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High electrical conductivity in Ba;In,O5
brownmillerite based materials induced by design
of a Frenkel defect structuret

Shigeharu 1to,?° Toshiyuki Mori,*® Pengfei Yan,? Graeme Auchterlonie,®
John Drennan,© Fei Ye,® Keisuke Fugane® and Takaya Sato®

To improve the electrical conductivity in the Ba,In,Os (BIO) system without a large volume change from
room temperature to 1273 K, BIO materials dually doped with Zr** and Zn?* samples were prepared by
using a soft chemical method. Bax(Ing7,(Zngs.Zrg5)03)205 (BIZZO-0.3) consists of an orthorhombic
phase from room temperature to 1273 K. While phase transformation with a large volume change was

not observed for BIZZO-0.3 in the aforementioned temperature region, the electrical conductivity
observed for BIZZO-0.3 was higher than the disordered state of BIO when the measurement
temperature of conductivity was more than 923 K. The effect of multiple doping on the enhancement of
electrical conductivity was characterized by using the transmission electron microscopy (TEM) analysis.
Also, the aforementioned effect was discussed in relation to the atomistic simulation result to explain the
TEM observation results. The combination of XRD phase analysis, TEM observation and atomistic
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simulation indicates that a Frenkel defect cluster (i.e. 3V|. —In;” —Zn, — Zr, " — 40! — 4V_) was formed in

the ordered state of the BIO lattice. It is concluded that the formation of the Frenkel defect cluster in the
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1 Introduction

Barium indium oxide (Ba,In,Os) which consists of an ortho-
rhombic brownmillerite-type structure has been examined in
a variety of fast oxide ion conductors,'” as a high temperature
(above 473 K) proton conductor,>**” electro-catalyst for oxygen
reduction reaction at room temperature,® NO, removal catalyst,’
photocatalyst for degradation of methylene blue, and CO
sensor.” In practical research, the fast oxide ionic conducting
phenomenon, which appears above the transition temperature
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BIO lattice contributes to the promotion of local disordering of oxygen vacancies at the microscopic
scale and maximization of electrical conductivity in the BIO system.

(T; = 1203 K) of an order-disorder transition of oxygen vacan-
cies, has attracted attention.

However, the large volume change (approximately 3.4 vol%)
of the lattice occurs between ordered state and disordered state
of Ba,In,05 (BIO).”> The aforementioned volume change of the
BIO lattice obstructs the application of BIO to solid-state
devices. To use the functional properties of BIO as a solid-
state device, many works tried to decrease T; of the order-
disorder transition of oxygen vacancies in BIO. In the previously
reported works, the relationship between electrical conductivity

T Electronic supplementary information (ESI) available: Fig. S1. Rietveld
analysis of XRD for BIO at room temperature. (a) 20 range (60 = 26 = 80), (b)
20 range (20 = 26 = 130). Table S1. Refined structural parameters of BIO at
room temperature. Table S1 summarized the refined structural parameters of
Ba,In,05 at room temperature shown in Fig. S1. Fig. S2. XRD pattern and its
magnified pattern observed for BIZZO-0.3 at room temperature and 1273 K.
Table S2. Lattice volumes estimated by Rietveld analysis data. Fig. S3. TEM
images taken from BIZZO-0.3. (a) (100) on zone image taken from BIZZO-0.3,
(b) FFT patterns of (100) on zone images and (c) IFFT images taken from FFT
patterns. Fig. S4. Calculated electron diffraction patterns along (100) zone
axis direction of cubic phase (i) and orthorhombic phase (ii) of BIO
brownmillerite. Fig. S5. Representative 5 examples of unstable cluster models.
Fig. S6. (a) Comparison of oxygen vacancy sites which were created in unite
cell of disordered state of BIO (a-i) and BIZZO-0.3 (a-ii), (b) schematic diagram
for explanation of TEM image. See DOI: 10.1039/c6ra27418h
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Fig. 1 Temperature dependence of electrical conductivity observed
for Basln,Os without dopant and Bayln,Os based systems which
consist of orthorhombic brownmillerite-type structure; 1. BasIn,Os,*
2: Bax(Inp.8,.Gag 2)20s,** 3: Baz(lng.o,Gag1)20s5,* 4: Bax(Ing.o,Alp.1)20s,
5: Baz(Inp.0,5€01)205,"® 6: Bax(INo.0,Y0.1)205,"® 7: Baz(Ing.o,Ybo.1)20s,'® 8:
Bax(Ino.o,.SmMo1)20s,*® 9: Bax(lnpgs,Y015)20s5,° 10: Bax(lnge,.Ceo1)z-
Os462 110 Baa(lnigs,SNo.05)20s545%° 120 Bax(lnie,Mop1)20s,5%% 13:
Baz(In1.9,V0.1)20545%° 14: (Bag.azs.Lao.025)2(1N0.475.Gao.025)20545°* 15:
BazIn204.99F0.02*

