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Summary

The work in this thesis relates to the preparation and structural and electrical characterisation of
calcium and strontium hydrides, imides and nitride hydrides. Conventional solid state methods

in controlled atmospheres were used to synthesise these materials.

High temperature neutron diffraction, thermal analysis and conductivity studies performed on
calcium and strontium hydride suggest an order — disorder transition in these materials at 350 —
450°C. Disordering is believed to involve rapid exchange of hydride ions across two
crystallographic sites. This manifests itself in a lowering of the activation energy for bulk hydride
ion conduction. The hydride ion conduction is good in these undoped materials: Oia = 0.01
S/cm for CaH, at 1000K; for SrH,, Oyt = 0.01 S/cm at 830K. Doping of SrH, with NaH causes a
significant increase in the low temperature conductivity, due to presence of extrinsic defects.

The high temperature conductivity is negatively affected by NaH doping.

Calcium nitride hydride (Ca,NH) was obtained as a single phase material by reacting either
calcium metal or calcium hydride (CaH,) in an argon atmosphere containing 5 — 7% H, and 1 —
7% N,. Imide ions substituting for hydride and nitride ions constitute a major chemical defect in
this material. Long range ordering of the nitride and hydride ions occurs, giving rise to a double
cubic crystal symmetry. This order breaks down at 600 — 650°C. Applying the same reaction
conditions to strontium metal results in a mixed phase of strontium nitride hydride and imide. No
long range order in the nitride hydride phase could be observed. Doping Ca,NH with lithium
hydride (LiH) causes the appearance of a second calcium imide phase, whereas doping with
sodium hydride (NaH) increases the amount of imide ions as a defect in the nitride hydride

structure, thereby decreasing the long range ordering of nitride and hydride ions.
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1 Introduction

The increasing energy demand posed by rising economies in Asia and the rapid depletion of oil
reserves create the biggest challenges of this century. Temporary alternatives will be natural
gas and coal, but eventually we will have to resort to both nuclear and renewable energy
sources, like wind, solar and tidal to provide for our energy needs. More efficient use of fuels will
also be a necessary development. Electrochemical devices such as fuel cells will play an
important role here. Based on the same technology, electrolyser cells will provide us with clean

hydrogen gas for mobile applications.

Electrochemical devices have long been known to provide efficient means of converting one
type of energy (e.g. chemical or thermal energy) into electrical energy. Because there are no
moving parts in these solid state devices, they offer clean and noiseless electricity. Good
examples of such devices are solid state batteries, fuel cells, electrolyser cells and AMTEC
(Alkali Metal Thermal to Electric Converter) cells. The existence of mixed ionic and electronic
conducting ceramic materials has furthermore opened the way for electrochemical separation

membranes, an energy efficient alternative to cryogenic gas separation.

Hydrogen has often been proposed to be the main energy carrier for this new energy era. Two
large challenges remain for a successful transition to a hydrogen based economy (from a
hydrocarbon based one): clean/renewable hydrogen production and efficient storage of
hydrogen. It is envisaged that hydrogen can be produced in a sustainable way by electrolysing
water, using highly efficient electrochemical electrolyser cells, powered by renewable energy
sources (e.g. hydro or wind). Efficient storage of hydrogen might prove an even bigger
challenge, as simply compressing or even liquefying hydrogen is currently highly energy
intensive and might take away the benefits of changing to a hydrogen based economy in the
first place. Also, these techniques would not store hydrogen with sufficient volumetric density
(grams of hydrogen per unit of volume), which is a requirement for efficient hydrogen storage.
Again the answer to this issue seems to lie in solid state storage, which clearly offers high
volumetric densities of hydrogen. Several solid materials have been studied over the past 20
years for their potential to store hydrogen in their chemical structure. The main candidates are
light weight metal hydrides or nitrogen — hydrogen based imides and amides. The light weight
metal compounds (e.g. lithium, magnesium and calcium based) have the advantage of storing
hydrogen with high gravimetric (grams of hydrogen per grams of storage material) as well as
high volumetric densities, both requirements for efficient hydrogen storage. Fast and reversible
uptake and release of hydrogen at ambient pressures and temperatures is the aim here and the

combination of different light weight metals seems to be necessary to achieve this goal.
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The work presented in this thesis deals with a relatively unknown family of materials, which is of
interest for both electrochemical applications as well as hydrogen storage. Alkaline earth metal
hydrides as well as nitrogen — hydrogen based materials (imides and nitride hydrides) will be
studied structurally, thermally and electrically in order to learn about the mechanisms for
hydrogen transport, uptake and release. Light weight metal nitrogen — hydrogen based
materials have become of great interest for hydrogen storage purposes, especially after Chen et
al. reported the potential storage of 11.5 wt% hydrogen by lithium nitride [1]. Much work has
been done to optimise this system in terms of reversibility at temperatures and hydrogen
pressures that are typically needed for vehicular onboard storage systems. Different research
groups have modified the lithium system with magnesium and calcium in order to bring down
the hydrogen desorption temperatures and elevate the hydrogen pressures [2-9]. Mechanical
treatment of the starting compounds by ball milling has also been shown to improve the

reversibility of this storage system [10, 11].

Metal hydrides have been studied for their potential as hydrogen storage material for the last 20
years. The early studies focused on LaNisHg and derivatives of this material. This alloy has been
popular as an electrode material for nickel — metal hydride batteries and therefore extensive
knowledge was already available [12, 13]. The heavy weight metals however prevent this
material from being efficient in terms of gravimetric hydrogen densities. Therefore later studies
moved towards the use of light weight metal (Li, Na, Mg, Ca, etc.) hydrides and complex
hydrides in particular, e.g. LiBH, and NaAlH, [14-17]. Complex hydrides generally have lower
thermal stability and therefore release their stored hydrogen at more favourable temperatures
and hydrogen pressures [18, 19]. Whereas many researchers have studied their potential as
hydrogen storage materials, only few have tried exploring metal hydrides’ electrochemical
properties. Their chemical reactivity and high sensitivity towards moisture and air has probably
kept most people from considering them as a viable choice for any electrochemical application.
It is the chemical reactivity however that offers great potential, as all sorts of electrochemical

reactions that have never even been considered before, might become possible.

Traditionally, solid state electrochemistry involves the use of oxide based materials. The
advantages of their use are clear; they often have high chemical and thermal stability and are
stable over wide pO; ranges. The electrochemical species in oxide materials are generally oxide
ions or protons. Typical examples of oxide ion conductors are Yttria Stabilised Zirconia (YSZ),
gadolinia doped ceria (CGO) lanthanum gallate [20] and bismuth copper vanadium oxide
(BiCuVOx) [21]. The first two materials are widely used in SOFC, oxygen sensors and oxygen
pumps [22]. Doped barium cerates and zirconates are good conductors of protons (in fact
protonated oxide ions) and are candidates as electrolytes in intermediate temperature fuel cells
[23]. Finally, some perovskite materials like La..SrcFes.,C0,03.5, show good mixed oxygen ionic
and electronic conductivity and are used for oxygen separation from air [24, 25] and in

membrane oxidation reactors [26] . Electrochemical cells are of course not limited to the use of
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oxide ions and protons. There is a number of other ions, which have shown to be mobile within
solids, e.g. Li*, Na*, Ag®, F" and CI. It is debated whether the nitride ion (N*) is mobile under
electrochemical operation. Electrochemical and thermal incorporation of nitride ions in YSZ
have been shown and diffusion of the nitrogen could be measured using Secondary lon Mass
Spectroscopy (SIMS) [27-29]. Generally however, the nitride’s ion mobility was found to be a
few orders of magnitude smaller than the oxide ion’s. Therefore its contribution to
electrochemical activity can usually be neglected compared to those of other ions present in
typical electrolytes, e.g. oxide or lithium ions. Good examples of electrolyte materials that use
any of those other ions are Li3;N, Na-B-Al,O3, Agl, PbF, and SrCl, [22, 30]. Although most of

those mobile ions serve perfectly well in solid electrolytes, they are chemically not very

interesting.
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Figure 1-1: Elements known to show mobility in electrochemical applications
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The alkaline earth hydrides are ionic compounds and have been reported to be good
conductors for negatively charged hydrogen, (H or hydride) ions [31]. Whereas for instance
fluoride or chloride ions are chemically relatively inert, the hydride ion is a strong reducing agent
and of great chemical interest. An electrochemical device based on hydride ions would therefore
enable all kinds of highly efficient electrochemical conversion reactions, ranging from
hydrogenations to the reduction of fully oxidised compounds (e.g. CO;) into chemically
important base products (CO, CHy, etc.). Also other basic compounds for the chemical industry,
like NHj3;, which are currently produced using high pressures and temperatures, could be

synthesised with high energy efficiency by the simple combination of nitrogen and hydrogen.
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1.1 Hydrogen chemistry

Hydrogen is the first element in the periodic table of elements. It is the simplest species, made
up of just one proton and one electron (deuterium and tritium have an additional one or two
neutrons). Despite this simple composition, its chemistry is versatile. For instance, elementary
hydrogen exists in the form of three, more-or-less, stable compounds: protons (H"), hydride ions
(H) and hydrogen gas (Hy). In other words, its properties range from being a very strong Lewis
acid, to being a strong Lewis base. And although the hydrogen atom has only one single

electron, it still can bind to more than one atom simultaneously [32].

1.1.1 Hydrogen - the element

Hydrogen does not fit very well into the periodic table. It is usually placed on top of the Group |
alkali metals, because of their mutual one valence electron. From a chemical and physical point
of view, this position is not satisfactory, especially because hydrogen is not a metal. Less
frequently, hydrogen is placed ahead of the Group 17/VII halogens, since these only need one
more electron to fill up their valence shells. And in fact there are some chemical resemblances

between hydrogen and the halogens, as we will see later on.

1.1.2 Hydrogen and its ions

Atomic hydrogen (HO-) is a very unstable species. It combines readily with any chemical
compound, in order to complete or deplete its 1s valence shell. Accordingly, it forms a proton
(generally in combination with a Lewis base), a covalent bond or an ionic bond (as H’). The
electronegativity of hydrogen is 2.2, which is comparable to the electronegativities of B, C and
Si, so their E-H bonds are not expected to be very polar. On the other hand, with elements from
Group | and Il it forms salt-like compounds, in which the hydrogen acquires electron density and
is best described as a negatively charged ion, the hydride ion. When combined with
electronegative elements on the right hand side of the periodic table, the E-H bond is best

regarded as covalent and polar, with the H atom carrying a small positive charge.

The radius of atomic hydrogen (H%) is with 0.37 A the smallest found for any atom of the
chemical elements. The free hydride ion on the other hand, has a much higher ionic radius of
2.08 A, which is comparable to the ionic radii of large halides, such as bromide (1.95 A) and
iodide (2.16 A) anions [19]. The hydride ion and halide ions share the property that they all have
a noble gas electron configuration, i.e. a completely filled valence shell. In alkali hydrides and
earth alkali hydrides, the ionic radius is 1.42 A, which is again very similar to the ionic radius of
the oxygen ion O? with a coordination number of six (1.40 A) [33, 34]. The electron affinity of

the hydrogen atom is only —0 .80 eV. This makes that the electron density of H" is loosely bound
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to the nucleus and therefore the hydride anion is a strong electron donating species, a strong

Lewis base and a potent reducing agent.

The proton, H*, obviously has an ionic radius close to 0.00 A, which gives it an extremely high
charge/radius ratio. This in turn makes the proton a very strong Lewis acid. In the gas phase it
therefore readily combines with other molecules or atoms. In condensed phases it is always
found in combination with a Lewis base, from which it spontaneously extracts some electron
density. The strong Lewis acidity is also emphasised by the large ionisation energy of the
hydrogen atom, i.e. 13.6 eV.

The third form in which elementary hydrogen exists is hydrogen gas, H,. The covalent bond
between the two nuclei is very strong, with an enthalpy of 436 kJ/mol and a bond length of 0.74
A. The interaction between different hydrogen molecules, on the other hand, is very weak,

because of the few electrons in the hydrogen atoms.

1.1.3 Hydrogen compounds

Hydrogen forms stable compounds with the major part of the elements in the periodic table.
With the elements on the right-hand side it forms covalent, polar compounds, in which hydrogen
normally carries the small positive charge. The compounds range from the electron precise
species CH4, NHj3;, H,O and HX (X = F, ClI, I, B) to electron deficient species as BH;. With
electropositive elements, like the alkalis and earth alkali metals on the left-hand side of the
periodic table, hydrogen forms however salt-like compounds in which hydrogen is present as
hydride anions. These compounds are stable in dry inert atmospheres, as the hydride anions
are highly reducing species that react spontaneously with air and vigorously with water. With
most metals from Group 3 — 10, hydrogen can form metal-like materials, in which the hydrogen
dissolves as single atoms. In these materials, the hydrogen donates some of its electron density
to lower the energy of the metal bands, but still remains most of it hydridic character. These
materials are clear intermediates between the saline hydrides and the molecular hydrogen
compounds. Finally, hydrogen can form polymeric compounds, despite its single electron. BeH,
and AlH; are known to form polymeric units in their solid state. The structure of AlH; is shown in
Figure 1-2.
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Figure 1-2: Polymeric structure of AlH; with the aluminium octahedrally surrounded by hydride ions

1.1.4 The H/H, equilibrium - the hydrides

In this project we are especially interested in hydrogen transport/exchange in solid materials.
From the previous section it becomes clear that we have two options to choose from: either we
use the H'/H, equilibrium, or we use the H/H, equilibrium to transfer hydrogen from gas phase
to solid. The first option does not look too appealing, since the proton is a hard and very strong
Lewis acid. This is a combination that does not give much hope for reversibility in chemical
processes. One of the few well-known electrochemical reactions with H* ions that involve
hydrogen gas evolution is the reaction of acids with alkali or earth alkali metals. These reactions
are highly exothermic (AG = -457 kd/mol for the reaction of metallic Mg with an acids) and have
a positive entropic effect (i.e. AS > 0), because of the hydrogen evolution. In other words,
reversing the reaction would require extremely high temperatures and hydrogen pressures, just

to overcome the thermodynamic barrier. Also see equation (1.1).

pH, - [Mg*'] (1.1)

AG =AH® -TAS® +RTIn :
[H"]

The other equilibrium looks a lot better. Since hydrogen has a relatively low electron affinity to
form the hydride ion H, it is easier to play around with, in a chemical sense. Still the
electrochemical potential of the H/H, couple is -2.25 V, which makes the hydride ion one of the
strongest electron donating species, comparable to magnesium (the Mg/Mg2+ couple has a
potential of -2.37 V). Because of this high absolute standard potential, it only forms saline
hydride materials with the alkali and alkaline earth metals, which have a comparable standard

potential or are even more electropositive.
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1.1.4.1 Saline hydrides

So again, hydrogen forms ionic compounds with the alkali and earth alkali metals. Because
these materials are salt-like, they are commonly referred to as the saline hydrides. Exceptions
are BeH, and MgH.. In BeH, the chemical bond is covalent and the material is in a polymeric
form. MgH, seems to be a crossover between the saline hydrides and BeH, and is therefore
called an intermediate hydride. Although from the difference in electronegativities, the ionic
character of the bonds seems to decrease from CsH to LiH and from BaH, to CaH,, there is still
evidence for a strong ionic bond in all saline hydrides, with electron transfers to the hydrogen
atom between 0.8 and 1 electron [35]. Saline hydrides show similarities with their halide
analogues, especially concerning brittleness, hardness, optical properties and crystal structure.
All the alkali hydrides exhibit the rock salt structure (i.e. the sodium chloride structure), whereas

the hydrides of the earth alkali metals have a structure related to the barium chloride structure.

1.1.4.2 Metallic hydrides

With the transition metals, the lanthanides and actinides (see Table 1-1 for an overview of
known metal hydrides), which of course have less negative standard potentials, hydrogen can
form stable compounds as well. The nature of the chemical bond in these compounds is not
very clear, but seems to be a crossover between metallic and ionic bonding. These compounds
resemble their respective metals, since they exhibit high electronic (metallic) conductivity and
usually have a dull metallic appearance. That is why they are commonly referred to as the

metallic hydrides. A more detailed description of their properties follows in section 1.5.
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Table 1-1: Known (grey) and unknown (white) hydrides of d- and f-block elements (as adopted from Ref [32].

Sc Ti \% Cr Mn Fe Co Ni Cu Zn

MH
MH>

MH
MH:
MH3

Lu Hf Ta w Re Os Ir Pt Au Hg

MH
MH:
MHs

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

MH;
MH;

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No

MH;
MH;

1.1.4.3 Covalent bound hydrides

Hydrogen forms stable compounds with the first three members of Group 11I/13, i.e. boron,
aluminium and gallium, too. The chemical bond is however not ionic anymore, but covalent.
Stable InH; and TIH; have not been synthesised, yet. When combined with binary hydrides, like

LiH or NaH, they can form compounds with a more ionic character, namely LiAlH, or NaBH,.

1.2 Crystal structures of hydrides

In order to be able to understand the transport properties of a possible hydride ion conducting
electrolyte, electrodes or hydrogen storage materials, knowledge of the material’s crystal
structure is essential. For instance, electrolytes benefit from a structure that promotes fast ionic
transport. In that respect, the fluorite structure has shown good results (YSZ, CGO, PbF,). The
alkali hydrides all have the rock salt structure, analogous to their halogenide counterparts.
Whereas one would expect the alkaline earth hydrides to have the same structure as their
fluoride analogues, this is not the case at low temperatures. CaH,, SrH, and BaH, have an
orthorhombic structure which is similar to the PbCl, structure. In this structure, the metal cations
are arranged in a distorted hexagonal array, surrounded by four hydride ions of type | and five

hydride ions of type Il [36, 37]. Interestingly, CaF, has this same PbCI, structure at room
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temperature when it is exposed to an 8 GPa pressure [38]. MgH, forms an exception again in

the alkaline earth hydride range, as it has the rutile structure.

Most transition metal hydrides with formula MH, have the cubic fluorite structure, in which the
hydride ions occupy the tetrahedral sites. Actually, most of these metallic hydrides have this
structure in a wide composition range, for instance from TiH to TiH,. Zirconium and hafnium
hydrides only have the cubic structure in a limited composition range of their hydride phase.
Beyond this composition limit (for ZrH, and HfH, x = 1.61 and x = 1.8, respectively), the

structure changes to tetragonal.

Most rare earth elements have both a dihydride and a trihydride. All rare earth dihydrides have a
cubic structure, except for EuH, and YbH,, which are isostructural with CaH, (orthorhombic
structure) [39]. The trihydrides of the light rare earth metals (La, Ce, Nd and Pr) are cubic as
well, although for LnH,.,, ~0.25 < x < 0.5 the hydride ions are distorted from their ideal
tetrahedral/octahedral positions and form an ordered superlattice, which is better described as
body centred tetragonal [40-42]. NdH; (x > 0.7) and the trihydrides of the heavy rare earth
metals, like GdH3; and SmH; usually have hexagonal/trigonal structures [43-45]. This hexagonal
structure starts to form at different values of x in LnH,., for different rare earth metals, but can
only be obtained as a single phase at high hydrogen contents, i.e. x = 1. So often a mixture of
the cubic and hexagonal phase is obtained when synthesising the heavy rare earth trihydrides.
The composition ranges for these rare earth di- and trihydrides have been listed in Table 1-2,
but the lower existence limit for the trihydrides seems to be too low for most rare earths. The
reported literature is quite dated and these ranges are very badly reported in more recent
research. Whereas the upper existence limit for ‘cubic’ LnH,., seems well studied in recent
years, it is generally assumed that for LnH;_,, z is always very close to 0. Neutron diffraction
studies on LnH;, do however indicate that z is indeed very close to 0 in most cases. An older
study by Perkins and Lundin on the holmium — hydrogen phase system seems to be one of the
few that reports a reasonable lower limit for HoH;,, with z being 0.05 [46]. Yttrium and
scandium are transition metals, but their hydride behaviour is very similar to that observed for
the hydrides of the rare earth metals. Their hydrides have therefore been added to Table 1-2.

The actinide hydrides show a variety of different crystal structures, ranging from the fluorite
structure for actinium and plutonium dihydride to a tetragonal structure for thorium dihydride.
The higher actinide hydrides, like ThyH1s and UH3, have complex cubic structures. A range of
compositions with various crystal structures is possible, analogous to the rare earth metal
hydrides. As these metal hydrides are not of very practical interest at the moment, their
chemistry is beyond the scope of this thesis.
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Table 1-2: Crystal structures of rare earth metals and actinides, adopted from Ref [35]

Metal hydride Structure Existence Reference
range (H/M)

LaH, Cubic [42]
CeH; Cubic [42]
PrH, Cubic [42]
LnHs (Ln = La, Ce, Pr) Cubic [41]
NdH; Cubic 2-2.61(2.87) [45]([47])
NdHs Hexagonal/trigonal ~3 [45, 47]
SmH> Cubic 1.93-240 [47]
SmH3; Hexagonal/trigonal 2.59 -3 [35, 48]
EuH, Orthorhombic [39, 49]
GdH> Cubic 1.82-23 [50]
GdHs Hexagonal/trigonal 2.85-3 [43]
TbH, Cubic 1.90 - 2.25 [51]
TbH3 Hexagonal 281-3 [48]
DyH, Cubic 1.94 -2.23 [52]
DyH3 Hexagonal 286-3 [48]
HoH; Cubic 1.95-2.12 [47]
HoH3 Hexagonal/trigonal 2.95-3 [46]
ErH, Cubic 1.95-2.10 [47]
ErHs Hexagonal 282-3 [48]
TmH; Cubic 1.99 - 2.06 [47]
TmHs Hexagonal 276-3 [48]
YbH; Orthorhombic [39]
YbHa+x Cubic 2-255 [53]
YbH3 Hexagonal/trigonal Max YbHz 67 [54]
LuH; Cubic 1.85-2.03 [47]
LuH3 Hexagonal 278-3 [48]
ScH» Cubic [49]
YH: Cubic 1.91-2.08 [47]
YHs Hexagonal 277 -3 [48]

1.3 Thermodynamics of metal hydrides
The formation of hydrides occurs via simple absorption of either hydrogen gas or hydrogen

atoms from an electrolyte. The latter is typical for metal hydride batteries, using a standard
hydroxide solution to transfer the hydrogen atoms from one electrode to the other.
Absorption/desorption of hydrogen in the metal is typically shown as composition/hydrogen
pressure isotherms. These show some generalities and typical isotherms are shown in Figure
1-3. At low pressure, hydrogen is dissolved in the metal lattice and the so called a-phase is
formed. During this stage, hydrogen fills octahedral or tetrahedral holes and is present as an
interstitial species. When the concentration of hydrogen in the metal increases, nucleation of the
real hydride phase starts, called the B-phase and the isotherm reaches a plateau. During this
plateau, the a-phase and B-phase coexist. After long enough equilibration times at a certain
temperature and hydrogen partial pressure, only the B-phase will remain, with often a
substoichiometric hydrogen content. Increasing the hydrogen content further to the metal
hydride’s stoichiometric value, is now accompanied with high hydrogen pressures. The plateau
pressure is actually the dissociation pressure of the non-stoichiometric hydride and is a good

measure of its thermal stability. When at a certain temperature the hydrogen pressure above the
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hydride phase drops below its dissociation pressure, both phases are not in equilibrium

anymore and the hydride phase will decompose, releasing hydrogen.
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Figure 1-3: General representation of a adsorption/desorption curve for hydrogen in metallic hydrides. Figure
adopted from [18]

The logarithm of the dissociation pressure often shows a linear relationship with the reciprocal
temperature. The reason for this behaviour can be found in thermodynamics. Consider the next

dissociation reaction:

MH, M +%H, (1.2)

For the free enthalpy of hydride formation, the following equation holds:

AG; =AG{ +RTInQ, with Q, - y, X (1.3)
ay ~pH2§

In equilibrium, i.e. with AG = 0, this becomes:

—AG; =RTInK, (1.4)

Using AG! = AH? —TAS; and doing some basic differentiation, this becomes:

—AH; +TAS? =RTInK, (1.5)

AH®  oInK, (1.6)

RT?  oT
The last equation is better known as the Van ‘t Hoff equation. When the metal and metallic

hydrides are assumed to be pure solids, their activities become unity. And with K, = pH27 the

Van ‘t Hoff equation can also be written as:

11
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2 (AH? (1.7)
Inp, =—|=-L _AS?
Pr, XR[ T ’]

From this last equation it can clearly be seen, that the logarithm of the dissociation pressure is
linearly dependent on the reciprocal temperature. The slope of the relationship can be used to
calculate the enthalpy of formation. Actually, because the metallic hydrides are subject to
significant non-stoichiometry that cannot be neglected, the activities of metal and metallic
hydride cannot be set to zero and the last equation becomes a bit more complicated. Still it is

found that metal hydrides obey an equation of a similar form experimentally:

1.8
Iong2=—$+B (18)

Higher hydrides, for instance GdH; or ThyH4s have isotherms with two plateaus. The lower
plateau resembles the formation of the lower hydride, whereas the higher hydride starts to form

on the higher plateau, coexisting with the lower hydride.

1.4 Saline hydrides

As the name suggests, the bonding in saline hydrides is ionic. Any conductivity in these
materials is therefore expected to be purely ionic in nature, which make them of great interest
as electrolyte materials. Dependent on the mechanism of ion conduction in the saline hydride
materials, doping with higher or lower valence hydrides might increase the ionic conductivity.
This is a known fact for materials like ceria and zirconia, which are usually doped with cations of
lower valence (Gd or Sm for CeO, Y, Sc and Ca for ZrO,), to improve oxygen ion
conductivities. Substitution of the host cations by ions of lower valence causes the creation of
oxygen vacancies in the crystal lattice, which enhances conductivity. Alternatively, substitution
with elements of higher valence gives rise to interstitial anions. Sorokin and Breiter [55] doped
single crystal CaF, with different trivalent fluorides (LaF;, GdF;, CeFs;, YbF3, etc.) and managed
to enhance the ionic conductivity by several orders of magnitude (up to 0.4 S/cm at 800°C).
Highest fluoride ion conduction was obtained for those elements that caused a minimum in the
activation energy of migration of the mobile species. Often, a good fit of the dopant element in
the host lattice is important, which means that the ionic radii of host and dopant cations should

be a good match.

When one applies the same rules to hydride materials, either doping with monovalent or
trivalent hydrides might improve the ionic conductivity in MH, (M = Ca, Ba, Sr) materials. The
ionic radii for different elements are given in Table 1-3. Good candidates for substituting calcium
are Li, Na, La, Ce and Nd and Yb, whereas only Na, La and Ce might be large enough to be a
good match to strontium. Ytterbium might be a particularly interesting substitution for Ca, as

YbH, is reported to have the same orthorhombic crystal structure as CaH,. The higher hydride
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for ytterbium (YbH,.,, x < 0.67) suffers from poor thermal stability though, which might mean no
interstitial hydride ions are formed upon substitution [49]. The crystal structure also changes into
trigonal at higher hydrogen content [54].

Table 1-3: lonic radii for different cations, adopted from Ref [33]

Cation lonic radius in 8- lonic radius in 9-
fold coordination fold coordination
(A) (A)

ca** 1.12 1.18

sr?t 1.26 1.31

Li* 0.92 -

Na* 1.18 1.24

\al 1.02 1.08

La* 1.16 1.22

Gd* 1.05 1.11

ce* 1.14 1.20

Nd*' 1.11 1.16

Yp?* 1.13 1.18

1.5 Metallic hydrides

The ‘metallic’ bonding in metallic hydrides gives rise to metallic conductivity. As this is one of the
requirements for good electrochemical electrodes, these hydrides are of interest as potential
electrode material in a hydride ion electrochemical device. Other requirements for efficient
electrodes are electrocatalytic activity towards the electrode reactions, redox stability and
chemical and thermal compatibility with the electrolyte. Some degree of ionic conductivity would
improve electrode behaviour by extending the active electrode area from the immediate
electrode/electrolyte interface a certain distance into the electrode. This does not necessarily

have to be ionic transport, as hydrogen could be transported in a different state, e.g. atomic.

Since we are looking for materials that not only show high electronic conductivity, but also fast
kinetics for hydrogen uptake, release and transport, it would be interesting to look into hydrides
for hydrogen storage as well, as they share most of these properties. Apart from metallic
hydrides, complex chemical hydrides like LiBH4, and NaAlH, are being studied for their hydrogen

storage properties and they might be of interest.

1.5.1 Bonding in metallic hydrides

The bonding in metallic hydrides is delocalised and it is argued in which form hydrogen is
present in the metal lattice. Different models exist, in which hydrogen is either present as
protons, hydride ions or bound covalently [35]. Indications for the protonic model are found in
PdHos, in which the d-band of palladium seems to be filled with electrons from hydrogen.
Secondly, hydrogen evolution is observed at the cathode side upon electrolysis. This is however
not observed for ‘real’ metallic hydrides, but rather for solid solutions of hydrogen in metal.

