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ABSTRACT: A-site ordered double perovskites with the general formula LnBaCo2O6- (where Ln is a lanthanide element) 
present electrical and electro-catalytic properties that makes them attractive as possible ceramic electrode-materials for solid 
oxide cells or alkaline electrolyzers. The properties are highly influenced by the anion vacancies concentration, which is 
strongly related to the Co-oxidation state, and their location in the structure. Awareness of the stable phases is essential to 
synthesize, evaluate and optimize the properties of LnBaCo2O6- oxides at operating conditions in different applications. 
TbBaCo2O6- are representative oxides of these layered perovskites systems. The present article reports a study of TbBaCo2O6-

 by electron diffraction, high resolution electron microscopy and powder neutron diffraction experiments at different tem-
peratures. Synthesis of TbBaCo2O6- in air and slowly cooled to room temperature (RT) at 5 ºC h-1, leads to samples formed by 
distinct phases with different oxygen contents and crystal structure. The 122 and 112 phases (with ap × 2ap × 2ap and ap × ap 
× 2ap unit cells respectively; ap being the lattice parameter of the simple cubic perovskite structure) are predominant in quasi-
equilibrium prepared samples (cooled at RT at 1 ºC h-1) or prepared in Ar-flow and quenched to RT. The evolution of the 
crystal structure of TbBaCo2O6- during thermal oxygen release/uptaking consists of modulation from the 122-phase to the 
112-phase (or vice versa during uptaking) by creation/occupation of anion vacancies within the TbO1- planes. Anion vacan-
cies are not detected in oxygen crystallographic position different that those located within the TbO1- planes even at the 
highest temperatures, supporting the 2D character of the high anion conduction of the LnBaCo2O6- oxides. 

1. INTRODUCTION 

A-site ordered double perovskites with the general formula 
LnBaCo2O6- (where Ln is a lanthanide element) have been 
recognized as potential air electrodes for intermediate tem-
perature solid oxide fuel cells (IT-SOFCs).1–4 Besides, the 
catalytic activity for the hydrogen evolution reaction 
(HER)5–7 and for the oxygen evolution reaction (OER)8, re-
cently reported in compounds of these systems, makes 
them as well attractive as possible ceramic electrode-mate-
rials for electrolyzers. The electrical and electro-catalytic 
properties of these oxides are intimately related to their 
crystal structure, in particular to the location of the anion 
vacancies within the oxygen sublattice.9,10 

GdBaCo2O6- is one of the most studied compounds of such 
systems due to its low polarization resistance when used as 
electrode in symmetrical half cells.11–13 The first study of the 
crystal structure of a sample of GdBaCo2O6- (  0.6) pre-
pared in air concluded that it adopts a superstructure of the 
perovskite with orthorhombic unit cell ap × 2ap × 2ap (ap be-
ing the lattice parameter of the simple cubic perovskite 
structure).14 This so-called orthorhombic 122-type struc-
ture corresponds to the GdBaCo2O5.5 stoichiometry and pre-

sents layered-type ordering of the Gd and Ba atoms and ad-
ditional ordering of the anion vacancies within the GdO1- 
planes, giving rise to the corresponding ordering of the 
CoO6 octahedra and CoO5 pyramids (Figure 1a). This study 
also reported that when the GdBaCo2O6- was synthesized in 
Ar flow, the high content of anion vacancies (  1) leads to 
oxygen-empty Gd-planes and to a tetragonal ap × ap × 2ap 
unit cell constituted by CoO5 pyramids (the tetragonal 112-
type structure) (Figure 1b).14 Further studies assigned ei-
ther the orthorhombic 122-type or the 112-type crystal 
structure to LnBaCo2O6- oxides depending on  values 
lower or higher than 0.5 respectively15–19 and described a 
reversible phase transition from the 122-type to the tetrag-
onal 112-type accompanied by oxygen loss when the oxides 
are thermally treated.20,21 In addition to these two oxygen-
content dependent perovskite-superstructures, a super-
structure with a 3ap × 3ap × 2ap unit cell has been reported 
for GdBaCo2O6- single crystals with   0.62 22 and a 4ap × 
4ap × ap supercell in TbBaCo2O4.5 obtained by topotactic re-
duction of TbBaCo2O5.5.23 More recently, a study of Eu-
BaCo2O5.5 reports a 2ap × 2ap × 2cp supercell that combines 
the Eu and Ba ordering along c with the ordering of Co3+ 