and T; was examined using Ba,(In,M),05 (M = Ga,"® Al,;**"
Sc,’®° Y’ Yb,” Dy, Sm') system, Ba,(In,(Sc,Lu)),0s
system,*® Ba,(In,M),0s.5 (M = Zr,>"** Ce,**** Ti,>* Sn,* Si,*” V,**
Mo,® W,»* P2 §%) system, (Ba,M),(In,Pb),0s system,*
(Ba,M),InM,0s,5 (M = La,* (Sr, La)**) system, (Ba,M),(In,N),O5
[M, N) = (La, Ga),** (La, Ce),* (La, Zr),* (La, Mg)**] system and
fluorine doped Ba,In,0s,, system.*® The representative exam-
ples of aforementioned temperature dependence of conducting
properties were summarized in Fig. 1.

This figure suggests that the observed conductivities of BIO
based materials became low as compared with the electrical
conductivity observed for the disordered state of BIO above 1203
K, even though T; of the order-disorder transition of oxygen
vacancies in aforementioned BIO based materials with dopant
shifted into low temperature side. As a consequence of previ-
ously reported results, new design paradigm for fabrication of
BIO system with high electrical conductivity which reveals small
volume change between room temperature and operation
temperature for device application is absolutely necessary.

For this challenge, the design of defect structure of BIO
system based on unique idea is required. In the present work,
we focused on order-disorder transition of cations in super-
ionic conductors.

In the case of order-disorder transition of cations in super-
ionic conductors such as Agl, Cul, Ag,S, Ag;l, and RbAg,I;,
the theory for the phase transition of the cation disordered state
was proposed by Rice et al.’’ According to their theory, the
interaction of interstitial cation defects with the strain field
promotes the order-disorder transition of cations in the mate-
rials. The order-disorder transition of cations in super-ionic
conductor is possible when following condition is satisfied in
the materials:

Meg > 0.98 (1)
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where A is interaction parameter, ¢, is required energy for
migration of cation to interstitial sites. This theory indicates
that huge amount of interstitial defect should be existed in the
ordered state of materials below the first order transition
temperature. Pasternak et al. experimentally confirmed the
correctness of aforementioned theory by a lowering of order-
disorder transition temperature of silver ion in Ag,Se super-
ionic conductor.*®

In order to design the large number of interstitial sites which
contributes to creation of the disordered oxygen vacancies in
the ordered sate of BIO, the samples of Ba,((Zrys,Zngs)y
In;_,),05 (BIZZO-x, x = 0.1, 0.2 and 0.3) system were prepared
by substitution of Zr*" and Zn** for In*' site of BIO. In the
present work, the feature of defect structure of the BIO dually
doped with Zr*" and Zn>" sintered bodies was characterized by
using analytical transmission electron microscope (TEM). Also,
the temperature dependence of the disordering of oxygen
vacancies in the prepared samples was observed by using elec-
trical conductivity measurement method. In the discussion
section, the atomistic simulation was performed to conclude
the relationship between electrical conductivity and introduc-
tion of interstitial defect sites (i.e. Frenkel defect sites) in the
ordered state of BIO which consists of orthorhombic phase.