There are also indications for the hydride anion model. The heats of formation of metallic
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hydrides and their brittleness resemble those of the saline hydrides, suggesting a certain degree
of ionic character in the bonding. Furthermore, the interatomic distances between the metal
atoms and hydrogen agree well with calculations using the ionic radii of both metal cations and
hydride ions. The high electronic conductivity in such an ionic model can be explained by the
fact that metallic hydride compositions usually deviate from the preferred composition of the
metal cations (i.e. TiH, and ZrH, rather than TiH, and ZrH,). This might mean that after bonding
with hydrogen, still enough d-electrons are available for the metallic bonding. So despite
bonding with hydrogen, enough d-orbital overlap exists to guarantee the metallic conduction. In
the last model, in which metal atoms and hydrogen are bound covalently, the hydrogen
electrons are delocalised. Since the hydrogen lies much lower in energy than the electronic
bands of the metal, hybridisation occurs between the metal and hydrogen orbitals. Due to this
hybridisation, the Fermi level can shift downwards, which may result in interesting phase
transitions (for example metallic — semi conducting, magnetic — non-magnetic, order — disorder)
[18]. This last covalent model seems to agree most with the observed non-stochiometry of
metallic hydrides. For instance, in ZrH,, x can vary between 1.30 and 2.00. Within this range,
the compound is clearly a metallic hydride and not just a solid solution of hydrogen in the
zirconium metal. Physical properties change as a function of the hydrogen content. Obviously,
the electronic structure is very dependent on the amount of hydrogen that is stored inside the

metallic lattice.

1.5.2 Electrical properties of metallic hydrides

Except for some of the rare earth hydrides, all metallic hydrides are metallic conductors. A clear
relation between the conductivity of the hydride and its pure metal is however not observed. As
a matter of fact, some hydrides have higher conductivities than their respective metals. This
might seem an indication that the bonding in metallic hydrides is not ionic, since hydride anion
formation would lead to a decreased number of metallic electrons. The hydride is however a
different material with its own distinct crystal structure. Therefore, the electronic band structure
of the hydride, and thus its electronic properties, is expected to be different from that of the
metal. The effect of crystal structure becomes clear when the change of conductivity with
hydrogen content is observed for both titanium hydride and zirconium hydride. The structure of
ZrH, changes from cubic to tetragonal for x > 1.61, whereas TiH, has the cubic structure for x >
1. Whereas the conductivity for tetragonal zirconium hydride decreases with increasing
hydrogen content, the conductivity for titanium hydride increases. Thermoelectric
measurements have pointed out that the conduction in both cubic materials is of p-type through

hole conduction, whereas in the tetragonal structure, electrons are the main current carriers.

As already said, some hydrides of the rare earth elements do not exhibit metallic conduction.

This is the case for rare earth hydrides in which the ratio H/M is close to the stoichiometric value
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of 3. Apart from ytterbium and europium (YbH, only has a conductivity of ~3x107 S/cm), all the
rare earth dihydrides are metallic conductors, just like the other metallic hydrides. The lighter
lanthanide hydrides (La, Ce, Nd, Pr) with H/M ratios of 2.7 — 2.8 however, were shown to exhibit
some interesting electronic properties. At temperatures of 230 — 270 K a transition in the
resistivity occurs, which according to Shinar et al. [56] is due to the breakdown of the octahedral
H — ordering and tetragonal distortion as discussed in section 1.2. Below the transition the
resistivity, p, increases with increasing temperature, which is typical for metallic conduction, but
above the transition temperature, p(T) drops with increasing T and this is thought to be caused
by a Variable Range Hopping (VHR) conduction mechanism [57]. Therefore, this transition can
be described as a metal — non-metal transition. At stoichiometries close to MH; the hydrides
increasingly start to behave like semiconductors, as the resistivity now continuously decreases
with temperature, showing typical Arrhenius behaviour. Shinar showed this semiconducting
behaviour for LaH, g3 [56]. The room temperature conductivity of LaH, drops sharply from 200
S/ecm to 2 S/cm when going from LaH, 7 to LaH, 93, emphasising the changes in the electronic

structure of these materials and the transition from metallic to semiconductor behaviour.

Libowitz [35] suggests a plausible model that explains the semiconductor behaviour in rare
earth trihydrides. In this model it is assumed that the trihydrides are ionic crystals. In such
materials, the electronic band structure would consist of a lower filled 1s valence band,
originating from overlapping 1s hydrogen orbitals, and an empty 5d-6s conduction band, formed
by the 5d and 6s orbitals of the metal ions. When hydrogen is removed from the ideal trihydride,
hydrogen vacancies are formed that act as donor levels in the electronic band structure
(appearing just below the conduction band). When the hydrogen vacancy concentration

increases, the activation energy decreases by:

E, =E, -alc, ) (1.9)

E. is the activation energy at a certain defect concentration, cp. E, is the activation energy of
isolated defects (i.e. low concentration) and a is a constant. It follows that when the defect
concentration increases, E. will become zero and the semiconductor is degenerate. In other
words, the material has become a metallic conductor, since the band gap has vanished
between the valence band and the conduction band. Apparently, this already occurs at an H/M
ratio of just below the stoichiometric value of 3. The observed activation energies at near
stoichiometric composition do not have to involve electronic conduction, but could possibly be
due to ionic conduction as well. As the H/M ratio increases, the material becomes more ionic in

nature, making electronic conduction less favourable.
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1.6 Nitride, nitride hydride and imide chemistry of the group |
and Il elements
Nitride chemistry is, like hydride chemistry, not as widespread as for instance oxide chemistry.

Again, the high sensitivity of these nitride materials towards moisture and air is a major
drawback in synthesising and analysing them properly. The chemistry of nitrogen is however
very rich, with unusual chemical bonding with other elements across the periodic table, resulting
in unexpected physical properties (e.g. optical, electrical, etc.). Pure ionic nitride compounds
are, analogous to the hydrides, only found in combination with some of the most electropositive
elements in the s-block. However, even with many of these elements, there is a variety of
chemical bonding possible, including metallic bonding. This section aims to briefly describe
some of the, for this research, relevant nitrides of the group | and Il elements (lithium, calcium
and strontium). It also gives a brief overview of nitrogen — hydrogen chemistry of the same

elements, i.e. imides and nitride hydrides.

1.6.1 Lithium nitride, a-LizN

Possibly the best described nitride to date is LisN. It has received much interest as it is a good
conductor of lithium ions, Li*, already at room temperature, and as such it has great potential as
an electrolyte in lithium ion batteries. Lithium nitride forms by combining the elements and does
so already at room temperature. However, to obtain a pure, crystalline material, it is preferable
to carry out the synthesis by dissolving lithium in molten sodium and reacting the solution with
purified nitrogen gas. The crystal structure for LisN is unique to the material. Lithium is
hexagonally arranged in layers, much like graphite, with nitrogen situated within the centre of
the hexagons. The layers are connected by an additional lithium ion, which is situated between
the [LioN] hexagons. N is therefore 8 coordinated by Li in a hexagonal bipyramidal way. The
lithium ions in the hexagonal [Li;N] layers are coordinated in a trigonal fashion by nitrogen,
whereas the interlayer Li ions are linearly coordinated to N. LisN is an ionic compound with a
highly polarisable N> ion. Neutron diffraction techniques have shown that a small fraction of the
Li2 (intralayer lithium) sites are vacant, caused by some imide ions (NH)Z' substituting for the
nitride ions. These lithium vacancies actually improve the ionic conductivity, which is

predominantly across the hexagonal layers [58].

Lithium nitride reacts with the transition metals and the the p-block elements to form binary
nitrides. It also reacts with the halides LiX and lithium hydride, LiH. With LiH, LisN forms lithium
nitride hydride LisNH, which decomposes at ~400°C to form lithium imide, Li,NH, and depending
on the atmosphere LiH or LisN [59]. The amides and imides of lithium can be prepared by
reacting lithium nitride with ammonia. The resulting amide can thermally be decomposed to
yield the imide. The amide and imide of lithium are structurally related, both being based on a

distorted cubic closest array of N, with Li occupying the tetrahedral sites [60].
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1.6.2 Nitrides of the heavier alkali metals

The existence and stability of the binary nitrides of Na, K, Rb and Cs has long been the subject
of much debate. On the basis of thermodynamics of these compounds, only NasN has a
negative formation enthalpy, which would imply it could be a (meta)stable compound. Indeed a
few papers report the synthesis of NasN, but only under extreme conditions, using electrically
activated nitrogen. The products were however never well characterised and it is believed that
sodium azide NaNj; is formed at the same time as well [58]. Relatively recently, Fischer and
Jansen [61] managed to synthesise NazN by atomising the elements in a vacuum chamber and
codepositing them in a microwave beam on a cooled sapphire substrate. They characterised the
product using X-ray diffraction and found an anti-ReOj; structure, which consists of corner
sharing NagN octahedra. The structure is thus related to Li3;N, with the difference that N is only 6
coordinated by Na, as opposed to 8 coordinated by Li. Potassium nitride, KsN has been
synthesised and characterised in an analogous manner, although a mixture of phases was
obtained in this case [62]. So although a synthesis method is available for some of the heavier
alkali nitride, this is not straightforward. The resulting products are also extremely air and
moisture sensitive, causing them to decompose within a few weeks even when stored in the

protective atmosphere of a glovebox.

1.6.3 Calcium nitrides

Calcium is a unique element, as it is the only elements in the s-block that forms both ionic and
subnitrides with nitrogen. For a long time it was believed that there were many compounds in
the Ca-N system, including a-CazN,, B-CazN, and y-CazN,, calcium pernitride, CasN, and a
compound of composition Cas4Ng. a-CazN, is the only compound that has been extensively
characterised. It has a distorted form of the anti-bixbyite structure, in which Ca is tetrahedrally
coordinated to N, whereas N is octahedrally coordinated to Ca. Recent studies have practically
ruled out the existence of all other forms of calcium nitride, just mentioned. These all seem to be
some form a calcium nitride cyanamide, CasNx(CN,) or Cas1Ng(CN,),. The carbon
contamination most likely comes from steel in crucibles and reactors or even from the calcium

metal.

1.6.4 Subnitrides: Ca,N and Sr,N

Although a-Ca3zN, seems to be the only ionic compound in the Ca-N system, a subnitride of
calcium, CayN, has been properly characterised and shown not to be a contaminated ternary

compound. It can be synthesised by heating a-CazN, in vacuum. The structure of Ca,N consists
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of edge sharing NCag octahedra, in which Ca is only 3 coordinated to N (half fulfilled octahedra).
In this way [NCa,]" slabs are formed, with large Van der Waals gaps between them. The N-Ca
layers are basically ionic in nature, with the excess electron residing in the Van der Waals gaps.
SroN was shown to be isostructural with Ca,N. Strontium does not form the ionic compound
Sr3N, and SN is the only compound that has been properly characterised to date. The excess
electron is mobile and gives these subnitride materials electronic conductivity. The electronic
conductivity is highly anisotropic and they can therefore be seen as 2D metals, with reasonable

conductivity in the direction parallel to the N-A layers [58].

The A,N subnitrides can be intercalated with hydrogen or halides, resulting in A,NX compounds
(X =H, F, CI, Br). H or X" will take the place of the excess electron, forming alternating layers of
N and H or X [63]. In fact, the ordering Ca,NH slightly different, but the intercalation is
essentially the same. The basic structures of A,N and A,NX are shown in Figure 1-4 for

comparison.
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Figure 1-4: Structure of the alkaline earth subnitride A;N (A = Ca, Sr, Ba) on the left. Structure of the alkaline
earth nitride halide/hydride, A;,NX (X = F, Cl, Br, H) on the right. NA; octahedra shown as polyhedra, white balls
represent X ions. Adopted from Ref [63].

Closely related to calcium nitride hydride, Ca;NH, are calcium imide, CaNH, and calcium amide,
Ca(NH;),. Calcium imide has the rocksalt structure, with calcium octahedrally coordinated to
nitrogen in a cubic closest packed array of nitrogen ions. Hydrogen is positioned close to the
nitrogen ion with a large degree of disorder. Calcium amide has the tetragonal anatase
structure, which is closely related to calcium imide [64, 65]. It can roughly be viewed as two
imide unit cells stacked on top of each other, with only half of the calcium ions now occupied.
The hydrogen in the amide ions was shown to have a large degree of disorder by assuming in

and out of plane movements relative to the nitrogen ion [65].
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1.7 Nitrogen — hydrogen materials for hydrogen storage
Nitrogen — hydrogen based materials of the light weight metals (group | and Il in the periodic

table) have become of major interest for hydrogen storage purposes, particularly after Chen et
al. reported a potential 10.4 wt% storage of hydrogen by lithium nitride [1]. Their hydrogen
storage system involved a two step uptake/release, in which lithium nitride is converted into
lithium imide and lithium hydride, which are subsequently converted into lithium amide and more
lithium hydride.

Li,N +H, —2%=000% | j,NH + LiH (1.10)
Li,NH +H, —22%238% | iNH, + LiH (1.11)

The desorption pressure for the first step is generally believed to be too low at T = 255°C to be
considered reversible. The second step potentially still stores 6.5 wt% H, and therefore
researchers have attempted to lower the desorption temperature by destabilising the lithium
amide compound. Destabilising was initially carried out by doping lithium amide by magnesium,
but later this evolved into the creation of ternary imides. Luo successfully decreased the
desorption temperature for reaction (1.11) by 60°C by replacing LiH by MgH; [2]. The idea
behind substituting LiH with MgH, is that MgH, has a lower thermal stability than LiH and it
would therefore destabilise the desorption process. Overall this resulted in a hydrogen
desorption pressure of 32 bar at 200°C.

Chen et al. also reported similar storage behaviour for Ca,NH, calcium nitride hydride. It could
reversibly store hydrogen, but at high temperatures, i.e. 550°C for a desorption temperature of
0.2 bar. Hino et al. studied the Ca-N-H system in more detail and found that calcium amide
could be reacted with calcium hydride to form the imide (analogous to equation (1.11)), but that
this reaction is irreversible. So finally the Ca-N-H can only store 2.1 wt% H, reversibly [9]. Xiong
et al. tested the hydrogen absorption characteristics of Caz;N,, which shows higher hydrogen
pressures at similar temperatures than Ca,NH [4]. They however also found that only half of the
absorbed hydrogen could be released again and that CazN, was not reformed. Adding CaH, to
CasN, improved the hydrogen sorption behaviour. This could however be attributed to the

formation of Ca,NH, which does reversibly store hydrogen as mentioned earlier.

Different researchers explored combinations of amides/imides and hydrides to destabilise the
binary compounds and thus reduce the desorption temperatures, or alternatively, increase the
hydrogen desorption pressure. Combinations of lithium amide with magnesium and calcium
hydride so far seem to give the most promising hydrogen storage results and this has resulted
in the development of several ternary imides, i.e. Li,Mg(NH),, Li,Ca(NH),, MgCa(NH),, etc. [7,
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66]. It was found that hydrogen adsorption and desorption temperatures could be reduced by
100°C or even 130°C when LiH was completely substituted by MgH, or CaH,, respectively. The
mechanisms for hydrogen absorption/desorption of Li-Ca-N-H and Li-Mg-N-H seem to be quite
different as the former only seems to involve 2 formula units of H, whereas the latter involves 4
units. Liu et al. even studied a quaternary compound, Li;CaMgN,4H, that they did not structurally

characterise, for its hydrogen storage properties [8].

Many additional studies have been performed to elucidate the structure of the ternary system
Li.Ca(NH),, which should help explain this material’s superior hydrogen storage properties as
compared to Li-NH. A combination of XRD, XANES, EXAFS and Li-NMR revealed that the
material has the anti-La,O; structure, which is a hexagonal structure in which calcium is
octahedrally and Li tetrahedrally coordinated towards nitrogen [3]. A later neutron diffraction
study by Wu revealed that the material actually has an ordered structure of CaNH and Li,NH
layers. The hydrogen absorption is now believed to solely occur within the Li,NH layers, as
CaNH is relatively inert towards hydrogen absorption, as stated earlier. Upon hydrogen
absorption, lithium imide is basically converted into lithium amide and lithium hydride, leaving
three phases (including CaNH). This resulting three phase material however reversibly releases
hydrogen again at 140°C and 206°C to form the ternary imide. So although the ternary imide is
initially formed by combining lithium amide and calcium hydride, which releases 4 formula units
of hydrogen, this involves two conversion steps: formation of lithium imide combined with

conversion of CaH, into CaNH, which then reacts with Li,NH to form Li,Ca(NH),.

Initial desorption: 2LiNH, + CaH, >Li,NH + CaNH + 2H, 4.6 wt% (1.12)
Li,NH + CaNH——>Li2Ca(NH)2

Hydrogen absorption and Li2Ca(NH)2 +H, —=LiNH, + LiH + CaNH 2.3 wt% (1.13)
subsequent desorption:

Kojima et al. and Liu et al. finally showed that many of these hydrogen storage systems suffer
from poor kinetics due to slow surface (hydrogen absorption) reactions. The kinetics can be
greatly improved by ball milling the materials during the desorption process and Kojima et al.
showed that LisN and CasN, both absorbed a considerable amount of hydrogen (about half of
the theoretical value) at room temperature and 1 bar hydrogen pressure. It is probably a
combination of intense contact and local temperature rise due to ball impact that causes the

improved reaction kinetics [7, 10, 11].
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1.8 Aims and objectives
The aim of this work is to get a better understanding of the structural and electrical properties of

some alkaline earth hydrides and nitride hydrides. These compounds contain the hydride ion,
which is not only of (electro)chemical interest, but also plays an important role in hydrogen
storage applications. Understanding the defect chemistry of these materials will be important in
understanding the transport mechanisms for hydride ion conduction and hydrogen uptake and
release. Modifying this defect chemistry and observing changes in structural and transport
properties will be crucial in identifying these mechanisms. Therefore, the host materials in the
MH, and M-N-H (M = Ca, Sr) systems will be doped with aliovalent elements, like sodium and
lithium. The different chapters will have separate introductions that will give specific background

information and explain the more technical aspects of doping, ion conduction mechanisms, etc.
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2 Experimental techniques

2.1 Synthesis and handling

All the starting materials and compounds that were synthesised in this work are all very air and
moisture sensitive and therefore special care had to be taken in the handling and preparation to
avoid serious contamination (by oxides and hydroxides) or decomposition. Handling was
therefore carried out in an argon filled glovebox. Handling includes powder crushing and mixing,
pellet pressing, weighing, loading and unloading of a sealed reactor used for solid state
syntheses and filling of glass capillaries used for X-ray diffraction. Some of the analysis
techniques required samples to be taken out of the glovebox, but samples were always kept in
air tight sample containers. The glass capillaries for X-ray diffraction were temporarily sealed
inside the glovebox, using vacuum grease and were permanently sealed in a flame once they
were taken out of the glovebox. For the thermal analysis samples had to be transferred from an
air tight container to the actual testing equipment, during which the samples were exposed to
air. This was unavoidable, but exposure times were kept to a minimum and were never longer

than 1 minute.

2.1.1 Hydride compounds

Hydride materials were synthesised in a stainless steel reactor, which was loaded and unloaded
in the glovebox and could be sealed, allowing safe transferral between glovebox and a furnace
out with the glovebox. Prior to the solid state reaction, the reactor was purged thoroughly with
argon gas (BOC zero grade, 99.998%) to get rid of possible nitrogen (and oxygen and water)
impurities in the glovebox gas. The argon flow was subsequently swapped for hydrogen gas
(BOC High Purity, 99.995%) to create a pure hydrogen atmosphere. Pure hydride compounds
(calcium and strontium hydride) were synthesised under flowing hydrogen conditions, whereas
the solid state reactions between these parent materials and some alkali metal hydrides (NaH
and LiH) were performed in a closed atmosphere of pure hydrogen. Deuterided compounds
were obtained in an identical manner, with the exception that deuterium gas (Spectra gases,
99.995% chemical purity, 99.7% isotopic purity) was used instead of hydrogen. Molybdenum
metal was used as crucible material. More details about the starting materials and resulting

phases will be given in chapters 3 and 4.
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2.1.2 Nitrogen — hydrogen compounds

The nitrogen — hydrogen containing compounds that will be discussed in chapters 6 and 7 were
synthesised by combining the elements using the glovebox atmosphere. To this extent, 5% H,
(BOC High Purity, 99.995%) and 1 — 2% N, (BOC, 99.998%) had been added to the argon
atmosphere in the glovebox. Oxygen and moisture purifiers in the glovebox dri-train prevented
oxide and hydroxide contamination during synthesis. Calcium and strontium metal and calcium
hydride were subsequently fired in a small tube furnace within this glovebox, using an open
alumina furnace tube at temperatures between 600°C and 900°C. Molybdenum metal was used
as crucible material. More details about the used starting materials as well as the resulting

phases will be discussed in chapters 6 and 7.

2.2 Analysis — diffraction techniques
When electromagnetic radiation comes into contact with small openings (an aperture, grating,

slit, etc.), this will generate secondary wave fronts which scatters the incident beam in different
directions. When a coherent light source is shone on a single aperture, the diffracted beams can
be seen as diffuse rings around the primary dot, called the Airy disc. When there are multiple
apertures close to each other, the secondary wavefronts from each aperture will interfere with
each other and depending on the angle of the diffracted beam, this interference will be either
constructive or destructive. When the beams from different apertures are in phase with each
other they will interfere constructively and the diffracted beam can be observed. The spacing
between two apertures generally has to be around the same order of magnitude as the
wavelength of the electromagnetic radiation, for this phenomenon to occur. For visible light for
instance, gratings are typically used with spacings in the order of 10 um. The spacings in
inorganic crystalline materials are of the order of angstroms so a different radiation is needed.

X-rays and neutrons are an ideal choice as both have wavelengths of 1 — 2 A.

For a grating with slit spacing a, the following relation for radiation wavelength A and diffraction

angle a can be calculated, for which constructive interference will occur:

nl=a-sina (2.1)

This would result in a pattern with sharp peaks at angles given by equation (2.1). A secondary
effect however occurs, caused by the width d of the slit. Several wavefronts will be created at
every single slit, causing additional interference and diffraction. For the diffraction at a single slit,

it can be derived that in order to get destructive interference the following equation holds:

%:%~sina:>/‘t:d~sina (2:2)

23



Doped alkaline earth (nitride) hydrides — Experimental techniques

The resulting diffraction pattern for a single slit is therefore a broad peak and some small

subsidiary peaks.

Now, a grating with a limited number of slits, N with spacing a will give a diffraction pattern,
which is a combination of the two described above. The primary diffraction peaks will be
broadened and have small subsidiary peaks in between them (with N minima between them).
The more slits the grating has, the larger the difference in intensity between the primary peaks
and subsidiary peaks [67]. The intensity of the primary peaks, resulting from equation (2.1)
furthermore, is governed by the width of each separate slit, d, giving a diffraction profile as

shown in Figure 2-1.

e Five Slit Diffraction

wave

Single slit
envelope

Q
|

Figure 2-1: Diffraction pattern for a five slit grating

2.2.1 X-ray diffraction

X-ray diffraction for inorganic structures works on the same principle as light diffraction using
gratings. Now it is the lattice planes and in particular the electron clouds of the different atoms
that cause the X-rays to diffract. Since crystalline materials have, as by definition, ordered
structures, with a regular sequence of lattice planes, these planes will now serve as slits for the
X-rays. Constructive interference will now occur if the X-ray diffracted from the atom in a certain
lattice plane will be in phase with the X-ray diffracted from other planes. This principle was first
described by Laue, who however took rows of atoms as the gratings for X-rays. Although this is
literally identical to light diffraction, in a 3D crystal this required dealing with six angles (incident
and diffracted beam for three lattice parameters), three lattice spacings and three integers, n,,
n, and n, for the number of wavelengths in three dimensions. This approach was much
simplified by Bragg, who described the diffraction in terms of reflections from crystal lattice

planes, which is drawn schematically in Figure 2-2. Treating the diffraction in crystals like this,
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leads to the well-known Bragg equation. The indices h, k and /, refer to the Miller indices of the
lattice planes [67].

niA=2d,, sing,, (2.3)

Figure 2-2: Bragg’s law, AB=BC =d,,, sind

Using reciprocal space, the following general expression can be derived for the d-spacing and
of lattice planes (hkl):

ded = Lz = (ha* +kb' +Ic’ )-(ha* +kb' + /c*) (2.4)

hkl

The superscript * denotes reciprocal vectors. Simple expressions can only be obtained for

orthogonal crystal symmetries (cubic, tetragonal and orthorhombic). Because a*-a’ :i2 and
a

due to the orthogonality @ +«b” =0, etc., equation (2.4) for instance can be rewritten as:

1 h K P (2.5)

—_— —_
2 2 2 2
d, a b c

Similarly for the angle between the normals of two lattice planes (h/k4l; and hokol,):

Ay i, (2.6)

*

hokal,

cosp =

*
hykily

Again, when substituting d,,, with the actual components (ha*+kb*+lc*), simple expressions are

only obtained for the orthogonal crystal symmetries.
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As said earlier, it is mainly the electron cloud around atoms that cause the X-rays to scatter.
Therefore, heavier elements are better scatterers for X-rays than the lighter elements. The
scattering generally drops with increasing scattering angle, as the interference becomes more
destructive between the Z waves, where Z is the atomic number. This effect is stronger for
larger ions, hence anions are affected more than cations. This is also the reason, why the
intensity in X-ray diffraction patterns drops at high angles. The scattering amplitude for an atom
is calculated by summing the contributions of all Z electrons relative to the amplitude of a single
electron. This atomic scattering factor, f, is normally given as a function of scattering angle

(expressed at sing/1).

~ amplitude scattered by atom (2.7)
amplitude scattered by a single electron

The scattering in a unit cell is now determined by summing the atomic scattering factors inside
the unit cell, taking into account the path and phase difference of the scattered waves, i.e.
taking into consideration the symmetry of the unit cell. The result of this summation is called the

structure factor, Fpy, given by:

_ amplitude scattered by atoms in the unit cell (2.8)
n amplitude scattered by a single electron

Fr« contains information about both the magnitude of the scattering as well as the direction, so it
is represented as a vector, in complex format. Now, summing up the scattering contributions of

the different atoms can simply be achieved by adding vectors, in mathematical form:

o | (2.9)
Fo = D_f exp2zi(hu, + kv, +Iw,)
n=0

where 2z(hu, + kv, + lw,) is the phase angle of the n"™ atom with fractional coordinates (Un, Vp,
W,).

The intensity of diffracted X-rays is now easily calculated from the structure factor by multiplying
it by its complex conjugate, Fr . Unfortunately, for centrosymmetric spacegroups this means
that the phase information in the structure factor is lost and only the magnitude remains. Still,
using equation (2.9), from the obtained intensities, one can determine the atomic positions (u,,
v, wp) for the different elements in the unit cell. The equation is usually expanded to contain
such parameters as thermal displacement factors, occupancy, etc., which can all be refined

from the intensities of the diffracted X-rays [68].
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Broadening of peaks also occurs for X-ray diffraction in a similar way to light diffraction from a
grating with a limited number of slits. In small crystallites, only a limited number of lattice planes
is available for diffraction and it can be derived that for 86, the deviation from the theoretical

angle at which constructive interference would occur, the following relation holds:

Y (2.10)
tcos@

200 =

In this equation 286 is usually replaced by B, the width of a diffraction peak at half maximum
peak intensity (shown in Figure 2-3), which gives a good approximation for the crystal size t. For

polycrystalline materials, a correction factor K is added to give the Scherrer equation:

K4 (2.11)
tcosd
] B ~ 250
2(0-50) 20 2(0+50)

Figure 2-3: Schematic representation of a broadened Bragg peak resulting from crystals with a finite size, with
B = 256.

Experimentally, X-ray diffraction patterns on polycrystalline materials are recorded using a fixed
wavelength whilst measuring the diffraction angles. This can either be done in reflection or in
transmission mode. In this work, the Debye-Scherrer method is used, which has a rod-shaped
sample in the centre of the detecting circle. The sample is in fact a glass capillary (diameter ~
0.5 — 0.7 mm) containing the sample material. The Debye-Scherrer method ensures a relatively
good focusing of the diffracted X-rays on the detecting circle, which is an inherent problem for

X-ray diffraction on polycrystalline materials [67].
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2.2.2 Neutron diffraction

Although X-ray diffraction is a powerful technique, it suffers from some inherent disadvantages.
Firstly, little information can be obtained at high diffraction angle, as the destructive interference
increases and hence intensity drops. Secondly, the atomic positions and other information of
elements with similar atomic number are difficult to determine, as they will diffract X-rays equally
strongly. And finally, elements of low atomic number scatter X-rays weakly and especially if they
occur in a unit cell together with heavier atoms, their contribution to the X-ray pattern might be
negligible and information about these elements can therefore not be obtained. Hydrogen for

instance is nearly invisible to X-rays under any circumstances.

This is where neutron diffraction forms a good alternative to X-ray diffraction. Neutrons are
uncharged particles and will diffract with the nuclei in the unit cell, rather than with the electron
cloud. In fact, as neutrons diffract with the much smaller nuclei, no need for complicated form
factors is required, which are used to describe the shape of electron clouds in X-ray diffraction.
This is also the reason why the intensity in neutron diffraction does not fall rapidly at high
diffraction angle and structural information can still be obtained in this region. Moreover, the
neutron scattering length, the neutron diffraction equivalent of the atomic scattering factor, does
not increase with atomic number, but rather follows a random dependency as function of atomic
number. This means that the diffraction intensity is not predominantly determined by the heavy
elements, as it is in X-ray diffraction. In fact, some of the lighter elements have relatively large
neutron scattering lengths, making neutron diffraction the ideal tool to determine their positions

in crystal structures.

