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ABSTRACT: Barium-cobaltate-based perovskite (BaCoO3-δ) and barium-cobaltate-based nanocomposites have 
been intensively studied in energy storage and conversion devices mainly due to flexible oxygen stoichiometry 
and tunable non-precious transition metal oxidation states. Although a rich and complex family of structural 
polymorphs has already been reported for these perovskites in the literature, the potential structural evolution 
which may occur during the oxygen reduction reaction and the oxygen evolution reaction has not been investi-
gated so far. In this study, we synthetized and characterized the lowest Co-oxidation state possible in the com-
pound, BaCoO2, which exhibits a quartz-derived, trigonal structure with a helicoidally corner-sharing, CoO4-tet-
rahedral-framework as already proposed by Spitsbergen et al. Oxygen can reversibly be inserted in such a crystal 
structure to form BaCoO3-δ, i.e. with 0 ≤ δ ≤ 1, based on the results of an in-situ coupled thermogravimetric - neu-
tron diffraction study and which presents therefore giant oxygen capacity storage due to the extreme tunability 
of the electronic configuration of the cobalt cations which defines the fundamental origins of the materials per-
formance. The reversible conversion of BaCoO2 to BaCoO3-δ associated with a similar electronic conductivity 
above 900 K permits to clarify the high potential of BaCoO3-δ -based energy storage and conversion devices. 

INTRODUCTION 

Energy storage and conversion devices are nowadays neces-
sary to be coupled with renewable energy solutions (solar, 
wind) in order to efficiently reduce carbon dioxide emissions 
and potentially achieve carbon neutrality. ABO3 perovskite ox-
ides using non-precious metals appear as an interesting solu-
tion for such a goal as they present the advantage of being 
cheap and they possess high catalytic performance as elec-
trode materials1-5.  These performances mainly arise from the 
ability from the perovskite crystal structure to exhibit an out-
standing tunable oxygen stoichiometry due to the existence of 
oxygen vacancies6,7 which means that oxygen can reversibly be 
inserted and released in the framework depending on the ox-
ygen partial pressure pO2 and temperature, for example. Per-
ovskite oxides have to exhibit therefore mixed oxygen-ion and 
electron conductor properties for applications as electrodes 
for ceramic fuel cells, catalysts for water splitting, oxygen per-
meation membranes and other advanced oxidation processes. 

BaCoO3-δ (BCO) is found to be present either individually in 
efficient nanocomposites8-12 or as a parent phase like in the 
well-known Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) based-perovskite13 
for many of the different catalyst- and electrode-based appli-
cations as it presents an exceptional oxygen permeation rate. 
However, BCO exhibits a distorted hexagonal perovskite 
structure14 with face sharing CoO6 octahedra due to the large 
differences in the ionic radii15 of Ba and Co according to the 
Goldschmidt tolerance factor and as observed in the case of 
BSCF, it is generally mixed with additional elements16,17 to sta-
bilize the prototype cubic perovskite13, Fig. S1. Cubic BaCoO2.2 
has been documented in the literature with a tolerance factor 
being adjusted to 1 due to the combination of large Ba2+ and 
Co2/3+ ions in the A and B sites18. In such a system, the struc-
tural instability appears therefore to arise from oxygen vacan-
cies and change in the electronic configuration of cobalt cati-
ons. In the BSCF cubic perovskite, for example, which is 



 

known as the standard material in solid oxide fuel cell cath-
odes19 and which exhibits excellent oxygen evolution reaction 
electrocatalyst properties1, the oxygen non-stoichiometry δ 
can be varied from 0.2 to 0.820,21 due to the versatility in the 
electronic configuration of the Co/Fe metallic cations on the 
B-perovskite site, i.e. oxidation-, spin- and magnetic-state, 
which defines the fundamental origins of the material’s per-
formance. This cubic perovskite was found not to be very sta-
ble in the entire temperature range of applications as it can 
partially decompose into different hexagonal phases related to 
BCO22-24. Additionally, cubic perovskites, such as BSCF, gen-
erally present excessive thermal expansion,25 which could po-
tentially restrain their applications. To overcome these poten-
tial drawbacks, another strategy was reported using BCO-
based nanocomposites bringing the corresponding optimal 
oxygen/electron conduction of hexagonal-perovskite BCO to 
the cubic-perovskite nanostructures8-12.  