2 Experimental
2.1 Preparation of samples

BIO dually doped with Zr** and Zn*" samples were prepared in
a stepwise process. At first, non-doped BIO powder was
prepared by a hot ammonium carbonate precipitation method.
The starting materials used were commercially available
Ba(NO3), (99% up, Wako Pure Chemical), In,y(NOj3);-4.7H,0
(99.99%, Kojundo Chemical), and (NH,4),CO; (Wako Pure
Chemical Industries, LTD.) powders. The Ba(NO;), powder and
In,(NO3);3-4.7H,0 were dissolved in distilled water.

To prepare the fine precipitation, a (NH,4),CO; aqueous
solution was heated at 318 K in a thermostatic chamber. The
mixed aqueous solution of Ba(NOj3), and In,(NOj3);-4.7H,0 was
dropped into the (NH,),CO; aqueous solution for 1 h period,
and this mixture was continuously stirred using magnetic
stirrer at 318 K for 24 h. After filtration and rinsing, the
precipitate was dried at room temperature in a N, gas flow. The
dried powders were calcined at 723 K for 2 h in an O, gas flow.

Since it is hard to get the precipitation of Zn(OH), and ZnCO;
based precursors by using (NH,4),CO; precipitation method, the
commercially available ZnO power (purity: 99.999%, Kojundo
Chemical Laboratory, Co. Ltd.), ZrO, powder (TOSOH
Company, 0Y grade) and prepared BIO fine powder were mixed
by using ball milling method. A combination of ZnO, ZrO,, BIO
and ethanol was mixed for 12 h, using Y,O; partially stabilized
ZrO, balls and a milling pot which is made of Teflon. After
drying, the dried cake was lightly crashed with agate motor and
pestle. Then, the powder mixtures were calcined at 1273 K for
1 h in air. The glycerin as binder and the calcined powder were
mixed by using aforementioned motor and pestle. The sample
powders were molded under a pressure of 5 MPa and subjected
to rubber press at 200 MPa. To remove the wax from the

RSC Adv., 2017, 7, 4688-4696 | 4689
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samples, the pellets were heated up to 573 K in air at a heating
rate of 5 K min~". After holding for 1 h, the sample pellets were
sintered at 1573 K for 10 h in air.

2.2 Characterization

The crystal phase and structural refinements of BIO based
compounds were carried out using RIETAN-FP software equip-
ped with powder XRD analyzer (Rigaku: RINT-ULTIMA III). The
XRD data for as-prepared products were analyzed assuming the
oxygen stoichiometric structure (x = 0) with orthorhombic Ima2
symmetry (no. 46). Details in the refinements are given in Fig. S1
and Table S1 of the ESL.T

The bulk densities were estimated from weight and
geometrical dimensions (i.e. diameter and thickness) of the
sintered pellets.

The microstructural features of BIO and Ba,In; ,(Zngs,
Z145)0.305 (BIZZO-0.3) sintered samples were investigated by
TEM, using FEI Tecnai F30 (FEI Company, Hillsboro, OR, USA)
operating at 300 kV. Selected area electron diffraction (SAED)
analysis and TEM observation were applied to identify the crystal
structure and to investigate the defect structure of the samples,
respectively. TEM specimens were prepared by mechanical pol-
ishing and dimpling, followed by ion-beam thinning.

Electrical conductivity of the sintered samples was measured
by a four-point probe DC method in the temperature ranging
from 773 K to 1273 K in air. The dimension of the sintered
samples was 3.5 mm x 3.5 mm x 15 mm in length. A platinum
electrode was applied to all sides of the sintered samples by
firing at 1273 K for 30 min. The activation energies of the
samples were estimated from the Arrhenius plot using
measured data in aforementioned temperature range for the
electrical conductivity measurements.