 

square pyramids and octahedra alternating along b and or-
bital-order alternating along a. The orbital ordering is lost 
at 365 K leading to the ap × 2ap × 2ap supercell.24 Contrasting 
insights into the crystal structure and electrical properties 
of different GdBaCo2O6- phases obtained under different 
synthesis conditions have been reported.13 This last work 
stated that GdBaCo2O6- with   0.5 was obtained when the 
oxide was prepared by the ceramic method in air and rela-
tively slow cooling (5 ᵒC/h); however,   0.5 values were 
achieved when synthesized under Ar flow. Most im-
portantly, the study revealed that single phase GdBaCo2O6- 
was only obtained when the oxide was prepared in Ar. SAED 
and HRTEM results showed the co-existence of two differ-
ent phases in the sample synthesized in air and slowly 
cooled: one with a 2ap × 2ap × 2ap unit cell and another 
one with a ap × ap × 2ap cell. These two phases, which accord-
ing to the XEDS analysis presented the same Gd/Ba stoichi-
ometric atomic ratio, must differ in the anion sublattice in 
such a way that the 2ap × 2ap × 2ap cell accommodates 
higher oxygen contents. On the contrary, the GdBaCo2O6- 
with   0.5, which was prepared in Ar, presented the te-
tragonal 112-type structure. In the course of this work, a 
metastable phase with ap × 3ap × 2ap unit cell was detected 
in a GdBaCo2O6- sample with average value of 0.67, 
which was prepared in air and rapidly cooled, showing that 
the rate of cooling in air is also a relevant parameter. It is 
noteworthy that similar thermal influence on the phase sta-
bility and crystal structure was reported by C. Frontera et 
al. for the system PrBaCo2O6-.25 

 

Figure 1. Schematic representation of the structure of the 
GdBaCo2O6- phases; (a) 122-like and (b) 112-like. 

Resuming one can state that the LnBaCo2O6- systems show 
a wide range of oxygen non-stoichiometry modulated 
within different perovskite-type structures that emerge 
from the location of the oxygen vacancies within the LnO1- 
planes. The synthesis conditions highly affect the formation 
of different phases of the compounds, which present differ-
ent oxygen contents and crystal structures and hence, dif-
ferent properties. Therefore, awareness of the stable phases 
is essential to synthesize, evaluate and optimize the proper-
ties of LnBaCo2O6- oxides at operating conditions in differ-
ent applications. In this context, knowing the structure of 
LnBaCo2O6- oxides at high temperature in air, as well as its 
evolution from room temperature, is relevant for their ap-
plication as air-electrode components in SOFCs. We present 
in here a new study of the crystal structure of TbBaCo2O6- 
synthesized under different conditions by means of selected 

area electron diffraction (SAED), high resolution transmis-
sion electron microscopy (HRTEM) and neutron powder 
diffraction (NPD) at different temperatures. TbBaCo2O6- is 
isostructural with LnBaCo2O6- (Ln = Gd, Pr). We confirm the 
extreme sensibility of the phase formation to the synthesis 
conditions and show the structural evolution occurring by 
oxygen-vacancy accommodation during thermal treat-
ments. 
 
2. EXPERIMENTAL 

Considering previous results on GdBaCo2O6-δ 13 and with the 
aim of obtaining different oxygen contents, we have pre-
pared TbBaCo2O6-δ by solid state method in air and different 
cooling approaches. The samples have been prepared by us-
ing Tb2O3 (Sigma Aldrich, 99.99%), BaCO3 (Sigma Aldrich, 
99.99%) and Co2O3 (Sigma Aldrich, 99.99%). Tb2O3 was 
heated at 900 ºC prior to weighing. Stoichiometric amounts 
of the starting compounds were ground together and 
heated at 1000 ºC for 12 h for decarbonation in air. After-
wards, the samples were again ground, pelleted and then 
fired at 1200 ºC in air. Finally, the samples in powder form 
were submitted to different cooling treatments after heat-
ing at 1200 ºC in air another 12 h. One of the samples was 
quenched from that temperature to room temperature 
(RT), a second sample was cooled to RT at 5 ºC h-1 and the 
third one was cooled to RT in quasi-equilibrium conditions 
at 1 ºC h-1. According to these cooling conditions, the sam-
ples are called in the text Q-TBCO, 5C-TBCO, and 1C-TBCO. 