While the BCO system is recognized for its intricate complex-
ity, it prompts speculation about potential connections with 
the previously mentioned reduced cubic 18BaCoO2.2 and Ba-
CoO226 proposed by Spitsbergen et al. This raises the tantaliz-
ing possibility of introducing and releasing a complete oxygen 
atom within the BCO system, offering significant implications 
for energy storage and conversion devices. In our present 
study, we have successfully synthesized an almost-pure trigo-
nal phase of BaCoO2 and comprehensively characterized it. 
Through an in-situ combined thermogravimetric (TGA)-
neutron diffraction experiment, we have provided evidence 
for the reversible insertion-release of oxygen, highlighting a 
substantial oxygen storage capacity in BCO. Moreover, our in-
vestigation reveals structural modifications in the cobalt coor-
dination environment with transitions from tetrahedral to oc-
tahedral configurations via reconstructive transformations. 
Notably, an unexpectedly high-temperature antiferromag-
netic order was observed in-situ for the hexagonal phase of 
BCO, closely resembling that reported in the BSCF perovskite. 
These findings highlight the versatility of hexagonal BCO per-
ovskites in energy conversion and storage applications, chal-
lenging the notion that only cubic perovskite materials are 
suitable for such purposes. 

EXPERIMENTAL SECTION 

Materials. BaCoO2 powder was prepared by a solid-state re-
action starting from a stoichiometric mixture of BaCO3 (Al-
drich > 99%) and CoO (Alfa Aesar 99.8%) pressed in a 13 mm 
diameter pellet and heated at 1273 K under a secondary vac-
uum (about 10-6 mbar) for 3 h. After cooling the pellet was 
crushed and two additional cycles under the same conditions 
were performed in order to obtain the BaCoO2 material.  

Structural and TGA characterization. The 2H-BaCoO3-δ 
powdered material was synthesized from a stoichiometric 
mixture of BaCO3 and CoO under an oxygen flux (PO2 = 1 bar) 
at 993 K for 4 hours and quenched in liquid nitrogen. 

X-ray powder diffraction using Cu-Kα radiation with a PANa-
lytical XPert diffractometer in Bragg-Brentano geometry 
equipped with an XCelerator detector was used for phase 
identification for the sample in air.  

Transmission geometry using Si (111) monochromator (Cu-Kα1 
wavelength) was used to appropriately characterize the Ba-
CoO2/BCO powder loaded into a 0.5 mm glass capillary. The 
structures were refined using the Rietveld method with the 
programs of the FULLPROF suite27. 

High-temperature X-ray powder diffraction measurements in 
air were obtained on a PANalytical X'Pert diffractometer 
equipped with an X'Celerator detector in Bragg-Brentano ge-
ometry using Cu-Kα radiation. The BaCoO2 powder was placed 
in the ceramic spinning sample holder of an Anton Paar HTK 
1200 high-temperature oven-chamber.  

TGA measurements were performed using a STA-449 F1 Jupi-
ter analyzer (NETZSCH) in air or under a vacuum of 10-6 mbar. 

Neutron powder diffraction measurements were performed at 
the D1B diffractometer at the ILL neutron source in Grenoble, 
France28 from a sample contained in a glassy silica (covered 
with gold foils to avoid reaction between BaCoO2 and the 
amorphous crucible) or vanadium can, placed into a high tem-
perature furnace (with a theoretical maximum temperature of 
1273 K) in air or under a vacuum of 5.10-5-10-6 mbar. A mono-
chromatic neutron beam with a wavelength of 2.52 Å, ob-
tained with a HOPG monochromator was used. The structural 
data was refined using the Rietveld method and the Bond Va-
lence Sum (BVS) was calculated with the programs of the 
FULLPROF suite27. 

Raman Spectroscopy. Raman spectra were collected using a 
Horiba Jobin-Yvon LabRam Aramis Raman spectrometer in-
corporating a blue diode laser with a wavelength of 473 nm, 
an Olympus microscope, and a charge-coupled device camera 
cooled by a thermoelectric Peltier device. The laser power di-
rected onto the sample was approximately 1 mW. A BaCoO2 
pellet was positioned in air on a slender platinum block within 
the oven of a Linkam TS1500 heating stage beneath the micro-
scope's objective lens (magnification: 50×). 