2.3 Atomistic simulation

To explain the defect structural feature of BIZZO-0.3 sintered
sample, the atomistic simulation was performed in the
discussion section followed by the experimental results. The
atomistic simulation technique used in the present study is
based on energy minimization within the framework of the
Born model, with the main features of interatomic potentials
and modeling of perfect and defective lattices. The interactions
between ions include the long range coulombic forces, short
range forces and polarizations. The coulombic forces are sum-
med by using Ewald's method, and the short range forces are
modeled by using the Buckingham potential, described in the
following equation:

E(ry) = A4; exp(—rijp,fl) — C,,r,f6 2)
where r;; is the distance between ions, and 4, r;; and C;; are three
adjustable parameters (i.e. short-range pair potential parameters)
depending on interacting ions. Those three parameters (i.e.
short-range potential parameters) listed in Table 1.3

The interactions arising from the polarizations of O*>~, Ba*",
and In*" are described by the shell model.”> The short-range
interactions are set to zero beyond a cut-off of 7.5 A. The
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Table 1 Short-range potential parameters
Species A (eV) o (A) C (ev A%) References
Ba?'-0*~ 931.8 0.3873 0.0099 39
In*"-0*" 1495.9 0.3601 2.182 39
Zn**-0*~ 690.04 0.2986 0.099 40
Zr*'-0*" 1502.27 0.348 4.6 41
0> -0*" 22 764.3 0.1490 171.983 39
Table 2 Shell parameters
Species Yle| k(evA™?) Reference
Ba*" 1.46 14.78 39
In* —6.1 1680.0 39
0% —2.24 42.0 39

polarized ions in the present model are described by a massive
core with charge X|e| connected by a massless shell with charge
Yle|, resulting in the overall ion charge of (X + Y)|e|. The core
and shell are connected by an isotropic harmonic spring with
the force constant k. The shell parameters are listed in Table 2.%°

To predict how a lattice accommodates defects, the Mott-
Littleton two-region approach was used for the atomic simula-
tion of the defect formation energy, which is coded in the
General Utility Lattice Program (GULP).**

In this approach, the lattice for energy minimization is
partitioned into two regions: a spherical inner region I, at the
center of which the defects are introduced, and an outer region
II, which extends to infinity. To ensure a smooth transition
between regions I and II, an interfacial region IIa is introduced.
In the present work, we used an inner region I with a radius of a,
(ao is 16.71 A, which is the lattice constant along a axis of
brownmillerite-type BIO crystal) and an interfacial region Ila
with a radius of 2.0a,.

To calculate the intrinsic defect energy, aforementioned
Mott-Littleton two-region method was applied. Also, the
binding energy AE}, is calculated to investigate the preference
and stability of defect clusters. It is described by using eqn (3);

AEy, = ZEisolated — Ecluster (3)

where ZE;glateq i the sum of the defect energy for all individual
components and Eguseer 1S the entire defect energy of this
cluster. AE}, is normalized by the total number of defects in the
clusters. From eqn (3), it can be noticed that a positive binding
energy implies a preference of the formation of lattice defect
clusters over its individual components. Also, the calculated
AE}, 2Eisolateds aNd Ecpuster are positive values in the calculation
of reasonable defect cluster model.

3 Results and discussion
3.1 Rietveld analysis

The results of the Rietveld analysis of XRD for BIZZO-0.3 at
room temperature are shown in Fig. 2. Also, the refined

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Rietveld analysis of XRD for Ba,ln;7(Zng5,Zrg5)0305 at room
temperature. (i) 26 range (60° = 26 = 80°), (ii) 20 range (20° = 20 =
130°).

