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Abstract 
 

Erbia-stabilized Bi2O3 (ESB) possesses higher ionic conductivity compared to 

conventional ionic conductors such as doped CeO2 and stabilized ZrO2. However, the 

stabilized Bi2O3 experiences conductivity degradation on extended annealing at 600℃. 

In order to examine this phenomenon, X-ray diffraction was carried out on ESB for over 

400h, and it was found that ESB transforms from cubic to rhombohedral phase. X-ray 

diffraction analysis revealed that ESB transformed from cubic to rhombohedral phase 

during first 100h. However, discrepancy in time constant between the evolution of 

rhombohedral phase (65h) and conductivity degradation(52h) was observed. In order to 

investigate this discrepancy, the activation energy of low temperature domain after 

annealing was measured. The activation energy of as-sintered sample was 1.2eV, while 

that of annealed sample was 1.01eV. Such a drop of the activation energy is partially 

attributed to the order-disorder transition of the anion sublattice. Thus, it could be 

concluded that the conductivity degradation of ESB at 600℃ resulted from the 

combined effect of the phase transformation and the order-disorder transition of the 

anion sublattice. 

In order to suppress such a decay of ionic conductivity in ESB, aliovalent dopants 

with higher oxidation state were added into ESB. On this regards, ZrO2 was added to 

ESB and the stability was evaluated as a function of ZrO2 contents. The solubility limit 
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was 5% and higher concentration led to unwanted secondary phase. The stability was 

the highest for ESB with 5% ZrO2 and it was found that the lattice constant and bond 

length of Bi-O was the shortest for this composition. The reason ESB with 5% ZrO2 is 

the most stable might be attributed to the fact that bonding gets stronger as bond length 

gets short. Thus, atomic diffusion, involved in the phase transition, becomes hard. 

Lastly, in order to observe the effect of ionic radii on the long-term stability, the same 

contents of TiO2, ZrO2 and CeO2 was added to ESB. As a result, the one with the 

highest stability was ESB with ZrO2, and the one with the poorest stability was ESB 

with CeO2. 

 

Key words: stabilized Bi2O3, ionic conductivity, phase transformation 
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1. Introduction 

 

Fuel cells are energy conversion devices that generate electricity in the 

environmentally-friendly way. Among several fuel cells such as the proton exchange 

membrane fuel cell (PEMFC), molten carbonate fuel cell (MCFC), phosphoric acid fuel 

cell (PAFC) and solid oxide fuel cell (SOFC), the SOFC has attracted much attention as 

the alternate power generation system due to its high efficiency, fuel flexibility1,2. One 

component affect the performance of the SOFC is the electrolyte. The electrolyte of the 

SOFC separates the anode and cathode and is solid oxide able to conduct oxygen ions. 

Solid oxide materials in SOFCs should fulfil several conditions such as fast ion 

conduction, negligible electronic conduction and great mechanical and thermodynamic 

stability over the wide temperature range and partial pressure of oxygen3. 

The most conventional electrolyte for SOFCs is currently yttria-stabilized zirconia 

(YSZ). YSZ exhibits ionic conductivity of approximately 0.1S/cm at 1000℃4. SOFCs 

based on zirconia should be operated at high temperature above 700℃ in order to attain 

acceptable ionic conductivity5. However, such high operating temperature forces SOFC 

systems to adopt ceramics for interconnects and insulation and results in longer time 

and energy to heat up to to its operating temperature. Thus, if it is possible for the SOFC 

to exhibit reasonable performance in the low temperature (LT) range (600-500℃), low 

cost materials such as stainless steel can be chosen as the interconnects1.  

As shown in figure 1-1., YSZ exhibits low ionic conductivity in the LT range6. In 

order to operate the cell in LT range, the resistance of the electrolyte should be reduced. 

This reduced resistance can be achieved by two ways. One is to reduce the thickness of 
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electrolytes by advanced processing technique and the other is to replace the YSZ with 

other materials exhibiting improved ionic conductivity. In the aspect of replacing YSZ, 

the ionic conductivity of -Bi2O3 is one to two orders of magnitude higher than that of 

YSZ at corresponding temperature. However, it was reported that stabilized bismuth 

oxides undergo conductivity degradation7,8. Thus, it is imperative to develop new 

Bi2O3-based oxygen ion conductors in order to make use of stabilized bismuth oxides 

for SOFC applications. 

 

2. Background information 

 

2.1. Principles of the solid oxide fuel cell 

Figure 1-2 indicates how the SOFC works to generate electricity. SOFCs consist of 

the electrolyte and two electrodes. One is the cathode and the other is the anode. At the 

cathode, oxygen molecules meet electrons from an external circuit to form oxygen ions 

so that they pass through the electrolyte toward anode. At the anode, oxygen ions meet 

hydrogen molecules to form water while they release electrons to an external circuit. 

The entire reaction of the SOFC is just to form water, which is why fuel cells are 

environmentally-friendly. 

The Open circuit voltage (OCV) can be described by conventional Nernst equation as 

follows 

= °	 − 2 ln
· /  
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where ° is standard voltage, F is Faraday’s constant, and ,  

are the partial pressure of water vapor and hydrogen at anode, respectively. 

 is the partial pressure of oxygen at the cathode. 

