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ABSTRACT 

 

In this study, the effects of multi-doping strategy on phase stabilization and electrical conductivity for the doped Bi2O3 

system were investigated. All solid mixtures were created by solid state reactions according to a certain stoichiometric 

ratio in atmospheric conditions. The structural, electrical, thermal and surface characterizations of the created samples 

were performed by x-ray diffraction method (XRD), four point-probe technique (4-PPT), differential thermal 

analysis/thermo gravimetric analysis (DTA/TGA) and scanning electron microscope (SEM), respectively. From XRD 

results, it was seen that the fcc δ-phase could be stabilized by using only 1:1:1:2 or 2:2:2:1 dopant content ratio (in here, 

“1:” is corresponds to” 5%” mole). The other compounds prepared out of this ratios were mixed phase because of the 

containing both α-phase peaks and δ-phase peaks on their XRD pattern. When the all samples were compared in terms of 

electrical conductivity at 750 °C, it was observed that the fcc δ-phase stabilized samples exhibited higher conductivity 

than that of other compounds as expected. The highest electrical conductivity was for the sample, dopant content ratios 

of which are 1: 1: 1: 2, with 0.014 S.cm-1 at 750 °C and also it had the lowest activation energy (0.51 eV) among all 

samples. On the other hand, according to the thermal analysis results, it was concluded that phase transition occurred only 

on the DTA curve of the sample given with dopant content ratios 1:1:1:1 due to presence of endothermic peak on its DTA 

curve at 729°C during the heating process. Also, for this sample, it was clearly predicted from the electrical conductivity 

graphs depending on temperature that the phase transition occurred at just that temperature (729 °C) due to the sudden 

increase in conductivity by indicating phase transition from the α-phase to the cubic δ-phase. The SEM analysis pointed 

out that grain size decreased as total dopant ratio increased and also the grain boundary changed sharply with the increase 

in the total dopant ratio. 

Keywords: Solid electrolyte; Phase stabilization; Ion conductivity; Activation energy; X-ray Diffraction; Solid state 

reactions. 

 



 

2 

 

1. Introduction 

In recent years, the attention to solid oxide fuel cells (SOFCs) as an alternative energy source has considerably increased 

due to its notable features such as highly electrical efficiency, eco-friendly in terms of harmful waste gasses compared to 

fossil fuels [1, 2]. At the high operating temperature ( >800°C ), the SOFCs units may encounter a number of problems 

that reduce cell performance, as an illustration, the material corrosion between cell components may cause a decrease in 

electrical efficiency. Also besides that, the high temperature solid oxide fuel cells (HT-SOFCs) can only be used in built-

in power units such as hospitals and power plants due to the its high operation temperature [3]. For this reason, the 

reducing operating temperature of SOFCs to lower temperatures (<650°C) can help to overcome the problems that arise 

as a result of the high operating temperature. However, it has been observed by many researchers that the cell kinetic 

reactions between electrodes-electrolyte in SOFCs units, in which the Yttria-stabilized zirconia (YSZ) type electrolyte 

commonly is used, have dramatically slowed down together with the decrease in ionic conductivity of electrolyte as a 

result of the reduction in operating temperature. 

On the other hand, as an alternative to YSZ electrolytes, the Bi2O3-based solid electrolyte system, which exhibits higher 

oxygen ion conductivity compared to YSZ materials at all temperatures, is being studied intensively. [4, 5]. But the cubic 

δ-phase with the highest ion conductivity is referred to as the metastable phase due to its stability in the range of 729 °C 

- 824 °C. Accordingly, the many researchers have mainly tried to stabilize the δ-Bi2O3 by doping the some lanthanide 

oxides into pure-Bi2O3 crystal [6-14]. As a common result of all these studies, it was clearly observed that the ionic 

conductivity of stabilize cubic δ-phase was less than that of the pure cubic phase despite the achieving phase stability of 

the δ-phase at all temperatures. The decaying in conductivity is usually attributed to difference in the polarizability 

between host and dopant cation in which the polarizability of Bi3+ is higher than from that of the dopant cation owing to 

lone pair of 6s2 electrons [15- 16]. That's why, the polarizability degree of dopant cation may seem important in terms of 

the compensating for the decaying in conductivity [17]. 

