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Chapter 1 

 

Introduction 
 

1.1 Ion conduction in solids 
While electrical conduction in solids is basically caused by the mobility of electrons and 

holes as in the case of metal and semiconductors, some special solids exhibit ionic conduction 

with conductivity values as high as those of aqueous electrolyte solutions or molten salts. Such 

materials have special crystal structures with open tunnels or layers which facilitate the 

movement of ions. The history of ionic conduction in solids dates back to 1834 when Michael 

Faraday discovered the motion of ions in Ag2S and PbF2. Later, Walther Nernst made 

significant contribution by driving the famous Nernst equation and detected the ionic 

conduction in doped zirconia.  The materials allowing fast ionic diffusion were termed as solid 

electrolytes or superionic conductors. Takehiko Takahashi in 1967 coined a term Solid state 

ionics for this particular field of science  which deals with the ions in motion in solids and their 

uses.[1,2] In recent decades, ion conducting materials have got pronounced attention due to 

possible applications in gas sensors, fuel cells and as electrolytes in batteries.[3–5]  

Compared to solids like NaCl or MgO, which have low ionic conductivities, solid 

electrolytes have ionic conductivities which increase as a function of temperature. Fast ionic 

conduction has been investigated in a variety of materials. With respect to morphology, the ion 

conducting materials may be classified as crystalline, amorphous (or glassy), and organic 

polymer materials. Nano and microcomposite materials are recent additions.[1] Other 

classifications can be based on type of mobile ions, the dimensionality of conduction pathways 

and device application. 

For crystalline solids, certain conditions need to be satisfied to allow significant ionic 

diffusion.  

a. A high career density, a large number of the ions of one species should be mobile. 

Career density can be increased by aliovalent doping.  

b. For the mobile ions, a large number of empty sites should be available to jump from 

one position to another. This is prerequisite of (a), as the ions can be mobile only if 

there are empty sites available for them to occupy.  
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c. The potential energy difference between empty and occupied sites should be 

minimum and the activation barrier for jumping between neighboring sites should be 

low.  

d. The structure with high dimensionality of conduction pathways.[5,6] 
 

1.2 Charge carriers for ionic conduction 
Based on charge, the fast mobile ions can be categorized into anionic charge carries 

and cationic charge carries. The characteristics of ionic species such as charge, polarizability 

and ionic size play a vital role for fast ionic diffusion. Small, highly polarizable and monovalent 

ionic species are associated with higher ionic conductivities.  

Among the cationic conductors, monovalent ionic species such as Ag+, Na+, Cu+, Li+, 

and H+ are more suited for superionic conduction. The highly charged ions despite their smaller 

ionic size are bound more strongly to the corresponding anions rendering the diffusion of 

cations very difficult. Nevertheless, Mg2+ or some other higher valent charge careers do exist. 

On the other hand, anions in general are larger in size compared to cations. Therefore, most of 

the anion conductors do not exhibit high ionic conductivities at ambient temperature. Anion 

charge carriers until recently were confined to O2-, F- and Cl- ions. Hydride ion is the recent 

addition to this family.[2,7–10] Table 1.1 lists some common charge carriers and solid state 

materials which allow the relevant ionic conduction along with ionic conductivities. 
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Table 1.1 Typical ion conducting solids [2,7] 

Mobile 

Ion 

Material Ion conductivity  

(S/cm) 

H+ H3PW12O40.29H2O[11] 

CsHSO4[12] 

BaCe0.85Yb0.15O3-δ[13] 

		𝜎$%	= 2.0 ×10-1 (25°C) 

         = 8 × 10-3 (160°C) 

         = 7 × 10-4 (300°C)  

Li+ Li10GeP2S12 (LGPS)[14] 

La0.34Li0.51TiO2.94(LLT)[15]  

Li14Zn(GeO4)4[16] 

Li3xLa(2/3)-xTiO3 (x =  0.11)[15,17]  

	𝜎&'%	= 1.2 × 10-2 (25°C) 

         = 1 × 10-3 (25°C) 

         = 1.3 × 10-3 (300°C) 

         = 1 × 10-3 (25°C) 

Na+ Na2O.11Al2O3[18] 

Na3Zr2Si2PO12[19] 

𝜎()%	= 2 × 10-1 (300°C)  

         = 3 × 10-1 (300°C)  

Mg2+ MgZr4(PO4)6[20]  𝜎*+,%= 3 × 10-3 (800°C) 

Cu+ a-CuI[21] 

7CuBr.C6H12N4CH2Br[21] 

RbCu4Cl3I2[22,23]  

𝜎-.%	= 10-1 (450°C) 

         = 2.1 × 10-1 (20°C) 

         = 3.4 × 10-1 (25°C) 

Ag+ a-AgI[24] 

RbAg4I5[24] 

Ag6I4WO4[25] 

𝜎/+%	= 1.6 (200°C) 

         = 2.7 × 10-1 (25°C)  

         = 4.7 × 10-2 (25°C)  

O2- (ZrO2)0.9(Y2O3)0.1[26] 

(Bi2O3)0.75(Y2O3)0.25[27] 

La0.8Sr0.2Ga0.8Mg0.2O3-x[28] 

	𝜎0,1	= 2.0 × 10-2 (800°C) 

         = 8 × 10-2 (600°C) 

         = 3.5 × 10-1 (750°C) 

F- β -PbSnF4[29] 

β-PbF2[30] 

Bi0.9K0.1F2.8[31] 

	𝜎21			= 2.5 ×10-2 (25°C) 

         =  1 × 10-4 (100°C)  

         = 7 ×10-4 (25°C)  

Cl- PbCl2(+3%KCl)[32] 

SnCl2[33] 

	𝜎-31	= 3 ×10-3 (300°C  

        = 2 × 10-2 (200°C)  
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1.3 Hydride-ion conductors 
Hydride ion is a promising  charge carrier for fast ionic conduction due to its attractive 

features such as an appropriate size which is similar to fluorite (F-) and oxide ions(O2-), large 

polarizability and compressive nature.[9,10,34]. Hydride ion shows strong reducing properties 

(H2/H⁻ = -2.25V) which are comparable to Mg/Mg2+(-2.36V).[10] In addition, comparted to 

the other anionic charge carriers, hydride ion offers two redox reactions, therefore hydride ion 

diffusion can be exploited to form energy storage/conversion devices with higher energy 

density.  

 
Figure 1.1 Standard redox potential of typical charge carriers 

 

1.3.1 Binary metal hydrides 
Hydride ion conduction was initially reported in binary metal hydrides (AeH2) of 

alkaline earth metals such as Ba, Ca and Sr.[9,35,36] These metal hydrides although show high 

hydride ion conductivities but in comparison to metal oxides which have a range of 

stoichiometries and structural variations, metal hydrides  are mostly confined to binary 

hydrides. Thus, it is difficult to tailor the H⁻ content as well as the conductivity in metal 

hydrides. Additionally, metal hydrides are strongly reducing in nature which limit their use for 

practical applications which require stability in both oxidation and reduction processes.[37] 

 

1.3.2 Oxyhydrides 
 Oxyhydrides belong to the class of inorganic materials in which oxide and hydride ions 

share the anionic sublattices. In contrast to metal hydrides, oxyhydrides can exist in variety of 

structures ranging from Mayenite ([Ca24Al28O64]4+·4H⁻)[38,39], perovskite ATiO3-xHx (A = Ba, 

Sr, Ca)[40,41] , fluorite LnH3-2xOx (Ln = La, Ce, Nd, Pr)[34,42,43] to Ruddlesden -Popper 
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layered perovskites (A′)2(A)n−1Bn(OH)3n+1.[44–47]   The advances in synthesis techniques, 

such as the development of topochemical reactions to reduce parent oxide into an oxyhydride 

as well as the direct synthesis technique under high pressure has led to development of various 

new oxyhydrides with exciting properties.[48] 

 Oxyhydrides exhibit several interesting chemical and physical properties such as 

hydride exchange and electronic conductivity followed by semiconductor to metallic transition 

in alkali earth titanates[49], insulator to metal transition as a result of π-blocking effect caused 

by hydride ions in SrVO2H[50], room temperature antiferromagnetic ordering in 

LaSrCoO3H0.7[44], Catalysts for ammonia synthesis[51]  and pure hydride ion conductivity in 

oxyhydrides like La2-x-ySrx+yLiH1-x+yO3-y (LSLHO).[10]  

1.4 Perovskite structure 
The mineral CaTiO3, with an orthorhombic crystal structure was named perovskite after 

Russian mineralogist Aleksevich Petrovski. Perovskite constitutes a family of minerals with 

general formula ABX3. The cation A is in nine coordination, usually a large cation with low 

valency whereas the  B cation is surrounded by six anions and is often highly valent medium-

sized cation and X represents the anion. Apart from natural minerals several synthetic 

perovskites are known which include oxides, nitrides, and oxynitrides. SrTiO3 adopts the ideal 

or aristotype perovskite structure at room temperature with space group Pm3-m (221). The 

structure consists of corner shared BX6 octahedra in a three dimensional network where B-X-B 

bond angle is 180° ideally. The structure can be visualized as either A or B cation at the 

center.[52] 

 

 

 

 

 

 

 

Figure 1.2 Ideal perovskite crystal structure showing corner shared BX6 octahedra and A 

cation at the center 

A 
B 
X 
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 The size of the unit cell depends on the B-X bond length RB-X, the unit cell parameter a 

is twice this distance. The face diagonal is twice the A-X bond length RA-X. Goldschmidt defined 

the relationship between these two parameters as tolerance factor t given by the equation 1.1 

below 

 

 
𝑡 =

(𝑟/ + 𝑟9)
√2(𝑟= + 𝑟9)

 
(1.1) 

 

Where rA, rB and rX are the ionic radius of the A, B and X respectively in appropriate 

coordination geometries. The relationship elucidates the likelihood of a pair of cations to form 

a perovskite structure. For tolerance factor with values 0.9 ≤ t ≤ 1, corresponds to cubic 

geometry, whereas if t >1, hexagonal packing of ABX3 layers is preferred. For t values ranging 

between 0.71 - 0.9, crystal structures with symmetries lower than cubic are formed. [53,54] 

 

1.5 Ruddlesden-Popper layered structures 
When the slabs of the perovskite layers are stacked with rock salt layers, Ruddlesden-

Popper (RP) structures are formed. A general formula An+1BnX3n+1 defines the RP structure 

with n values ranging between 1-3. When n = 1, the 1st member of this family with K2NiF4 

type structure is formed which consists of single slabs of ABX3. The structure is built of 

successive rock slat (KF) layers which are separated by NiF2 sheets in sequence … KF, KF, 

NiF2 …. Ideally, K2NiF4 phase is tetragonal with a = b ≈ ap, c ≈ 3.5ap and vector (ap + bp)/2 

defines the displacement between neighboring slabs, where ap and bp are the ideal cubic unit 

cell vectors.  