Equilibrium constant, K, with respect to entire reaction is dictated as follows 

=
· /  

The variation of standard Gibbs free energy is computed by K 

= − ln = − ° 

where n is the number of electron involved in the reaction. Manipulation of the two 

equations yield the equation as follow 

= 2 ln ·
· /

 

In reverse reaction, equilibrium equation of water dissociation is shown below 

⟺ +1
2  

The equilibrium constant is as follows 

=
· /

= 1
 

·
= 1

/  

Therefore, = ln
/

/  and it is clear that OCV of SOFC only depends on 

oxygen partial pressure of two electrodes. 
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2.2. Structural and electrical properties of Bi2O3 

2.2.1. Polymorphism and Conductivity of Pure Bi2O3 

Pure Bi2O3 has the feature of polymorphism and its phases are , , , and , 

respectively9 as shown in figure 1-3. Among various phases of Bi2O3, high temperature 

-Bi2O3 has particularly attracted attention of the majority due to its remarkable ionic 

conductivity. However, the high temperature -Bi2O3 is only stable between 729℃ and 

824℃ which is its melting temperature9. Below 729℃, -Bi2O3 start to exhibit phase 

transformation from the cubic -phase to monoclinic -phase possessing poor ionic 

conductivity as shown in figure 1-4. When cooled, Bi2O3 exhibits two metastable phase, 

depending on its thermal history. One is body-centered cubic -phase at 639℃ and the 

other is tetragonal -phase at 650℃9. This polymorphism makes Bi2O3 available only in 

the narrow temperature range between 729℃ and 824℃. 

 

2.2.2. Structure of -Bi2O3 

-Bi2O3 is distinct from general fluorite. The structure of -Bi2O3 is a defect fluorite 

structure with 25% vacant sites in the oxygen sublattice as shown in Figure 1-5. The 

extraordinarily high oxygen vacancies are intrinsic defects, making it the great oxygen 

ion conductor. In the unit cell of -Bi2O3, four bismuth cations occupy face-centered 

cubic (FCC) positions and six anions occupy tetrahedral sites. The ambiguous positions 

of six oxygen anions have drawn a discussion for several decades. Several structure 

models to explain the structure of -Bi2O3 were proposed10–12. However, none of these 

models by itself can not satisfy the result from the neutron diffraction reported by P. D. 
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Battle et al.13 where 3.44 oxygen anions occupy regular 8c sites per unit cell and 2.56 

oxygen anions occupy interstitial 32f sites which is displaced from regular 8c sites 

along the <111> directions. 

 

2.2.3. Stabilization of -Bi2O3 

It is essential to stabilize -Bi2O3 over the wide temperature range due to the its poor 

ionic conductivity of -Bi2O3 appearing below 724℃ and to take advantage of the great 

ionic conductivity of -Bi2O3. Various works reported that doping Bi2O3 with isovalent 

rare earth dopant such as lanthanide and Y3+ 14–17 makes it possible to stabilize -Bi2O3 

down to room temperature. However, phase stabilization is achieved at the expense of 

ionic conductivity because there should be discrepancy in ionic radii between host 

cations and those of the dopant cations. Verkek et al. implemented an investigation 

regarding the relationship between ionic radii of dopant cations and the minimum 

contents of dopant cations required to stabilize the cubic -phase. Figure 1-6 shows the 

relationship between minimum contents and ionic radii. In figure 1-6, the element with 

the lowest contents required to stabilized Bi2O3 is Er3+ and their corresponding 

conductivities are in figure 1-7. As shown in figure 1-7, Verkerk et al. 18 reported that 

erbia-stabilized Bi2O3 exhibits the highest ionic conductivity among singly doped Bi2O3 

systems reported to date. Therefore, it can be concluded that the higher ionic 

conductivity can be obtained as the contents of dopant cation required to stabilize Bi2O3 

decreases. This is because the lower the contents of dopant cation are, the closer the 

lattice constant is to pure -Bi2O3. 
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2.2.4. Conductivity Decay of Stabilized Bismuth Oxides 

In spite of remarkable ionic conductivity of stabilized bismuth oxides, the reason why 

commercial present SOFCs still adopt yttria-stabilized zirconia (YSZ)-based cell is 

quite simple. This is because stabilized bismuth oxides experience conductivity decay 

during extended annealing even at intermediate temperature ranging from 600℃ to 

500℃. Fung et al.19–21 reported that Y2O3-Bi2O3 and Ln2O3-Bi2O3 systems are unstable 

below 700℃ and experience conductivity decay during extended annealing and they 

attributed this conductivity decay to phase transformation from cubic to rhombohedral 

phase. Therefore, it seems like phase transformation from highly conductive cubic to 

rhombohedral phase with lower conductivity is general phenomena of rare earth oxides-

bismuth oxide systems.  

In addition, there is the other phenomenon causing conductivity decay. According to 

Jiang et al.22, if stabilized bismuth oxides are annealed below particular transition  

temperature, ordered structure is formed and this phenomenon is different from phase 

transformation. Wachsman and his coworkers investigated the ordering phenomenon for 

a long time using various characterization tools such as TEM and neutron diffraction7,23–

25.  

 

2.3. Impedance Spectroscopy 

The most general manner to measure the ionic conductivity is impedance 

spectroscopy. In the spectroscopy, predetermined equivalent circuit is used to fit the 

measured impedance data. The nyquist plots of the electroceramic materials 

conventionally consist of three semicircles and can be separable to three regions. Each 
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semicircle is related to the property of grain bulk, grain boundary and electrode process. 