Table 2-1 gives the neutron scattering length of some atoms that are likely to be used in the
work described in this thesis. It shows that hydrogen for instance has a negative coherent
scattering length of -3.74 fm, which is comparable to the coherent scattering lengths for Ca and
Na, so it would contribute well to the diffraction pattern. Unfortunately, hydrogen also has a very
large incoherent scattering component (25.27 fm), which causes a large continuous background
signal in the diffraction pattern. Therefore it is preferable to use deuterium, D or %H, which has a
large positive neutron scattering length of 6.67 fm, but only a relatively small incoherent

scattering component.
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Table 2-1: Coherent and incoherent neutron scattering lengths for different elements, adopted from Ref [69].

Atom Coherent neutron  Incoherent neutron
scattering length  scattering length
(fm) (fm)

H -3.74 25.27

D 6.67 4.04

“Li -2.22 -2.49

"N 9.36 2.0

®Na 3.63 3.59

“Ca 4.80 0

Sr 7.02 -

®La 8.24 3.0

Ce 4.84 -

Nd 7.69 -

The experimental setup for neutron diffraction is complete analogous to that for the Debye-
Scherrer method in X-ray diffraction. However, since the flux of neutrons from a neutron source
is much smaller than the X-ray count from an X-ray generator, the setup needs to be scaled up,

to enable one to obtain enough diffraction data within a reasonable time.

Gra?hiie Collimator| | Neutron flight tube
Ilter Ve .., . vy, - .

Monochromator
Adjustable slits -

Monitor

Adjustable slits

Figure 2-4: Schematic overview of instrument D2B at ILL; this instrument is similar in setup to D1A, which is
used in the work presented in this thesis.

2.2.3 Isotopic effect on lattice parameters and thermal expansion
It has been observed that an isotopic effect exists which affects the lattice parameters and the
thermal expansion of the crystal lattice. Covington and Montgomery [70] were among the first to

experimentally observe this effect in the metal ®Li and ’Li isotopes. The effect is caused by zero-
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point motion of the atoms, a quantum effect caused by the anharmonicity of the interatomic
potential. This zero-point motion causes the atoms in a crystal to vibrate, even at a temperature
of absolute zero, because they are slightly displaced from their potential minimum. When the
atomic motion is now described in terms of a harmonic oscillator, it follows that its vibration
frequency w is related to the inverse square root of the reduced mass, u, where k is the spring
constant. The reduced mass of a bond between ions A and B is given in equation (2.13). It
shows that the reduced mass of isotopes of light elements changes more significantly than that

of heavier elements.

P (2.12)
= |—

y7i
1 1 1 (2.13)
—_— = —
uoom, mg

In a relatively simple approximation using the Debye theory, Ubbelohde [71] showed that for
simple ionic crystals (like LiH) the zero-point energy can be calculated using the Debye
expression for specific heat, where @, is the Debye temperature, v the Debye frequency, h

Planck’s constant and k the Boltzmann constant.

hvy (2.14)

It can further be derived that the number of vibrations between v + dv is 9_1\!V2dv so for the
Vb

zero-point energy the next equation holds:

" (2.15)
= 9_/\3/ ﬂvzdv =2nRO,

Vb 0

EO

Equation (2.15) shows the dependency of zero-point energy with @, which is inversely related

to the square root of reduced mass again, via vp. N is the number of frequencies up to p.

The total energy of the lattice is made up by this zero-point energy and the thermal contribution
at T > OK. The thermal contribution is determined by the specific heat. The Debye theory also
shows that the specific heat is inversely related to @p, which means the heat capacity increases
for heavier isotopes. So whereas the zero-point energy is higher for the lighter isotopes, the
heavier isotopes will have a higher heat capacity and therefore a larger coefficient of thermal

expansion, (since the additional energy manifests itself as increased atomic vibrational motion).
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Equation (2.16), the Gruneisen relationship, shows how volume expansion, B, relates to the
heat capacity C,, through « (isotropic compressibility) and y (the Gruneisen parameter). For T

<< @, the following equation (2.17) holds for the specific heat:

=30 = <C. (2.16)
3v
_0U _127°Nk -, (2.17)
Y eT 50

A similar relation can be derived for the lattice parameter. Anderson et al. [72] showed that the

following relation holds at any temperature for the lattice parameter ay in LiH:

a=Au*+B (2.18)

with A and B being different for every temperature. As already discussed, the thermal expansion
will be larger for the heavier isotopes and at high temperatures the difference between the

lattice parameter of two isotopes will become smaller and smaller.

As this effect is more readily seen for the lighter elements, where the reduced mass changes
more significantly with change of isotope, much work has been done on LiH, where both lithium
and hydrogen isotopes can be changed [72-74]. More recently, much work is being done on
germanium crystals, as this element has a large number of stable isotopes that naturally occur
with good abundance [75, 76].

2.3 Thermogravimetric analysis (TGA)
In thermogravimetric analysis (TGA), the weight of a sample is followed, while it is being

subjected to a temperature programme. Buoyancy effects, caused by changes in the density of
the used gas can be determined by running a correction run in an empty crucible. Its
contribution can subsequently be subtracted from the sample’s data. Figure 2-5 shows a
schematic overview of the Netzsch STA 449 C Jupiter, which was used for the thermal analysis
described in this work. This machine is also able to perform differential thermal analysis (DTA),

which will be discussed in the next section.
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Figure 2-5: Overview of the Netzsch STA 449C Jupiter, with TGA/DTA crucibles

2.4 Differential thermal analysis (DTA)

Differential thermal analysis or DTA measures the temperature difference between a sample
and an inert reference material whilst subjected to a heating programme. It is used to measure
exothermic and endothermic processes in the sample. Until the occurrence of a thermal event,
the temperatures of the sample and the reference (usually an empty crucible/pan) should be
zero, but upon a melting, decomposition or other process, the sample temperature will lead or
lag that of the reference and a difference can be recorded. To obtain reliable results, the sample
and reference are placed close together in a furnace to ensure they are subjected to basically
the same temperature programme, with both sample and reference having their own
thermocouple. A third thermocouple measures the temperature of the furnace. The output is
now generally given as the difference in voltage between the two thermocouples as a function
of temperature or time. Quantitative results, like C, values or thermal events in J/g can only be
obtained after calibration of the equipment. Melting of known amounts of a known substance

could for instance be used for calibration.

A more direct way for obtaining quantitative results is differential scanning calorimetry (DSC), a
technique closely related to DTA. In DSC the sample and reference are again subjected to the
same temperature programme, however in two separate compartments with each having its
own heating element. The difference in heat that is required to keep sample and reference at
the same temperature (or to heat them up at the same heating rate) is now recorded and is a
direct measure of the enthalpy change during the different thermal events [22]. Figure 2-6 and

Figure 2-7 give a schematic overview of the difference between DTA and DSC.
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Figure 2-6: Schematic representation of a DTA Figure 2-7: Schematic representation of DSC,
setup, with sample and reference in one furnace with sample and reference being heated in

separate compartments

2.5 Impedance spectroscopy
Impedance spectroscopy is a powerful tool in the electrochemical analysis of solid-state

systems. Rather than measuring relaxation times directly, this technique measures in the
frequency domain. This way, processes with a wide range of relaxation times can be measured
in parallel within a relatively short time. The technique involves the application of an AC
excitation voltage to the studied material at different frequencies and measuring the AC current
response. Impedance is a complex vector, so it contains information about both magnitude and
direction. The magnitude (amplitude of the AC current) and phase angle (phase shift of the AC
current compared to AC voltage) change as a function of the AC frequency, which gives us
information about the resistivity and reactivity of the electrochemical system. Different electrical
and electrochemical processes have different relaxation times, so each of these processes will
become visible at different perturbance frequencies. Different processes can thus be identified
by measuring the impedance over a wide range of frequencies. These processes include bulk
and grain boundary conduction in electrolytes and electrode processes (charge transfer/double

layer capacitance, adsorption/desorption of electrochemical species, etc.).

When a small ac-perturbation, V,e', is applied to an electrochemical system, the impedance is
given by equation (2.19), where w is the angular frequency (2xf), j the imaginary unit and ¢ the
phase shift.

V(o) Ve’ A (2.19)

_ =-2(cosp(w)- jsing(w))

V4 =—
(a)) I(a)) Ioej((u[+(p((t))) Io
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Because the impedance, Z(w) is a complex vector, it is customary to plot the real and imaginary
part as a function of each other, with V/ly being the norm and cos(¢) gving the real and jsin(g)
the imaginary part, respectively. Equations (2.20) and (2.21) represent this mathematically,
whereas Figure 2-8 explains this graphically. Bode plots, in which the amplitude and phase

angle or Z’ and Z” are given as a function of frequency are less frequently used, but sometimes
offer better insight in relaxation times of overlapping processes.

Z,., =Z'=|Z|cosy

(2.20)
Zimaginary = Z" = |Z|S|n(p (221)
Z(0)=2'-jZ" (2.22)
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Figure 2-8: Vector representation of complex impedance; real and imaginary parts can be obtained from
impedance magnitude and phase angle (o)

Different representations are sometimes used, like the admittance Y(w), which is basically the
inverse of the impedance:
1 /Oej(wtﬂo(w)) Io

Y(o) = Z(w) et T\
() V.e f

(cos () + jsinp(w)) (2.23)
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For insulating materials, where determining the dielectric properties is important, the permittivity
(¢) or modulus (M) representation are commonly used. These are, like impedance and

admittance, complex vectors, with the modulus being the inverse of the permittivity [77].

Y C (2.24)
=¢&'-je

e=M"=-
JjoC,

Analysis of the impedance spectra occurs by fitting the data with a model. The system under
consideration is regarded as an electrical circuit, consisting of a number of basic elements
(resistances, capacitors, inductances, constant phase elements (CPE’s) etc.). The electrical
circuit that now represents the real time system can help to understand which processes are
playing a dominant role in the impedance behaviour. Figure 2-9 shows an example of such a
model. It represents a simplified model for the impedance of a pellet of an ionically conducting
material with blocking electrodes. In this model only bulk transport contributes to the impedance.
Cgeom and Cj,: are the geometrical and interfacial capacitances, respectively. The values for R,
Cgeom and Cj; were chosen arbitrarily. Figure 2-10 and Figure 2-11 show the impedance plot

and Bode plots for the impedance belonging to this simplified model.

1.2x10°-
Cgeom
I I Clnt
I I 8.0x10°1
— (0]
<3
Cint Cint — =|\| Cbulk
5-
R 4.0x10
0.0 . .
0.0 5.0x10° 1.0x10°

Z'(Q)

Figure 2-9: Simplified equivalent circuit for the Figure 2-10: Impedance plot for a pellet of an
impedance of an ionically conducting pellet with ionically conducting material with blocking
blocking electrodes electrodes
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Figure 2-11: Bode plots for the impedance from the equivalent circuit shown in Figure 2-9.

1.1.1. Equivalent circuits

Fitting of the measurement data is performed with the EQUIVCRT software [78]. An equivalent
circuit has to be found that fits the measured impedances and can provide a physical
explanation of the studied system. For instance, processes that are expected to occur
simultaneously or after each other appear typically as parallel or series circuit elements,
respectively. Some elements that are typically used in equivalent circuits are listed in Table 2-2,
along with their impedances and admittances. R is a resistor and C is a capacitor. W is a
Warburg element, which describes semi-infinite diffusion. Q is a constant phase element (CPE)
and is in fact a phenomenological element. The exponent a can take any value between -1 and
1. For a = -1 the CPE becomes an inductance, for a = 0 a resistor, for a = 0.5 a Warburg and for
a = 1 a capacitor. The deviation of a from these ideal values represents the distributed nature of
solid state systems (non-homogeneity, rugged surfaces, etc.). Finally, G is a Gerischer
impedance. The Gerischer element describes an impedance response that originates from an

electrochemical process coupled with a chemical side reaction.
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Table 2-2: Impedances and admittances of different circuit elements

Element Description Impedance Admittance
L Inductance Jjol 1
JjoL
R Resistance R 1
R
C Capacitor 1 joC
joC
w Warburg Z, Y,\Jjo
Jio
Q CPE Z, Yo(jo)*
(Jo)*
G Gerischer Z, Y, m

2.5.1 Conductivity studies using impedance spectroscopy

When conductivity studies are performed, bulk and grain boundary responses are the main
features of interest. Therefore they have to be properly extracted from the impedance spectra
using equivalent circuits. For ceramics, bulk and grain boundary transport can generally be
described by placing a resistor and capacitor in parallel. For such a parallel element, the

relaxation time, t is given by:

2.25
1 _pre (2.25)

T =

wsummit

Where, osymmit IS the summit frequency of the semi circle that is described by the RC parallel

element.

When a ceramic is now assumed to behave like a flat plate capacitor (equation(2.26)), it can be
seen that the capacitance is determined by its geometry, A/d and its dielectric constant, e.
Equation (2.26) also includes &, is the permittivity of vacuum, 8.854x10™" F/m. For a typical
sintered pellet, A/d will be 1 — 10 cm and with a dielectric constant of ~10 it can be seen that
bulk or geometric capacitances in the order of 10™ - 10" F can be expected [79].

_£.5A (2.26)
d

C
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Now using a simple ‘brickwork’ model [77, 79] to describe a sintered ceramic it can be derived

that for the ratio of bulk and grain boundary capacitances the following equation holds:

(2.27)

where dy; and dg, describe the length of the grain interior and the grain boundary, respectively,
as shown in Figure 2-12. Cgom and Cg are the geometric (bulk) and grain boundary
capacitances, respectively. It shows that for well sintered ceramics, i.e. when dg,/dy is small, the
grain boundary capacitance increases. Typical grain boundary values lie between 10" and 10°®
F/cm [79].

[
dgb

I s ln

Figure 2-12: Brickwork model for sintered ceramic. Ratio of d,; and dy, determines the order of magnitude of
grain boundary capacitance.

Remaining impedance contributions are generally due to electrode processes, like charge
transfer/electrochemical double layer, oxidation/reduction processes, adsorption/desorption of
electrochemical species, etc. These processes have higher capacitances, with values anywhere
between 10° — 10° F/cm.
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3 Calcium and strontium hydride

The chemistry of the alkaline earth metal hydrides (CaH,, SrH, and BaH,) has not been widely
reported so far. Their crystal structure was first studied by Zintl and Harder [80] using X-ray
diffraction. They found that the metal ions occupy a distorted hexagonal structure, similar to the
PbCl, structure. The unit cell is however orthorhombic with spacegroup P n m a. The positions
of the hydride ions were determined later by Bergsma and Loopstra [36] in a neutron diffraction
study of CaH, and CaD,. Their findings were basically confirmed and slightly improved in a later
study on CaD, by Andresen et al. [37]. Recently, two publications discussed the vibrational
modes of the hydrides’ lattices (phonon modes), which were measured using incoherent
inelastic neutron scattering [81] and neutron vibrational spectroscopy [82], respectively. The
crystal structure of CaH; is shown in Figure 3-1 with Ca-H polyhedra (hydrides coordinating

calcium). The calcium ions are nine coordinated by hydrogen (four H1 and five H2).

Figure 3-1: CaH, polyhedra in the orthorhombic CaH, structure. Unit cell edges also shown in dark grey.

Strontium and barium hydride/deuteride have even been less studied. The crystal structure of
SrD, was studied by Brese et al. [83] using neutron diffraction and Sichla and Jacobs [84]
performed single crystal X-ray diffraction on the same compound, but obviously little information
on hydrogen positions was obtained in the latter study. The structure of barium
hydride/deuteride has only properly been studied by Bronger et al. [85]. It turns out that CaH,,

SrH, and BaH, are all isostructural.
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CaF, actually has this same orthorhombic cottunite structure when subjected to 8 GPa pressure
[38]. At high pressures, the fluorite structure goes from a cubic packing (ABCABC stacking) into
a (distorted) hexagonal one (ABABAB stacking). Figure 3-2 shows how an orthorhombic
(cottunite) unit cell can be constructed within a cubic and hexagonal crystal lattice. Upon
compression however, the ideal a- and b-axes of the orthorhombic cell contract, whereas the c-

axis is elongated. The following relations hold for the ideal orthorhombic lattice parameters in a

hexagonal lattlce: aonhorhombic = Chexagona/ ’ bon‘horhombic = ahexagona/ and Corthorhombfc = \/5 'ahexagonal . It IS

expected that CaH,, SrH, and BaH, adopt the fluorite structure at high temperature [86-88].

This chapter will deal with the structural and thermal properties of calcium and strontium
hydride. Structural analysis will involve both X-ray and neutron diffraction studies, whereas the
thermal properties are studied using a combination of thermogravimetric techniques and

differential thermal analysis.
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Figure 3-2: Orthorhombic unit cell (in green) within a cubic (left) and hexagonal lattice (right)

3.1 Synthesis

CaH; (>97%) was purchased from Fluka. CaD, was synthesised by reacting calcium metal (Alfa
Aesar, 99.5% metals base) with deuterium gas (Spectra gases, 99.995% chemical purity, 99.7%
atom enrichment) at 800°C for 8 hours. Some CaH, was also synthesised for diffraction
purposes; it was prepared in an identical way CaD, was synthesised (using hydrogen gas
(BOC, High Purity 99.995%) instead of deuterium gas). SrH, and SrD, were synthesised
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similarly, using strontium metal (Sigma Aldrich, 99%) which was reacted at 800°C with

hydrogen (BOC, High Purity 99.995%) and deuterium gas, respectively.

3.2 X-ray diffraction results
X-ray diffraction patterns were obtained on a STOE transmission diffractometer with Cu Ka1

source, using glass capillaries. Data was recorded in the range 10° < 26 < 90° with a resolution
of 0.02°. Glass capillaries were filled with sample powder inside a glovebox and sealed before

the measurements.

3.2.1 CaH;

The CaH, purchased from Fluka was of poor crystallinity and needed a heat treatment at 800°C
in pure H, atmosphere before a proper diffraction pattern could be obtained. The pattern can be
found in Figure 3-3. Diffraction patterns of both as prepared CaH, and CaD, are shown in

Figure 3-4 and Figure 3-5.

CaH2 fluka heat treated

zoonE (200)  |(111)
1 (102)

1600

(122)
(011) (211) (213)

| (013)

0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
20.0 30.0 40.0 50.0 60.0 70.0 80.0 2Theta

N
o
S

Absolute Intensity

Figure 3-3: X-ray diffraction pattern for CaH, (Fluka, >97%). Black arrows show CaO (contamination) peaks

All CaH(D), patterns could be indexed and refined using the P n m a spacegroup. The as
prepared powders additionally contained CaO as a secondary phase (spacegroup F m 3 m).
Even though care was taken to prevent contamination of the metals and hydride products with

air and moisture, it seemed impossible to avoid some oxide formation during the syntheses.

After indexing, the purchased CaH, has lattice parameters a = 5.9589(4) A, b = 3.6002(2) A and
c = 6.8154(5) A (cell volume 146.21(2) A3). The as prepared CaH, has nearly the same cell
volume, i.e. 146.30(16) A% with lattice parameters a = 5.960(3) A, b = 3.602(2) A and ¢ =
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6.814(4) A. CaD, has a slightly smaller cell volume, i.e. 145.4(6) A% (a = 5.950(5) A, b =
3.592(11) A and ¢ = 6.804(10) A), for reasons explained in chapter 2, section 2.2.3.

Full pattern refinement, using the Fullprof software, was performed to obtain information about
the position of the Ca ions and their thermal displacement. The hydride ion positions were not
refined, as they are virtually invisible to X-rays. First of all, it must be noted that the Fullprof
refinement resulted in slightly higher values for the as prepared CaH, cell volume, i.e. 146.67
A®. The calcium ions were found to occupy the 4c positions (x, ¥4, z). The values for the other
refined parameters can be found in Table 3-1. As it can be seen, not all the parameters agree
well with each other and some parameters simply do not make any physical sense. The
isotropic temperature factor for Ca in CaH, is negative for instance. In the case of as prepared
CaH, it can be explained by the poor quality of the diffraction pattern. There is low signal to
noise ratio and the intensities of some peaks are unexpectedly high (see Figure 3-4). Possibly
some preferred orientation took place, but mainly X-ray diffraction seems to be nothing more
than a technique for quick analysis of these compounds and to obtain the lattice parameters for
these phases. The diffraction patterns for the purchased CaH, and CaD, are of much higher

quality, however (Figure 3-5).

Table 3-1: X-ray diffraction refinement results for CaH, and CaD,, in spacegroup Pnm a

Refinement CaH; (Fluka) CaH; as CaD; as
parameter prepared prepared
a(A) 5.9583 (2) 5.9653 (8) 5.9468 (4)
b (A) 3.5997 (1) 3.6049 (5) 3.5928 (2)
c(A) 6.8152 (2) 6.8203 (9) 6.8007 (4)
V (A%) 146.17 (1) 146.67 (3) 145.30 (1)
Ca, 4c¢ (x,%,z)
X 0.2381 (8) 0.2325 (13) 0.253 (11)
z 0.1091 (3) 0.1081 (8) 0.1106 (4)
B (A% -2.71 (5) 0.9 (2) 0.45 (7)
Rp 5.20 18.6 4.05
Ruwp 6.46 27.5 5.27
Rexp 5.39 9.95 4.30
x 1.43 7.62 1.50
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Figure 3-4: X-ray diffraction pattern of purchased (left, Fluka) and synthesised CaH, (right). CaO as secondary
phase
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Figure 3-5: X-ray diffraction pattern of CaD,

3.2.2 SrH,

The X-ray diffraction pattern for SrH, can be found in Figure 3-6. The pattern could be indexed
and refined in the P n m a spacegroup. A second phase is present, which could be identified as
SrO (spacegroup F m 3 m). After full pattern fitting using the Fullprof software, the lattice
parameters for SrH, were found to be a = 6.3888(7) A, b = 3.8750(4) A and ¢ = 7.3341(8) A,
which results in a unit cell volume of V = 181.56(3) A®. The cubic lattice parameter for SrO was
found to be 5.1669(4) A. X-ray diffraction was also performed on SrD, and its diffraction pattern
can be seen in Figure 3-7. Again, SrO is present as second phase. After refinement, the lattice
parameters for SrD, are a = 6.3698(4) A, b = 3.8630(2) A and ¢ = 7.3119(5) A, with a resulting
unit cell volume of 179.92(2) A2, Analogous to CaH,/CaD,, the lattice parameters for SrD, are

slightly smaller than those of SrH,, which is explained by the higher thermal motion of the lighter
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hydride ions, compared to the deuteride ions. The values for different refinement parameters

are given in Table 3-2.

From the R-values given in Table 3-2 it shows again that the diffraction pattern for SrD, is of
higher quality than that for SrH,. This is consistent with CaH,/CaD,, but it is not understood why
this occurs.
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Figure 3-6: X-ray diffraction pattern for SrH,
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Figure 3-7: X-ray diffraction pattern for SrD,
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Table 3-2: X-ray diffraction refinement results for SrH, and SrD,, in spacegroup Pnm a

Refinement SrH, SrD»
parameter
a(A) 6.3888 (7) 6.3698 (4)
b (A) 3.8750 (4) 3.8630 (2)
c(A) 7.3341 (8) 7.3119 (5)
Vv (A%) 181.56 (3) 179.92 (2)
Sr, 4¢ (x,%,z)
X 0.2373 (13) 0.2429 (14)
z 0.1095 (6) 0.1096 (3)
B (A% 0.7 (1) 2.22(9)
R, M7 . 414
Ruwp 15.2 5.33
Rexp 15.63 4.08
% 0.94 1.71

3.3 Neutron diffraction results
Neutron diffraction patterns were recorded on CaD, and SrD, powder samples. The diffraction

experiments were performed on instrument D1A at Institut Laue Langevin (ILL), Grenoble. The
neutron wavelength was refined to 1.90946 A. The powder samples (0.5 — 1.0 g) were loaded
into vanadium cans in a glovebox to prevent contamination. An indium wire between the lids
and cans operated as a gastight seal to prevent any decomposition during measurements.
Neutron diffraction patterns were recorded from 0 < 26 < 158°, with a resolution of 0.05°,

measuring for 4 — 5 hours per sample.

3.3.1 CaD,

The neutron diffraction pattern for CaD, is shown in Figure 3-8. The pattern consists of two
phases, CaD, and CaO. The data could be refined using the Fullprof software with satisfactory
R-values. All three ions, Ca, D1 and D2, were set to occupy 4c sites (x, %4, z), which resulted in
good refinement results. Figure 3-8 also shows the calculated pattern and the difference graph

of model and data.
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Figure 3-8: Neutron diffraction pattern and refinement of CaD, (P n m a) with CaO as 2" phase (F m 3 m). Red
curve is observed data, black curve is refinement. Blue trail shows residuals after refinement and green ticks
show reflections for both phases (lower ticks for CaO)

From the fit in Figure 3-8 it can clearly be seen that the neutron diffraction data is of much
higher quality than the X-ray data. This means that more parameters could be refined and more
information about the sample could be obtained from the diffraction data. The values of refined
parameters are shown in Table 3-3. The refinement results agree well with those found in
literature [37, 82]. Also, the occupation for the deuteride ions deviates slightly from stoichiometry
(total deuterium content of 1.91 + 0.02), which can be explained by the reaction temperature of
800°C and considering the pressure — composition isotherms, discussed in chapter 1, section
1.3. Metal (a-phase) and hydride (B-phase) coexist in a two phase system up to near-
stoichiometric composition. At this point the hydride exists as a single phase compound but the
hydrogen pressure for stoichiometric composition shoots up. The B-phase can pick up more
hydrogen at atmospheric pressure at lower temperatures, but kinetically the rate of absorption
will be slower at those temperatures. The cooling rate after the hydriding reaction was 1 K/min,
but apparently this is still too fast for the product to pick up more hydrogen (deuterium) at lower
temperatures. In fact, the deuterium content agrees well with the equilibrium composition for
calcium hydride at 800°C reported in literature [86, 89, 90], which is CaH;g,. The Ca — CaH,
phase diagram as composed by Peterson and Fattore is shown in Figure 3-10.

Further it should be noted that the isotropic temperature factor, B, is slightly higher in the case

of D2, as compared to D1. Also, the refinement suggests that the hydride (deuteride) vacancies
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are mainly located on this site. This might be of importance for the conductivity behaviour of
CaHy, but this will be discussed in a later stage. Finally, 13 mol% CaO is present as a second

phase, according to the refinement.

Table 3-3: Neutron diffraction refinement results for CaD,, in spacegroup P n m a, \. = 1.90946 A

Refinement parameter T =298K

a(A) 5.9455 (1)
b (A) 3.5917 (1)
c(A) 6.7997 (1)
V (A% 145.205 (4)
Ca, 4c (x,%,z)
X 0.2407 (3)
z 0.1094 (2)
B (A% 0.55 (6)
D1, 4c (x,%,2)
X 0.3553 (2)
z 0.4265 (2)
B (A?) 1.16 (4)
Occ 0.987 (10)
D2, 4c (x,%,z)
X 0.9749 (2)
z 0.6756 (2)
B (A% 1.33 (5)
Occ 0.926 (10)
R 424
Rup 5.17
Rexp 3.70
$? 1.95

When all the atomic positions of the calcium and hydrogen (deuterium) are used in the Diamond
software package (Crystal Impact Gpr), a graphical representation of the unit cell can be
calculated, which is shown in Figure 3-9. It shows how Ca is 4 coordinated to D1 and 5
coordinated to D2. The CaDgy polyhedra are prisms of which the faces are the bases of
rectangular pyramids. The CaDg polyhedra are linked by sharing their pyramidal faces. The
software Bond_Str by Rodriguez-Carvajal was used to calculate bond distances and angles.
The distances of the Ca-D bonds are shown in Table 3-4.
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Figure 3-9: Unit cell of CaD., which shows the nine coordinated calcium ions in red.

Table 3-4: Ca-D bond distances in CaD,

N°of bond  Bond type d(A)

1 Ca-D1x2  2258(1)
2 Ca-Di1x1  2261(2)
3 Ca-D1x1 2.304 (2)
4 Ca-D2x1  2.386(2)
5 Ca-D2x2  2507(2)

6 Ca-D2x2 2647 (1)
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Figure 3-10: Left) Ca — CaH, phase diagram as composed by Peterson and Fattore [86]; Right) pH. vs. H/Sr
composition isotherms as reported by Peterson and Nelson [91]
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3.3.2 SrD2

The neutron diffraction pattern of SrD, is shown in Figure 3-11. Again, two phases are present,
SrD, and SrO, which could be refined using the Fullprof software. Apart from the raw neutron
diffraction data, Figure 3-11 also shows the refined calculated pattern and difference plot. The
values for the refinement parameters can be found in Table 3-5. Again, analogous to CaD,, all
ions occupy 4c sites (x, %4, z). On comparison of these refinement parameters with those of
CaD,, it follows that SrD,/SrH, is isostructural with CaD,/CaH, with almost identical atomic
parameters. The total deuterium content is 1.90 £ 0.01, which agrees with the equilibrium
composition for strontium hydride reported by Peterson et al. [87, 91] at 800°C, i.e SrHyg5 —
SrHqig5. The graph that plots pH, vs. H/Sr ratio at different temperatures, as reported by
Peterson and Nelson [91], is shown in Figure 3-10. Like CaD,, there is a slightly lower
occupation of deuterium on the D2 site. Also comparable to CaD,, the isotropic displacement
factor, B, for D2 is slightly higher than that for D1. This shows that these differences are not just

a modelling uncertainty, but are actually reproducible.