Computational details. The dynamical matrix and normal 
modes of vibrations at the zone center are calculated, via the 
knowledge of Hellmann-Feynman forces, in the harmonic ap-
proximation using the direct method with an atomic displace-
ment of 0.02 Å. All calculations are spin-polarized in the fer-
romagnetic state and have been performed with VASP 
code29,30. The volume was fixed to the experimental one and 
atomic positions were relaxed until the maximum residual 
forces on each atom are less than 0.003 eV.Å-1. Exchange-cor-
relation effects are handled within the generalized gradient 
approximation (GGA) as proposed by Perdew, Burke and Ern-
zerhof31. The interactions between ions and electrons are de-
scribed by the projector augmented wave method32. The plane 
wave energy cutoff was 650 eV and the Brillouin zone integra-
tion was performed using a 8x8x8 Monkhorst-Pack mesh33.  To 
properly describe the strong electron correlations in Co-at-
oms, a Hubbard term (Ueff = 3.4 eV) has been considered as 
formulated by Dudarev et al.34. Position of the Raman lines has 
been determined via the group theory from the knowledge of 
the eigenmodes obtained by the diagonalization of the dy-
namical matrix. 

RESULTS AND DISCUSSION 

From BaCoO2 

In spite of its importance in energy storage and conversion de-
vices, the BaCoO3-δ oxygen-based system is not so well under-
stood. Different polymorphs35 were reported depending on 
the oxygen stoichiometry: from the hexagonal BaCoO3-δ per-
ovskite14 to the modified 12H- hexagonal36 and 5H- trigonal 
phases37 for oxygen-rich compositions, whereas a strongly ox-
ygen-deficient BaCoO2.2 cubic perovskite structure18 and the 
end-membered trigonal BaCoO2  were proposed as the re-
duced phases. The latter phase is proposed to have a quartz-  



 

 
 

  

Figure 1: Synthesis and structural characterization of BaCoO2. (a) TGA data from the “in-situ” reaction from precursors, i.e. 
BaCO3+CoO, under secondary vacuum. (b) Structural data using K-Cuα-radiation from the surface (bottom) and the ground pow-
der (top) of a pellet; on the surface of the pellet, the structure of the single, trigonal P3121 BaCoO2 phase can be refined by the 
Rietveld method (Bragg R-factor = 4.63 %). Rietveld refinement from bulk powder from (c) X-ray using K-Cuα1-radiation (Bragg R-
factor: 6.71 %) and (d) neutron diffraction using λ=2.52 Å (Bragg R-factor: 4.09 %) obtained at 400 K. Experimental, simulated data 
and difference are respectively shown using open dots, gray and blue lines. Vertical ticks indicate the the Bragg reflections of the 
P3121 BaCoO2, CoO and P4/mmm BaCoO2+δ phases (with their corresponding calculated weight fractions from Rietveld refinement: 
77 – 7 and 16 %). 

derived trigonal structure26 with a helicoidally corner-sharing, 
CoO4-tetrahedral-framework, Figure S2. However, only the 
BaCoO2 unit cell parameters have beeen determined and from 
the similarities between the x-ray diffraction powder patterns,  

the BaZnO2-type structure with the P3121 space group was pro-
posed26,38. Recently, a tetragonal, highly oxygen-deficient met-
astable phase BaCoO2+δ with the P4/mmm space group39 and 
another P21/m monoclinic BaCoO2.67

40 form derived from the 
cubic perovskite structure were also reported, Figure S3. The 
latter structure has three different Co coordination environ-
ments, an octahedral, a square pyramidal and a tetrahedral 
one. 

As already proposed by Spitsbergen et al.26, BaCoO2 could be 
synthesized under vacuum conditions. Figure 1a shows the 
thermogravimetric (TGA) data from the in-situ reaction from 
precursors, i.e. BaCO3+CoO, under secondary vacuum, which 
results from the formation of BaCoO2 and the carbon dioxide 
loss. The typical, quartz-derived trigonal pure BaCoO2 diffrac-
tion pattern can be obtained from the surface of a pellet syn-
thesized using an appropriate protocol under secondary vac-
uum described in the experimental section, Fig 1b. Additional 

reflections consistent with a small amount of CoO and the ex-
istence of another phase exhibiting tetragonal symmetry are 
always present when grinding the pellet and are further as-
signed to the BaCoO2+δ  phase with P4/mmm space group39 as 
indicated by X-ray diffraction and neutron diffraction pat-
terns, Figure 1c and 1d respectively. It is therefore important 
to note that the mechanism of oxygen release occurs at the 
interface of the pellet with secondary vacuum atmosphere as 
the tetragonal phase is absent at the surface of the pellet, i.e. 
Cu Kα X-rays are strongly absorbed by the barium cobalt oxide 
pellet and probe only its first micron-surface. BaCoO2 presents 
an arrangement of intermediate compactness between the 
quartz and BaZnO2 structures38, as determined from the c/a 
unit-cell parameter ratio, the tetrahedral tilt angle δ and the 
intertetrahedral bridging angle θ, Figure S4 and Table S1, 
whereas the CoO4 tetrahedra are found to be slightly distorted 
(1.906(13)Å and 2.023(14)Å Co-O bonds)41. Bond Valence Sum 
(BVS) information is shown on Table S2 and shows an appro-
priate value for the cobalt cation charge (1.94(3)). In addition 
to its non-centrosymmetric space group, the BaCoO2 phase 
exhibits an antiferromagnetic order above room temperature 