The relaxation frequencies of three regions are different each other. Relaxation 

frequency of grain bulk, fg, is generally higher than that of grain boundary, fgb. Also, this 

fgb is higher than that of electrodes, fe. This kind of nyquist plot is normally fitted using 

sum of parallel RC elements as shown in figure 1-826. For example, one semicircle is 

fitted using one parallel RC element. 

=
−
−

= −
1 + ( ) = 1 + ( ) − 1 + ( ) = − ′′  

where  is angular frequency, C is capacitance, R is resistance, and j is imaginary 

number. Then, this relationship yields 

− 2 + ′′ = 2  

This equation implies ,  when =1 (time constant, =RC). Due to the fact that 

Bi2O3 does not have grain boundary response, in the case of Bi2O3–based electrolytes, 

the resistance of the electrolyte is generally obtained by taking intercept of Z’ axis. The 

ionic conductivity is subsequently calculated by the formula below 

= ·  

where S is the cross-sectional area which is normal to the direction of oxygen ion 

conduction and H is the thickness of the specimen. The activation energy of the 

conduction of oxygen ions is calculated by the equation known as Arrhenius equation as 

follows 

= ·  
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where A is pre-exponential factor which is dependent upon several variables such as 

jumping frequency and jumping directions7. 

 

2.4. Reitveld Refinement 

In 1967, Hugo Reitveld27 established the refinement technique for structural analysis. 

The Reitveld refinement is commonly utilized to investigate the structural information 

of crystalline materials. Structural parameters are refined using the Rietveld refinement 

technique. A diffraction profile is computed based on the proposed structure. This 

computed diffraction profile is compared with an experimental diffraction profile from 

either X-ray diffraction or neutron diffraction. The computed profile from proposed 

structure is refined using the least-square method to obtain the best fit. This best fit is 

fulfilled by modifying structural parameters until it approach the minimized discrepancy 

between computed and experimental intensities. In Reitveld refinement, the diffraction 

output is dealt with as a numerical intensity value, yi, at thousands of each steps, i, of 

the scattering angle, 2 . The greatest fit is observed when the least square is consistent 

with each yi. Therefore, the residual Sy can be described as follows28 

= ( − )  

where wi=1/yi, yi is observed intensity at the ith intensity data point, and yci is computed 

intensity at the ith intensity data point. 

In order to refine lattice parameters, General Structure Analysis System (GSAS) 

software, which was developed by Allen C. Larson and Robert B. Von Dreele at Los 

Alamos National Laboratory, was used. In order to refine several stabilized bismuth 

oxides, reference CIF file containing lattice parameters is needed. Here, CIF No. 
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9009850 corresponding pure -Bi2O3 was used. Figure 1-9 displays the visualized 

information. Basically, in X-ray diffraction, the magnitude of scattering is affected by 

atomic number or electrons, whereas it is affected by atomic nuclei in neutron 

diffraction28. Therefore, relatively light elements, which was impossible to contribute to 

diffraction pattern in X-ray diffraction, can contribute to the resultant diffraction pattern 

in neutron diffraction to some extent, which makes it possible for light elements to be 

detected in neutron diffraction. Considering the fact between neutron diffraction and X-

ray diffraction and several stabilized bismuth oxides of present thesis, oxygen is 

relatively light atom compared to Bi or other dopants so using GSAS software based on 

X-ray diffraction was limitative. Therefore, only lattice constants were refined and 

locating oxygen atoms was impossible. In order to refine the lattice constants, what 

matters was only agreement of the position of peaks between observed pattern and 

computed pattern due to the fact that lattice constants are determined by the position of 

peaks not the intensities so how well intensities were fitted was not the main concern.  
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< Figure 1-1 Comparison of the ionic conductivities of stabilized zirconia, doped ceria 

and stabilized bismuth oxides6 > 
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< Figure 1-2 Basic concept on how the SOFC works29 > 
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< Figure 1-3 Characteristic transition temperature for each phase of the pure bismuth 

oxide30 > 
 

  



 

 13

< Figure 1-4 The typical plot of conductivitiy belonging to polymorphs of the pure 
bismuth oxide > 
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< Figure 1-5 The unit cell of -Bi2O3 > 
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< Figure 1-6 The comparison of minimum concentration required to stabilized the cubic 
fluorite phase in Bi2O3-Ln2O3 systems > 
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< Figure 1-7 The conductivities of (Ln2O3)x(Bi2O3)1-x at 700 and 500℃ where x is the 
upper boundary of Xmin > 
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< Figure 1-8 Typical equivalent circuit consisting of parallel RC elements > 
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< Figure 1-9. Visualized crystallographic information of CIF No. 900985031> 
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3. Mechanism of the conductivity degradation of Er2O3-stabilized Bi2O3 at 600℃ 

 

3.1. Introduction 

Solid oxide fuel cells are one of the most promising energy conversion devices due 

to its great efficiency and fuel flexibility. These advantages of the SOFC can be 

attributed to its high operating temperature. Due to the high operating temperature, the 

most commonly used solid electrolyte for the SOFC is currently yttria-stabilized 

zirconia (YSZ), which is known for outstanding thermal and chemical stability. 

However, the high operating temperature brings about higher system costs, degradation 

rate and slow start-up and shutdown cycles6. In order to avoid such drawbacks of the 

high operating temperature, operating temperature should be reduced. Unfortunately, 

YSZ exhibits the poor ionic conductivity at reduced temperature. 