Finally, the refinement suggests that 10 mol% SrO is present as a second phase, which is

comparable to the 13 mol% CaO found as a second phase in CaD..
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Figure 3-11: Neutron diffraction pattern and refinement of SrD, (P n m a) with SrO as 2m phase (F m 3 m). Red
curve is observed data, black curve is refinement. Blue trail shows residuals after refinement and green ticks
show reflections for both phases (lower ticks for SrO)
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Table 3-5: Neutron diffraction refinement results for SrD,, in spacegroup P n m a, A = 1.90946 A

Refinement parameter T = 298K

a(A) 6.3673 (1)
b (A) 3.8629 (1)
c (A) 7.3089 (1)
Vv (A% 179.772 (5)
Sr, 4¢ (x,%,2)
X 0.2399 (3)
z 0.1107 (2)
B (A?) 0.45 (4)
D1, 4c (x,%,z)
X 0.3542 (3)
z 0.4266 (2)
B (A? 1.14 (5)
Occ 0.965 (7)
D2, 4c (x,%4,2)
X 0.9742 (3)
z 0.6780 (2)
B (A% 1.51 (5)
Occ 0.937 (6)
R 492
Rup 5.66
Rexp 3.55
x2 2.54

Table 3-6 shows the Sr-D bond distances, calculated from the refinement data, by the Bond_Str

software.

Table 3-6: Bond distances in SrD,

N°of bond  Bond type d (A)

1 Sr—D1x1 2.420 (2)
2 Sr—D1x2 2.430 (1)
3 Sr—D1x1 2.471 (3)
4 Sr—D2x 1 2.584 (2)
5 Sr—D2x2 2.699 (2)
6 Sr—D2x 2 2.824 (2)

A second SrD, sample was tested at different temperatures, up to 600°C in vacuum. The results
are listed in Table 3-7. The occupancy of the deuteride sites was allowed to change freely for
the high temperatures, as it is expected that with increasing temperature the partial deuterium

pressure in the sample increases and thus some deuterium might be lost from the structure.
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Table 3-7: Refinement results for second SrD, sample at different temperatures, using spacegroup P n m a.
Neutron wavelength A = 1.90896 A.

Refinement T =293K T=573K T=673K T=773K T=873K
parameter
a(A) 6.36727 (7) 6.41198 (8) 6.42921 (8) 6.44817 (8) 6.46826 (11)
b (A) 3.86286 (4) 3.89963 (5) 3.91425 (5) 3.93105 (5) 3.95006 (7)
c(A) 7.30914 (8) 7.34072 (10) 7.35339 (10) 7.36708 (11) 7.38093 (14)
Vv (A%) 179.775 (3) 183.550 (4) 185.052 (4) 186.741 (4) 188.583 (6)
Sr, 4¢ (x,%,z)
X 0.2399 (2) 0.2405 (2) 0.2405 (2) 0.2404 (2) 0.2408 (3)
z 0.1109 (1) 0.1092 (1) 0.1081 (1) 0.1076 (1) 0.1067 (2)
B (AZ) 0.96 (3) 1.94 (3) 2.15 (3) 2.51 (4) 3.04 (5)
D1, 4c (x,%,z)
X 0.3528 (2) 0.3516 (2) 0.3513 (2) 0.3510 (2) 0.3496 (3)
z 0.4269 (1) 0.4259 (2) 0.4260 (2) 0.4259 (2) 0.4259 (3)
B (Az) 1.75 (3) 3.07 (5) 3.42 (5) 4.05 (5) 5.04 (7)
Occ 0.998 (5) 0.988 (5) 0.983 (5) 0.980 (5) 0.983 (6)
D2, 4c (x,%,z)
X 0.9738 (2) 0.9751 (3) 0.9762 (3) 0.9770 (3) 0.9780 (4)
z 0.6786 (1) 0.6793 (2) 0.6800 (2) 0.6803 (2) 0.6810 (2)
B (AZ) 2.31 (3) 3.87 (5) 4.42 (5) 5.09 (6) 6.06 (8)
Occ 0.981 (4) 0.959 (4) 0.959 (4) 0.959 (4) 0.951 (6)
R, 3.36 3.16 2.96 2.81 2.98
Rwp 4.18 3.95 3.58 3.34 3.69
Rexp 2.57 2.65 2.61 2.57 2.57
x 2.66 2.22 1.88 1.69 2.06

The deuterium content in this sample is significantly higher than in the previous sample, i.e. the
composition is now SrD,gs. The deuterium flow was kept slightly higher during cooling of the

sample, to allow it to absorb more deuterium at lower temperature.

When the lattice parameters and lattice volume are plotted versus temperature, a non-linear
increase can be seen. This is shown in Figure 3-12. The largest relative change is seen in the b
parameter, which increases with 2.3%. The overall lattice volume expands by 4.9%. These are
large changes compared to oxide materials. Yttria stabilised zirconia (YSZ) only shows a 2%

volume expansion within the same temperature range [92].
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Figure 3-12: Lattice parameters and volume of SrD; as function of temperature

The observed non-linear increase in lattice volume may reflect a second order phase transition
and could be indicative of short-range disorder, which could explain some of the features
observed in the conductivity behaviour for SrH, (and CaH,). This will be discussed in chapter 5.
Thermal analysis also shows signs of a secondary phase change (order — disorder) as will be
discussed in section 3.4.4. Apart from the non-linear increase in lattice parameters, some trends
in the shifting of lattice parameters can be observed as well. In general it seems that the atoms
in the unit cell are slowly moving towards the mirror and glide planes (i.e. centres of symmetry).
This is probably a very first onset of the transition into the high symmetry cubic (fluorite)
structure, which SrD, supposedly adopts at 800 — 850°C. Gibson and Irvine related a change in
the slope for the isotropic temperature factors vs. temperature to an order — disorder transition
in 8 mol% YSZ [92]. The order — disorder transition involved the disappearance of oxygen
vacancy — dopant associations at high temperature. The isotropic temperature factors in SrD,
rather show a non — linear increase (Figure 3-13), much like the lattice parameters/volume. The
order — disorder in strontium hydride is not related to any extrinsic defect chemistry and is rather

thought to originate from rapid interchange of the two hydride ion sites at high temperatures.
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The non-linear behaviour reflects the second-order nature of the phase transition, which is likely
to occur over a wide temperature range. Figure 3-14 finally shows the decrease in deuterium

content for SrD, as a function of temperature.
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Figure 3-13: Isotropic temperature factors versus Figure 3-14: Deuterium content in SrD, as a
temperature function of temperature

It is possible that the small loss of deuterium from the SrD, structure contributes to the observed
non-linear behaviour of lattice parameters, volume and isotropic temperature factor. The
conductivity behaviour however, still supports a (short range) order — disorder transition, as the
conductivity tests were performed in hydrogen atmosphere. A loss of hydrogen from the
structure is not expected in such an atmosphere and the transition is therefore not caused by

changes in stoichiometry.

3.4 Thermal analysis
Thermal properties and the stability of CaH, and SrH, were analysed using a combination of

thermogravimetric analysis (TGA), differential thermal analysis (DTA) and mass spectrometry
(MS). All measurements were performed on a Netzsch Jupiter STA449C (TGA/DTA) linked to a

Pfeiffer Vacuum Thermostar mass spectrometer.

3.4.1 TGA - CaH;

Measurements in argon or 5% H, in argon all show a similar trend. First there is a small weight
loss at low temperature, i.e. 190 — 200°C. This is believed to be a decomposition step of the
hydroxides that were formed on the sample’s surface during loading into the instrument. The

hydroxides decompose into oxides upon releasing water, according to equation (3.1).
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Ca(OH), —=2%¢_,Ca0 +H,0 (3.1)

A large weight loss occurs at higher temperature, which involves the decomposition of the
hydride into its elements. In argon, this step occurs at ~675°C, in the mixture of 5% H, in argon
decomposition occurs at ~760°C. The decomposition temperature of metal hydrides is highly
dependent on the partial hydrogen pressure as explained in section 1.3, chapter 1. Thermal
analysis could not be performed in pure hydrogen atmosphere, but studies on the calcium —
calcium hydride — hydrogen system suggest stability up to 1000°C [89]. Table 3-8 summarises
the thermal analysis results obtained for CaH,.
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Figure 3-15: TGA for CaH; in argon (green) and 5% H/argon (red)

Table 3-8: Thermal analysis results for CaH,

Thermal analysis in argon

Temperature (°C)  Weight change (Wt%) lon masses involved Molecules involved
209 -0.01 m2 Ha
675 -4.83 m2 Ha

Thermal analysis in 5% Hy/argon

191 -0.04 m2 Ha
760 -4.76 m2 Ha

CaD, was also tested for thermal stability under identical conditions to CaH,. The behaviour in
argon was, as expected, very similar to CaH,, with a slightly lower decomposition temperature,
i.e. 635°C. The explanation for this may be found in the slightly higher specific heat of the

deuteride as compared to the hydride (chapter 2, section 2.2.3). This means more heat is
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absorbed by the deuteride and the Ca — D(H) bonds will break at lower temperatures. The
weight loss is less than twice the weight loss observed for CaH, as the sample contains 13
mol% CaO and the deuterium content is actually less than 2, as explained in the neutron
diffraction section in this chapter (actual composition is CaDg1). This results in a weight loss of
7.15 wt%. The behaviour of CaD, in 5% H, / argon however, is surprisingly different from that of
CaH.,. A relatively small weight loss at ~190° is followed by a large weight loss already at
~390°C. The small weight loss probably involves decomposition of surface hydroxides again,
although the weight loss is larger than the weight loss observed for CaD, in argon at that
temperature, i.e. 0.21 wt% instead of 0.04 wt%. Also, two deuterium peaks can be observed in
the mass spectrum at this temperature, suggesting that two separate processes occur
consecutively. The weight loss at 390°C is 2.63 wt%, which is significantly smaller than the
theoretical weight loss of 7.15 wt%, but it is followed by another large weight loss at 765°C, i.e.
4.11 wt%. This thermal behaviour suggests that deuterium — hydrogen exchange is taking place
in two steps at intermediate temperatures (i.e. 270°C and 390°C). This process does however
not complete and full decomposition of CaH,/CaD, occurs at 765°C, as observed earlier. The
fact that deuterium — hydrogen exchange does not complete in 5% H, atmosphere can readily
be seen in Figure 3-16: the weight loss at 390°C does not reach a plateau and is seamlessly
followed by the weight loss at 765°C, belonging to CaH, decomposition. Also, the weight loss at
390°C (and 270°C) does not reach 50% of the theoretical weight loss, which would be expected

for complete deuterium — hydrogen exchange. Instead, only 2.77 wi% is lost, as opposed to

7.15wt%
2

exchange completed before CaH, decomposition, this test was repeated in a richer hydrogen

= 3.57 wt%. To get a clearer picture and see the process of deuterium — hydrogen

atmosphere, i.e. a mixture of 35% H, and 65% argon. The resulting TGA graph can be seen in
Figure 3-17. Now the weight of the sample reaches a plateau, after a loss of 3.34 wt% at 375°C.
Together with the smaller loss at 275°C, this comes to 3.50 wt%, which is very close to half the
theoretical weight loss, i.e. 3.57 wt%. In this atmosphere, the decomposition of CaH, is shifted
to higher temperatures and only starts at ~805°C. Only partial decomposition can be observed,
seeing from the weight loss of only 0.24 wt%. This suggests that after losing 0.12 units of H in
CaHy g9, the resulting compound CaH; 75 is stable up to 900°C (at least kinetically). Figure 3-18
finally shows the ion current of mass 3 that was recorded during the TGA of CaD, in 35% H. It
clearly shows a large peak at the main weight loss, meaning that the compound loses deuterium
to form HD molecules (resulting from deuterium ions recombining with hydrogen from the
atmosphere). The TGA results for CaD, in argon, 5%/95 % H,/argon and 35%/65% H,/argon

are summarised in Table 3-9.

The observed isotope exchange can at least partly be attributed to surface exchange, as the
tested material was a powder and surface areas should be high in this case. The exchange,
which already starts at temperatures below 400°C, is however very quick and completed within

a 300°C temperature range in the case of 35% H, atmosphere. As isotope exchange is usually

55



Doped alkaline earth (nitride) hydrides — Calcium and strontium hydride

a statistical process, which takes long times at high temperatures, it is believed that CaH,/CaD,

acts as a catalyst for this process. The exchanges rates observed here are unusually high and

might have large implications in terms of membrane applications.
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Figure 3-16: TGA for CaD; in argon (green) and 5% H/argon (red)
Table 3-9: TGA results for CaD,
Thermal analysis in argon
Temperature (°C) Weight change (Wt%) lon mass involved Gas involved
197 -0.07 m4 D
637 -7.30 m4 D
Thermal analysis in 5% H> — 95% argon
189 -0.07 m3 HD
271 -0.14 m3 HD
388 -2.63 m3 HD
768 -4.11 m3 HD (Hy)?
Thermal analysis in 35% H, — 65% argon
186 -0.11 m3 HD
276 -0.16 m3 HD
375 -3.34 m3 HD
- (H2)®

807 -0.24
%) No significant mass 2 peaks could be observed, due to the high background level in 5% and 35 % Ha

atmospheres.

56



Doped alkaline earth (nitride) hydrides — Calcium and strontium hydride

TG /% Temp. /°C
@
100 e e 2211 900

99 1 - 800

Mass Change: -0.16 %

981 Mass Change: -0.14 % 700

600

971 49.1 min, 275.9 °C

“L of 500
96 ‘
9 o T 69.0min 3750°C 155.5 min, 807.1 °C
- 71.5 min, 387.6 °C 1476 min 7676 ¢ 300
. , 767. y
94 1 .,.-"'-—‘ /
Mass Change: -3.34 %/ . 200
e Mass Change: -2.63 % Mass Change: -0.24 %
931 7 Mass Change: -4.11 % 100
20 40 60 80 100 120 140 160 180

Time /min

Figure 3-17: TGA for CaD; in 5% H,/argon (red) and 35% H,/argon (blue)

Temp. /°C
TG /% lon Current *10-8 /A

100.0 900

99.5 4 800

99.0 700

98.5 1 600

98.0 1 500

400
97.5 4

300
97.0 1

200
96.5

100
96.0

Time /min

Figure 3-18: TGA for CaD; in 35% H./argon showing ion current for mass 3 (HD)

3.4.2 DTA - CaH,

The differential thermal analysis graph for CaH, is harder to interpret. It is shown in Figure 3-19.
The slopes of the curves change at 469°C and 536°C in 5% H,/argon and argon, respectively.
This change in slope could be caused by a second order phase change which involves
disordering of the hydride ions. This change will be discussed in more detail after showing the
conductivity results for CaH,. Fast exchange with atmospheric hydrogen seems to affect this

change, causing the change in temperature found for 5% H, atmosphere. Comparison with the
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DTA data for CaD, (discussed below) however, suggests that the transition temperature of
469°C in 5% H, might be incorrect.

An endothermic process can be observed around 780 — 790°C. The temperature range agrees
well with the orthorhombic to cubic phase transformation, as mentioned by Peterson and Fattore
[86]. This transition was initially determined for BaH, at 550°C, both crystallographically and
using DTA [88], but could only be found using thermal analysis in the case of CaH,. This phase
transformation should however not be observed for CaH, in argon, as it has already
decomposed at 675°C. Even in 5% H, atmosphere the internal partial hydrogen pressure is
probably too high for this transition to be observed. It is therefore more likely that this process is
simply a reaction of calcium metal, originating from the decomposition reaction, with the alumina

crucible.

The DTAs for CaD, have been recorded in three different atmospheres: argon, 5% H, in argon
and 35% H, in argon. The DTA for CaD, in argon looks similar to that of CaH, in argon. CaD, in
5% H, looks slightly different from its hydrided counterpart. The clear change in slope which
was observed for CaH, at 469°C cannot be observed at that temperature and seems to have
shifted to much higher temperature, i.e. 589°C. Furthermore, the temperature at which this
change in slope is observed seems to be dependent on the partial hydrogen pressure of the
atmosphere: with increasing pH, an increase in temperature from 560°C to 628°C can be seen.
The difference in the DTAs for CaH, and CaD, in 5% H, is surprising, because CaD, undergoes
isotope exchange in hydrogen containing atmospheres, which should result in nearly identical
DTAs above ~400°C. All DTA results are consistent however, when it is assumed that the DTA

for CaH, in 5% H, is slightly out of order.
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Figure 3-19: DTA for CaH; in argon (green) and 5% H./argon (red)
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Figure 3-20: DTA for CaD, in argon (green), 5% H,/argon (red) and 35% H,/argon (blue)
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The TGA for SrH, in argon and 5% Hy/argon is shown in Figure 3-21. The behaviour is very

similar to CaH,. A small weight loss, due to decomposition of Sr(OH), into SrO, can be

observed at ~230°C. This is followed by a large weight loss at ~660°C or ~785°C for argon and

5% H, atmosphere, respectively. The second weight loss can furthermore be separated into two

stages: first SrH, decomposes into strontium metal and hydrogen and subsequently strontium

metal starts evaporating. Thus the weight loss seems much larger than that observed for CaH,.

The weight loss due to SrH, decomposition amounts to 2.01 — 2.12 wt%, which suggests the

presence of 5 — 10 mol% SrO. This agrees with neutron diffraction results.
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Figure 3-21: TGA for SrH; in argon (green) and 5% H,/argon (red)
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Table 3-10: TGA results for SrH,

Thermal analysis in argon

Temperature (°C) Weight change (Wt%) lon masses involved Molecules involved
230 -0.17 m2 Ho
661 -2.01 m2 Hz

Thermal analysis in 5% H/argon

230 -0.19 m2 Ha
784 -2.12 m2 Ha

SrD, was also thermally analysed. Its TGA in argon and 5% H,/argon can be seen in Figure
3-22. Analogous to CaH,/CaD, the behaviour in argon is similar for SrH, and SrD,. The large
weight loss occurs at only slightly lower temperature: ~653°C as compared to 661°C for SrH..
The total weight loss amounts to 3.95 wt%, which is very close to twice the weight loss
observed for SrH,, i.e. 2.01 wt%. It also agrees well with the calculated weight loss for a sample

containing 10 mol% SrO and a deuterium stoichiometry of 1.91.

Also analogous to CaD,, in 5% H, atmosphere the total weight loss occurs in two major steps. A
smaller weight loss at 170°C (0.35 wt%), which again seems to consist of two separate
processes, is followed by a significant weight loss at ~330°C (1.44 wt%). Another large weight
loss of 2.32 wt% occurs at 753°C. This behaviour is very similar to CaD, in a 5% H.
atmosphere, which is expected as the materials are chemical analogues. A deuterium —
hydrogen exchange takes place in two steps at 260°C and 330°C, followed by decomposition of
the thus formed SrH, at 753°C. These weight losses add up to a total loss of 3.98 wt%, which is
in excellent agreement with the weight loss observed for SrD, in argon atmosphere. The final
decomposition temperature of 753°C is lower than the one observed for pure SrH, in 5% H,
atmosphere, which can be explained by the presence of some residual SrD, which decomposes
at slightly lower temperature. Also, the TGA run on this particular sample was quite noisy
making accurate estimates of decomposition temperatures harder. Unlike CaD,, the deuterium
— hydrogen exchange seems to reach a plateau before decomposing completely at ~750°C.
The weight loss due to this exchange is however slightly lower than the theoretical weight loss

0,
for this process, i.e. %Wt/o =1.98wt% .
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Figure 3-22: TGA for SrD; in argon (green) and 5% H,/argon (red)
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In order to see whether complete exchange could be observed, this sample was also tested in a
richer hydrogen atmosphere (i.e. 35% H, in argon). The results can be seen in Figure 3-23,
where SrD, in both 5% H, and 35% H, atmosphere is plotted. It shows that in 35% H, the

plateau for deuterium — hydrogen exchange is reached more quickly, but that the weight change

is almost identical with 5% H,. Finally, only a small weight loss of 0.26 wt% occurs due to

decomposition of SrH, at 797°C, showing again that decomposition is strongly dependent on

partial hydrogen pressure. Mass spectroscopy (Figure 3-24) further reveals that the main
decomposition product in hydrogen atmosphere is HD gas, which forms by combination of

deuterium and hydrogen ions. Table 3-11 summarises all TGA results for SrD, in different

atmospheres.
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Table 3-11: TGA results for SrD,

Thermal analysis in argon

Temperature (°C)

Weight change (wt%)

lon mass involved

Molecule involved

Temp. /°C
[1\]

169 -0.19 m4 D,
653 -3.95 m4 D,
Thermal analysis in 5% H, — 95% argon
169 -0.13 m3 HD
262 -0.22 m3 HD
331 -1.44 m3 HD
753 -2.32 m3 HD
Thermal analysis in 35% Hz — 65% argon
169 -0.17 m3 HD
253 -0.40 m3 HD
325 -1.33 m3 HD
797 -0.26 m3 HD
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Figure 3-23: TGA for SrD; in 5% H/argon (red) and 35% H./argon (blue)
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Figure 3-24: TGA and ion mass 3 for SrD, in 35% H./argon

3.4.4 DTA - SrH;

The differential thermal analysis of SrH; is harder to interpret than its TGA. Several significant
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changes in slope can be observed, both in argon and 5% H, atmosphere, but it is hard to

connect them to chemical or physical processes in the materials. Peterson and Colburn suggest
a phase change at high temperature, i.e. 800 — 850°C [87]. A peak is visible at ~800°C for both

atmospheres, but as this temperatures is beyond the decomposition temperature of SrH, in

those atmospheres, this probably involves the evaporation of strontium metal, which melts at

777°C. Alternatively, strontium metal might react with the alumina crucible at this temperature. It

is further thought that some order — disorder transition might take place in the orthorhombic

structure, which could account for some of the more gentle changes in the slopes. The DTA

graphs for SrH, are shown in Figure 3-25.
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Figure 3-25: DTA for SrH; in argon (green) and 5% H./argon (red)

Similar DTAs were obtained for SrD,, shown in Figure 3-26. The DTAs for three different
atmospheres are shown: argon, 5% H,/argon and 35% Hj/argon. It can be seen that the DTA
appears flatter when the atmosphere becomes richer in hydrogen, or alternatively when the
hydrogen partial pressure increases. Unlike the DTAs obtained for SrH,, some of the
temperatures at which the slopes change agree well with observed changes in conductivity
behaviour as explained in chapter 5. It is assumed that these changes are due to an order —
disorder transition and the temperatures at which they occur actually show an interesting trend
as a function of pH,. The onset of the order — disorder process (around 330°C) is shifted to
lower temperatures for higher pH,, whereas the completion (~600°C) is shifted to higher
temperatures. The onset temperatures in the hydrogen containing atmospheres are also nearly
identical to the temperatures at which the second step of deuterium — hydrogen exchange takes
place. The change in slope is however reproducible in argon atmosphere (no isotope exchange
possible), so it must at least partly relate to a transition that does not involve isotope exchange.
An event is also observed for SrH, in 5% H, atmosphere at slightly higher temperature, i.e.
370°C, confirming that isotope exchange is not the only contributor, if at all. The peaks at higher
temperature (~800°C) are probably due to strontium metal evaporation or reaction with the
alumina crucible, as discussed before. Melting/reaction however, does not occur until SrD,/SrH,

has decomposed, hence the increase in temperature when the pH, is increased.
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Figure 3-26: DTA for SrD, in argon (green), 5% H,/argon (red) and 35% H,/argon (blue)

3.5 Future suggestions
For the synthesis of single phase hydride and deuteride materials, gas purification (e.g. oxygen

scrubber and molecular sieve) might be required to prevent contamination of the product with
oxides. Alternatively, very pure hydrogen could be obtained by decomposing a metal hydride
that is stable up to intermediate temperatures, for instance MgH, or TiH,. This is not an

economical solution for the synthesis of deuterides.

3.6 Atmospheric exchange — H/D disordering

As will be shown in chapter 5, the conductivity behaviour for CaH, and SrH, suggests an order —
disorder phase transition taking place at ~450°C and ~320°C, respectively. Thermal analysis
supports this second order transition and high temperature neutron diffraction suggests the
transition is of short range nature. High atmospheric exchange rates for hydrogen/deuterium
were observed as well, within a similar temperature range, at which disordering takes place,
suggesting that these processes are correlated. The high isotopic exchange rates point to very
large chemical diffusivities for these species and this makes these materials of great interest in

membrane applications.
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4 Structural properties and thermal stability of Na and
Li doped CaH; and SrH,

Doping of CaH, and SrH, with heterovalent ions (i.e. Li, Na, La or Y) is interesting from an
application point of view, as this type of doping is expected to introduce extrinsic defects into the
host material. The introduction of extrinsic defects for instance, has proven to enhance the
conductivities of many materials (eg. Y>O3 doping in ZrO,, Na,SO, doping in NazPO, or NaF
doping in CaF, [93-97]). The enhancement in such properties however, generally has a
structural cause. Doping zirconia with yttria is an extreme example as the doping causes a
stabilisation of the high temperature cubic phase of zirconia at room temperature. This results in
a highly conductive phase at lower temperatures. Although often structural changes are not this
dramatic, even small changes are at least indicative for successful doping. Or in other words:
extrinsic defect chemistry is occurring. Typical structural changes caused by extrinsic defects
are change of lattice parameter, displacement of ions in the crystal structure, change in
cation/anion occupancy and change in thermal displacement factors for the different ions.
Changes in thermal behaviour can also be expected. First and second order transition

temperatures are likely to shift upon doping.

Gorelov and Pal’'guev already reported doping of CaH, with LiH. They claimed to have doped up
to 31 mol% LiH into CaH,, thereby improving the conductivity of CaH, below the cubic phase
transition markedly. They noted though that the phase analysis was done by X-ray diffraction
only and that any second phase LiH might have been invisible due to the light lithium and

hydride ions.

In this chapter, doping of CaH, and SrH, with monovalent ions (Li, Na) is discussed. Li and Na
were chosen as dopant ions purely on the basis of their ionic radius. A close match of the ionic
radii of dopant and host is important in creating solid solutions as this ensures retention of the
crystal coordination and symmetry of the host material. Also, it would prevent the occurrence of
strains and distortions of the host lattice. A similar relationship also holds for the ionic
conductivity of doped materials, as shown by Sorokin and Breitner, who studied CaF, doped
with various lanthanides [55]. An optimum in the ionic conductivity and concomitant minimum in
the activation energy was observed for doping with Gd and Dy, with slightly lower conductivities
for the lighter and larger lanthanides (La, Ce, Pr and Nd). The heavier lanthanides all performed
significantly worse, which was explained by a change in the defect clusters. The ionic radii of
the dopant and host ions are shown in Table 4-1. The ionic radii of both 8-coordinated ions as
well as 9-coordinated ions as reported by Shannon [33] are given. The metallic radii of the close
packed metals are also given [98]. The structural and thermal behaviour of the so formed doped

materials will be compared to those of the undoped host materials. It is expected that the
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monovalent doping will affect the electrical properties of its host materials. This will be

discussed in a different chapter however.

Table 4-1: lonic radii of host and dopant ions [33] and metallic radii [98]

Cation lonic radius, 8- lonic radius, 9- Metallic radius, 12-
coordinated (A) coordinated (A) coordinated, ccp (A)

Ca 1.12 1.18 1.76

Sr 1.26 1.31 1.95

Li 0.92 - 1.28

Na 1.18 1.24 1.66

4.1 Synthesis of Na and Li doped CaH, and SrH,

Li and Na doped CaH, and SrH, were prepared by solid reaction. LiH was only reacted with
CaH,, NaH was reacted with both CaH, and SrH,. First, powders of alkali hydride were mixed
with the alkaline earth hydride powders, using mortar and pestle. The mixed powders were
pressed into pellets at 200 MPa. The pellets were subsequently fired in a closed stainless steel
reactor, filled with a mixture of hydrogen and argon. The solid state reaction of LiH and CaH,
was carried out in one stage: 16 hours at 600°C. The solid state reaction with NaH was carried
out in two stages, 16 hours at 330°C and 16 hours at 600°C. The first stage temperature is just
below the decomposition temperature of NaH in 5% H, / 95% argon atmosphere and is used to
initially stabilise the NaH in the CaH, matrix. Thermal analysis and X-ray diffraction however,
showed that the thus formed product is still two phases, so another reaction stage was added.
After the reaction with NaH at 600°C, the sample colour has changed from white to blue, which

is slightly more intense for SrH,. No colour change occurs for the CaH, reaction with LiH.

4.2 X-ray diffraction
The synthesised LiH — CaH,, NaH — CaH, and NaH — SrH, compounds were first analysed

using X-ray diffraction. The occurrence of possible second phases should be apparent from the
diffraction pattern. A possible second LiH phase might however remain invisible, since the light
lithium ion diffracts X-rays very weakly and hydrogen is practically invisible for X-rays. X-ray
diffraction patterns were obtained on a STOE diffractometer in transmission mode, using Cu

Kao1 radiation.
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4.2.1 LiH - CaH,
The diffraction pattern for LiH doped CaH, (5 mol% doping) is shown in Figure 4-1. Only the 26

range between 27° and 48° was measured. Since X-ray diffraction is generally not sufficient to
properly analyse hydride compounds, it was only used to see whether a single phase
compound had been synthesised during the solid state reaction. In the diffraction pattern of LiH,
shown in Figure 4-2, strong reflections are observed at 38.2° and 44.4°. These reflections are
absent in the pattern of LiH — CaH,, so apparently a single phase compound has been
synthesised, namely CaggsliposH1.95. Neutron diffraction will however be required to confirm
these results, since LiH diffracts X-rays weakly and a possible second phase might not appear
in the X-ray pattern.

