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Abstract

Layered perovskites of K2NiF4-type consist of single octahedral sheets alternating with 

NaCl-type layers, containing a substantial interstitial space. Based on the parent LaSrInO4+ 

oxide, the series of title compounds have been prepared and investigated as possible solid 

electrolytes for solid-oxide fuel cells (SOFC).  A charge misbalance is created by departure 

from the La/Sr=1:1 ratio, favoring the insertion of extra oxygen atoms. The oxygen diffusion 

is further favored by introducing large Ba2+ ions, expanding the unit-cell size. Surprisingly, 

the presence of basic Ba ions drives the spontaneous insertion of water molecules in the 

interstitial space, as unveiled by a neutron powder diffraction (NPD) study at RT.  Moreover, 

H2O molecules are split within the structure with protons bonded to the axial oxygens of the 

InO6 octahedra, and with OH units occupying the interstitial space. Electrical Conductivity 

measurements were made. The dc conductivity was measured under different oxygen partial 

pressures for both Ba-doped compounds at 600 °C and 800 °C showing mixed ionic and p-

type electronic behavior at different oxygen partial pressures but with conductivities of the 

order of  10-4 (S/cm), far below the conductivities values of the oxide electrodes used in 

SOFCs. To analyze the nature of the majority charge carrier, ac impedance spectroscopy (IS) 

was applied. In the temperature range 500–900 °C, La1.2Sr0.6Ba0.2InO4+δ oxide exhibits a 

conductivity improvement with respect to La1.2Sr0.8InO4+δ. Temperature-dependent NPD 

data show at 600ºC and 800ºC the presence of oxygen vacancies at the axial octahedral 

positions as well as interstitial oxygen, favoring a mixed conduction mechanism for oxide 

ions, which may account for the enhancement of the transport properties. The present result 

Page 1 of 20 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 D

re
xe

l U
ni

ve
rs

ity
 o

n 
3/

25
/2

01
9 

1:
46

:2
1 

PM
. 

View Article Online
DOI: 10.1039/C8NJ05320K

http://www.sciencedirect.com/science/article/pii/S036031991202068X#aff4
http://www.sciencedirect.com/science/article/pii/S036031991202068X#aff4
http://www.sciencedirect.com/science/article/pii/S036031991202068X#aff4
http://dx.doi.org/10.1039/c8nj05320k


endorses the validity of this design procedure and supports K2NiF4-related compounds as 

promising candidates for solid-oxide electrolytes.

Keywords: Layered perovskite; interstitial oxygen atoms; water splitting; solid electrolyte

*Corresponding author. E-mail: Loreto.troncoso@uach.cl

1. Introduction

Energy conversion devices such as solid oxide fuel cells (SOFCs) are an excellent alternative 

for stationary applications, since they are ideal for out-of-grid energy conversion devices in 

areas where the installation of power lines is not possible. On the other hand, the heat 

produced during its operation can be used to provide hot water or heating [1][2].  

Unfortunately, the working temperatures for SOFC devices are too high, being around 1000 

°C. This is because the electrolyte, which is a conductor of oxide ions, needs high 

temperatures to activate the oxygen motion. For this reason, it is essential to find alternative 

oxide-ion conducting materials with low activation energies and low resistance, to permit 

lowering the working temperatures to intermediate values (600 – 850°C), but without 

undermining the performance of  SOFCs; that is to say, without harming the electrochemical 

kinetics of the device. An ionic conductor is obtained by generating charge imbalances inside 

the crystalline structure, driving the creation of point defects in the network such as vacancies 

and/or interstitials. The most studied compounds that have shown an excellent performance 

are those based on the fluorite compositions of YSZ[3], GDC[4] and the perovskite-type  

LSGM[5]; the diffusion mechanism of these three ion-conducting materials is  based on the 

creation of oxygen vacancies in the network. All exhibit oxygen ion conductivity values of 