 

 
Figure 1.3 Stacking of perosvkite and rock salt layers in ideal K2NiF4 structure 
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Although, K2NiF4 typically crystallizes in tetragonal geometry with I4/mmm crystal 

structure, the symmetry of the phases may be lowered due to several factors which include, 

octahedral tilting and distortions and ordering of anions or cations when A, B and X sites are 

doped with isovalent or aliovalent ions. Higher members of RP series (n = 2,3) are formed by 

increasing the perovskite slab thickness.[52]  

 

1.5.1 Ionic diffusion in layered oxides 
The A2BO4 systems are of particular interest for electrochemical energy applications as 

their oxygen surface exchange kinetics and oxygen diffusion are higher in comparison to the 

simple ABO3 perovskite oxides. The adjustment of two different structural units i.e. AO and 

BO3 in the lattice of A2BO4 system results in strong anisotropic diffusion properties.  As 

already mentioned, B cation is surrounded by six oxide anions, but the B-O bond lengths can 

vary because of Jahn-Teller distortions caused by the B cations. This leads to two different type 

of bonds in the BO6 octahedra called “apical” and “equatorial”. The interstitial sites are located 

in the AO layers where excess oxygen can be placed as a defect or oxygen vacancies can be 

created by appropriate doping. The oxide ion transport properties are strongly influenced by 

oxide ion interstitials or vacancies.[55, 56] A fundamental understanding of the oxide ion 

migration in the A2BO4 systems could provide a gateway to design RP type layered 

oxyhydrides with potential hydride ion conductivity.  

 

1.5.2 Site selectivity in mixed anion materials 
 In contrast to the layered oxides, the mixed anion systems with B(O/X)6 octahedra X = 

F⁻, Cl⁻, Br⁻, O2⁻, S2⁻, N3⁻ and H⁻ offer anions to choose preference between apical and 

equatorial positions.  While larger anions such as S2⁻ and Cl⁻ prefer specific sites when stacked 

with O2⁻ ion, the small size difference between H⁻, N3⁻, O2⁻ and F⁻ results in both anion 

ordered and disordered mixed anion materials. Fuertes et. al. described the validity of Pauling’s 

2nd crystal rule to predict the distribution of anions in mixed oxyanion systems. According to 

the rule the highly charged anions should occupy positions close to highly charged cations and 

vice versa. In a layered Ruddlesden-Popper structure, the apical and equatorial sites have 

different cationic environments. The apical site is surrounded by one B-site cation and five A-

site cations, whereas there are two B-site cations and four A-site cations surrounding the 

equatorial site. As mentioned earlier, B-site cations (e.g., B3+, B4+) are highly charged compared 



 8 

to A site cations, consequently, the lower-charged anions such as fluoride occupy the apical 

sites, and highly charged anions such as nitride tends to occupy the equatorial sites. [57] 

 This simple electrostatic rule serves as a useful guideline to predict the site selectivity 

in mixed oxyanion systems, however, for systems with other issues such as size (chloride, 

bromide and sulfide) or with more covalently bonded anions, the deviations do exist. [58] 

1.6 Layered oxyhydrides La2-x-ySrx+yLiH1-x+yO3-y 
La2-x-ySrx+yLiH1-x+yO3-y (LSLHO) is the 1st layered oxyhydride which purely manifested 

hydride ion conduction. In LSLHO, the highly charged O2- anion occupy positions close to 

highly charged cations i.e. Sr2+ and La3+ and vice versa which is in accordance with Pauling’s 

2nd crystal rule. The incorporation of highly electropositive cations helped to prevent the charge 

donation by hydride ions thus stabilizing the oxyhydride. 

The crystal structure of LSLHO as layered perovskite, typically consists of perovskite 

and rock salt layers stacked along c axis. The 1st member of the series La2LiHO3 crystallized 

in orthorhombic space group with a stoichiometric composition whereas its tetragonal variant 

La2Li(O1.21H0.53☐0.26)O2 showed disordered anion arrangement in the equatorial plane. 

Aliovalent doping of Sr for La at A site helped to increase the hydride ion content. LaSrLiH2O2 

consisted of alternate tetragonal (LiH2)⁻ and (LaSrO2)+ layers stacked along the c-axis. Further 

increase of hydride ion content resulted in Sr2LiH3O in which additional hydride ion occupied 

the positions in rock salt layers.  

The hydride ion conductivity increased linearly with increase in carrier concentration 

and highest conductivity of 3.2 × 10-5 S/cm is shown by Sr2LiHO3 at 300° C. The structure 

turnability of layered perovskite was further exploited by introducing anionic vacancies to 

facilitate the hydride diffusion. The composition La0.6Sr1.4LiO2H1.6 exhibits a hydride 

conductivity of 2.1 × 10-4 S/cm at 300° C with an activation energy of 68.4 kJ/mol. 

In order to further verify the occurrence of H⁻ ion conduction, Kobayashai et.al. 

constructed an all-solid-state cell with configuration Ti/o-La2LiHO3/TiH2 which demonstrated 

the battery reaction as a consequence of hydride ion diffusion.[10]  
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Figure 1.4 Crystal structures of LSLHO family of oxyhydrides showing the increasing 

carrier concentration by aliovalent substitution 

Iwasaki et.al. investigated the rare earth substitution in oxyhydrides Ln2LiHO3 (Ln = 

La, Pr, Nd) to see the effect over crystal structure, ionic conductivity and thermal stability. The 

comparison of the ionic conductivities at 280° C showed a gradual increase with decreasing 

lanthanide ionic size. Phase identification revealed that Ln = La, Pr and Nd systems possessed 

isostructural phases and the anion distribution varied depending upon the Ln element. The 

hydride ion diffusion is facilitated by axial site disorder and low oxide ion content resulting in 

highest conductivity of 2.2 × 10-5 S/cm for Nd2LiHO3. [59] 

1.7 Aim of study 

The hydride ion in LSLHO family of oxyhydrides mainy conducted through the 

perovskite layer owing to its preferential occupation at the equatorial sites as verified by 

theoretical calculations. [60] Controlling site selectivity to tailor the anionic sublattices to have 

preferred anionic arrangement is a bigger challenge in solid state ionics. In isostructural oxides 

Ln2NiO4+δ, fast O
2− conduction via apical sites has been previously reported.[55,56] In the 

present work we aim to study the site selectivity of H⁻ ions as a consequence of changing B 

site cations. For this purpose, we plan to use high valent larger B site cations (i.e. Sc3+ and Y3+) 
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compared to Li+ which was employed in LSLHO oxyhydrides. The anticipated change of 

anionic arrangement may provide us an opportunity to study another H⁻ diffusion pathway for 

fast H⁻ diffusion. Apart from site selectivity, a large B site cation may help to enlarge the 

bottleneck for fast ionic diffusion. Chapter 3 reports a successful synthesis of a new H⁻ 

conductive oxyhydride Ba2ScHO3 with K2NiF4-type structure where H⁻ anions selectively 

occupy the apical site in contrast to the reported Li-based series. In chapter 4 we have described 

the high-pressure synthesis of a yttrium-based oxyhydride Ba2YHO3, which adopts a structure 

with “complete” H⁻/O2⁻ anion ordering to form [Ba2H2] rock-salt layers.  
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Chapter 2 

 

Experimental 

 

2.1 Material preparation: high pressure synthesis 

The inclusion of pressure variable in solid state synthesis significantly expands the 

range of compositions that can be made. The densification of solids derived by high pressure 

leads to unusual metastable compounds which often accompanies dramatic changes in physical 

properties such as magnetism, electrical conductivity, optical absorption and resistance to shear. 

These unusual and interesting properties are retained upon decompression which make the high 

pressure technique suitable to obtain metastable phases.[1]  

Figure 2(a) shows the high-pressure apparatus used for the synthesis. It consists of six 

anvils, four of which surround the cell horizontally and the remaining two are the bottom and 

the top one. The pressure is transferred from all six sides isotropically. The effective pressure 

was calibrated by measuring the change in resistivity of Bismuth as a result of changing 

pressure.[2] The cell assembly used for the high pressure consisted of 16mm pyrophyllite cube 

drilled through center. One end of the pyrophyllite cube is closed by a pyrophyllite pallet. A 

Mo film to ensure connection and NaCl pallet to avoid mixing were placed successively. A 

graphite heater sleeve was then placed in a drilled pyrophyllite block which contained inner 

NaCl and BN sleeves (Figure 2.1b). The samples were loaded in the cell in an Ar-filled glove 

box and other end was sealed similar to the base. A computer program allowed the control of 

voltage and current which helped to manipulate the heating cycle for sintering. 

In the present study the ball milled analytical grade precursors were formed into pallet 

shape in an Argon filled glove box and were sintered at 2-4 GPa pressure and temperature 

ranging from 550-1000°C depending upon the composition.  
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2.2 Characterization 

2.2.1 X-ray diffraction 

 X-ray diffraction (XRD) is a rapid characterization technique which provides 

information about phase and unit cell dimensions for bulk composition. The interaction of 

monochromatic radiations produces constructive interference when condition of Bragg’s law 

(eqn 2.1) is satisfied. The law gives a relationship between wavelength of incident radiation to 

diffraction angle and lattice spacing in a crystalline sample.  

 𝑛𝜆 = 2𝑑𝑆𝑖𝑛𝜃 (2.1) 

 The random orientation of the polycrystalline samples allows the scanning of all 

possible diffraction directions of the lattice by scanning the sample through a range of 2θ 

angles.[3] For all the oxyhydride samples, X-ray diffractometer (Miniflex600, Rigaku ) with 

Cu Kα was used. The sample were scanned in the range from 10° - 80° at each 0.02° step. Since 

the oxyhydrides are highly air and moisture sensitive, therefore the samples were loaded into 

aluminum sample holder covered with a kapton film in an Ar-filled glove box. Reitan FP 

program was used to refine the lattice and structural parameters.  

