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研究成果の概要（和文）：トポケミカル（構造保存）な方法で作成された金属酸化物は、中程度の温度（T < 
900 ℃）で酸素イオン伝導を示すことが期待される。本研究では、還元的・酸化的雰囲気での加熱および加圧処
理を組み合わせたトポケミカルな反応を用いることでペロブスカイトおよびペロブスカイト関連構造酸化物を作
成した。これらの材料では、カチオンや空孔の秩序が大きく異なっている。放射光X線回折と熱重量測定を用い
て、これらの物質の詳細な構造変化を解析した結果、温度による酸素放出/取り込みの挙動を明らかにすること
に成功した。

研究成果の概要（英文）：This project investigated the synthesis and characterization of metal-oxide 
materials prepared by topochemical (structure preserving) methods. The products of topochemical 
processes often exhibit oxygen-ion conductivity at moderate temperatures (T < 900 °C). A series of 
perovskite and perovskite-related materials were successfully prepared by using a combination of 
reductive/oxidative atmospheres coupled with heating and pressure treatments. The materials exhibit 
markedly different types of cation and/or vacancy ordering. Their detailed structure and oxygen 
release/incorporation behavior as a function of temperature were analyzed by synchrotron X-ray 
diffraction and thermogravimetric techniques.

研究分野： 0502:無機・錯体化学、分析化学、無機材料化学、エネルギー関連化学およびその関連分野

キーワード： Oxygen-ion mobility　Perovskite structure　Solid state chemistry　Topochemical methods　Struc
tural study　Synchrotron radiation　Rietveld refinement
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研究成果の学術的意義や社会的意義
近年、新しいクリーンエネルギー源や高エネルギー密度の電池の必要性が高まっており、それらの開発のために
特に中低温で動作する新しいイオン伝導材料の研究が盛んに行われている。酸素イオン伝導体は、固体酸化物燃
料電池（SOFC）などのデバイスに使用されるキーマテリアルである。本研究の成果は、酸素イオン伝導材料のバ
リエーションを拡げ、また、構造的特徴を活かすことで酸素イオン伝導を制御する可能性を示すもので、持続可
能な社会を支えるSOFC技術を開発することにも繋がります。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 (Background at the beginning of the study) 

 

Clean energy sources, sensors, and high energy density batteries are central for the development of 

sustainable energy technologies and this has recently increased the drive for research towards new ionic-

conducting materials. Within this category, oxygen-ion conductors find use in important devices for the 

development of sustainable technologies such as solid oxide fuel cells (SOFCs), and membranes for oxygen 

separation and the conversion of methane to syngas.1 Given that in the periodic table more than 75% of the 

elements are metallic in nature, metal oxides continue being the subject of extensive study in the search for 

new technologically relevant oxygen-ion conductors. 

The phenomenon of oxygen-ion conduction results from the movement of oxygen ions through the crystal 

lattice (the structure of a solid). For a solid material to be a good oxygen-ion conductor, two main 

requirements need to be met: (i) the crystal lattice must contain unoccupied cavities or sites for the oxygen 

ions to hop to, and (ii) the energy barrier to the ion-migration process must be small. Metal oxides do not 

always meet the aforementioned requirements, however, remarkably high oxygen-ion conductivity values 

(comparable to those observed in liquid electrolytes and at moderate temperatures), have been achieved in 

oxides with particular types of crystal lattices.2 

A synthetic approach to explore materials adopting such structures where the oxygen-ion conductivity takes 

place at intermediate temperatures (250 ≤ T (°C) ≤ 600 °C in contrast with T ≈ 900-1000 °C) was explored. 

The project focused on metal-oxide phases synthesized by topochemical (structure preserving) methods. 

The products of topochemical reactions can be selected so that the oxygen-ions are particularly mobile. 

