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Abstract: Undoped and Neodymium (Nd)-doped Barium Titanate (BaTiO3 or BT) with the 
general formula Ba1-xNdxTiO3 (where x = 0.00, 0.05, 0.10, and 0.20) were synthesized by the 
co-precipitation techniques to study their microstructure and dielectric characteristics. The X-
ray Diffraction (XRD) examination revealed that the undoped BT was tetragonal while Nd-
doped BT structures were cubic. The positions of (101) main peaks shifted slightly with the 
change in doping concentrations. The other phases of impurities were observed in all Nd-doped 
samples. The lattice parameter, crystallite size, and tetragonality did not alter linearly with 
increasing Nd concentration due to Nd valency and oxidation state changes. FTIR spectra 
validated the attendance of Ba, Ti, and O contents in all undoped and doped samples and 
impurities in the Nd-doped samples. The density values of all Nd-doped samples were all higher 
than the undoped BT. The dielectric constant of the samples also varied with increasing Nd 
concentration, which was associated with the changeable crystal structure condition and the 
presence of impurities. The undoped BT demonstrated the highest dielectric constant of 906 due 
to its absence of impurity. Subsequently, the dielectric constants of Nd-doped samples were 426 
(x=0.05), 809 (x=0.10), 610 (x=0.15), and 787 (x=0.20). 

 
Keywords: Barium titanate; Neodymium (Nd)-doped Barium; crystal structure; atomic 

bonds; density; dielectric constant 
 

1. Introduction 

Technological developments in sustainable and 
renewable energy have overgrown and prompted the 
exploration of high-performance energy storage systems1-

5). Ferroelectric materials are one type of material that is 
often developed and applied. They have spontaneous 
polarization without the influence of an external electric 
field. In electronic devices, ferroelectrics are commonly 
applied to capacitors, Multi-Layer Ceramic Capacitors 
(MLCC), and Ferroelectric Random Access Memory 
(FRAM)6-8). Barium titanate (BaTiO3 or BT) has become 
one of the most preferred ferroelectrics to study. It is an 
ABO3 perovskite structure9,11) that consists of octahedral 
oxygen as the center, an A-site containing Ba2+ ions with 
an ionic radius of 1.35Å, and a B-site containing Ti4+ ions 
with an ionic radius of 0.64Å9,10). BT has a high dielectric 
constant, so it is often used in many applications13,14). 

However, the properties of BT, especially the 
ferroelectric and piezoelectric properties, can be enhanced 
by doping15-18). Nowadays. Rare earth metals are attractive 

materials for use as dopants and are being studied. The 
metals include La3+, Pb2+, Na+, Ga2+, Nd3+, and Cr4+, 
which are commonly used to occupy the A-site12). In the 
B-site, Zr4+, Fe3+, Al3+, In3+, Cr3+, Nb5+, Ta5+, Sb5+, W6+ 
ions are used as doping materials. Among these, 
Neodymium is an interesting dopant. It has been observed 
that Nd3+ can replace Ba2+ and Ti4+ in BT18). Further, it is 
reported that Neodymium could affect the electrical 
properties and microstructure of BT19,20). Further, the 
dielectric characteristics of BT can be improved by Nd3+ 

doping21). 
Nd-doped BT has received significant attention from 

researchers such as Sasikumar et al.22), Zhang et al.23), and 
Ganguly et al.24). Sasikumar et al.22) reported the synthesis 
of Nd-doped BT (Ba1−xNdxTiO3; x=0.00, 0.02, 0.04, 0.06, 
0.08) via solid-state reaction. They found that the 
ferroelectric characteristics gradually declined after 
x=0.04 due to the transformation from a tetragonal to a 
cubic system. Zhang et al.23) fabricated Nd-doped Barium 
via a hydrothermal method and discovered the 
improvement of the dielectric properties. Ganguly et al.24) 
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have successfully synthesized Ba1-xNd2x/3TiO3 (x=0.00 – 
0.10) ceramics with the solid-state reaction method. The 
results demonstrated a phase transition from tetragonal to 
cubic structure, a decrease in the Curie temperature, 
remnant polarization, and coercive field with an increase 
in Nd3+. 