Pyrophyllite 
Disk 

Pyrophyllite 
Cube 

Mo 
Sheet 

NaCl 
Pallet 

Graphite 
heater 

NaCl 
Sleeve 

BN 
Sleeve 

Mo 
Sheet 

Pyrophyllite 
Disk 

(a) 

(b) 

Figure 2.1 (a) Cubic Anvil apparatus and (b) assembly of pyrophyllite cube for high pressure 

synthesis 
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2.2.2 Synchrotron X-ray diffraction 
Synchrotron X-ray diffraction (SXRD) data for oxyhydrides was obtained at room 

temperature using a high-resolution angle-dispersive type X-ray diffractometer (BL02B2 and 

BL19B2) installed at the SPring-8. The specimens were sealed in a glass capillary (ca. 0.3 

mmf) which was filled by Ar for room temperature X-ray diffraction measurements. 

Diffraction data for Ba2ScHO3 samples were collected with a 0.01° step width from 3.0° to 

78.0° in 2q, whereas for Ba2YHO3 samples, the data was collected from 2.1° to 78.2° in 2q 

with a 0.006° step width. In order to avoid the preferential orientation of crystallites, the sealed 

capillary was rotated during the measurement. The wavelengths of the incident beams were 

calibrated with NIST SRM Ceria 640b CeO2 fixed at 0.5 Å and 0.8 Å for Ba2ScHO3 and 

Ba2YHO3 samples respectively.  
 

2.2.3 Neutron diffraction 
While X-rays interacts primarily with electron cloud surrounding the atom, neutron 

scattering occurs because of interaction of neutrons with nucleus. For this reason, neutron 

scattering occurs equally for heavier as well as lighter elements. Because of these different 

scattering properties, certain complementary information can be obtained which is not 

accessible by X-ray diffraction. In particular, for hydrogen in crystal lattice of metals, neutron 

diffraction is the only technique locating hydrogen atoms in the structure. Thus, for metal 

hydrides and oxyhydrides, neutron diffraction is primary choice to detect the hydrogen 

precisely.[4] 

Room temperature neutron powder diffraction (NPD) measurements for oxyhydride 

samples was carried out by time-of-flight (TOF) neutron SPICA powder diffractometer 

installed at J-PARC. Sample was placed in cylindrical vanadium cell (6mm radius, 55mm 

height) and diffraction data was collected at room temperature. Z-Rietveld program was used 

to refine lattice and structural parameters.[5] Vesta software was used to the illustrate crystal 

structures.[6] 

2.2.4 Reitveld analysis 
A refinement technique was developed by Hugo Reitveld in 1960s to characterize the 

crystalline materials. The X-ray and Neutron diffraction patterns of powder sample contains 

reflections at certain positions. Many structural aspects of materials are in fact determined by 

the height, width and peak position of these reflections. The Reitveld method is used to fit the 
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calculated profile (structural and instrumental parameters) to experimental data. In order to 

carry out the refinement using non-linear least squares method, a reasonable approximation is 

made for many free parameters which include peak shape, unit cell dimensions and coordinates 

of the all the corresponding atoms in the structure.  

In Rietveld analysis the sum of weighted squares of residuals is minimized by refining 

x (x1, x2, x3, · · · xn) successively (x represents the powder diffraction patterns). The refinement 

proceeds by fitting the calculated powder pattern to the observed one by a nonlinear least-

squares method. 

 
𝑆(𝑥) =F𝑤𝑖[𝑦' − 𝑓'(𝑥)]M

N

'OP

 (2.2) 

In equation 2.2, i is the step number, N represents total number of data points, wi is the 

statistical weight based on counting statistics, yi is the observed intensity and fi(x) º f(2q;x1,x2,x3 

…xn) is the calculated intensity at diffraction angle of 2qi. 

In angle-dispersive powder diffraction, the observed intensity, yi, at a particular step, i, 

is modeled by the calculated intensity, fi(x), which is the sum of contributions from Bragg 

reflections plus background correction yb(2θi):  

 
𝑓𝑖(𝑥) = 𝑆Q(𝜃')𝐴(𝜃')𝐷(𝜃')𝑠F𝑚V|𝐹(𝒉V)|M𝑃V𝐿(𝜃V)

V

𝐺(∆2𝜃'V) + 𝑦^(2𝜃') (2.3) 

 

where  

SR(θi) = correction factor for surface roughness  

A(θi) = absorption factor (transmission coefficient) 

D(θi) = correction factor for the constant irradiation width 

s = scale factor for the particular phase 

K = reflection number 

mK = multiplicity 

F(hK) = structure factor 
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hK = reflection indices hkl 

PK = correction factor for preferred orientation 

L(θK) = Lorentz and polarization factors (the polarization factor is unnecessary in neutron 

diffraction) 

θK = Bragg angle 

G(∆2θiK ) ≡ G(2θi − 2θK ) = profile function.  

Equation 2.3 is formulated for pure samples, in case of samples with multiple phases, 

different scale factors needs to be assigned to all the crystalline phases present. Accordingly, 

the 1st term on the right side of equation 2.3 is summed up for all the phases (j 1, 2, …) and the 

equation becomes 

 
𝑓𝑖(𝑥) = 𝑆Q(𝜃')𝐴(𝜃')𝐷(𝜃')𝑠F𝑚'V_𝐹 (𝒉V)|M𝑃V𝐿(𝜃V)

V

𝐺 (∆2𝜃'V) + 𝑦^(2𝜃') (2.4) 

 The successive refinements are carried out so that fi(x) approaches the observed 

intensity. Following are groups of least squares parameters which are generally refined in a 

Reitveld refinement. 

• Background parameters 

• Peak shift parameters 

• Multiple peak shape parameters (FWHM and asymmetry) 

• Unit cell dimensions (a, b, c α, β, γ), depending on the crystal family/system, for different 

phase present 

• Preferred orientation, and sometimes absorption, porosity, and extinction coefficients, 

which can be independent for different phases present. 

• Scale factors (for each phase) 

• Atomic positions 

• Occupancy at atoms at different sites 

• Atomic displacement parameters 

o Isotropic and anisotropic (temperature) parameters. 



 21 

The quality of Reitveld refinement is determined by numerical figure of merit. 

Following reliability indices characterize the quality of the refinement.  

 
𝑅bc = d

∑ 𝜔'[𝑦' − 𝑓'(𝑥)]M(
'OP

∑ 𝜔'𝑦'M(
'OP

g
h/M

 (2.5) 

 

Rwp (R-weighed pattern) is the most significant of the reliability indices as the quantity 

in the numerator is actually minimized in the least square refinement.  

Rp (R-pattern) is defined as  

 
𝑅c =

∑ |𝑦' − 𝑓'(𝑥)|(
'OP

∑ 𝑦'(
'OP

 (2.6) 

 

A variation of Rp is RR (R-Reitveld) which is defined as 

 
𝑅Q =

∑ |𝑦' − 𝑓'(𝑥)|(
'OP

∑ |𝑦' − 𝑦^(2𝜃'|(
'OP

 (2.7) 

 

Re (R-expected) is derived from the statistical error associated with the measured intensities: 

 
𝑅j = k(𝑁 − 𝑛)/F𝜔'𝑦'M

(

'OP

m

h/M

 (2.8) 

 

The goodness-of-fit indicator S is given by  

 

 
𝑆 =

𝑅bc
𝑅j

= d
∑ 𝜔'[𝑦' − 𝑓'(𝑥)]M(
'OP

(𝑁 − 𝑛) g
h/M

 (2.9) 

 

RB (R-Bragg factor) and Rf (R-structure factor) are as defined as 
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𝑅= =

∑ |𝐼o(𝒉V) − 𝐼(𝒉V)|V

∑ 𝐼o(𝒉V)V
 (2.10) 

 

 
𝑅= =

∑ |𝐹o(𝒉V) − 𝐹(𝒉V)|V

∑ 𝐹o(𝒉V)V
 (2.11) 

 

Rwp and Rp are more useful in determining the progress of a particular Reitveld 

refinement. The refinement carried out with different data sets and even by different materials 

cannot be compared in terms of these two reliability indices as these are influenced mostly by 

the intensity of the diffraction line and the background level. A quality of fit is rather best 

judged by ratio of the final Rwp to the expected Rwp (Re) which is called S, the goodness of fit 

indicator. It can have minimum value of unity which is virtually possible when the refinement 

is complete. However, S £1.3 is considered quite satisfactory.  

Apart from the reliability indices which describe the agreement between observed and 

calculated diffraction patterns and backgrounds, the reliability of the fitting still depends on 

several other factors such as a data quality, reasonable structural model, negligible effects of 

preferred orientation and coarse particles and user expertise.[7,8] 

 

2.2.5 Bond valence sum 
Bond valence sum is an important tool to know about the plausibility of inorganic 

crystal structures. The model is constructed on Pauling’s electrostatic valence concept. 

According to which the valence Vij of a bond between two atoms i and j is defined in a way 

that sum of all the valences from a given atom i with valence Vij obey: 

 
𝑉𝑖 =F𝑉'`

`

 (2.12) 

 

The variation of bond length with valence is depicted by the following empirical 

relationship 

 𝑉'` = exp	[(𝑅'` − 𝑑'`) 𝑏]⁄  (2.13) 

 

 B is a universal constant with a value of 0.37Å. From these two equations the value of 

Rij is calculated which is rereferred as bond valence parameter. [ref] 

 The agreement between oxidation states (formal ionic charges) and bond valence sum 
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calculated by the above method helps to check and validate new crystal structures. For correct 

structures the agreement is generally good, otherwise in case of large deviations the structure 

determination is prone to errors (incorrect symmetry or missing atoms).[9,10] 

 

2.3 Electrochemical impedance spectroscopy (EIS) 
The measure of the opposition to electrical current in a circuit when voltage is applied, 

is defined as electrical impedance. Impedance is considered simply a resistance when it is 

frequency independent as given by Ohm’s law 

 𝑅 =
𝑉
𝐼  (2.14) 

 

Where V is the voltage, I is the current in amperes and R is the resistance in Ohms. 