Table 3 Refined structural parameters of Baslny 7(ZNng 5.Zrg5)0.30s at
room temperature

Ba,Iny 5(Zng.5,Zr0.5)0.305

Atom Site Occupancy X y z

Ba 8c 1.00 0.62 0.49 0.00
M1(In,Zn,Zr) 4a 1.00 0.00 0.00 0.02
M2(In,Zn,Zr) 4b 1.00 0.25 0.46 0.47
o1 8c 1.00 0.99 0.25 0.25
02 8c 1.00 0.14 0.03 0.06
03 4b 1.00 0.25 0.74 0.29

Number of formula

units per the unit cell Lattice contents (A) Lattice volume (A%)

Z=4 a =16.990 (A) V=612.8 (A%
b =6.007 (A)
¢ = 6.005 (A)

Space group Ima2 (no. 46), Rg = 3.77 (%), Rg = 1.58 (%), Rwp = 5.21 (%),
§=1.85

structural parameters are summarized in Table 3. All diffracted
peaks can be assigned by orthorhombic phase as well as simple
phase of brownmillerite BIO (see Fig. S1 in ESI{) with high
reliability factors (i.e. Rg, R and Ryp). In contrast, the peak
intensities of some characteristic peaks of orthorhombic BIO
(i.e. super-lattice peaks of BIO) became weak as shown in

Fig. 2(i).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 High temperature XRD profiles observed for Bazln;7(Zngs,-
Zr0.5)0.305 from room temperature to 1273 K.

This suggests that the disordering of oxygen vacancies at
microscopic scale of BIZZO-0.3 compound is promoted by
multiple doping. In the discussion section, we used the refined
structural parameters which are shown in Table 3 as data of
atomic coordinates for the atomistic simulation of the present
work.

The temperature dependence of crystal phase change of
BIZZ0-0.3 was observed in the temperature range from room
temperature to 1273 K by using high temperature XRD analysis
method. As demonstrated in Fig. 3, no obvious crystal phase
change was observed in the present work. And the super-lattice
peaks of orthorhombic BIO were remained in the present
observed temperature region, while peak intensity of super-
lattice peaks was in quite small level. This indicates that
partial disordering of oxygen vacancies of the BIZZO-0.3 was
occurred in the present work.

To observe partial disordering of oxygen vacancies of the
sample at elevated temperature, the Rietveld analysis of XRD for
BIZZ0-0.3 at 1273 K was performed as well as room tempera-
ture. The results of Rietveld analysis of XRD for BIZZO-0.3 at
1273 K was demonstrated in Fig. 4. Also, the structural
parameters of BIZZO-0.3 at 1273 K were summarized in Table 4.

The super-lattice peaks of orthorhombic BIO were observed
in Fig. 4(i). All peaks can be assigned as orthorhombic BIO with
high reliability factors (i.e. Rp, Rr and Ryp) as well as Table 3.

Since no crystal phase change was observed in whole
measurement temperature region, the volume change of BIZZO-
0.3 lattice which was estimated by using observed lattice
constants in Table 3 (for room temperature) and Table 4 (for 1273
K) was in small level (i.e. approximately 0.89 vol%). This volume
change between room temperature and 1273 K was negligible
level for fabrication of solid-state device of BIO system.

3.2 Electrical property

Fig. 5(a) shows Arrhenius plots of electrical conductivity in
BIZZO-x (x = 0.1, 0.2 and 0.3) system. The temperature

RSC Adv., 2017, 7, 4688-4696 | 4691
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Fig. 4 Rietveld analysis of XRD profiles for Bazln; 7(Zng 5,Zrg 5)0 305 at
1273 K. (i) 26 range (60° = 26 = 80°), (ii) 20 range (20° = 26 = 130°).

