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Late transition metals in their oxides
present different degrees of covalent
bonding and a variety of open-shell delectron conﬁgurations leading to a
spectrum of properties. Discoveries, such as
superconductivity at liquid-nitrogen
temperatures and the oxide thermoelectrics
promise a rewarding ﬁeld for solid-state
chemists and physicists also in the future.
Properties may be adjusted through
manipulating the crystal lattice. A topotactic
approach, changing only speciﬁc structural
components at a time, enables systematic
studies for understanding the structureproperty relations. Soft chemistry is a tool of
choice: Relying on mild process conditions,
previously undiscovered structures with
local energy minima may be realized. The
dissertation work demonstrates the power
of soft-chemistry in oxygen-content
adjustment of solid-state oxide compounds.
SrCoO3-δ perovskite, presenting oxygen
mobility even at room temperature, serves
as an example. Different soft-chemical
methods and the mechanism of oxygen
intercalation/deintercalation are visited.
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Abstract
Topotactic synthesis aims at new crystal structures through using compounds with related
structures as precursors in which only chosen structural features are removed or introduced
during each synthesis step. In the present work aqueous immersions of strong oxidizing
agents, KMnO4/HCl, Na2S2O8, Br2/H2O and Br2/NaOH, were tried in adjusting the oxygen
content of SrCoO3-δ (0.00 < δ < 0.71). A method, where the oxidation rate is controlled with
temperature and H2O concentration of a Br2/H2O/CH3CN immersion, was developed. The
key is the unfavourable (Keq << 1) disproportionation reaction Br2 + H2O → Br- + BrO - + 2H+
introducing, at each time, only a small amount of the actual oxidizing agent, BrO -, into the
immersion. Additionally, reduction of oxygen-rich SrCoO3-δ (0.00 < δ < 0.25) via lowtemperature (200 oC < T < 275 oC) air annealing was found effective.
Several series of multiphase SrCoO3-δ samples with varied δ were produced and
investigated. A variety of oxygen-deﬁcient SrCoO3-δ phases was observed using X-ray
diffraction and iodometric titration. The number of the phases concluded between the single
phases SrCoO2.50 (n = 2) and SrCoO2.875 (n = 8) is predicted by the AnBnO3n-1 homologous
series. In addition to the n = 2, 4, 5, 8, 32 and ∞ members discovered earlier, signatures for the
n = 6 and 7 members were detected and the n = 3 phase was clearly discovered. The n = 3 phase
with a stoichiometry of SrCoO2.68(1) presents a tetragonal (t) unit cell with a superlattice at
x bt x ct = ac x ac x 4ac and a strong c-axis elongation, as compared to an ideal cubic (c)
perovskite unit cell.
Oxygen intercalation into SrCoO3-δ lattice was studied through XANES spectroscopy. The
weak chemical shift of the Co-L2,3 edge over the 0.50 > δ > 0.18 range indicates the oxidation
process to signiﬁcantly involve electron distribution within the oxide-anion sublattice.
Analysis of the depth-resolved O-K XANES concludes the superoxide (O2-) to be most
abundant at the high δ value. Should it be always present in the bulk, octahedrally coordinated
cobalt is unobservable in the surface region of the highly oxygen-deﬁcient samples. The
surface region hosts also square-pyramidally coordinated cobalt even in the brownmilleritetype SrCoO2.50. An oxygen-intercalation mechanism was proposed in which (i) O2 is ﬁrst
absorbed on the surface as O2-, which is then (ii) reductively split into Ox- associated with
square-pyramidally coordinated cobalt. Deeper in the bulk (iii) Ox- is eventually reoxidized to
Oz- (0 < z < x) being attached to octahedrally coordinated cobalt.
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Tiivistelmä
Topotaktisella synteesillä pyritään uusiin kiderakenteisiin lähtien samankaltaisia rakenteita
sisältävistä yhdisteistä, joista vaiheittain muokataan ennaltavalittuja rakenneosia. Työssä
kokeiltiin vahvojen hapettimien, KMnO4/HCl, Na2S2O8, Br2/H2O ja Br2/NaOH,
vesiliuoksia SrCoO3-δ (0.00 < δ < 0.71) perovskiitin happistoikiometrian säätelyssä.
Tuloksena oli menetelmä, jossa hapetusreaktion nopeutta Br2/H2O/CH3CN immersiossa
kontrolloidaan lämpötilan ja H2O konsentraation avulla. Varsinaisena hapettimena
immersiossa on BrO - anioni, jonka konsentraatio pysyy matalana lähtöaineita suosivan (Keq
<< 1) disproportionaatioreaktion Br2 + H2O → Br- + BrO - + 2H+ ansiosta. Niinikään toimivaksi
menetelmäksi havaittiin korkeahappisen SrCoO3-δ :n (0.00 < δ < 0.25) pelkistäminen
ilmakehässä matalahkoissa lämpötiloissa (200 oC < T < 275 oC).
Työssä valmistettiin happivarioituja monifaasisia SrCoO3-δ näytesarjoja.
Röntgendiffraktiota ja jodometrista titrausta käyttäen havaittiin sarja SrCoO3-δ faaseja,
joiden lukumäärä yksittäisfaasien SrCoO2.50 (n = 2) ja SrCoO2.875 (n = 8) välillä oli
ennustettavissa homologisen sarjan AnBnO3n-1 avulla. Aiemmin löydettyjen n = 2, 4, 5, 8, 32
ja ∞ homologien lisäksi todettiin jäljet n = 6 ja 7 faaseista, sekä löydettiin uusi n = 3 faasi
stoikiometrialla SrCoO2.68(1). Faasin kiderakenteella on voimakkaasti c-akselin suunnassa
pidentynyt tetragonaalinen (t) alkeiskoppi, jonka kuvaaman ylähilan dimensiot ovat at x bt x
ct = ac x ac x 4ac verrattuna ideaaliseen kuutiolliseen (c) perovskiittialkeiskoppiin.
Hapen siirtymistä (interkalaatiota) SrCoO3-δ hilaan tutkittiin XANES spektroskopian
avulla. Havaitut Co-L2,3 reunojen kemialliset siirtymät ovat odotettua heikompia:
huomattava osa hapetusreaktiosta on elektronien uudelleenjakautumista oksidi-anioni
hilassa. Syvyyserotellun O-K XANES reunan analyysitulokset viittaavat O2--spesieksen
lisääntymiseen δ-arvon kasvaessa. Lisäksi oktaedrisesti happikoordinoituneen koboltin
määrä on huomattavasti suurempi rakenteen sisällä kuin pinnassa, jossa sitä ei havaita
lainkaan vajaahappisimmilla näytteillä. Toisaalta todettiin neliöpyramidisesti
happikoordinoituneen koboltin läsnäolo rakenteen pinnassa myös
brownmilleriittirakenteisen SrCoO2.50:n tapauksessa. Tulosten pohjalta esitetään hapen
interkalaatiomekanismia, jossa (i) O2 molekyyli ensin adsorboituu pinnalle O2- anionina, (ii)
joka hajoaa pelkistymällä kobolttiin neliöpyramidisesti koordinoituneeksi Ox- anioniksi, joka
puolestaan (iii) lopulta hapettuu uudelleen kobolttiin oktaedrisesti koordinoituvaksi Ozanioniksi (0 < z < x).
Avainsanat pehmeä kemia, matalan lämpötilan hapetus-pelkistysreaktiot, happiepästoikiometria, perovskiitit, kobolttioksidit, XANES
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INTRODUCTION

Perovskite oxides and their derivatives constitute a useful platform for the research
aiming at better understanding of different phenomena in solid-state chemistry and
physics. Particular advantage of perovskite-type oxides is the flexibility of the crystal
structure with gradually changing chemical composition, giving a better separation
between the effects of mostly structural origins from the effects of mostly physical
and chemical origins. Additional benefit in the crystal structure is its relative simplicity and profound block structurization. The latter is particularly emphasized in the
layered perovskite derivatives which are intergrowths of several structurally and
chemically distinctive blocks. The differences in the inter-block interactions and intrinsic chemical and physical properties within the blocks offer chances for predictable step-by-step synthesis strategies. Ideally one can start from simple oxide precursor and proceed towards more complex compounds with anticipated crystal structures and chemical and physical properties.1
In a soft-chemical (Chimie Douce) synthesis approach a solid-state precursor compound undergoes reactions or transitions activated already at relatively low (or mild)
temperatures (T < 300 °C ) and often assisted by pressure and mild- or mediumreactive chemical agents.1,2 The purpose of such a topotactic approach is to selectively maintain chosen structural features while changing others, through taking an
advantage of the chemical differences - such as acidity and basicity - of the different
constituent elements and structural moieties. The phases achieved are often metastable, readily decomposing at elevated temperatures and therefore often unreachable
through traditional inorganic synthesis routes relying on sintering-based methods.
Albeit quite recent concept for an inorganic-chemistry research, the typical chemical
processes performed by nature, e.g. cation exchange in minerals,3 are essentially softchemical.2 Therefore, soft-chemistry can also be seen as a further attempt by the industrialized humanity to take reconstructive steps back towards its origins, nature
and in this case its energy-efficient manufacturing approaches.

1

1.1

Oxygen Vacancies in Single Perovskite Lattice

The ABO3 single perovskite lattice can be described as a cubic close packed (ccp) lattice of evenly distributed A cations and O (oxygen) anions with B cations filling the
octahedral sites surrounded by oxygen ions and thereby forming a primitive cubic
sub-lattice (Figure 1). In a typical case, the A cation is a large and relatively electropositive main-group element, while the B cation is a small transition metal (TM)
element having its electronegativity between that of the A cation and oxygen. As a
consequence, the A-O bond is more ionic than the B-O bond that also tends to present
a significant covalent character.4 Due to the differences in A-O and B-O bond characters, two schemes compete for minimizing the lattice energy in the perovskite structure. The radial (non-directional) electrostatic interactions within the ionic AO3-δ sublattice drive the system towards an ion distribution that would balance the repulsive

Figure 1.

