of BaBi2Nb2O9 ceramics. The 

applied solid-phase reaction method, followed by the densification of the obtained mate-

rials by slow sintering, made it possible to obtain a ceramic material characterized by a 

tetragonal structure at room temperature with the I4/mmm space group, which was con-

firmed by X-ray examinations. Based on the analysis of the obtained results, it was found 

that a small amount of praseodymium did not change the crystal structure of the com-

pound. X-ray phase analysis showed that the produced materials at room temperature are 

characterized by single-phase grains of the crystalline phase. The analysis of diffraction 

spectra excludes the presence of foreign phases originating from unreacted compounds. 

The microstructure analysis carried out with the use of using a scanning electron micro-

scope (SEM) showed that the modification of BaBi2Nb2O9 ceramics with praseodymium 

ions results in a slight grain refinement, which is characterized by angular, elongated 

shapes with strongly marked grain boundaries. It was also observed that the cracks 

formed in the material at lower concentrations are intercrystalline, while those at higher 

concentrations are transcrystalline. 

Modification of the barium niobate compound with praseodymium ions influenced 

its dielectric properties. Introducing a small concentration of the dopant ion causes a slight 

increase in the value of electric permittivity and shifts its maximum towards higher tem-

peratures. A further increase in the concentration of modifier cations causes a decrease in 

the value of electric permittivity. Modifications of the base ceramics lead to a significant 

increase in the blurring of the maximum of the ε (T) relationship. In all the discussed ma-

terials, strong frequency dispersion of the maximum value of the electric permittivity and 

the corresponding temperature Tm were noted. The Vogel-Fulcher formula describes the 

relationship f (Tm) in all the discussed samples, which allows the activation energy and 

freezing temperature to be determined.  

Author Contributions: Project Administration, M.R.; Formal Analysis, M.R., M.A.-H., T.G., K.O. 

and J.M..; Investigation, M.A.-H. and J.M. .and A.Z.; Supervision, M.A.-H.; Visualization, M.A.-H., 

K.O., A.Z. and T.G.; Writing—review & editing, M.R. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: The present paper was financed in part by the Polish Ministry of Education and Science 

within statutory activity. 

Institutional Review Board Statement: Not applicable. 



Materials 2022, 15, 5790 14 of 15 
 

 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Bochenek, D.; Niemiec, P.; Szafraniak-Wiza, I.; Dercz, G. Comparison of electrophysical properties of PZT-type ceramics ob-

tained by conventional and mechanochemical methods. Materials 2019, 12, 3301. 

2. Rossetti, G.A. Structure and bonding in PbZrO3–PbTiO3 (PZT) alloys. Br. Ceram. Trans. 2004, 103, 83–87. 

3. Bochenek, D. Magnetic and ferroelectric properties of PbFe1/2Nb1/2O3 synthesized by a solution precipitation method. J. Alloys 

Compd. 2010, 504, 508–513. 

4. Bochenek, D.; Surowiak, Z. Influence of admixtures on the properties of biferroic Pb(Fe0.5Nb0.5)O3 ceramics. Phys. Status Solidi A 

2009, 206, 2857–2865. 

5. Adamczyk-Habrajska, M. Synteza i Badania Właściwości Ceramiki BaBi2Nb2O9; Wydawnictwo Gnome: Katowice, Poland, 2012. 

6. Aurivillius, B. Mixed oxides with layer lattices: III. Structure of BaBi4Ti4O15. Arkiv For. 1950, 3, 519. 

7. Millan, P.; Castro, A.; Torrance, J.B. The first doping of lead2+ into the bismuth oxide layers of the Aurivillius oxides. Mater. Res. 

Bull. 1993, 28, 117–122. 

8. Gaikwad, S.P.; Samuel, V.; Pasricha, R.; Ravi, V. Preparation of nanocrystalline ferroelectric BaBi2Nb2O9 by citrate gel method. 

Mater. Lett. 2004, 58, 3729–3731. 