Instead of resistance, impedance is more general circuit parameter which is frequency 

dependent. In electrochemical impedance spectroscopy, both V and I are time independent 

sinusoidal functions.  

 𝑉(𝑡) = 𝑉o𝑆𝑖𝑛(ω𝑡) (2.15) 

 

Where Vo is the amplitude and ω is the radial frequency. The radial frequency is 

converted to linear frequency as ω = 2πf. The current has a phase shift φ and an amplitude Io 

 

 𝐼(𝑡) = 𝐼o𝑆𝑖𝑛(ω𝑡 + 𝜑) (2.16) 

 

The impedance can be calculated by an expression similar to Ohm’s law as  

 

 
𝑍 =

𝑉(𝑡)
𝐼(𝑡) =

𝑉o𝑆𝑖𝑛(ω𝑡)
𝐼o𝑆𝑖𝑛(ω𝑡 + 𝜑)

= 𝑍o
𝑆𝑖𝑛(ω𝑡)

𝑆𝑖𝑛(ω𝑡 + 𝜑) (2.17) 

 

Here Zo is the magnitude and φ is phase shift. 

In terms of Euler’s relationship  

 

 𝑒`{ = 𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑c (2.18) 

 

Since impedance is a complex function, both potential and current can be expressed as 
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 𝑉(𝑡) = 𝑉o𝑒(`��) (2.19) 

 

 𝐼(𝑡) = 𝐼o𝑒(`���{) (2.20) 

 

Impedance in the form of complex number is represented as 

 

 𝑍(�) =
𝑉
𝐼 = 𝑍o𝑒(`{) = 𝑍o(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑) (2.21) 

  

Above equation shows Z(ω) is composed of a real and an imaginary component. Plotting 

the real part on X-axis and imaginary part on Y-axis gives a Nyquist Plot.  

 

 

 

 

 

 

 

 

 

 

The data obtained from EIS is commonly analyzed by fitting to an equivalent circuit. 

The circuit elements in the model are common electrical elements such a resistor, inductor and 

capacitor which should have basis in the physical electrochemistry of the system under study. 

Impedance of the resistor as mentioned earlier is frequency independent, whereas that of 

inductor increases with frequency and capacitor has opposite behavior to an inductor.  

In order to measure the impedance of the sample by EIS, the sample is scanned in a 

wide range of frequency, typically 10-2 – 107Hz. Different regions of the ceramic sample behave 

as resistor and capacitor, usually placed in parallel. From the impedance spectrum, different 

Figure 2.2 Nyquist plot(left) resulted from an equivalent electrical circuit(right) 
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RC components can be identified which are separated by frequency domain. A typical spectrum 

of an electroceramic sample shows distinct features which can be attributed to intragrain or 

bulk and intergrain or grain boundary regions. Ideally each parallel RC element gives rise to 

corresponding semicircles from which R and C values can be extracted. The assignment of R 

and C values to different regions of the sample depends on the magnitude of the 

capacitances.[11]  
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Chapter 3 

 

Ba2ScHO3: H– Conductive Layered Oxyhydride with H– Site 

Selectivity 
 

Abstract:  
Hydride (H–) conduction is a new frontier related to hydrogen transport in solids. Here, 

a new H– conductive oxyhydride Ba2ScHO3 was successfully synthesized using a high-pressure 

technique. Powder X-ray and neutron diffraction experiments investigated the fact that 

Ba2ScHO3 adopts a K2NiF4-type structure with H– ions preferentially occupying the apical sites, 

as supported by theoretical calculations. Electrochemical impedance spectra showed that 

Ba2ScHO3 exhibited H– conduction and a conductivity of 5.2×10–6 S cm–1 at 300 ºC. This value 

is much higher than that of BaScO2H, which has an ideal perovskite structure, suggesting the 

advantage of layered structures for H– conduction. Tuning site selectivity of H– ions in layered 

oxyhydrides might be a promising strategy for designing fast H– conductors applicable for 

novel electrochemical devices. 

3.1 Introduction 

A hydride ion (H⁻) is an attractive charge carrier because it exhibits promising features 

for fast ionic conduction; namely, monovalence, suitable ionic size similar to that of F– and O2–

, and high polarizability. Hydride ion conduction in solids was first pointed out in 1977 by 

detecting the dynamics of hydrogen in CaH2 using 1H NMR spectroscopy[1]. Subsequently, 

H⁻ conductivities of Ba2NH[2, 3] and AE1-xNaxH2-x (AE = Ca, Sr)[4] were reported, and 

recently, evidence of a H⁻ conduction phenomenon was confirmed by electromotive force 

measurements in BaH2.[5] However, metal hydrides without electron (or hole) conduction are 

almost limited to alkali- and alkali earth ones owing to the strong reducing property of H⁻, 

permitting only simple compositions and structures such as AH and AEH2 (A = alkali, AE = 

alkali earth). This constraint prevents designing H⁻ concentrations and diffusion pathways, and 

thus requires alternative approaches for further development of H– conductive materials. 

Oxyhydrides, where both oxide ions (O2–) and H⁻ ions form an anion sublattice, allow 
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various compositions and crystal lattices, unlike metal hydrides; e.g., fluorites LnHO (Ln = 

lanthanide),[6-9] mayenite [Ca24Al28O64]4+·H–,[10] ideal perovskites ABO3–xHx (A = AE, Eu, B 

= Sc,11 Ti,[12-14] V,[15] Cr[16]), layered perovskites A2B(H,O)4 (A = Ln, AE, B = Li,[17-19] 

Ti,[20] V,[15, 21] Mn,[22] Co,[23] Ni and Ru[24]) and hexagonal perovskite BaVO3–xHx.[25] 

We recently found the first (and so far, only) example of H⁻ conductive oxyhydrides La2–x–

ySrx+yLiH1–x+yO3–y (0 ≤ x ≤ 1, 0 ≤ y ≤ 2) with their function as an H⁻ solid electrolyte for 

electrochemical devices.[18] This Li-based series adopts layered perovskite (K2NiF4-type) 

structures in which the H⁻ ions preferentially occupy the equatorial anion sites and diffuse 

among them rather than via the apical sites. Given fast O2– conduction via apical sites in 

isostructural oxides Ln2NiO4+δ,[26-28] K2NiF4-type oxyhydrides with the different site 

selectivity of H⁻ might provide another  H⁻ diffusion pathway, and perhaps, fast H⁻ conduction. 

Here, we report a successful synthesis of a new H⁻ conductive oxyhydride Ba2ScHO3 with 

K2NiF4-type structure where H⁻ anions selectively occupy the apical site in contrast to the 

reported Li-based series. 

3.2 Experimental 

3.2.1 Synthesis 
Powder samples of Ba2ScHO3 were synthesized by solid-state reactions at high pressure 

using BaH2 (Mitsuwa Chemical, 99.5%), BaO (Aldrich, 99.99%), and Sc2O3 (Aldrich, 

99.999%) as starting reagents. A stoichiometric mixture of these reagents was thoroughly 

ground in an argon atmosphere and sealed in a BN sleeve. The sleeve was covered with a NaCl 

capsule inside a pyrophyllite cell fitted with a graphite heater. The cell was compressed to a 

pressure of 3 GPa using a cubic anvil press, heated at 800 °C for 30 min, and quenched to room 

temperature, followed by a slow release of pressure.  

 
3.2.2 Characterization 

Laboratory powder X-ray diffraction (XRD) measurements were performed using a 

diffractometer (MiniFlex 600, Rigaku) with Cu-Kα radiation. Since the samples were highly 

air-sensitive, they were loaded into an aluminum sample holder in an Ar-filled glovebox. 

Room-temperature powder synchrotron XRD (SXRD) measurements were performed at 

BL02B2 and BL19B2 in SPring-8 with a wavelength of λ = 0.5000 Å. The finely ground 

powder sample was loaded into a quartz capillary (inner diameter: 0.2 mm). The sealed 

capillary was rotated during measurements to reduce preferential orientation of the crystallites. 
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Time-of-flight powder neutron diffraction (ND) data of the sample (c.a. 0.5 g) loaded into a 

cylindrical vanadium cell (radius: 6 mm, height: 55 mm) were collected at room temperature 

using a SPICA diffractometer at J-PARC. The collected SXRD and ND profiles were analyzed 

by the Rietveld method using RIETAN-FP program[29] for the SXRD data and Z-Rietveld 

program[30] for the ND data. Crystal structures were illustrated by the VESTA program.[31]  

 

3.2.3 First-principles calculations  
First-principles total energy calculations were performed using the projector augmented 

wave method32, 33 as implemented in the VASP code.[34-36] Exchange–correlation interactions 

were treated using the Perdew–Burke–Ernzerhof functional.[37] Configurations of the valence 

electrons in the PAW potentials are 5s2 5p6 6s2 for Ba, 3s2 3p6 3d1 4s2 for Sc, 2s2 2p4 for O, 1s1 

for H. Cut-off energy for plane-wave basis sets was set as 500 eV. Lattice constants and atomic 

internal positions were fully optimized until all residual forces acting on atoms became smaller 

than 0.02 eV/Å. Symmetrically independent H/O configurations were searched using the 

𝚂𝚙𝚐𝚕𝚒𝚋 library.[38] Brillouin-zone integration was performed with Monkhorst Pack grids[39] 

and k-point spacings less than 0.4Å-1. 

 

3.2.4 Conductivity 
H⁻ conductivity was measured by AC impedance measurement under a H2 or Ar flow 

at 200–340 °C with an applied frequency of 0.1–7 MHz using a Bio-Logic VSP-300 frequency 

response analyzer. The Pd reversible hydrogen electrode or the ion blocking Au electrode was 

deposited on both sides of the pelletized samples. The diameter (r) and thickness (t) of 

measured pellets are r = 3.62 mm, t = 1.58 mm for Pd-deposited one, and r = 3.66 mm, t = 1.44 

mm for Au-one. The obtained impedance spectra were fitted with electrical equivalent circuits 

using the EC-Lab software. 
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3.3 Results and Discussion  

3.3.1 Synthesis and structural analysis 

 
Figure 3.1 Laboratory XRD profile of BaScHO3. The large background at lower angles was 

derived from the Kapton film attached to the sample holder for air-sensitive samples 

 

The polycrystalline samples of Ba2ScHO3 were successfully synthesized by a solid-

state reaction under high pressure. A stoichiometric mixture of BaH2, BaO, and Sc2O3 was 

thoroughly ground and sealed in a cell, followed by heating at 800 °C under 3 GPa for 30 min. 