(1 1 1) CaH2 5% LiH
500.0 (1 02)

400.0

(200)

! 211)
£ (110)
(013)

31.0 35.0 39.0 43.0 47.0 2Theta

Figure 4-1: X-ray diffraction pattern for LiH — CaH, (5 mol% doping). Black arrows indicate CaO contamination
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LiH room

(200)

60.0

(111)

(220)

(311)

(222)
o (400)

30.0 40.0 50.0 60.0 70.0 80.0 90.0 2Theta

Figure 4-2: X-ray diffraction pattern for LiH

4.2.2 NaH - CaH,
The X-ray diffraction pattern for NaH — CaH, (2 mol% doping) can be found in Figure 4-3. None

of the reflections found for NaH (pattern shown in Figure 4-4) can be observed in this pattern,
which suggests a single phase compound was synthesised. The weight of sample before and
after solid state reaction was taken and a large weight loss was observed, however. Also, a
NaH precipitate was found in the cold zone of the stainless steel reactor, indicating that a large
fraction of the NaH evaporated from the sample. The colour change, from white to indigo,
indicates though that some reaction has definitely taken place. The actual Na content in the
product after solid state reaction was checked using Atomic Absorption Spectroscopy (AAS).

This confirmed that only a small amount of NaH was doped into CaH,, namely 0.02 mol%.
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CaH2-2% NaH

111)
(200)
2000 (1 02)

(011)

l l (211)
(013)

20.0 30.0 40.0 50.0 60.0 70.0 80.0 2Theta

Figure 4-3: X-ray diffraction pattern for NaH — CaH; (2 mol% doping). Black arrows indicate CaO contamination

(1 11 ) NaH synthesised 31-8-07
(200)
1500 (220)
311)
i 222) wo 33D @20
—MM—JLJ o

200 30.0 40.0 50.0 60.0 70.0 80.0 2Theta

Figure 4-4: X-ray diffraction pattern for NaH

4.2.3 NaH - SrH,

Similar X-ray experiments were performed for Na-doped SrH.. Figure 4-5 shows the diffraction
pattern for NaD-doped SrD, (2 mol% substitution) and no NaD reflections can be observed. As
observed for the NaH — CaH; solid state reactions however, significant sodium evaporation took
place and only small amounts of sodium were actually contained in the product material, i.e. 0.1

mol% of the metal content. A clear colour change from white — pink to light blue indicates a
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reaction however. Whether this is due to hydride ion vacancy creation or electronic defects will

be discussed later.

(102)

(111)

011) J 211) { (220)
Y

(013)

20.0 30.0 40.0 50.0 60.0 70.0 80.0 2Theta

Figure 4-5: X-ray diffraction pattern for NaD — SrD, (2 mol% doping). Black arrows indicate SrO contamination

4.3 Neutron diffraction
To analyse the newly formed phases accurately, neutron diffraction was carried out on the

deuterided samples. Experiments were performed on instrument D1A at Institut Laue Langevin
(ILL) in Grenoble (France). The neutron wavelength was refined to 1.90946 A. The powder
samples (0.5 — 1.0 g) were loaded into vanadium cans in a glovebox to protect the materials
from moisture and air. An indium wire between the lids and cans operated as a gastight seal to
prevent any decomposition during measurements. Neutron diffraction patterns were recorded
from 0 < 20 < 158°, with a resolution of 0.05°, measuring for 4 — 5 hours per sample, all at room

temperature.

4.3.1 LiD - CaD,

The neutron powder diffraction pattern for the LiD — CaD, system (5 mol% substitution) can be
seen in Figure 4-6. It shows that apart from the orthorhombic CaD, phase and the cubic CaO
phase, another phase is present. This phase could be indexed as cubic (FM3M) with lattice
parameter 4.069 A, which identifies this phase as LiD. From Rietveld refinement analysis it can
further be seen, that its phase content is 0.85 wt%, which is slightly less than the 1.1 wt%, which
was attempted to be doped into the host material. Some doping might thus have occurred, but
actual Ca substitution with Li will not be more than 1.7 mol%. Another sample, which nominally

contained 2 mol% LiD in CaD, was tested. Here again, a LiD phase could be observed (phase
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content 0.26 wt% as compared to the nominally doped 0.42 wt%); in this case, not more than 1
mol% Ca substitution with Li is to be expected. Small changes in the orthorhombic structure of
CaD, actually do take place, indicating that some Li might have entered the structure. The
changes however do not seem to follow any trend. A decrease in the thermal displacement
parameter for Ca/Li and an increase in the same parameter for D1 seem to be the only
consistent changes for the two Li doped samples. The refinement results are summarised in
Table 4-2.

Table 4-2: Neutron diffraction refinement results for Li — doped CaD,, using spacegroup P n m a, \. = 1.90946 A

Refinement parameter CaD» “CatxLixD2x", 2 mol% “CaqxLixD2«", 5 mol%
nominal substitution nominal substitution
a(A) 5.9455 (1) 5.9458 (1) 5.9448 (1)
b (A) 3.5917 (1) 3.5920 (1) 3.5913 (1)
c(A) 6.7997 (1) 6.7996 (1) 6.7987 (1)
\Y (A3) 145.205 (4) 145.221 (4) 145.151 (4)
Calli, 4¢ (x,%,2)
X 0.2407 (3) 0.2400 (4) 0.2415 (4)
z 0.1094 (2) 0.1092 (3) 0.1095 (3)
B (A% 0.55 (6) 0.43 (8) 0.37 (7)
D1, 4c (x,%,z)
X 0.3553 (2) 0.3561 (3) 0.3549 (2)
z 0.4265 (2) 0.4270 (2) 0.4262 (2)
B (AZ) 1.16 (4) 1.21 (5) 1.25 (5)
Occ 0.987 (10) 0.988 (13) 1.000 (12)
D2, 4c (x,V4,2)
X 0.9749 (2) 0.9753 (3) 0.9757 (3)
z 0.6756 (2) 0.6760 (2) 0.6758 (2)
B (A% 1.33 (5) 1.39 (6) 1.21 (5)
Occ 0.926 (10) 0.945 (13) 0.915 (11)
Phase content LiD (wt%) - 0.85 0.26
Rp 4.24 4.87 4.31
Rwp 5.17 5.78 5.29
Rexp 3.70 4.65 4.16
x 1.95 1.54 1.62
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Figure 4-6: Neutron diffraction pattern for Li doped CaD, (red curve) and its refinement (black curve). Three
phases: Cay,LiD..y (spacegroup P n m a), CaO (spacegroup F m 3 m) and LiD (spacegroup F m 3 m). Blue trail
shows residuals after refinement; green ticks show reflection positions of the three phases

4.3.2 NaD - CaD,
Figure 4-7 shows the neutron diffraction pattern for both CaD, and Ca;,Na,D,, (x = 0.05,

nominally). No shifting of the peaks can be observed, indicating that no changes in the lattice
parameters occurred due to the doping. Small changes in the intensity however, can be seen.
This is most obvious from the combination of (210)/(112) and (211) peaks and the (013) and
(301)/(212) peaks, which can be seen enlarged in the top right corner of Figure 4-7. It shows
that after doping these peaks have more equal intensities, whereas before doping a larger
difference in their intensities could be seen. The most likely causes for these changes in
intensity are shifts in atomic position, changes in the thermal displacement of the atoms or
changes in the atomic content of the unit cell. From Table 4-3 it can be seen that no shift in
atomic positions take place upon doping. There are however changes in the thermal
displacement factors and the occupancies of the deuterium sites. All thermal displacement
factors increase and on both deuterium sites deuterium is lost from the structure. The chemical
formulae are Ca,Na,D;77 and Ca;,Na,D,g, after reaction with 2 mol% and 5 mol% NaD,
respectively. The loss of deuterium is much larger than would be anticipated from the actually

incorporated amount of sodium (0.02 mol%, as measured with AAS), if it is assumed that
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substitution is compensated by hydride ion vacancy creation. The change of deuterium content
was further checked using thermal analysis as discussed later in this chapter. More discussion

will follow to explain this phenomenon.
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Figure 4-7: Neutron diffraction pattern of CaD, (blue) and Ca;xNasD. (x = 0.05, nominally) (red). Inset: zoomed
section of 20 = 47 — 65°
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Table 4-3: Neutron diffraction refinement results for Na — doped CaD,, spacegroup P n m a, . = 1.90946 A

Refinement CaD. “CatxNaxD2y”, 2 mol% “CasxNaxD2", 5 mol%
parameter nominal substitution nominal substitution
a(A) 5.9455 (1) 5.9464 (1) 5.9456 (1)
b (A) 3.5917 (1) 3.5925 (1) 3.5919 (1)
c(A) 6.7997 (1) 6.8000 (1) 6.7992 (1)
V (A%) 145.205 (4) 145.265 (4) 145.204 (4)
Cal/Na, 4c (x,%4,z)
X 0.2407 (3) 0.2405 (4) 0.2400 (4)
z 0.1094 (2) 0.1096 (3) 0.1092 (3)
B (A?) 0.55 (6) 0.58 (7) 0.64 (7)
D1, 4c (x,%,z)
X 0.3553 (2) 0.3551 (2) 0.3552 (2)
z 0.4265 (2) 0.4264 (2) 0.4269 (2)
B (A% 1.16 (4) 1.33 (5) 1.33 (5)
Occ 0.987 (10) 0.922 (11) 0.944 (12)
D2, 4c (x,%4,2)
X 0.9749 (2) 0.9751 (3) 0.9752 (3)
z 0.6756 (2) 0.6762 (2) 0.6762 (2)
B (A?) 1.33 (5) 1.50 (5) 1.43 (6)
Occ 0.926 (10) 0.850 (10) 0.871 (11)
Rp 4.24 3.51 4.17
Rwp 5.17 418 5.07
Rexp 3.70 2.60 3.83
x 1.95 2.59 1.75

4.3.3 NaD doped SrD,

SrD, was doped with nominally 5 mol% NaD only. Actual sodium contents as measured by AAS
are 0.1 mol%, the remainder evaporates during the synthesis and a deposit of NaD can be
found in the cold zone of the stainless steel reactor. Like for NaD doped CaD,, no clear changes
in unit cell parameters could be observed after reaction with NaD, which can be explained by
the small doping levels. Also, no clear changes in the atomic fractional coordinates can be seen.
Analogue to Na doped CaD, changes in the thermal displacement parameters and D
occupancies can be seen though. B, factors for all atoms increase upon reaction with NaD and
the occupancies for both D sites decrease, although the decrease in D content is smaller than
for the CaD, analogue. The resulting composition is Sry,Na,D,g7. The refinement results are
summarised in Table 4-4 and the diffraction pattern, along with its refinement and difference plot

is shown in Figure 4-8.
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Table 4-4: Neutron diffraction refinement results for NaD doped SrD,, spacegroup P n m a, A = 1.90946 A

Refinement  SrD: at 298K SrixNaxD2.y at

parameter 298K
a(A) 6.3673 (1) 6.3673 (1)
b (A) 3.8629 (1) 3.8635 (1)
c(A) 7.3089 (1) 7.3081 (1) P : 3 i - _ 3 :
Vv (Aa) 179.772 (5) 179.777 (4) FERrag
Sr/Na, 4c i *
(x,%,2) L A
X 0.2399 (3) 0.2398 (2) F oue [
z 0.1107 (2) 0.1106 (1) j
B (A%  0.45(4) 0.58 (3) § oo [
D1, 4c _§_ g
(x,%,2) :
X 0.3542 (3) 0.3538 (2) - E
z 0.4266 (2) 0.4267 (2) w F
B (Az) 1.14 (5) 1.39 (4) ]
Occ 0.965 (7) 0.955 (5) Pl (o, AT ) 0, RSP S A AT o)
D2 4C o il 40 60 &0 100 120 140 150
’ 20
(x,%4,2) . N
Figure 4-8: Neutron diffraction pattern for Sry, Na,D..,
X 0.9742 (3) 0.9736 (3) (red curve), refinement (black curve) in P n m a, and
z 0.6780 (2) 0.6782 (2) difference plot (blue trail). Green ticks show reflection
B (AZ) 1.51 (5) 1.92 (4) positions for Sry.,Na,D.., and SrO (F m 3 m) phase
Occ 0.937 (6) 0.912 (5)
R, 4.92 3.19
Rup 5.66 4.04
Rexp 3.55 2.51
2 2.54 2.58

4.4 Thermal analysis
Figure 4-9 shows the TGAs for CaD, and Na doped CaD,. As the neutron diffraction

refinements showed, the sample reacted with NaD had lower deuterium content. This loss
should be reflected in the TGA for both compounds. It can be seen that CaD, loses 7.28 wt%,
which is in excellent agreement with neutron diffraction results, where a phase content of 84.41
wt% for CaD, was suggested (CaO being the secondary phase). In that case the weight loss
indicates 1.88 formula units of D per CaD, unit compared to neutron refinement values of
CaD+ . For CaD, reacted with NaD, the weight loss amounts to 6.61 wt%, which includes a
small weight loss of 0.27 wt% at 210°C. Again assuming the phase contents as given by the
neutron diffraction refinement are correct, this weight loss agrees with a deuterium content of
1.76 formula units, which is reasonably close to the deuterium content predicted by neutron

diffraction (CaDg,). In any case, TGA shows that reacting CaD, with NaD causes a significant
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loss of deuterium from the structure. Figure 4-9 also shows the MS trail for ion mass 4 (D,),

confirming that the weight losses are definitely due to the loss of deuterium.
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Figure 4-9: TGA for CaD; (green) and Ca;xNa,D,., (red); blue dashed line is ion mass 4 on MS showing release
of Dz

Similar behaviour can be observed for SrD, reacted with NaD. A decrease in weight loss is
observed after the reaction with NaD and this change cannot be attributed to an increase in the
SrO content only. The absolute values do not agree with the values for the deuterium content as
predicted by neutron diffraction, but the actual change in weight loss is in excellent agreement.
The actual weight losses for undoped and doped SrD, are larger than the calculated ones,
which is probably caused by some evaporation of strontium metal, even though temperatures
did not exceed 800°C. The values for deuterium contents, as suggested by TGA and as

calculated by neutron diffraction refinements, are tabulated in Table 4-5.
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Figure 4-10: TGA for SrD; (green) and Sr,«Na,D.., (red); blue dashed line is ion mass 4 on MS

Table 4-5: Phase contents and deuterium content as found by TGA and neutron diffraction refinement

Compound Neutron diffraction Thermogravimetric
analysis

MDy phase X in MDy X in MDy

content (wt%)
CaDy 84.41 1.91 1.88
Cai.yNayDy 81.06 1.82 1.76
SrDy 89.32 1.90 2.04
SryyNayDy 83.70 1.87 2.01

4.5 Electron Paramagnetic Resonance spectroscopy (EPR)
Electron Paramagnetic Resonance spectroscopy (EPR) is a technique that is related to Nuclear

Magnetic Resonance (NMR) in the sense that it involves particles with a magnetic moment

(spin) that can absorb electromagnetic radiation. In NMR these particles are nuclei with a net
magnetic moment (spin quantum number | = n_+1 with n = integer), which are separated in a

spin up and spin down energy level by applying a strong magnetic field (Zeeman effect). As the
upper energy level is slightly less occupied than the lower energy level, the lower energy state
nuclei can absorb electromagnetic radiation to flip spin and occupy the high energy level. The
frequency of the electromagnetic radiation in NMR is typically in the order of MHz (radio waves).
In EPR it is unpaired electrons that are studied. Unpaired electrons have a magnetic moment
and spin quantum number %2 and can therefore be split into two energy levels in a similar way.
The energy difference between the two levels when applying an external magnetic field, is given

by AE=h-v=g, -1 B,, where g, the electron’s g-factor, s the Bohr magneton and B, the
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magnetic field. It can be seen that the energy required for changing spin state is directly
proportional to the magnetic field. For EPR the required magnetic fields are much smaller than
for NMR though and the electromagnetic radiation that will typically be absorbed is of higher

energy, i.e. v~ 10 GHz frequency.

Energy

/ms=+1/z

A

AE=hv=E«,—-E
v~10 GHz

Y

\ ms=-%

Bo=0 Bo#0

Magnetic ﬁgld

Figure 4-11: Representation of electron spin energy splitting when subjected to a magnetic field

As unpaired electrons have a chemical or electronic surrounding in materials, they experience
some magnetic shielding and therefore a different magnetic field than the externally applied
field. This can be expressed by formula (4.1). The energy required for changing spin state
therefore changes slightly as well. This is finally represented by the overall g-factor, which

accounts for the unpaired electron’s electronic environment.

B, =B,-(1-0) (4.1)

hv =g, 1:Bey = 9o tt5B, - (1- o) = g 1B, (4.2)

Because EPR is sensitive to unpaired electrons it is the ideal technique to study electronic
defects in ceramic materials. The loss of hydrogen/deuterium that was observed in both neutron
diffraction and thermogravimetric analysis as well as the colouration after reaction with NaH(D)
suggests we might have incorporated electronic defects, namely F-centres. F-centres are
unpaired electrons occupying anion sites. This would explain the remaining loss of
hydrogen/deuterium apart from the creation of a small amount of hydride ion vacancies. In this
case sodium will have acted as a hydrogen getter and the following defect reaction (equation
(4.3)) would take place.
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Hy —"—>3H,(9)+ e (4.3)

EPR was performed on a sample of NaD doped SrD, and as shown in Figure 4-12 it does show
a typical F-centre response at g = 3416 — 3418 Gauss. There is actually a small shoulder on the
peak and so it seems there are two unresolved peaks that resemble the two hydride ion sites,
occupied by unpaired electrons. It must be noted that the response was very weak and the
signal had to be boosted. A detailed analysis of the electronic defect structure was beyond the
scope of this thesis and so no further studies have been performed. The result however does
show F-centre formation and this seems a satisfactory explanation for the large

deuterium/hydrogen losses observed after reactions with sodium.
6.0x10°
4.0x10°

2.0x10° 1

el o

-2.0x10°

-4.0x10°

-6.0x10°

T T T T T T T 1
3000 3200 3400 3600 3800
G

Figure 4-12: EPR spectrum for Sry,Na,D..,, showing an F-centre at 3418 — 3420 G
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5 Electrical properties of doped CaH; and SrH;

Whereas there are only few papers reporting structural properties of alkaline earth metal
hydrides, the electrical properties of these hydrides have been even less studied. CaH, has
been reported to be an ionic conductor of hydride ions. Gorelov and Pal’'guev [31] studied the
conductivity of CaH, doped with LiH and CaF;, using DC techniques. They claimed hydride ion
conductivities up to 10 S/cm above 780°C at which temperature CaH, supposedly adopts the
fluorite structure. Further they report that they were able to dope CaH, with up to 31 mol% LiH,
which causes the phase transition to shift to lower temperatures. Some ambiguous publications
by Zhu [99-101] further suggest good hydride ion conductivity in CaH,, but this was showed only
by direct fuel cell testing, rather than conductivity tests on single phase materials. Strontium and
barium hydride have been studied for their electrical resistances under high pressure by
Wakamori et al [102], but to the author’s knowledge not under ambient pressures. None of the
papers thoroughly study the conduction mechanism of those materials and prove pure hydride

ion conductivity.

In this chapter it is tried to get a better understanding about the electrical properties of CaH, and
SrH, in general and about the hydride ion conduction mechanism specifically, by creating
extrinsic defects. To achieve this, both calcium and strontium hydride have been doped with
sodium hydride to create hydride ion vacancies. The electrical properties of both undoped and
sodium doped calcium/strontium hydride were tested to see the effect of the presence of
hydride ion vacancies.

5.1 Conductivity results
Pellets of CaH, and SrH, were pressed at 200 MPa and subsequently sintered at 800°C for 2

hours in pure hydrogen. Palladium paint was applied on both sides of the sintered pellets after
which the electrodes were annealed overnight at 535 — 595°C in a 5% H; in argon atmosphere.
Impedance spectra in the frequency range of 13 MHz — 5 Hz were recorded with an HP4192
impedance analyser, using an AC perturbation voltage of 100 mV. All testing was performed in
a gas mixture of 5% H, and 95% argon. The validity of the impedance data was tested by
performing the Kronig Kramers transformation. Kronig Kramers validation ensures the
impedance response is within the linear regime and the measured cell is in equilibrium [78,
103]. After validation, the impedance data was analysed using the EQUIVCRT software by
Boukamp [104].
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5.1.1 CaH2
Figure 5-1 shows two typical impedance spectra obtained for CaH, at 315°C and 586°C. The

bulk, grain boundary and electrode responses could be separated, using an equivalent circuit
consisting of a simple series of (RQ) elements. The used equivalent circuits are given in

equations (5.1) and (5.2), which adopt Boukamp’s equivalent circuit representation [104].

(RDU’k Qbu/k ) (Rgb ng ) Qe/eclrode <360°C (5.1)

LRbulk ( Rgb ng ) ( Relectrode Qelectrode ) > 360 ’ C (5 : 2 )

Here L represents an inductance, R a resistor and Q a constant phase element (CPE), which is

defined as:

Y,

CPE —

Y, (jo) 0sn<1 (5.3)

The subscript gb in (5.1) stands for ‘grain boundary’. The inductance only appears at higher
temperatures (>360°C). The bulk capacitance is only visible below 360°C, above this
temperature the bulk response is a simple series resistance. Furthermore, the electrode
response got very noisy below ~400°C, so only the start of its semicircle was fitted at those

temperatures using a single CPE without a resistor in parallel.
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Figure 5-1: Two impedance plots for CaH; at T = 315°C (left) and T = 586°C

The large electrode response for CaH, at low temperatures, which starts to resemble Warburg
behaviour as seen from the 45° angle in Figure 5-1 (T = 315°C), is indicative for hydride ion
conduction. The Pd electrodes will become saturated with hydrogen at low temperatures, due to
the formation of PdHqe. A mass transport limitation will occur, causing the Warburg response.
So it seems that the conductivity is mainly ionic in nature, at least at low temperatures. Table

5-1 lists the values for the different equivalent circuit elements at 315°C and 586°C.
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Table 5-1: Equivalent circuit element values for CaH,

Equivalent circuit T=315°C T =586°C
element

L (H) - 7.3x10°
Rouik (Q) 6.0 x 10° 1.4x 10°
Quuk (Q's") 1.2x10™ -
Nbulk 1.0 -

Rgb (Q) 3.6 x 10°* 71
Qg (Q's") 1.3x10°® 1.9x10%
Ngb 0.63 0.85
Retectrode (Q) - 1.4 x10°
Qelectrode (Q's") 3.5x 107 2.8x10°
Nelectrode 0.59 0.41

The conductivity o of solids can generally be described using the Arrhenius formula:

E (5.4)
oT=A.e ¥

In this formula A is the conductivity prefactor, E, the activation energy and k the Boltzmann
constant. When the conductivity of CaH, is plotted vs. temperature, Figure 5-2 is obtained. The
total conductivity comprises both bulk and grain boundary conductivity. Bulk and grain boundary
conductivities are drawn separately in Figure 5-3. The activation energies for the different

regimes and conductivities in these plots have also been summarised in Table 5-2.

0.01
E, =0.95eV

1E-3
T 154
)
%)
= 1E5

1E6 E_=077eV

10 12 14 16 18 20
1000/T (1/K)

Figure 5-2: Arrhenius plot for the total conductivity for CaH,
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Figure 5-3: Bulk and grain boundary conductivities for CaH,

Two regimes can be observed. Below ~460°C the activation energy is 0.77 eV, whereas for
temperatures above 460°C, the activation energy increases to 0.95 eV. The transition
temperature agrees well with the transition found in DTA (469°C) and it likely involves an order
— disorder transition of the hydride ions. This type of transition, which is best described as a
second order phase change, is often found in ionic conductors [93] and can involve three
conductivity regimes: an ordered regime at low temperatures, a regime where the order —
disorder transition takes place at intermediate temperatures and finally a completely disordered
regime at high temperature. The transition is a thermally activated process and the amount of
disorder increases gradually over temperature up to the point where all ions are disordered. As
this type of transition is of structural nature, it is best to correlate this with the behaviour of the
bulk conductivity. The bulk conductivity actually shows a decrease in activation energy at 460°C
from 0.70 eV to 0.56 eV, which probably means that full hydride ion disorder is reached at this
temperature. Whereas the activation in the ordered and disordered regime only consist of a
migration term, in the transition regime it consists of both migration and defect creation terms,
causing the activation energy to be higher in this regime. The activation energy in the
disordered regime is lowest, as the disordered hydride ions move more freely than the ordered
ones. Therefore, the two regimes observed for CaH, are believed to be the order — disorder
transition regime (< 460°C) and the disordered regimes (> 460°C). The increase of activation
energy in the total conductivity at 460°C must therefore be due to changes in the grain

boundary conductivity.
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5.1.2 NaH doped CaH,

CaH, was doped with NaH in order to create hydride ion vacancies, which could enhance
conductivity, if hydride ion conduction is via a vacancy mechanism. Hydride ion vacancies would

be created according to the following Kréger — Vink reaction:

NaH —%% s Na,, +H} +V; (5.5)

It is assumed that hydride ion vacancies are the main defects and no interstitial sodium ions are

built into the CaH,, structure.

The total conductivity for both CaH, and (CaixNa,)H.« (x = 0.05) is given in Figure 5-4. It can be
readily seen that the conductivity behaviour of both compounds is nearly identical. A small
increase in the activation energies for both regimes can be observed as well, as listed in Table
5-2. Apart from that, the conductivity behaviour looks almost identical. Activation energies for
the different conductivities can be found in Table 5-2. The activation energies for bulk and grain
boundary conductivity in (Caq4xNa,)H,.x are ambiguous, since they do not show the same order
— disorder transition temperature that is found for the total conductivity. From the total
conductivity arrhenius plot a small shift in the order — disorder transition temperature can be
seen, i.e. 500°C for (Cai Nay)H,, as compared to 460°C for CaH,. The bulk conductivity of
(Ca4Nay)Ho shows this transition temperature however already at 360°C, whereas for the
grain boundary conductivity the transition seems to take place at 460°C. The bulk and grain
boundary conductivities for undoped CaH, and doped CaH, are shown in Figure 5-5. Based on
Figure 5-4 and Figure 5-5, differences in conductivity behaviour between doped and undoped

CaH, seem very small, if present.
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Figure 5-4: Total conductivity for Cas..Na,H., and undoped CaH;
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Figure 5-5: Bulk (left) and grain boundary (right) conductivity for Cas.Na,H.., and undoped CaH,

Table 5-2: Activation energies for doped and undoped CaH,

CaH, CajxNaxH2.y, (x = 0.05, nominally)
Conductivity, o Eact (€V) < 460°C Eact (6V) > 460°C  Eaqt (6V) <500°C  Eaq (€V) > 500°C
Total 0.77 0.95 0.80 1.08
Bulk 0.70 0.56 0.83° 0.52°
Grain boundary 0.79 1.35 0.83° 1.42°

®) Transition observed at 360°C

®) Transition observed at 460°C

The structural and thermal analyses have been described in chapter 4. The elemental analysis
of the doped samples has also been given in this chapter. This revealed that only 0.02 mol% Na
could be introduced into CaH,, so very few (if any) free hydride ion vacancies are created. Also,
the remaining understochiometry of H could be explained by the creation of F-centres, which
are not likely to be mobile. The presence of immobile F-centres and the small increase in the
amount of hydride ion vacancies, could account for the lack of change in conductivity. However,
Natsuhara et al. did conductivity tests on NaF doped CaF;, and could only dope 1.7 mol% NaF
into the host material. They however found an increase in conductivity by 3 to 5 orders of
magnitude [95]. This means small changes in the amount of hydride ion vacancies could
improve conductivity significantly. So based on these results, it seems that hydride ion

conduction is hardly vacancy mediated.
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5.1.3 SrH2

Two impedance plots for SrH, are shown in Figure 5-6. They show good similarities with the
impedance spectra recorded on CaH,, confirming the chemical and structural similarity of these
two compounds. Modelling the data was done with similar equivalent circuits as used for CaH,,
given in equations (5.1) and (5.2). Bulk and grain boundary conductivities could only be
separated below 420°C, as the grain boundary response is absent at higher temperatures. At

those higher temperatures, the first series resistance represents the total conductivity of SrH,.
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Figure 5-6: Impedance spectrum for undoped SrH; at 324°C (left) and at 569°C (right)

The Arrhenius plot for the total conductivity of undoped SrH, (Figure 5-7) shows similarities with
that of CaH,, however three regimes can now be distinguished. The low temperature regime
has an activation energy of 0.76 eV, which increases to 0.99 eV at 320°C and finally drops
again to 0.67 eV at high temperature (> 570°C). This is consistent again with the theory for an
order — disorder transition taking place, involving the hydride ions. According to these results,
the process of disordering starts at 320°C and is complete at 570°C. Since movement of the
hydride ions in the disordered SrH, is easier, the activation energy drops to the lower value of
0.67 eV. The separate bulk and grain boundary conductivities can be found in Figure 5-8. The
grain boundary response for SrH; could only be separated below 420°C, so there are only few
data points for the bulk and grain boundary conductivity. They do show a transition at 320°C, as
observed for the total conductivity. The activation energy of the bulk conductivity drops again,
however, suggesting the material goes from a partly disordered structure into a fully disordered
one. The increase and drop in activation energy in the total conductivity therefore seem to be
related again to changes in the grain boundary conductivity. Unfortunately there is no more
information about the bulk and grain boundary conductivity at temperatures above 420°C. The
activation energies for the different regimes for total, bulk and grain boundary activity can be
found in Table 5-3.
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Figure 5-7: Total conductivity for undoped SrH,
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Figure 5-8: Bulk and grain boundary conductivity for undoped SrH,

5.1.4 NaH doped SrH,

Doping SrH, with NaH leads to the formation of hydride ion vacancies again, according to
equation (5.5). Formation of interstitial Na ions is assumed not to take place. The Arrhenius
plots for the total conductivity of doped and undoped SrH; are given in Figure 5-9. Unlike NaH
doped CaH,, the behaviour for NaH doped SrH, is significantly different from undoped SrH,.
The low temperature conductivity is increased by half an order of magnitude and the onset
temperature for order — disorder in the hydride ions is increased by ~100°C. From the bulk and

grain boundary conductivities (shown in Figure 5-10) it could also be concluded that the material
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is already fully disordered ~200°C, causing the activation energies to drop significantly, as the
term for defect creation has disappeared.