Table 4 Refined structural parameters of Baslni 7(Zngs,Zrg5)0.30s5 at
1237 K

Ba,In, 5(Zng 5,Z10.5)0.30s (at 1237 K)

Atom Site Occupancy X y z

Ba 8c 1.00 0.63 0.50 0.00
M1(In,Zn,Zr) 4a 1.00 0.00 0.00 0.01
M2(In,Zn,Zr) 4b 1.00 0.25 0.55 0.52
o1 8c 1.00 0.99 0.25 0.25
02 8c 1.00 0.12 0.04 0.01
03 4b 1.00 0.25 0.77 0.35

Number of formula

units per the unit cell Lattice contents (A) Lattice volume (A%)

Z=4 a=17.039 V=1618.3
b =6.024
¢ =6.022

Space group Ima2 (no. 46), Ry = 5.96 (%), Ry = 5.98 (%), Rwp = 5.52 (%),
S =1.83

dependence of electrical conductivity observed for BIZZO-x (x =
0.1, 0.2 and 0.3) system has curvatures. The observed curvatures
shifted into low temperature region by an increase of amount of
multiple dopants. The curvature observed for BIZZO-0.3 was
around 923 K. This suggests that partial disordering of oxygen
vacancies in BIZZO-0.3 with orthorhombic symmetry is
promoted by multiple cations (i.e. Zt** and Zn**) doping.
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Fig. 5 (a) Arrhenius plots of electrical conductivity observed for Ba,-
IN2_x(ZNno.5.Zr0.5)xOs (x = 0.0, 0.1, 0.2, 0.3) samples. Without symbol: x
= 0.0 (BayIn;Os), A:x=0.1, O: x=0.2, x: x = 0.3 in composition of
Baslna_x(Zno 5,Zrg.5)xOs, (b) Arrhenius plots of electrical conductivity
observed for Ba,In,Os, Baslng 7(ZNng 5,2rq.5)0.30s, (Bag s,Lag 5)21n>0s 5,32
Bayln; 75Ceq 2505125 (ref. 1) and Baslng oW 105 45 (ref. 29) samples.

To conclude the effect of aforementioned partial disordering
of oxygen vacancies on electrical conductivity, the electrical
conductivity observed for BIZZO-0.3 compared to previously
reported data in Fig. 5(b).

As mentioned in Fig. 1, it was difficult to see better elec-
trical conductivity of doped BIO systems as compared with the
disordered state of BIO without dopant in previously reported
works. In contrast, the electrical conductivity observed for
BIZZ0O-0.3 was approximately two times higher than the
conductivity in disordered state of BIO around 1273 K (see
Fig. 5(b)). It indicates that the electrical conductivity in BIZZO-
0.3 is conspicuously improved by partial disordering of
oxygen vacancies in BIZZO-0.3 without large volume change of
lattice.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (i) TEM (111) zone images, (i) FFT (111) patterns and (jii) IFFT
(111) lattice fringe contrast taken from Ba,In,Os sintered body.

3.3 Microanalysis

In order to conclude why the aforementioned partial disorder-
ing of oxygen vacancies in BIZZO-0.3 with orthorhombic
symmetry was occurred, TEM observation was performed using
BIO without dopant and BIZZO-0.3 sintered bodies.

The (111) on zone image taken from BIO is shown in
Fig. 6(i). The Fast Fourier Transform (FFT) pattern taken from
Fig. 6(i) is presented in Fig. 6(ii). The FFT pattern indicates that
the observed area in Fig. 6(i) consists of orthorhombic BIO
phase. No other extra reflections were observed in there. In
addition, Inverse Fast Fourier Transform (IFFT) image taken
from the FFT pattern shows homogeneous lattice fringe
contrast as shown in Fig. 6(iii). This indicates that BIO sintered
body consists of homogeneous microstructure at microscopic
scale.

In contrast, (101) on zone image taken from BIZZO-0.3
shows different feature as compared with BIO (see Fig. 7(a)).
The FFT patterns which are divided into four areas (i.e. from (i)
to (iv)) taken from BIZZO-0.3 reveals the heterogeneous micro-
structural features as shown in Fig. 7(b). In the area (iv) of
Fig. 7(b), different feature was observed as compared with other
areas (i) to (iii). Also, IFFT image taken from the area (iv) has
different lattice fringe contrast as compared with area (i) which
is representative example of IFFT of areas (i) to (iii) (see
Fig. 7(c)). This clearly indicates that the disordering of oxygen
vacancies at microscopic scale is induced in the microstructure
by multiple doping.