 0.10 S/cm between 700 and 1000 °C. There are also new alternatives under study for 

crystalline structures such as apatites[6], and perovskites of the Ruddlesden-Popper type, 

which allow the introduction of interstitial oxygens inside their structure. The perovskites in 

layers of K2NiF4 type are well known for their ability to incorporate a substantial number of 

interstitial oxygens in their framework[7-12]. The atomic arrangement A2BO4 is constituted 

by BO6 octahedra sharing vertices in a single perovskite layer, which alternates with a NaCl-

type structure of AO layers. There are two types of oxygen atoms; equatorial O1 oxygens, 
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corner-connecting the BO6 octahedra in the basal plane, while O2 axial oxygens link the 

perovskite layer with the NaCl–type layer. The interstitial atoms, responsible for the O2- 

diffusion, are located in the sodium chloride-type layer, only coordinated by A cations [13]. 

In previous investigations on layered perovskites with K2NiF4 structure, we described 

LaSrInO4+ derivatives [14][15] as promising electrolytes with oxide-ion conductivity. The 

series of compounds LaSrIn1−xBxO4+ δ (B=Zr, Ti, x= 0.1, 0.2) and La1+xSr1-xInO4+d (x= 0.1, 

0.2) were characterized by neutron diffraction and its capability of incorporating interstitial 

oxygen atoms (δ) was identified. The best results were found for La1.2Sr0.8InO4+δ describing 

the lowest resistivity and more labile oxygens, which was consistent with the higher quantity 

of interstitial oxygen atoms found from neutron powder diffraction (NPD) data (= 0.11(1)). 

Based on these previous studies, we propose the partial replacement of Sr cations for larger 

Ba2+ ions in the La1.2Sr0.8-xBaxInO4+δ (x= 0.2, 0.3) series. It is expected that the oxygen 

diffusion will be further favored upon the expansion of the unit-cell size. The materials 

characterization includes the evaluation of the AC electrical conductivity and a neutron 

diffraction study, useful to locate the positions and determine the occupation of the interstitial 

oxygen atoms. Additionally, La1.2Sr0.6Ba0.2InO4+δ demonstrated to have a double 

functionality, since at RT it is able to absorb and split water into the interlayer space, probably 

due to the basic character of Ba ions, as demonstrated from the NPD study.

2. Experimental

La1.2Sr0.8-xBaxInO4+δ (x= 0.2, 0.3) oxides were prepared via a nitrate–citrate route. 

Stoichiometric amounts of analytical grade Sr(NO3)2, La(NO3)36HO, Ba(NO3)2 and 

In(NO3)39H2O were dissolved under stirring in 250 mL of 10% citric-acid aqueous solution 

with several droplets of concentrated HNO3. This mixture was slowly evaporated, leading to 

organic resins where a random distribution of the involved cations is obtained. The resins 

were dried at 120 °C and slowly decomposed at temperatures up to 600 °C. A subsequent 

treatment at 800 °C for 2 h ensures the total elimination of all the organic materials and 

nitrates. A heating at 1000 °C for 12 h gave rise to well-crystallized, homogeneous samples. 

The products underwent a final treatment at 1300ºC to ensure that the consolidated crystal 
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structure is similar to that of the samples studied by transport techniques. The identification 

and characterization of the final products to assess phase purity were carried out by X-ray 

diffraction (XRD) using a Bruker-axs D8 diffractometer (40 kV, 30 mA), controlled by 

DIFFRACTplus software, in the Bragg–Brentano reflection geometry with CuK radiation 

(= 1.5418 Å). Neutron powder diffraction (NPD) data were collected in the D2B 

diffractometer at the Institut Laue-Langevin, Grenoble, in the high-resolution configuration 

with a neutron wavelength λ = 1.549 Å. About 2 g of the sample was contained in a vanadium 

can and placed in the isothermal zone of a furnace with a vanadium resistor operating under 

vacuum (PO2 10-6 Torr). The measurements were carried out at 25ºC (RT), 600 and 800°C 

for the selected La1.2Sr0.6Ba0.4InO4+δ composition. The counting time for each pattern was 2 

h. The crystal structures were analyzed by the Rietveld method [16], using the FULLPROF 

refinement program [17]. The peak profiles were modeled by a pseudo-Voigt function. The 

following parameters were refined in the final runs: scale factor, background coefficients, 

zero-point error, pseudo-Voigt corrected for asymmetry parameters, unit-cell parameters, and 

positional, isotropic thermal factors for the metals and anisotropic for O1 and O2 oxygen 

atoms. Occupancy factors for oxygen atoms were also refined for NPD data. The coherent 

scattering lengths for La, Sr, In, Ba and O were 8.240, 7.020, 4.065, 5.070 and 5.803 fm, 

respectively. 