As for the phase stabilization of the cubic δ-Bi2O3, especially, when dopants having smaller radii than that of host Bi3+ 

cation was used, it was emphasized that δ-phase could be easily stabilized due to the preventing phase transition to 

monoclinic α-phase through the lattice shrinking. Also, in literature, when the single and double-doped Bi2O3 electrolytes 

were compared in terms of the electrical conductivity and the phase stabilization, it was pointed out that double-doped 

systems provided both higher ion conductivity and easier phase stabilization. Wachsman et al.’s explained that compound 
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(BiO1.5)0.88 (DyO1.5)0.08(WO3)0.04 had the higher ion conductivity (0.57 S/cm at 800 °C) than single doped systems such as 

erbium stabilized bismuth oxide (20ESB), the conductivity of which is the highest among single systems with 0.38 S/cm 

at 800 °C [18]. According to this study, the reason for the high ion conductivity in double-doped systems was to use 

dopants, the polarizability of which is closest to that of bismuth, by taking into account other parameters such as dopant 

type and rate, annealing temperature. Besides, they particularly suggested that the total doping rate should be fixed to 

12% in order to both to stabilize the cubic δ-phase more easily and to compensate for the decrease in ion conductivity as 

a result of the decrease in cation polarizability. Swagata et al. also have dealt with the double-doping strategy by fixing 

total dopant ratio to 12% just like Wachsman et al. and they used Dy and Ho as dopants for stabilization of cubic δ-phase 

[19]. According to results obtained from this study, they achieved to stabilize cubic δ-phase at all temperatures and they 

found that the ion conductivity was 0.57 S.cm-1 at 700 °C, which was the highest ion conductivity among all binary 

systems studied in the literature. Similarly, Yılmaz et al.’s also studied double-doped system in which they used Dy and 

Yb as dopants and they found that the conductivity was quite close to Wachsman’s results with 0.51 S/cm for 14Yb10DSB 

mixture at 800 °C, although they exceeded 12% total doping rate suggested by Wachsman et al. for double-doped systems 

[20-21].  

In this study, we wondered that whether or not there is a limitation in terms of the dopant number to achieve stabilization 

of the cubic δ-phase of Bi2O3 at all temperatures. For this purpose, we employed four lanthanide oxides (Ln2O3, Ln = Er, 

Eu, Gd and Ho) as dopant material in order to stabilize the cubic δ-phase from high temperature to room temperature. 

The cation radius was chosen smaller than that of host Bi+3 cation (1.17 Å) to stabilize the cubic phase easily by 

obstructing any phase transition to other phases by means of lattice shrinkage. Because of its high polarizability among 

others, in mixture, the holmium was used as main dopant and its dopant rate was fixed at a certain rate, while others were 

changed. In this way, we hope to achieve both phase stability by using smaller cation radius and compensate for the 

dramatic drop in ion conductivity owing to high polarizability of the holmium. The mixture having lowest doping rate 

was prepared by fixing the total dopant rate to 20% in which its abbreviation was denoted by 1:1:1:1 (in here, “1:” 

corresponds to “5% “mole) and also other mixtures were created by varying the dopant ratios according to a certain 

stoichiometry. 
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2. Experimental Procedure 

The Nano powders consisted of the Bi2O3 (% 99,99 purity, Sigma Aldrich), Gd2O3 (%99,98 purity, Sigma Aldrich), Eu2O3 

