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Abstract

Bi2O3 compositions were prepared to investigate the effect of rare earth metal oxides as co-dopants on phase stability of bismuth oxide.

Compositions containing 9–14 mol% of Y2O3 and Er2O3 were synthesized by solid state reaction. The structural characterization was carried out

using X-ray powder diffraction. The XRD results show that the samples containing 12 and 14 mol% total dopants had cubic structure, whereas the

samples with lower dopant concentrations were tetragonal. Comparing the lattice parameters of the cubic phases of

(Bi2O3)0.88(Y2O3)0.06(Er2O3)0.06 and (Bi2O3)0.86(Y2O3)0.07(Er2O3)0.07 revealed that lattice parameter decreases by increasing the dopant

concentration. The XRD pattern and the powder density results indicated the formation of solid solution in the studied systems. After annealing

samples with cubic phase at 600 8C for various periods of time, phase transformation to tetragonal and rhombohedral occurs.
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1. Introduction

Solids with high oxide ion conductivity are currently subject

of considerable research interests, because of their potential

technological application as ceramic electrolytes in Solid

Oxide Fuel Cell (SOFC). At present yttria-stabilized zirconia

(YSZ) is the most common electrolyte material, which must be

operated above 800 8C to gain high ionic conductivity. Number

of oxides possess higher ionic conductivity than YSZ providing

the possibility of operating SOFC at lower temperatures [1–3].

It is well known that the high temperature phase of Bi2O3, d-

Bi2O3, is one of the best ionic conductor. The conductivity of d-

Bi2O3 is two orders of magnitude higher than that of YSZ at the

same temperature. The high temperature d-Bi2O3 phase

crystallizes in a fluorite structure having two vacant oxygen

sites in oxygen sublattice. The large number of oxygen

vacancies and high anion mobility of d-Bi2O3 result in high

ionic conductivity [4–6].
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However, d-Bi2O3 is stable only at the narrow temperature

range of 730 8C to its melting point, 825 8C. Below 730 8C, the

a-Bi2O3 phase (monoclinic structure) is stable and the

electronic conductivity dominates. Instability of d-Bi2O3

restricts its application as a solid electrolyte [1,7].

Several researchers have investigated the possibility of cubic

phase stability by adding different metal oxides. It has been

reported that the high temperature d-Bi2O3 phase can be

stabilized at room temperature by doping rare earth metal

oxides [7–11].

During the investigation of Bi2O3–Ln2O3 systems, it was

observed that in cubic solid solution, a time dependent

transformation to phases with lower ionic conductivity occurs

by annealing at temperatures below 730 8C. [8–11].

In recent years, several studies have been carried out on co-

doping systems [4,12–16], indicated stabilization of the cubic

phase over wide ranges of temperature [12].

Jiang et al. [13] showed that by combination of metal oxides

(Dy2O3 and WO3) they were able to obtain the cubic phase in

sample containing lower dopant (11–17 mol%) with higher

conductivity comparing to these single dopants.

Hsieh et al. [15] concluded that the formed phase is

dependent upon dopant concentration in a Bi2O3–WO3–Y2O3
d.
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system based on the following observations: the as-sintered

(YO1.5)0.1(WO3)0.15(BiO1.5)0.75 exhibited a single cubic at

room temperature; samples formulated as

(YO1.5)x(WO3)0.15(BiO1.5)0.85�x (x = 0.2, 0.3, and 0.4) con-

sisted of a cubic fluorite structure and rhombohedral Y6WO12.

After heat treatment at 600 8C for 200 h, transformation from

cubic to rhombohedral was observed in the sample formulated

as (YO1.5)0.2(WO3)0.15 (BiO1.5)0.65.

Studies on Bi2O3–Er2O3–WO3 system [4] indicated that d-

Bi2O3 phase transformed after several repetitive long-term heat

treatment at 600 8C.

In the present study, we examined room temperature crystal

structure and possibility of stable cubic phase based samples

containing Er2O3 and Y2O3 co-dopants after annealing at

600 8C. Structural investigation was carried using X-ray

diffraction (XRD).

2. Experimental procedure

2.1. Sample preparation

All samples were synthesized by solid-state reaction

between Bi2O3 (Merck, 99.9%), Y2O3 (Merck, 99%) and

Er2O3 (Aldrich, 99%).

The appropriate amounts of Y2O3 and Er2O3 dopants and

Bi2O3 were weighed for six different samples as shown in Table

1. In all samples, a Er2O3/Y2O3 ratio of one was studied, but for

the ones with dopant concentration of 10 mol%, the two

additional ratios of 0.5 and 2 were also studied.