For electrical conductivity measurements, dense compounds are required. The prepared 

powders were pressed into pellets (7mm in diameter and 1.4 mm thick) at 200 MPa for 5 min 

to form a green pellet. Then, these pellets were sintered in air at 1300 °C for 12 h. The final 

densities were in the range of 90–95%. Both sides of the pellets were painted with Pt paste, 

as current collectors, and fired at 800 °C for 1 hour. AC conductivity was obtained by 

impedance spectroscopy. All the impedance measurements were performed in the 600–900 

°C temperature range in air atmosphere. The impedance spectra were collected in an 

AUTOLAB system (PGSTAT30 and FRA2 module) from Eco Chemie B.V. The 

measurements were performed from 1 MHz to 100 mHz at open circuit using two electrode 

configurations with a signal amplitude of 50 mV. The experimental data were adjusted with 

the Zview program [18]. 2-probe DC conductivity measurements were perform on dense bars 

using Pt as current collector. Conductivity values were acquired with an Agilent 34972A 
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Data Adquisition Unit at a temperature range between RT and 800 ºC under atmospheric air. 

At 600 and 800 ºC the conductivity response was evaluated as a function of oxygen partial 

pressure (pO2) between ~ 5.10-21 and 1 atm. The pO2 was controlled and sensed through an 

electrochemical gas blending system, which consisted on a zirconia pump and oxygen sensor, 

coupled to the 2-probe conductivity system [19].

Thermogravimetric (TG) analysis was performed using a Cahn 1000 electrobalance [19] by 

cycling the sample between RT and 800 ºC under dry synthetic air. The total reduction of the 

sample was performed at 800 ºC under 100% H2 atmosphere till no further mass weight loss 

was detected, even at higher temperatures or H2 flux.

3. Results and discussion

3.1 Crystallographic characterization  
                                                                                      
La1.2Sr0.8-xBaxInO4+δ (x= 0, 0.2, 0.3) oxides were obtained as well-crystallized powders. Fig. 

1 shows the XRD patterns, which are characteristic of K2NiF4 phases, with superstructure 

peaks indicating a deviation of the tetragonal I4/mmm structure. 
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Figure 1. XRD patterns of the materials of the series La1.2Sr0.8-xBaxInO4+δ, collected with Cu K radiation.
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All the patterns could be indexed in an orthorhombic symmetry. The unit-cell parameters and 

volume at RT for the three materials are listed in Table 1. A progressive expansion of the 

unit-cell volume is observed as Ba content increases, as expected. This is a result of the 

regular increase of b and c parameters, although a presents a non-monotonic behavior.

Table 1. Unit-cell parameters and volume at RT for La1.2Sr0.8-xBaxInO4

x 0 0.2 0.3

a(Å) 12.6085(6) 12.586(1) 12.609(1)

b(Å) 5.8789(3) 5.9092(2) 5.9194(7)

c(Å) 5.8338(3) 5.8453(7) 5.8563(7)

V(Å3) 432.42(4) 434.72(8) 437.12(9)

A neutron powder diffraction (NPD) study at room and high temperature was essential to 

investigate the structural details concerning the location of interstitial oxygen atoms. The 

crystal structure of La1.2Sr0.6Ba0.2InO4+δ was first refined at RT from NPD data in the Pbca 

space group (No 61) as proposed by Titov [20] for the nominal composition LaSrInO4. In the 

Pbca model, La, Sr and Ba atoms are located at random at 8c (x,y,z) positions; In is placed 

at 4b (1/2,0,0) sites and the two types of oxygen atoms O1 and O2 are also at 8c sites. 