(%99,97 purity, Sigma Aldrich), Er2O3 (%95,99 purity, Sigma Aldrich) and Ho2O3 (%96,99 purity, Sigma Aldrich). All 

mixtures in this study were created by solid state reactions under atmospheric conditions by following certain 

stoichiometry. The total dopant ratio in mixture was changed from 20% to 80% to observe how crystal structure and ion 

conductivity will be affected by dopant ratio increase. As for the dopant content ratios in mixture, Ho was selected as 

main dopant, the polarizability of which is higher than that of the other lanthanides, and mole ratios of the other 

lanthanides were equally changed step by step up to 20 % by 5% increase. Afterwards, the mass values corresponding to 

mole ratios for the each -oxide in the mixture were measured by via digital precision scale and then, in order to achieve 

nano powder mix, the all powders were slowly grounded by the aid of a pestle in an agate mortar. To carry out some 

experimental studies such as electrical conductivity measurements, a small portion of the powder mixes was used for 

prepare pallet samples having 13 mm diameter and 5 mm thickness. The pallets were created by pressing-machine, which 

can apply approximate 10 tons press on powders in axial position. After sample preparation, all samples were subjected 

to heat treatment in order to achieve stabilization of the cubic δ-phase for all operating temperatures. That's why, the 

annealing temperature in this study were determined as 750 °C, which is a temperature above the phase transition 

temperature (729 °C) from the cubic δ-phase to the α-phase. Also, the annealing time was set to 100 hours to ensure good 

solidification and phase stabilization.  

The microstructure analysis of the annealed samples were performed by x-ray diffraction technique (XRD) in order to 

observe whether phase stabilization was achieved or not, as well as uncovering some crystal parameters such as unit cell 

parameter and crystal size. Besides, the XRD analyses for all samples were carried out with Bruker AXS D9 Advance 

type diffractometer at room temperature by using Cu-Kα radiation the having 1.54 Å wavelength. Also, the scanning step 

was chosen as 0.02°sec-1 from 10° to 90°.  

The thermal characterizations for all samples were examined by Diamond TG/DTA-Perkin Almer Marck system to 

uncover whether phase transition and mass loss or not the depending on temperature. In this system, the heating rate was 

fixed to 10 °min-1 to precisely observe endothermic or exothermic peaks indicating a potential phase transition on the 
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DTA curves. The surface analysis for all samples were carried out by Leo 440 model Scanning Electron Microscope 

(SEM) to observe some the surface features such as grain size, grain connectivity.  

Finally, the electrical conductivities of all samples were measured by Four Point Probe Technique (4PPT) in where the 

resistivity can be accurately measured without any additional resistivity such as contact resistance. The measurements 

were carried out through an alumina kit system in a programmable ash furnace by using the multimeter (Keithley 2700) 

with a D.C power source (Keithley 2400). In here, the furnace temperature was slowly increased from room temperature 

to high temperature (1000 °C) with a constant heating step (10 °C.min-1) throughout measurement. 

 

3. Results and Discussions   

3.1. Microstructure Analysis  

The XRD profiles for some annealed samples were overlapped in Fig. 1 to observe stabilization of the δ-phase at room 

temperature. From this figure, we can clearly see that the cubic δ-phase has been stabilized for only two samples, the 

dopant content ratios of which are given by 1:1:1:2 and 2:2:2:1, due to taking part of only the δ-phase peaks on their XRD 

pattern. According to this results, it can be said that the cubic δ-phase can be stabilized more easily by using 2:2:2:1 or 

1:1:1:2 dopant content ratios as similar to previous studies carried out by Jung et al [22]. As for other compounds doped 

by different dopant content, it was also observed that the α-peaks together with the δ-peaks occurred on their pattern. 

Thus, it can clearly be inferred that all of them have a heterogeneous phase due to the presence of both δ-(cubic) and α-

(mono) peaks on their XRD patterns.  

