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In this study, solid state reactions were used to create Er–Tb co–doped Bi2O3 solid electrolyte systems. Four 
Point Tip Technique (FPPT), Thermo–gravimetric and Differential Thermal Analysis (TG & DTA), and X–Ray 
Diffraction (XRD) were used to characterize the generated samples' structural and thermal properties, and 
electrical conductivity. The samples 05Er05TbSB, 05Er10TbSB, and 15Er05TbSB stabilized with cubic δ–phase 
at room temperature, according to XRD data. Due to the smaller dopants ions compared to the host Bi3+ 
cation, the lattice constants estimated for these samples were lower than those of the pure cubic phase. The 
samples were thought to be thermally stable in the studied temperature range since the thermal curves did 
not show endothermic or exothermic peak development indicating a potential phase change. According to the 
Arrhenius equation, the temperature–dependent conductivity graphs displayed a linear change. The 
conductivity measurements clearly indicated that an increase in doping rate results in a sudden drop in 
electrical conductivity. The calculated activation energies increased with the doping ratio and varied from 0.64 
eV to 1.12 eV. At 700 °C, it was determined to be 0.128 S.cm–1 for the sample 05Er05TbSB, which had the 
greatest conductivity and lowest activation energy among all samples. The conductivity was discovered to 
decrease and activation energy to increase when the doping ratio was gradually raised.  
 
Keywords: Phase Transition, X–Ray Diffraction, Electrical Activation Energy, Electrical conductivity, Solid–State 
Reaction. 
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Introduction 
 

Solid oxide fuel cells (SOFCs) are alternative energy 
sources that use electrochemistry to create electrical 
energy. Because it has a higher electrical efficiency 
output than other fuel cells, this system may be used as 
an extra source of electricity in standard power units 
such as hospitals, schools, and companies [1, 2]. 
However, the SOFC cell's high operating temperature 
creates several internal challenges. The most serious of 
them is temperature–related wear (corrosion) at the 
electrode–electrolyte interfaces, which lowers cell 
electrical efficiency and reduces battery life [3]. A typical 
SOFC cell is made up of three basic solid layers. These are 
the anode, where the fuel gas is oxidized, the cathode, 
where the oxygen gas is reduced, and the electrolyte 
layer, which allows the transport of O2– ions from the 
cathode to the anode boundary [4, 5]. The corrosions 
cause the solid electrolyte layer to deteriorate, causing 
the cell to short circuit and the open circuit voltage to 
decrease dramatically.  

Most researchers have also reported internal 
problems caused by high operating temperature in 
recent years, and studies have accelerated to lower the 
SOFC operating temperature to intermediate (500 °C – 
750 °C) and low temperatures (300 °C – 500 °C) [6]. The 
literature commonly claims that at low operating 
temperatures, intracellular kinetic reactions slow down 
and the temperature–dependent electrical conductivity 

of the solid electrolyte decreases. Because of the poor 
ion conductive performance of the electrolyte, the great 
electrical efficiency attained at high temperatures is 
greater than at low temperatures. To compensate for 
this sudden loss in thermo–electrical efficiency, several 
researchers have moved to novel types of solid 
electrolyte synthesis research. Ytterbium–stable Zirconia 
(YSZ) type solid electrolytes are commonly used in 
today's SOFC units due to their structural and thermal 
resilience at high temperatures. [7, 8]. However, the 
electrical conductivity of YSZ decreases significantly at 
low operating temperatures. In contrast, Bismuth Oxide 
(Bi2O3)–based solid electrolyte systems, which are 
anticipated to be a good solid electrolyte option, exhibit 
greater electrical conductivity in the same temperature 
range as YSZ electrolytes [9, 10]. This situation has 
attracted the attention of many researchers who are 
studying on the synthesis and characterization of solid 
electrolyte materials. Many studies on Bi2O3 phases in 
the literature have found that the cubic δ–phase has the 
highest electrical conductivity of any solid electrolyte at 
comparable temperatures [11–15]. However, the 
stability of this phase in a relatively restricted 
temperature range (729 °C – 824 °C) throws doubt on 
these materials' solid electrolyte candidacy. 
Nevertheless, several successful studies have shown that 
this phase can be stabilized by doping rare earth oxides 
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(Ln2O3, Ln: Er, Eu, Dy, and so on) into the pure crystal. 
But, conductivity studies on this phase indicated that the 
stabilized phase's electrical conductivity was lower than 
that of the pure phase. This abrupt drop in conductivity is 
commonly attributed to the partial cation exchange 
associated with doping, which results in a loss in 
polarization power. Due to its 6s2 single electron chain, 
the host Bi3+ cation has a larger anion polarization power 
than the rare earth cations (Ln3+) that replace itself [16]. 
In reality, a cation's polarizing power is related to its 
effective ion radius. As a result, using highly polarizable 
rare earth cations as dopants can help compensate for 
this dramatic drop in electrical conductivity [16, 17]. 
Many research on the stability of the cubic δ–phase, on 
the other hand, demonstrated that utilizing cations with 
lower radius for doping compared to the host Bi3+ (1.17 Å 
) cation yielded more successful results in stability 
studies. Otherwise, the rhombohedral crystal structure, 
which has lower electrical conductivity, is shown to 
become stable. In terms of doping strategy, studies using 
single, double, and triple doping methods yielded 
successful results in the literature, although the 
maximum electrical conductivity was obtained with the 
double doping method [18, 19].  