 

with TNéel = 335 K as evidenced by magnetic susceptibility and 
magnetization measurements, Figure S5. From the Curie-

Weiss law fitted between 365 K and 400 K,  = -573(1) K and 
µeff = 4.95(5) µB. Our experimental value is very close to the 
values found for paramagnetic salts containing Co2+ ions (µeff 
= 4.9 µB)42.   

BaCoO2 exhibits a thermally activated conduction process 
with an activation energy Ea = 520 meV, which would lead to 
an electrical resistivity similar to BSCF at about 1273 K, Figure 
S6. Note that our electrical resistivity measurements at ambi-
ent temperature are also in qualitative agreement with those 
reported for cubic BaCoO2.22

18, which implies that both re-
duced phases exhibit similar transport properties. However, 
the value reported for BaCoO2+δ (P4/mmm space group) with 
an electrical resistivity about 10-8 ohm.cm contradicts these 
similarities and is therefore difficult to explain39.  The compar-
ison of the transport properties with BaCoO3

43 and BSCF44 is 
important as BaCoO2/BaCoO3 are parent phases for this solid 
solution and as the oxygen stoichiometry of BSCF in this tem-
perature range is proposed to be between 2.3 to 2.6 with the 
cobalt being mostly in the 2+ state45. The tetrahedral local en-
vironment of Co2+ may be of interest for electrocatalytic prop-
erties as the corner-sharing CoO4-tetrahedral network of 
YBaCo4O7 was already reported to exhibit enhanced oxygen 
evolution reaction properties similar to that already observed 
in BSCF46. One could also speculate that oxygen conductivity 
at high temperature could further participate in the decrease 
of resistivity in BaCoO2 as found for example for BSCF in 
N2/air44 for which the resistivity was found to be sensitive to 
the PO2; such a hypothesis will be comforted later by the oxy-
gen release in BCO above 1023 K, which evidences the oxygen 
permeation in this temperature range. Therefore, transport 
properties of BaCoO2 are potentially primordial to understand 
the conductivity properties of BSCF. Note, finally, that the 
simulated infrared spectrum of BaCoO2 appears to be in qual-
itative agreement with the experimental one, Figure S7, and 
completes therefore the characterization of this compound.  

 

Towards BaCoO3 and reversibly: 

TGA measurements of BaCoO2 in an oxygen flux are shown in 
Fig 2a. Upon heating, two large increases in mass are observed, 
the inflection points for which are at about 433 K and 548 K. 
The associated oxygen insertion into the BaCoO2 structural 
framework continues up to 1009 K with a constant slope to 
reach a weight change of 5.9%, which would be compatible 
with a BaCoO2.83 stoichiometry. When temperature further in-
creases, two mass decreases occur at about 1103 K and at a tem-
perature beyond 1273 K. Based on these data, one could imag-
ine a TGA experiment showing the reduction of a fully oxi-
dized BaCoO3-δ phase to BaCoO2 under secondary vacuum as 
already performed (Figure 1a) to show the reversibility of the 
reaction and probing therefore the oxygen release. To obtain 
this BCO compound, a synthesis in oxygen flux close to the 
temperature of the maximum weight change observed in Fig-
ure 2a, i.e. 993 K, was performed and resulted in an almost 
pure 2H-BaCoO3-δ phase. Whereas X-ray diffraction data 
showed an almost single BCO phase, Figure S8a, neutron dif-
fraction data, Figure S8b, indicates the coexistence with the 
12H-BaCoO2.6 phase with an 87.8/12.2 % weight fraction ratio. 
Neutron diffraction appears as the appropriate technique to 
probe the purity of the 2H-BaCoO3-δ phase due to its stronger 

sensitivity to the light element oxygen, for which the contri-
bution to scattering is low as compared to barium in X-ray dif-
fraction. It is highly important to note that the coexistence 
with the 12H-BaCoO2.6 phase is probably inherent of such a 
high temperature synthesis reaction as previous neutron dif-
fraction data from the literature claiming a “2H-BaCoO3-δ sin-
gle phase” already presented the two most intense reflection 
of the BaCoO2.6 phase (Figure 1 from this reference)47 as shown 
by the arrows about 70 ° (2θ) in Figure S8b. 