On the other hands, the peak broadening, which indicates an increase in crystal defect density in the lattice, was observed 

on the XRD pattern as the total doping ratio increases while the average crystal size decreased [23]. These defects may 

be generally originated from the misplacement of the dopant cations in the lattice due to excessive doping (>35%) as well 

as the polarizability effects of each cation in lattice. Also, as can be clearly seen from Fig. 1, the density of the α-peaks 

referring to the formation of many crystal clusters increased with increasing total doping rate in mixture. Especially, the 

sample having total doping rate of 50% exhibits multi-phase structure, the peak width of which is considerably larger 

than that of others. As a result, it can be said that the peak broadening is closely related to the increase in the doping rate 

and the density of the α-peaks on the pattern [24]. The average crystal size of particles was calculated by Scherrer-Warren 

equations thanks to “X-Powder” data processing program in which equations is given by 
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𝐷 = 0.9𝜆𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙                                                                                                                    (1) 

In where, λ is the wavelength of the x-rays, 𝜃𝐵 is the Bragg diffraction angle, 𝐷 is the average crystallite size and 𝛽 

represents the FWHM line broadening, which is calculated from Eq. (2). 𝛽2 = 𝛽𝑚2 − 𝛽𝑠2                                                                                                                                                  (2) 

In Eq. (2), 𝛽𝑚  is the corrected FWHM value and 𝛽𝑠 represents the contribution from reflections. The FWHM values were 

calculated over the main peak at 28.8° (111) on the pattern and also the other microstructure parameters such as dislocation 

density and microstrain is given by following equations.  𝜀 = 𝛽ℎ𝑘𝑙4𝑡𝑎𝑛𝜃ℎ𝑘𝑙        (Lattice Microstrain)                                                                                                                          (3) 

𝛿 = 1𝐷2                (Dislocation density)                                                                                                     (4) 

In Eq. 3, 𝜀  is the microstrain closely related to the lattice strain, 𝛽ℎ𝑘𝑙  is the fwhm value of the strongest peak on the 

diffraction pattern and 𝜃ℎ𝑘𝑙  is the Bragg angle at which the strongest peak on the diffraction pattern occurs. Other hand, 

In Eq. 4, 𝛿 is the dislocation density and 𝐷 is the crystal size in nanometer. When Eq. (3) and Eq. (1) are  

In Fig. 2(a), the change of FWHM and d-spacing values according to the average crystal size is shown. From the figure, 

as can be clearly seen that the increase in the total doping rate resulted in higher Fwhm value as a result of peak 

broadening. Also, it can be emphasized that the loss of peak sharpness or peak splitting brought about the decreasing in 

the average crystal size varying inversely with Fwhm value [25]. Thus, the distance between sequential two lattice planes 

called by d-spacing decreased as the total dopant ratio in mixture increased. This station may be due to an increase in 

dislocation density in lattice with increasing total dopant rate [26]. According to table 1 and Fig. 2(b), it can be said that 

the microstrain increased due to the increase in dislocation density as a result of the increase in the total dopant ratio. 

Thus, it can be seen that as the lattice microstrain in the crystal increases, the average crystal size (D) decreases together 

with d-spacing called by the distance between the lattice planes. 

On the other hand, it can be clearly seen from the Fig. 2(a), the sample labelled by 4: 4: 4: 3, the total dopant ratio of 

which is equal to 65%, has the highest FWHM value among samples given on the figure as well as the lowest crystal size 

and with the highest dislocation density. This decrease in average crystal size resulting from an increase in the total dopant 

ratio can be attributed to occurring the different polarization points, which can effects arrangement of the lattice planes. 
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Hence, the crystal size of particles may have decreased as a result of the occurring of many different crystal clusters in 

lattice with doping. Similarly, the XRD profile of the sample prepared with 50% total dopant ratio, in which its dopant 

content ratios are given by 2:2:2:4, shows that it is mixed phase due to containing the α-phase together with the δ-phase 

peaks. Therefore, the Fwhm of it is larger than samples prepared with lower ratio and thus, the density of the α-phase 

peaks on its XRD pattern is more than that of the others. The lattice constants, which are specified in the Table 1, are 

smaller than that of pure δ-phase due to using smaller cation radii than host Bi3+ cation as similar to previous studies 

carried out on the phase stabilization of the cubic δ-phase [27- 29]. Additionally, when the lattice constant of the samples 

containing only the δ-phase peaks compared to each other, the unit cell parameter increased as the mole ratio of the Ho, 

the cation radii of which is larger than other dopants, increased.  