Fig. 8 shows the comparison of calculated diffraction patters
of cubic phase which is disordered state of BIO (Pm3m (no. 221))
and orthorhombic phase which is ordered state of BIO (Ima2
(no. 46)). From comparison between Fig. 7 and 8, it is found that
the area (i) to (iii) of Fig. 7(b) consists of cubic phase and phase
analysis data observed for area (iv) corresponds to ortho-
rhombic phase. Note that other zone image such as (100) zone
shows same features (refer to Fig. S3(a)-(c) and S4 in ESIY).

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) TEM (101) zone images ((i)—(iv)), (b) FFT (101) patterns, (c)
IFFT (101) lattice fringe contrast taken from BalIny 7(Zno 5,Zrp.5)0.30s
sintered body. The area of each number in (a) corresponds to the areas
of same numbers in (b) and (c).

(i) Cubic phase / Pm3m (221) (ii) Orthorhombic phase / Ima?2 (46)
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Fig. 8 Calculated electron diffraction patterns along (110) zone axis
direction of cubic phase (i) and orthorhombic phase (ii) of Ba,In,Os
brownmillerite.
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On the basis of all microanalysis results, it is confirmed that
multiple dopants (i.e. Zr*" and Zn”") induced the partial dis-
ordering of oxygen vacancies at microscopic scale in BIO lattice.

3.4 Atomistic simulation

As mentioned in the Results section, we successfully fabricated
BIO dually doped with ZnO and ZrO, system which reveals small
volume change and higher electrical conductivity as compared
with the electrical conductivity of disordered state of BIO. To
discuss the relationship between TEM microanalysis results
and electrical conductivity observed for BIZZO-0.3, we per-
formed atomistic simulation in the discussion section of the
present work.

In the present work, the defect formation reaction of intro-
ducing tetravalent Zr (Zr*") and divalent Zn (Zn>") cations to
interstitial sites of BIO brownmillerite lattice which is written as
eqn (4) is assumed.

Ba,In, 05

ZnO + ZrO; + 3Inj, + 40} + 7V —="= 3V} +1In; + Zn;
+Zr;" +40] + 4V, +In,0, (4)

where the Kroger-Vink notation is used for simple explanation
of both defect formation and solid solution formation
reactions.

Eqn (4) indicates that seven interstitial sites are formed by
Zn>" and Zr*' cations doping into brownmillerite lattice. Note
that the co-doping of Zn** and Zr*" will also simultaneously
generate oxygen vacancy defects in the brownmillerite lattice.
This implies the formation of possible defect structure which is
accompanied by In*" interstitial defect, Zn>" interstitial defect,
Zr*" interstitial defect, oxygen interstitial defects and generated
oxygen vacancies.

Our atomistic simulation can indicate the possible defect
structure on the basis of eqn (4). And it is useful for discussion
about the influence of Frenkel defect formation on both of the
formation of disordered oxygen vacancies at microscopic scale
and the enhancement of electrical conductivity in the BIZZO-0.3
compound.

For our atomistic simulation work, we calculated the ener-
gies of isolated point defects in BIO. Our calculated isolated
energies agreed with previously reported values of BIO. The
small deviation from the previously reported values would be
within allowable range in the present work (see Table 5).

The cluster formation energy was calculated on the basis of
eqn (4). We obtained the lowest cluster formation energy among
all possible positions of aforementioned seven interstitial sites
in BIO lattice. Five representative examples which provide us
higher cluster formation energy (i.e. unstable cluster) were
shown in ESI (refer to Fig. S5a to e in ESIf). Eventually, the
highest binding energy (AEy,) of defect clusters which consists of
seven interstitial sites based on eqn (4) was calculated using the
lowest cluster formation energy. The calculated AE, was 1.2 eV.
It is high enough to conclude the formation of stable defect
cluster in BIO based lattice. The configuration of aforemen-
tioned stable defect cluster was illustrated in Fig. 9(ii). Also, the
standard configuration of cations and anions in orthorhombic
BIO was demonstrated in Fig. 9(i) for comparison of defect
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Table 5 Calculated energies of isolated point defects in BayIn,Os