 

Figure 2: BaCoO2 ↔ BaCoO3-δ probed by TGA. (a) TGA in ox-
ygen atmosphere with a 2.5 K/min ramp. (b) TGA in a vacuum 
about 5-6.10-5 bar with a 2.5 K/min ramp.  

Figure 2b shows the TGA data from as synthesized BCO under 
secondary vacuum up to 1273 K. The inflection point of the 
single mass-decrease occurs at close to 1073 K and at about 
1273 K the resultant oxygen stoichiometry from the mass 
change observed is associated with a mass loss of 1 entire oxy-
gen atom, which confirms the almost stoichiometric nature of 
the synthetized BaCoO3-δ and the resultant BaCoO2 com-
pound under vacuum. The possibility to insert and release 
such a large amount of oxygen can be considered as a giant 
oxygen storage capacity (OSC); with 1 oxygen per BaCoO2 it 
corresponds to an OSC of 4381 µmol O/g which is more than 
twice the highest reported one in the case of YBaCo4O7 (2091 
µmol O/g)48. It is first quite interesting to remark that the pre-
vious highest OSC reported was already based on barium co-
balt oxide. The observed giant OSC in the present study pro-
vides an explanation for the great potential energy storage and 
conversion devices from BCO-based perovskite and -nano-
composite materials.  In the following section, the in-situ 



 

structural evolution of BaCoO2/BCO is investigated in order 
to understand the material’s behaviour during OSC. 

In-situ structural characterization of the oxygen stor-
age/release: 

Figure 3 shows the structural evolution of BaCoO2 as a func-
tion of temperature in air by X-ray diffraction, which is con-
sistent with the existence of four different phase 

 

 Figure 3: Structural evolution of BaCoO2 as a function of tem-
perature in air by X-ray diffraction.  

transitions in the investigated temperature range. BaCoO2 is 
found to partially transform into BaCoO2.5 brownmillerite 
(Bwn) phase upon heating, a phase which was recently re-
ported40. At 523 K, a transition towards the 2H-BaCoO3-δ phase 
is observed although one can note some additional reflections 
marked by (*) which could not be indexed. With additional 
heating at 973 K, a phase coexistence with BaCoO2.6 could be 
evidenced, while a transformation to the cubic BaCoO2.2 phase 
can easily be observed at 1223 K.  Note the gradual sharpening 
of the reflections with increasing temperatures, which indi-
cates the progressive increase in the domain size during heat-
ing. Unfortunately, higher temperatures could not be 
achieved using this experimental setup. At this stage, it is im-
portant to mention that the BaCoO2 phase could potentially 
be obtained in-situ with additional heating as we were able to 
synthesize it at about 1273-1373 K under an argon atmosphere. 
In air, BaCoO2 could therefore already oxidize to BCO and 
back-transform to BaCoO2 in an interesting “oxygen-window 
temperature range” which is particularly important for many 
potential energy storage and conversion device applications. 
However, in the presence of oxygen even the ultra-quench 
method (e.g. in liquid nitrogen) will induce the reabsorption 
of oxygen. As previously mentioned, Cu-Kα X-rays are strongly 
absorbed by barium cobalt oxide and probe only its first mi-
cron surface. It is therefore of interest to structurally study 
OSC properties of bulk BaCoO2/BCO to check if a difference 

in behavior could be observed between the bulk material and 
the surface (probed by x-ray diffraction). One can question if 
all the phases reported in the literature are thermodynami-
cally stable in such a system. For these reasons, an in-situ com-
bined (TGA)-neutron diffraction experiment was performed 
on a large sample volume/mass. 