 

3.2. Conductivity and Thermal Analyses 

The electrical conductivities of the annealed samples were measured by Four Point Probe Technique (4-FPPT) from room 

temperature to high temperature (~1000°C) in the programmable furnace. Fig. 3(a) shows the conductivity change 

depending on temperature of the sample, the total dopant ratio of which is 20%. From the Fig. 3(a), as can be seen that 

two different conductivity regime formed on the graph due to the crystal structure transformation, which is generally 

known as a phase transition from α-phase to δ-phase at ~730 °C. Also, at that temperature, it can be observed that the 

electrical conductivity suddenly begins to increase because of the lower activation energy (0.32 eV) in high temperature 

region compared to low temperature region. Besides, this discontinuity on the conductivity graph did not occur in any of 

the other samples and thus, it indicates that no phase transition occurred in any of them, which consistent with the DTA 

results. 

As a comment, we can say that the electrical conductivity began to increase sharply at that temperature on the graph the 

since low activation energy facilitated the movement of mobile oxygen ions towards the vacant ion centers in the lattice. 

Fig. 3(b) shows the conductivities comparisons of the samples having different dopant ratios in the certain temperature 

range (600 °C - 850 °C). As can be clearly seen from the figure that the electrical conductivity decreased with the increase 

in total dopant ratios. Also, the electrical conductivities changed linearly in accordance with the Arrhenius equation as 

follows:  𝜎𝑇 = 𝜎0𝑒−𝐸𝐴𝑘𝑇                                                                                                                                     (5) 
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where,  𝜎𝑇 is the conductivity at the certain temperature, 𝜎0 is the pre-exponential factor, 𝑘𝐵  is the Stefan-Boltzmann 

constant and 𝐸𝐴 is the activation energy. The conductivity plots were also used to calculate the activation energies of 

samples by taking a slope on the graph within the specified temperature range.  

According to the table 2, it can be said that the highest conductivity among all mixtures was belonged to the sample 

specified by 1:1:1:2 at 750 °C, which was predicted to be the δ-phase according to XRD result of it. Also, from the table, 

as activation energies increased, the electrical conductivity decreased as expected due to the restriction of the ion 

conduction pathways in which the mobile oxygen ions can easily move in lattice [30]. It can be imaginable that the using 

multi-dopants might have created the new trapping centers, which allows the formation of a short-range ordering for 

oxygen ions, in lattice. Therefore, not all of the mobile oxygen ions could continue to move through ion voids in lattice 

anymore because of the existence of this trapping centers [31- 32].  

The thermal analysis of all samples were performed by Perkin Elmer DTA/TGA system in between room temperature 

and 1000 °C with 10 °C.min-1 heating rate. Fig .4(a) shows DTA and TGA curves for the samples having different dopant 

contents. On this figure, as can be clearly seen that an endothermic peak at 729 °C, which indicates phase transition from 

the α-phase to the δ-phase, occurred on the DTA curve of the sample, the dopant content ratios of which are given by 1: 

1: 1: 1 [33- 34]. As for DTA curves of other samples, it is observed that no exothermic or endothermic peaks formed on 

their DTA curves due to single δ-phase. On the other hand, the TGA curve of the sample containing endothermic peak 

shows that mass loss during the heating process is negligible because of the very small fluctuations on the its TGA curve. 

From Fig. 4(b), it can be inferred that the electrical conductivity of the samples decreased as the doping rate increased in 

mixture. As a reason for the dramatic drop in electrical conductivity, the multi-doping strategy can be considered due to 

deterioration of the crystal structures together with the high doping rate. Besides, the ratio of components in the mixture 

can effect transference of mobile oxygen ions to vacant ion centers in sublattice due to different the polarizability degree 

of each dopant in mixture.  