 

２．研究の目的 (Objectives of the study) 

 

In light of the requirements for the crystal lattice of a material to allow oxygen-ion mobility, materials 

adopting structures related to the perovskite structure ABO3 are particularly attractive.3 This is because the 

perovskite structure can accommodate a wide range of ionic species both in the A and B sites as shown in 

Fig. 1, where there are two different species both at A and B sites (the former disordered while the latter 

ordered). Additionally, a large number of anion vacancies can also be accommodated in the structure. Such 

features mean that both the energy barrier to oxygen-ion migration (via the chemical flexibility allowed 

from the combination of A and B species) and the partial occupation of oxygen sites (from the flexibility 

towards anion vacancies) can be ‘tuned’ in the structure. As a result, a number of perovskite oxides are 

observed to be ‘purely’ oxygen-ion conductors, meaning that the level of any other electronic contribution 

to the total electrical conductivity can be made negligible. Despite the favorable features of the structure, 

within the perovskite materials investigated to date, only those based on lanthanum gallate (LaGaO3) are 

found suitable for ionic-conduction applications (with average operating temperatures of ~1000 ⁰C).2 

Building on the idea of optimizing materials to attain oxygen-ion conductivity at lower temperatures, the 

purpose of this project was the exploration of the oxygen-ion conductivity in perovskite and perovskite-

related materials prepared via topochemical (i.e. structure-conserving) methods. In the resulting products 

from a topochemical reaction, the energy barriers to ion diffusion for the particular mobile species are 

overcome at lower temperature regimes compared to thermodynamically stable solids. In particular, 

materials where the oxygen-ions are particularly mobile stand out in the search for solid-state oxygen-ion 

conductors with tailored functionality for applications in devices such as solid oxide fuel cells (SOFCs), 

among others. 

 

３．研究の方法 (Methodology of the study) 

 
A series of perovskite and perovskite-related materials were prepared by using a combination of 

reductive/oxidative atmospheres coupled with heating and pressure treatments: the B-site ordered material 

LaSrNiRuO4 and the A-site mixed materials La1-xBaxMnO3-δ (x = 0.25, 0.50). Each material exhibits 

different types of cation and/or vacancy orderings. 

The detailed structures of the LaSrNiRuO4 and La1-xBaxMnO3-δ (x = 0.25, 0.50) materials were analyzed by 

synchrotron X-ray diffraction (SXRD) data carried collected at the central facilities NSRRC, Taiwan and 

SPring-8, Japan. The powder samples were packed into silica capillaries. The capillaries were rotated on 

the omega axis of the diffractometer during the measurements. Variable temperature measurements in the 

range 25-800 ºC were performed by using a heating nozzle and nitrogen flow. The capillaries were not 

sealed so that the oxygen from air could be incorporated in the powder samples while the structural changes 

were captured in situ. Rietveld profile refinements were performed using the GSAS suite of programs.4 

For thorough analysis, in conjunction with the SXRD data above described, reductive and/or oxidative 

thermogravimetric analysis (TGA) measurements were carried out. Measurements were performed by 



heating the LaSrNiRuO4, La0.75Ba0.25MnO3-δ and La0.50Ba0.50MnO3-δ powder samples (20 mg) under a 

reducing or oxidative gas flows. Samples were heated at 2 ºC min-1 to 800 ºC while measuring their mass 

change. 
 
４．研究成果 (Summary of Research Results / Findings) 
 
Layered oxygen-deficient LaSrNiRuO4 materials: 

Preliminary TGA data collected during oxidation of LaSrNiRuO4 materials prepared by topochemical 

methods from both highly cation-ordered and slightly disordered LaSrNiRuO6 starting phases are shown in 

Fig. 1. A step-wise incorporation of oxide-ions into the highly cation-ordered LaSrNiRuO4 samples was 

observed (Fig. 1a). Such step-wise behavior is absent when a small degree of Ni/Ru disorder is introduced 

in the LaSrNiRuO4 structure (Fig. 1b).  

One of the possible explanations for the observed step-wise oxygen-ion incorporation behavior, was 

considered to be the different environments for the oxide-ion in the lattice created by the B-site cation 

ordering. However, further studies were necessary to fully understand these observations. 

