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Abstract: Undoped, Cerium (Ce) doped, Manganese (Mn) doped and Ce-Mn co-doped Barium Titanate 

(BaTiO3) with the general formula Ba1-xCexMnyTi1-yO3 (where x = 0.00, 0.01, 0.02, 0.03, y = 0.00; x = 

0.00, y =0.01, 0.02, 0.03; and x = y = 0.01, 0.02,0.03) were synthesized by solid-state reaction method 

and sintered at 1200 C for 4 hr with an aim to study their structural and electrical properties. The grain 

size of the samples has been estimated using the Scanning Electron Microscopy (SEM). The X-ray 

Diffraction (XRD) analysis indicates that the structure of the Ce-doped and Ce-Mn co-doped BaTiO3 

is cubic. However, the undoped BaTiO3 and Mn-doped BaTiO3 confirmed the tetragonal-cubic mixed 

phases. With the change of doping concentrations, the positions of different peaks shifted slightly. The 

lattice parameter varied irregularly with increasing doping concentration because of Mn's changeable 

valency. EDX spectra confirmed the presence of Ba, Ti, Ce, and Mn contents in the co-doped samples 

with stoichiometric ratio. Crystallinity is observed to be clearly increased when Ce-Mn is co-doped in 

BaTiO3. J-V characteristic curves indicate transition from conducting to semiconducting nature for the 

doped and co-doped samples with the increase in temperature. The dielectric constant of the samples 

increases up to 4500 with the doping concentration. The higher values of dielectric constant are 

observed for the 2% Mn-doped and 1% Ce-Mn co-doped samples compared to the other undoped 

samples. For the undoped and Mn-doped samples, constant dielectric values increase with temperature 

but decrease for the Ce-doped and Ce-Mn co-doped samples. It is inferred that co-doping of BaTiO3 

with Ce and Mn would be beneficial and economical for its applications. 
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1. Introduction 

Ceramic is a branch of art and science in which solid materials are essentially composed 

of inorganic, nonmetallic materials. Among all the applications of ceramics, use as a dielectric 

is remarkable. Excellent dielectric, ferroelectric and piezoelectric properties are the reasons for 

using barium titanate (BaTiO3) in diverse applications [1-2]. BaTiO3 has a perovskite structure. 

Because of its elevated dielectric constant, it is frequently used in fabricating electronic 

elements such as MLCs, PTC thermistors, and piezoelectric transducers. Pure BaTiO3 is an 
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insulator, whereas it transforms into a semiconductor in contact with doping. Apart from PTCR 

properties, BaTiO3 as a semiconductor is applied in sensor applications [3]. It can also increase 

the dielectric constant of microwave absorbing materials [4]. The most conventional procedure 

to enhance dielectric, electrical, and magnetic properties is to dope this ABO3 perovskite 

system [5-6]. Partial substitution of other materials in BaTiO3 has been done to improve the 

temperature stability of permittivity. Change in the crystal structure is possible by doping other 

ions if they are not too different in size of Ba2+ or Ti4+ ions. The conductivity of rare earth 

element (Cerium) doped BaTiO3 increases with dopant concentration [7]. Lattice deformation 

might occur when the BaTiO3 is doped with the transition metals. Kirianov et al. have reported 

that doping with Manganese would promote the transition from the tetragonal to cubic 

phases[8]. Tetragonal to tetragonal-cubic mixed-phase and finally cubic phase can occur with 

increasing sintering temperature [9]. A/B site doping in ABO3 perovskite and extension of the 

solid solution with another member is proven as a potential candidate for a better capacitor 

[10]. The orientation of electrical polarization in BaTiO3, which is related to the electronic core 

level and valance band, shift to higher energy [11].  

Resistivity, dielectric constant, and dielectric loss factors are important parameters for 

electric insulators and circuits. In this research work, these properties have been studied at 

different temperatures. The structural and electrical characteristics of BaTiO3 have a significant 

influence on Ce and Mn doping. This research aims to study the effect of doping and co-doping 

on the structural and electrical properties of BaTiO3 ceramics at different temperatures and to 

compare these properties with undoped BaTiO3. 