Characterization of BaCoO2 in air by in-situ combined TGA-
neutron diffraction at high temperature is shown in Fig 4a-4b 
respectively. Contrary to the X-ray diffraction study, the Bwn 
structure is not observed upon heating from ambient temper-
ature, Figure 4a. This means that such a phase is probably 
metastable and may start to be formed and grow from the sur-
face of the material depending on the kinetics. As a conse-
quence, BaCoO2 is found to be surprisingly stable up to 523 K 
with really low oxygen absorption and a resulting stoichiome-
try BaCoO2.04 at this temperature. BaCoO2 then directly trans-
forms to pure BCO at 523 K. Contrary to the BCO phase syn-
thesized at high temperature, the 2H-BaCoO3-δ hexagonal 
structure is obtained as a single phase without the presence of 
any 12H-BaCoO2.6 phase as observed in Figure S8b. More im-
portantly, in the 2H phase, an antiferromagnetic peak com-
patible with a propagation vector of k = (0,0,1/2) can be iden-
tified, Figure S9. The magnetic structure consists of a helix 
with a magnetic moment in the ab plane that rotates 90° along 
the c axis. The refined magnetic moment of Co is 0.76(3)µB 
which is lower than the expected value for Co4+ ions in the 
low-spin state with S=1/2, i.e. m0=1 µB, due to the high temper-
ature of the refined neutron data (623 K). This structure cor-
responds to a magnetic space group Cc2. This antiferromag-
netic phase is very stable as a function of temperature and is 
found to disappear at about 700 K. TNéel could not appropri-
ately be determined due to a temperature jump in the furnace 
used between 705 K and 827 K; as it will be shown latter, the 
furnace used in the present study was not powerful enough 
and the regulation of its temperature, which was probably 
close to its highest power regime unfortunately induced this 
large temperature increase. Note that such a surprisingly high 
temperature ordering was already reported in BSCF based on 
a Mössbauer spectroscopy49 study with TNéel = 588 K and G-
type antiferromagnetic order was determined from a neutron 
diffraction study21, which comforts therefore the present re-
sult. In the literature for BCO, however, a similar antiferro-
magnetic order was found with a very low Néel temperature 
of about 15 K and ferrimagnetic correlations between 15 K and 
53 K47. Such a huge difference with the reported results can be 
explained from a phase coexistence of BCO with the 12H-Ba-
CoO2.6 ferromagnet50 in all the previous studies. The way to 
obtain pure BCO phase appears therefore to oxidize a reduced 
phase like BaCoO2. Note that a BCO synthesized at high pres-
sure and high temperature was recently reported in the liter-
ature51 with an oxygen content, i.e. BaCoO2.37, which lies 
within the values determined in the present study. 

BCO strongly absorbs oxygen in its structure up to the 705-
827 K range, for which the furnace used showed an unex-
pected temperature jump, to reach BaCoO2.84 stoichiometry. 
Note that in the present neutron diffraction study, the use of 
a λ=2.52 Å wavelength, i.e. with a corresponding resolution up 
to 1.4 Å, did not permit the oxygen occupation to be refined; 
this parameter was therefore fixed to the value determined 
from the TGA measurements in Figure 4b. BaCoO3-δ exhibits 
therefore in this study outstanding oxygen storage capacity 



 

with 0.96 ≤ δ ≤ 0.16 in the same structure; in the absence of 
the furnace-induced temperature jump, stoichiometric pure  

 

  

  

Figure 4: In-situ combined TGA - neutron diffraction characterizations of the giant OSC in BaCoO2/BCO. (a) Structural and (b) 
TGA evolution of BaCoO2 in air; the temperature profile consists of 2 K/min ramps followed by several temperature stabilizations 
as indicated in the figure. Note a jump in temperature between 705 and 827 K from the used furnace as marked by the double 
arrow vector. (c) Structural and (d) TGA evolution of BCO in vacuum (10 K/min). In both structural studies, the maximum tem-
peratures reached are indicated due to the furnace limitation; however, neutron data were still collected at this temperature. 
Stability field of the different phases are indicated. * corresponds to the most intense reflection of the antiferromagnetic phase of 
BCO defined by k = (0,0,1/2). 

BCO (as characterized in Fig 2b) could be obtained. This 
means that such a phase exhibits unprecedented capacity for 
oxygen absorption and really acts as an oxygen sponge. 

Note that the BVS obtained for BCO in this temperature range 
are highly interesting as reported in Tables S3 and S4 in the 
supporting information respectively obtained at 523 and 702 
K. Close to the transformation from BaCoO2, the Co-value 
changes from 1.94 to 3.2 in agreement with the supposed 
change in oxidation state of the cobalt cation with an associ-
ated change in its coordination number from 4 to 5. When the 
oxygen content reaches its maximum, the BVS Co-value in-
creases up to 3.8 and its coordination number is close to that 
of a stoichiometric perovskite, i.e. 5.76 compared to 6 for per-
ovskite. This means that oxygen insertion in the BCO phase 
exhibits a progressive change in the Co-oxidation state from 
3+ to 4+. 