Furthermore, the high temperature conductivity, in the disordered regime, for NaH doped SrH,
has decreased slightly compared to undoped SrH,. This behaviour is commonly observed for
doped systems. Whereas the low temperature conductivity is dominated by extrinsic defects,
the high temperature conductivity is dominated by intrinsic defect chemistry, in this case hydride
ion disordering. The Na doping must have a negative entropic effect on the hydride ion

disordering at high temperatures, causing the conductivity to drop slightly.

The activation energies in NaH doped SrH, have all decreased as compared to undoped SrH,.

They can be found in Table 5-3.
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Figure 5-9: Arrhenius plot for total conductivity of Sry,NaH,., and undoped SrH,
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Figure 5-10: Bulk (left) and grain boundary (right) conductivity for Sr,NasH.., and undoped SrH,
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Table 5-3: Activation energies for undoped SrH; and (SryNa,)H«

SrH,
Conductivity, o Eact <320°C 320°C < Eaet < 570°C Eact > 570°C
(eV) (eV) (eV)
Total 0.76 0.99 0.67
Bulk 1.04 0.36 -
Grain boundary 0.67 1.21 -

Sri.xNaxH2«, (x = 0.05, nominally)

Conductivity, o Eat <420°C 420°C < Eat < 590°C Eact > 590°C
(eV) (eV) (eV)
Total 0.62 0.73 0.35
Bulk 0.58 - -
Grain boundary 0.70 - -

5.2 Further discussion
It was tried to electrically test CaH, at higher temperatures, i.e. up to 825°C, to observe the high

temperature phase change from orthorhombic to cubic fluorite. A sudden drop in the impedance
with a factor of ~10 could be seen in fact at T = 822°C (shown in Figure 5-11), however the
electrode degradation was too high to obtain noise free and reproducible data above 700°C.
The electrode degradation also prevented us from doing tests in different hydrogen
atmospheres to see the effect on electrode behaviour. It is reasoned that for pure ionic
conductors, the electrode impedance should improve with higher hydrogen partial pressures.

This effect was however overshadowed by the degradation.
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Figure 5-11: Impedance for CaH, T > 700°C; sudden drop in impedance at T = 822°C
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Painted palladium electrodes are clearly not the ideal electrodes, which could be caused by the
organics that cannot be burnt off in the reducing atmospheres. At higher temperatures, carbon
residues might start reacting with CaH, to form CaC, interfacial layers, which could account for
the increasing impedances at those temperatures. A more suitable electrode should be looked
for, which shows longer term stability, so partial hydrogen pressure dependent studies can be
performed. These should shed more light on the nature of the measured conductivity (ionic

and/or electronic).
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6 The Ca-N-H(D) and Sr-N-H(D) systems

lonic compounds containing both nitrogen and hydrogen often have these elements present in
one shared complex ion, an imide, amide or ammonium ion. The chemical formulas for these
complex ions are NH2', NH, and NH," for the imide, amide and ammonium ion, respectively.
The bonding is mainly covalent, but obviously the bonds are polarised, giving the nitrogen a net
negative and the hydrogens a slight positive charge. In fact, amides and imides are used as
bases in organic chemistry and the ammonium ion is a weak acid, emphasising the protonic
nature of hydrogen in these ions even more. With some cations from group Il (the alkali earth
elements) however, nitrogen and hydrogen form ionic compounds, in which both hydrogen and
nitrogen are present as negatively charged ions and do not form complex ions. In other words,
the hydrogen in the structure is a hydride ion and is bound to both the nitrogen and metal ions.
Nitride hydrides of calcium, strontium and barium have been reported so far [63, 105-107]. It
turns out that the crystal structures of the nitride hydrides of calcium, strontium and barium are
very similar to the imides of the same metals. Wegner et al. [106] reported that barium nitride
hydride is a good conductor of hydride ions and the nitride hydrides of these alkaline earth
metals might therefore be of practical interest in electrochemical applications. This chapter
deals with the synthesis and structural, thermal and elementary analysis of some calcium and

strontium compounds containing hydrogen and nitrogen.

6.1 The Ca-N-H(D) system

Literature reports that calcium imide (CaNH) and calcium nitride hydride have very similar
crystal structures. Calcium imide has a rocksalt structure, spacegroup F m 3 m in which calcium
and nitrogen are octahedrally coordinated to each other. The position of hydrogen is subject of
some debate. Andresen et al. [108] first studied this compound using neutron diffraction
techniques and concluded that the hydrogen was statistically distributed between calcium and
nitrogen. Brese et al. [83] later studied the chemically similar strontium imide (in its deuterided
form: SrND) and used a model where the imide ion is treated as a rigid body with its centre of
mass placed on the origin of the cubic lattice. They found that using this model the imide ion
shows a lot of rotational disorder. They however also calculated a minimum in the electrostatic
energy when the hydrogen was positioned on the body diagonal, i.e. in the [111] direction, close
to the nitrogen. Energetically this would be the most favourable site, being furthest away from
the positively charged Sr ions. Later again, Sichla and Jacobs [109] suggested from single
crystal X-ray studies on calcium imide, that the hydrogen site was close to the nitrogen,
displaced along one of the unit cell axes (direction [001]), occupying a 24e site (00z). Calcium
imide has a cubic lattice parameter of 5.14 A [109, 110]. Calcium nitride hydride crystallises in

the spacegroup F d 3 m, with a lattice based on a superstructure derived from the rocksalt
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structure. Now the hydride ions are on the origin of the unit cell (16c¢ site) and nitride ions on the
16d site (Y2,%%,%2), whereas calcium is located on a 32e site (x,x,x), with x = 0.26, so in distorted
octahedral coordination to both hydride and nitride. The unit cell is a double cubic cell, with
lattice parameter 10.13 A, which is just slightly smaller than twice the unit cell of calcium imide
[107, 111]. On going from imide to nitride hydride, half of the imide groups are replaced by
nitride, the remaining half by hydride ions. The crystal structures of the two compounds are
shown in Figure 6-1.

In terms of a close packing approximation, one can consider both structures to be cubic close
packed arrays of the alkaline earth with the imide groups occupying all the octahedral holes in
the imide structure and hydride and nitride ions each occupying half of these octahedral sites in
the nitride hydride structure. In this latter structure the nitrides and hydrides occupy alternate
[100] directions of the face centred cubic structure close packed array of Ca. This nitrogen

hydrogen site ordering can be considered as a rocksalt type ordering within the anion array.

¢
A

[ r

b a =g @

Figure 6-1: Crystal structures of calcium imide (left) and calcium nitride hydride (right); calcium in red, nitrogen

in blue and hydrogen in grey. In calcium imide hydrogen is positioned on the body diagonal (note that each H
site can only be 12.5% occupied on average.

Ca,NH has previously been synthesised either by reacting CasN, in hydrogen atmosphere [63,

107] or by reacting CazN, with CaH, in vacuum [107], both at high temperatures.

Ca3N W} 3 CaZNH + - N (61)
Ca,N, + CaH, ——uwm 5 2Ca,NH (6.2)
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Calcium imide is traditionally obtained by thermally decomposing calcium amide, which in its
turn is obtained by thermally decomposing calcium hexaammonia complex (calcium metal

dissolved in ammonia).

Ca(NH, ), —— Ca(NH,), + 4NH, + H, (6.3)
Ca(NH, ), —=%%¢_,CaNH + NH, (6.4)

6.1.1 Ca-N-H experimental

Nitrogen and hydrogen containing calcium compounds were synthesised by reacting either
calcium metal (Alfa Aesar, 99.5% metals base) or calcium hydride (CaH,, Fluka, 97%) in an
atmosphere of 5% H, and 1 — 2% N, in argon at temperatures between 600°C and 900°C.
Molybdenum was used as crucible material. The reactions were carried out in a small tube
furnace within the glovebox using an open furnace tube. Nitrogen levels in the glovebox
atmosphere were kept between 1% and 2% for reproducibility purposes. Gas chromatography
results have shown however that nitrogen levels between 100 — 1000 ppm still result in nitrogen
incorporation in the calcium compounds. This shows the sensitivity of those materials to
nitrogen at elevated temperatures. For neutron diffraction, Ca-N-D was synthesised by reacting
calcium metal in an atmosphere of 5% D, and 2% N, in argon at 600°C for 32 hours. Reaction
conditions were further identical to those of the hydrided samples. More detail about the
synthesis procedures is given in chapter 2. The calcium based samples have a bright, yellow

colour, which tarnishes to a darker, slightly green colour after a while.

X-ray diffraction patterns were obtained using a STOE diffractometer in transmission mode with
a Cu Ka1 source. Data was recorded in the range 10° < 26 < 90° with a resolution of 0.02°.

Sealed glass capillaries were used to protect the materials from air and moisture.

Neutron diffraction was carried out on a deuterided sample. Neutron diffraction data was
obtained on diffractometer D1A at ILL, Grenoble (France). The Ca-N-D powder sample of
approximately 1 gram was loaded into a vanadium can in a glovebox. A steel cap was fitted on
top of the vanadium can, which prevented the sample from decomposing, whilst transporting the
sample to the diffractometer. The neutrons had a wavelength of 1.91 A (refined to 1.9114 A).
Neutron diffraction patterns were recorded between 0 < 26 < 158° with a resolution of 0.05°, at
room temperature (20°C, RT), 250°C, 450°C and 650°C, all under vacuum. After heating up to
the desired temperature, 20 minutes was allowed for equilibration. Data collection times were 4
— 5 hours per sample. Indexing of the patterns was done with the CHECKCELL software.

Subsequent Rietveld refinements were carried out using the Fullprof software.
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6.1.2 Ca-N-H XRD results

Figure 6-2 shows the XRD patterns of Ca-N-H synthesised from CaH, at 600 — 900°C. The
compound reacted at 600°C could be indexed in the cubic spacegroup F d 3 m, with lattice
parameter 10.143(1) A. The peaks marked with red circles are typical for the double cubic cell
and are not observed for the calcium imide phase (see the theoretical pattern for calcium imide,
Figure 6-6. Those ‘superstructure’ peaks seem to disappear, or at least lessen in intensity, when
the reaction temperature is increased to 800°C. However at a reaction temperature of 900°C,
the peaks reappear. For reaction temperatures >600°C the lattice parameter decreases slightly
to 10.138(4) A. The lattice parameters suggest that Ca,NH (calcium nitride hydride) is formed
and there is no initial indication of calcium imide (CaNH) formation. The change of the relative
intensities of many peaks (‘superstructure’ peaks and for instance (222) and (400) peaks) does
however suggest a change of stoichiometry, mainly due to the ratio of Ca : N (as hydrogen is
nearly invisible to X-rays). Figure 6-3 shows a zoomed section in which the change of relative

intensities of peaks (222) and (400) can clearly be seen.

Ca2(NH)x from CaH2 600°C, 15h / Range 1
Ca2(NH)x from CaH2 700°C, 15h / Range 1
140.0 (400) Ca2(NH)x from CaH2 800°C, 15h / Range 1

Ca2(NH)x from CaH2 900°C, 15h / Range 1

120.0

(222)

100.0

(%)
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Figure 6-2: XRD pattern of Ca,NH synthesised from CaH; at different temperatures. Red circles mark double
cubic cell peaks (all measured at room temperature)
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Figure 6-3: Zoomed section of XRD pattern in Figure 6-2; patterns have been staggered in 20 to show change in
relative intensities

Refinements of the patterns, carried out using the Fullprof software, show a similar decrease in
lattice parameter as was observed after simple indexing of peaks. Ca,NH synthesised at 600°C
has a lattice parameter of 10.141(1) A, decreasing to 10.130(1) A for a synthesis temperature of
900°C. For the remaining refinable parameters (atomic positions, isotropic temperature factors
and occupancies) some comments need to be made first. The refinement software firstly, does
not contain a proper scattering factor for the nitride ion (N3'), so instead both scattering factors
for the isoelectronic O and F™' ions were used. Furthermore, allowing the isotropic temperature
factors to change freely, resulted in negative values for these, which does not make any
physical sense. Also, temperature factors and occupancies are correlated, so unrealistic B-
values are likely to result in bad estimates for the nitrogen occupancies. Therefore, these B-
values were fixed to 1 A? as approximately found by neutron powder diffraction (discussed in
the next section). With these changes made, significant understoichiometry was found on the
nitride site. It is therefore proposed that some substitution of both nitride and hydride sites
occurs by imide ions (NHZ'). Again, as a scattering factor for N is unavailable, imide ions were
represented by O™ and neutral F in the model, occupying both the nitride (V4,%,%) and hydride
(0,0,0) sites in equal amounts (there is no evidence of preferential substitution, yet). Table 6-1
shows the resulting values for the refinement parameters, using F' and neutral F to reflect N>
and NH” ions. It shows that with increasing synthesis temperature, the substitution by imide
ions seems to increase. The same trend is seen when O and O™ are used, but higher levels of
imide substitution are found (up to 39% NH? occupancy on hydride and nitride site).
Unexpectedly, the lattice parameter decreases with increasing synthesis temperature and
increasing imide substitution. The pure imide phase has a slightly larger equivalent lattice

parameter and a solid solution of imide in the nitride hydride phase should lead to a larger cell
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volume. It is stressed, that the X-ray diffraction patterns were of poor quality and that these
refinements should be treated with caution. The hypothesis of imide substitution still needs to be

confirmed, which will be attempted in the section describing neutron powder diffraction.

Table 6-1: Refinement results for Ca;NH synthesised from CaH,. Refinement in spacegroup F d 3 m, using F"
for N* and neutral F for NH*. Isotropic temperature factors fixed to B = 1 A%

Refinement Synthesis Temperature
parameter 600°C 700°C 800°C 900°C
a(A) 10.141 (1) 10.135 (1) 10.137 (1) 10.130 (1)
Rp 24.9 22.0 11.8 25.1
Rexp 34.0 17.0 15.7 32.3
Rup 9.41 9.96 8.73 13.6
Ca, 32e (x,x,x)

X 0.2582 (4) 0.2500 (5) 0.2523 (5) 0.2507 (5)
N>, 16d (¥5,%,%)

Occ 0.91 (3) 0.81(3) 0.80 (2) 0.71 (2)
NH?%, 16d (¥%,%, V%)

Occ 0.09 (3) 0.19 (3) 0.20 (2) 0.29 (2)
NH?, 16¢ (0,0,0)

Occ 0.09 (3) 0.19 (3) 0.20 (2) 0.29 (2)

When calcium metal is reacted in nitrogen/hydrogen atmosphere, similar results are obtained.
Again, the main product seems to be calcium nitride hydride, Ca,NH, as the patterns can be
indexed in the F d 3 m spacegroup with lattice parameters of 10.141(1) — 10.149(1) A (as
obtained from refinement in Fullprof). Unlike what was observed for reacting CaH,, now the
double cubic cell peaks (‘superstructure’ peaks, marked with red circles) remain observable in
the XRD patterns throughout the reaction temperature range. Still, a change in the relative
intensities of the main peaks (222), (400) and (440) is observed at the different reaction
temperatures. Again this seems to be caused by a change in the chemical composition, as
evidenced by a change in the calculated N> occupancy. The XRD patterns for Ca-N-H are
shown in Figure 6-4 and a highlighted section is shown in Figure 6-5, which shows the change
of relative intensities of the (222) and (400) peaks (the pattern at 800°C seems to be out of
order). The results of the Fullprof refinements are shown in Table 6-2. The same refinement
strategy was employed as described for the compounds synthesised from CaH,. Isotropic
temperature factors were fixed to 1 A?, scattering factors of F' and neutral F were used to
reflect the nitride (N3') and imide (NH2') ion, respectively, and the deviation of nitride occupancy
from unity was compensated by substitution by imide ions on both hydride (16¢c) and nitride

(16d) sites. This time however, trends in the Ca position or the imide substitution are not that
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clear cut, as was observed for the compounds synthesised from CaH,. Generally, imide

substitution still seems to be more pronounced at higher synthesis temperature (>600°C).

Again, it is stressed that the X-ray diffraction patterns were of very poor quality and that these
refinement results give rough trends at best. It is anticipated that better data will be obtained
using neutron powder diffraction which is discussed in the following section. Figure 6-6 finally

shows the theoretical patterns for calcium nitride hydride and calcium imide.

Table 6-2: Refinements for Ca,NH synthesised from Ca metal. Spacegroup F d 3 m, using scattering factors of
F"' and neutral F for N and NH?, respectively. Isotropic temperature factors fixed to B = 1 A?

Refinement Synthesis temperature
parameter 600°C 700°C 800°C 900°C
a(A) 10.143 (1) 10.140 (1) 10.143 (2) 10.149 (1)
Rp 17.4 215 19.1 4.72
Rexp 14.1 27.7 24.3 6.08
Rup 9.55 12.03 13.80 5.01
Ca, 32e (x,x,x)

X 0.2519 (5) 0.2585 (4) 0.2529 (9) 0.2531 (4)
N¥, 16d (Y%, %,%)

Occ 0.98 (3) 0.83 (3) 0.85 (4) 0.90 (2)
NH*, 16d (%%,%,%%)

Occ 0.02 (3) 0.17 (3) 0.15 (4) 0.10 (2)
NH?%, 16¢ (0,0,0)

Occ 0.02 (3) 0.17 (3) 0.15 (4) 0.10 (2)
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Figure 6-4: XRD patterns of Ca,NH synthesised from Ca metal at different temperatures. Red circles mark

double cubic cell peaks (all measured at room temperature)
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Figure 6-5: Zoomed section of XRD pattern in Figure 6-4; patterns have been staggered in 26 to show relative

change in intensities
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Figure 6-6: Theoretical XRD pattern for calcium imide, CaNH (purple) and calcium nitride hydride (blue),
showing difference in relative intensities. Peaks have been staggered in 20 to show differences more clearly.

6.1.3 Ca-N-H neutron diffraction results
As XRD gives little information about the positions of hydrogen in crystal structures and many
XRD patterns were of poor quality anyway, neutron diffraction was carried out on a deuterided

sample to get more structural data.

The diffraction pattern at room temperature could be indexed and refined in the F d 3 m
spacegroup. The cubic lattice parameter of the Ca-N-D phase is 10.1550(2) A, confirming the
nitride hydride (deuteride) phase (Ca,ND) being the predominant phase. Refinement of the
diffraction data was again carried out using the Fullprof software. Initially, a straightforward
model was used with spacegroup F d 3 m as suggested in literature, in which calcium ions
occupy the 32e (x,x,x) sites (x being close to 0.25), nitride ions the 16d (!%,'%,'2) sites and
deuteride ions the 16¢ (0,0,0) sites. It was further observed that the background level in the
diffraction pattern was slightly too high for a completely deuterided sample and therefore it is
assumed that both hydrogen and deuterium are present in the compounds in a ratio of D : H of
9 : 1. Using this simple structural model, a relatively bad fit is obtained, which is mainly caused
by a seemingly lower actual neutron scattering length density on the deuteride site. This could
also be seen from the large isotropic temperature factor for D, suggesting a partially vacant
crystallographic site. When the occupancies for N and D are allowed to change, an occupancy
of 0.83 is obtained for D, whereas the nitride occupancy is calculated to be 1.05. Occupancies
larger than 1 do not make any sense physically, but in this case it may be explained in terms of
imide substitution (as already proposed in the X-ray diffraction section). A general formula

CazN1.4D1.,(ND).y is suggested.
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To see whether imide ions could be present in the Ca,ND (nitride hydride) structure, Fourier
difference plots were made, after refinement in the simple model (fixing the nitride and deuteride
occupancy to 1 initially). Fourier difference plots are an ideal tool to spot possible residual
neutron scattering length density, after refinement. These Fourier difference plots showed
negative scattering length density on the deuteride site, confirming that this site is partially
vacant. Furthermore, small positive scattering length density is present around both the 16¢c and
16d sites, on 969 sites, at a distance of ~1 A. This suggests that some imide ions might indeed
be substituting for the nitride and deuteride ions. To accommodate for these additional imide
ions, the structural model was adapted by putting nitrogen on 96g sites around the deuteride
site (16c) and deuterium on a similar site around the nitride site (16d). The N-D distances were
furthermore fixed to 0.92 A, a typical bond length in an imide ion. Rather than putting the centre
of mass of the imide ion on the ideal crystallographic sites (16¢c and 16d), it was reasoned that
the original ions should stay on their respective sites (D on 16¢c and N on 16d), to assure
retention of the N-D ordering in the cubic structure. The diffraction pattern suggests that
ordering is still strong. Obviously, the initially observed vacancy on the deuteride site (16¢) could
not be compensated by adding extra nitrogen in the vicinity of the site. Therefore the occupancy
of this site was fixed to 0.75. This is in agreement with Brice’s model [107], with two hydride ion

sites, the 16c¢ site being only 75% occupied. The fourier difference plots in this research suggest

some residual neutron scattering on the 8a (%%%) site, which could be where the remaining

deuteride ions are situated (see Figure 6-7). The 8a site is tetrahedrally coordinated to both

calcium and and deuterium.

/
s

y/b

Figure 6-7: Fourier difference map of the x-y plane at z=1/8, showing residual neutron scattering length density
on the 8a site
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The new model, including imide ions and deuteride ion vacancies on the 16c¢ site, has slightly
improved R-values as compared to the first simple model, in which N and D occupancies are
allowed to change. A third model, which includes a second deuteride ion site (8a) as suggested
by Fourier mapping, has even better R-values. Such a model where additional deuterium is
situated in the Ca tetrahedral is in agreement with a neutron diffraction study on Ba,NH [112]. In
the current study, the 8a site is however only 8% occupied, leaving the compound with a net
deuterium understoichiometry of 0.79. The results for the refinements using these three different
structural models is summarised in Table 6-3. The general formula for the compound is now of
the form: CayN4..D1.,-5(ND)y+y, Where & stands for the additional D™ vacancies. As can be seen
from Table 6-3, imide substitution seems equally distributed over both the nitride (16d) and
deuteride (16c) sites, resulting in a net charge neutral defect, as explained by the following

Kroger-Vink equation (6.5). From the refinements an imide substitution of x ~y ~0.08 — 0.10 is

calculated. The positively charged D" vacancies (VD' ) are most likely charge compensated by

electronic defects.

XN + yDX +%N, +%D, —xND;, + yND,, (6.5)

Across the models there is a small variation of the position of the calcium ions. It is however
always slightly displaced from the ideal octahedral coordination with both deuterium and
nitrogen, such that it is closer to nitrogen than deuterium. This can be explained by the stronger

electrostatic attraction from the N* ion as compared to D".

Finally, a secondary phase can be observed, which was identified to be CaO. Whether the CaO
originates from impurities in the glovebox atmosphere or in the calcium metal is uncertain.
According to abundant crystallographic data on CaO, it is a cubic compound with spacegroup
F m 3 m and a lattice parameter of 4.81 A. This information was used to make the secondary
CaO phase an internal standard in order to refine the neutron wavelength at 1.9114 A. Adding
another phase to the refinement model, to accommodate a possible calcium imide phase, does
not improve the overall refinement. In fact, the Fullprof software quickly sets the content of this
third imide phase to zero, indicating that calcium nitride hydride forms as single phase under the
reaction conditions (600°C, 5% Hj,/D2, 1 — 2% N, in argon), apart from some calcium oxide

impurity.
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Table 6-3: Neutron diffraction refinement results for Ca,ND at room temperature, spacegroup F d 3 m,
A=1.9114 A

Refinement Standard CazND  CaxN1xD1y.5(ND)x+y  CazN1xD1y5(ND)x+y
parameter model including 2" D" site on 8a
a(A) 10.1550 (2) 10.1550 (2) 10.1550 (2)
Rp 4.21 4.16 4.08
Rwp 5.40 5.32 5.27
Rexp 2.79 2.79 2.79
$2 3.74 3.65 3.58
Ca, 32e (x,x,x)
X 0.2572 (2) 0.2579 (3) 0.2581 (3)
B (AZ) 1.18 (8) 1.30 (6) 1.34 (6)
N1, 16d (%,%,%%)
B (Az) 1.25 (5) 1.08 (4) 1.14 (4)
Occ 1.05 (1) 1.00 1.00
D1/H1, 16c (0,0,0)
B (Az) 4.7 (1) 3.7(1) 3.7(1)
Occ 0.83 (1) 0.75 0.75
N2, 969 (x,X,z)
imide coordinated
to D1/H1
X - 0.061 (4) 0.063 (3)
z - 0.028 (10) 0.042 (9)
B (Az) - 3.7(1) 3.7(1)
Occ - 0.014 (1) 0.015 (1)
D2, 969 (x,x,z)
imide coordinated
to N1
X - 0.562 (1) 0.5686 (8)
z 0.477 (10) 0.517 (6)
B (A% - 1.08 (4) 1.14 (4)
Occ - 0.016 (4) 0.018 (2)
D4, 8a (%)% J%)
B (A?%) - - 3.7 (1)
Occ - - 0.081 (4)
d (Ca-N) (A) 2.468 (2) 2.462 (3) 2.460 (3)
d (Ca-D) (A) 2.614 (2) 2.620 (3) 2.623 (3)
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Figure 6-8: Neutron diffraction pattern of Ca,N1D1.,.5(ND)x:, at room temperature (red curve); refinement (black
curve) in spacegroup F d 3 m, using a model with imide substitution and 2" D site on 8a. Second phase is CaO.
Blue trail shows residuals (observed — calculated intensiy). Green ticks show reflections

The diffraction patterns of Ca,ND at 250°C, 450°C and 650°C can be seen in Figure 6-10. They
could all be indexed and refined in the F d 3 m spacegroup, indicating that there are no first
order phase changes over this temperature range. The patterns have been refined using the
two models that involve imide ion substitution on both hydride and nitride sites, as these gave
the best fits for the sample measured at room temperature. Figure 6-9 shows a linear
relationship between the cubic lattice parameter and temperature, indicating that no major
distortions of the lattice take place upon heating. A small increase in the imide content was
surprisingly observed with increasing temperature. As this seems unlikely in vacuum, where no
additional deuterium or nitrogen can be incorporated from the atmosphere, the imide content
was fixed for the higher temperatures (450°C and 650°C). On closer inspection of the pattern
recorded at 650°C, a significant reduction in the intensity of the superstructure peaks can be
observed. This is seen most clearly from the relative intensities of the (311) and (222) peaks
and the (533) and (622) peaks, which are shown in detail in the close ups in Figure 6-10. Both
the (311) and (533) peaks decrease in intensity compared to their neighbour at higher
temperature. This is an indication for a lowering of the N-D ordering in the crystal structure. But
as the peaks that are typical for the double cubic cell have not disappeared completely, yet, the
pattern cannot be refined in a simple cubic structure with spacegroup F m 3 m (where both N

and D statistically occupy 50% of calcium’s octahedral sites). Instead, some of the nitride and
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deuteride ions are allowed to cross over to each other’s respective sites, to accommodate some
disordering. It is expected that at even higher temperatures, or for longer equilibration times at
650°C, Ca,ND would be completely disordered. Ca,NF is actually reported to have such a
disordered structure at room temperature, with N and F statistically coordinating calcium
octahedrally [113]. Recent single crystal X-ray diffraction tests however, suggest N-F ordering in

a tetragonal symmetry at room temperature [114].