Even though studies concerning the influences of Nd 
doping on BT properties have been conducted, many have 
not been reported regarding the fabrication process of Nd-
doped BT, especially with the co-precipitation method and 
the impacts of Nd doping on BT characteristics. 

The co-precipitation technique is a chemical method 
that combines two distinct solid and liquid materials12,25,26). 
The technique is simple and accurate for obtaining organic 
nanoparticles and avoiding unwanted deposits7,27). The co-
precipitation method at room temperature reveals the 
benefits of low energy, shorter synthesis time, and safer 
and better synthesis results28-30). Besides, it does not 
require high pressure and airtight conditions29). The 
manufacture of powders with small particle sizes and 
uniform distribution usually could be achieved using this 
method. 

Therefore, this work aims to investigate the impact of 
the mole concentration of Nd doping on the crystal 
structure, atomic bonds, and dielectric constant of Barium 
Titanate. The mole concentrations of doping used in this 
study were 5%, 10%, 15%, and 20%. 

 
2. Method 

The materials employed were Barium Hydroxide 
[Ba(OH)2] (Sigma Aldrich 95%), Oxalic Acid Dihydrate 
[C2H2O4.2H2O] (Merck 99%), Titanium Tetrabutoxide 
(Sigma Aldrich 97%), Neodymium (III) Nitrate 
Hexahydrate [Nd(NO)3.6H2O], and Isopropanol (IPA). 
Synthesis of Nd-doped BT employed the co-precipitation 
method. The starting materials were weighed, and the 
mass of each material was computed based on the 
stoichiometry formula of Ba1-xNdxTiO3, where x is the 
mole concentration of Nd. The mole concentrations of 
Nd3+ dopants were varied at 0%, 5%, 10%, 15%, and 20%; 
accordingly, the samples were then coded as BT, BN5T, 
BN10T, BN15T, and BN20T for each mole concentration, 
respectively. 

First, Oxalic Acid Dihydrate and Titanium 
Tetrabutoxide were disjointedly diluted in Isopropanol 
(IPA). The results were Solution 1 (Oxalic Acid Dihydrate 
+ IPA) and Solution 2 (Titanium Tetrabutoxide + IPA). 
The two solutions were then mixed to obtain Solution 3. 
Afterward, Barium Hydroxide and Neodymium (III) 
Nitrate Hexahydrate were mixed in Solution 3. Then, 
distilled water was given to the solution, and the mixture 
was titrated. The titration method was by dropwise 
distilled water into Solution 3. The addition of distilled 
water drop by drop aims to achieve the dissolution of 
Ba(OH)2 and Nd(NO)3.6H2O, and the system moved from 
a non-aqueous position to a semi-aqueous one. Next, the 

resulting titrated solution was left and precipitated for 24 
hours at room condition. The precipitated solution was 
cleansed using ethanol and distilled water. Afterward, the 
hydrolysis process was carried out on the solution by 
heating it at 100oC for 10 hours to obtain a powder. Finally, 
the powder was then heated at 900°C for 4 hours. 

The powder samples were then characterized for their 
crystal structure, chemical bonds, and dielectric properties. 
The crystal structure characterization employed XRD D8 
Advance Diffractometer Bruker USA with Cu-kα 
radiation, λ = 1.5406 Å, and the data analysis used the 
Rietveld refinement process using GSAS software. 
Further, the measure, theoretical, and relative densities of 
all samples were also computed. Fourier Transform 
Infrared (FTIR) Shimadzu IF Prestige 21 was performed 
to investigate the chemical bond, and the data analysis was 
conducted by observing the spectra peaks with a reference 
book. At the same time, the dielectric constant was 
measured via LCR Meter LCR-800 Series Gwinsteak. For 
dielectric property characterization, the powder was 
formed in bulk by means of a hydraulic press with 100 
MPa pressure. It was coated then with silver paste to serve 
as electrodes. 