9. Karthik, C.; Varma, K.B.R. Dielectric and pyroelectric anisotropy in melt-quenched BaBi2(Nb1−xVx)2O9 ceramics. Mater. Res. Bull. 

2008, 43, 3026–3036. 

10. Kannan, B.R.; Venkataraman, B.H. Effect of rare earth ion doping on the structural, microstructural and diffused phase transi-

tion characteristics of BaBi2Nb2O9 relaxor ferroelectrics. Ceram. Int. 2014, 40, 16365–16369. 

11. Rentschler, T. Substitution of lead into the bismuth oxide layers of the n = 2- and n = 3-aurtvillius phases. Mater. Res. Bull. 1997, 

32, 351. 

12. Kendall, K.; Thomas, J.K.; Loye, H.C. Synthesis and ionic conductivity of a new series of modified Aurivillius phases. Chem. 

Mater. 1995, 7, 50–57. 

13. Sun, P.; Wang, H.; Bu, X.; Chen, Z.; Du, J.; Li, L.; Wen, F.; Bai, W.; Zheng, P.; Wu, W.; et al. Enhanced energy storage performance 

in bismuth layer-structured BaBi2Me2O9 (Me = Nb and Ta) relaxor ferroelectric ceramics. Ceram. Int. 2020, 46, 15907–15914. 

14. Afqir, M.; Tachafine, A.; Fasquelle, D.; Elaatmani, M. Preparation and dielectric properties of BaBi1.8Ln0.2Nb2O9 (Ln = Ce, Gd) 

ceramics. Mater. Sci. Pol. 2018, 36, 46–50. 

15. Nishimoto, S.; Matsuda, M.; Harjo, S.; Hoshikawa, A.; Kamiyama, T.; Ishigaki, T.; Miyake, M. Structure determination of n = 1 

Ruddlesden-Popper compound HLaTiO4 by powder neutron diffraction. J. Eur. Ceram. Soc. 2006, 26, 725–729. 

16. Aurivillius, B. Mixed bismuth oxides with layer lattices: I. The structure type of CaNb2Bi2O9. Arkiv For. Kemi 1949, 1, 463–480. 

17. Aurivillius, B. Mixed bismuth oxides with layer lattices: II. Structure of Bi4Ti3O12. Ark. For. Kemi 1949, 2, 499–512. 

18. Adamczyk, M.; Kozielski, L.; Pilch, M. Impedance Spectroscopy of BaBi2Nb2O9 Ceramics. Ferroelectrics 2011, 417, 1–8. 

19. Campos, A.L.; Mazon, T.; Varela, J.A.; Zaghete, M.A. Preparation and Characterization of BaBi2Nb2O9 (BBN) Ceramics Synthe-

tized by Polymeric Precursors Method. Key Eng. Mater. 2001, 189, 149–154. 

20. Rietveld, H.M. Line profiles of neutron powder diffraction peaks for structure refinement. Acta Crystallogr. 1967, 22, 151–152. 

21. Adamczyk, M.; Kozielski, L.; Zachariasz, R.; Pawełczyk, M.; Szymczak, L. Structural, dielectric spectroscopy and intenal friction 

correlation in BaBi2NbO9 ceramics. Arch. Metall. Mater. 2014, 59, 1. 

22. Ismunadar, B.I. Kennedy, Effect of temperature on cation disorder in AB2Nb2O9 (A = Sr, Ba). J. Mater. Chem. 1999, 9, 541. 

23. Mirinda, C.; Costa, M.E.V.; Avdeev, M.; Kholkin, A.L.; Baptista, J.L. Relaxor properties of Ba-baser layered perovskites. J. Eur. 

Ceram. Soc. 2001, 21, 1303–1306. 

24. Ramaraghavulu, R.; Buddhudu, S. Structural and dielectric properties of BaBi2Nb2O9 ceramics. AIP Conf. Proc. 2014, 1591, 1702. 