2. Materials and Methods 

 Solid-state reaction method has been applied to prepare undoped, doped and co-doped 

BaTiO3 with the general formula of Ba1-xCexMnyTi1-yO3 (where for pure BaTiO3 x = 0.00, y = 

0.00; for Ce doped samples x = 0.01, 0.02, 0.03; y = 0.00, for Mn-doped samples x = 0.00; y = 

0.01, 0.02, 0.03 and for Ce-Mn co-doped x = y = 0.01, 0.02, 0.03). To prepare the ceramic 

composite, oxide powders such as BaO, TiO2, CeO2, and MnO2, are collected from Merck, 

Germany, each having purity 98% and weighted precisely after screening mixed. These 

powders were ground for 15 min by an agate mortar pestle. Then, to form a homogenous blend, 

they were ball milled with distilled water using zirconium balls of radius 0.5 cm for 6 hours. 

This ground liquid was kept still for 24 hr so that precipitation can occur, and then a Bunsen 

burner was used to dry them. The dried samples were then again ground for 1.5 hr to form a 

powder. The powders were calcined at 700 C (6 C/min) for 2 hrs in a Nabertherm furnace 

(Model HT 16/18, Germany), and then the temperature of the furnace was decreased at the rate 

of 3 C/min. Afterward, the samples were grounded for 15 min, and 0.93 gm of such powders 

are binded by 2% polyvinyl alcohol to form pellets of diameter 1.2 cm and thickness 0.175 cm 

by pressing by a uniaxial hydraulic press (Model HERZOG HTP 40, series no- MA 14822-1-

1, Germany) with a force of 40 kN. Samples were sintered at 1200 C for four hours with a 

heating rate of 6 C/min and a cooling rate of 3 C/min. After sintering, the pellets were 

smoothed with brown flint paper. A scanning electron microscope (SEM, Hitachi S-3400N, 

Japan) was employed to observe the samples' surface morphology and average grain size. An 

X-ray diffractometer (Model Rigaku Ultima IV, Japan) was used to investigate the structural 

property. For electrical measurement, silver liquid of high conductivity was pasted on each 
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face of the pellets. Finally, Wayne Kerr 6500B series Precision Impedance Analyzer (Bognor 

Regis, UK) has been used to analyze the ceramics' dielectric properties. 

3. Results and Discussion 

3.1. X-ray diffraction analysis. 

Solid-state synthesis is the most conventional method, which produces relatively 

agglomerated and coarse particles [12]. 

 
Figure 1. X-ray difrraction spectra (a1, b1, c1) and shiffting of the (110) peak (a2, b2, c2) for (a1, a2) pure (x,y = 

0.00) and Ce-doped (x = 0.01 to 0.03, y = 0.00), (b1, b2) Mn-doped (x = 0.00, y = 0.01 to 0.03), (c1, c2) Ce-Mn 

co-doped (x,y = 0.01 to 0.03) BaTiO3. 
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In this study, it is observed that though BaTiO3 has a pure structural phase the doped 

and co-doped samples have a mixture of BaTiO3 and BaTi2O5 phases, which was identified by 

the XRD pattern as shown in Fig. 1. For undoped and Ce-doped BaTiO3, it is noticed that with 

increasing concentration of dopants, the XRD pattern got smoother, and the intensity of the 

peak increases. Figures 1(b1) and 1(c1) show the XRD pattern for the Mn-doped and Ce-Mn 

co-doped BaTiO3 samples. It is observed that with increasing concentration of the dopants, the 

XRD patterns got smoother too. In the doped samples, the peaks for the BaTi2O5 phase are less, 

which indicates the reduction of impurities. Previous studies showed that the XRD patterns of 

the undoped BaTiO3 have a single peak at 45 corresponding to (002) Miller index when it is 

in the cubic phase. It offers a peak splitting at 45 corresponding to (002) and (020) peaks for 

the tetragonal phase [13-14]. Indication of pseudo-cubic perovskite structure in the tetragonal 

phase was also observed in previous studies of BaTiO3 based ceramics [15]. It was reported 

that doping concentration has an important relation between the sintering temperature and 

tetragonality [16]. 