Section of an ABO3-δ perovskite lattice with realistic size relations for the constituent cations (A cations shaded, B cations in black, O anions in white and
grey). B cations cornering the primitive cubic unit cell are allocated at the octahedral interstitial positions within a eutactically ccp packed AO3 lattice.

and attractive resultant forces. On the other hand, the covalent bond character providing directional bonding interactions within the BO3-δ sub-lattice may hinder the drive
towards an electrostatic potential minimum by promoting the covalent coordination
geometries preferred by a specific B cation, in the same way as in the case of coordination complexes.4

2

Oxygen deficiency (δ) can be introduced into the ABO3-δ perovskite lattice either
through an aliovalent substitution introducing lower-valent cations in a lattice consisting of fixed-valent cations,5,6 or reduction of one of the constituent cations.7,8 The
δ values often satisfy a phenomenological formula AnBnO3n-1 (n = 1, 2, 3, 4,..., п)4
where n = 1

9-11

and п represent the maximum and minimum deficiencies, respec-

tively. The induced oxygen vacancies having effectively a positive charge behave
like cationic species, thus repelling each other and proper cations. Consequential
avoidance of being accommodated around the same B cation, results into vacancy
structures consisting of square-pyramidal BO5 coordination polyhedra embedded
among the octahedral BO6 polyhedra at low δ values. However, with an increasing δ
a double-vacancy accommodation around the same B cation becomes energetically
comparable with more isotropic vacancy distribution.12,13 Choice between different
coordination geometries reflects the coordination preferences of the B cation

(a)
Figure 2.

(b)

(c)

Idealized models for typical vacancy structures of ABO2.50 (A2B2O5) perovskite
lattice (A cations in light grey, B cations embedded inside and O anions lying at
the corners of the dark grey coordination polyhedra): (a) Three-dimensional
structure consisting of square-pyramids (e.g. CaMnO2.50 14, SrMnO2.50 15,
LaCuO2.50 16 and SrCuO2.50 17) (b) layered structure consisting of layers of octahedra and tetrahedra, i.e. brownmillerite structure (e.g. CaFeO2.50 18, SrFeO2.50 19,
SrCoO2.50 20), (c) three-dimensional structure consisting of octahedra and
square-planes (LaNiO2.50 21).

in the actual oxidation state4,22 and several vacancy-ordering schemes can exist for a
single ABO3-δ stoichiometry. As examples, three typical schemes for vacancy ordering in ABO2.50 perovskite lattice are demonstrated in Figure 2. It needs to be noted
that several other alternatives are known to exist for the given stoichimetry, 4 some-
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times also within the same chemical composition.12,23 In such materials, closely similar formation enthalpies and low activation energy barriers between different polymorphs may lead to additional spatial and time-resolved fluctuations, resulting in intermediate-scale structures consisting of locally ordered nanocrystalline domains 12,24
and high oxygen mobility through collective fluctuations between the different polymorphs.12

1.2

Scope of the Present Thesis

The present work has its focus on soft-chemical topotactic oxygen engineering of the
SrCoO3-δ (0 < δ < 0.71) perovskite system. The material in focus, together with a
closely related SrFeO3-δ (0 < δ < 1), is known for the combination of a large oxygen
non-stoichiometry range with an exceptionally high room-temperature oxygen mobility.25 Such a property combination is found to exist in many late-3d-TM (TM = Fe,
Co, Ni, Cu) perovskite phases and derivatives presenting high-valent TM cations.26
Several aspects are indicated in order to understand the phenomenon. These include
lower-than-formal valencies of oxide anions and TM cations leading to a weaker
electrostatic interaction between the anion and cation lattices,27,28 sterically facile
pathways for oxygen migration provided through vacancy ordering29 and dynamic
disordering of the oxygen vacancies enabling local fluctuations of the vacancy ordering schemes and crystal symmetry.25,30 This work highlights the multitude of different oxygen-ordered structures concealed in the SrCoO3-δ systemII,IV and the possibilities of discovering them using soft-chemical approaches.I,II Additionally, the mechanism of oxygen intercalation involving different oxygen species and alternating electron distributions over the Co-O bond was studied in different perovskite cobalt oxides using XANES spectroscopy.III,V
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2

OXYGEN CONTENT ADJUSTMENT METHODS

The precise oxygen content and the crystal structure of a solid oxide compound at the
end of an oxygen intercalation or deintercalation reaction depend on four main factors: (i) activity of the oxygen on the solid-material interface, which affects the
chemical potential difference between the oxidized material and the oxidizing medium, being the driving force of the reaction,31 (ii) oxygen species on the solidmaterial interface influencing the reaction mechanism and therefore the existing kinetic barriers,III (iii) physical compression of the material applied through the surrounding medium and promoting structures with higher density at higher pressures,
as stated by Le Chatelier’s principle,31,32 and (iv) process temperature affecting both
the reaction kinetics and the thermodynamic stability of the target phase.31,32 Depending on which of the above factors are emphasized, different techniques for oxygen-content adjustment can be distinguished. In the following, the most important
techniques are highlighted.

2.1

Normal-Pressure Annealing

In normal-pressure annealing the as-synthesized sample is heated in O2/inert-gas medium.33,IV The final oxygen content of the sample is affected by the temperature of
the system and the oxygen activity in the gas medium, which define the chemical potential difference of oxygen over the sample to gas-medium interface. The oxygen
activity itself is affected by the O2 partial pressure as well as the system temperature.

2.2

Pressure-Controlled Techniques

Pressure-controlled techniques comprise methods, where the sample is annealed under > 0.1 MPa O2 partial pressure and physical compression.
In the gas-medium high-pressure annealing a high oxygen partial pressure (1
- 300 MPa) is used for increasing the oxygen activity. High-pressure oxygen atmos-
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phere acts also as a compressing medium. The compression effect can be fortified
(up to 1700 MPa) by an additional inert gas.31 Typical annealing temperatures range
between 200 and 700 ºC.34,35
In the solid-medium ultra-high-pressure annealing an as-synthesized sample is first
mechanically compressed (2 - 8 GPa) followed by heating (~500 ºC) in an O2 atmosphere, which is provided by thermal decomposition of a solid oxygen-source material.
Oxygen source (e.g. KClO4, KClO3, Ag2O2, or CrO3) is packed into the highpressure sample cell together with the as-synthesized sample.32
In the encapsulation technique an as-synthesized sample is closed into an evacuated
quartz ampoule. Oxygen activity is then adjusted by the amount of oxygen desorbing
(source) or absorbing (getter) material - added to the ampoule in a separate crucible as well as by the ampoule free volume and the annealing temperature.32 Maximum
attainable oxygen partial pressure is much lower (< 4 MPa) than in the other pressure-controlled techniques. Because of its relative simplicity, encapsulation technique is a convenient means for working in the intermediate pressure region.
The solid-medium ultra-high-pressure and the encapsulation techniques can also be
used for a direct synthesis starting from the oxides of the constituent elements of the
target material. In such a case oxygen source can either be external, as in the annealing approach described above, or internal, i.e. in a form of an unstable oxygen-rich
precursor (e.g. SrO2, CaO2, BaO2,).32,VI

2.3

Electrochemical Technique

In the electrochemical oxygen intercalation or deintercalation an as-synthesized sample pellet is set, respectively, as an anode or a cathode of an electrochemical cell.
Typical electrolyte is NaOH (1 M, aq.) or KOH (1 M, aq.). Experiments can be run
either in potentiostatic (constant potential) or galvanostatic (constant current) conditions. The galvanostatic mode at very low current densities is favoured for reactionkinetic studies and in intermediate-phase preparation, since the phase-stabilization-
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related small potential steps become observable under these conditions. Applied current densities in the galvanostatic mode are few hundreds of μA/cm2 at maximum.
Magnitude of the potential in the potentiostatic mode is few hundreds of mV. Importantly, the potential needs to be sufficiently low in order to keep down the gaseousoxygen evolution.36
Unlike in normal-pressure and pressure-controlled techniques, the primary active
oxygen species on the sample surface is not O2 but O–, which is provided through the
reaction by Equation (1) between the dissolved OH- (aq.) species and the chemically
oxidized OH (ads.) species bound to a TM cation on the sample surface.35 Inside the
lattice, the oxygen then intercalates and accommodates as O-/O2- mixed-valence species. The exact charge of the oxygen anion depends on the d-p charge-transfer energy
between the transition metal and the oxygen incorporated in the lattice.35,37,III Recent
results imply that, while the oxygen species intercalated through interstitial positions,
as e.g. in the case of the Ruddlesden-Popper oxides,38,39 have more O2- character, intercalation through vacancies, as is the case with the perovskite oxides,27 rather involves O--type species (cf. Chapter 5).
TMx+(surf.) - OH(ads.) + OH-(aq.)