Also, when refining the additional deuteride site, 8a, the occupancy of this site gradually
decreases with increasing temperature. In fact, in the thermal analysis section that will be
presented in section 6.1.4, it is shown that some deuterium is lost from the structure at ~580°C.
This may mean that the deuterium on site 8a is metastable and disappears at intermediate

temperatures.
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Figure 6-9: Linear relationship of cubic lattice parameter with temperature for Ca;N1.D1.y.5(ND)xsy
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Figure 6-10: Neutron diffraction patterns of Ca,ND at 20°C (blue), 250°C (pink), 450°C (brown) and 650°C (green)
in vacuum. Down left: zoomed section highlighting (311) and (222) peaks. Down right: zoomed section
highlighting (533) and (622) peaks.
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Table 6-4: Refinement of Ca;N;..D1,.5(ND),., at different temperatures in spacegroup F d 3 m, A = 1.9114 A.
Structural model includes imide substitution on 16¢c and 16d sites. Partial N-D disorder takes place at 650°C

Refinement parameter T=20°C T =250°C T =450°C T =650°C
a(A) 10.1550 (2) 10.1927 (2) 10.2219 (2) 10.2567 (2)
Rp 4.16 3.69 3.19 3.15
Rwp 5.32 4.76 3.88 3.78
Rexp 2.79 2.73 2.69 2.74
x 3.65 3.04 2.07 1.90
Ca, 32e (x,x,x)
X 0.2579 (3) 0.2589 (3) 0.2597 (2) 0.2559 (3)
B (A?) 1.30 (6) 1.52 (8) 1.77 (6) 3.02 (6)
N1, 16d (Y2,%,%%)
B (A% 1.08 (4) 1.41 (5) 2.16 (5) 2.10 (5)
Occ 1.00 1.00 1.00 0.88 (10)
D1/H1, 16c (0,0,0)
B (A% 3.7(1) 4.1 (1) 3.4 (1) 4.7 (1)
Occ 0.75 0.75 0.75 0.74 (10)
N2, 969 (x,X,z)
imide coordinated to
DiH1 0.061 (4) 0.021 (3) 0.037 (3) 0.039 (4)
X 0.028 (10) 0.085 (2) 0.074 (3) -0.071 (5)
z 3.7 (1) 4.1 (1) 3.4 (1) 4.7 (1)
B (A% 0.014 (1) 0.018 (1) 0.0167 0.0167
Occ
D2/H2, 969 (x,x,z)
imide coordinated to N1
X 0.562 (1) 0.551 (3) 0.529 (4) 0.545 (3)
z 0.477 (10) 0.446 (6) 0.420 (3) 0.436 (5)
B (A% 1.08 (4) 1.41 (5) 2.16 (5) 2.10 (5)
Occ 0.016 (4) 0.021 (2) 0.0167 0.0167
N3, 16¢ (0,0,0)
partial disorder
B (A% - - - 4.7 (1)
Occ - - - 0.12 (10)
D3/H3, 16d (¥%,%%,%)
partial disorder
B (A?) - - - 2.10 (5)
Occ - - - 0.01 (10)
d (Ca-N) (A) 2.462 (3) 2.461 (3) 2.460 (2) 2.505 (3)
d (Ca-D) (A) 2.620 (3) 2.642 (3) 2.658 (2) 2.626 (3)
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Table 6-5: Refinement of Ca;N;..D1,.5(ND),., at different temperatures in spacegroup F d 3 m, A = 1.9114 A.
Structural model includes imide substitution on 16c and 16d sites and an additional D" site on 8a. Partial N-D
disorder takes place at 650°C

Refinement parameter T=20°C T =250°C T =450°C T =650°C
a(A) 10.1550 (2) 10.1927 (2) 10.2219 (2) 10.2567 (2)
Rp 4.08 3.66 3.14 3.11
Rwp 5.27 4.72 3.82 3.74
Rexp 2.79 2.73 2.69 2.74
x? 3.58 2.99 2.01 1.86
Ca, 32e (x,x,x)
X 0.2581 (3) 0.2591 (3) 0.2603 (2) 0.2559 (3)
B (A?) 1.34 (6) 1.47 (8) 1.65 (6) 3.05 (6)
N1, 16d (Y2,%%,%%)
B (A% 1.14 (4) 1.42 (5) 2.24 (5) 2.25 (6)
Occ 1.00 1.00 1.00 0.90 (10)
D1/H1, 16¢ (0,0,0)
B (A?) 3.7(1) 4.0 (1) 3.2(1) 4.5 (1)
Occ 0.75 0.75 0.75 0.75 (10)
N2, 969 (x,Xx,z)
imide coordinated to
b1/H1 0.063 (3) 0.013 (4) 0.033 (4) 0.037 (4)
X 0.042 (9) 0.088 (1) 0.077 (3) -0.073 (4)
z 3.7(1) 4.0 (1) 3.2(1) 2.25 (6)
B (A% 0.015 (1) 0.018 0.018 0.018
Occ
D2/H2, 969 (x,x,z)
imide coordinated to N1
X 0.5686 (8) 0.551 (3) 0.531 (3) 0.546 (5)
z 0.517 (6) 0.446 (5) 0.422 (3) 0.438 (7)
B (A?) 1.14 (4) 1.42 (5) 2.24 (5) 45 (1)
Occ 0.018 (2) 0.024 0.021 0.021
N3, 16c (0,0,0)
partial disorder
B (A% - - - 4.5(1)
Occ - - - 0.10 (10)
D3/H3, 16d (Y2,%%,%%)
partial disorder
B (A% - - - 2.25 (6)
Occ - - - 0.00 (10)
D4/H4, 8a (% % J4)
B (A?) 3.7 (1) 4.0 (1) 3.2(1) 4.5 (1)
Occ 0.081 (4) 0.071 (7) 0.066 (3) 0.052 (2)
d (Ca-N) (A) 2.460 (3) 2.459 (3) 2.455 (2) 2.505 (3)
d (Ca-D) (A) 2.623 (3) 2.644 (3) 2.665 (2) 2.626 (3)
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From Table 6-4 and Table 6-5 it can be seen that the N-D disordering mainly involves nitrogen
moving from the 16d site to the partially vacant 16¢ (D) site. This way, the deuteride vacancies
become more evenly distributed over the two octahedral sites. Because of this disordering
process, calcium moves slightly closer to its ideal site (Y4,%4,%) as the electrostatic forces start to

become more averaged out over the 16¢ and 16d sites.

Because a gradual disappearance of the superstructure peaks is observed in our experiments
over a wider temperature range, rather than a sudden transition to a completely disordered
structure, this transition seems to be second order in nature. A thermal event in the DTA for
both Ca,ND and Ca,NH could be observed at ~630°C in argon atmosphere, which is probably
the onset of this second order disordering process. The thermal analysis results for Ca,ND will

be presented in 6.1.4.

6.1.3.1 A different Ca,ND sample

A different Ca,ND sample was also synthesised, but under different conditions than the sample
discussed above. The synthesis was carried out in a quartz reactor, by reacting calcium metal
with a flowing mixture of argon, deuterium and nitrogen. The gases were mixed using
flowmeters, so that the concentrations of deuterium and nitrogen were 7% in argon each.
Importantly the nitrogen concentration is significantly higher than that used for the preparation of
the first sample, but the flowmeters did not allow lower gas flows and hence higher gas
concentrations for D, and N, were used. No contamination with H, occurred during the

preparation of this sample.

Neutron diffraction was carried out on this sample under identical conditions as described
previously, apart from the neutron wavelength being 1.9095 A. As for the previous sample,
calcium oxide is present as a secondary phase. A third phase is even present, CaD,. The lattice
parameter of the second sample is significantly smaller than the first sample, i.e. 10.1236(2) A
instead of 10.1550(2) A. A clear change in the intensity of some peaks as compared to the
pattern in Figure 6-8 can also be seen. Both these changes can partly be explained by the
absence of hydrogen in the structure, due to its higher thermal displacement and negative
scattering factor. The overall stoichiometry of the compound however, also plays a large role.
This first becomes evident after a quick refinement using the simplest model, as discussed in
section 6.1.3, where the occupancies of the nitride and deuteride sites (16d and 16c,
respectively) are allowed to change (results shown in Table 6-6). Whereas for the previous
sample a large understoichiometry for deuterium was seen, with the D" (16c) site only 75%
occupied, this sample seems to have excess neutron scattering length density on this particular
crystallographic site. The nitrogen site for this sample has a small excess scattering density as
well, which is comparable to the previous sample. This shows how important the partial

hydrogen/deuterium and nitrogen pressures during synthesis are to the resulting composition of
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these nitride hydride materials. Using the same reasoning as used for the previous refinements,
the observed excess neutron scattering length density could be caused by imide ion substitution
on the nitride and deuteride sites. Still no sign of a separate imide phase can be observed.
Again, the general formula will be of the form Ca;N1.4D1.,(ND)y.,, which for this sample does not
contain any deuterium vacancies. Table 6-6 shows the refinement results using the same three
structural models that were used for the previous sample. It shows that the large excess neutron
scattering length density on site 16¢ is compensated by a large imide ion substitution (y ~ 0.20).
The substitution on this 16c site is twice as large as that for the 16d (nitride) site. The 16c¢ is not
partially vacant and additional D" sites are therefore not necessary. However, Fourier difference
maps for this sample still suggest significant residual neutron scattering length density on the 8a
site, as found for the previous sample. Therefore, this site was added again in a third structural
model to see whether the fit would be improved. As seen from Table 6-6 it does improve the fit,
but adding deuteride ions does not make sense chemically. The larger imide substitution on the
D’ site (16c) as compared to substitution on the N* site (16d), already causes a net negative
defect (see equation (6.5)) and therefore we should be adding a positively charged defect to the

structure to retain charge neutrality. Interstitial calcium ions, Ca* would be such a defect.

Interstitial calcium occupancy on the 8a site would then be 0.12(3).

2500 — T

T T T T T T T T T T T T L T T T T T
2200 CaZND pri:
u A Tobs
1900
Yocalc

1500 Yobs-Toalc

Bragg_position

13200

1000

700

Intensily (arb. nits)

400

L

lL._u

{1 1 A A A A
||I’| IIH I I‘HIIIIIII' |II||||IH|||‘ N A T R AT

50 70 %0 110 130 150 170
28 (%)

100

-200

=500

-B00

I

—
[¥8)
=1

Figure 6-11: Neutron diffraction pattern for a second Ca,ND without hydrogen contamination (red curve). CaO
and CaD, are present as a second and third phase, respectively. Refinement (black curve) of Ca,ND phase in
spacegroup F d 3 m, including imide ion substitution on sites 16¢c and 16d. Blue trail shows difference plot for
(observed — calculated) intensity. Green ticks show reflections
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Table 6-6: Refinement result for 2™ fully deuterided Ca,ND sample at room temperature, spacegroup F d 3 m,
A =1.9095 A

Refinement parameter ~ Standard model CapND ~ CaaN1.xD1.y.5(ND)x+y CazN1.xD1.y-5(ND)ysy
including 2™ D" site on 8a

a(A) 10.1238 (2) 10.1238 (2) 10.1238 (2)

Rp 6.99 6.93 6.77

Ruwp 9.09 9.22 8.99

Rexp 3.94 3.93 3.93

x 5.33 5.49 5.22

Ca, 32e (x,x,x)
X 0.2558 (4) 0.2569 (5) 0.2583 (5)
B (A% 0.94 (8) 1.54 (7) 1.26 (8)

N1, 16d (Y2,%,%%)
B (A?) 1.08 (5) 1.05 (6) 1.14 (8)
Occ 1.10 (1) 1.00 1.00

D1, 16c (0,0,0)
B (A% 4.0 (1) 2.4 (1) 2.0 (1)
Occ 1.27 (1) 1.00 1.00

N2, 969 (x,X,z)

imide coordinated to

D1H1 - 0.0694 (3) 0.0637 (4)
X - 0.011 (4) 0.012 (5)
z - 2.4 (1) 2.0(1)
B (A% - 0.034 (2) 0.034 (1)
Occ

D2, 969 (x,x,z)

imide coordinated to

N1 - 0.5697 (5) 0.5641 (6)
X - 0.506 (12) 0.494 (12)
z - 1.05 (6) 1.14 (8)
B (A?) - 0.016 (2) 0.019 (2)
Occ

D3, 8a (%)% J%)
B (A?%) - - 2.0(1)
Occ - - 0.092 (7)

d (Ca-N) (A) 2.474 (4) 2.463 (5) 2.450 (4)

d (Ca-D) (A) 2.591 (4) 2.603 (5) 2.618 (4)

6.1.4 Ca-N-H thermal analysis

Combined differential thermal analysis (DTA), thermal gravimetrical analysis (TGA) and mass
spectroscopy (MS) was performed on the Ca,ND samples (sample identical to the first material
discussed in the neutron diffraction section). The tests were performed on a Netzsch Jupiter

STA 449C linked to a Pfeiffer Vacuum Thermostar mass spectrometer in three different
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atmospheres: argon, 5% Hjy/argon and nitrogen. Runs were performed with heating/cooling

rates of 5 K/min and an isotherm of 60 minutes at 900°C.

Figure 6-12 shows the DTA graphs for Ca;ND in argon and 5% H,/argon. It also shows the DTA
for Ca,NH in argon for comparison. It can be seen that in argon, at 620 — 640°C the slopes of all
DTAs change drastically, which is probably due to a second order phase change. As discussed
in the neutron diffraction section, this phase change is interpreted as an order — disorder
transition resulting in crossover of nitrogen and deuterium/hydrogen in the crystal structure
(between site 16¢c and 16d). A TGA event takes place just below this temperature (570 —
580°C), but this event can be related to the small exothermic dip in the DTA, just before the
change of slope. The TGA results are presented in Table 6-7 and Figure 6-13. The minor dip at
570 — 580°C is due to the first deuterium loss from Ca,ND, which will be discussed shortly. The
temperature for the order — disorder transition seems to be in excellent agreement with neutron
diffraction results, which show a significant decrease in intensity of the superstructure peaks at

650°C, which can still clearly be observed at lower temperatures.

DTA /(mW/mg)
1 exo

001 Area: -5.077 J/g!

Area: -3.977 J/g! \\

021 643.0 °C
04

-0.6

-0.8

200 300 400 500 600 700
Temperature /°C

Figure 6-12: DTA graphs for Ca;ND in argon (green) and 5% H./argon (red). Blue graph shows the DTA for
Ca;NH in argon

In the TGA/MS on Ca,ND in argon (shown in Figure 6-13 and Figure 6-14), four separate weight
losses can be observed. The details of these weight losses are listed in Table 6-7. The first
weight loss occurs at a low temperature, i.e. 222°C and is not believed to be caused by thermal
decomposition of the Ca,ND. The weight loss is small, ~0.07 wt%, and masses 2, 3, 17 and 18
are the predominant ion masses being recorded by MS. This is indicative for loss of water,
which is most probably caused by the thermal decomposition of calcium hydroxide into calcium
oxide (see equation (6.6)). The dehydration temperature is in excellent agreement with the
value of 215°C reported by Chaix-Pluchery et al., who performed a diffraction study on the

dehydration of calcium hydroxide in vacuum [115]. The partial pressure of water in this study
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(argon atmosphere) will be similar to the one in vacuum. The presence of calcium hydroxide is
explained by the short time the Ca,ND sample is exposed to air, when loading it into the TGA

machine.

Ca(OH),——CaO +H,0 (6.6)

The next weight loss of 0.29% occurs at ~570 — 580°C and involves release of deuterium gas
(masses 2, 3 and 4 mainly detected). This weight loss corresponds to a release of only 0.16
formula units of deuterium from the structure and may involve the interstitial deuterium/hydrogen
ions on the 8a sites, as found by neutron powder diffraction. Interstitial deuterium/hydrogen only
amounts to 0.05 formula units, however. More deuterium release is found at slightly higher
temperature, 671°C. This again is not believed to involve Ca,ND, since this temperature is in
perfect agreement with the decomposition temperature of CaH, (in argon, as shown in chapter
3, section 3.4.1), which was found to be 675°C. The weight loss of 0.05 wt% suggests a phase
content of 1.2% CaD, in Ca,ND. This phase was not observed in either X-ray or neutron
diffraction studies. The last weight loss of 1.98% involves both deuterium and nitrogen release
and starts at 731°C. In the TGA/MS graph (Figure 6-13 and Figure 6-14) it can be seen that at
the isotherm at 900°C, both the nitrogen and deuterium loss seem to be diffusion limited and
their release drops rapidly after the isotherm stops. Hence it is believed that the decomposition

of Ca,ND into its elements is not complete.

Table 6-7: Temperatures, weight losses and gasses released when thermally decomposing Ca,ND in three
atmospheres

Thermal analysis in Ar

Temperature  Weight loss lon masses involved Molecules involved
(°C) (Wt%)
222 -0.07 m2, m3, m17, m18 H,O
574 -0.29 m2, m3, m4 D. (HD)
671 -0.05 m2, m3, m4 D, (HD)
731 -1.98 m2, m3, m4 D- (HD)
m14, m28 N2

Thermal analysis in 5% Ha/ Ar

256 -0.12 m2, m3, m17, m18 H,O
581 -0.74 m2, m3, m4 HD (D)
760 -0.98 m14, m28 N2

Thermal analysis in Nz

218 -0.06 m2, m3, m17, m18 H.0
572 -0.20 m2, m3, m4 D, (HD)
647 +2.00

795 -1.08 m2, m3, m4 D- (HD)
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The TGA/MS data for the runs in 5% Hj/argon and nitrogen are also displayed in Table 6-7 and
Figure 6-15, Figure 6-17 and Figure 6-18. They show similarities to the argon run, however
some interesting differences are observed. Firstly, all runs show the minor weight loss at 220 —
260°C, explained by dehydration of calcium hydroxide. Secondly, all runs show the first weight
loss of Ca,ND, due to deuterium release at 570 — 580°C. It was anticipated that this
decomposition step would be found at a higher temperature in the 5% H, run, because of the
presence of hydrogen. The atmosphere apparently has not got an influence on the loss of the
first deuterium/hydrogen from the structure. This was confirmed by an identical TGA/MS run in
5% H,/argon using a Ca,NH sample. For this sample, the first hydrogen was released at even
slightly lower temperature, i.e. 540°C. Also, strangely enough, the deuterium loss in 5% H;
atmosphere is larger (0.39 formula units of D) than in both argon and nitrogen atmospheres (i.e.
0.15 and 0.11 formula units of D, respectively). The release of nitrogen in 5% H, atmosphere is
found at slightly higher temperature than in argon, i.e. 760°C as compared to 730°C. Moreover,
the nitrogen release amounts to 0.98%, so roughly half of the total weight loss found in argon at
that temperature. In Figure 6-17 it can be seen, that only nitrogen is released from the structure
at 760°C, as the nitrogen peaks (m14, m28) start where the deuterium peak (m4) stops. So at
least the second loss does depend on the presence of a hydrogen partial pressure. An
alternative explanation for the larger deuterium loss at 570°C is the fact that an isotope
exchange takes place. Total isotope H — D exchange would have a weight loss of 0.68 wt%,
which is close to the 0.74 wt% which is experimentally found. The initial hydrogen loss, as
observed in Ca,NH at 540°C would bring the total weight loss to 0.82 wt%, which is still close to
the experimental value. Isotope exchange will be discussed in further detail after presenting the

results for the Sr-N-D system.

Similarly, for the run in nitrogen atmosphere (Figure 6-18), the loss of nitrogen is not observed
and is instead replaced by a weight gain. This can either be caused by the formation of a
tricalcium dinitride phase, CazN,, according to equation (6.7) or by the formation of imide ions
on the deuteride sites (see equation (6.9) in Kréger-Vink notation). The theoretical weight gain
for the first reaction is 4.61%, whereas a completed substitution with imide ions would result in
4.32 wt% weight gain. The actual gain is only 2.00 wt%. Substitution with imide ions is the most
likely cause for the weight gain, as it is expected that reaction (6.7) would result in concomitant
release of deuterium (Ca,ND does not fully decomposes into Ca,N until ~800°C, see Table 6-7,
and reaction (6.8) would occur instead at 650°C). No loss of deuterium is observed however in
the MS trails, as shown in Figure 6-18. Then at 795°C more deuterium is released; the weight
loss is 1.08%. It is assumed that no nitrogen is released under the nitrogen atmosphere (this
cannot be confirmed by MS, since the background level is too high). So after a TGA/MS run in

three different atmospheres, it seems that the weight loss at 730°C in argon consists of ~1 wt%
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N2 and ~1 wt% D,. This again would correspond to the loss of 0.08 formula units of N and 0.56

formula units of D in Ca,ND.

Ca,N +{N,(g)——2Ca;N, (6.7)
Ca,ND, , +1N,(g)——>2Ca,N, + 2D, (g) (6.8)
N, + 2D}, +N,(g)——>ND, + ND}, +V, + € (6.9)
Temp. /°C
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Mass Change: -0.07 %
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Figure 6-13: TGA/MS of Ca,ND in argon, showing mass2, mass3 and mass4 (deuterium release)

Reckeweg and Di Salvo [63] performed X-ray studies on Ca,ND+.5, and observed the formation
of Ca;N when & > 0.3. Combining the information from the neutron diffraction refinement and
the TGA run in argon, it seems that in our sample the deuterium content goes from 0.69 to 0.64
at 570 — 580°C, releasing interstitial deuterium first. Then at 730°C, 0.07 formula units of N are
lost, which most likely involves the release of the imide ions that substitute for nitride and
hydride ions. This would agree with the concomitant loss of deuterium at the same temperature.
The further loss of deuterium from the structure corresponds to the decomposition of Ca;NDg g4
into Ca,N.

The compound Ca,Ng goDos4(ND)g 20, Which is formed at 570 — 580°C, relates to the compound
in which structural deuterium/hydrogen is lost from the interstitial 8a site, as found by refinement

of the neutron diffraction pattern measured at 650°C (section 6.1.3).
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Figure 6-14: TGA/MS of Ca,ND in argon, showing mass14 and mass28 graph (nitrogen release)
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Figure 6-15: TGA/MS of Ca,ND in 5% H./argon, showing mass2, mass3 and mass4 (hydrogen and deuterium)

Ca,N, 9,y 0 (ND), , —T2C 5 Ca,N, 6oDy 5 (ND) 4 5 + 22D, (6.10)

0.20
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T=730°C 0.08 0.08
% _— _ -
C""2N0.90D0.64 (ND)0_20 CazNo.90D0.64 (ND)0_12 +72 N2 T2 Dz (6.11)
T=795°C 0.84x0.67+0.12 0.12
Ca,N, 40Dy 65 (ND), ,, 0.84Ca,N +0.16Ca,ND, , + 284087012 ) 4 012 |, (6.12)
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Figure 6-16: TGA of Ca,NH in 5% H./argon
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Figure 6-17: TGA/MS of Ca,ND in 5% H./argon atmosphere, showing release of deuterium and nitrogen
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Figure 6-18: TGA/MS of Ca,ND in nitrogen, showing mass 2, mass 3 and mass 4 (deuterium release)
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Figure 6-19: TGA/MS of Ca,ND in argon (green), 5% H,/argon (red) and nitrogen (blue) and mass3 and mass4
(deuterium release)

6.1.4.1 Different Ca,ND sample — fully deuterided
The second Ca,ND sample, which was completely deuterided and described in section 6.1.3.1,
was also tested for its thermal behaviour. A slightly different behaviour was observed as

compared to the partially hydrided sample. The results are summarized in Table 6-8.
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Figure 6-20: TGA for fully deuterided Ca,ND (section 6.1.4.1)

Table 6-8: Summary of thermal analysis on fully deuterided Ca,ND sample

Temperature Weight loss  lon mass Gas involved
(°C) (Wt%) involved

213 -0.10 m18, m4 H.0, D,
589 -0.31 m4 D.

694 -0.17 m4 D,

757 -1.31 m4, m28 D2 & N2

First of all, it becomes clear that the total weight loss is slightly smaller than for the previous,
partially hydrided sample. This thermogravimetric test did however not go to temperatures
higher than 800°C, so no decomposition into Ca,N is observed. On the other hand, larger
weight losses would have been expected considering the different compositions of the samples.
The partially hydrided sample had a composition CasNg 99D (H)os9(ND)o20, according to Rietveld
refinement of the neutron diffraction data. The fully deuterided sample has a calculated
composition CayNg goDo.s0(ND)o .30, and according to the proposed decomposition mechanism in
equations (6.10) — (6.12), a larger weight loss would be expected for this particular sample as it
is richer in both nitrogen and deuterium. Also, it contains more imide ions, which are expected to
be metastable and should decompose around 730°C. From the weight losses in Table 6-8,
together with the released gases found by MS, the following thermal decomposition is proposed
for this sample, as described in reactions (6.13) and (6.14). It is assumed that the weight loss at
213°C is caused by decomposition of surface hydroxides and the weight loss at 694°C agrees

well with the presences of 5 mol% CaD,, which was found by neutron diffraction.
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Ca,N, 90D 50 (ND)y 5 ﬂ)cazNo.goDo.ez(ND)o.so +238D, -0.31 wt% (6.13)
Ca,Ny 60Dy 5 (ND)g 59 ——5—Ca,N, 5Dy 6, + OEN, +%2D, -4.03 wt% (6.14)

Reaction (6.13) is again partial loss of deuterium from the structure to form Ca,ND,s. The
resulting D™ content after this decomposition step (i.e. 0.62), agrees well with what was found for
the first sample, described previously. The fact that this step occurs, might indicate that some
interstitial deuterium is also present in this sample’s structure. In reaction (6.14) it is assumed
that the imide ions decompose completely, without filling any nitride or deuteride vacancies. The
theoretical weight loss for decomposition of the imide ions (4.0 wt%) is however much larger
than the observed weight loss. Therefore, it seems that some of the imide ions are converted
into nitride ions and protons, after which the protons are released as deuterium/hydrogen gas

and the nitride ions incorporated in the left vacancies, resulting in a lower weight loss.

6.1.5 Ca-N-H(D) discussion

It was shown that Ca,NH(D) was prepared as a single phase compound (apart from slight oxide
and hydride contamination during synthesis) when calcium metal was reacted in an atmosphere
of nitrogen and hydrogen (deuterium) in argon. X-ray results suggest that no imide phase is
formed when the reaction is carried out at temperatures from 600°C to 900°C. Neutron
diffraction data obtained on samples synthesised at 600°C confirm this, but there are no neutron
diffraction measurements on the samples synthesised at higher temperatures. Also no calcium
imide formation could be observed up to nitrogen and hydrogen concentrations of 7% in argon
for a reaction temperature of 600°C. It could be seen however, that the actual chemical
composition of Ca,NH(D) is highly dependent on the partial hydrogen and nitrogen pressures
and that deviations from the ideal chemical formula are easily obtained. Fourier difference plots
from the neutron diffraction data and thermal analysis suggest that some imide ions might have
been incorporated into the nitride hydride structure, without the formation of an actual imide
phase. It seems that accurate control of pN, and pD(H), would enable us to prepare materials of
known composition. Working in sealed systems with known amounts of nitrogen and hydrogen

would further improve obtaining compounds with a known stoichiometry.

Thermal analysis and neutron diffraction also suggest an order — disorder transition, which
starts around 630°C. During this transition the N/D order in the nitride hydride crystal structure
gradually disappears, resulting in a simple face centred cubic array of calcium ions, in which
hydride ions and nitride ions each statistically occupy half of the octahedral holes (taking into
account any loss of hydrogen from the structure). The order — disorder within the N/D layers

could be closely related to the relatively large weight loss at 570°C, observed for Ca,ND in 5%
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H,. It was shown that this weight loss agrees well with deuterium — hydrogen exchange with the
atmosphere. It is likely that both processes are linked by increased mobility of hydrogen and
nitrogen in the structure at ~600°C. A comparison will now be made in the Sr-N-H(D) system

and more discussion will follow at the end of this chapter.

6.2 The Sr-N-H(D) system

Analogous to the Ca-N-H system, strontium imide (SrNH) and strontium nitride hydride (SroNH)
have similar crystal structures. Again, strontium imide has the rocksalt structure, with strontium
and nitrogen coordinating each other octahedrally (spacegroup F m 3 m). The cubic lattice
parameter of strontium imide is 5.51 A [83, 105, 110]. Hydrogen is coordinated to nitrogen and
different models have been used to describe its position within the lattice. Both sites in the [001]
direction and on the faces of the Srg octahedron (in the [111] direction) are suggested as simple
ionic models [109]. Treating the imide ion as a rigid body clearly respects the covalent character
of the N-D bond and would chemically be more accurate [83]. Literature reports that strontium
nitride hydride does not crystallise in the F d 3 m spacegroup like its calcium analogue [105,
116]. The structure is similar and involves a distorted cubic closed packed (ccp) array of
strontium, with nitride and hydride each occupying the octahedral holes. But whereas in calcium
nitride hydride the N/D ordering is such that nitrogen and hydrogen are in a rocksalt
configuration (displaced along the [001] direction), in strontium nitride hydride, the anions
alternate between the ccp layers of strontium as shown in Figure 6-21. The crystal structure can
be described using the rhombohedral spacegroup R -3 m with approximate lattice parameters a
= 3.88 A and ¢ = 18.93 A [105, 116]. Hydrogen is situated on the origin, nitrogen on (00%z) and
strontium on (00z), with z being close to 2. The unit cells for both strontium nitride hydride and

strontium imide are shown in Figure 6-21.
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P @ ¢

Figure 6-21: Unit cells of strontium nitride hydride, Sro,NH (left) and strontium imide (right); strontium in yellow,
nitrogen in blue and hydrogen in grey [105, 116].

The ordering in Sr,NH and Ca,NH is very similar and will be hard to distinguish using diffraction
techniques only, as these techniques are sensitive to long range structures only. The ordering
causes extra ‘superstructure’ peaks, but these will have low intensity, adding an additional
problem to determining the exact ordering. Going from a cubic to rhombohedral symmetry might

result in some broadening or splitting of peaks as the overall symmetry is lowered.

6.2.1 Sr-N-H experimental

Compounds in the Sr-N-H(D) system were synthesised by reacting strontium metal (Sigma
Aldrich, 99%) at 600 — 700°C in an atmosphere of 5% H,/D, and 1 — 2% N, in argon in an open
furnace tube within the glovebox, in molybdenum crucibles. Additional information about the
synthesis method can be found in chapter 2. The strontium based samples have a yellow —

orange colour, which again turns green after a short while.

X-ray diffraction was carried out on a STOE diffractometer in transmission mode. The radiation
is Cu Ka1. Data was recorded in the range 10° < 20 < 90° with a resolution of 0.02°. Sealed

glass capillaries were used to protect the materials from air and moisture.