 

 

Fig. 1. (a) A stepwise and (b) a smooth oxygen-ion incorporation behavior is observed during 

oxidation of two LaSrNiRuO4 samples. The two samples oxidize to LaSrNiRuO6 and have the 

same structure but different degrees of cation-ordering between Ni and Ru cations at the B sites. 

 

In this project, the incorporation of oxygen in LaSrNiRuO4 was followed in situ by carrying out variable 

temperature SXRD scans. From these experiments, additional reflections in the diffraction patterns were 

observed during transformation to LaSrNiRuO6 (Fig. 2). These reflections were attributed to La2O3, SrO 

and Ni. These secondary phases are more evident in data collected from LaSrNiRuO4 materials prepared 

from slow-cooled LaSrNiRuO6 starting materials. 

 

 

 

 

Fig. 2. Additional reflections 

(marked with the symbol '*') 

are observed in SXRD patterns 

collected as a function of 

temperature, during oxygen 

incorporation in a highly 

ordered B-site LaSrNiRuO4 

material to form LaSrNiRuO6. 

The additional reflections can 

be assigned to La2O3, SrO and 

Ni metal. 

 

 

 

Rather than the step-wise behavior for oxygen-ion gain observed in TGA data being a consequence of 

different environments in the cation-ordered lattice, the non-gradual change from LaSrNiRuO4 to 

LaSrNiRuO6 can be explained from the presence of an increased amount of products of decomposition for 

samples prepared from slow-cooled starting materials. During preparation of the materials, as the  

 



topochemical reduction of LaSrNiRuO6 progresses, there is a build-up in the lattice strain from the 

mismatch in the c lattice parameter between the product LaSrNiRuO4 and the starting material (the anion 

deintercalation causes a contraction of the c-lattice parameter from 7.85(1) Å to 6.92(1) Å, Fig. 3). This 

strain might cause an increase in the energy barrier for the reduction reaction. In terms of flexibility of 

particles, the smaller crystalline domains in quenched samples make the particles more ‘plastic’ and the 

reaction proceeds to completion during formation of LaSrNiRuO4. On the other hand, the reduction of slow-

cooled LaSrNiRuO6 samples requires higher temperatures (due to the buildup lattice strain, Fig. 3) which 

may overcome the energy needed for the competing decomposition reaction yielding small amounts of 

La2O3, SrO and Ni secondary phases. The differing reactivity of quenched and slow-cooled LaSrNiRuO6 

starting materials indicates that a microstructure comprised of small crystalline domains is required for the 

topochemical anion deintercalation to form the product LaSrNiRuO4 under the conditions studied. 

 

 

 

 

Fig. 3. Representation of the strain ‘regions’ 

at the reaction interface during reduction of 

LaSrNiRuO6 to form LaSrNiRuO4. Colored 

arrows represent the two types of strain 

generated for x. 

 

 

 

Encompassing these results in a broader context, the topochemical preparation of LaSrNiRuO4 

demonstrates that the accessibility of the reduced product via topochemical reduction of some complex 

transition metal oxide can be limited by the microstructural features of the starting materials. This is in 

contrast to the reduction of the Ruddlesden-Popper phases Sr2Fe0.5Ru0.5O4 and Sr3(Fe0.5Ru0.5)2O7 as well as 

Y2Ti2O7, for which chemical or electronic features limit the reactivity of the parent phases towards 

topochemical reduction. Therefore, the results of this study are relevant for the approach to the preparation 

of novel topochemical transition metal oxide materials. 