The laboratory X-ray diffraction (XRD) pattern (Figure 3.1) of the obtained off-white powder 

is mostly indexable with a tetragonal unit cell of a = ~4.16 Å and c = ~13.7 Å (Figure 3.1). The 

pattern of the tetragonal phase is similar to that of a K2NiF4-type oxyfluoride Ba2ScO3F where 

[Ba2OF] rock-salt layers and [ScO2] layers alternately stack along the c-axis.[40] Note that the 

product inevitably contains a small amount (10–20 wt%) of the residual raw materials or/and 

byproduct BaScO2H[11] 
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Figure 3.2 Rietveld refinements for (a) SXRD and (b) ND data of Ba2ScHO3. The red 

crosses, green solid line, and blue solid line represent the observed, calculated, and difference 

in intensities, respectively. Upper, middle, and lower green ticks for SXRD 

The powder synchrotron XRD (SXRD) pattern contains peaks derived from the 

tetragonal phase together with small amounts of BaO and Sc2O3. We refined the data using the 

model based on a K2NiF4-type structure (space group I4/mmm), where Ba atoms were placed 

at the Wyckoff position 4e, Sc at 2a, O1 at 4c, and O2 at 4e. H⁻ anions were not considered 

here owing to their small electron number. The initial refinement converged well with the 

agreement factors of Rwp = 9.65% and Rp = 6.64% with somewhat large atomic displacement 

of Sc (Uiso(Sc) ~ 1.5 Å2). By setting Sc at the 4e (0, 0, z) site with site-splitting occupation (g 

= 0.5), the Uiso(Sc) fell to a reasonable value of 0.16(5) Å2 and the fitting was improved as Rwp 
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= 9.14%, Rp = 6.28% (Figure 3.2 (a) and Table 3.1). Remarkably, the estimated occupancy of 

the equatorial O1 site was 0.93(1), while that of the apical O2 site was 0.60(1), suggesting the 

preferred occupation of the vacancies or/and hydride ions at the apical site. It should be noted 

that this tendency was also observed in the initial refinement without the Sc site splitting. The 

meaning and validity of this site-splitting operation will be explained later.  

 
Table 3.1 Structural parameters of Ba2ScHO3 from ND (upper) and SXRD (lower) 

data[a] 

Atom Site g x y z B / Å2 
Ba 4e 1.1 0.982(

2) 
1 

0 0 2.1 0.36309(
8) 
0.36289(6) 

3.1 0.829(
17) 
0.97(2) 

Sc 4e 0.5 0 0 4.1 0.01736(
5) 
0.0167(3) 

5.1 0.609(
14) 
0.16(5) 

O1 4c 1 
0.925(10) 

0 0.5 0 6.1 0.729(
14) 
0.41(14) 

O2 4e 7.1 0.5369
(9) 
0.599(14) 

0 0 8.1 0.16040(
18) 
0.1578(8) 

9.1 0.45(6) 
2.4(4) 

10.1 H 11.1 4
e  

12.1 0.4631
(7) 

13.1 0 14.1 0 15.1 0.16040(
18) 

16.1 0.45(6) 

17.1 [a] I4/mmm; a = 4.154803(18) Å, c = 13.70967(12) Å, Rwp = 2.07%, Rp = 1.47%, S = 4.65, RB = 5.05%, 
RF = 7.12% for ND and a = 4.15498(8) Å, c = 13.6847(3) Å, Rwp = 9.14%, Rp = 6.28%, S = 2.59, RB = 2.50%, 
RF = 0.69% for SXRD. 
 
 

 
Figure 3.3 Crystal structure of Ba2ScHO3 and local coordination environments around Ba 

and Sc. Grey, orange, blue, and red balls represent Ba, Sc, H, and O atoms, respectively. 
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In order to clarify the anion configuration including hydrogen species, we also refined 

the powder neutron diffraction (ND) data. Although the measured sample contained BaScO2H 

rather than the raw materials, the lattice parameters were quite similar to those of samples used 

for SXRD measurement, allowing us to consider that they adopt identical structures. Based on 

the result of SXRD refinement, we assumed that the anion vacancies are fully occupied by 

hydrogen in accordance with the nominal composition. The initial refinement gave the 

occupation factor of the equatorial O1 site as 1.0013(12), leading us to fix the g(O1) value at 

unity. The following refinement was converged well, as shown in Figure 3.2b and Table 3.1 

(Rwp = 2.07%, Rp = 1.47%), providing the estimated structure as shown in Figure 3.3. Notably, 

the refined occupancies of the apical site were g(O2)/g(H) = 0.5369(9)/0.4631(9), 

corresponding to occupation of H– of nearly half. The bond valence sum (BVS) calculation[41, 

42] applied to the refined structure gave values of +1.82 for Ba and +2.82 for Sc, which are 

consistent with the formal charges of Ba2+ and Sc3+. Considering the charge neutrality 

condition, we conclude that the composition of the obtained K2NiF4-type oxyhydride is given 

by Ba2ScHO3, where H⁻ ions selectively occupy half of the apical sites. 
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3.3.2 First principles calculations 

 

Figure 3.4 All symmetrically independent H/O configurations in the conventional unit cell of 

Ba2ScHO3 calculated in this study. The values of relative energies compared with the most 

stable configuration are shown. 

 
The validity of the proposed structure with the site selectivity of H– to the apical sites 

is also supported by first-principles calculations. Firstly, we calculated energies of 

symmetrically independent eight-anion configurations in the 1 × 1 × 1 conventional unit cell 

of Ba2ScHO3, yielding the result that structures where H– are located only at the apical sites 

are significantly more stable compared to others (ΔE > 0.3 eV per formula unit (eV/f.u.), Figure 

3.4). Based on this result, energy calculations were performed using a 2 × 2 × 1 supercell with 

the condition that H– occupation is limited to the apical sites (all 181 independent 

configurations).  
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Figure 3.5 Most stable (ΔE = 0) and representative metasta-ble (ΔE < 0.1 eV/f.u.) structures 

for a 2 × 2 × 1 supercell of Ba2ScHO3 obtained by first-principles calculations. Grey, orange, 

blue, and red balls represent Ba, Sc, H, and O at-oms, respectively 

 

Figure 3.5 shows the results; the structure (a) with the alternative stacking of [Ba2H2] 

and [Ba2O2] rock-salt layers across the [ScO2] layers along the c-axis is the most stable, while 

the stabilities of the structures (b-e) with the [Ba2(H,O)2] rock-salt layers are comparable. In 

addition to the structures shown in Figure 3.5(b-e), eleven configurations where ΔE values are 

lower than 0.1 eV/f.u. were also found from our systematic first-principles calculations. These 

metastable structures can appear by thermodynamic fluctuation under high-temperature and 

high-pressure reaction conditions. Therefore, the refinement result using the polycrystalline 

data, i.e., the K2NiF4-type structure with a random distribution of H– ions at the apical sites, is 

reasonable. In addition, the calculations indicate that the lengths of Sc-O bonds in the apical 

direction are shorter than those of Sc-H bonds and that Sc centers are shifted from the center 

of ScO5H octahedra (Figure 3.6). The Sc displacement from the center of the ScO5H 

octahedron toward the apical oxygen forms a ScO5 pseudo-pyramid coordination, which 

requires the Sc site-splitting operation in the refinement. Such a metal off-centering in 

octahedra with mixed-anion coordination was also reported in K2NiF4-type oxyfluorides 

Sr2CoO3F[43] and Sr2NiO3F[44] with selective apical fluoride ions. 
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Figure 3.6 Optimized coordination environment of ScO5H in the supercells of Ba2ScO3H. 

Left and right images correspond to the supercells of Figures 3.6 (a) and (b), respectively. 

Such site selectivity of H– at apical sites is rare in K2NiF4-type oxyhydrides; most of 

the reported compounds including LaSrCoO3H0.7,[23] Sr2VO3H,[15, 21] LaSrMnO3.3H0.7,[22] 

La2–x–ySrx+yLiH1–x+yO3–y, and LaSr3NiRuO4H4[24] adopted structures with selective (or 

preferred) equatorial H–. Very recently, Hernandez et al. reported Sr2TiO3.875H0.14 with a small 

amount of H– at the apical sites.[20] The unique apical H– with a sizable amount of Ba2ScHO3 

could be explained by Pauling’s second crystal rule (electrostatic valence rule), which was 

widely applied for K2NiF4-type mixed-anion oxides by Fuertes et al.[46] According to this 

rule, a more/less charged anion prefers a site possessing a larger/smaller bond strength sum. In 

Ba2ScHO3, the apical site surrounded by one more charged Sc3+ and five less charged Ba2+ is 

more suitable for H– (less charged anion) than the equatorial site surrounded by two more 

charged Sc3+ and four less charged Ba2+. In contrast, H– conductive La2–x–ySrx+yLiH1–x+yO3–y 

adopts the preferred equatorial H– owing to the less charged Li+ at the Li(H,O)6 octahedra. This 

tendency means that H–/O2– arrangements in oxyhydrides composed of relatively 

electropositive cations could be tuned from an electrostatic viewpoint. Note that oxyhydrides 

with d-electrons do not necessarily follow this rule owing to the ligand field effect or/and the 

small electronegativity of hydrogen.[22]  

 

3.3.3 Ionic conductivity 
Ionic conductivity of the prepared pellet with Pd electrodes was evaluated by AC 

impedance measurement at 200–340 °C under flowing H2 gas. The obtained impedance plots 

(collected at 300 ºC is shown in Figure 3.7a) could be regarded as a combination of two 
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components; a clear semicircle in the high-frequency range and a part in the low-frequency 

range, which correspond to responses from the mixture of bulk/grain boundary and the 

electrode, respectively. We fitted the bulk/grain boundary part by using an equivalent circuit to 

estimate its resistance at each temperature, yielding the Arrhenius plots as shown in Figure 

3.7c. Since the possible impure phases of BaO, Sc2O3, and BaScO2H (described later) hardly 

exhibit ion conduction at the measured temperature range, the major phase of Ba2ScHO3 is 

dominantly responsible for the ionic conduction. The intrinsic conductivity of Ba2ScHO3 might 

be somewhat underestimated due to these insulating impurities. Note that XRD profile after 

the measurement showed that the K2NiF4-type structure remained (Figure 3.8).     