Additional temperature increases result in oxygen desorption, 
which is concomitant with the progressive transformation 

into the 12H-BaCoO2.6 phase at about 830-950 K; from the 
neutron data, it is difficult to estimate the exact temperature 
of such a transition and the TGA measurements are probably 
more appropriate to estimate it with the onset of the weight 
loss as a signature of the phase transition. The transformation 
from BCO to 12H-BaCoO2.6, which both adopt the same 
P63/mmc space group is reconstructive as it induces a clear 
change in the framework with the appearance of CoO4 tetra-
hedra in the latter 12H-phase. However, it looks “continuous” 
from the neutron data in Figure 4a. Such a property has inter-
esting implications in the reversible oxygen storage/release 
between these two phases as a continuous behavior without 
any hysteresis is always targeted to reach high reproducibility 
for oxygen evolution/reduction reaction applications; Cai et 
al. have recently demonstrated such a scenario by reporting 
outstanding oxygen carrier capacity with a high stability of 
hexagonal BCO phases for chemical looping air separation 
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during 50 cycles at 1148 K52. The BCO to 12H-BaCoO2.6 trans-
formation could also explain the reasons of the phase coexist-
ence between these two compounds during BCO synthesis in 
the literature as combined TGA-neutron diffraction data were 
not previously available to estimate the optimum temperature 
of interest. Additional temperature increases resulted in an in-
crease in the BaCoO2.6/ BaCoO3-δ phase fraction which 
reached 70/30 % respectively at the highest temperature (1177 
K) with continuous oxygen release, Figure S10; at this temper-
ature the stoichiometry is BaCoO2.56. Unfortunately, the fur-
nace did not permit higher temperatures to be reached. When 
the temperature is quenched to ambient, the final stoichiom-
etry of the experiment is BaCoO2.63. 

Characterization of BCO under vacuum by in-situ combined 
TGA-neutron diffraction at high temperature is shown in Fig. 
4c-4d respectively. As previously mentioned, the starting Ba-
CoO3-δ compound corresponds to a BaCoO3-δ/BaCoO2.6 phase 
mixture with a (87.8%/12.2%) weight fraction as found from 
Rietveld refinement, Figure S8b. In this study steeper temper-
ature ramp of 10 K/min was used. When temperature is in-
creasing at about 873 K, weight loss begins to be observed. At 
about 1123 K, the BCO phase starts to transform to the cubic 
BaCoO2.2 phase, Figure S11. The steep temperature ramp com-
bined with the small domain size and the associated low data 
quality did not allow us to determine if there is or not an in-
termediate transformation to the BaCoO2.6 phase before that 
to the cubic BaCoO2.2 phase. Again, the furnace could not heat 
to more than 1193 K, a temperature which was held constant 
and the following oxygen stoichiometry BaCoO2.39 was ob-
tained by TGA.  

The previously described in situ investigation of the structural 
evolution highlighted the existence of small domain sizes and 
low crystal quality. To delve deeper into the structural modi-
fications through the study of local order, we performed Ra-
man spectroscopy, which is a powerful vibrational spectro-
scopic technique commonly employed to study local order in 
materials such as ferroelectric relaxors53 or in an amorphous 
state54. Figure 5 shows the in situ Raman spectra of BaCoO2 in 
air along with the calculated positions of the vibrational 
modes for BaCoO2/BCO from density functional theory 
(DFT).  
The Raman spectrum of BaCoO2 is in qualitative agreement 
with the positions of the DFT calculated modes.  
As the temperature rises up to 573 K, there is a discernible in-
crease in the linewidth due to the reduction in phonon life-
time. The transformation to BCO occurs at 673 K, a tempera-
ture which is slightly higher than that previously observed. 
This phenomenon can be attributed to variations in the ther-
mal history of the present sample compared to the previous  

ones, which certainly alter the kinetics of the reaction. The 
shift in the strongest peak to lower wavenumber is related to 
the increase in coordination of Co. Here again the BCO spec-
trum is in qualitative agreement with the positions of the 
modes calculated by DFT. Further temperature increases re-
sult in a significant increase in the linewidth as expected due 
to anharmonicity. This broadening may be associated to a par-
tial transformation to the BaCoO2.6 phase as previously found. 
At 1273 K, only the thermal emission of the compound can be 
observed without any discernable vibrational features. This is 
clearly compatible with a transformation to cubic BaCoO2.2 
(Pm3̅m) for which there are no Raman-active vibrational 
modes based on group theory. Remarkably, the outcomes of 

this local order investigation significantly reinforce the con-
clusions drawn in this study. 

 

Figure 5: In situ Raman spectra of BaCoO2 in air. Vertical ticks 
indicate the calculated positions of the vibrational modes for 
BaCoO2 and BCO phases. * are artefact lines. 