 
3. Results and Discussion 

 
Fig. 1. Diffraction pattern of BT and Nd-doped BT with 

various Nd concentrations. Inset: the magnification peaks of 
(101) planes 

 
Figure 1 presents the XRD results of BT and Nd-doped 

BT samples with variations in Nd concentrations. The 
emergent peaks were matched against the ICDD 
(International Center For Diffraction Data) database with 
PDF#831880, and the peaks were found to belong to the 
BT phase. As for x = 0.5 – 0.2, the patterns were agreed 
with a pure cubic phase of BT corresponding to ICDD file 
No. 00-31-0174. These findings were similar to those in 
the study conducted by Rejab et al.31), where Nd-doped 
BT (Nd concentrations of 0.03 – 0.13) synthesized with 
the sol-gel method belonged to the cubic phase of BT31).  
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Further, Figure 1 also shows other peaks with marks (*) 

identified as the BaCO3 impurity phase. Zhang et al.32) 
have also synthesized Nd-doped BT, where the 
concentration of Nd varied and ranged from 0.0005 to 
0.05. It revealed that the impurity was only detected at the 
highest concentration of 0.0532). This condition was 
similar to that of this research, in which at the Nd 
concentration of 0.05, the impurities and their peaks got 
higher as higher Nd concentrations emerged. The 
appearance of this impurity might be due to the 
incomplete reaction of all starting materials during the 
sintering process33). The lack of Ti3+ or Ti4+ ions might 
also cause the emergence of BaCO3 because the lack of Ti 
ions causes Ba2+ to react with CO2 in the air34). Impurities 
have a terrible impact because they affect the material's 
performance, such as a decrease in the dielectric constant. 

Further, the inset of Figure 1 is the magnification of 
(101) planes of all samples. It is apparent that giving Nd 
doping moves the diffraction peaks of (101) to the right. 
However, if all plane-related peaks were magnified, and 
the peaks' movement was inconsistent, some shifted to the 
right and others to the left. The move could indicate a 
change and inconsistency in the crystal structure as Nd 
doping, specifically in the lattice constant35, 36). 

The peak information from XRD was then examined 
with the Rietveld refinement process using the GSAS 
software to obtain information on the crystal structure 
(lattice constant, cell volume, crystallite size, and 
tetragonality). The results are shown in Fig. 3 and Table 1. 
Based on the figure, the black graph represents the graph 
from the XRD data (or observed data), while the red is 
from parameters taken in the ICDD database (or 
calculated data). The distinction between the two is the 
blue line. The green line is the background. The GSAS 
processing is done through background refinement to 
approximate the calculated curves close to the observed 
ones. So that, a small Chi2 (𝜒𝜒2) value (< 2) is obtained 
until convergence is formed. It is seen from the refinement 
results that the diffraction peaks follow the ICDD 
database. Table 1 also exhibits that the 𝜒𝜒2  values 
obtained were less than 2. 

 
Table 1. 𝜒𝜒2, lattice constant (𝑎𝑎, 𝑏𝑏, 𝑐𝑐), cell volume (𝑉𝑉), 

crystallite size (𝐷𝐷), and tetragonality (𝑐𝑐/𝑎𝑎) of BT and Nd-
doped BT samples 

 BT BN5T BN10T BN15T BN20T 

𝜒𝜒2 1.864 1.874 1.920 1.867 1.998 

Crystal 

System 

Tetrag

onal 

Cubic Cubic Cubic Cubic 

a=b(Å) 3.9802 4.0044 3.9988 3.9865 3.9934 

𝑐𝑐(Å) 4.0119 - - - - 

𝑉𝑉 (Å3) 63.56 64.21 63.93 63.35 63.68 

𝐷𝐷 (nm) 39 30 27 32 31 

(𝑐𝑐/𝑎𝑎) 1.0079 1 1 1 1 

 

 

 

 

(a) 

(b) 

(c) 

(d) 
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Fig. 2. Rietveld refinement of (a) BT; (b) BN5T; (c) BN10T; 