2.4

TMx+(surf.) - O-(ads.) + H2O

(1)

Chemical Techniques

In the chemical redox techniques a solid-state sample reacts with a strong oxidizing
(intercalation) or reducing (deintercalation) agent. Best known set-ups are immersions into aqueous solutions of redox agents at 0 - 80 ºC in 1 atm40,II or up to 150 ºC
under hydrothermal conditions,41,42 and exposures to reactive gases such as H2 and
NH3 at different temperatures.43,44 A more recent discovery are the solid-state mixtures of as-synthesized samples and metal hydrides treated at 120 - 550 ºC encapsulated under vacuum conditions.45,46 In the case of chemical techniques, two main
schemes of reaction mechanisms can be distinguished: (i) partial sample decomposition, where oxygen of the decomposed material is intercalated into the yet intact lattice,47 and (ii) direct transfer of the intercalated or deintercalated oxygen between the
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oxidizing or reducing agent and the sample. Tables 1 and 2 summarize, respectively,
the reported chemical methods for oxygen intercalation and deintercalation into
perovskite oxides and their oxide derivatives.
Table 1. Chemical methods employed for intercalating oxygen into perovskite-type oxides.
Oxidant

δ (Product)

Ref.

(P);

72 h, RT;

NaClO (aq.);

0.11

48

(P);

2 - 120 h, RT;

NaClO (aq.);

0.06 - 0.10

49

(P);

2 - 120 h, 50 ºC;

NaClO (aq.);

0.08 - 0.12

50

(P);

72 h, RT;

NaClO (~1.5M, aq.);

0.08

51

(T);

3 - 48 h, RT - 40 ºC;

NaClO (aq.);

-

52-55

(P);

840 h, RT;

NaClO (aq.);

0.12

56

La2Cu1-xZnxO4+δ,
x = 0.01 - 0.10

(P);

72 h, RT;

NaClO (~1.5M, aq.);

0.10

51

CuLaO2+δ

(P);

16 - 240 h, 20 ºC;

NaClO (2M, aq.);

0.13 - 0.22

57

SrFeO3-δ

(P);

0 ºC;

NaBrO (aq. alk.);

0.1

7

(P);

12 h, 4 ºC;

NaBrO (0.3M)
in NaOH (4.3M, aq.);

-

I

RT;

Dispersion:
Br2 (50 wt-%) : H2O (50 wt-%);

0.21

I

(P);

12 h, 4 ºC;

NaBrO (0.5M)
in NaOH (3.9M, aq.);

0.0

8

(P);

0 - 24 h, 0 - 30 ºC;

0.13

II

(P);

12 - 16 h, 4 ºC;

Br2 (2.5M), H2O (0.6M)
in CH3CN;
NaBrO (0.5 - 0.6M)
in NaOH (3.9 - 3.7M, aq.);

0.00 - 0.11

58

(P);

12 - 16 h, 0 ºC;

NaBrO (0.5M),
in NaOH (3.9M, aq.);

-

40

(P);

12 h, RT;

NaBrO (0.4M)
in NaOH (4.0M, aq.);

0.09 - 0.10

59-61

(P);

24 h, RT;

NaBrO in NaOH (aq.);

0.10

62,63

12 - 24 h, RT;

NaBrO (0.7 - 1.4M)
in NaOH (3.3 - 1.8M, aq.);

-

64

NaBrO (0.8M)
in NaOH (3.1M, aq.);
NaBrO (0.6M)
in NaOH (3.7M, aq.);

0.06 - 0.09

65

-

66

Sample

La2CuO4+δ
ClO-

SrCoO3-δ

La1-xSrxCoO3-δ
x = 0.5 - 0.9

Treatment Conditions

(P);

La2CuO4+δ
-

(T);

BrO

Br2
S2O82-

MnO4-

La2-xCaxCuO4+δ,
x = 0.03 - 0.12
La2-xSrxCuO4+δ,
x = 0.05 - 0.3

(P);

2 x 24 h, RT;

(P);

12 - 24 h, RT;

La2-xSrxCuO4+δ,
x = 0.05 - 0.14

(P);

12 h, RT

NaBrO in NaOH (aq.);

0.06 - 0.14

67

0.05 - 0.07

59

La2-xBaxCuO4+δ,
x = 0.05 - 0.15

(P);

2 x 24 h, RT;

NaBrO (0.8M)
in NaOH (3.1M, aq.);

La2-xNdxCuO4+δ,
x = 0.10 - 0.5

(P);

24 h, RT;

NaBrO in NaOH (aq.);

0.05 - 0.09

62,63

CuYO2+δ

(P);

16 - 240 h, 20 ºC;

5 ml Br2
in NaOH (5M, aq.);

0.04 - 0.25

57

CuYO2+δ

(P);

120 h, 0 ºC;

NaBrO (5M, aq.), pH~12.5);

0.25

68

Ce2Zr2O7+δ

(P);

0.5 - 72 h, RT;

NaBrO (0.5M, aq.);

0.36 (max)

69

YBaCo4O7+δ

(P);

20 h, RT;

Dispersion:
Br2(50 wt-%) : H2O (50 wt-%);

0.38

70

YBa2Cu3O6+δ

(P);

2 - 22 h, 136 - 208 ºC;

Br2 (0.1 atm, vap.);

1

47

SrCoO3-δ

(P);

RT;

Na2S2O8 (2.3M, aq.);

-

I

SrCoO3-δ

(P);

RT - 80 ºC;

KMnO4 (0.2M)
in HCl (0.0005 - 0.05M, aq.);

0.06 (max)

I

(P);

48 h, 50 ºC;

KMnO4 (0.03 - 0.4M, aq.);

0.08 - 0.09

71,72

(P);

2 d, 100 - 140 ºC;

KMnO4 (0.4M, aq.);

HT,
0.1-0.4 MPa

0.21 (max)

41,73

HT,
0.1-0.5 MPa

0.03 - 0.04

42

-

74

La2CuO4+δ

La2-xBaxCuO4+δ,
x = 0.0 - 0.25

(S);

24 - 168 h, 100 - 150 ºC;

KMnO4 (0.3M, aq.);

(P);

240 h, 60 - 80 ºC;

KMnO4 (0.4M, aq.);

(P) = polycrystalline, (S) = single crystal, (T) = thin film, HT = hydrothermal, (aq.) = aqueous, (aq. alk.) = aqueous alkaline,
(vap.) = vapour, RT = room temperature
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Table 2. Chemical methods employed for deintercalating oxygen from perovskite-type oxides.
Oxidant

δ (Product)

Ref.

2 x 48 h, 350 ºC;

1 BaMnO3 (s) +
2 LiH (s);

Vacuum;

0.94

75

2 x 48 h, 350 ºC;

1 Ba0.5Sr0.5MnO3 (s) +
4 LiH (s);

Vacuum;

0.98

76

Sample
BaMnO3-δ

Treatment Conditions
(P);

LiH
Ba0.5Sr0.5MnO3-δ

NaH

(P);

3 x 72 h, 210 ºC;

1 La1-xSrxMnO3 (s) +
2 NaH (s);

Vacuum;

0.5

77

YSr2Mn2O7-δ

(P);

3 x 72 h, 225 ºC;

1 YSr2Mn2O7 (s) + 2 NaH (s);

Vacuum;

1.57

78

Sr7Mn4O15-δ

(P);

3 x 48 h, 190 - 210 ºC;

1 Sr7Mn4O15 (s) + 6 NaH (s);

Vacuum;

3

79

YBaCo2O5-δ

(P);

3 x 48 h, 210 ºC;

1 YBaCo2O5 (s) + 2 NaH (s);

Vacuum;

0.49

80

LaBaCo2O5-δ

(P);

3 x 48 h, 210 ºC;

1 LaBaCo2O5 (s) + 2 NaH (s);

Vacuum;

0.75

80

LaSrCoO4-δ

(P);

3 - 2 x 96 - 120h, 200 ºC;

1 LaSrCoO4 (s) + 2 NaH (s);

Vacuum;

0.62 - 0.64

81

(P);

4 x 72 h, 120 - 180 ºC;

1 LaNiO3 (s) + 2 NaH (s);

Vacuum;

0.5

45

(P);

3 - 5 x 72 h, 180 - 210 ºC;

1 LaNiO3 (s) + 2 NaH (s);

Vacuum;

0.89 - 0.93

45

NdNiO3-δ

(P);

4 x 72 h, 160 - 200 ºC;

1 NdNiO3 (s) + 2 NaH (s);

Vacuum;

0.82 - 0.97

45,82

Y2Ti2O7-δ

(P);

3 - 4 x 48 - 168 h, 575 ºC;

1 Y2Ti2O7 (s) + 2 CaH2 (s);

Vacuum;

0.64 - 1.01

83

LaSrMnO4-δ

(P);

375 - 450 ºC;

1 LaSrMnO4 (s) + 2 CaH2 (s);

Vacuum;

0.22 - 0.36

46

LaSrMnO4-δ

(P);

450 - 550 ºC;

1 LaSrMnO4 (s) + 2 CaH2 (s);

Vacuum;

0.49

46

LaBaMnO4-δ

(P);

275 - 350 ºC;

1 LaBaMnO4 (s) + 2 CaH2 (s);

Vacuum;

0.33

46

LaBaMnO4-δ

(P);

375 - 500 ºC;

1 LaBaMnO4 (s) + 2 CaH2 (s);

Vacuum;

0.47

46

Vacuum;

0.05 - 0.20

84

Vacuum;

1.99 - 2.98

85

Vacuum;

2

85

LaNiO3-δ

CaH2

YMnO3-δ

(P);

2 x 48 h, 225 - 350 ºC;

1 La1-xSrxMnO3 (s) +
2 CaH2 (s);

Sr7Mn4O15-δ

(P);

2 x 48 h, 300 - 380 ºC;

1 Sr7Mn4O15 (s) + 4 CaH2 (s);

BaSr6Mn4O15-δ

(P);

2 x 48 h, 300 ºC;

Sr6CaMn4O15-δ

(P);

2 x 48 h, 300 ºC;

Vacuum;

2

85

(P);