Figure 6a shows the temperature dependence of the “average 
atomic volume” (AAV) of BaCoO2/BCO in air/under vac-
uum55. AAV which defines the average volume of atoms occu-
pying a unit cell can be calculated as follows AAV=V/(Z*N) for 
which V is the unit cell volume, Z is cell formula units and N 
is the number of atoms in the chemical formula. Such a con-
cept is particularly interesting in the present study as it per-
mits to compare the atomic volume of different stoichiometry 
in the same graph. The AAV of BaCoO2 in air exhibits an in-
verse bell-curve profile which is typical for OSC materials, 
which present their specific oxygen window temperature 
range first oxidizing with increasing temperature at roughly 
575 K and reducing at higher temperatures, i.e. 1230 K in the 
present case. The data shown in Figure 6a indicates that Ba-
CoO2 with its higher AAV is the most flexible phase observed 

in the two sequences (air/vacuum) and that BCO is the dens-
est one. Note also that the transition from the cubic BaCoO2.2 
to the most reduced BaCoO2 phase is suggested to finish the 
bell-curve in air at about 1250 K, Figure 6a. Finally, Figure 6b 
shows the structural evolution cycle of BaCoO2/BCO which 
can be drawn from the present study. In air, the determined 
transition sequence from neutron/XRD study could be 
summed up as follows: BaCoO2→ BaCoO3-δ→ BaCoO2.6→ Ba-
CoO2.2. As already mentioned BaCoO2 could be either synthe-
sized in an argon atmosphere or under vacuum with the sys-
tematic presence of the tetragonal BaCoO2+δ, which from Fig-
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ure 1b was found to be more oxidized than the ultimate Ba-
CoO2 trigonal compound. From cubic BaCoO2.2, a tiny tetrag-
onal distortion can easily be understood from space-group 

 

 

Figure 6: Structural evolution of BaCoO2/BCO. (a) Tempera-
ture dependence of the “average atomic volume” of Ba-
CoO2/BCO in air (full symbols) and under vacuum (open sym-
bols) respectively; dashed lines are guide for the eye. (b) Struc-
tural evolution cycle of BaCoO2/BCO from the present study 
“in air” and “under vacuum”. Under vacuum the intermediate 
presence of BaCoO2.6 in the path between BCO and BaCoO2 is 
questioned (??) as described in the text. 

 theory; the coexistence with the trigonal BaCoO2 is more sur-
prising and is reminiscent of morphotropic phase boundary  

compounds as already observed in ferroic systems for which 
the coexistence of tetragonal and rhombohedral symmetry is 
found to be at the origin of the associated ferroic properties56-

58. However, it is important to note that all the transfor-
mations reported in Figure 6b are reconstructive and do not 
necessitate space-group relationships.  Under vacuum the 
presence of BaCoO2.6 in the path between BCO and BaCoO2 is 
questioned due to a large temperature ramp combined with 
small domain size of the transformed compounds, i.e. low 
crystal quality in the described in-situ study. Additional met-
astable phases could be obtained during this cycle mainly at 
the surface of the material and depending on the kinetics of 
the reaction. However, the cycle shown on Figure 6b provides 
relevant information to understand BaCoO2/BCO energy stor-
age and conversion applications associated with their giant 
OSC properties which are also at the origin of the oxygen and 

electron conducting properties of the well-known 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) based-perovskite. 

 

CONCLUSIONS 

In summary, in this study we synthesized and fully character-
ized BaCoO2 and succeeded to determine the reversible con-
version to BaCoO3-δ. The oxygen nonstoichiometry of this ma-
terial can therefore be varied from 0 to 1 due to the versatility 
in the electronic configuration of the metallic Co cations, i.e. 
oxidation-, spin- and magnetic-state, which defines the fun-
damental origins of the material’s performance. In the present 
study, cobalt is found to change from the high spin state of the 
Co2+ in BaCoO2 to the low spin state of Co4+ in BaCoO3. The 
BaCoO2/BCO electronic conductivity are found to reach sim-
ilar values at temperature above 900 K which associated with 
the giant OSC permit to explain the great potential of BCO-
based nanocomposites and BCO-based-perovskite com-
pounds. Note finally that the present study is strongly com-
forted by recent reports on pure BCO and Ta-doped BCO 
which showed outstanding properties respectively for effi-
cient electrocatalyst for oxygen evolution reactions17 and oxy-
gen electrodes for reversible solid oxide electrochemical cells 
at reduced temperatures16. 
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