The (Bi2O3)1–x–y (Er2O3)x(Tb4O7)y ternary systems with 
doped two rare earth oxides were fabricated by solid 
state reactions at ambient temperature under air 
circumstances. The produced samples were structurally 
characterized using the X–Ray Diffraction (XRD) method, 
thermally characterized using the Thermo–gravimetry 
and Differential Thermal Analysis (TG&DTA) 
methodology, and electrically characterized using the 
Four Point End Technique (FPPT). Each characterization's 
results were compared to the others, and the data were 
interpreted individually in terms of the creation of the 
stable cubic δ–phase. 

 
Materials and Methods 

 
Sample Preparation 
The high quality (> 99.0%) Bi2O3 ceramic powders and 

rare earth oxides (Er2O3, Tb4O7) were supplied from 
Sigma Aldrich Company. Under atmospheric 
circumstances, solid state reactions were used to create 
the desired (Bi2O3)1–x–y (Er2O3)x (Tb4O7)y ternary mixtures. 
The doping mole percentages were determined using a 
specific stoichiometry in order to investigate the effects 
of the doping ratio on the electrical conductivity and 
crystalline phase structure of the material. The additive 
mole percentages of (Bi2O3)1–x–y (Er2O3)x (Tb4O7)y triple 
solid mixtures are listed in Table 1. Powder chemicals 
were weighed using a precision digital scale before being 
crushed in an agate mortar with a pestle for about 25 
minutes to obtain desirable dopant diffusion. The 
mixtures were then put in a programmed furnace 
utilizing heat–resistant alumina boats and annealed for 
100 hours at 750 °C, which is temperature above the 
phase transition temperature (729 °C). This temperature 
was chosen to ensure that the cubic phase was the 

dominant phase all crystal structure for all temperatures 
and that the dopants diffused into the pure crystal more 
successfully. The annealed powder mixtures were then 
utilized to make disc–shaped pallet samples with a 
diameter of 13 mm and a thickness of 0.5 mm in order to 
conduct the XRD and conductivity tests. The pallet 
examples were created using a SPECAC type pressing 
machine, which can apply 10 tons of mechanical pressure 
along the vertical axis.  

 
Table 1. Molar dopant ratios of (Bi2O3)1–x–y (Er2O3)x 

(Tb4O7)y ternary mixtures. 

 
Samples 

Molar dopant ratios of components 

x : y 
 (mol %) 

Contents ratios 
 (1: ↔ 5 %) 

Total dopant 
concentration 

 (mol %) 
05Er05TbSB 05 : 05 1:1 10 
05Er10TbSB 05 : 10 1:2 15 
10Er05TbSB 10 : 05 2:1 15 
15Er05TbSB 15 : 05 3:1 20 
15Er10TbSB 15 : 10 3:2 25 
20Er05TbSB 20 : 05 4:1 25 
20Er10TbSB 20 : 10 4:2 30 
 
Characterization Techniques 
      The samples' XRD patterns were created using a 