168 h, 280 ºC;

1 CaFeO3 (s) + 2 CaH2 (s);

Vacuum;

1

86

(T);

96 h, 240 ºC;

Embedded in CaH2 (s);

Vacuum;

1

87

(P);

48 - 144 h, 280 ºC;

1 CaFeO3-δ (s) + 2 CaH2 (s);

Vacuum;

1

88

(P);

48 h, 280 ºC;

1 SrFeO2.875 (s) + 2 CaH2 (s);

Vacuum;

1

9,88

(T);

35 - 24 h, 250 - 280 ºC;

Embedded in CaH2;

Vacuum;

1

89,90

(P);

72 h, 350 ºC;

1 Sr3Fe2O6.3 (s) + 4 CaH2 (s);

Vacuum;

1 (min)

91

(P);

24 h, 200 - 300 ºC;

1 LaNiO3 (s) + 1 CaH2 (s);

Vacuum;

0.5

10

(P);

24 h, 300 ºC;

1 LaNiO3 (s) + 2…5 CaH2 (s);

Vacuum;

1

10

(T);

0.5 h, 280 ºC;

Embedded in CaH2 (s);

Vacuum;

0.5

92,93

(T);

2-3 h, 280 ºC;

Embedded in CaH2 (s);

Vacuum;

1

92,93

La3Ni2O7-δ

(P);

96 h, 350 ºC;

CaH2 (s);

Vacuum;

1

94

SrCoO3-δ

(P);

6 h, exothermic;

H2O2 (15 wt-%, aq.);

0.5

8

La2NiO4+δ

(P);

Several days, RT;

0

95

(P);

6 h;

0.0

96

0

95

-

96

CaFeO3-δ
Sr1-xCaxFeO3-δ
x = 0.2 - 0.8
SrFeO3-δ
Sr3Fe2O7-δ

LaNiO3-δ

n- C4H9Li

H2O2

(P);

La1-xSrxMnO3-δ
x = 0.2 - 0.4

La2CuO4+δ
(P);
TlBa2CuO6+δ

(P);

1 BaSr6Mn4O15 (s) +
4 CaH2 (s);
1 Sr6CaMn4O15 (s) +
4 CaH2 (s);

n-C4H9Li (1.6 M)
in n-C6H14 (anh.);
n-C4H9Li (0.5 M)
in n-C6H14 (anh.);

Several days, RT;

n-C4H9Li (1.6 M)
in n-C6H14 (anh.);

6 h;

n-C4H9Li (0.5 M)
in n-C6H14 (anh.);

N2 (1 atm.);

N2 (1 atm.);

(P) = polycrystalline, (T) = thin film, (s) = solid, (aq.) = aqueous, (anh.) = anhydrous, RT = room temperature.
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3

SrCoO3-δ PEROVSKITE SYSTEM

Under a pressure of 0.1 MPa the SrCoO3-δ (0.00 < δ < 0.71) perovskite system is
thermodynamically stable at high temperatures.20,97 Cooling below T = 750 °C results
in exothermic decomposition of the single-perovskite phase into a mixture of rhombohedral (R32) Sr6Co5O15-δ (-0.12 < δ < 0.74) and spinel-type (Fd-3m) Co3O4 phases.20,98,99 The transformation is accompanied by a change of the cobalt spin state
from high spin to intermediate spin followed by a subsequent contraction of the Co
ionic radius and the characteristic lattice volume, i.e. unit cell volume per formula
unit.20,100,101 The SrCoO3-δ ↔ Sr6Co5O15-δ + 1/3Co3O4 transformation presents a hysteresis with respect to temperature and the opposite transformation from the rhombohedral to the single-perovskite phase takes place only above T = 895 °C.20 Despite
the thermodynamic stability of the Sr6Co5O15-δ phase in the low-temperature region,
the SrCoO3-δ perovskite phase can still be obtained at low temperatures through a
rapid cooling from T > 750 °C to room temperature. The quenching procedure essentially freezes the process of rhombohedral-phase formation, and a metastable
perovskite phase gained this way maintains until T > 580 °C.20,102
In addition to the SrCoO3-δ perovskite phases and the Sr6Co5O15-δ + 1/3Co3O4 phase
mixture, a layered polytype, [Sr2O2]0.5CoO2, has also been realized in the SrCoO3-δ
system.103,104 The [Sr2O2]0.5CoO2 structure consists of hexagonal CdI2-type CoO2
layers sandwiched between rock-salt type Sr2O2 double layers. It is the m = 0 member of the [MmA2Om+2]q[CoO2] misfit-layered oxide family
phase of the [(Sr1-xCax)2(O,OH)2]q[CoO2] system.

VI

105-107

and the x = 0 end-

The synthesis of [Sr2O2]0.5CoO2

at 850 ºC requires an elevated oxygen partial pressure of ~3 MPa and is best realized
through a sample-encapsulation technique using oxygen-rich precursors SrO2 and
Co3O4, also working as an internal oxygen source.103,VI The present workVI has also
revealed the importance of using an additional source for H2O vapour for the phase
formation, emphasizing the need of H+ cations for stabilizing the structure containing
otherwise exceptionally high-valent cobalt.
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3.1

Controlled Chemical Oxygen Intercalation in SrCoO3-δ

Possibility of chemical oxygen intercalation/deintercalation in the SrCoO3-δ system
was first demonstrated by Nemudry et al.8, who reported intercalation of oxygen into
SrCoO2.50 up to the stoichiometry of SrCoO3.00 using a 12-hour immersion into a solution of 2.5 ml Br2 in 100 ml NaOH (5 M, aq.) at 4 ºC. Actual oxidizing agent in
such a solution is BrO- (0.5 M, aq. alkaline), produced by the disproportionation reaction described by Equation (2). An analogous reaction is effective also in the case
of other halogens (X).
X2 + 2 OH-

XO- + X- + H2O

Keq,1 (X = Cl, Br, I) >> 1

(2)

X2 + H2O

XO- + X- + 2 H+

Keq,2 (X = Cl, Br, I) << 1

(3)

In the present workI it was observed that a dispersion of Br2 with H2O also works effectively as an oxidizing medium for SrCoO2.50. Instead of Equation (2), the dihalogen disproportionation in a neutral/acidic aqueous solution is described by Equation
(3). The equilibrium constant of the reaction by Equation (3) strongly favours the reactants, which is essential if only a small concentration of oxidizing agent (i.e. the
product) is desired at each time.
The concept of adjusting the oxidation rate in a neutral/acidic aqueous solution by
controlling the hypobromite ion concentration [BrO-] via affecting the disproportionation balance with [H2O] was elaborated in a further study.II Besides a low equilibrium constant for the reaction by Equation (3), Br2 has a low solubility (32 g/dm3)
into H2O. In order to bring the components into the same phase in chosen proportions,
CH3CN dissolving both Br2 and H2O was used as the mixing agent. It was revealed
that the oxidation reaction speeds up with higher [H2O] and temperature. Slower oxidation rate resulted in stronger appearance of the intermediate phases, which was interpreted from an intensive shouldering of the reflection profiles of the x-ray patterns,
collected ex-situ for the samples (cf. Section 3.3). It was moreover shown that crystallization of each phase, as was judged from the improved sharpness of the XRD reflections, becomes better at higher [H2O].III The significance and existence of the
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disproportionation reaction by Equation (3) was also supported by the observation
that sample immersion into pure Br2 (l) medium resulted in no detectable oxidation.
On the other hand, the presence of H2O promoted sample dissolvation, as expected
from the HBr generation as predicted from Equation (3). The present resultsII indicate that the oxidation initially proceeds at a higher rate. The rate essentially slows
down after the oxygen content of 3-δ = 2.87 is reached, indicating the relative stability of the SrCoO2.87(1) stoichiometry. The maximum 3-δ in the present studies was
2.92 gained after a 3-day immersion in 2.5 M Br2 and 0.6 M H2O in CH3CN.IV The
value is lower than the one reported by Nemudry et al.8 for their alkaline BrO- (aq.)
system.
Additional experimentsI where KMnO4 (0.2 M, aq.) / HCl (0.0005 - 0.05 M, aq.) and
Na2S2O8 (sat. aq.) were used as the oxidizing media for SrCoO2.50, confirmed a kinetic controllability of the oxidation rate, similar to the case of the Br2/H2O system.
KMnO4 (0.2 M, aq.) / HCl (0.0005 - 0.05 M, aq.) turned out to be an effective oxidizing medium producing XRD-pure end products at 80 ºC and [HCl] < 0.05 M. On
the other hand, Na2S2O8 (sat. aq.), was less beneficial presenting strong sample dissolvation together with poorly dissolvable SrSO4 impurities appearing in the oxidation products as a consequence of H2SO4 generation.

3.2

Oxygen Deficiency in SrCoO3-δ

The SrCoO3-δ perovskite system comprises several oxygen-deficient single phases.
At δ

0.50 an orthorhombic (possible space groups: Imma, Pnma, I2mb) brownmil-

lerite structure is obtained consisting of alternating layers of corner-sharing CoO4 tetrahedra and CoO6 octahedra (Figure 3 (a)).20,27 Published results34 indicate the x-raydetectable brownmillerite-type single phase to maintain at least within 0.48 ≤ δ ≤
0.58. Within 0.58 < δ < 0.71 x-ray diffraction patterns indicate a two-phase region,
where with increasing δ a seemingly cubic perovskite phase gradually arises aside
the brownmillerite-type phase.34 A careful HRTEM/ED study at δ = 0.71 has indicated, that, albeit giving a cubic XRD pattern, at such a degree of oxygen deficiency
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SrCoO3-δ actually consists of statistically disoriented microdomains which still retain
their brownmillerite structure.24,108

Figure 3.