Crystalline phase identification and sample purity were as-
sessed from X-ray powder diffraction (XRPD) data collected 
on a Bruker D8 high-resolution θ/2θ diffractometer in 
Bragg-Bentano geometry equipped with a LynxEye® fast 
detector using monochromatic CuKα1 (λ = 1.5406 Å) (radi-
ation obtained with a germanium primary monochroma-
tor). Diffraction data were analyzed using the Fullprof soft-
ware.26 XRPD patterns were mostly used for phase identifi-
cation by La Bail method27 since detailed structural analyses 
were performed using NPD as described below. 

Selected area electron diffraction (SAED) and high-resolu-
tion transmission electron microscopy (HRTEM) studies 
have been performed with a JEOL JEM 3000F microscope 
operating at 300 kV (double tilt ( 20º) (point resolution 
1.7Å)), fitted with an XEDS microanalysis system (OXFORD 
INCA). The atomic ratio of the metals has been determined 
by X-ray energy dispersive spectroscopy (XEDS) analyses 
finding good agreement between analytical and nominal 
composition in all the crystals. For transmission electron 
microscopy the samples were ground in n-butyl alcohol and 
ultrasonically dispersed. A few drops of the resulting sus-
pension were deposited in a carbon-coated grid. 

Neutron powder diffraction (NPD) was used to study the 
samples, either at RT or by thermo-diffraction up to 900 ºC. 
The sample Q-TBCO was measured at 102ºC (in its para-
magnetic domain, i.e., at a temperature sufficiently high 
avoid to any magnetic order to simplify the structural 
study). This pattern was recorded on the high-resolution 
diffractometer D2B (ILL, Grenoble); a monochromatic beam 
of wavelength 1.594 Å was selected with a Ge monochrom-
ator from the primary beam. The instrumental resolution 
was increased by reducing the divergence of the primary 



 

beam by an additional 10’ collimator. The instrumental con-
tribution to the line broadening was determined using a 
NIST standard sample of Na2Ca3Al2F14, whereas a standard 
sample of Si (also from NIST) was used for precise determi-
nation of the wavelength.  

NPD patterns as a function of temperature were collected 
for the 1C-TBCO sample from 200 ᵒC to 800 ᵒC in air (in a 
quartz tube open to air) on heating and cooling stages, on 
the D1B instrument at ILL, using a monochromatic beam of 
1.28 Å. The contribution of the instrument to the peak width 
was determined by the instrument resolution function de-
termined from a Na2Ca3Al2F14 standard sample, whereas the 
wavelength was determined using a Si standard. The tem-
perature was changed at a rate of 10 ᵒC/min and the sample 
was stabilized at every temperature for 30 minutes prior to 
recording the corresponding pattern.  

Structural refinements using NPD data were performed by 
the Rietveld method using the FullProf software.26 The neu-
tron scattering amplitudes used in the refinements were 
0.7380, 0.5070, 0.2490 and 0.5803 (10-12 cm) for Tb+3, Ba+2, 
Co+3, and O2-, respectively; isotropic thermal factors were 
employed for all atoms. Throughout the refinements, the 
perovskite A (Ba and Tb) and B (Co) sites were constrained 
to be fully occupied, but the chemical composition was re-
fined, and a single thermal factor for all oxygen atoms was 
assumed. 

 

3. RESULTS AND DISCUSSION 

3.1. Sample prepared in air and cooled to room temper-
ature at 5 ᵒC h-1 (5C-TBCO). 

Figure S1 shows the XRPD pattern of the 5C-TBCO sample. 
The pattern seems to correspond to a single orthorhombic 
122-type phase, as suggested by the peaks indicated by ar-
rows in Fig. S1: two reflections around 2 angles 46.4ᵒ and 
46.9ᵒ corresponding to d-spacings 1.94 Å and 1.96 Å, and 
the two weak reflections at 11.31ᵒ and 11.76ᵒ, correspond-
ing to d-spacings 7.82 Å and 7.52 Å. 