In some cases, splitting of the peaks has been observed in pure BaTiO3 and 1%, 2% 

Mn-doped BaTiO3 as shown in Figs. 1(a2) and 1(b2). Whereas, 3% of the Mn-doped BaTiO3 

shows the nature of the cubic-tetragonal mixed phase, indicating the possibility of phase 

transition in the higher doping concentration of Mn.  Previously, Suravi et al. also found cubic-

tetragonal mixed-phase compositions in Mn-doped BaTiO3 [17]. It is observed that (110) peak 

shifted toward a larger angle when Ce or Mn is doped in pure BaTiO3. In Ce-doped BaTiO3, 

this happened because Ce3+ of ionic radius 0.102 nm is lighter and occupies the place of heavier 

Ba2+ (ionic radius 0.135 nm ) [18-19]. The ionic radius of Ti4+ (0.0745 nm) is larger than that 

of Mn4+ (0.064 nm), causing the right shift of the BaTiO3 peak. Because of additives' nature, 

XRD peaks of the Ce-Mn co-doped samples also shifted towards the right. The peak intensities 

increased with a doping concentration in Ce-doped and Mn-doped BaTiO3. Phase shift was 

very slight in the Ce-Mn co-doped BaTiO3, but peak intensities were increased significantly in 

these co-doped samples. D-spacing and lattice parameter is related to the peak shift. The 

smoothest peak was observed for the co-doped samples. The intensity of the major peak 

increases with Ce and Mn's addition, which indicates better crystallization of the samples [14]. 

From the major peaks lattice parameters, a were calculated by using the Nelson-Riley method 

using the equation 

𝐹(𝜃) =
1

2
(
𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛𝜃
+
𝑐𝑜𝑠2𝜃

𝜃
) 

and are presented in Table 1. 

The lattice parameter is observed to be changed randomly with an increase in doping 

concentration. Mn’s changeable valance can be a reason for these irregular values because 

valency variation can impact dielectric, ferroelectric, and piezoelectric properties [20]. For Ce 

doped and Ce-Mn co-doped BaTiO3, the lattice parameter decreases slightly with increasing 

doping concentration. As Mn-doped BaTiO3 has a mixed cubic-tetragonal phase, it has 

different values of lattice parameters. It is observed that the lattice parameter, c, decreases with 

increasing Mn concentration but a shows an irregular variation of value with a concentration 

of doping. The Debye-Scherrer equation has been used to determine crystallite sizes. A higher 

ratio of c/a for the Mn-doped BaTiO3, when x = 0.02, confirmed the improved tetragonality of 

the sample. This result supports the previously reported data where Sandeep et al. also observed 

improved tetragonality for Pb-doped BaTiO3 [21]. The cubic-tetragonal mixed phase is 
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responsible for the ferroelectric and dielectric properties of the samples [22]. When x = 0.02, 

Mn-doped BaTiO3 shows the highest c/a ratio.  

Owing to the Ce doping, initially crystallite size of the samples decrease from that of 

the pure BaTiO3, but with the increase of doping concentration, crystallite size increased. 

However, the change in crystallite size is irregular for different doping concentrations of Mn. 

After that, crystallite size decreases again with the increase in doping concentration. This 

finding agrees with the findings described in Refs. [23-24]. Ce and Mn co-doped BaTiO3 

showed smaller crystallite sizes than that of the pure BaTiO3, but with increasing dopant 

concentration, the crystallite sizes increase linearly [24-25]. Zali et al. studied that the 

crystallite size of BaTiO3 increases with tetragonality and sintering temperature [26]. Because 

of the decrease in tetragonality with doping, crystallite sizes decrease for the Ce and Ce-Mn 

co-doped samples, where x = 0.01 in the general formula. As Mn-doped BaTiO3 is in the 

tetragonal phase up to x = 0.02, the tetragonality decrease with a doping concentration of Mn, 

indicating the reduction in crystallite size. Tetragonality is reduced owing to the decrease of 

grain sizes and increment of measurement temperature [27].  

3.2. Scanning electron microscope analysis.  

Surface morphology and microstructures of the ceramic sample for different amounts 

of Ce and Mn in BaTiO3 were studied by SEM images, which are shown in Fig. 2.  Irregular 

grain sizes and intergranular pores of various sizes have been observed by the SEM analysis. 

This type of irregularly shaped pores and grains without curving have also been reported in 

CuO doped BaTiO3-PbTiO3 [28]. It is noticed that with the addition of Mn, the grain sizes of 

the samples decreased. Sitko et al. observed similar characteristics for the Mn-doped BaTiO3 

in their research work [29]. Grain size of around 0.5 µm is observed for the pure BaTiO3 pellet 

[30-31]. In this research, the grain sizes showed consistency with the lattice parameter for Ce-

Mn co-doped samples but varied irregularly for Ce-doped and Mn-doped compositions. 