The presence of vacancies at the octahedral lattice at RT was discarded, since the occupancy 

factors of O1 and O2 atoms yielded full stoichiometry for both positions. Interstitial O3 

oxygen atoms were first placed at 8c Wyckoff sites with xyz0.25 positions and located 

at the NaCl layers. For La1.2Sr0.6Ba0.2InO4+δ the value of delta required for electroneutrality 

is δ=0.1; however the initial refinements yielded the significantly higher value of δ=0.6 for 

the interstitial atoms. This is unreasonable since the metal elements cannot vary their 

oxidation states from the nominal 3+ for La and In and 2+ for Sr and Ba. A difference Fourier 

map conspicuously showed negative peaks in the interlayer region (NaCl layers) 

corresponding to hydrogen atoms (Fig. 2), of two independent crystallographic types. 
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Figure 2. Localization of the interstitial hydrogen atoms (H2) in La1.2Sr0.6Ba0.2InO4+δ by difference Fourier 

analysis, corresponding to the x= 0.344 layer, from NPD data at RT.

The introduction of these atoms and the refinement of the occupancy factors and atomic 

positions gave a significant water content of about 0.50 molecules per formula unit. A 

reduction of the RBragg from 9% to 7% was observed after the inclusion of H1 and H2 into 

the structural model. Table 2 lists the atomic parameters after the full refinement of the 

structure and Table 3 includes the anisotropic displacement factors for O1 and O2 (ADP); 

Table 4 contains the main bond distances and angles at RT. 

Table 2. Structural parameters and discrepancy factors after the Rietveld refinement of La1.2Sr0.6Ba0.2InO4+δ in 

the space group Pbca from NPD data at increasing temperatures.

T(ºC) 25 600 800
a(Å) 12.586(1) 12.720(1) 12.776(1)
b(Å) 5.9092(2) 5.9240(4) 5.9257(4)
c(Å) 5.8453(7) 5.8651(5) 5.8756(5)
V(Å3) 434.72(8) 441.96(6) 444.81(6)
La/Sr/Ba 8c 
(x,y,z)

x 0.1466(1) 0.1469(1) 0.1457(1)
y -0.0240(4) -0.0067(4) -0.0021(5)
z 0.9910(8) 0.9998(15) 0.998(1)

B(Å2) 1.5(8) 2.7(1) 3.4(1)
focc 0.6/0.3/0.1 0.6/0.3/0.1 0.6/0.3/0.1

In  4b (1/2 0 0)
B(Å2) 0.63(8) 0.76(6) 0.89(1)

O1  8c(x,y,z)
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x 0.0203(3) 0.0217(3) 0.0222(3)
y 0.238(1) 0.2662(9) 0.252(1)
z 0.2280(6) 0.2742(7) 0.2273(7)

O2  8c(x,y,z)
x 0.3205(4) 0.3219(3) 0.3256(4)
y 0.0754(6) 0.0676(5) 0.0657(6)
z 0.023(2) 0.022(2) 0.015(2)

focc 1.00 0.898(7) 0.961(7)
O3  8c(x,y,z)

x 0.243(1) 0.2282(7) 0.213(1)
y 0.178(3) 0.344(1) 0.298(2)
z 0.329(2) 0.241(2) 0.181(2)

B(Å2) 2.9(9) 2.3(1) 0.9(2)
focc 0.280(3) 0.152(7) 0.089(7)

H1  8c(x,y,z)
x 0.185 - -
y 0.073 - -
z 0.312 - -

focc 0.230(3) - -
H2  8c(x,y,z)

x 0.3451(3) - -
y 0.2587(7) - -
z 0.4203(4) - -

focc 0.230(3) - -

Discrepancy 
factors

χ2 1.62 1.80 1.57
Rp(%) 1.92 1.80 1.74
Rwp(%) 2.48 2.35 2.21
RBragg(%) 6.94 9.76 9.91

Table 3. Anisotropic displacement factors for O1 and O2 in La1.2Sr0.6Ba0.2InO4+ from NPD data at increasing 

temperatures. 