Figures 2, 3 and 4 show SAED patterns and HRTEM images 
of different crystals of the 5C-TBCO sample. The results in-
dicate that the sample contains three different types of crys-
tals (A, B and C). The patterns have been indexed according 
to the basic perovskite structure (p refers to simple cubic 
perovskite). All the SAED patterns show extra reflections at 
Gp±1/2(001)p characteristic of the layered-type ordering of 
Gd and Ba. In the A-type crystals, these Gp±1/2(001)p reflec-
tions appear along both 001p and 100p directions (Fig. 
2a), which could be associated with doubling of two main 
ap-parameters. However, Fig. 2c and d, that show the 
HRTEM images of two areas of a A-type crystal oriented 
along the [010]p zone axis and the corresponding fast Fou-
rier transforms (FFTs), discard the doubling of two lattice 
parameters. Fig. 2c shows contrast differences characteris-
tic of ap × 2ap periodicity and Fig. 2d shows two perpendic-
ularly oriented domains with contrast differences indicat-
ing ap × 2ap periodicity in each of them. The FFT in Fig. 2c 
corresponds to only one domain and therefore shows the 
Gp±1/2(001)p reflections only along 001p. However, the 
FFT in Fig. 2d corresponds to the combination of both do-
mains, like the SAED pattern in Fig. 2a. Therefore, the SAED 

and HRTEM results in Fig. 2 conclude that the A-type crys-
tals have a crystal structure with ap × ap × 2ap unit cell, char-
acteristic of the 112-phase and present domains with per-
pendicular orientation of the structure. 

 

Figure 2. SAED patterns of an A-type crystal of 5C-TBCO along 
the a) 010p and b) -110p zone axis; c) and d) HRTEM images 
and corresponding FFT of two areas of a A-type crystal along 
the [010]p zone axis. 

The SAED patterns of the B-type crystals in Fig. 3a and b 
show extra reflections at Gp±1/2(110)p in addition to the 



 

Gp±1/2(001)p reflections (also along two perpendicular di-
rections like the A-type crystals). The presence of the 
Gp±1/2(110)p reflections is characteristic of a 2ap × 2ap × 
2ap unit cell, or ap × 2ap × 2ap or √2ap × √2ap × 2ap unit cells 
with domains of the cell oriented in perpendicular direc-
tions. Fig. 3c and d show HRTEM images oriented along the 
[010]p zone axis. The images again reveal two perpendicu-
larly oriented domains with contrast differences indicating 
ap × 2ap periodicity characteristic of √2ap × √2ap × 2ap unit 
cell. Interestingly, in the crossing areas between two do-
mains with ap × 2ap periodicity, there are domains showing 
contrast differences with 2ap × 2ap periodicity of the ap × 2ap 
× 2ap unit cell characteristic of the 122-phase. Fig. 3c shows 
a crystal with bigger domains of 2ap × 2ap periodicity than 
those of the crystal in Fig. 3d. 

 

Figure 3. SAED patterns of a B-type crystal of 5C-TBCO along 
the a) 010p and b) -110p zone axis; c) and d) HRTEM images 
and corresponding FFT of two B-type crystals along the [010]p 
zone axis. 

Figure 4 displays a characteristic SAED pattern along the [100]p 
zone axis (Fig. 4a) and the corresponding HRTEM (Fig. 4b) of 
the C-type crystals. The patterns shows extra reflections at 
Gp±1/3(010)p and the image clearly reveals domains with con-
trast differences with 3ap × 2ap periodicity characteristic of the 



 

ap × 3ap × 2ap unit cell. The pattern also shows weak extra re-
flections at Gp±1/2(010)p associated to the 122-phase domains 
and even weaker reflections at Gp±1/6(010)p probably due to 
double diffraction. 