The -Bi2O3 has attracted much attention due to its remarkable ionic conductivity 

even at lower temperature, 2 orders of magnitude higher than that of stabilized 

zirconia20. The high ionic conductivity of -Bi2O3 is because of its distinct structure 

where 25% of anion sites are intrinsically vacant. In spite of its remarkable ionic 

conductivity, it is hard to incorporate -Bi2O3 into practical SOFCs systems. This is 

because -Bi2O3 is only stable from 729℃ to its melting temperature, 824℃9. 

According to various literatures, -Bi2O3 phase can retain its highly conductive phase 

down to room temperature by doping Bi2O3 with rare earth oxides such as Y3+, Dy3+, 

Er3+ and Yb3+ 14–18 because the discrepancy in ionic radius results in the strain in the 

structure. Among stabilized bismuth oxides, Verkerk et al. 18 reported that erbia-

stabilized bismuth oxide (ESB) exhibited the greatest ionic conductivity.  
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However, stabilized bismuth oxides, even including ESB, experience the 

conductivity degradation on extended annealing at reduced temperature. At near 600℃, 

stabilized bismuth oxides with cubic phase transforms into rhombohedral phase 

possessing low conductivity. This time-dependent conductivity decay at 600℃ with 

respect to ESB has not been investigated yet. Therefore, objective of the present work is 

to figure out the mechanism of conductivity decay of ESB on prolonged annealing at 

600℃. In order to keep track of conductivity decay, disk-shaped polycrystalline pellet 

was subjected to annealing at 600℃ for up to 400h. 

 

3.2. Experimental procedure 

A mixture of 80% Bi2O3 (99.9995% pure) – 20% Er2O3 (99.99% pure) powder from 

Alfa Aesar were ball-milled with zirconia ball media and ethanol in a high-density 

polyethylene bottle for 24h. After drying, the ball-milled powder was calcined at 800℃ 

for 16h in air. Calcined powder was finely ground using mortar and pestle, followed by 

being sieved so that it is possible to get uniform particle sizes and improve sinterability. 

The disk-shaped pellet with 10mm diameter was formed by uniaxially pressing the 

powder under 25MPa. The pellets were subsequently sintered at 890℃ for 16h in air 

and furnace-cooled to room temperature. All the pellets synthesized were >97% of 

theoretical density. After sintering, the pellets were mirror-polished to attain an even 

surface and the almost identical thickness (2mm). Platinum paste from ESL 

Electroscience was applied to both sides of the pellets and the pellets were dried at 120℃ 

to eliminate organic additives. The resultant platinum electrodes were subsequently 

sintered at 800℃ for 30m. Attachment of platinum wire with silver mesh as current 
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collector to pellets was made by mechanical force. 

The phases of as-sintered and annealed samples were confirmed by X-ray 

diffraction with PANanalytical Empyrean using CuK  radiation and 5°≦2 ≦80°. X-

ray diffraction of the ESB was taken every 10h until 130h of annealing time and every 

50h from 130h of annealing time 

The microstructures of as-sintered and annealed samples were examined on a 

scanning electron microscope (PHENOMWORLD Phenom Pro). In order to exclude 

artifacts by polishing process, there was no additional polishing process after annealing, 

and to observe the variation of microstructure, the images were taken at fixed position 

so as to obtain successive images of the annealed samples as annealing time elapsed.  

Electrochemical Impedance Spectroscopy (EIS) was performed through two-probe 

method using a BioLogic VMP-300 over the frequency range from 7MHz to 1Hz and 

an AC amplitude was 50mV. Nulling process was conducted so that unwanted artifacts 

from equipment or leads can be removed. This is because, as mentioned in the 

introduction, Bi2O3-based ionic conductor has very low impedance unlike conventional 

ionic conductors such as stabilized zirconia and doped ceria. Nulling process was 

performed by subtracting impedance of leads without the sample from that with the 

sample. In order to determine activation energy of ESB annealed at 600℃, the 

temperature was cooled down to 400℃ from 600℃ and the impedance was measured 

during cooling process. 

 

3.3. Results and discussion 

Figure 2-1 describes the conductivity degradation of ESB on extended annealing at 
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600℃ and the interval of each point is 10 hours. Ionic conductivity of ESB sigmoidally 

decreased, which implies there are several steps involved in conductivity decay at 

600℃. It was reported that conductivity decay at 600℃ for Y2O3-Bi2O3 system is due to 

the composition-invariant massive transformation from cubic to rhombohedral phase 

with nucleation and growth process19.  

In order to investigate evolution of rhobohedral phase with increasing annealing time 

in Er2O3-Bi2O3 system, X-ray diffraction was carried out for the system. Figure 2-2 

clearly shows the variation of X-ray diffraction patterns with increasing annealing time. 

At the beginning of annealing, there were only peaks corresponding to cubic phase and 

no peaks corresponding to rhombohedral phase. However, intensities of peaks 

belonging to rhombohedral phase get got bigger and that those of cubic phase gradually 

got smaller. One can see there is only trace of cubic phase after 180h of annealing. 

Corresponding variation of microstructure of ESB was displayed in figure 2-3. Each 

image was taken at the same position using low vacuum SEM. At the beginning of 

annealing, cubic phase was dominant, whereas platelet-shaped phase was dominant 

after long period of annealing time. It was reported that the platelet type microstructure 

of yttria-stabilzed Bi2O3 (YSB) after annealing at 650℃ belonged to the rhombohedral 

phase32. The platelet structure of ESB annealed at 600℃ does not look different. 

Therefore, the formation of platelet microstructure of stabilized Bi2O3 annealed at near 

600℃ appear to be general trend. 