T(ºC) 25 600 800
O1  8c(x,y,z)

11 61(7) 73(5)    96(7)    
22 163(26) 138(16)    124(16)   
33 42(20) 176(21)   156(20)     
12 97(16) 4(16)     -24(27)     
13 53(12) 7(15)    39(17)    
23 171(21) 109(20) 100(20)
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O2  8c(x,y,z)
11 43(5) 55(5) 94(8)   
22 19(20) 205(28) 295(33)   
33 802(56) 558(39) 602(51)     
12 -23(9) -18(11) 25(15)    
13 -157(22) -83(33) -140(30)     
23 -48(40) -128(66) -208(50)

                         * Anisotropic Betas  x 10-4

Table 4. Main interatomic distances (Å2) and angles (°) for La1+xSr1-xIn4+  (x= 0.0, 0.1 and 0.2) determined 

from NPD data at RT.

 T(ºC) 25 600 800
La/Sr-O1 2.612(6) 2.550(8) 2.566(7)
La/Sr-O1 2.770(5) 2.887(7)  2.924(6)
La/Sr-O1 2.775(6) 2.731(8) 2.684(7)
La/Sr-O2 2.281(5) 2.274(5) 2.335(5)
La/Sr-O2 2.783(10) 2.929(14) 2.882(12)
La/Sr-O2 2.409(4) 2.556(4) 2.589(5)
La/Sr-O3 2.595(15) 2.695(11) 2.249(13)
La/Sr-O3 1.925(16) 3.059(11) 3.131(13)
La/Sr-O3 2.980(15) 2.262(12) 2.415(13)
La/Sr-O3 2.567(17) 2.109(12) 2.379(14)
In-O1 (x2) 2.061(6) 2.033(7) 2.044(6)
In-O1 (x2) 2.137(5) 2.179(6) 2.211(6)
In-O2 (x2) 2.307(5) 2.302(5) 2.264(5)

H1-O2 1.520(8)
H1-O3 0.963(17)
H2-O2 1.191(7)
H2-O3 1.461(16)

In-O1-In 164.0(2) 163.3(3) 163.8(2)

Fig. 3 illustrates the goodness of the fit from NPD data at RT. La2O3 was found as minor 

impurity and included in the refinement as second phase. 
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Figure 3. Observed (crosses), calculated (full line) and difference (at the bottom) NPD profiles for 

La1.2Sr0.6Ba0.2O4+,  at a) 25ºC, b) 600ºC and c) 800ºC, refined in the Pbca space group. The vertical markers 

correspond to the allowed Bragg reflections for the main phase; the second series of markers correspond to 

La2O3 minor impurity phase.

As shown in Fig. 4a, the absorbed water molecules are dissociated after inclusion in the NaCl 

layers of this material, showing O-H bonds with the axial O2 atoms of the InO6 octahedra 

and the interstitial O3 atoms. These details concerning dissociated water is highlighted in 

Fig. 4b. The O2-H and O3-H distances are close to 1 Å (see Table 4). Hydrogen bonds of 

about 1.5 Å (Table 4) are established in the interlayer space with O2 and O3 atoms. 

O2
H

O1In

La,Sr,BaO3

H2 H1

b)a)

Figure 4. a) Crystal structure view of La1.2Sr0.6Ba0.2O4+,  showing sheets of tilted InO6 octahedra alternating 

with (La,Sr,Ba)-O layers, where interstitial O3 oxygen atoms are located, as well as splitted water molecules. 

b) Close up image of the interstitial space where H1 is bonded to O3 interstitial oxygen atoms and H2 is 

bonded to O2 axial atoms of the InO6 octahedra. Weaker hydrogen bonds are represented by dashed lines.

The crystal structures of the parent La1.1Sr0.9InO4 and La1.2Sr0.8InO4 oxides have been 

described in a former report [15], and the presence of interstitial oxygen atoms was unveiled 

from Fourier synthesis. However, in that case no water was detected in the interlayer space. 