Panalytical Empyrean model X–ray diffractometer with a 
scanning step of 0.02°/s and a range of 10°< 2θ < 90°. To 
detect X–rays scattered from distinct atomic planes, a 
thallium (Ta)–activated sodium iodide detector (NaI) was 
employed. For scanning process, monochromatic X–rays 
with a wavelength of 1.54 Å generated by Cu–Kα 
radiation were utilized. The X–Powder and Win–Index 
software’s were used to index diffraction patterns. All 
XRD patterns were superimposed in the scanned angle 
range to observe single phase stability. The Perkin Elmer 
Diamond model Thermogravimetric and Differential 
Thermal Analysis (TG & DTA) equipment was used to 
analyze the thermal behavior of the samples throughout 
a temperature range of 30 °C to 1000 °C with a constant 
heating rate of 10 °C/min. The obtained DTA curves were 
thoroughly examined to see whether a phase transition 
could occur during the uniform heating operation. 
Temperature dependent TGA curves, on the other hand, 
were considered to evaluate mass change. Finally, the 
FPPT was used to measure the temperature–dependent 
electrical conductivity of the samples. The conductivity 
measurements were carried out by heating the alumina 
kit system at a constant up from room temperature to 
about 950 °C in a controlled furnace. For measurements, 
four high–purity platinum wires with a diameter of 0.5 
mm were used. Each of these platinum wires was 
touched on the pallet sample at 0.20 cm intervals, and 
the current and voltage values from two of the channels 
were measured. To properly determine the temperature, 
K–type thermal couples were placed quite close to the 
sample. Current and voltage data were measured using a 
Keithley 2400 DC power supply and a Keithley 2700 
multimeter. The measurements' data were sent to the 
controlled computer environment using an electronic 
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interface card that followed the "General Purpose 
Interface Bus" (GPIB) standard. 

 
Result and Discussions 
 

X–Ray Diffraction Method 
Fig. 1 depicts the superimposed XRD patterns 

generated at room temperature. On each diffraction 
pattern, the cubic δ–phase and monoclinic α–phase 
diffraction peaks are identified. As they only include 
cubic δ–phase peaks, samples 05Er05TbSB, 05Er10TbSB, 
and 15Er05TbSB were determined to be stable in a single 
phase, that is, homogeneous phase structure, according 
to the peak positions marked in Fig. 1. When the 
diffraction patterns of other samples are thoroughly 
examined, it is discovered that they include both α–
phase and δ–phase peaks [20]. As a result, at room 
temperature, these samples have a mixed phase 
structure. Additionally, there is a relationship between 
the doping rate and the intensity of the α–phase peaks, 
which are mixed phase indicators. As a result, it can be 
said that number of α–phase peaks increase as the 
dopant ratio increases [21]. This reveals that the rare 
earth cations settled in the crystal lattice by the doping 
process not only do not replace the Bi3+ cation, but also 
settle at various ion centres, increasing the defect 
density. Based on this perspective, the crystal defect 
density of samples generated with a high doping ratio 
increases, and the scattering peaks on the diffraction 
pattern indicating the development of mixed phases may 
be increased. Also, according to the literature, when the 
doping ratio increases, the lattice stress increases and 
the crystal size decreases. This suggests that the doping 
level be kept as low as possible in order for stability 
studies to be successful [22, 23].  

 

 
Figure 1. Superimposed XRD pattern of annealed samples 

at room temperature 
 

Average crystal size and micro strain were 
determined using Eq. (1) and (2), respectively, for the 
lattice parameters. 

 
𝐷𝐷 = 𝑘𝑘𝑘𝑘

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
                    (1)   

 

𝜖𝜖 = 𝛽𝛽
4𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽

    (2)   

 
The Scherrer formula is used to calculate crystal size 

in Eq. (1), where k is the shape factor, λ is the 
wavelength, β is the Fwhm value, and θ is the Bragg 
diffraction angle. The Stokes–Wilson formula is given in 
Eq. (2), where ε is the micro strain. Table 2 displays some 
of the estimated lattice parameters that have been 
related to the structural analysis results. Table 2 clearly 
shows the association between doping ratio and 
structural characteristics. The lattice constant of the 
samples stable with the cubic δ–phase is smaller than 
that of the pure cubic phase. The fundamental reason for 
this is because the rare earth cations that are doped into 
the lattice have a lower radius than the host Bi3+ cation. 
In the literature, this is referred to as lattice narrowing 
[24].  
  
Table 2. Results of the structural analysis as well as the 

calculated lattice parameters. 