This 132 superstructure, also associated to ordering of oxy-
gen-vacancies, was detected for the first time in GdBaCo2O6-

.13

 

 

Figure 4. a) SAED pattern of a C-type crystal of 5C-TBCO along the 100p zone axis and b) corresponding HRTEM image. Notice that 
the cell orientation (123-like) is chosen to agree with that used for the fitting of the XRPD pattern (Fig.S1)

In conclusion, the SAED and HRTEM results of the 5C-TBCO 
sample reveal that it consists of different phases of oxides 
with layered-type perovskite structure and probably with 
differences on the oxygen-content, since the EDX analysis 
indicate similar nominal atomic ratio of the metals in all 
types of crystals. One of the phases (found in type A crys-
tals) corresponds to the 112-crystal structure with ap × ap × 
2ap unit cell; the B-type crystals show two phases distrib-
uted in domains: one with √2ap × √2ap × 2ap unit cell 
(√2√22-phase) and the 122-phase with ap × 2ap × 2ap unit 
cell. Type C crystals contain the 123-phase with ap × 3ap × 
2ap unit cell. The uptake and accommodation of oxygen of 
the TbBaCo2O6-δ while cooling from high temperatures 
seems not to be uniform and originates crystals with do-
mains having different oxygen contents leading to different 
layered-perovskite structures.  

After the TEM results, we have proceeded to fit the XRPD 
data of the sample 5C-TBCO to either a single 122-phase or 
a phase mixture. Figure S1 depicts the best LeBail fitting. 
The sample contains three phases: 122-like, 112-like and 
the 132-like. Phases 122 and 112 are undoubtedly identi-
fied, the third phase seems to be present but in a very small 
amount; the strongest support of its existence is the pres-
ence of the very weak (040) reflection. The results agree 
with the TEM observations except that the √2√22-phase is 
not detected by XRPD, probably due to the small size of the 
domains that contain this phase and the extremely weak re-
flections associated to the tilting of the oxygen-octahedra of 

the CoO6 that leads to this type of diagonal unit cell (the 
√2√22-phase must correspond to higher oxygen content 
than the stoichiometric TbBaCo2O5.5 122-phase). 

The relative phase proportion in samples of TbBaCo2O6-δ de-
pends, most likely, on the thermal treatment, in the present 
case on the velocity of cooling from the synthesis tempera-
ture. The NPD studies of the crystal structure of TbBaCo2O6-

δ and its thermal evolution have been focused on the Q-
TBCO and 1C-TBCO samples to minimize difficulties due to 
the formation of phases with different oxygen content. In 
this sense and as it is explained in the following sections, the 
quenched samples lead to 112-phases (type A crystals of 
Fig. 2), as found in previous results in GdBaCo2O6-δ 12 and 
the 1C-TBCO sample must be near the equilibrium of the ox-
ygen content according to results in PrBaCo2O6-δ.25 

 

3.2. Sample prepared in air and quenched to room tem-
perature (Q-TBCO) 

The SAED patterns and HRTEM images of the Q-TBCO sam-
ple indicate that the sample is predominantly formed by 
112-phase, although some crystals present domains of the 
132 phase. The study of the average (long-range) structure 
has been performed by fitting the XRPD and NPD patterns 
by the Rietveld method to the structural model given in Ta-
ble S1. Figure S2 and Figure 5 show the result of the XRPD 
and NPD data, respectively.  



 

 

Figure 5. Graphic result of the fitting of the NPD data at room temperature of Q-TBCO. The red points represent the experimental 
pattern, the continuous black line the calculated using the structural model on Table S1 and the blue line is their difference. Vertical 
bars indicate the positions of Bragg peaks of the two 112-like phases present. 

High-resolution XRPD data reveal the presence two 112-
phases (Fig. S2). Besides, the sample seems to contain some 
amount of the 132-phase, suggested by the presence in the 
XRPD pattern of the (040) reflection (indicated by an aster-
isk in Fig. S2). The room temperature NPD data of this Q-
TBCO sample confirm the existence of two 112-phases with 
different oxygen content: 72(4) % (in weight) of the sample 
consists of a phase with  = 1 and 28(4) % of a secondary 
phase corresponding to  = 0.70(1). Figures S3a and b show 
schematic representations of the 112-type crystal structure 
of the two phases in Q-TBCO. As expected in TbBaCo2O5, the 
oxygen deficiency leads to oxygen-empty Tb-planes within 
the structure and the Co-environment consists of CoO5 pyr-
amids. In the phase with higher oxygen content ( = 
0.70(1)) some O3p-oxygen positions within the TbO1- 
planes are randomly occupied forming CoO6 octahedra. 
Therefore, quenched samples to room temperature led to 

112-phases with low oxygen content ( >0.5). However, dis-
tribution of the oxygen is not homogeneous, but formation 
of different phases is detected. 