     

In order to investigate the conducting nature, we also performed impedance 

measurement using blocking Au electrodes under Ar flow (Figure 3.7b). A spike derived from 

the ion blocking electrode was observed on the low frequency range, unlike the case where the 

Pd electrode was used in H2 atmosphere. The conductivity at each temperature in Ar 

atmosphere was almost the same value as when the Pd electrode was used under H2 

atmosphere, and as a result, quite similar activation energies were estimated from obtained 

Arrhenius plots (Figure 3.7c). The non-dependence of conductivity on the presence or absence 

-2.5x103

-2.0
-1.5
-1.0
-0.5
0.0

Z"
 / 

5x10543210
Z' / 

Pd/Ba2ScHO3/Pd in H2 at 300 ºC

-2.0x105

-1.5
-1.0
-0.5
0.0

Z"
 / 

4x1053210
Z' / 

Au/Ba2ScHO3/Au in Ar at 300 ºC

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

lo
g 

[
 (S

 c
m

-1
)]

2.12.01.91.81.71.6
1000T-1 (K-1)

350 300 250 200
Temperature (ºC)

 Pd/Ba2ScHO3/Pd in H2
 Au/Ba2ScHO3/Au in Ar

Ea = 86.4 kJ/mol

Ea = 89.2 kJ/mol

(a)

(b)

(c)

Figure 3.7 Cole–Cole plots for Ba2ScHO3 measured with (a) Pd electrodes under flowing H2 

gas and (b) Au electrodes under flowing Ar gas. (c) Arrhenius plots of the total conductivity 

(bulk + grain boundary). Filled red-open and blue-closed square represent those measured 

using Pd and Au electrodes, respectively 
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of H2 gas shows that electron conduction does not occur even under Ar atmosphere (low H2 

partial pressure), suggesting that Ba2ScHO3 is a pure ionic conductor at the measurement 

temperature range. In terms of K2NiF4-type oxyhydrides La2–x–ySrx+yLiH1–x+yO3–y, pure H⁻ 

conduction was confirmed by all-solid-state cell experiments, and calculation studies for La2–

x–ySrx+yLiH1–x+yO3–y and Ln2LiHO3 (Ln = Pr, Nd) showed that the activation barriers of H⁻ 

diffusion are significantly smaller than those of O2– diffusion.[19, 47-48] From these, it is 

reasonable to consider that the ionic conduction in Ba2ScHO3 is dominantly derived from H⁻ 

diffusion. A recent study on point defect formation energies and anionic conduction 

mechanisms using first-principles calculations by Kuwabara et. al.  also stated hydride ion as 

dominant charge carrier in Ba2ScHO3.[48] 

 

 

Figure 3.8 XRD profile of Ba2ScHO3 before and after impedance measurement. The peaks 
with the open and closed triangle represent those of BaO and Al (sample holder), 

respectively. The sample lot is different from one for Figure 3.1 

 

The H⁻ conductivity at 300 °C reached 5.2×10–6 S cm–1 (activation energy ~86.4 kJ 

mol–1), which is comparable to those of Ln2LiH3O and LaSrLiH2O2. In contrast, notably, the 

conductivity of Ba2ScHO3 is much higher than that of an ideal perovskite oxyhydride 

BaScO2H11, ~7×10–8 S cm–1 at 300 °C (Figure 3.9), though the H⁻ concentration for the total 

anions of the former (25%) is smaller than that of the latter (33%). Given that O2– is less mobile 

at the measured temperature range (≤ 300 °C), the superiority of Ba2ScHO3 indicates that the 

apical H⁻ ions diffuse preferentially within the rock-salt layer, where H– concentration is 
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enhanced to 50%, rather than by three-dimensional diffusion. This increase of carrier 

concentration at the diffusion pathway could be because of site selectivity of H⁻, allowing us 

to expect that the theoretically predicted most stable structure of Ba2ScHO3 with the Ba2H2 

rock-salt layer (Figure 3.5a) might show much higher conductivity.  

 

 

Figure 3.9 Impedance plot of BaScO2H at 300 °C. 

 

3.4 Conclusion 
We obtained a new oxyhydride Ba2ScHO3 that adopts the K2NiF4-type structure with 

preferred apical H– ions and observed its H– conductivity as superior to that of an ideal 

perovskite BaScO2H. Tuning the site selectivity of H–, according to the electrostatic valence 

rule, should help to design the H– diffusion pathway in layered oxyhydrides. An increased H– 

concentration at the apical sites by appropriate element substitutions, a preferred anion 

configuration  and optimized hydride ion diffusion pathways  can help to further enhance the 

hydride ion conduction through rock salt layers in K2NiF4-type oxyhydrides.  
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Chapter 4 

 

Enhanced H⁻ Conductivity by Anion Ordering in a Layered 
Perovskite Oxyhydride 
 

Abstract: 

The new layered perovskite oxyhydride Ba2YHO3 was synthesized by high pressure synthesis. 

Powder X-ray and neutron diffraction experiments revealed that in Ba2YHO3 the ordered H⁻ 

and O2⁻ anions form hydrogen-rich [Ba2H2] rock-salt layers wherein H–conduction is allowed. 

The conductivity reached 0.1 mS·cm⁻1 at 350 °C, which is higher than that of isostructural 

Ba2ScHO3 with the anion-disordered [Ba2HO] layers 

4.1 Introduction 
  The mobility of ions in solids depends on the basic characteristics of each ionic 

species. Monovalent and soft (large polarizability) ions are generally favorable for 

diffusion compared with multivalent and hard (small polarizability) ions. In general, 

ionic conductors, the latter immobile species form crystal sublattices suitable for the 

conduction of the former mobile ones. For example, cation conductors such as 

Na1+xZr2SixP3–xO12 (NASICON)[1] and Li10GeP2S12 (LGPS)[2] include polyanion units 

of ZrO6 octahedra and (Si/P/Ge)(O/S)4 tetrahedra that enclose the network of 

interconnected paths of carrier Na+/Li+ ions, while for anion conductors, fast F– 

diffusion in ß-PbSnF4 is achieved at interlayers consisting of ordered Pb and Sn ions[3-

5]. 

  Hydride ion conduction in oxyhydrides is a new field in anion conduction and is 

also a representative case wherein the arrangement of mobile H– and immobile O2– 

crucially affects the conduction. In layered perovskites (K2NiF4-type) Ln2–x–ySrx+yLiH1–

x+yO3–y (Ln = La, Nd, Pr)[6, 7], H– ions selectively occupied the equatorial anion sites 

and formed conduction paths in the perovskite layers. In fluorite-type LnHO (Ln = La, 

Nd, Gd, Er), only the H–/O2– ordered structures (Ln = La, Nd) showed H– conduction 

while the disordered structures (Ln = Gd, Er) had no ionic conduction.[8] Moreover, 

hydrogen-rich LaH3–2xOx exhibited fast H– conduction (2.6 × 10–2 S·cm–1 at 342 °C) via 
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interstitial anionic sites unoccupied by O2– ions.[9] These examples indicate that the 

design of anion ordering manner is crucial for development of H– conduction in 

oxyhydrides. 

  We recently reported a layered perovskite oxyhydride Ba2ScHO3 with partial 

anion ordering wherein H– ions occupy the apical sites rather than the equatorial sites to 

form [Ba2HO] rock-salt layers (Figure 4.1a), in contrast to the above mentioned Ln2–x–

ySrx+yLiH1–x+yO3–y series[10]. Given fast ion conduction in rock-salt layers is known in 

O2–/e– mixed conductors Ln2NiO4+δ,[11-13] the H– conduction in this layer would be 

interesting, but the conductivity of Ba2ScHO3 was suppressed (5.2 × 10⁻6 S·cm⁻1 at 300 

°C). A subsequent theoretical study pointed out that the slow (nearly immobile) O2– 

migration at the diffusion path would inhibit the smooth H– diffusion[14]. In this 

communication, we show the high-pressure synthesis of a yttrium-based oxyhydride 

Ba2YHO3, which adopts a structure with complete H⁻/O2⁻ anion ordering to form 

[Ba2H2] rock-salt layers (Figure 4.1b) where no O2– ions lie in, and its higher 

conductivity compared to Ba2ScHO3. 

 

 

Figure 4.1. Crystal structures of layered perovskite oxyhydrides. a) Ba2ScHO3,[7] b) Ba2YHO3 

(this work). 
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4.2 Experimental  
Polycrystalline samples of Ba2YHO3 oxyhydride were synthesized by solid state 

reaction under high pressure, using BaH2 (Mitsuwa Chemical, 99.5%), BaO (Aldrich, 99.99%), 

Y2O3 (Aldrich, 99.999%), and NaH (Aldrich, 95%). The reagents were weighed in an Ar filled 

glovebox, thoroughly mixed in a planetary ball mill, and sealed in a NaCl capsule inside a 

pyrophyllite cell with a graphite heater. The cell was heated at 700–1000 °C under 2–4 GPa 

for 1 h. 

4.2.2 Characterization 
Structural characterization of the samples was carried out with an X-ray powder 

diffractometer (Miniflex600, Rigaku) with Cu-Kα radiation. Since the oxyhydride compounds 

were highly air-sensitive, the powder samples were loaded on an aluminum holder in an Ar 

filled glovebox. Synchrotron X-ray diffraction (SXRD) data was collected at room temperature 

using a high-resolution angle-dispersive type X-ray diffractometer (BL02B2) installed at 

SPring-8. The wavelength of the incident beam was 0.8 Å. The powder samples were sealed in 

a Lindemann glass capillary (f 0.3 mm) that was rotated during the measurement to reduce the 

preferential orientation. Neutron diffraction (ND) measurement at room temperature was 

carried out using a time-of-flight (TOF) neutron SPICA powder diffractometer in-stalled at J-

PARC. Powder samples were loaded in a cylindrical vanadium cell. RIETAN-FP and Z-

Rietveld programs[15,16] were used to refine the SXRD and ND data, respectively. Crystal 

structures were illustrated using VESTA software[17]. Thermogravimetric analysis (TGA) was 

conducted under flowing Ar gas (100 mL/min) with a Rigaku Thermo plus EVO2 installed in 

an Ar-filled glove box. 