 

Samples 

Crystal structure parameters 

Crystal size 

(nm) 

Micro strain 

(%) 
Crystal 
phase 

Lattice 
constant 

05Er05TbSB 78.2 0.0143 δ 5.512 

05Er10TbSB 71.4 0.0167 δ 5.509 

10Er05TbSB 73.2 0.0158 α, δ Mixed 

15Er05TbSB 65.1 0.0195 δ 5.493 

15Er10TbSB 61.7 0.0221 α, δ Mixed 

20Er05TbSB 52.5 0.0216 α, δ Mixed 

20Er10TbSB 48.3 0.0326 α, δ Mixed 

 
Thermal Analysis 
Fig. 2 shows temperature–dependent DTA and TGA 

curves for some manufactured samples. On the DTA 
curves, neither endothermic nor exothermic peak 
development was seen, indicating a probable phase 
transition, as shown in the figures. The temperature–
dependent phase transition, in reality, begins with a 
change in crystal symmetry. According to the literature, 
the DTA curve for pure Bi2O3 powders reveals an 
endothermic peak at around 729 °C, suggesting the 
transition from the monoclinic α–phase to the cubic δ–
phase.  
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Figure 2. Temperature dependent DTA and TGA curves. 

The lack of such a phase transition in our research for 
doped Bi2O3 powders can be ascribed to increasing 
lattice stress with doping. In other words, as a result of 
partial cation exchange, the dislocation density in the 
crystal lattice increases, preventing the lattice from 
transitioning to the lower symmetric crystal order [27]. 
Moreover, the DTA system's very fast heating rate might 
obscure a possible phase change. The heating rate used 
in this investigation was 10 °C/min, which may be 
insufficient for identifying phase transitions that produce 

minor temperature increases. The temperature–
dependent TGA curves, on the other hand, reveal that 
mass losses are minimal. Mass losses in oxide–based 
ceramic systems, on the other hand, are commonly 
attributed to the removal of O2 gas from the structure. 
Because the cation exchange caused by doping changes 
the polarization power. Besides, the Bi—O bonds are 
known to be stronger than Ln—O bonds, and this, 
together with doping, allows for the formation of 
additional oxygen anion vacancies in the lattice [28]. As a 
result of a chemical reaction, an O2– ion in the anion 
sublattice can be converted into the O2 and therefore 
removed from the lattice. As a result, such reactions 
might be regarded as the principal cause of mass losses.  

Conductivity Measurements 
Fig. 3a shows the temperature–dependent 

conductivity graphs of the manufactured pallet samples. 
As seen in the graphs, increasing the doping rate results 
in a significant drop in conductivity. This is due to the 
partial cation exchange produced by the doping process 
between the host Bi3+ and Er3+ or Tb4+.  
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Figure 3. Arrhenius plots depending on temperature. 

It is also well known that the Bi3+ cation has a strong 
polarization power, which is also described as the ability 
to disturb the anion sublattice. As a result, including rare 
earth cations into the lattice will result in a significant 
drop in polarization power. As a natural consequence, 
the conductivity curve of the 20Er05TSB sample 
generated with a high doping ratio is the lowest of all 
samples. In addition, as shown in the Fig.3a, the 
conductivity graph of sample 05Er05TbSB exhibits a 
sharp increase about 600 °C. This sudden increase in 
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conductivity is known as the order–disorder transition 
(ODT), which is a structural change in the oxygen 
sublattice of crystal system [29, 30]. With this ODT, some 
oxygen ions migrate from the regular 8c region to the 
octahedral regions known as 32f, which require less 
activation to jump to surrounding vacant ion centers. 
With this transition, the oxygen–ion mobility in the 
lattice accelerates, and the number of ions contributing 
to electrical conductivity increases significantly [31, 32]. 
On the other hand, the conductivity graph of sample 
05Er10TbSB, whose heating (red) and cooling (blue) 
curves are shown in Fig. 3b. As seen in the graph, the 
change in conductivity with temperature follows the 
same trend. This demonstrates the chemical and 
structural stability of this sample when subjected to heat 
treatments. If you pay attention, the cooling conductivity 
curve has more conductivity than the heating 
conductivity curve. In fact, this is to be expected because 
the disorder–order transition becomes more difficult 
during cooling, and the consequences of high 
temperatures persist longer. The electrical activation 
energy were determined using the Arrhenius equation 
given by following equation. 
 
