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Figure S1 shows the data of Rietveld analysis of XRD for Ba2In2O5 at room 
temperature. The characteristic super-lattice peaks of orthorhombic Ba2In2O5 were 
clearly observed in Figure S1(ⅰ).

Figure S1. Rietveld analysis of XRD for Ba2In2O5 at room temperature. (ⅰ): 2θ range 
(60º≦ 2θ ≦80º), (ⅱ): 2θ range (20º≦ 2θ ≦130º). 
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Table S1 summarized the refined structural parameters of Ba2In2O5 at room temperature 
shown in Figure S1..

      Table S1. Refined structural parameters of Ba2In2O5 at room temperature.
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Figure S2. presents XRD patterns taken from BIZZO-0.3 at room temperature and 
1273K. As shown in Figure S2, the XRD peaks taken from BIZZO-0.3 at 1273K 
conspicuously shifted into low diffraction angle region (i.e. high d-value region) as 
compared with XRD peak observed for BIZZO-0.3 at room temperature. This is 
attributable to thermal expansion of the lattice of BIZZO-0.3 at 1273K. 

Figure S2. XRD pattern and its magnified pattern observed for BIZZO-0.3 at room 
temperature and 1273K.
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On the basis of this result, we calculated the volume change of BIZZO-0.3 which is 
attributable to the thermal expansion of BIZZO-0.3 by using Rietveld analysis data as 
follows (see Table S2.);

Table S2. Lattice volumes estimated by Rietveld analysis data.

Volume change of BIZZO-0.3 lattice which is attributable to thermal expansion 

   =  [(618.3 – 612.8) / 612.8] x 100 

   =  0.89 (vol%)
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Figure S3. presents TEM images taken from Ba2In1.7(Zn0.5,Zr0.5)0.3O5. (a): <100> on 
zone image taken from Ba2In1.7(Zn0.5,Zr0.5)0.3O5, (b) FFT patterns of <100> on zone 
images and (c): IFFT images taken from FFT patterns.   

(a)

 (b)
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  (c) 

Figure S3. (a)TEM <100> zone images ((ⅰ) – (ⅳ)), (b)FFT <100> patterns and 
(c)IFFT <100> lattice fringe contrast taken from Ba2In1.7(Zn0.5,Zr0.5)0.3O5 sintered 
body. The area of each number in (a) corresponds to the areas of same numbers in 
(b) and (c). 



S9

Figure S4. demonstrates the calculated electron diffraction patterns along <100> zone 
axis direction of cubic phase (i) and orthorhombic phase (ii) of Ba2In2O5  
brownmillerite. 

Figure S4. Calculated electron diffraction patterns along <100> zone axis direction of 
cubic phase (i) and orthorhombic phase (ii) of Ba2In2O5 brownmillerite.
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Figures S5a to S5e demonstrate the representative examples of unstable cluster models.

Figure S5a. Unstable cluster model which consists of the improper 
defect positions. 

             Defect composition: 3VIn
’’’ - Ini

••• - Zni
•• - Zri

 •••• - 4Vo
•• - 4Oi’’

             Number of defects: 14, binding energy (Eb): 0.8 eV

               

   The position of interstitial site of Zn is too much close to Ba site as compared to 
stable cluster with proper positions of defects. 

:Zni

:Zri

:Ini

:Oi

:VO

:VIn
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                                   Side I    Side II

Figure S5b. Unstable cluster model which consists of the improper 
defect positions. 

             Defect composition: 3VIn
’’’ - Ini

••• - Zni
•• - Zri

 •••• - 4Vo
•• - 4Oi’’

             Number of defects: 14, binding energy (Eb): 0.7 eV

    In the case of proper defect positions in the stable cluster model, the position of Zr 
interstitial site locates in side I and Zn interstitial site position is in side II of unit 
cell. In contrast, both positions of Zr interstitial site and Zn interstitial site located 
in side I of unit cell when cluster model is unstable as shown in Figure S5b.