Defect Energy (eV) 39

Ba vacancy 18.06 18.94
In vacancy 44.28 50.52
O(1) vacancy 18.35 20.21
0O(2) vacancy 18.35 20.66
Ba interstitial —8.586 —7.590
O interstitial —16.29 —18.39

(ii)

eeoco0@EO OO

AEy=(SE;;-E 13510 ) 14=(23.7-7.1)/14=1.2 eV

Fig. 9 Schematic diagram of proposed defect structure in Basln,_,-
(Zno5.Zro5)xOs5 system: (i) BaxIn,Os (x = 0.0), (i) defect cluster

@BV —1In —Zn —Zr" — 40! — 4V,).

structure between BIO and BIZZO-0.3. As shown in Fig. 9(ii), the
two dopants (i.e. Zr** and Zn>") were located at interstitial sites
which are close to four coordination of oxygen around In sub-
lattice site. The oxygen vacancy sites were created at afore-
mentioned four coordination of oxygen and the six coordina-
tion of oxygen sites were apparently formed along a axis in the
orthorhombic BIO to keep the local charge neutrality in the

This journal is © The Royal Society of Chemistry 2017
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crystal. Then, the partial disordering of oxygen vacancies would
be promoted at microscopic scale.

Our atomistic simulation suggests that the formation of
large defect cluster with seven interstitial sites is stable in the
brownmillerite lattice. Also, it is suggested that the local dis-
ordering of oxygen vacancies at microscopic scale is induced by
multiple doping in our atomistic simulation works. Therefore,
the additional hopping sites and continuous pathway for oxide
ion diffusion would be created into BIZZO-0.3 by formation of
aforementioned large defect clusters (refer to Fig. S6(a-i), (a-ii)
and (b) in ESI}). On the basis of both the atomistic simula-
tion and measurement of conductivity in the results section, it
is concluded that the electrical conductivity in BIZZO-0.3 is
maximized and volume change of BIO system is minimized by
aforementioned local disordering of oxygen vacancies which is
induced by seven interstitial defect sites in BIO lattice.

4 Conclusions

The defect structure of BIO based materials has to be designed
based on unique idea which had not considered to oxide
materials. It is because large volume change of conventional
BIO lattice and previously reported BIO systems obstructs the
application of BIO system as solid-state device. Also, the elec-
trical conductivity of BIO systems has to be improved without
aforementioned large volume change.

In order to minimize volume change of BIO lattice and
maximize the electrical conductivity in BIO system, we tried to
design the defects in the interstitial sites of BIO lattice on the
basis of concept of Rice et al. which was proposed for iodide
super ionic conductors. To introduce the Frenkel defects (i.e.
lattice defects of interstitial sites) into BIO lattice, we used two
cations such as Zr'" and Zn>'. BIZZO-0.3 consists of ortho-
rhombic symmetry from room temperature to 1273 K. However,
the electrical conductivity observed for BIZZO-0.3 was two times
higher than the disordered state of BIO. In addition, the volume
change of BIZZO-0.3 from room temperature to 1273 K (0.89
vol%) was much smaller than BIO without dopant (3.4 vol%).

Our TEM observation indicates that the disordering of
oxygen vacancy was induced at microscopic scale in BIZZO-0.3.
Also, our atomistic simulation suggests that the Frenkel defect
clusters were formed in BIZZO-0.3 lattice. On the basis of results
of the electrical conductivity measurement and atomistic
simulation which is for explanation of TEM observation results,
it is concluded that the disordering of oxygen vacancies at
microscopic scale which is induced by large amount of Frenkel
defect sites into BIO lattice contributes to improvement of the
electrical conductivity in BIO system without large volume
change.
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