𝜎𝜎𝑇𝑇 = 𝜎𝜎0exp (− 𝐸𝐸𝐴𝐴

𝑘𝑘𝐵𝐵𝑇𝑇
)                                                                                                                                                            (3)   

 
In equation (3), σT represents conductivity at any 
temperature, σ0 represents conductivity at absolute 
temperature, EA represents activation energy, and kB 
represents the Boltzmann constant. Table 3 displays 
electrical activation energies derived from the 
conductivity graphs, as well as the conductivity values 
measured at 600 and 700 °C. 

Table 3. Findings of conductivity measurements and 
electrical activation energies. 

Samples 

Conductivity measurement results 

Conductivity 
at 600 °C 
(Ω.cm)–1 

Conductivity 
at 700 °C 
(Ω.cm)–1 

Activation Energy 
(eV) 

05Er05TbSB 645E–4 128E–3 0.64 

05Er10TbSB 269E–4 109E–3 0.73 

10Er05TbSB 87.7E–4 36.2E–3 0.88 

15Er05TbSB 27.1E–4 14.1E–3 0.92 

15Er10TbSB 13.4E–4 65.6E–4 0.86 

20Er05TbSB 8.51E–4 61.7E–4 1.02 

20Er10TbSB 4.67E–4 28.6E–4 1.12 

             

 
Figure 4. Activation energy and conductivity change 

according to doping concentration. 
 

As seen in Table 3, as the doping ratio increases at 
the same temperature, the conductivity values drop 
while the activation energies increase. The activation 
energy is defined here as the lowest amount of energy 
necessary for an oxygen ion in the anion sublattice to 
hop to the unoccupied ion centers in the surrounding 
sublattice [33, 34]. As the doping ratio increases, so do 
the lattice dislocations, and rare earth cations introduced 
into the lattice can settle at lattice trap spots for oxygen 
ions [35]. The trapping of these O2– ions, which are 
believed to contribute to ion conduction, increases the 
activation energy and, as a result, lowers conductivity.  

Fig. 4a and b also depict how conductivity and 
activation energy change with doping ratio, respectively. 
The sample 05Er05TbSB created with the lowest doping 
ratio has the highest conductivity and the lowest 
activation energy, as seen in the figure. Low doping 
treatment can be regarded to be crucial in terms of 
reaching the maximum conductivity aim in stability 
investigations. In the case of heavy doping, on the other 
hand, the crystal lattice creates a large activation energy 
and so shows low electrical conductivity [36]. It has been 
underlined that the doping ratio should be kept as low as 
possible in order to produce stability and high electrical 
conductivity in research that employ the double doping 
technique and are also included in the literature. Jung et 
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al produced the binary operation (Bi2O3)1–x–y (Dy2O3)x 
(WO2)y and attained the highest conductivity for a low 
doping of 12%. Furthermore, they proposed that by 
fixing this doping ratio, a 2:1 (Dy:W) dopant content ratio 
was efficient in reaching the greatest conductivity (0.57 
S.cm–1 at 700 °C) [37]. 

 
Conclusion 

 
In this study, solid state reactions were used to create 

(Bi2O3)1–x–y (Er2O3)x (Tb4O7)y ternary systems, which were 
then characterized using XRD, TGA&DTA, and FPPT 
techniques. The effects of doping ratio on phase stability 
were clearly demonstrated by XRD data. Among all 
samples, the XRD diffraction pattern of 05Er05TbSB, 
05Er10TbSB, and 15Er05TbSB indicated cubic δ–phase 
stability. Other samples, on the other hand, were 
discovered to exhibit mixed phase structure because 
their diffraction patterns showed monoclinic α–phase 
related peaks. Because the temperature dependent DTA 
curves did not show the creation of an endothermic or 
exothermic peak, which implies a phase transition, it was 
determined that the synthesized materials were 
thermally stable in the studied temperature range. The 
temperature–dependent conductivity graphs revealed 
that the doping ratio affected the electrical conductivity 
mechanism significantly. As a result, the sample with the 
lowest doping had the maximum conductivity at 700 °C, 
measuring 0.128 S.cm–1. Furthermore, the activation 
energy determined on the conductivity curve of this 
sample was 0.64 eV, the lowest. These findings suggest 
that increasing lattice dislocation in samples produced 
with a high doping ratio shortens ion conduction 
channels and resulting in a substantial increase in 
activation energy. Because of the variation in 
polarizability of rare earth cations, it was assumed that 
the conductivity measurements acquired were lower 
than 0.57 S/cm–1, the maximum conductivity value in the 
literature. 
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