:Zni

:Zri

:Ini

:Oi

:VO

:VIn
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Figure S5c. Unstable cluster model which consists of the improper 
defect positions. 

             Defect composition: 3VIn
’’’ - Ini

••• - Zni
•• - Zri

 •••• - 4Vo
•• - 4Oi’’

             Number of defects: 14, binding energy (Eb): 0.4 eV

Both positions of interstitial site of Zn and interstitial site of Zr are too much close to 
Ba site as compared to the stable cluster with proper positions of defects.

:Zni

:Zri

:Ini

:Oi

:VO

:VIn
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Figure S5d. Unstable cluster model which consists of the improper 
defect positions. 

             Defect composition: 3VIn
’’’ - Ini

••• - Zni
•• - Zri

 •••• - 4Vo
•• - 4Oi’’

             Number of defects: 14, binding energy (Eb): 0.1 eV

The position of interstitial site of Zr is too much close to Ba site as compared to 
stable cluster with proper positions of defects. 

:Zni

:Zri

:Ini

:Oi

:VO

:VIn
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Figure S5e. Unstable cluster model which consists of the improper 
defect positions. 

             Defect composition: 3VIn
’’’ - Ini

••• - Zni
•• - Zri

 •••• - 4Vo
•• - 4Oi’’ - 2VBa’’

             Number of defects: 16, binding energy (Eb): - 2.7 eV

      The excess Ba defects are involved in the unstable cluster model as shown in 
Figure S5e.
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  As shown in Figure S6(a), the number of hooping site (i.e. oxygen vacancy) which 
was formed in BIZZO-0.3 was two time higher than conventional BIO without dopants. 
Therefore, we conclude that the electrical conductivity observed for BIZZO-0.3 was 
two times higher than disordered state of BIO without dopants.

  Also, the stable defect clusters (3VIn
’’’ - Ini

•••- Zni
••- Zri

 ••••- 4Oi
’’ - 4Vo

••) which is the 
building unit of larger defect clusters in BIZZO-0.3 will create wide disordering area in 
microscopic scale for fast oxide ionic conduction as well as disordered state of BIO, as 
shown in Figure 6S(b).

              (a)

In the case of substitution of dopants such as di-valent Zn cation (i.e. Zn2+) and tetra-
valent Zr cation (i.e. Zr4+) for In (III)-site, Zn2+ would substitute on the site of 
octahedral coordination (i.e. 6-fold coordination) of In (III) by oxygen in Ba2In2O5 

lattice. And Zr2+ would occupy the site of tetrahedral coordination (i.e. 4-fold 
coordination) of In (III) by oxygen in Ba2In2O5 brownmillerite lattice. 

If we assume aforementioned coordination of Zn2+ and Zr4+ in the lattice of Ba2In2O5 
brownmillerite (i.e. formation of Schottky type point defect structure), the defect 
structure of Ba2In2O5 will be perovskite structure which is high temperature form of 
Ba2In2O5 brownmillerite (see Figure S6 (a-i)). In that case, we cannot expect both of the 
preferable defect structure which is shown in Figure S6 (a-ii) (i.e. Frenkel type point 
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defect structure) and the enhancement of the ionic conductivity which is induced by 
formation of Frenkel type point defect structure. Therefore, it is conclude that the 
improved ionic conductivity was not observed by formation of Schottky type point 
defect structure in the previously reported Ba2In2O5 doped with various kinds of dopant 
samples as compared with high temperature form of Ba2In2O5. That is why the present 
work did not consider the formation of Schottky type point defect structure (i.e. 
substitution of dopants for In (III)-site) of Ba2In2O5 brownmillerite lattice in our work.

           (b)

           Figure S6. (a) Comparison of oxygen vacancy sites which were created in 
unite cell of disordered state of BIO and BIZZO-0.3, (b) schematic 
diagram for explanation of TEM image which was shown in Figure 7 and 
atomistic simulation shown in Figure 9.