Unit-cell cross sections (idealized) revealing the vacancy-ordering in the oxygen-deficient structures confirmed for SrCoO3-δ. Only the vacancy-containing
cation-anion layers are highlighted. (a) CoO2 layers along the bb axis (bb = 4ac)
in the brownmillerite-type SrCoO2.50.20 (b) SrO layers along the ct axis (ct = 2ac)
in the tetragonal SrCoO2.875.27 (Co = black, Sr = light grey, O = dark grey filled,
O vacancy = dark grey hollow)

Oxygen intercalation turns SrCoO3-δ from a brownmillerite structure at δ

0.48

through a series of tetragonal/cubic intermediate phases eventually to a vacancy-free
cubic perovskite structure by δ = 0.00. Several stoichiometries and structures are
suggested between 0.48 > δ > 0.00. In-situ observation of electrochemical oxidation
of SrCoO2.50 at room temperature has indicated a cascade of oxygen-vacancy-ordered
phases, namely SrCoO2.50 (orthorhombic) Æ SrCoO2.75 (cubic) Æ SrCoO2.75-2.89
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(tetragonal) Æ SrCoO3.00 (cubic).27 Additionally, ex-situ observations have indicated
SrCoO2.75,8,27,IV SrCoO2.80,34 SrCoO2.87 8,II and SrCoO2.96 8 stoichiometries to exist as
single phases with a relatively more pronounced stability with respect to the surrounding stoichiometries.
In the present workIV the possibility to reduce oxygen-rich SrCoO3-δ cubic single
phase in air at relatively low temperatures (200 ºC < T < 275 ºC) was investigated.
This study was motivated by the work of Nemudry et al.8 which had indicated that
during a prolonged storage in air at room temperature the electrochemically oxidized
SrCoO3.00 spontaneously releases oxygen, and is then stabilized as SrCoO2.96. It was
revealed that annealing for 18 h at 200 ºC results in SrCoO2.75 as the main phase. The
observed phase showed a weak tetragonal distortion (c-axis elongation) from cubic
symmetry, as interpreted from the weak superlattice x-ray reflections. It needs to be
noted that the tetragonal distortion for SrCoO2.75 was reported for the first time in the
present study,IV whereas the earlier studies, based on electrochemical oxidation, had
concluded a cubic phase.8,27 A higher annealing temperature and longer annealing
time establishes a three-phase region, in which an orthorhombic brownmillerite-type
SrCoO2.50 and the tetragonal SrCoO2.75 phases are accompanied by a newly found
tetragonal phase with an intermediate 3-δ value.IV The intermediate phase presents 8fold stronger elongation of the c parameter while having similar a and b parameters
to those of SrCoO2.75. Interestingly, the proportions of the SrCoO2.75 and the intermediate phase may vary in a wide range, while the average oxygen content remains
constant at (3-δ)aver = 2.68(1). Increasing proportion of the intermediate phase is accompanied by a systematic c-parameter contraction, implying both to a layered oxygen-vacancy structure and a flexible oxygen content, in the style of the SrCoO2.50
brownmillerite-type phase. The intermediate phase is unstable in air even at room
temperature and a gradual decomposition to SrCoO2.75 and SrCoO2.50 becomes evident within few days.
The oxygen-ordered phases in SrCoO3-δ and other related perovskite systems such as
LaCoO3-δ,109 LaNiO3-δ,110 and SrFeO3-δ

9,19,91

have been described as members of

ABO(3n-1)/n (n = 1, 2, 3, 4,..., п) homologous series. In terms of stoichiometry the indicated single-phase oxygen stoichiometries 2.50,20,27 2.75,8,27 2.80,34 2.87,8,II
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2.96 8 and 3.00 8 would be, respectively, the n = 2, 4, 5, 8, 32 and ∞ members of the
SrCoO(3n-1)/n series. The present workII also indicated signatures of two intermediate
phases in samples oxidized at room temperature up to varied extents using chemical
methods. As these phases appear between 0.13 < δ < 0.50, through a sequential
shouldering of the ex-situ x-ray reflections (cf. Section 3.3), they were interpreted as
the n = 6 and 7 members of the SrCoO(3n-1)/n series. Additionally, the constant (3δ)aver = 2.68(1) in the three-phase region within 2.50 < 3-δ < 2.75 implies the newly
detected intermediate phase to represent the n = 3 member.IV

Figure 4.

Unit-cell cross sections revealing the vacancy-ordering in the body-centered
tetragonal oxygen ordering scheme for SrCoO2.75 (n = 4). Only the SrO layers
containing the vacancies are highlighted. (Sr = light grey O = dark grey filled, O
vacancy = dark grey hollow)

Up to date, apart from the brownmillerite structure of SrCoO2.50 described above
(Figure 3(a)), the only satisfactory refinement for an oxygen-vacancy-ordered structure exists for the SrCoO2.82 stoichiometry belonging to the proposed SrCoO2.75-2.89
intermediate phase region.27 The structural solution is based on an ideal ABO2.875
tetragonal (I4/mmm) perovskite phase (Figure 3(b)), corresponding to the n = 8
member of the ABO(3n-1)/n series. The oxygen vacancies in ABO2.875 can be thought to
order as a body-centred tetragonal lattice. The lattice parameters of the pseudocubic
single-perovskite lattice (ac) and the given tetragonal lattice (at, bt, ct) are related in
dimensions as at  bt  ct = 2(√2)ac  2(√2)ac  2ac. However, the same authors27 pointed out that the tetragonal-symmetry-related XRD and NPD reflections
got gradually weaker towards the SrCoO2.875 or SrCoO2.75 stoichiometries, in which
cubic diffraction patterns are presented. The present workII highlighted that also the
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SrCoO2.75 stoichiometry enables a body-centred tetragonal vacancy ordering (Figure
4) in the same way as in SrCoO2.875 (Figure 3(b)). The weak tetragonal distortion detected for SrCoO2.75 supports the proposed fairly isotropic vacancy-ordering
scheme.II,IV

3.3

Splitting of the Pseudocubic XRD Reflections

Figure 5 illustrates the simple cases of non-triclinic distortions from a primitive cubic
symmetry, produced through tilting of the [010]c-oriented crystal axis along the
[100]c direction (Figure 5 (a)) and/or the [001]c-oriented crystal axis diagonally along
the [110]c or [-110]c direction (Figure 5 (b) and (c)). Table 3 lists the corresponding
splitting schemes for the seven lowest-angle first-order XRD reflections. Also included in Table 3 are the corresponding cases for the unit cells with tetragonal and
orthorhombic initial distortions from the primitive cubic symmetry by crystal-axis
elongations.
Table 3 demonstrates that each splitting scheme given is explicit regarding the overall cell symmetry and the existence of an A (B, C) centred unit cell with a and b crystal axes lying diagonally between the pseudocubic ac and bc axes of the distorted
primitive pseudocubic unit cell. The chosen centred cells present higher symmetries
than the equivalent primitive ones. In the case of the oxygen-deficient single
perovskites, the lattice type (P, A (B, C), F or I) further depends on the possible oxygen-vacancy ordering scheme and atomic displacements creating an extended superlattice, superimposed over the primitive or A (B, C)-centred cation framework and
creating additional superlattice reflections.
The present work proposed five intermediate SrCoO3-δ phases to exist between 0.125
< δ < 0.50,II-IV each of them occurring subsequently at specific δ sub-ranges, as described in Section 3.2. Their existence was interpreted through the splitting behaviour of the pseudocubic x-ray reflections, which in general may indicate either a
multi-phase region or symmetry-lowering lattice distortions. Special focus was given
for the pseudocubic (111)c reflection found at 40 º < 2θ < 41 º.
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Figure 5.

The non-triclinic distortions from a primitive cubic symmetry, produced
through tilting of the [010]c-oriented crystal axis diagonally along the [100]c direction (a) and/or the [001]c-oriented crystal axis along the [110]c (b) or [-110]c
(c) direction. Marked with dotted line are the edges of the alternative A (B, C)centred cell in some cases presenting a higher symmetry than the primitive one.

Table 3.

Splitting schemes of the seven lowest-angle first-order reflections observed in
an x-ray pattern of a cubic crystal structure due to the non-triclinic lattice distortions demonstrated in Figure 5. (Ideal intensity distribution for (100)c, (110)c
and (111)c reflections given in parentheses.)
Split of the pseudocubic reflections

Pseudocubic
dimensions

Overall
symmetry

ac = bc = cc
αc = βc = γc = 90 º

Primitive
cubic

ac = bc = cc
αc = βc ≠ 90 º, γc = 90 º

Centred
monoclinic

2

4

3

(2:1)

(2:1:1:2)

(1:2:1)

ac = bc = cc
αc = βc = 90 º, γc ≠ 90 º

Centred
orthorhombic

2

3

2

(1:2)

(1:4:1)

(1:1)

ac = bc = cc
γc ≠ αc = βc ≠ 90, γc ≠ 90 º

Centred
monoclinic

2

4

3

(2:1)

(2:1:1:2)

(1:2:1)

ac = bc = cc
αc = βc = γc ≠ 90 º

Rhombohedral

ac = bc ≠ cc
αc = βc = γc = 90 º

Primitive
tetragonal

2

2

1

(1:2)

(2:1)

(1)

ac = bc ≠ cc
αc = βc = 90 º, γc ≠ 90 º

Centred
orthorhombic

2

3

2

(1:2)

(1:4:1)

(1:1)

ac = bc ≠ cc
γc ≠ αc = βc ≠ 90, γc ≠ 90 º

Centred
monoclinic

2

4

3

(1:2)