3.3. Sample prepared in air and cooled to room temper-
ature at 1 ºC h-1 (1C-TBCO). 

Figure S4 shows the result of fitting the XRPD pattern of the 
1C-TBCO sample. The pattern can be indexed as a single 
122-phase. The SAED and HRTEM results of the 1C-TBCO 
sample are similar to those of the B-type crystals of the 5C-
TBCO sample. 

3.3.1 Thermodiffraction of the 1C-TBCO sample 

The thermal evolution of the crystal structure of the 122-
phase in air was studied by NPD. 

Figure 6 presents the graphic result of the fitting of the NPD 
pattern recorded in air at 200 ᵒC (temperature at which the 
phase is in its paramagnetic region) with the corresponding 
structural model given in Table S2. 



 

 

Figure 6. Graphic result of the fitting of the NPD data at 200 ᵒC, on heating in air, of 1C-TBCO sample. The red points represent the 
experimental pattern, the continuous black line the calculated using the structural model on Table S2 and the blue line is their dif-
ference. Vertical bars indicate the positions of Bragg peaks. In the inset shows a zoom of an especially relevant zone of diffraction 
pattern. The wavy-like background is created by the quartz tube used to assure the contact to air in this furnace experiment. 

The pattern can be nicely refined (Table S2) with a single 
122-type phase with perfect laminar order of Ba and Tb 
along the c-axis, and oxygen vacancies ordered along the b-
axis within the TbO1-δ planes, as represented in Figure 7a. 
According to the cooling procedure in the synthesis of the 
1C-TBCO sample and considering that the LnCo2O5+ oxides 
prepared in air gain oxygen from room temperature to 200 
ᵒC,13,25 the total oxygen content of the 1C-TBCO sample at 

200 ᵒC is probably slightly higher than the one correspond-

ing to  = 0.5. This extra oxygen must be very small, since 
long time annealing at about 250 ᵒC and relatively high PO2 

are needed to achieve oxygen contents with  near 0.25 Be-
sides, since the oxygen distribution seems not be uniform in 
the particles of the oxide, the extra oxygen could be concen-
trated in √2√22-nanodomains that cannot be detected from 
the NPD data. 

  



 

 

Figure 7. (a) Schematic representation of the structure of ordered 122-like phase: O3 positions are occupied and O3p positions are 
empty; (b) disordered 122-like structure: both O3 and O3p positions are occupied.  

Oxygen release/uptake occurs in these planes (positions O3 
and O3p in Table S2) with heating/cooling, whereas the rest 
of the oxygen sites in the BaO layers (O1 and O2 in Table S2) 
and CoO4 layers (O4, O5 and O6 in Table S2) are not labile. 

At 300 o C, the NPD results reveals that the oxygen-vacancies 
in the TbO1-δ planes begin to disorder; about 5% of the O3p 
positions in this layer become to be occupied while the oc-
cupation of the O3 positions decreases (see Table S2). No 
relevant oxygen loss is observed.  

Further heating to 400 ᵒC induces important changes; the 
112-type phase appears together with the disordered 122-
phase (Figure 8). In both disordered phases, 122-type and 
112-type, oxygen positions within the TbO1-δ planes are par-
tially occupied (O3 and O3p in Fig. 7) but the oxygen content 
in the 112-phase is lower (see Table S2) 

 

Figure 8. Experimental and calculated NPD patterns at 400 ºC, on heating in air, of 1C-TBCO sample. The red points represent the 
experimental pattern, the continuous black line the calculated using the structural model on Table S2 and the blue line is their dif-
ference. Vertical blue and red bars indicate the positions of nuclear Bragg peaks of the 112 and 122 phases respectively. In the inset 
shows a zoom of an especially relevant zone of the diffraction pattern. 