In the present compounds, the introduction of the very basic Ba2+ ions, together with the 

calcination at 1300ºC, seems to give rise to materials with a strong affinity for water. This 

happens during the cooling process in the ambient laboratory conditions. Not only H2O 
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molecules are introduced in the interplanar space (NaCl-type layers) but they are dissociated 

into O-H units; one of the H atoms per molecule is bonded to interstitial O3 atoms whereas 

the second one appears linked to the axial octahedral oxygen of the perovskite layers. Such 

water molecule dissociation has been described in some strongly oxygen-defective oxides, 

where H2O molecules adopt the position of oxygen vacancies, releasing an H to be bonded 

to octahedral oxygens; this procedure is used for H2 production since, upon heating the solid, 

the materials release H2, whereas the O2- ion fills the oxygen vacancy [21,22], for instance, 

in the La0.6Ca0.4CoO3-δ perovskite. This has been described for 3D perovskites (ABO3-δ type) 

but, to the best of our knowledge, it had not been reported for layered perovskites, with water 

inserted into the interstitial space.

Upon heating the present sample La1.2Sr0.8Ba0.2InO4+δ during an “in-situ” structural study, at 

600ºC and 800ºC, the absorbed water is released and the refinement of the occupancy factor 

of the O3 interstitial atom becomes that expected (δ= 0.1) for the charge misbalance produced 

upon introducing extra (Sr,Ba) with respect to the 1:1 La/(Sr,Ba) stoichiometry. Moreover, 

the neutron refinement shows the conspicuous appearance of oxygen vacancies in the axial 

O2 octahedral atoms; the refined stoichiometries at 600ºC and 800ºC are, respectively, 

La1.2Sr0.6Ba0.2In(O1)2(O2)1.80(1)(O3)0.30(1) and La1.2Sr0.6Ba0.2In(O1)2(O2)1.92(1)(O3)0.18(1). The 

total amount of oxygen at both temperatures is 4.10(1), as expected. There is no measureable 

oxygen deficiency on O1 positions. The presence of both O2 vacancies and O3 interstitials, 

both of them lying in the interlayer space, will have a strong influence in the transport 

properties, as we will show below.  

On the other hand, the refinement of the anisotropic displacement factors (ADPs) for O1 and 

O2 atoms (belonging to the perovskite layers) yields strongly anisotropic ellipsoids for both 

atoms, as illustrated in Figure 5 for the structure at 600ºC. 
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O2

La,Sr,Ba

In

O3

O1

Figure 5. View of the crystal structure of La1.2Sr0.6Ba0.2O4+,  highlighting the anisotropic displacement 

parameters, of oblate type for equatorial O1 and prolate type for axial O2 oxygen atoms. The ellipsoids are 

represented with 95% of probability.

Equatorial O1 oxygens are disk shaped (oblate-type) ellipsoids, which is the shape typically 

found in perovskites. They are perpendicular to the In-O-In bonds, where the thermal 

vibrations are preferentially oriented; i.e.  these oblate spheroids lock the oxygen atoms at 

mid-indium positions with enhanced vibrations perpendicular to the In-In distance On the 

other hand, the ADPs for the axial oxygens are prolate-type, cigar-shaped ellipsoids, as 

illustrated in Fig. 5.  In this case, the terminal oxygens of the octahedra are more ionically 

(weakly) bonded to the NaCl (La/Sr/Ba-O) counter-part of the crystal structure and, 

moreover, the direction of the long axis of the ellipsoid could mimic the oxygen exchange 

between the interstitial O3 atoms and the oxygen vacancies present in these octahedral 

positions, thus endorsing the oxide-ion diffusion across the solid.  