(2:1:1:2)

(1:2:1)

ac = bc ≠ cc
αc ≠ 90 º, βc = γc = 90 º

Primitive
monoclinic

3

4

2

(1:1:1)

(1:2:2:1)

(1:1)

ac ≠ bc ≠ cc
αc = βc = γc = 90 º

Primitive
orthorhombic

3

3

1

(1:1:1)

(1:1:1)

(1)

ac ≠ bc ≠ cc
αc = βc = 90 º, γc ≠ 90 º

Primitive
monoclinic

3

4

2

(1:1:1)

(1:2:2:1)

(1:1)

(100)c

(110)c

(111)c

(210)c

(211)c

(221)c

(310)c

1

1

1

1

1

1

1

(1)

(1)

(1)

6

7

7

6

4

4

4

4

6

7

7

6

2

3

3

2

3

2

2

3

4

4

4

4

6

7

7

6

8

6

6

8

6

3

3

6

8

6

6

8

1

2

2

(1)

(1:1)

(1:3)
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The unit cells for the SrCoO3-δ perovskite system reported in literature8,20,27,34,IV present only cubic, tetragonal and orthorhombic symmetries - the only example for an
orthorhombic unit cell being the SrCoO2.50 phase with a brownmillerite structure.
Because the (111)c reflection remains unsplit in primitive cubic, tetragonal and orthorhombic unit cells, while a centred orthorhombic unit cell would provide a split with
equal multiplicities (Table 3), the observed (111)c splitting schemes with unequal intensity distributionII,IV were interpreted as signatures of multi-phase regions.
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4

X-RAY ABSORPTION FINE STRUCTURE

X-ray absorption fine structure (XAFS) spectroscopy111,112 gives element-specific information on crystallographic environment and unoccupied electron states around the
x-ray absorbing element. As such, it is a complementary technique for diffractionbased techniques and photo-emission spectroscopy seeing the long-range structure
and occupied electron states in the material, respectively.

4.1

XAFS Fundamentals

At low resolution, x-ray absorption spectrum (0.01 nm < λ < 10 nm, 1.2 · 102 eV < E
< 1.2 · 105 eV) is characterized by a series of edge-like jumps in the absorption coefficient each followed by a smooth decay. The edge features mark the excitationenergy thresholds, in which a core-shell electron gains adequate energy to be excited
to empty states in the spatial proximity to the x-ray-absorbing atom. Absorption
edges are named as K, L, M, etc. according to the initial core shell of the excited electron. Energy positions of the absorption edges are specific, primarily, to the atomic
number (Z) and, secondarily, to the chemical state and environment of the absorbing
species.113
At high resolution in energy, the x-ray absorption edge resolves into a fine structure
of oscillations. Such modulations to the absorption coefficient are due to the mutual
interference at the absorption site between the wave function of the non-scattered
out-going photo-electron and the wave functions of the photo-electrons backscattered from the surrounding atoms.111 According to Bianconi114 this x-ray absorption fine structure (XAFS) can be separated, as follows, into three partially overlapping regions according to the dominating scattering scheme. Division of the spectrum is also illustrated in Figure 6 (E = excitation energy, EIP = ionization energy,
EAT = absorption threshold).
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d
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ATOM
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(a) Division of the XAFS spectrum into low-energy XANES, XANES and
EXAFS regions as demonstrated through excited electron states. Below the
ionization energy (EIP) lie local empty bound states. Above EIP electron-wave
length defines the criteria for XANES and EXAFS regions. (Based on original
figure by Bianconi114) (b) Schematic model of an x-ray absorption edge spectrum. Both panels (a) and (b) have the same energy axis.

The EXAFS (extended x-ray absorption fine structure) region, 50 eV < (E–EIP) <
1000 eV, comprises weak oscillations attenuating towards the high-energy end:
photo-electron has a high kinetic energy and typically only one back-scattering event
from a surrounding chemical species returns it back to the absorption center. Because
of the single-scattering scheme that enables only radial photo-electron trajectories,
EXAFS contains information only about the radial distances of the scattering atoms
from the absorbing atom and about their scattering cross-sections.
The XANES (x-ray absorption near edge structure) region, 0 eV < (E–EIP) < 100 eV,
comprises strong oscillations slightly above the ionization energy: photo-electron has
a low kinetic energy and is more affected by the potential field created by the surrounding chemical species. Several scattering events each with < 180º deflection take
place before the photo-electron returns to the x-ray-absorption centre. As the dimensionality of the photo-electron trajectory in the multiple-scattering scheme is higher
than one, XANES contains information on bond angles and thus also coordination
geometries, in addition to the information provided by EXAFS.

20

The change from single to multiple scattering with decreasing excitation energy is
gradual, which was emphasized by the overlapping energy ranges given above. A
rough criterion is the wavelength of the photo-electron (λ = 2π/k) which at the highenergy limit for XANES closely equals the nearest-neighbour distance in the compound in question (Figure 6).
The low-energy XANES region or pre-edge, (EAT–EIP) < (E–EIP) < 0 eV, comprises
the intensive resonance features below the ionization energy: to the first approximation, the resonances mark excitations satisfying the dipole selection rules (Δl = ±1 for
a single electron and ΔL = 0, ±1, ΔS = 0 for a multi-electron system)114,115 of core
electrons to the local empty bound states, such as atomic states, molecular orbitals
and electronic bands. The exact character of a bound state depends on the electronic
structure of the material. In addition to the intra-atomic interactions the character of a
state is also affected by the symmetry of the coordination environment around the
absorbing atom as well as the nature of its chemical bonds. Similarly to the XANES
region the low-energy XANES region can also be understood and modelled in terms
of multiple scattering.116
The empty electronic bound states of an element with atomic number Z, as observed
through the low-energy XANES, resemble those of an element with an atomic number Z + 1.114 This is caused by the positive core hole left behind by the excited electron and increasing the effective nuclear charge experienced by the valence electrons
by one unit charge. Approximation becomes less significant with the heavier atoms,
as the core-hole – photo-electron interaction becomes weaker with increasing distance and more effective electron screening is realized in the case of large atoms and
delocalized states.117
Because the mean-free path (~10 Å) of the x-ray excited photo-electron and the corehole lifetime (~10-15 s) are short,114 information through XAFS covers only few coordination shells around the absorption centre. If several local environments exist for
an absorbing element, each of these provides its own independent component which
is superpositionally summed up with the other components up to the observed XAFS
spectrum.118,III
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4.2

Understanding Low-Energy XANES of 3d-TM Perovskites

In the present workIII,V low-energy XANES spectra of the O-K, Ti-K, Co-K, Ti-L2,3
and Co-L2,3 edges of the SrCoO3-δ (0.50 < δ < 0.18) and La2Co1+z(Ti1-xMgx)1-zO6 (0.0
< x < 0.6; 0.0 < z < 0.6) perovskite cobalt-oxide systems were analyzed. The information covers oxidation states, TM-3d orbital occupancies and crystal fields of the Ti
and Co constituent cations as well as the oxygen species present. An overview of the
relevant features is given in the following sections.
4.2.1

O-K Edge Features: TM-O Hybrids, O2p Hole and O2x-

The O-K XANES presents intensive low-energy structures. They originate from dipole-allowed transitions of electrons from the O1s (l = 0) core-state to hole-states of
p-character (l = 1).
In transition-metal oxides, the target states for the transitions are usually mixed states
due to the hybridization of O2p ligand-hole state with s, p and d states of the
neighbouring atoms (Figure 7).117 Intensities of the resultant spectral TM-O hybrid
structures depend on the availability of the O2p ligand-hole states, working as dipole-allowed excitation channels, and their hybridization with the mixing orbital.
Therefore intensity of the hybrid structure can be used as a qualitative means for
evaluating the covalency of the compound. Conversely, completely ionic oxides with
O2- (O1s22s22p6) species should ideally not produce O-K pre-edge features.
In accordance with the Heisenberg uncertainty principle, the relatively long lifetime
of the O1s core-hole results in a narrow band width of the O-K hybrid features.117 As
a consequence, a good resolution between the features originating from orbitals of
different atomic species and angular momentum (l) is reached. Concerning the energy distribution of the hybrid features, O-K edges closely resemble the local band
structure surrounding the absorbing oxygen species in the initial state. This is a result
of weak influence of the O1s core hole on the final state due to effective screening by
the O2p valence electrons.119 Especially this is the case with the TM-3d orbitals, and
O-K edges are widely used in determination of the d-orbital splitting scheme (crystal-
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field splitting energy (10Dq) and Hund’s rule coupling energy (J)), coordination geometry as well as the d-electron population (oxidation state).
Many oxides of the late-3d transition metals with high formal oxidation numbers
(Mn3+/4+, Fe3+/4+, Co3+/4+, Ni2+/3+, Cu2+/3+) are known to have significant covalent
character in their bonding,120-123,III and accordingly partial charge of oxygen anions
may well deviate from the formal -2 towards null, stabilizing the O2p ligand-hole
state as the lowest unoccupied orbital (Figure 7).124 In this case an intensive feature
originating predominantly from the 3dn+lLl Æ c3dn+lLl-1 (L = oxygen ligand hole, c =
oxygen core hole) transition stands out at the O-K pre-edge threshold, besides the
features originating from the 3dn+lLl Æ c3dn+l+1Ll transition.

Figure 7.

O-K edge XANES of SrCoO3-δ demonstrating different spectral features appearing with 3d-TM oxides. FY: bulk-emphasized fluorescence-yield data. TEY:
surface-emphasized total-electron-yield data. More detailed assignment of the
features is found in III.