The fraction of rhombohedral phase transformed in ESB was calculated using the 

formula as follows20 
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( ) = ( ) + ( )

( ) + ( ) + ( )
 

where  and  stand for the integrated peak intensities of the cubic and 

rhombohedral reflections, respectively. It was clear that the trend of conductivity 

degradation reversely resembles that of the evolution of rhombohedral phase as shown 

in figure 2-4. The trend of evolution of rhombohedral phase followed the behavior  

expressed by the Avrami equation21 

( ) = 1 −  

where  is the pertinent time constant and m is a dimensionless parameter which 

depends on the controlling mechanism (diffusion or interface) and the morphology of 

the second phase. Rearrangement of the equation yields 

ln ln 1
1 − ( ) = ln  

In addition, the time-dependent decay of the ionic conductivity can be expressed by an 

empirical equation33 

( ) = (∞) + (0) − (∞)  

where (0) is the initial conductivity, (∞) is the conductivity at infinite time,  is a 

pertinent time constant, and  is a dimensionless parameter. The longer the time 

constant, the more stable is the structure. This empirical equation is strongly 

reminiscent of the Avrami equation. Rearrangement of the empirical equation yields  

ln − ln ( ) − (∞)
(0) − (∞) = ln  

The evolution of rhombohedral phase and time-dependent conductivity decay was 

plotted using each rearranged equation, and the results are in figure 2-5. The time 



 

 24

constant calculated from the fitted plot were 65h and 52h for the evolution of 

rhombohedral phase and the conductivity decay, respectively. This discrepancy in time 

constants implies that the conductivity decreased at the faster rate than that of the 

evolution of rhombohedral phase. Therefore, it can be assumed that there are other 

phenomena affecting the conductivity decay at 600℃ other than the phase 

transformation from cubic to rhombohedral phase. Wachsman et al.7 reported that the 

time-dependent decay of the conductivity at 500℃, so called aging also known as 

order-disorder transition, accompanies the displacement of most of the oxygen ions 

from its regular 8c sites to interstitial 32f sites along <111> directions, thereby resulting 

in decrease in activation energy for the conduction of oxygen ions. This is because the 

mechanism of oxygen conduction does not follows direct path along <100> directions 

due to the rigid lattice on cations. Rather than following <100> directions, conduction 

mechanism of oxygen ions involves octahedral sites and 32f sites but oxygen ions do 

not pass through the octahedral sites. Therefore, because oxygen conduction follows 8c-

32f-Octa-32f-8c not <100> directions, activation energy gets smaller when it is aged 

compared to that of unaged sample where most of the oxygen ions are in 8c sites. 

According to the fact, we measured activation energy of ESB annealed for different 

periods of time at 600℃ in order to investigate the probability of aging effect on 

conductivity decay. Figure 2-6 contains the measured conductivity of ESB after 

annealing. Activation energy was calculated using the Arrhenius equation as follows 

=  

where A stands for pre-exponential factor and the others stand for their conventional 

meaning. Rearrangement of the Arrhenius equation yields 
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ln( ) = − ∙ 1 + ln  

The calculated activation energy after annealing was 1.01eV. Compared to 1.2eV prior 

to annealing, activation energy decreased and reduced activation energy is comparable 

to what was reported by Wachsman et al.7, 1.04eV. Also, pre-exponential factor was also 

significantly decreased. Decreased pre-exponential factor make it clear why 

conductivity decreased even though the activation energy decreased. It is reasonable to 

consider the phase transformation from isotropic (cubic) phase to anisotropic 

(rhombohedral) phase would result in the increased activation energy at first glance. 

Thus, in the aspect of the reduced activation, it seems plausible to attribute discrepancy 

in time constants to combined effect of phase transformation from cubic to 

rhombohedral phase and order-disorder transition, and conduction of oxygen is still 

governed by ordered cubic phase occupying minor contents not the rhombohedral phase 

occupying major contents even after hundreds of annealing time as roughly shown in 

figure 2-7. 

 

3.4. Conclusion 

ESB experienced conductivity decay on prolonged annealing at 600℃. However, 

time constant belonging to the evolution of rhombohedral phase and that belongs to 

conductivity decay was slightly different. This different time constant turned out to be 

due to the additional mechanism involved in conductivity decay being the order-

disorder transition. Therefore, it seems like conductivity decay at 600℃ is not solely 

due to the phase transformation but the combined phenomenon of phase transformation 

and order-disorder transition. According to the microstructure analysis by SEM, there 
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are nucleation and growth process ruling the conductivity decay at characteristic 

annealing time. 

  



 

 27

< Figrue 2-1. The conductivity degradation behavior on extended annealing at 600℃ > 
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< Figure 2-2. Variation of X-ray diffraction pattern of 20ESB according to annealing 
time > 
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< Figure 2-3. Variation of microstructure of ESB during annealing at 600℃: (a) 0h, (b) 
20h, (c) 40h, (d) 100h, (e) 180h >  
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< Figure 2-4. The evolution of rhombohedral phase in 20ESB and its comparison with 
conductivity decay at 600℃ > 

  



 

 31

< Figure 2-5. Plots of ln(ln(1/(1-X(t))) and ln(-ln(( (t)- (∞))/( (0)- (∞)))) vs. lnt for 
20ESB > 
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< Figure 2-6. Arrhenius plots of 20ESB prior to and after annealing at 600℃ > 
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4. Enhanced long-term stability of Bi2O3-based oxygen ion conductor 

 

4.1. Introduction 

-Bi2O3 has attracted much attention from the SOFC field due to its remarkable ionic 

conductivity. The great ionic conductivity of -Bi2O3 is due to its distinct structure 

where 25% of anion sites are intrinsically vacant34. However, -Bi2O3 has very narrow 

temperature range for its phase stability, ranging from 729℃ to its melting temperature, 

824℃9. Below the 729℃, -Bi2O3 transforms into either tetragonal  or BCC  phase 

then, it finally transforms into monoclinic  phase. The phase transition can be 

overcome and it is possible to attain  phase over the wide temperature range by doping 

Bi2O3 with rare earth isovalent dopants (RE3+) such as Dy3+, Er3+, Y3+ and Yb3+14–18. 