After ball milling with acetone for 20 min, the powder

mixtures dried. Subsequently, the powder was pressed into

disks by uniaxial die pressing at 80 Mpa. The green disks were

sintered in air at 850 8C for 24 h.

The sintered samples with cubic phase were annealed at

600 8C for several hours (24–120 h) to characterize phase

transformation.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns of all samples

were collected using Siemens D500 diffractometer with Cu-Ka

radiation (l = 1.5418 Å) to determine the phases present in

both sintered and annealed samples. Lattice parameter was

measured for sintered samples with cubic structure based on the

data collected over the 2u range from 208 to 808.
Table 1

Mol percentage of the compounds used for six different compositions of Bi2O3–

Y2O3–Er2O3 system.

Composition Bi2O3 (mol%) Y2O3 (mol%) Er2O3 (mol%)

4.5Y4.5Er 91 4.5 4 .5

3.3Y6.7Er 90 3.3 6.7

5Y5Er 90 5 5

6.7Y3.3Er 90 6.7 3.3

6Y6Er 88 6 6

7Y7Er 86 7 7
Powder density was measured by a helium gas pycnometer

(Micromeritics, Accupyc1330).

3. Results and discussion

Fig. 1 shows XRD pattern of sintered (Bi2O3)0.91(Y2O3)0.045

(Er2O3)0.045 sample containing 9 mol% total dopants. The

pattern corresponds to tetragonal and cubic phases. XRD pattern

for the samples of (Bi2O3)0.9(Y2O3)0.1�x(Er2O3)x (x = 0.033,

0.05, 0.067), containing 10 mol% total dopants with different

concentrations of Y2O3 and Er2O3 dopants, is given in Fig. 2. As

shown in XRD pattern, broadening of the (2 0 0), (2 2 0) and

(3 1 1) reflections and asymmetry of (2 0 0) peak in

(Bi2O3)0.9(Y2O3)0.067(Er2O3)0.033 is attributed to b-Bi2O3-type

tetragonal structure. Indeed, in all samples, containing 10 mol%

dopants with different Er2O3/Y2O3 ratios, the tetragonal phase

formed.

The XRD patterns in Fig. 3 indicates that (Bi2O3)0.88

(Y2O3)0.06(Er2O3)0.06 and (Bi2O3)0.86(Y2O3)0.07(Er2O3)0.07

samples containing 12 and 14 mol% total dopants respectively

exhibit cubic structure, which indicates that the duration and

temperature of sintering are suitable for solid solution

formation.

Table 2 shows the lattice parameters of samples containing

cubic phase. According to Table 2, the lattice parameters of

cubic phase in doped samples are lower than that of pure

bismuth oxide (5.6595 Å [2]). Since the ionic radius of Er3+ and

Y3+ are smaller than the ionic radius of Bi3+, if the dopant

cations are substituted in bismuth oxide lattice, the lattice

shrinks and the lattice parameters reduces. From a comparison

between the unit cell parameters of the given samples in Table

2, the lattice parameter decreases as the dopant concentration

increases, which indicate the solid solution formation. These

results agree with the observations from the work done by

Ekheilikar et al. on Bi2O3–Y2O3 [17] systems.

Lattice shrinkage caused by smaller cations decreases the

atomic movement and prevents the transformation from cubic

phase to monoclinic which end the formation of cubic phase at

room temperature.
Fig. 1. XRD patterns of cubic and tetragonal phases for the sample containing

9 mol% total dopants.



Fig. 2. XRD Pattern of samples containing 10 mol% total dopant content.

Table 2

Lattice parameter of Bi2O3–Y2O3–Er2O3 system.

Composition Lattice parameter (Å)

7Y7Er 5.505

6Y6Er 5.513

Table 3

Theoretical densities of interstitial and substitutional solid solutions of

(Bi2O3)0.88(Y2O3)0.06(Er2O3)0.06.

Model Calculated density (g/cm3)

1 8.853

2 9.962
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Dopant cations can be substituted or placed in interstitial

sites of bismuth oxide lattice. The two possible models that can

be suggested are:

All cations (Er3+, Y3+ and Bi3+) occupy their normal sites in

the fluorite structure

M2O3�!
B2O3

2Mx
Bi þ 3Ox

O M ¼ Er; Y

Bi4ð1�xÞM4xO6 (1)

All Bi3+ ions occupy their normal sites in the fluorite structure

and Er 3+ and Y3+ ions occupy interstitial sites.