Because Mn is a transition metal, when doped in BaTiO3, the sample shows both ferroelectric 

and ferromagnetic properties [32]. Studies showed that variation of electric properties has no 

relation with the grain sizes, phase, and domain structure may have sensitivity with doping 

content, and different Mn doping concentration has no relation with grain sizes [33-34]. 

Table 1. Different parameters were obtained from the XRD and SEM studies of the Ba1-xCexMnyTi1-yO3 

samples. 

Ba1-xCexMnyTi1-yO3 
Lattice Parameter Crystallite size 

(nm) 

Grain Size 

(nm) a (Å) c (Å) 

x = 0.00 y = 0.00 3.97 4.11 68.16 0.507 

x = 0.01 y = 0.00 4.00 4.00 
60.20 

60.2 
0.828 

x = 0.02 y = 0.00 4.00 4.00 60.10 0.709 

x = 0.03 y = 0.00 3.99 3.99 71.02 0.949 

x = 0.00 y = 0.01 4.02 4.01 43.01 0.431 

x = 0.00 y = 0.02 3.93 4.00 15.50 0.547 

x = 0.00 y = 0.03 4.02 3.97 38.00 0.413 

x = 0.01 y = 0.01 3.99 3.99 45.11 0.405 

x= 0.02 y = 0.02 3.99 3.99 58.13 0.386 

x = 0.03 y = 0.03 3.99 3.99 69.36 0.569 
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Figure 2. SEM images of Ba1-xCexMnyTi1-yO3 for (a) x = y = 0.0, (b) x = 0.01, y = 0.0, (c) x = 0.02, y = 0.0, (d) 

x = 0.03, y = 0.0, (e) x = 0.0, y = 0.01, (f) x = 0.0, y = 0.02, (g) x = 0.0, y = 0.03, (h) x = y = 0.01, (i) x = y = 

0.02 and (j) x = y = 0.03. 

3.3. Energy dispersive X-ray analysis. 

In the EDX spectrum, as shown in Fig. 3, the existence of X-ray peaks for Ce and Mn 

for the co-doped sample indicates the presence of Ce and Mn with a nominal perovskite phase. 

Ce and Mn-rich regions also do not reveal any impurity content. The difference in 

microstructural features is also associated with Ce and Mn's inhomogeneous distribution, as 

seen in the EDX spectra taken from different areas in the same sample. Mn-doped BaTiO3 is 

in the cubic-tetragonal mixed phase, whose tetragonality decreases with Mn doping. A 

reduction in crystallite size has been observed.  
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Figure 3. EDX analysis of Ba1−xCexMnyTi1−yO3 with x = y = 0.03. 

3.4. Variation of current density with temperature. 

The J-V characteristics of all the undoped, doped, and co-doped samples are shown in 

Fig. 4. Samples showed approximate Ohmic nature at the lower temperatures [35], however 

current density show an increasing trend with the increase in temperature. In this research, 

current density and temperature increment are proportional, and the highest value of J was 

observed at 125 C. It is also observed that with the doping initially, the current density 

increases very sharply but decreases with the content of doping for each case. The charge 

transfer between the layers of the sample exhibited nonlinear behavior and is considered 

responsible for the inverse piezoelectric effect in the heterostructure [36]. 

3.5. Temperature-dependent DC resistivity and dielectric constant. 

It is observed that the DC resistivity of all the samples starts to increase around 120C, 

as shown in Fig. 5(a). For undoped and 1%, 2% Mn-doped BaTiO3, resistivity decreases 

initially but starts to increase around 120 C, which indicates a conductor-semiconductor phase 

transition among these samples. Previously, Rao et al. investigated that the increment of DC 

electrical resistivity above Curie temperature can occur due to the trapped holes on Ba-O bonds, 

contributing to hole conduction [37]. 
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Figure 4. J-V characteristic curves of (a) pure, (b-d) Ce-doped, (e-g) Mn-doped and (h-j) Ce-Mn co-doped 

BaTiO3, where (a) x = 0.00, y = 0.00, (b) x = 0.01, y = 0.00, (c) x = 0.02, y = 0.00, (d) x = 0.03, y = 0.00, (e) x = 

0.00, y = 0.01, (f) x = 0.00, y = 0.02, (g) x = 0.00, y = 0.03, (h) x = 0.01, y = 0.01, (i) x = 0.02, y = 0.02, and (j) 

x = 0.03, y = 0.03 in Ba1-xCexMnyTi1-yO3. 