Among various stabilized bismuth oxides, Verkerk at al.18 reported that erbia-stabilized 

Bi2O3 (ESB) exhibited the highest ionic conductivity. Although stabilized Bi2O3 

maintain the cubic fluorite structure as -Bi2O3 does, the ionic conductivity is some 

what lower than that of pure -Bi2O3 due to the mismatch of cation radii between Bi3+ 

and RE3+. Also, stabilized bismuth oxides experience phase transformation from cubic 

to rhombohedral phase on extended annealing at 600℃. Fung at al.20 reported that the 

addition of small amount of aliovalent dopant such as Zr4+ and Th4+ results in improved 

stability against phase transformation and corresponding conductivity decay in Y2O3-

Bi2O3 system. In addition, Huang et al.35 also reported that Ce4+ also improves phase 

stability on annealing at 600℃ in the same system. However, the effect of aliovalent 

dopants on the stability of ESB at 600℃ has not been investigated yet, although ESB is 

the greatest oxygen ion conductor among singly doped bismuth oxides. Therefore, the 
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objectives of the present work are to confirm the effect of aliovalent dopants on the 

phase stability of ESB at 600℃ and to investigate how aliovalent dopants lead to 

improved stability of ESB. In order to crystallographic information was obtained by 

GSAS analysis36 and the electrochemical performance and long-term stability was 

evaluated by conventional two-probe impedance spectroscopy. 

 

4.2. Experimental procedure 

A mixture of Bi2O3 (99.9995% pure) – Er2O3 (99.99% pure) – MO2 (M=Ti, Zr and 

Ce) powder from Alfa Aesar were ball-milled with zirconia ball media and ethanol in a 

high-density polyethylene bottle for 24h. After drying, the ball-milled powder was 

calcined at 800℃ for 16h in air. Calcined powders (denoted by xETSB, xEZSB and 

xECSB according to the contents of MO2, respectively) were finely ground using mortar 

and pestle, followed by being sieved so that it is possible to get uniform particle sizes 

and improve sinterability. The disk-shaped pellet with 10mm diameter was formed by 

uniaxially pressing the powder under 25MPa. The pellets were subsequently sintered at 

890℃ for 16h in air and furnace-cooled to room temperature. After sintering, the pellets 

were mirror-polished to attain an even surface and the almost identical thickness (1.5 ~ 

2mm). Platinum paste from ESL Electroscience was applied to both sides of the pellets 

and the pellets were dried at 120℃ to eliminate organic additives. The resultant 

platinum electrodes were subsequently sintered at 800℃ for 30m. Attachment of 

platinum wire with silver mesh as current collector to pellets was made by mechanical 

force. 
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The phases of as-sintered and annealed samples were confirmed by X-ray diffraction 

with PANanalytical Empyrean using CuK  radiation and 5°≦2 ≦80°. 

Electrochemical Impedance Spectroscopy (EIS) was performed through two-probe 

method using a BioLogic VMP-300 over the frequency range from 1MHz to 1Hz and 

an AC amplitude was 50mV. Nulling process was conducted so that unwanted artifacts 

from equipment or leads can be removed. This is because, as mentioned in the 

introduction, Bi2O3-based ionic conductor has very low impedance unlike conventional 

ionic conductors such as stabilized zirconia and doped ceria. Nulling process was 

performed by subtracting impedance of leads without the sample from that with the 

sample.  

 

4.3. Results and discussion 

4.3.1. X-ray diffraction 

Figure 3-1 indicates the X-ray diffraction patterns of EZSB investigated where C and 

U stand for cubic and unknown phase, respectively. It is clear that the solubility limit is 

5EZSB and above the solubility limit, unknown secondary phase appears. Each X-ray 

diffraction pattern was analyzed using GSAS36 as shown in figure 3-2. Figure 3-3 

summarizes the variation of lattice constant of EZSB as a function of ZrO2 contents. 

When little amount of Zr4+ is added to the Er2O3-Bi2O3 system, lattice constant 

decreases due to the smaller ionic radius of Zr4+ than that of Bi3+. However, one can 

observe that there is minimum lattice constant for 5EZSB. This is thought to be due to 

the unknown secondary phase. Secondary phase might consist of Er and Zr. In this 

situation, stoichiometric relation in Er2O3-Bi2O3-ZrO2 system is ambiguous because 

secondary phase takes unknown portion of Er and Zr from EZSB, resulting in 
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complexity of composition which affects lattice constant. 

 

4.3.2. Long-term stability 

Conductivity degradation behavior of each EZSB sample is shown in Figure 3-4. As 

shown in figure, the magnitude of conductivity degradation of EZSB is the lowest for 

5EZSB and the biggest for 1EZSB. It can be explained by considering that the 

conductivity decay is due to the phase transformation triggered by atomic diffusion. 