25. Przedmojski, J. Rentgenowskie Metody Badawcze w Inżynierii Materiałowej; Wydawnictwo Naukowo Techniczne: Warszawa, 

Poland, 1990. 

26. Trzebiatowski, W.; Łukaszewicz, K. Zarys Rentgenograficznej Analizy Strukturalnej; Wydawnictwo Górniczo—Hutnicze: 

Katowice, Poland, 1960. 

27. Wang, G.; Zhang, H.; Huang, X.; Xu, F.; Gan, G.; Yang, Y.; Wen, D.; Li, J.; Liu, C.; Jin, L. Correlations between the structural 

characteristics and enhanced microwave dielectric properties of V–modified Li3Mg2NbO6 ceramics. Ceram. Int. 2018, 44, 19295–

19300. 

28. Montereo, M.; Millian, P.; Duran-Martin, P.; Jimenez, B.; Castro, A. Solid solutions of lead-doped bismuth layer of Aurivillius 

n = 2 and n = 3 oxides: Structural and dielectric characterization. Mater. Res. Bull. 1998, 33, 1103–1115. 

29. Wu, Y.; Nguzen, C.; Seraji, S.; Forbess, M.; Limmer, S.J. Processing and Properties of Strontium Bismuth Vanadate Niobate 

Ferroelectric Ceramics. J. Am. Ceram. Soc. 2001, 84, 2882. 

30. Adamczyk, M.; Ujma, Z.; Pawełczyk, M. Dielectric properties of BaBi2Nb2O9 ceramics. J. Mater. Sci. 2006, 41, 5317–5322. 

31. Subbarao, E. A family of ferroelectric bismuth compounds. J. Phys. Chem. Solids 1962, 23, 665–676. 



Materials 2022, 15, 5790 15 of 15 
 

 

32. Uchino, K.; Nomura, S. Critical exponents of the dielectric constants in diffused-phasetransition crystals. Ferroelectr. Lett. Sect. 

1982, 44, 55–61. 

33. Szalbot, D.; Adamczyk, M.; Wodecka-Duś, B.; Rerak, M.; Feliksik, K. Influence of calcium doping on microstructure, dielectric 

and electric properties of BaBi2Nb2O9 ceramics. Process. Appl. Ceram. 2018, 12, 171–179. 

34. Adak, M.K.; Mukherjee, A.; Chowdhury, A.; Ghorai, U.K.; Dhak, D. Structure-property correlation of Ba1-xCuxBi2(Nb1-xTax)2O9 

ferroelectric nano ceramics prepared by chemical route. J. Alloys Compd. 2018, 740, 203–211. 

35. Karthik, C.; Varma, K.B.R. Influence of vanadium doping on the processing temperature and dielectric properties of barium 

bismuth niobate ceramics. Mater. Sci. Eng. B 2006, 129, 245–250. 

36. Cheng, Z.Y.; Katiyar, R.S. Dielectric behavior of lead magnesium niobate relaxors. Phys. Rev. B 1997, 55, 8165. 

37. Tan, Q.; Viehland, D. ac-field-dependent structure-property relationships in La-modified lead zirconate titanate: Induced re-

laxor behavior and domain breakdown in soft ferroelectrics. Phys. Rev. B 1996, 53, 14103. 

38. Taganstev, A.K. Vogel-Fulcher relationship for the dielectric permittivity of relaxor ferroelectrics. Phys. Rev. Lett. 1994, 72, 1100. 

39. Pirc, R.; Blinc, R. Vogel-Fulcher freezing in relaxor ferroelectrics. Phys. Rev. B 2007, 76, 020101. 

40. Adamczyk-Habrajska, M.; Goryczka, T.; Szalbot, D.; Rerak, M.; Bochenek, D. Influence of lanthanum dopant on the structure 

and electric properties of BaBi2Nb2O9 ceramics. Arch. Metall. Mater. 2020, 65, 207–214. 