In addition to monoatomic oxygen species, transition-metal oxide materials may accommodate oxygen as diatomic O2x- species derived from the neutral O2 molecule (cf.
5.3).125,III In such a case, O1πg(antibonding) and O3σu(antibonding) orbitals of the
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diatomic species deliver two additional features to the O-K edge fine structure, respectively known as π*(~529.0 eV) and σ*(534.5 eV) resonances (σ* being visible in
Figure 7). Owing to the emphasized p-character of these molecular orbitals, intensities of these resonances are expected to stand out from their surroundings. Increase in
the electron population (x) on the lowest unoccupied O1πg(antibonding) orbital provides a negative shift to the π* and σ* energy positions coupled to the weakening of
the π* resonance. 125,126
4.2.2

Transition-Metal L2,3 Edge: Multielectron Effects and Branching Ratio

The intensive white lines on the L2 and L3 edges of the TM-L XANES spectrum (Figure 8 (a)) originate from the dipole-allowed 2p6ndN → 2p5ndN+1 transitions (Δl =
+1). Additionally the 2p6ns0 → 2p5ns1 transition is also dipole allowed (Δl = -1) and
results in TM-L1 edge lying at higher energies than the TM-L2,3 edges. Unlike in the
case of the O-K XANES spectrum (cf. Section 4.2.1), the structures of the TM-L2,3
XANES edges can not be directly assigned to specific atomic orbitals. Instead, excited many-body systems including the open-shell 2p and nd electrons as well as the
nucleus with mutual electrostatic and magnetic interactions need to be considered.127
The general appearance of the TM-L2,3 XANES edges is explained on the basis of
two competing coupling processes in the excited state, namely core-hole spin-orbit
(jj) couling and Russell-Saunders (LS) coupling.115 Additional interactions may also
affect the shape of the TM-L2,3 XANES spectrum. Examples are the mutual electrostatic interactions (Coulomb repulsion) among the valence electrons, the crystal field
and the ligand hole.128
The jj coupling scheme is predominant for the orbitals close to the atomic nucleus
and reflects the strong electron-nucleus interaction in the core-shell region. In jj coupling the orbital angular momentum l(i) of an individual electron i (vector quantities
typed in bold) couples with its respective spin angular momentum s(i) (Eq. (4)) into
an individual total angular momentum j(i). The j(i) vectors of the individual electrons
then sum up to a total angular momentum J of the electron system (Eq. (5)). Concerning the photon excitation energy, spin-orbit coupling splits the TM-L2,3 edge into
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two branches (L3 and L2) presenting the two available total angular momentum quantum numbers (J = 3/2 and J = 1/2, respectively).
In the system of the open-shell 2p and nd electrons additional resonant
peaks/shoulders are projected on the L3 and L2 branches. They are caused by dipoleallowed final-state configurations, which are described by the LS coupling scheme.115
Such coupling scheme is stronger on the orbitals further away from the nucleus and
reflects the strong electron-electron interactions in this region. In LS coupling, the l(i)
and s(i) of the electrons sum respectively into total orbital angular momentum L (Eq.
(6)) and total spin angular momentum S (Eq. (7)) of the electron system. L and S
subsequently couple to form the J of the electron system (Eq. (8)).

jj coupling

LS coupling

j(i) = l(i) + s(i)

(4)

J = Σ j(i)

(5)

L = Σ l(i)

(6)

S = Σ s(i)

(7)

J=L+S

(8)

The relative magnitudes of the energy terms for the jj coupling of the 2p core electrons (ζp) and the LS coupling (U(p,d)) within the excited electron configuration influence the relative intensities (I) of the L3 and L2 branches, frequently described by
the branching ratio BR = I(L3)/[I(L2)+I(L3)].115 The statistical value of BR = 2/3 reflects the multiplicities of the MJ states under available J quantum numbers (MJ = 3/2 =
3/2,1/2,-1/2,-3/2 and MJ = 1/2 = 1/2,-1/2), and is approached when U(p,d) << ζp, which
is also known as the jj-coupling limit. On the other hand, the branching behaviour
due to jj coupling gradually dissolves when U(p,d) >> ζp, which is known as the LScoupling limit. In the real electron systems, an intermediate coupling between jj and
LS limits prevails.
The blend-in LS character brings in the spin-state dependency of the BR. The observable increase in the BR value due to a spin-state elevation (Figure 8 (c)) is a conse-
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quence of the fact that in the LS-coupling scheme the higher spin-states tend to present lower energies.115 The spin-state determination through BR values has pointed
out to be particularly successful with late 3d-TM oxides, showing a good separation
of the L3 and L2 edges.129

Figure 8.

4.2.3

(a) Co-L2,3 spectra of the La2Co1+z(Ti1-xMgx)1-zO6 system.V (x refers to
La2Co(Ti1-xMgx)O6 and z refers to La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series). (b) Positive shifts of the centres of gravities of the Co-L2 and -L3 branches with increasing valence of Co and (c) decrease in branching ratio with lowering of the spinstate of Co. Different samples in the La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series, for
which the formal oxidation state of Co is 3+, are highlighted with different
shades of grey. A more detailed discussion on the spectra is found in V.

Chemical Shifts on Transition-Metal L2,3 and K Edges

Oxidation and reduction of the observed TM species result, respectively, in positive
and negative shifts in the energy positions of its L2,3- and K-edge XANES features.
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(Figures 8 (b) and 9) Such chemical shifts are a consequence of changes in the outershell electron populations due to the redox process. Electron removal (addition) exposes the excited electron to a higher (lower) nuclear charge, increasing (decreasing)
the energy of the final states as compared to the pristine chemical species.

Figure 9.

(a) Ti-K and (b) Co-K edge spectra of La2Co1+z(Ti1-xMgx)1-zO6 system.V (x refers
to La2Co(Ti1-xMgx)O6 and z refers to La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series). Insets: Energy positions of the Ti4p (a) and Co4p (b) resonance features as functions of formal cobalt oxidation state (degree of Mg substitution x) demonstrating the chemical shift: Co gets oxidized with increaseing x, while Ti keeps a
fixed oxidation state. Different samples in the La2Co1+z(Ti0.5Mg0.5)1-zO6 subseries, for which the formal oxidation state of Co is 3+, are highlighted with different shades of grey. A more detailed discussion on the spectra is found in V.

Chemical shifts provide direct means of studying and comparing the oxidation/reduction behaviour of each constituent element separately.129-132,III,IV The magnitude of the chemical shift per transferred electron as well as the energy position
versus oxidation state depends essentially on the coordination environment of the
species133 and the absorption edge considered (Figures 8 (b) and 9).
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130,IV

Therefore,

in order to quantify actual oxidation numbers, a series of chemically and crystallographically like samples with known oxidation numbers is necessary.

28

5

LOW-TEMPERATURE OXYGEN MOBILITY

The Ruddlesden-Popper (R-P) oxides, La2BO4+δ (B = Co, Ni, Cu) and Nd2NiO4, and
the perovskite oxides, SrBO3-δ (B = Fe, Co) and YBa2Cu3O7-δ, possess roomtemperature oxygen-ion mobility values that are exceptionally high for oxide systems,
including the state-of-the-art solid-oxide electrolytes.26 Besides the two aforementioned oxide types and their cation-substituted derivatives,26,36 the few additional examples of the room-temperature oxygen mobility, up to date, amount to YBaCo4O7+δ
70,134

and Cu(Y,La)O2+δ
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with layered structures and Ce2Zr2O7+δ with a three-

dimensional pyrochlore-type structure.69
The main requirement for oxygen mobility in a solid crystalline lattice is the availability of network of positions, spacious enough for oxygen ions to migrate
through.12,135 An additional requirement, important for the low-temperature oxygen
conductivity, is the weak electrostatic attraction between the mobile oxygen species
and their imminent surroundings.135
Perovskite and R-P structures are closely related to each other (Figure 10). Despite
the similarities, both the conductive species and conduction pathways are different.
An overview for the two material types is given in the following sections.

BO2
AO

BO2
AO
BO2
AO
BO2
[001]c

AO

BO2

(a)

(b)

[110]c

(c)

Figure 10. The An+1BnO3n+1 R-P structure can be imagined as a derivative of (a) the ABO3
perovskite structure obtained through (b) removal of every (n+1)th (001)c BO2
layer, and (c) subsequent (relative) shift of each facing (AO-BO2)n-AO layer by
1/(√2)ac into [110]c direction. (Dark grey octahedra/circles, on the plane of the
paper. Light grey octahedra/circles, 1/(√2)ac below the plane of the paper.)
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5.1