Thus, the sample at 400 ᵒC consists of a disordered 122-

phase (43% in mass) and 57% of a 112-phase with  >0.5. 
The oxygen loss starts at this temperature, as common in 
LnBaCo2O6- (Ln=Pr, Gd) systems,13,25 but this oxygen re-
lease proceeds with co-existence of different phases. 

At 500 ᵒC the 122-phase totally disappears (Figure 9), the 
sample is single-phase consisting of a disordered tetragonal 
112-like phase (Table S2). 

Increasing the temperature results in further oxygen loss. 
At temperatures between 700 and 800 ᵒC most of the oxy-
gen positions in the TbO1-δ planes of the 112-like phase are 



 

empty, with the remaining small fraction being highly mo-
bile in the layers (Table S2). 

By cooling down from 800 ᵒC the sample displays a totally 
reversible behavior at the cooling rate used in the experi-
ment, which is close to equilibrium conditions (each pattern 
takes about 4 hours to be collected after 30 min of thermal 
stabilization). Figures S5 to S7 display the results of the fits 
of the experimental NPD patterns recorded at 500 ᵒC, 400 
ᵒC and 300 ᵒC (when cooling the sample in air from 800 ᵒC), 
to the models on Table S2. The sample evolution on cooling 
demonstrates that the oxygen uptake, like the oxygen re-
lease, does not occur all over the particles in a homogeneous 
way but through a mechanism that implies formation of 

phases with different oxygen contents. The oxygen atoms 
and vacancies are accommodated within the TbO1- planes 
during oxygen uptake by modulation from the 112-phase 
into the 122-phase. 

Even at temperatures as high as 800 ᵒC, oxygen atoms are 

detected within the TbO1- planes (O3p positions) and for-
mation of anion vacancies in other crystallographic posi-
tions of the structure does not occur. These results support 
the high oxygen anisotropy diffusion reported in PrCo2O6-28 
and therefore the essential role of the singular LnO1- layers 
in the anion conducting properties of LnCo2O6- layered-
type perovskites.9,10 

 

Figure 9. Experimental and calculated NPD patterns at 500 ᵒC, on heating in air, of 1C-TBCO. The red points represent the experi-
mental pattern, the continuous black line the calculated using the structural model on Table S2 and the blue line is their difference. 
Vertical bars indicate the positions of nuclear Bragg peaks of the 112-phase.

 

4. CONCLUSIONS 

The oxygen content in the TbBaCo2O6-, like previously rec-
ognized in LnBaCo2O6- systems with Ln = Gd, Pr, is depend-
ent on the synthesis conditions and further thermal treat-
ments. Common solid state preparation methods with rela-
tively slow cooling rates lead to coexistence of phases with 
different oxygen content distributed in nanodomains within 
the particles. Since the electrical and electrochemical prop-
erties of this type of layered perovskites are highly influ-
enced by the anion vacancies concentration and their loca-
tion in the structure, careful analysis of the formation con-
ditions of stable phases is needed to optimize the properties 
of these materials for different applications. 

The 122 and 112 phases are predominant, indicating that 
location and ordering of the anion vacancies in the TbO1- 
planes stabilize the crystal structure. The evolution of the 
crystal structure of TbBaCo2O6+ during thermal oxygen re-
lease on heating consists of modulation from the 122-phase 
to the 112-phase by creation of anion vacancies within the 
TbO1- planes. In a similar way, modulation from the 112-

phase to the 122-phase takes place during thermal oxygen 
uptake on cooling by location of oxygens following an or-
dered pattern. Location of the anion vacancies within the 
TbO1- planes even at the highest temperatures of the study 
support the 2D character of the high anion conduction of the 
LnBaCo2O6- oxides. 
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SYNOPSIS TOC 

 TbBaCo2O6-δ, with layered perovskite-type structure, accommodates the oxygen vacancies in different ordering 
patterns. Different phases are obtained through oxygen release/uptake by heating/cooling in air, which occurs 
within the TbO1-δ planes. At the temperatures the material works as cathode in solid oxide fuel cells, the structure 
is tetragonal and a noticeably concentration of interstitial oxygen remains in those planes, explaining the 2D char-
acter of its high ionic conduction and its good electrochemical performance. 