 
4.2.3 First-principles calculations  

First-principles total energy calculations were performed using the projector augmented 

wave method[18,19] as implemented in the VASP code[20–21]. Exchange-correlation 

interactions of electrons were treated using the Perdew-Burke-Ernzerhof functional (PBE) 

based on the generalized gradient approximation (GGA)[20]. Configurations of the valence 

electrons in the PAW potentials are 5s2 5p6 6s2 for Ba, 4s2 4p6 4d1 5s2 for Y, 2s2 2p4 for O, and 

1s1 for H. The cut-off energy for plane-wave basis sets was set to 500 eV. Lattice constants 

and atomic internal positions were fully optimized until all residual forces acting on atoms 

were less than 0.02 eV/Å. Symmetrically independent H/O configurations were identified 
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using the Spglib library[24]. Brillouin-zone integration was performed with Monkhorst Pack 

grids[25] and k-point spacings less than 0.4 Å⁻1. 

 

4.2.4 Conductivity 

Ionic conductivity of the oxyhydrides was measured by the AC impedance method 

using a pellet sample obtained by high pressure synthesis. The diameter (r) and thickness (t) of 

measured pellets were r = 3.95 mm and t = 1.35 mm. The sample was coated with molybdenum 

electrodes sputtered on both sides under H2 gas flow. The data was collected during heating 

and cooling cycles at the temperature range of 180–400 °C with an applied frequency range of 

0.1 Hz to 35 MHz using an MTZ-35 frequency response analyzer. EC-Lab software was used 

to fit the spectra with electrically equivalent circuits. The DC electric conductivity of Ba2YHO3 

was performed at 320 ºC under flowing H2 gas using the sintered pellet with hydrogen blocking 

Mo electrodes.  

4.3 Result and Discussion 
4.3.1 Synthesis and structural analysis 
  The high-pressure synthesis of a barium yttrium oxyhydride was performed using 

a mixture of raw materials, BaH2, BaO, and Y2O3, with a molar ratio of 1:3:1 (i.e. a 

stoichiometric ratio for Ba2YHO3) to yield the tetragonal phase (a ~ 4.38 Å, c ~ 13.8 Å) 

with oxides of BaO and BaY2O4. Alternatively, when minimal NaH was added to the 

raw materials, the tetragonal phase of the product remarkably increased. Through the 

optimization of the molar ratio of the four raw materials, sintering temperature (700–

1000 °C), and applied pressure (2–4 GPa), we found that the purity of the tetragonal 

phase was maximized when reacted at 800 °C under 4 GPa with BaH2:BaO:Y2O3:NaH 

=0.55:1.45:0.45:0.1. The obtained powder sample is off-white suggesting absence of free 

electrons. 
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Figure 4.2 Observed and calculated (a) SXRD and (b) ND profiles for Ba2YHO3 at room 

temperature. Red crosses, green solid lines, and blue solid lines represent observed, calculated, 

and difference intensities, respectively. Upper and lower green ticks indicate the peak positions 

of Ba2YHO3 and BaO. 
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Table 4.1. Structural parameters of Ba2YHO3 from ND data collected at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 

P4/nmm; a = 4.380184(15) Å, c = 13.82378(8) Å. 

Rwp = 2.78%, Rp = 2.06%, Re = 0.86%, S = 3.21, RB = 9.59%, RF = 9.63%. 

The XRD profile of the tetragonal phase was similar to that of K2NiF4-type oxyhydride 

Ba2ScHO3 (space group I4/mmm; No. 139), while the absence of extinctions, such as 00l, 

indicated a lowered symmetry. As shown in Figure 4.2, the powder synchrotron XRD (SXRD) 

and neutron diffraction (ND) profiles measured at room temperature were readily indexable 

with a unit cell of space group P4/nmm (No. 129) with lattice constants of a = 4.38035(3) Å 

and c = 13.82338(10) Å for SXRD and a = 4.380184(15) Å and c = 13.82378(8) Å for ND. 

Such a lowered symmetry from I4/mmm to P4/nmm in K2NiF4-type structures gives two non-

equivalent apical sites (3/4 3/4 z), as reported in oxychlorides of Sr2MO3Cl (M = Fe, Co, Ni) 

wherein a quasi-square pyramidal MO5 coordination is formed by O2–/Cl– anion ordering at the 

apical sites[26-28]. In addition, the vacancy formation is generally unfavourable in high 

pressure synthesis as seen in several oxyhydrides such as LaSrMnO3.3H0.7[29] and 

BaScO2H[30]. We thus performed Rietveld analysis with assuming initial structural model 

based on the oxychlorides with a chemical formula of Ba2YHO3, wherein the Cl site was fully 

occupied by hydride ions. Refinement using ND data converged reasonably as shown in Figure 

4.2b with agreement indexes of Rwp = 2.78% and Rp = 2.06%; the refined parameters are 

summarized in Table 1. Refinement using SXRD data, which assumed no hydrogen atoms, also 

converged (Figure 4.2a, Rwp = 7.26% and Rp = 5.52%, the refined parameters are in Table 4.1). 

Note that, when Na atoms were partially substituted with Ba or/and Y, the occupancy resulted 

in very small (< 0.02) or negative values, indicating that the amount of Na atoms was negligible 

within the lattice. Thermogravimetric analysis (TGA) under flowing Ar gas showed no weight 

loss up to 400 °C (Figure 4.3), which implies no significant change in the composition with 

annealing under ambient pressure. 

atom site g x y z B /Å2 

Ba(1) 2c 1 0.25 0.25 0.37573(8) 0.44(2) 

Ba(2) 2c 1 0.25 0.25 0.10125(8) 0.44(2) 

Y 2c 1 0.25 0.25 0.23708(7) 0.511(17) 

H 2c 1 0.75 0.75 0.42303(16) 1.47(4) 

O(1) 2c 1 0.75 0.75 0.08060(10) 1.42(2) 

O(2) 4f 1 0.75 0.25 0.25826(6) 1.153(17) 
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Figure 4.3 Thermogravimetric analysis (TGA) of Ba2YHO3 in heating under flowing Ar gas. 

The weight loss corresponding to hydrogen loss was not observed.  

4.3.2 First principles calculations 
  Ba2YHO3 is the first case of layered perovskite oxyhydrides with the hydrogen-

rich [Ba2H2] rock-salt layers. The quasi-pyramidal YO5 coordination in the structure is 

in contrast with the octahedral ScH2O4 coordination in Ba2ScHO3 which has H⁻/O2⁻ 

disordered rock-salt layers (Figure 4.1). For further insight into the anion arrangement, 

we performed first-principles calculations. Using a 2 × 2 × 1 supercell for Ba2YHO3, 

we determined by our calculations that a completely ordered arrangement was the most 

stable and found other metastable arrangements with H–/O2– disordering (Figure 4.4). 

Similar calculation results were also obtained for Ba2ScHO3,10 wherein the proposed 

most stable arrangement with ordered [Ba2H2] and [Ba2O2] rock-salt layers was 

comparable in energy to other metastable arrangements with the H⁻/O2⁻ disordering. To 

compare the Y and Sc cases, we focused on the energy difference (ΔE) between the most 

stable and metastable arrangements. Within the same energy range, the number of 

metastable arrangements of Ba2YHO3 was smaller than that of Ba2ScHO3 (Table 2). 

This result suggested that the ordered arrangement of Ba2YHO3 is formed more 

favorably than the other metastable arrangements. 

  The difference in structural symmetry could be discussed in terms of the 

Goldschmidt tolerance factor t for aristotype perovskites[31] such as the hypothetical “
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BaYO2H” and reported BaScO2H[30]; this factor is defined as t = (rBa + rH/O)/[√2(rB + 

rH/O)]) where rBa, rB, and rH/O denote the ionic radii for Ba, B (= Sc, Y), and H/O, 

respectively, assuming that H⁻ and O2⁻ are equal in size. Using the Shannon ionic 

radii[32], we obtained t = 0.925 for “BaYO2H”, which was smaller than that of 

BaScO2H (0.992). The larger deviation from unity, i.e. larger geometric distortion, for 

“BaYO2H” would be responsible for the lowered symmetry of the Y coordination in 

Ba2YHO3. In mixed anion compounds, to tolerate the mismatch in ionic size, lowered 

symmetry is easily achieved by ordered heteroleptic coordination units, rather than 

rotations and tilts of rigid octhedra. 

 

Figure 4.4 Representative metastable (ΔE < 0.1 eV/f.u.) arrangements for a 2 × 2 × 1 

supercell of Ba2YHO3 obtained by first-principles calculations. The most stable arrangement 

was identical to the refined arrangement shown in Figure 4.1b. 
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Table 4.2 The number of metastable arrangements of Ba2ScHO3 and Ba2YHO3 within the 
range determined by the energy difference between the most stable and metastable 
arrangements 

 

 

 

4.3.3 Ionic conductivity 
  Ionic conductivity of Ba2YHO3 was evaluated by the electrochemical impedance 

spectroscopy (EIS) using the as-synthesized pellet with sputtered Mo blocking 

electrodes. The measurements were done with heating and cooling at 160−400 °C under 

H2 gas flow. The contribution of the impurity phases could be considered as negligible 

especially in bulk conduction, since BaO exhibits no ionic conduction and the amount 

of unreacted Na-species was insignificant (< 0.6 wt% in the mixture). The obtained 

Cole-Cole plots were separated into three regions: a semicircle in high frequency range, 

a broad small semicircle in middle frequency range, and a spike at low frequency range, 

which corresponded to responses from bulk, grain boundary, and electrode resistances, 

respectively (Figure 4.5a). We fitted the obtained data using an equivalent circuit model, 

and the temperature dependence of the total (bulk + grain boundary) conductivity was 

plotted in Figure 4.5b. The bulk conductivity data is shown in Figure 4.5(c&d). Similar 

conduction properties during heating and cooling indicated that Ba2YHO3 was stable 

throughout the measurements; this observation was supported by the fact that the 

P4/nmm symmetry was maintained in the XRD profiles after the EIS measurements 

(Figure 4.6). DC polarization measurement at 320 °C gave an electrical (e– + h+) 

conductivity of 7.86 × 10–8 S·cm–1, that can be ignored compared to the conductivity 

estimated from the EIS. The ionic transport number was calculated to be >99.5%, 

indicating that Ba2YHO3 is an ionic conductor without the contribution of e– and h+ 

conduction. 