Figure 5 (a) shows a decrease in resistivity with increasing temperature for the undoped 

and Mn-doped BaTiO3 samples, confirming the semiconducting nature. However, for Ce doped 

and Ce-Mn co-doped BaTiO3, resistivity increases with increasing temperature, i.e., a sample 

showing conducting nature. 1% Ce-Mn co-doped BaTiO3 shows irregular values. The lowest 

resistivity has been observed for 3% Ce-Mn co-doped BaTiO3. The highest resistivity has been 

observed for undoped BaTiO3 at room temperature, indicating better semiconductive nature in 

Ce-Mn co-doped BaTiO3 with increasing doping concentration. The temperature-dependent 

resistivity, though studied for the samples sintered at various temperatures and Sr-doped 

BaTiO3, the initial decrease of resistivity in pure and Mn-doped BaTiO3 has a good match with 

previous works [32-35]. 
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Figure 5. Temperature dependent (a) DC resistivity and (b) dielectric constant of the Ce-doped, Mn-doped and 

Ce-Mn co-doped BaTiO3  with composition Ba1-xCexMnyTi1-yO3.  

The effect of microstructure on the dielectric properties of all the compositions as a 

function of temperature was studied and is shown in Fig. 5 (b). The dielectric constant for the 

undoped and Mn-doped BaTiO3 samples observed to be increased with increasing temperature, 

but for the Ce-doped and Ce-Mn co-doped BaTiO3 samples decreases significantly with 

temperature. The highest dielectric constant has been observed for the co-doped sample of x = 

y = 0.03. A slight transition has been observed around 50 C for 1% Ce doped and 1% Mn-

doped BaTiO3 samples. The absence of Curie temperature in this study indicates a phase 

transition may occur less than 0 C, which was also reported to be possible in other studies 

[23,32,38,39]. Therefore, the study of the samples under room temperature could be important, 

which will be done in the near future. Previously, Bosman et al. studied that the constant 

dielectric increases with temperature when its value is low, but for a higher value of dielectric 

constant, it changes inversely with temperature because the dielectric properties depend on the 

grain size the samples [38,39]. Moreover, this sample's dielectric properties may also depend 

on the frequency range and annealing temperature [40]. The variation of dielectric loss for the 

different compositions matches previous studies [41-42]. 

The dielectric loss of all the compositions varies between 0.01 − 0.1 with the increase 

in temperature. But 1% Ce-Mn co-doped BaTiO3 gave anomalous dielectric loss values. In this 

composition, Mn's concentration is considered dominant, which might cause this unstable 

electrical property. With a higher concentration of co-doping, samples showed more Ce 

dominant results. 3% Ce-Mn co-doped BaTiO3 shows good dielectric characteristic at room 

temperature; however, the samples' dielectric properties with 2% of Mn doping in BaTiO3 

seemed promising at a higher temperature. Owing to the high dielectric constant and low 

dielectric loss, the co-doped sample could be the best candidate as a high-performance 

dielectric material [43]. 

4. Conclusions 

 Crystallite sizes of the Ba1-xCexMnyTi1-yO3 showed irregular shape for most 

compositions, but Ce-Mn co-doping indicates a significant effect on the crystallite sizes. XRD 

pattern confirmed the tetragonal phase for the undoped BaTiO3 and tetragonal-cubic mixed 

phase for the Mn-doped BaTiO3. Ce-doped and Ce-Mn co-doped samples showed a cubic 

phase and reduced impurity for the sample with higher doping concentration. All the samples 
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at the low voltage region showed approximate Ohmic nature with low conductivity, but at the 

higher voltages, they showed semiconducting behavior. A transition from conductor to 

semiconductor has been observed in the temperature-dependent DC electrical resistivity graph. 

The dielectric behavior of the Ce-doped and Ce-Mn co-doped BaTiO3 samples show opposite 

characteristics to one another. In terms of stability and electrical properties, the 2% Mn-doped 

BaTiO3 gave the best results. This sample showed the highest dielectric constant (about 4500) 

and the lowest dielectric loss with the increment of temperature. Whereas undoped BaTiO3 

shows a dielectric constant of only about 1000. At 1% Ce-Mn co-doped samples, an irregular 

pattern of electrical properties has been observed, but with a higher doping concentration of Ce 

and Mn, the sample follows the characteristic of Ce rather than Mn. Because Ce is a rare earth 

element, co-doping of BaTiO3 with Ce and Mn would be beneficial and economical. 
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