 

La0.75Ba0.25MnO3-δ and La0.50Ba0.50MnO3-δ materials: 

The crystal structure of La1-xBaxMnO3-δ materials depends on their oxygen content.5 In stoichiometric 

samples of LaMnO3, the charge of La is +3, the charge of Mn is +3 and the total positive charge of the two 

cations is neutralized by three O2- anions per formula unit. In La1-xBaxMnO3-δ the La3+ cations are being 

partially substituted by Ba2+ cations, leading to the formation of a fraction of Mn4+ for accounting for the 

charge-imbalance, in turn yielding the formation of oxygen-ion vacancies. La1-xBaxMnO3-δ phases with 

Mn4+ concentrations lower than 12% (0.05 ≤ x < 0.12) are observed to adopt orthorhombic perovskite 

structures. Meanwhile the increase of Mn4+ concentration (when x ≥ 12) leads to adoption of either the 

rhombohedral (R-3c) or cubic (Pm3m) structures. The latter highly symmetric structure normally involves 

disordered oxygen-vacancy distributions while the rhombohedral case exhibits complex vacancy ordering.6 

SXRD diffraction data collected from the La0.75Ba0.25MnO3-δ and La0.50Ba0.50MnO3-δ materials reveals that 

the x = 0.25 material adopts the R-3c rhombohedral structure while the x = 0.50 compound adopts the cubic 

structure Pm-3m (Fig. 4a). 

 

From variable temperature SXRD data collected from samples contained in capillaries opened to the 

atmosphere (Fig. 4), the unit-cell volume of the La0.50Ba0.50MnO3-δ material is observed to increase, as 

expected from thermal expansion. Meanwhile, a phase transition into a cubic phase is observed at around 

700 ⁰C from the originally rhombohedral structure of the La0.75Ba0.25MnO3-δ material (Fig. 4b). This 

structural change might be explained from a de-localization of the oxygen-ion vacancies.  

Upon cooling back to room temperature, the La0.75Ba0.25MnO3-δ structure returns to the R-3c rhombohedral 

symmetry. 

 

From TGA data collected under oxygen flow, for La0.75Ba0.25MnO3-δ a value of δ = 0.13(5) can be 

determined. For La0.50Ba0.50MnO3-δ, δ = 0.27(3). Thus, the composition of the materials can be written as 

La0.75Ba0.25MnO2.86(5) and La0.50Ba0.50MnO2.73(3), consistent with the degree of divalent cation-doping at the 

A sites of each structure. However, for these materials the oxygen stoichiometry cannot be determined from 

TGA data alone (the oxygen-ion vacancies exhibit a complex equilibrium with the external atmosphere). 

Therefore, SXRD data is being further analyzed to confirm the Mn4+ content (and thus the oxygen content) 

in the materials. Complementary to these measurements, titrimetric analysis will also be carried out. 

Topochemical reductions and oxidations are also being performed. Complex broenmillerite-type oxygen-

ion vacancy ordering is expected for the reduced phase La0.75Ba0.25MnO2.5. The oxygen-ion intake and 

release behaviour of the cubic and rhombohedral structures will be compared. 

 

 



 

 
Fig. 4. (a) Room-temperature SXRD patterns for La0.75Ba0.25MnO3-δ (bottom panel) and La0.50Ba0.50MnO3-

δ (top panel). The latter phase adopts a cubic Pm-3m structure (a = 3.99(1) Å) while La0.75Ba0.25MnO3-δ 

adopts the rhombohedral structure R-3c (a = 5.54(1) Å, c = 13.49(2) Å). Variable-temperature SXRD for 

La0.75Ba0.25MnO3-δ are shown in (b). A transformation from the rhombohedral structure to the cubic Pm-3m 

cell is observed from diffraction patterns collected at T = 680 ⁰C (marked with a square '▪') and onwards. 

After cooling, the structure becomes rhombohedral again.  

 

In sum: 

Different types of perovskite and perovskite-related materials were successfully prepared by using 

topochemical methods and their release and incorportation of oxygen-ion behaviour was investigated. The 

oxygen-ion incorporation behaviour of LaSrNiRuO4 materials prepared from quenched and slow-cooled 

LaSrNiRuO6 starting phases raises awareness towards the microstructural features during topochemical 

processes.  

The results of this research show that accessibility of topochemical products needs to be considered with 

the microstructural characteristics of the starting materials in mind. This aspect is crucial in the exploration 

of materials for extending the catalogue of solid-state oxygen-ion conductors with tailored functionality for 

applications in devices operating at moderate temperatures. 
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