Huang at al.35 reported that Ce4+ suppresses the conductivity decay in Y2O3-Bi2O3 

system because supervalent cations tend to expel the oxygen vacancies from its nearest-

neighbor, which gives rise to blocking the co-operative atomic diffusion. As shown in 

figure 3-3, the lattice constant of 5EZSB are the lowest, making the atomic diffusion 

hard due to the strong bonding between cations and anions. This strong bonding makes 

it hard for cations to make movement in order to reconstruct crystallographic structure, 

thereby transforming into rhombohedral phase. 

 

4.3.3. Size effect 

In order to investigate the effect of size of dopants on long-term stability, 5ETSB, 

5EZSB and 5ECSB were investigated because 5EZSB was the solubility limit, and Ti4+, 

Zr4+ and Ce4+ are all isovalent and have different ionic radii so that direct comparison is 

available. Figure 3-5 gives the information on X-ray diffraction pattern of 5ETSB, 

5EZSB, 5EHSB and 5ECSB, respectively. All the samples investigated exhibited the 

single cubic fluorite phase as is the case of 5EZSB. Long-term stability of each sample 

is displayed in figure 3-6. The magnitude of conductivity decay was the highest for 

ECSB and the lowest for EZSB. Although EZSB looks most stable, ETSB is as stable as 
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EZSB at first glance so it is hard to definitely say that EZSB is the most stable. 

However, according to figure 3-7, ETSB contains the other secondary phase other than 

rhombohedral phase unlike EZSB and ECSB. This is thought to be due to the fact that 

Ti is transition metal. Therefore, it is expected that this secondary phase will accelerate 

the conductivity decay of ETSB so conductivity of ETSB would decrease at the faster 

rate than that of EZSB after enough annealing time. Also, according to the result, it 

seems like ionic radius of Zr4+ is the optimum radius. Difference in ionic radius between 

Zr4+ and Ce4+ (0.13Å) is bigger than that of Zr4+ and Ti4+(0.1Å) from the ionic radius 

reported by Shannon37. 

 

4.4. Conclusion 

Effect of contents of ZrO2 on long-term stability was examined and the most stable 

state was obtained when 5% of ZrO2 was added into Er2O3-Bi2O3 system. This is due to 

the strongest bonding between Bi3+ and O2-, which blocks the co-operative atomic 

diffusion affecting the phase transformation. The effect of cation size was also 

investigated and it turned out that the stability of ESB against phase transformation at 

600℃ was the highest for the sample with ZrO2 and the lowest for the sample with 

CeO2.  

  



 

 38

< Figure 3-1. X-ray diffraction patterns of various EZSB > 
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< Figure 3-2. Refined output of various EZSB: (a) 1EZSB, (b) 3EZSB, (c) 5EZSB and 

(d) 7EZSB> 
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< Figure 3-3. The variation of lattice constant as a function of ZrO2 contents > 
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< Figure 3-4. Comparison of conductivity decay as a function of ZrO2 contents > 
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< Figure 3-5. X-ray diffraction pattern of 20ESB with various aliovalent dopants and he 

lattice constants > 
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< Figure 3-6. The comparison of conductivity decay according to aliovalent dopants 

with different ionic radii > 
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< Figure 3-7. X-ray diffraction patterns of ETSB, EZSB and ECSB after annealing > 
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5. Conclusion 

 

20ESB experiences conductivity degradation at 600℃ from 1356 × 10  down to 

4.5 × 10  S/cm. Therefore, to better understand the nature of Bi2O3-based ionic 

conductor at 600℃, the conductivity degradation mechanism in Er2O3-Bi2O3 system at 

600℃ was investigated. The conductivity degradation was attributed to the phase 

transformation from cubic to rhombohedral phase through X-ray diffraction taken every 

10h due to the resemblance between the evolution of rhombohedral phase and the 

conductivity decay. The resemblance was quantitatively compared by the pertinent time 

constant from fitted data using the avrami equation and an empirical equation of 

conductivity decay. However, the time constant was 52h for conductivity decay and 65h 

for the evolution of the phase transformation. This discrepancy in the time constant 

implies there is additional mechanism involved in conductivity decay other than the 

phase transformation. This unknown mechanism turned out to be order-disorder 

transition because there was variation in the low temperature activation energy. The low 

temperature activation energy of an as-sintered sample was 1.2eV. However, after it was 

annealed at 600℃, the low temperature activation energy decreased from 1.2eV down to 

1.01eV. Therefore, the conductivity decay now can be attributed to the combined effect 

of the phase transformation and the order-disorder transition. 

In order to improve the long-term stability of Bi2O3-based electrolytes, new ESB-

based electrolytes with 1, 3, 5, 7, 9% ZrO2 were investigated. Among them, the 

solubility limit was 5%, and ESB with 5% ZrO2 showed the higher stability compared 

to other electrolytes with ZrO2. This higher stability can be attributed to the shortest Bi-
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O bond length, which blocks co-operative oxygen conduction involved in the phase 

transformation. In addition, in order to investigate the effect of ionic radius of aliovalent 

dopants, the same contents of TiO2, ZrO2 and CeO2 were added to Er2O3-Bi2O3 system. 