3.2. Electrical Conductivity measurements

The dc conductivity measured under different oxygen partial pressures is shown in Fig. 6 for 

both Ba-doped compounds. At 600°C, as can be seen, the conductivities of both samples 

remain constant at very low oxygen partial pressure, but over 10-4 atm, mixed ionic and p-

type electronic behavior is evidenced. To achieve partial pressures of oxygen of the order of 
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10-21 atm, it is necessary to make a mixture of gases with Ar, H2 and water as buffer; 

therefore, to avoid damaging the platinum cables of the measuring device by embrittlement 

with hydrogen, at 800 °C we only performed measurements above 10-4 atm pO2. In this case, 

the same trend is observed.  
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 Figure 6. Total electrical conductivity of La1.2Sr0.8-xBaxInO4+δ (x= 0.2, 0.3) vs. oxygen partial pressure, 

PO2/atm at 600° and 800°C

At the two temperatures, the slope of the curve (m) is given in Figure 6. The slopes for both 

compounds at different temperature are near 1/6, which is the expected value for total 

electrical conductivity when electron holes (p-type conduction) and oxygen vacancies 

intervene in the conductivity. There are several works that report p-type driving at high pO2 

for solid electrolytes, but, to the best of our knowledge, it had not been reported for layered 

perovskites [23-28]. The origin of p-type conduction is unclear. Electrons holes and 

interstitial oxide ions can be created at high oxygen partial pressure by an oxidation reaction 

[29]
1
2𝑂2(𝑔) + 𝑉𝑖 𝑂′′𝑖 + 2ℎ

Similar to what happens to other perovskites and Ruddlesden-Popper phases, the electron 

holes could be located in the B-sites ( as in in this case). However, TG measurement in the 

same condition does not show any detectable weight variation (the oxygen content remains 

constant in the sample), which is in agreement with the absence of change in the oxidation 

state of In.
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Another possible explanation of why these compounds behave like this, is that at RT water 

molecules are not only inserted into the interstitial space, but also in oxygen vacancies to 

form protonic defects, such as O  . As temperature increases, the dehydration may cause HO

the formation of oxygen vacancies and/or electron holes. It is expected that although the 

water content is too low to be detected by TG at 600-800 ºC, the formation of a small quantity 

of electron holes might be enough to produce a change in the conductivity due to its high 

mobility compared with ion charge carriers. The obtained conductivities are of the order of      

10-4 (S/cm), far below the conductivity values of the oxide electrodes used in SOFCs, whose 

values are greater than 0.1 (S/cm). Also, as we see below, the activation energy, Ea, 

corresponds to 1 eV, the typical value for ionic conductors. To analyze the nature of the 

majority charge carriers, ac impedance spectroscopy was applied. The charge transport in 

this O-ionic conductors takes place through oxygen vacancies as well as interstitial atoms 

present in the interlayer space, by a "jump" mechanism. The total driving process is affected 

by three types of resistances: charge transport process in the bulk, charge transport process 

through the grain boundary and charge transfer process in the material interface – electrode. 

The typical impedance spectra can be represented in a Nyquist diagram as semi-circles 

corresponding to each process. The ac impedance spectroscopy between 600 – 900 °C is 

displayed in Fig. 7 for La1.2Sr0.8-xBaxInO4+δ (x= 0.0, 0.2, 0.3) at different temperatures 

(600°C, 700°C, 800°C and 900°C). 
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Figure 7. ac impedance spectra of La1.2Sr0.6Ba0.2InO4+  at increasing temperatures with Pt electrodes in air. 

The determination of the resistances was obtained with two series of RC parallel circuits proposed as the 

electrical equivalent circuit.

As expected, for the three compounds, the resistances decreased with increasing temperature. 

The experimental results were adjusted to RC-type circuits as indicated in the inset of the 

figures. The capacitive contribution is a fundamental factor in the distinction of processes. 

At high temperatures, between 700-900 °C, it is observed that the resistivity of the x = 0.2 

and 0.3 compounds decreases with respect to the one with x = 0.0, reaching even half of the 

resistance value for x = 0.2. At the temperature of 600 °C, it can be seen that the resistance 

for x = 0 is smaller (lower) than the one of the Ba-containing samples. This is because, as 
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previously studied [from ref. 15], there is a change in the slope of the activation energy for 

the x=0 sample, which is not observed in the Ba-containing specimens. For each temperature, 

the spectrum obtained for the sample with x = 0.2 is observed as an inset. The chosen circuit 

is a resistance followed by two R-CPE (CPE= constant phase element) circuits in series. We 

use a CPE because the semicircles are not perfect and in this way the problem can be solved 

mathematically. The first R represents the resistances given by the bulk + grain boundary, 

which cannot be observed as a semi-circumference since frequencies greater than 1 MHz 

would be needed. The reason for representing the spectrum with two circuits of R-CPE type 

is to account for the two main processes observed in the electrolyte. The first circuit 

represents the contribution of the charge transfer process in the material interface – electrode. 