Oxygen Mobility in SrBO3-δ Perovskites

The perovskite structure can be considered as layers of large A cations and oxygen
anions stacked in a eutactic ccp manner. The interstitial positions, yet spacious
enough for the smaller B cations, can not accommodate additional oxygen anions.
Therefore, oxygen migration is possible only in presence of oxygen vacancies. In the
case of the conventional perovskite-based oxygen electrolytes, mobilization of the
relatively large, r(O2-) = 1.4 Å,136,137 and highly charged O2- species requires a high
activation temperature, necessary for overcoming the energy barriers of both electrostatic and steric origins.138
In the case of SrBO3-δ (B = Fe, Co)27,III and YBa2Cu3O7-δ,28 however, the charge of
the mobile oxygen is not exactly -2 but less negative. Such a negative charge-transfer
phenomenon (cf. 4.2.1) occurs when the high-valent TM cation and oxygen anion
have similar electron affinities (EA). This may lead to a situation, where EA(Bx) >
EA(O2-) and EA(Bx+1) < EA(O1-) (x > 0). Consequently the point of the balanced electron affinities, i.e. EA(Bx+z) = EA(O2-z) (x, z > 0), define the eventual electron distribution, featuring non-integer valence-electron populations for both the TM and oxygen
ions.35,37,III Characteristic to the negative charge-transfer is an emphasized O2p-hole
character in the band structure in the vicinity of the Fermi level. Such an O2p ligand
hole can directly be observed through O-K edge XANES (Figure 7) and
XPS.37,139,140,III As a result of the valence electron depletion from oxygen anion, both
the electrostatic and steric barriers for ionic conduction are lowered.
In the present work,III evolution of the Co3d and O2p states was monitored through
O-K and Co-L2,3 XANES spectra of SrCoO3-δ samples oxidized up to different 3-δ
values. The results revealed strong and monotonous enhancement with increasing 3-δ
in the O2p hole states, which provide a strong resonance feature at the O-K edge absorption threshold. The simultaneous increase in the cobalt valence, observable as a
positive chemical shift of the Co-L2,3 edges, remains relevantly weaker than would be
expected if assuming O2- as the introduced oxygen species.129 Additionally, depthresolved analysis, taking an advantage of the different probing depths of total electron yield (surface emphasized) and fluorescence yield (bulk emphasized) detection
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techniques for x-ray absorption, indicated that the O2p hole becomes more enhanced
in the bulk of the crystal, while the Co3d hole states are more favoured closer to the
surface. As the surface region is expected to be relatively more oxygen deficient
compared to the bulk (and cobalt accordingly with a lower oxygen coordination
number), it was further understood that the O2p hole is associated with an octahedral
coordination in an oxygen-rich environment. The lower square-pyramidal and tetrahedral coordinations would then present more emphasized Co3d character in their
Fermi-level band-structure components.
The low charge of the oxygen anion is not the only prerequisite for the lowtemperature oxygen mobility. This is demonstrated by the facts, that SrCoO2.50 shows
oxygen mobility at low temperatures8,27 without any significant O2p-hole character,141,III and at the same time, the late-3d-TM perovskite oxides LaNiO3
CuO3
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120

and La-

with a notable O2p-hole character show no low-temperature oxygen mobil-

ity. Therefore, the role of the lattice dynamics has been discussed in the framework
of the SrBO2.50 (B = Fe, Co) phases with a brownmillerite structure (cf. 3.2).25,27
Characteristic to the disorder present in the oxygen vacancy layers of SrBO2.50 is the
randomness of the equatorial rotation schemes of the BO4 tetrahedra (Figure 11): by
using only one of the two available rotation schemes (Figure 11(a) and (b)) brings
the crystal lattice to lower space-group symmetries I2mb and Pnma, while the statistical distribution between the schemes results, in overall, in a higher Imma symmetry
(Figure 11(c)). Experimental observation using inelastic neutron scattering together
with molecular dynamics simulations25 has recently pointed out that switching of the
tetrahedrally-coordinated oxygen between the apical and equatorial positions in
SrBO2.50 has an activation energy barrier adequately low for room-temperature activity, therefore possibly promoting the disorder of vacancies and consequently the rotation of the BO4 tetrahedra. The space group Imma could therefore be understood as a
crystallographic indicator for low-temperature oxygen mobility in a brownmilleritetype lattice.
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Figure 11. Rotation schemes of the BO4 tetrahedra in SrBO2.50 orthorhombic brownmillerite structures (ab = (√2)ac, bb = 4ac, cb = (√2)ac, where ac = lattice parameter
of a pseudocubic perovskite unit cell, and ab,bb,cb = orthorhombic lattice parameters of a brownmillerite-type unit cell): (a) I2mb, (b) Pnma and (c) Imma
(statistical distribution between I2mb and Pnma symmetries)

5.2

Oxygen Mobility in A2BO4+δ Ruddlesden-Popper Phases

Opposite to the tendency for oxygen-vacancy formation in the SrBO3-δ (B = Fe, Co)
perovskite systems, the R-P systems La2BO4+δ (B = Co, Ni, Cu) and Nd2NiO4+δ tend
to accommodate excess oxygen on interstitial positions in their layered crystal structures.26 The maximum δ increases mainly with decreasing Z of the B cation and electron affinity:38,39,143 La2CuO4+δ prefers a stoichiometric composition (δ = 0), and
forced oxygenation using (electro)chemical or high-pressure techniques is necessary
for realizing δ > 0. On the other hand, La2CoO4+δ and La2NiO4+δ prefer δ > 0 and are
difficult to obtain with δ = 0.38
The excess oxygen accommodated on the interstitial positions between the facing AO rock-salt planes
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is found as the species responsible for the low-temperature

mobility.30,145 Also contrary to the perovskite phases, as the atomic distances calculated from crystallographic data indicate, the interstitial oxygen has mostly ionic
character, i.e. O2-.38,39,143,146 As a consequence of its high negative charge, the interstitial oxygen is repelled by the tetrahedrally coordinated nearest-neighbour oxygen
anions, thereby distorting the AO planes above and below away from their planar
ideal conformation.143,146

32

The results from molecular dynamics simulations,30,147,148 tracking low-activationenergy migration pathways, support a cooperative oxygen-exchange process: interstitial oxygen replaces its nearest-neighbour oxygen in the La-O layer, which then relaxes into a subsequent interstitial position (Figure 12).

2

1

1´

2

1´

2´

2´

[001]c

1

(a)

[110]c

(b)

(c)

Figure 12. Migration of interstitial oxygen in R-P-type A2BO4+δ structure: (a) interstitial
oxygen anions (1) and (2) (b) deflect oxygen anions (1’) and (2’), apicallycoordinated to the B cations, to the subsequent interstitial positions, and (c) become accommodated as new apical species.

5.3

O2x- and O3x- Species in Transition-Metal Oxides

Both XPS and O-K edge XANES present features of polyatomic oxygen species in
the surface regions of oxide materials exhibiting low-temperature oxygen mobility.149,150,125, III Moreover, the early studies on the oxygen accommodation in A2BO4+δ
strongly considered the polyatomic forms of oxygen even as the main interstitial
oxygen species in these materials.149,150,151,152 Later studies using neutron powder diffraction, on the other hand, have concluded that the oxygen-oxygen distances in the
bulk lattice rather indicate towards O2-.38,39
Albeit hosted only at the surface region, the polyatomic oxygen species are essential
intermediates in the process of splitting of the O2 molecule and the subsequent insertion of Ox- into the bulk lattice. Depth-resolved O-K edge XANES studies on oxygen-deficient perovskites (Sr0.8La0.2)CoO3-δ

125

and SrCoO3-δ

III

have concluded that

x-

the O2 species, profoundly manifested by the σ* resonance features observable in
the O-K edge spectrum of these materials, increases its population on the surface region with increasing oxygen deficiency δ.
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6

CONCLUSIONS

The general focus of this work was on soft-chemical topotactic oxygen-content adjustment in solid-state oxides. For the experimental work the oxygen deficient
perovskite SrCoO3-δ was chosen as a model system.
Several oxidizing agents and approaches were tried for SrCoO3-δ. As an outcome, a
method of controlled chemical oxidation in Br2/H2O/CH3CN immersions at room
temperature was developed. The actual oxidizing agent in such an immersion is BrO-,
generated through Br2 disproportionation reaction with H2O. Because of the unfavourable disproportionation equilibrium (Keq << 1), the concentration of BrO-, and
therefore the rate of the solid-state oxide oxidation reaction, stay low. Furthermore,
oxidation rate is controllable through adjusting the H2O concentration in the reaction
mixture. The effectiveness of the approach described was demonstrated through observation of signatures of several new phases in the SrCoO3-δ system from the oxidation products.
Additionally the usefulness of low/mild-temperature (T < 300 °C) reduction in normal pressure (1 atm) atmosphere for discovering new oxygen ordered phases was acknowledged: Clear evidence of a new tetragonal SrCoO2.68(1) intermediate phase between the well-known SrCoO2.75, with a weak tetragonal distortion from cubic crystal symmetry, and SrCoO2.50, with orthorhombic brownmillerite structure, was given.
Essential in understanding the mechanism of low-temperature oxygen mobility in the
late-3d-TM oxide lattice is the flexibility of electron distribution between the 3d-TM
cations and oxygen anions, which was demonstrated through a XANES study on
oxygen-content-varied SrCoO3-δ samples. Acquired XANES results indicated, that
the formally higher than trivalent Co presents an actual valence lower than the formal
value, which is compensated by a ligand-hole creation at oxygen anion. Incorporation of oxygen into the bulk lattice was further understood to proceed through three
main types of oxygen species, namely O2-, Ox- and Oz- (0 < z < x) each having a region of maximum abundancy and favored coordination site between the surface and
the bulk.
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Late transition metals in their oxides
present different degrees of covalent
bonding and a variety of open-shell delectron conﬁgurations leading to a
spectrum of properties. Discoveries, such as
superconductivity at liquid-nitrogen
temperatures and the oxide thermoelectrics
promise a rewarding ﬁeld for solid-state
chemists and physicists also in the future.
Properties may be adjusted through
manipulating the crystal lattice. A topotactic
approach, changing only speciﬁc structural
components at a time, enables systematic
studies for understanding the structureproperty relations. Soft chemistry is a tool of
choice: Relying on mild process conditions,
previously undiscovered structures with
local energy minima may be realized. The
dissertation work demonstrates the power
of soft-chemistry in oxygen-content
adjustment of solid-state oxide compounds.
SrCoO3-δ perovskite, presenting oxygen
mobility even at room temperature, serves
as an example. Different soft-chemical
methods and the mechanism of oxygen
intercalation/deintercalation are visited.
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