(d) BN15T; (e) BN20T 
 
According to Table 1, it is found from the refinement 

process that all samples have a tetragonal structure. Table 
1 also shows the lattice constants, cell volumes, 
tetragonality, and crystallite sizes of all samples. The 
lattice constant of the material increases with 5% Nd 
concentration from BT; it then tends to decrease at 10% 
and 15% Nd doping, and it slightly increases at 20% 
decreases. These yields were similar to those reported by 
Rejab et al. 31), with the Nd concentration from 0 – 0.13. 
Similarly, Zhang et al.32) said similar yields with Nd 
concentration from 0.0005 to 0.05. The reasons were not 
mentioned clearly. Still, another report explained that it 
appeared that Nd substitutes at both Ba and Ti sites due to 
the ionic radius of Nd, which is almost exactly midway 
between those of Ba and Ti (Ba2+=1.36 Å, Nd3+ = 0.98 Å 
and Ti4+=0.605 Å)22,23). The cell volume also enlarges 
from BT to BN10T and turns to shrink slightly at BN15T. 
Meanwhile, for the crystallite size, it shrinks from BT to 
BN10T and turns to enlarge at 15%Nd and 20%Nd. For 
tetragonality, it reduces from BT to BN15T and slightly 
increases at BN20T. Thus, it is inferred that not all crystal 
structure parameters are linearly modified with increasing 
Nd concentration. The undependable valance of Nd can be 
associated with these occurrences37). Besides, it also can 
be caused by the changes in the oxidation state of Nd 
ions38). 

 
Fig. 3. FTIR spectra of BT and Nd-doped BT with variation 

in Nd concentrations 
 

Figure 3 displays FTIR spectra of all samples at 
wavenumbers of 350 – 4000 cm-1. Based on the figure, the 
prominent stretching vibrations around wave numbers 542 
cm-1 and 432 cm-1 denote the presence of Ti-O and Ba-O 
bonds. Thus, it confirms the successful formation of the 
BaTiO3 perovskite structure in this study29). Then, several 
vibration peaks are detected at wavenumbers around 3606 
cm-1, 3430 cm-1, and 854 cm-1, which refer to O-H groups. 
The peak vibration at wavenumber around 1444 cm-1 is 
identified as COO- bond. The wavenumber about 1627-
1634 cm-1 is detected as the stretching vibration of the C–
O bond, indicating the impurity of BaCO3

39). However, 
increasing the concentration of Nd doping could reduce 
the C–O vibration peak. This aligns with the XRD results 
and research conducted by Sun et al. (2017)7). BaCO3 
appeared because the sample was sintered at 900°C. 
BaCO3 is removed perfectly at temperatures above 1600 
K (~1327°C)40). Furthermore, the absence of a vibration 
peak of Nd in the FTIR spectra reveals that doping has 
been successfully incorporated into the BT structure 
because doping does not change the host structure. 

The theoretical density (𝜌𝜌𝑡𝑡), the measured density (𝜌𝜌𝑚𝑚), 
and the relative density (𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟  ) of all samples were also 
estimated according to work in36) through the formulas as 
Equation (1-3). In which 𝑚𝑚, 𝑣𝑣, 𝑀𝑀, 𝑉𝑉, and 𝑁𝑁𝐴𝐴 are the 
mass of the sintered bulks, the volume of the sintered 
bulks, the molecular mass of BT, the unit cell volume, and 
Avogadro's number, respectively. From the equation, the 
value of 𝜌𝜌𝑡𝑡 only relies on the unit cell volume of each 
sample, meaning that a large unit cell volume leads to 
small 𝜌𝜌𝑡𝑡, and vice versa. Meanwhile, for the 𝜌𝜌𝑒𝑒, the value 
depends on the condition of the bulk after being sintered. 