M2O3! 2M
���

i þ 2V000M þ 3V
��

O þ 3O00i M ¼ Er; Y

Bi4M4x=ð1�xÞO6=ð1�xÞ (2)

In order to calculate the theoretical densities of samples for

the characterization of solid solution, the Eqs. (1) and (2) are

used for the calculation of mass and the lattice volume obtained

from lattice constant.
Fig. 3. XRD Pattern of cubic stabilized bismuth oxide with 12 and 14 mol%

total dopant content.
Comparison between the calculated densities (given in Table

3) and the powder density (8.932 g/cm3) of 6Y6Er indicates

that model 2 is quite improbable and Er3+ and Y3+ cations

substitute in bismuth oxide lattice.

Samples with cubic phase, (Bi2O3)0.88(Y2O3)0.06(Er2O3)0.06

and (Bi2O3)0.86(Y2O3)0.07(Er2O3)0.07, were annealed at 600 8C
to investigate stability of the cubic phase.

As shown in Fig. 4, in the sample (Bi2O3)0.88(Y2O3)0.06(-

Dy2O3)0.06, the cubic phase transformed to tetragonal after 24 h

and rhombohedral phase is formed after 120 h. According to

research on bismuth oxide doped with rare earth metal oxides

[8,11], cubic to rhombohedral phase transformation is

diffusional transformation which is thermally activated and

depends on time. Consequently, cubic phase transforms to

rhombohedral phase after 120 h heat treatment.

XRD pattern of (Bi2O3)0.86(Y2O3)0.07(Er2O3)0.07 annealed at

600 8C for 24 and 48 h is given in Fig. 5. The XRD pattern

corresponds to cubic and rhombohedral phases after 24 h

(Fig. 5a), whereas after 48 h (Fig. 5b) the intensity of

rhombohedral peak increased.

The volume fraction of transformed phase for annealed

samples was estimated by the intensity peak of rhombohdral
Fig. 4. XRD pattern of (Bi2O3)0.88(Y2O3)0.06(Er2O3)0.06 after annealing at

600 8C after 24 h and 120 h.



Fig. 5. XRD pattern of (Bi2O3)0.86(Y2O3)0.07(Er2O3)0.07 after annealing at

600 8C for a) 24 h and b) 48 h.
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phase (IR) and tetragonal phase (It) as follows:

V2 ¼
IR

IR þ It

The calculated concentrations of transformed rhombohedral

phase at different times (see Table 4) show a progressive

transformation indicated by a reduction in cubic phase and an

increase in rhombohedral concentration.

According to heat treatment results, the cubic structure is

thermodynamically metastable and phase transformation

occurs to reduce Gibbs free energy of system.

In doped Bismuth oxides, phase transformation is a

diffusional process. Atomic movement and diffusion become
Table 4

Concentrations of phases after heat treatment in (Bi2O3)0.86(Y2O3)0.07-

(Er2O3)0.07.

Phase Annealing after 24 h Annealing after 48 h

Cubic 97 81

Rhombohedral 3 19
difficult due to the lattice shrinkage by smaller dopant cations

and need more time to diffuse, consequently cubic phase

remains at room temperature metastably. Indeed adding

dopants only affect the kinetics of phase transformation. Heat

treatment under critical temperature supplies activation energy

and facilitates the atomic movement and diffusion therefore

transformation occurs.

4. Conclusion

Based on the investigation in the ternary Bi2O3–Y2O3–Er2O3

system, the d-Bi2O3 phase formed in compositions containing 12

and 14 mol% of Y2O3 and Er2O3 total co-dopants at room

temperature. In samples with lower dopant content including

(Bi2O3)0.91(Y2O3)0.045(Er2O3)0.045 and (Bi2O3)0.9 (Y2O3)0.1�x

(Er2O3)x (x = 0.033, 0.05, 0.067) tetragonal phase formed.

Calculated lattice parameters of (Bi2O3)0.88 (Y2O3)0.06(Er2O3)0.06

and (Bi2O3)0.86(Y2O3)0.07(Er2O3)0.07 revealed that lattice para-

meters decreased compared to pure bismuth oxide. Comparing

the powder density of (Bi2O3)0.88(Y2O3)0.06(Er2O3)0.06 with

theoretical densities implies that dopant cations are substituted in

bismuth oxide lattice. Substitution of smaller cations Y3+ and Er3+

shrinks the cubic lattice and causes to formation d-Bi2O3 at room

temperature. Investigation on heat treatment at 600 8C on

(Bi2O3)0.88(Y2O3)0.06(Er2O3)0.06 and (Bi2O3)0.86(Y2O3)0.07

(Er2O3)0.07 indicates that the room temperature formed d-

Bi2O3 phase is metastable and transformed to rhombohedral after

heat treatment for periods of time. Indeed, substituting the smaller

cations in bismuth oxide lattice inhibits diffusion of ions and it

takes longer to diffuse. Heat treatment supplies the activation

energy to diffuse and subsequently, phase transformation occurs.
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