Of the samples investigated, ESB with ZrO2 showed the higher stability compared to 

that of ESB with TiO2 and CeO2. The least stable one was ESB with CeO2. 
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6. 요약문 

비스무스기반 이온전도체의 600℃ 에서의 이온전도도 저하 원인 

규명 및 이온전도도 저하 개선 
 

본 논문은 고체산화물 연료전지에서 주목 받고 있으며 초이온전도성을 가지고 있는  

비스무트 계열의 고체산화물 이온전도체의 섭씨 600 도에서의 장기간 구동에서 

일어나는 이온전도도 열화의 메카니즘 규명과 이 성능저하를 막기 위한 연구를 

진행하였다. 본 연구에서는 X 선 회절을 이용해 분석한 결과 구동시간이 증가함에 

따라서 ESB 의 상이 cubic 에서 rhombohedral 상으로 상변이가 일어나는 것을 

확인하였으며 또한, rhobohedral phase 가 차지하는 분율의 증가 개형과 이온전도도가 

감소하는 개형이 유사한 모습을 가지는 것을 관찰 하였다. 하지만 rhombohedral 

phase 의 분율증가에 대한 시간상수는 65 시간인 반면 이온전도도 감소에 대한 

시간상수는 52 시간으로 서로 다른 결과를 발견하였다. 이에 비추어보면 이온전도도 

감소에는 상변이 외에도 다른 메카니즘이 결합되어 있는 것 같다고 생각되어, 이에 

따라서 저온영역에서의 활성화 에너지를 성능저하 전과 성능저하 이후에 각각 

측정해보았더니 성능 저하 이전에는 1.2eV 였던 활성화 에너지가 1.01eV 로 감소한 

것을 확인하였는데 이러한 활성화 에너지 감소는 비스무트 기반 전해질의 anion 

sublattice 에서 일어나는 order-disorder transition 의 대표적인 특징이다. 따라서 

비스무트 기반 이온전도체의 섭시 600 도에서 일어나는 이온전도도 감소는 상변이와 

음이온 sublattice 에서 일어나는 order-disorder transition 두 가지의 메카니즘에 

의한 복합적 영향임을 밝혀내었다.  

이처럼 비스무트 기반 이온전도체가 가지는 성능저하의 단점을 개선하기 위해서 

비스무트 양이온보다 높은 산화수를 가지는 aliovalent dopant 를 ESB 에 첨가하였다. 

그러한 aliovalent dopant 중에서 ZrO2 를 농도별로 다르게하여 ESB 에 첨가한 후, 
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ZrO2 함량에 따른 안정성을 확인 하였으며 ZrO2 의 최대 용해도는 5% 였다. 샘플의 

장기간 상안정성 또한 ZrO2 가 5% 첨가되었을 때 안정성이 가장 높아지는 것을 

확인하였으며 또한 이 조성에 대해서 격자상수와 Bi-O 결합길이가 가장 짧은 것을 

확인 하였다. 상변이는 원자확산에 의해서 일어나므로 결합길이가 짧아질수록 양이온과 

음이온의 결합이 강해지고 이는 원자확산을 어렵게하여 결국 상변이를 어렵게하여 

안정성이 높아진 것으로 생각된다. 마지막으로 aliovalent dopant 의 이온반지름이 

안정성에 미치는 결과를 확인해보기 위해서 산화수는 같지만 이온반지름이 다른 TiO2, 

ZrO2, CeO2 를 이용하였다. 그 결과 안정성이 가장 높았던것 은 ZrO2 을 포함 한 

경우였고 가장 안정성이 낮은 것은 CeO2 를 포함 하는 경우였다 즉 안정성은 Zr > Ti 

> Ce 순이 었다. 따라서 비스무스 양이온 격자에서 상변이를 막기위한 최적의 

도펀트의 반지름은 Zr4+ 의 그것이라고 생각된다. 따라서 Ce 를 포함하는 샘플의 

장기간 상안정성이 가장 낮았던 이유는 Ce4+ 의 이온반지름이 최적의 반지름으로부터 

큰 차이를 가지고 있기 때문이라고 생각 된다. 

 
핵심어 : 안정화 비스무스, 이온전도도, 상변이 
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7. Appendix – Guide to carrying out GSAS software 
 

GSAS is useful and universal software enabling us to refine lattice parameters. Brief 

procedure of how to use GSAS will be stated. 

In order to refine lattice parameters of an interested material, reference CIF file is 

needed. Inserting CIF file is done by clicking Add Phase on initial screen of GSAS. 

Then, one needs to select Crystallographic Information File (CIF) on the bottom of 

right side. CIF files of interest are easily accessible on the internet. Here, CIF file No. 

9009850, corresponding to pure -Bi2O3, was chosen to refine Bi2O3-based materials. 

Now, the background should be determined. The background can be determined in 

either automatic or manual way. Edit Background is not available yet. In order to 

manually determine the background, one needs to move to Powder section then, click 

Add New Histogram in powder section. Once Add New Histogram window appears, two 

files are needed. One is experimental diffraction file and the other is instrument 

parameter file containing the information on diffraction equipment. After two files are 

inserted, Edit Background is now available. Now it is ready to refine lattice parameters. 

Because oxygen has substantially smaller electron density compared to that of bismuth, 

it is almost impossible to locate oxygens. Hence, only lattice constant can be refined. In 

order to refine lattice constant, one should check yellow box named Refine Cell in phase 

section then, click genles which enables lattice constant to be refined. Precise agreement 

of intensities between computed and experimental one can be visually confirmed by 

liveplot. On the basis of X-ray diffraction pattern, what to focus on is precise position 

not the intensity. Therefore, once position is well consistent, it is okay to quit refinement. 
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