 
𝜌𝜌𝑚𝑚 = 𝑚𝑚 𝑣𝑣⁄  (1) 

 
𝜌𝜌𝑡𝑡 =  𝑀𝑀 𝑉𝑉⁄ 𝑁𝑁𝐴𝐴 (2) 

 
𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜌𝜌𝑚𝑚 𝜌𝜌𝑡𝑡⁄ 𝑥𝑥 100% (3) 

 
The calculation results are presented in Table 3. Overall, 

the addition of the Nd dopant increases the values of the 
three densities. A high and uniform density is a 
fundamental requirement for a material with a high 
dielectric constant42).  

Figure 4 presents the dielectric constant of all samples. 
The dielectric constant value was from a frequency range 
of 1 kHz-100 kHz. Typically, all ferroelectric materials 
show the same phenomena where the dielectric constant 
increases at lower frequencies and decreases at higher 
frequencies. Polarization gradually declines and becomes 
stable with an improvement in frequency, where the space 
charge and dipole cannot follow the electric field at a very 
high frequency; consequently, there is no movement in the 
dipole, so the dielectric reduces41,43). 

Table 4 demonstrates the dielectric constants of all 
samples. Subsequently, the highest dielectric constant is 
achieved by pure BT samples, followed by BN10T, 

(e) 
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BN20T, BN15T, and BN5T. The dielectric property 
depends on several aspects, including crystallite size, 
grain size, density or porosity, material impurities, 
etc.28,37). The larger crystallite and grain sizes will result in 
a higher dielectric constant because they give more space 
for dipoles to move. Further, the higher density will yield 
a higher dielectric constant because it provides more 
charges than a more porous surface. 

 
Table 3. Measured density, theoretical density, and relative 

density of BT and Nd-doped BT 

Parameters BT BN5T BN10T BN15T BN20T 

𝜌𝜌𝑚𝑚(g/cm3) 5.63 9.15 8.91 8.87 8.56 

𝜌𝜌𝑡𝑡 (g/cm3) 6.11 9.75 9.77 9.89 9.84 

𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟  (%) 92.2 93.86 91.2 89.64 86.99 

 
Table 4. The dielectric constant of BaTiO3 and Nd-doped BT 

Parameter BT BN5T BN10T BN15T BN20T 

Dielectric 

Constant 
907 426 809 610 787 

 
 

 
Fig. 4. Dielectric Constants of BaTiO3 and Nd-doped BT 

 
If seen, even though it does not possess the largest 

crystallite size nor the densest surface, the undoped BT 
exhibits the highest dielectric constant than other doped 
samples. Hence, it might be considered that the undoped 
BT reveals no impurity, based on XRD and FTIR data, 
compared to the doped samples. Also, it is stated in43) that 
the dielectric constant in the doped barium titanate 
material declines with the presence of other phases or 
impurities. Zhang et al. also report similar results where 
the dielectric constant of BT dropped as the incorporation 
of Nd by x=0.005 – 0.05, revealing that pure BT possessed 
the highest dielectric constant32). As we know, various 

aspects impact the dielectric properties of BT. As for this 
case, the decrease in the dielectric constant was 
considered due to the phase transformation change from 
cubic to tetragonal phase and the decline in the 
tetragonality (c/a ratio) decrease caused by Nd doping23, 24, 

32). Figures 5 and 6 present the relations between the 
dielectric constants, the crystallite size, and tetragonality 
as the function of the Nd concentrations.  
 

 
Fig. 5. The relations between the dielectric constants and 
tetragonality as the function of the Nd concentrations 

 

 
Fig. 6. The relations between the dielectric constants and 
crystallite size as the function of the Nd concentrations 

 
4. Conclusion 

Nd-doped BT has been successfully synthesized with 
the co-precipitation method and a temperature of 900oC. 
XRD patterns validated the tetragonal phase for the 
undoped BT, changing to the cubic phase for Nd-doped 
BT accompanied by the appearance of impurities. FTIR 
spectra supported the XRD results, which exhibited the 
atomic bonds of Ba, Ti, and O for all samples and the 
addition of impurities for Nd-doped samples. The density 
values of Nd-doped samples were higher than the BT. 
Nevertheless, the undoped BT gave the best results for the 
dielectric property due to the absence of impurities and the 
highest tetragonality. 
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