 

3.3. Surface characterization 

The SEM images taken at room temperature of the annealed samples are shown in Fig. 5. In Fig. 5(a), the SEM image of 

the sample doped by the lowest dopant ratio is showed, in which the connectivity of grains and the grain distribution is 

not uniform but without any porous structure, which can negatively effects the electrical conductivity. On the other hand, 
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when the total dopant rates were changed, it was observed that grain boundary structure and shape of grains turned into 

from a pea view to a polygonal view accompanied by the increase in the number of pores. In Fig. 5(d), the SEM image 

of the sample doped by 50% showed that the particle size was smaller than that of the Fig. (a), (b) and (c). Therefore, it 

can be thought that the shrinkage in particle size also leads to a decrease in the average crystal size calculated in 

microstructure analysis. Also, it can be interpreted from this image that an increase in porosity can play an important role 

in decreasing electrical conductivity because of the blocking of ion transfer paths. Thus, when the SEM images given in 

Fig. 5(a), which has the lowest number of poles, is evaluated together with the electrical conductivity results, it can be 

said that it has the higher conductivity among other samples given in Fig. 5.  

 

4. Conclusions 

As a result from this study, we can say that the dopant number used for stabilization and doping rate is very important for 

achieving stabilization of the fcc δ-phase at all operating temperatures in terms of the SOFCs applications. We found that 

dopant ratios should be chosen as 1: 1: 1: 2, as previously suggested by some researchers [35-36], otherwise, it was seen 

that the samples had in mixed phase structure. The highest electrical conductivity among all mixtures was 1.44 x 10-2 

(Ω.cm)-1 at 750 °C for the sample prepared by 1: 1: 1: 2 dopant content ratios. Additionally, we found that the decrease 

in electrical conductivity may be originated from increase in total dopant ratios, which can negatively effects 

microstructure, as well as the low polarizability of cations compared to host Bi3+ cation. Hence, we concluded that the 

using multi-doping strategy resulted in lower electrical conductivity than double or triple systems in spite of achieving 

phase stabilization of the fcc δ-phase. Also, in case of using high doping rate (>50%), we saw that the crystal structure of 

pure Bi2O3 deteriorated due to the occurring different crystal clusters in lattice as a result of doping process. Based on 

this, we guess that the crystal clusters may lead to peak broadening on the XRD pattern accompanied by the decreasing 

in average crystal size.  
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Figure Captions 

Fig. 1 The XRD patterns of the  annealed samples having various dopant content ratios. 

Fig. 2 a) Fwhm and d-spacing variation with respect to average crystal size, b) Lattice microstrain and dislocation density 

variation with average crystal size for the created samples.  

Fig. 3 (a) The electrical conductivity graph depending on temperature for the sample created by 20% total dopant ratio, 

b) The conductivity comparisons in the certain temperature range for the samples doped by different dopant content ratio. 

Fig. 4 (a) The DTA curves depending on temperature for some of the created samples, b) the change in conductivity and 

activation energy with respect to total dopant ratio. 

Fig. 5 The SEM images taken at room temperature for the some created samples having different dopant content ratios.  

 

Table Captions 

Table 1 Microstructure parameters revealed from XRD analysis for the annealed samples 

Table 2 Electrical characterization results of the annealed pallet samples 

 



Figures

Figure 1

 The XRD patterns of the annealed samples having various dopant content ratios.



Figure 2

a) Fwhm and d-spacing variation with respect to average crystal size, b) Lattice microstrain and
dislocation density variation with average crystal size for the created samples. 

Figure 3

(a) The electrical conductivity graph depending on temperature for the sample created by 20% total
dopant ratio, b) The conductivity comparisons in the certain temperature range for the samples doped by
different dopant content ratio.

Figure 4

(a) The DTA curves depending on temperature for some of the created samples, b) the change in
conductivity and activation energy with respect to total dopant ratio. 



Figure 5

The SEM images taken at room temperature for the some created samples having different dopant
content ratios.
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