 In the Li-based K2NiF4-type oxyhydrides (e.g., La2LiHO3), pure H– conduction was 

confirmed in not only electrochemical experiments including solid state battery6 and 

concentration cell tests[33], but also in first principles calculations wherein the 

migration energy of H– is significantly smaller than that of O2–[34,35]. In addition, 

ΔE Ba2ScHO3 Ba2YHO3 
< 0.04 2 1 
< 0.06 3 2 
< 0.08 11 4 
< 0.10 16 11 
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calculations for Ba2ScHO3 gave the much smaller defect formation and migration 

energies for H– (~1.17 eV) compared to those for O2– (~2.28 eV), indicating the pure H– 

conduction in the rock salt layers[14]. Considering these facts, we determined that H⁻ 

ions are dominant charge carriers, while migration of divalent and hard O2– ions 

should be much slow or none. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5 (a) Cole-Cole plot of Ba2YHO3 recorded at 350 °C. (b) Arrhenius plots of the total 

conductivity of Ba2YHO3 during heating (closed circles) and cooling (open circles); the linear 

fitting (red line) gives the activation energy range of 97.1–101 kJ·mol⁻1. The blue, green, and 

orange lines represent the conductivities of Ba2ScHO3,[10] La2LiHO3, and LaSrLiH2O2,[6] 

respectively, Arrhenius plots of the bulk and total (bulk + grain boundary) conductivity of 
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Ba2YHO3 in (c) heating and (d) cooling. 

The observed conductivity (sH) of Ba2YHO3 was nearly five times higher than that of 

Ba2ScHO3 with anion-disordered rock-salt layers[10], and reached c.a. 1 × 10–4 S·cm–1 around 

350 ºC. The higher conductivity could be attributed to an increase of actual carrier 

concentration in the rock-salt layers. In the anion-disordered [Ba2HO] layers in Ba2ScHO3, 

local oxygen-rich regions with immobile O2– contamination into the diffusion path would 

decrease long-range H– diffusion probability. Inhibition of H– diffusion by O2– was also 

proposed in calculation study on La2–x–ySrx+yLiH1–x+yO3–y23, and the similar tendency is 

generally well known in layered rock-salt LiMO2 (M = transition metal) where Li/M site-

mixing drastically decreases the Li+ diffusion[36]. In contrast, the completely anion-ordered 

[Ba2H2] layers in “ideal” Ba2YHO3 contain no O2– contamination, and in actual should be more 

robust to possible site mixing.  

 The activation energy (Ea) of Ba2YHO3 at 175-350 °C was estimated as 1.08 eV that is 

slightly higher than that of Ba2ScHO3 (0.92 eV), in spite of the shorter nearest neighbour H-H 

path of 3.75786(14) Å (vs. 3.83 Å). Our previous computational study for Ba2ScHO3 has 

indicated that hydride ions diffuse through the rock-salt layer by means of vacancies and/or 

interstitialcy mechanisms[14]; the former is direct H-H hopping at apical sites through 

vacancies; the latter is a cooperative migration process that an interstitial H– moves toward a 

neighboring apical site and the H– originally located at the site moves to other interstitial sites. 

Given there are a suitable jump distance and bottleneck size for each conduction mechanism, 

the differences in the H– coordination environment of Ba2YHO3 and Ba2ScHO3 might have 

slightly affected the activation energies. One could find a decrease in the slope of the Arrhenius 

plot of Ba2YHO3 at 350-400 °C (Ea = 0.59 eV), possibly implying that the interstitialcy 

mechanism with the lowest migration energy14 may be dominant in the high temperature region. 

This result suggests that introducing excess H– into the interstitial sites in Ba2YHO3  might be 

effective in improving the H– conduction property (both sH and Ea), as in O2–/e– mixed 

conductors Ln2NiO4+δ[11-13]. As shown in Figure 4.5b, the conductivity of Ba2YHO3 is also 

higher than those of Li-based oxyhydrides La2LiHO3 and LaSrLiH2O2 wherein H⁻ ions diffuse 

among perovskite layers via equatorial-site hopping[6] in spite of the higher activation energy. 

The rock-salt layer is advantageous for H– conduction in terms of allowing multiple diffusion 

mechanisms, while it is disadvantageous for H– conduction in terms of H– jump distances 
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because the H-H length between apical sites is significantly longer than that of equatorial sites. 

Such contradictory features related to the H– conductivity in Ba2YHO3 are possibly reflected 

in the higher conductivity and higher activation energy than those of Li-based oxyhydrides.   

 

 

Figure 4.6 Laboratory XRD profiles of Ba2YHO3 before and after electrochemical 

impedance measurement. 

4.4 Conclusion 
 In conclusion, we synthesized a new layered perovskite oxyhydride Ba2YHO3 as the 

first example containing hydrogen-rich [Ba2H2] rock-salt layers. The H⁻ conductivity was 

higher than that of isostructural Ba2ScHO3 with anion-disordered [Ba2HO] layers due to the 

absence of immobile O2– ions lying in the diffusion pathway. Detailed mechanism of H– 

diffusion within rock-salt layers including relatively high activation energy compared to that 

within perovskite layers and/or decrease in the activation energy above 350 °C will be solved 

by further experiments such as maximum entropy method (MEM) analysis using high 

temperature ND data. 
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Chapter 5 
 

Summary 

Hydride (H⁻) is an anionic specie with attractive characteristics for fast conduction, e.g. 

monovalence, suitable size, and large polarizability. Irvine et al. showed a significant H⁻ 

conductivity of 0.2 S cm-1 at 630 °C in metal hydride BaH2.[1] Kobayashi et al. reported 

hydride conduction in Li-based oxyhydride series La2–x–ySrx+yLiH1–x+yO3–y (0 ≤ x ≤ 1, 0 ≤ y ≤ 

2) with layered perovskite (K2NiF4-type) structures.[2] Design of materials with anion 

sublattices having preferred occupation is crucial for fast hydride ion conduction , since less 

mobile oxide ions inhibit hydride conduction. Nevertheless, the “immobile” ions facilitate the 

conduction process by forming the crystal frameworks with suitable diffusion pathways for 

conduction of the mobile ions. Compared to anionic conductors which are single-anion systems, 

this phenomenon is prevalent in some cationic conductors with multiple cations such as 

NASICON[3] and LGPS.[4] Since recently, some oxyhydrides have shown excellent hydride 

ion conductivities,[2,5] the current study focused on exploring these mixed anion systems as 

anion conductors to study the effect of mobile H⁻ and immobile O2⁻ ions towards design of 

anionic sublattices and eventually ion conduction properties. 

 

Figure 5.1 Crystal structures of (a) La2LiHO3, (b) Ba2ScHO3 and (c) Ba2YHO3 showing 
different anionic arrangements 
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Chapter 3 described a new oxyhydride Ba2ScHO3[6] which adopts the K2NiF4-type 

structure with preferred apical H⁻ ions. Several reports indicated evidences of fast O2– 

conduction in isostructural Ln2NiO4+δ where interstitial anion sites contribute to 

conduction.[7,8] First principal calculations regarding point defect formation and conduction 

mechanism revealed hydride ions as predominant charge carriers.[9] The Sc based oxyhydride 

showed a superior H– ion conductivity to that of an ideal perovskite BaScO2H. The as shown 

non-dependence of conductivity on H2/Ar towards EIS measurement revealed absence of any 

electronic conduction. In comparison to La2LiHO3 with similar carrier concentration, the 

conductivity of the two oxyhydrides despite different conduction pathways was not much 

different. This could be due to the co-occupancy of larger immobile O2⁻ ions at the same sites 

which partially impeded the conduction path way.  

In chapter 4, we reported a new H⁻ conductive oxyhydride Ba2YHO3, which adopted a 

K2NiF4-type structure with complete H⁻/O2⁻ anion ordering to form [Ba2H2] rock-salt layers. 

Such a hydride ion ordering lowered the symmetry of this Y based oxyhydride to P4/nmm as 

compared to its predecessor Ba2ScHO3 which crystallized in high symmetry I4/mmm space 

group as indicated by the structural analysis by both SXRD and ND data. First principles 

calculations also outlined the higher stability of the structure with complete ordering as 

compared to other metastable structures. The H⁻ conductivity sought a considerable 

improvement(Figure 5.2) in comparison to both La2LiHO3 and Ba2ScHO3 which have [LiHO] 

and [Ba2HO] diffusion layers respectively. [10] 
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Figure 5.0-1 Arrhenius plot of ionic conductivities of Ba2YHO3 in comparison with 

La2LiHO3, LaSrLiH2O2 and Ba2ScHO3 

Layered oxyhydride are composed of alternate stacks of perovskite and rock salt layers 

where both layers are capable of ionic diffusion separately. Previously in LSLHO oxyhydrides, 

the conduction occurred dominantly through perovskite layers as indicated by the theoretical 

calculations.[11] Current study of rock salt ordered Sc and Y based oxyhydrides helped to 

validate the idea of tuning the site selectivity of H⁻ according to the electrostatic valence rule 

and potential of rock salt layers in order to design the H⁻ diffusion pathway in layered 

oxyhydrides. The study revealed that within the rock salt layers, anion order/disorder plays a 

crucial role for smooth hydride ions diffusion. The anion disorder at apical sites in Ba2ScHO3 

prevented the facile diffusion of hydride ions through Ba2HO rock salt layers. Consideration 

of larger Y cation at B site with tolerance factor further away from unity helped to form a 

K2NiF4-type structure with lowered symmetry resulting in a complete rock salt ordering to 

form hydride rich Ba2H2 layers. As a result, the hydride ion conductivity of Ba2YHO3 enhanced 

five times as compared to its predecessor Ba2ScHO3. The Sc and Y based layers oxyhydride 

based compositions can be fine-tuned by introduction of vacancies or the addition of hydrogen 

into the interstitial sites within the layer to further optimize the conductivity.  
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