We can infer this from the value obtained for the CPE components, which are typically in 

the ranges between 10-5 and 10-6 F. Our values for the first R-CPE are 6.410-6 F and 5.210-

5 F for 900°C and 800°C respectively. The second R-CPE circuit corresponds to the 

impediment of the oxygen reduction reaction (ORR) at the interface, which was observed in 

all the spectra. At lower temperature, the resistance of the material depends strongly on 

temperature, which is a fundamental variable for activating the ionic conduction process. For 

this reason, when the temperature decreases, the resistances increase, being possible to 

appreciate the contribution of the resistance of the bulk and the resistance through the grain 

boundary, as observed at 700°C and 600°C. 

The Arrhenius plots (Fig. 8) for La1.2Sr0.8-xBaxInO4+δ (x= 0.0, 0.2, 0.3) show the temperature 

dependence of the conductivity (σT) in air, where σ is defined as the inverse of the electrical 

resistivity ρ (σ= 1/ ρ). 
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Figure 8. Thermal variation of conductivity () versus 1000/T in air for La1.2Sr0.8-xBaxInO4+δ (x= 0.0, 0.2, 0.3)

From these plots we were able to obtain the activation energy values, Ea, of 1.10 eV for each 

compound, which are similar to those found for commercial electrolytes and are in agreement 

with the dc-conductivity measurements described above. In the range between 900°C and 

600°C, the x= 0.2 material presents the best values of conductivity, overcoming by a factor 

of two the conductivity of the parent La1.2Sr0.8InO4+δ oxide [15]. Therefore, the introduction 

of Ba in the framework indeed improves the  values, as wanted. This has a double reason: 

on the one hand, the notable expansion of the unit-cell volume of the x= 0.2 material (V= 

432.42(4) Å3) with respect to the parent oxide (437.12(9) Å3) undoubtedly favors oxygen 

diffusion across the structure. On the other hand, the Ba material was found to present 

vacancies at axial O2 oxygen atoms besides interstitials, which are the only feature of the 

parent compound, and seemingly the double mechanism is more effective involving jumps 

from oxygen interstitials to vacancies. The reason why the Ba-containing compound is more 

prone to the existence of vacancies is uncertain, although it can be related to the lower 

covalence of the chemical bonding of axial oxygens with the NaCl layer, increasing the 

lability of O2 atoms in La1.2Sr0.6Ba2InO4+δ.
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Conclusions

We found a double functionality in the novel La1.2Sr0.6Ba2InO4+δ oxide. This compound is 

able to incorporate and dissociate water molecules in the interstitial space, taken from the 

ambient atmosphere during the cooling process from the synthesis temperature of 1300ºC. 

This could be of application in thermochemical water splitting. Difference Fourier maps from 

NPD data at RT clearly show conspicuous negative peaks corresponding to hydrogen atoms; 

H1 and H2 atoms are bonded at about 1 Å to O3 interstitial oxygen and O2 axial oxygen 

from the octahedral layer, respectively. H2O molecules do not alter the electroneutrality of 

the crystal, and at higher temperatures (600 and 800ºC) they are no longer observed, 

remaining the interstitial oxygen atoms corresponding to the charge misbalance of the metal 

ions. Unlike in the parent La1.2Sr0.8InO4+δ oxide, these interstitials are combined with a 

noticeable number of O2 vacancies. The dual observed defects, vacancies and interstitials, 

are effective in increasing the conductivity of the Ba-containing material in the 600-900ºC 

temperature range. This strategy seems operative for the design of novel and functional 

oxide-ion conductors to operate in SOFCs at intermediate temperatures.   
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