Neutron diffraction was carried out on instrument D1A at ILL, Grenoble (France) on a sample of
Sr-N-D (sample weight ~1 gram). Neutron diffraction data was recorded at room temperature

only. All other experimental conditions are identical to those described in section 6.1.1.
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6.2.2 Sr-N-H XRD results
X-ray diffraction was performed on the Sr-N-H samples synthesised at both 600°C and 700°C.

The sample synthesised at 600°C could be indexed in either the F m 3 m spacegroup, or the R -
3 m spacegroup. The lattice parameter for the cubic spacegroup is 5.4601(4) A, whereas in the
rhombohedral spacegroup a = 3.861(1) A and ¢ = 18.91(1) A. A small secondary phase can be
detected, which is most likely SrHy; its content is very small though. Rietveld refinement of the
diffraction pattern in Fullprof was performed using three spacegroups: Fm 3 m, Fd 3 mand R -
3 m. All refinements result in almost identical refinement parameters, independent of
spacegroup. Also, the reliability factors are practically identical, making a conclusion about the
actual compound or its true spacegroup impossible (see Table 6-9). From the lattice parameter
in the cubic spacegroup however, it looks like the main phase is the strontium nitride hydride. It
is hard to say from X-ray diffraction though, since the strontium ions will have the highest
scattering factor, whereas nitrogen is a relatively weak scatterer and will add relatively little
information to the diffraction pattern. Hydrogen is practically invisible to X-rays and will therefore
not add any information to the pattern. Figure 6-22 shows the XRD pattern and Rietveld
refinement using spacegroup R -3 m for SroNH and it can be seen that the model does not give
satisfactory fitting results. The same poor fits are obtained when F d 3 m or F m 3 m are chosen
as spacegroups.
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Figure 6-22: X-ray diffraction pattern for Sr-N-H synthesised at 600°C and Rietveld refinement in R -3 m
spacegroup. Red curve is observed pattern, black curve is calculated pattern. Blue trail shows residuals after
refinement, green ticks show position of reflections
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Table 6-9: X-ray diffraction refinement parameters for Sr-N-H compound synthesised at 600°C, using three
different spacegroups

Refinement Fm3m Fd3m R-3m
parameter
a(A) 5.4646 (5) a(A) 10.928 (1) a(A) 3.8587 (5)
- c (A) 18.978 (5)
V (A%) 163.18 (2) V (A% 1305.1 (1) V (A%) 244.72 (8)
Sr, 4a (0,0,0) Sr, 32e (x,X,X) Sr, 6¢ (0,0,2)
X 0.2488 (3) z 0.2489 (3)
B (A?%) 22(1) B (A% 2.3(1) B (A% 2.4 (1)
Occ 0.77 Occ 0.66 Occ 0.67
N, 4b (V5,%,"%) N, 16d (V2,%,%5) N, 4b (0,0, %)
B (A% -0.8 (5) B (A% -4.4 (4) B (A% -4.4 (1)
Occ 1.00 Occ 1.00 Occ 1.00
Rp 17.1 Rp 18.2 Rp 18.0
Rup 24.0 Rup 25.3 Rup 25.2
Rexp 8.27 Rexp 8.26 Rexp 8.26
x 8.46 x 9.37 x 9.28
/ Range 1
/ Range 1

80.0

60.0 A

40.0

Relative Intensity (%)

20.0

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 2Theta

Figure 6-23: XRD patterns for Sr-N-H synthesised at 600°C (purple) and 700°C (blue)
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Figure 6-24: XRD patterns of Sr-N-H zoomed section (206 = 44 — 60°)

In the diffraction pattern of the compound synthesised at 700°C, a second phase emerges with
lattice parameters close to the phase already found at the synthesis temperature of 600°C. In
fact, this second phase is now the dominant phase and it can be indexed in the F m 3 m
spacegroup, with lattice parameter a = 5.518(2) A. The other phase can be indexed in the same
spacegroup, with cubic lattice parameter a = 5.489(1) A. It seems that the strontium imide
becomes the dominant phase at higher reaction temperatures, whereas more strontium nitride
hydride is present at reaction temperatures < 600°C. This can clearly be seen in Figure 6-23
and Figure 6-24. As the X-ray diffraction pattern of the sample synthesised at 700°C is of
relatively poor quality, some information about the nitride hydride and imide phases will be
obtained using neutron diffraction first. This information will be used again to refine the X-ray

data. This will be presented later on in this chapter in section 6.2.6.

6.2.3 Sr-N-D(H) neutron diffraction results

A deuterided (Sr-N-D) sample was prepared for neutron diffraction, synthesised at 600°C using
the conditions given in section 6.2.3 and chapter 2, section 2.1. The weight before and after the
reaction was taken to get an estimate of the nitrogen and deuterium uptake by strontium.
Analogous to Ca,ND, it is assumed that hydrogen is present in the structure in a D : H ratio of
10 : 1. The Sr-N-D sample was only tested at room temperature. Neutron diffraction was again
carried out at ILL, Grenoble (France) on instrument D1A. The same conditions were used as
described for Ca,ND, which can be read in section 6.1.3.
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The diffraction pattern is shown in Figure 6-25. The section at high angle is zoomed and it can
be seen that there is splitting of the peaks. This is in fact not a result of the lower symmetry in
the rhombohedral Sr,ND phase as compared to the cubic Ca,ND, but it is caused by the
presence of a second phase, with very similar lattice geometry. So whereas the Sr-N-D(H)
compound synthesised at 600°C could be indexed as a single phase in XRD (which seemed to
be Sr,ND(H), strontium nitride hydride), from neutron diffraction it becomes clear that it is in fact
a mixed phase of strontium nitride hydride and strontium imide, SrND(H). Refinement of the
neutron diffraction data proved to be difficult, as the peaks of the two phases overlap strongly
and their phase contents seem to be close to a 1 : 1 ratio. A third phase is even present: SrD,,

but its content is significantly smaller and the peaks do not overlap as much.
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Figure 6-25: Neutron diffraction pattern of the Sr-N-D phase synthesised at 600°C

From initial refinements, in which all parameters were allowed to change freely, the phase
contents for Sr,ND, SrND and SrD, are 32 mol%, 56 mol% and 13 mol%, respectively (SroND :
SrND = 36 : 64). These values are actually in good agreement with the observed weight gain
after the synthesis (13.5 wt%) and also CHN analysis suggests a similar ratio between the three
phases. As there is such strong overlap of peaks in the pattern, the amount of refineable

parameters were kept to a minimum. Too many parameters that can change freely increase the

126



Doped alkaline earth (nitride) hydrides — The Ca-N-H(D) and Sr-N-H(D) systems

chance of divergence and/or meaningless values for different parameters. Therefore the molar
phase ratio was fixed to be 31 : 56 : 13 for SroND : SrND : SrD,. The occupancies of deuterium
and nitrogen were fixed as well, as refining those parameters resulted in divergence of the
refinement process. The deuterium site in strontium imide was initially positioned on the body
diagonal (32f site) as used by Sichla et al. [105] in a study of a very similar mixed phase. The

refinement results can be found in Table 6-10.

Table 6-10: Refinement results of neutron diffraction pattern of Sr-N-D, synthesised at 600°C, A = 1.9114 A

Refinement parameter  Phase 1 Refinement parameter ~ Phase 2
SroND SrND

Spacegroup R-3m Spacegroup Fm3m
a(A) 3.8745 (2) a(A) 5.5019 (2)
c(A) 18.885 (1)
V (A% 245.52 (3) V (A% 166.55 (1)
Sr, 6¢ (0,0,z) Sr, 4a (0,0,0)

z 0.2513 (8) B (A% 3.5(2)

B (A?) 2.7 (1)
N, 3b (0,0,%%) N, 4b (%%,%2,"%)

B (A?) 2.8 (3) B (A% 32(1)
D/H, 3a (0,0,0) D/H, 32f (x,x,x)

B (A?%) -0.8 (2) X 0.418 (5)

B (A% 13 (1)
Phase content (mol%) 31 Phase content (mol%) 56
Phase 3
SrD;
Spacegroup Pnma
a(A) 6.381 (1)
b (A) 3.869 (1)
c(A) 7.322 (1)
V (A% 180.77 (6)
Phase content (mol%) 13
Atom X y z B (A%
Sr, 4c (x,%,z) 0.246 (3) 0.25 0.107 (2) -1.2(2)
D/H1, 4c (x,%,2) 0.351 (3) 0.25 0.420 (3) 1.3 (4)
D/H2, 4c¢ (x,%,2) -0.025 (5) 0.25 0.673 (3) 4.3 (7)
Reliability factors

Rp 4.20 Rup 5.26 Rexp 3.12 ¥’ 2.84
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As can be seen from Table 6-10, due to the overlapping of peaks, some parameters still have
meaningless values. For instance, the isotropic temperature factor (B) for deuterium in the
SroND phase is negative and unreasonably large in the SrND phase. The error estimate in the
deuterium position of SrND is also large, suggesting that the deuterium ion is very mobile and

perhaps more statistically distributed, as Andresen et al. [108] suggested.

Since the phase content of strontium imide is large and its deuterium position doubtful, it is
expected that refining the deuterium on the wrong site will have large implications for the
refinement of the Sro,ND phase as well. To overcome this, a new approach was tried, in which
the deuterium position in SrND is initially not refined. The refinement results were then
transformed into a fourier difference map that plots neutron scattering length density within the
unit cell. Residual neutron scattering length density can thus be correlated to the deuterium in
the structure (coherent neutron scattering length for D is +6.67 fm). The xy — fourier difference
maps at z = 0.3150, z = 0.3750 and z = 0.5 are shown in Figure 6-26. The analysis shows only
one site with a positive neutron scattering length density, on a 96j site (0,y,z). The neutron
scattering length density in this site still seems low compared to the Sr and N-sites, but it should
be kept in mind that one deuterium ion is occupying 24 crystallographically equivalent sites per
N-site and hence the density per single site is low. This 96j site is in fact a good trade-off
between the suggested statistically distributed site and a fixed position. The deuteride ion can
move over 24 sites per N atom, which is substantially more than 6 or 8 sites as proposed by
Sichla and Jacobs. Subsequently, this new deuterium site was tested by including it in the
refinement of the diffraction pattern. The models proposed in literature, with deuterium on (0, O,
z) and (x, X, X) were also refined and compared with the new deuterium site. Finally, to improve
the refinement procedure, UVW and peak shape parameters were constrained to be the same
for all three phases (Sr,ND, SrND and SrD,).
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Figure 6-26: Fourier difference maps for SrND, showing positive neutron scattering length density on site 96j
(0.294, 0.117, 0). Top left z = 0.3150, top right z = 0.3750, bottom left z= 0.5

Table 6-11: Refinement results for the imide phase, SrND, using different deuterium sites. Spacegroup Fm 3 m

Refinement parameter D site on 24e (0,0,2) D site on 32f (x,x,x) D site on 96j (0,y,z)

a(A) 5.5001 (3) 5.4999 (3) 5.5003 (3)
Sr, 4a
B (A?%) 3.1(2) 3.1(2) 3.3(2)
N, 4b
B (A% 29(1) 27(1) 2.3(2)
D/H
x D/H 0 0.417 (5) 0
y D/H 0 0.417 (5) 0.344 (3)
z D/H 0.368 (5) 0.417 (5) 0.090 (3)
B (A?%) 14 (1) 11 (1) 1.6 (9)
d (N-D) (A) 0.728 0.794 0.989 (8)
v (Sr-D-N) 180.0° 109.5° 135.3° (5)
Rp 3.97 4.00 3.90
Rup 4.99 5.00 4.89
Rexp 3.12 3.12 3.12
x 2.56 257 245
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Table 6-11 summarises the refinement results for the strontium imide phase, SrND, when using
three different deuterium sites. It shows that the isotropic temperature factor decreases when
the multiplicity of the site increases (24e — 32f — 96j). In case of the 96j site, the B-factor for
deuterium is actually lower than those for Sr and N, which is questionable. The N-D distance of
the imide ion also increases with increasing multiplicity, whereas the Sr — D — N bond angle
finds a minimum for the 32f site, which is expected as it is the energetically most favourable site.
The N-D bond length for the 96j site is 0.989 A, which is very close to the bond length used by
Brese et al. in their model, i.e. 1.01 A [83].

On closer inspection of the neutron diffraction pattern (and also X-ray diffraction pattern) for the
Sr-N-D(H) mixed phase, it can be seen that actually none of the superstructure peaks, expected
from N-D ordering in Sr,ND(H), is present. Whereas in Ca,ND there are clear reflections from
the double cubic cell, these are completely absent for the SroND(H) phase. Not even diffuse
peaks can be seen in the patterns. This means that refining the Sr,ND phase using an ordered
supercell is not necessary and going back to a simple single unit cell is preferable. In this
disordered cell, nitride and deuteride each occupy half of the same crystallographic site
(octahedrally coordinated to strontium). There does seem to be an improvement upon using a
rhombohedral unit cell over a cubic cell. The results for the refinements of the Sr,ND phase
using a simple face centred cubic cell, spacegroup F m 3 m and a single rhombohedral cell,
spacegroup R -3 m are given in Table 6-12 and Table 6-13. The occupancy of Sr is allowed to
change to account for randomly distributed imide ions within the nitride hydride structure, as
found for Ca,ND. This actually leads to a relatively low occupancy of ~0.67 in the F m 3 m
spacegroup, which means that about 50% of the nitride and deuteride ions have been replaced
by imide ions. This seems too much for the nitride hydride phase to remain unchanged. Also,
using these single unit cells has some minor implications for the refinement of the strontium

imide phase, so these have also been given in Table 6-12 and Table 6-13.
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Table 6-12: Refinement results for Sr.ND using F m 3 m spacegroup and SrND phase with D on 96j site and F m

3 m spacegroup, A =1.9114 A

Refinement parameter  SroND, Fm 3 m SrND
a(A) 5.4672 (3) a(A) 5.4973 (3)
V (A%) 163.42 (2) V (A%) 166.13 (2)
Sr, 4a (0,0,0) Sr, 4a (0,0,0)
B (A?%) 0.74 (9) B (A% 0.74 (9)
Occ 0.67 (1)
N, 4b (V4,%,%) N, 4b (V4,%,"%)
B (A?) 3.4 (2) B (A?) 4.7 (1)
Occ 0.50
D, 4b (¥2,%,%) D/H, 96j (0,y,z)
B (A% 3.4 (2) y 0.356 (5)
Occ 0.50 z 0.095 (5)
B (A% 6.6 (10)
Phase content (mol%) 42 58
Rp 3.96
Rup 4.95
Rexp 3.13
x2 2.51

Table 6-13: Refinement result for Sr,ND using R -3 m spacegroup and SrND phase with D on 96j site,

spacegroup Fm 3m, A =1.9114 A

Refinement parameter  Sro,ND, R-3m SrND
A(A) 3.8729 (3) a(A) 5.4997 (3)
CA) 9.444 (1)
V (A% 122.67 (2) V (A% 166.35 (2)
Sr, 3a (0,0,0) Sr, 4a (0,0,0)
B (A% 2.6 (1) B (A% 26 (1)
Occ 0.86 (2)
N, 3b (0,0, %) N, 4b (5,%,"%)
B (A% 1.8 (1) B (A% 2.3(2)
Occ 0.50
D/H, 3b (0,0, %) D/H, 96j (0,y,z)
B (A?%) 1.8 (1) y 0.339 (3)
Occ 0.50 z 0.091 (2)
B (A% 1.5 (7)
Phase content (mol%) 37 63
Rp 3.92
Rup 4.90
Rexp 3.12
x2 2.46
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A single phase Sro,ND material was obtained by Chemnitzer et al. [116] and they confirmed N/D
ordering in the crystal structure. Obviously, when a second imide phase is present, the long
range ordering disappears and the structure can be described in a single unit cell. From the
refinement, it seems furthermore that it is also better described using a rhombohedral lattice,
rather than a face centred cubic cell. The resulting fit and the difference plot are given in Figure
6-27.
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Figure 6-27: Refinement of the mixed Sr-N-D phase: phase 1 is Sr,ND (R -3 m) without N-D ordering, phase 2 is
SrND (F m 3 m) and phase 3 is SrD, (P n m a). Blue trail shows residuals after refinement. Green ticks show
reflection positions for the three phases

6.2.4 Sr-N-H thermal analysis — results

The Sr-N-D sample that was used for neutron diffraction was also used for thermal analysis, i.e.
TGA/DTA combined with mass spectrometry (MS). Similarly to Ca,ND, the analysis was
performed in three atmospheres: argon, 5% Hj/argon and nitrogen. Initially, runs were

performed with a heating and cooling rate of 5 K/min and an isotherm of 60 minutes at 900°C.

Figure 6-28 shows the DTA for the Sr-N-D sample in argon. A change in slope can be observed
at 430°C (which cannot be related to a thermogravimetric event), but the change is a lot more
subtle than observed for Ca,ND. This can be explained by the presence of a secondary imide

phase and the absence of long range ordering for the strontium nitride hydride. There is
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however still a possibility for short range order and the breaking up of this short range order is
probably the reason of the observed second order phase change at 430°C. The temperature for
this order — disorder transition is significantly lower than the transition temperature for Ca,ND.
In 5% H, atmosphere, a clear change in DTA slope can be observed at roughly the same
temperature. Although this might be related to the N/D order — disorder transition, it also occurs

in parallel with a thermogravimetric event, involving H-D exchange (see Table 6-14).

In all atmospheres the TG graph of the Sr-N-D sample shows a weight loss again at relatively
low temperature, i.e. 200 — 220°C, which is attributed to the dehydration of Sr(OH), into SrO,
releasing a water molecule. This process is described in more detail in section 6.1.4 and the
presence of Sr(OH), is explained by exposure of the sample to air during loading it into the TG

machine.

The TG graphs of Sr-N-D in the three atmospheres further show striking similarities with their
Ca,ND analogue. First a weight loss, caused by deuterium loss is observed, followed by a loss
of nitrogen, combined with more deuterium release. The results for all three atmospheres are

summarised in Table 6-14.
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Figure 6-28: DTA of Sr-N-D in argon (green) and 5% H,/argon (red)
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Table 6-14: Thermal analysis of Sr-N-D in three different atmospheres

Thermal analysis in argon

Temperature Weight loss lon masses involved Molecules involved
(°C) (Wt%)

197 -0.11 m2, m3, m17, m18 H,O

528 -0.44 m2, m3, m4 D (HD)

721 -0.32 m2, m3, m4, m14, m28 D, (HD) & N2

768 -3.34 m2, m3, m4, m14, m28 D, (HD) & N,

900 -5.32 m2, m3, m4, m14, m28 D, (HD) & N,

Thermal analysis in 5% Ha/argon

211 -0.14 m2, m3, m17, m18 H,O
495 -0.91 m3, m4 HD

760 -4.29 m3, m4, m14, m28 HD & N2
653* +0.68 m2 Ha

Thermal analysis in nitrogen

221 -0.07 m2, m3, m17, m18 H20
440 +0.06 m3, m4 D, (HD)
604 +0.15 m3, m4 D, (HD)
722 -3.36 m3, m4 D, (HD)
900* +0.94

*) Cooling down

The thermal analysis in argon shows a weight loss at 510 — 530°C of -0.44 wt%, which is
caused by two decomposition steps, which can’t separated in the TG graph. First of all there is
an initial loss of deuterium from Sr,ND, analogous to equation (6.10). Secondly, at 660°C, SrD,
decomposes into its elements. From the weight loss, it can be calculated that 0.12 formula units
of deuterium are lost from the Sr,ND structure.

Sr,ND—T=2%C 5 Sr,ND, 4 + 212D, (6.15)
SrD, — =€ _,Sr 4D, (6.16)

Then there are two subsequent weight losses, the last of which continues into the isotherm at
900°C. From the MS it becomes clear that both deuterium and nitrogen are lost from the Sr-N-D
sample. And again, like for Ca;ND, the nitrogen and deuterium release at the isotherm at 900°C
seems to be diffusion limited. However the total weight loss after the isotherm at 900°C is 9.07
wt%, which is very large compared to the weight loss for Ca,ND and is in fact close to the

maximum weight loss if the sample would decompose into its elements. It is however not likely
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that Sr-N-D will decompose into its elements, as SroN is a stable compound which should be
stable to high temperatures. The large weight loss is rather caused by evaporation of Sr metal
(from SrD.), which was also observed for a TG run of SrH, in argon. As the Sr evaporation is
complicating the analysis even more, a second run in argon was performed, with two isotherms
of 6 hours at 740°C and at 780°C (to complete the decomposition steps at 721°C ad 768°C,
respectively). The results are shown in Table 6-15. From this table it can be seen that weight

losses initially found at 721°C and 768°C were actually convoluted and it becomes clear that all

nitrogen loss is already occurring at 715 — 740°C.

Table 6-15: Thermal analysis of Sr-N-D in argon, with two isotherms at 740°C and 780°C

Thermal analysis in argon

Temperature Weight loss lon masses involved Molecules involved
(°C) (Wt%)

197 -0.11 m2, m3, m17, m18 H,O

510 -0.44 m2, m3, m4 D, (HD)

715 -740 -3.38 m2, m3, m4, m14, m28 D, (HD) & N2

768 — 780 -1.08 m2, m3, m4 D, (HD)

TG /%

99 4

98 1

97 1

96

954

94 4

93 1

924

91 4

Temp. I°C

QMID *10-12/A
~Mass Change: -0.44 %

147.6 min, 767.6 °C___
138.2 min, 720.6 °C___

99.7 min,\528.3 °C

/ \\_Mass Change: -0.32 %
F 140
-3.44 %
~ Mass Changen5.32% | .0
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Figure 6-29: TGA/MS of Sr-N-D in argon, showing deuterium release
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Figure 6-30: TGA/MS for Sr-N-D in argon, showing nitrogen release and mass4

As can be seen from Table 6-14, strontium evaporation is not as pronounced in 5% H, and
nitrogen atmospheres. In nitrogen atmospheres this is probably caused by the formation of
Sr;N, which should be stable up to high temperatures in nitrogen atmosphere. SrH, however is
supposed to decompose at ~850°C according to Peterson and Nelson [91]. In fact, as prepared
SrH, has been tested for thermal stability in 5% H, and hydrogen release was observed, already
at 798°C. Consequently, large weight losses due to Sr metal evaporation could also be

observed for SrH..

Again, like in the case of Ca,ND, the first weight loss at ~510°C is largest in the 5% H,
atmosphere. The weight loss has even shifted to slightly lower temperature, i.e. 495°C. The
weight loss now amounts to 0.91 wt%, which is close to the theoretical weight loss for a sample
of pure SroND, which loses all of its deuterium. However, since it is expected that the sample
will not contain more than 50 mol% of the nitride hydride phase, it is likely that some other
process takes place at this temperature. On closer inspection of the DTA graph, it seems that
there are actually two processes occurring. The first process, starting at 495°C releases 0.44
wt%, whereas the second process starts at 655°C with a weight loss of 0.47 wt%. This was also
confirmed by a second run which included isotherms at 680°C and 780°C, yet higher
temperatures for both steps were found, i.e. 570°C and 690°C. Since significant hydrogen
absorption can be observed in the MS graph, it is believed that isotope exchange is taking place
at this temperature. The theoretical weight loss for complete exchange of deuterium with

hydrogen is 0.82 wt% for a sample with molar ratios found initially by Rietveld refinement of the
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neutron diffraction data (Sr,ND : SrND : SrD, = 32 : 55 : 13). A further weight loss of 2.89 wt%
at 760°C involves both N, and HD release.

Temp. /°C
TG /% QMID *10-9/A
2
1007 e L 900
4o
I 800
99 1 3.5
— S (Y A s1 L 700
Mass Change: -0.91 % 146.0 min, 759.6 °C .., 3.0
98 - 93.0 min, 494.9 °C Mass Change: -2.89 % t\
' - [ 600
of ~ F25
. 283.5 min, 653.3 °C
... Mass Change: 0.68 % L
97 /’ L2o 5
iR //
L. L1s [400
i
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I 200
95 4
100
200
Time /min
Figure 6-31: TGA/MS for Sr-N-D in 5% H,/argon, showing mass2 and mass3
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Figure 6-32: TGA/MS for Sr-N-D in 5% H./argon, showing mass4, mass14 and mass28

Sr-N-D in nitrogen

For the Sr-N-D sample in nitrogen atmosphere, a continuous deuterium release is observed
from 440°C till 900°C, where the release seems to become diffusion limited. Complete loss of
deuterium is therefore not expected. The first weight loss of deuterium (at 440°C) involves a
weight gain, which can be explained by simultaneous deuterium release and nitrogen pick up by

SrD,. This was confirmed by performing thermal analysis on as prepared SrH, in nitrogen.
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Nitrogen pick up did indeed start around 440°C. Also, Sr,ND will release deuterium to form
Sr,ND45, but this is expected to happen at slightly higher temperatures, i.e. 510 — 600°C
(analogous to Sr-N-D in argon). At 722°C, a large weight loss is observed, continuing into the
isotherm at 900°C. It is expected that all three phases will form Sr,N, according to equations
(6.24), (6.25) and (6.26). The observed weight loss at this temperature is 3.37 wt%.

Temp. /°C
TG /% QMID *10-12/A
100.0 Mass Change: 0.21 % 190 fo00
800
99.5
1 ma 80
138.4 min, 721.6 °C s o0
99.0
600
82.1 min, 440.4 °C 60
98.5 \
\ 500
] 400
980 Mass Change: -2.23 % 40
Mass Change: -1.13 %
300
97.54
20 200
97.04
Mass Change: 0.94 %
100
0

0 50 100 150 200 250 300 350 400
Time /min

Figure 6-33: TGA/MS for Sr-N-D in nitrogen, showing mass4

6.2.5 CHN elemental analysis

CHN analysis reveals that the Sr-N-D sample, used for neutron diffraction, contained 1.77 wi%
D/H and 9.10 wt% N. An assumption must be made for the SrD, content of the sample to
calculate the phase content ratio of imide and nitride hydride. As the SrD, phase did not overlap
much in the neutron diffraction pattern, the phase content calculated by Rietveld refinement of
the neutron diffraction data was assumed to be fairly accurate. It turns out that when the SrD,
content is set to 14 mol%, 32 mol% SroND and 54 mol% SrND are present. This is in fact very

close to the values initially obtained from the Rietveld refinement.

6.2.6 X-ray data of Sr-N-H synthesised at 600°C and 700°C

The neutron diffraction data has given information about the phase contents of the imide and

nitride hydride, synthesised at 600°C. This information was fed back to the analysis of the X-ray
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data obtained from the hydrogen containing sample synthesised at 600°C. The initial
refinements, as presented in Table 6-9 were carried out using a single phase model. It was
therefore tried to optimise the refinement by adding a secondary phase. A third SrH, phase can
hardly be observed, so there is no need in refining this. The x-ray data is of insufficient quality to
differentiate between the rhombohedral structure of SroNH, rather than a cubic geometry and
therefore the simpler cubic structure (spacegroup F m 3 m) is used to minimise the amount of
refinable parameters. The phase ratio obtained from neutron diffraction was used and fixed in
the refinement. The result can be seen in Table 6-16. The quality of the refinement does
actually not improve upon using the second imide phase. Negative isotropic temperature factors
still occur, which do not make any physical sense. The refinement also results in smaller lattice
parameters for both imide and nitride hydride phase as compared to their deuterided
counterparts. This is not expected and probably means that the hydrogen and deuterium
containing phases are not identical enough to compare their data straight away. Small changes
in the atmospheres (pH, vs. pD, and pN,) can result in relatively large changes in stoichiometry
as discussed for Ca,NH(D).

Table 6-16: Refinement for Sr-N-H synthesised at 600°C, using 2 cubic (F m 3 m) phases

Refinement parameter SroNH phase SrNH phase
a(A) 5.456 (2) 5.474 (2)
V (A%) 162.40 (9) 164.05 (9)
Sr, 4a (0,0,0)
B (A?) -2.3(5) 2.4 (3)
Occ 0.67 1.00
N, 4b (¥%,%,"%2)
B (A?) -3.7(3) -3.7(3)
Occ 0.50 1.00
Phase content (mol%) 42 58
Rp 17.6
Rwp 24.6
Rexp 8.27
$? 8.82

The X-ray data obtained on the sample synthesised at 700°C is of even poorer quality, but the
same information obtained from neutron diffraction was used to get more information about the
two phases that form at this reaction temperature. Again two cubic phases, spacegroup F m 3 m
are used, with initial lattice parameters obtained from indexing in the CHECKCELL software.
The phase ratio is allowed to change, as it is expected that this material is richer in strontium

imide. The refinement results can be found in Table 6-17.
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Table 6-17: Refinement for Sr-N-H synthesised at 700°C, using 2 cubic (F m 3 m) phases

Refinement parameter ~ SroNH phase SrNH phase
a(A) 5.4856(1) 5.515 (1)
V (A% 165.06 (4) 167.74 (4)
Sr, 4a (0,0,0)
B (A% -0.8(2) -0.8(2)
Occ 0.67 1.00
N, 4b (Y2,%2,"2)
B (A?) 0.9 (10) 0.9 (10)
Occ 0.50 1.00
Phase content (mol%) 22 78
Rp 6.16
Rwp 9.52
Rexp 4.30
$? 4.89

*) Parameter fixed

It can be seen that indeed the material gets richer in strontium imide phase when higher
reaction temperatures are used. On increasing the reaction temperature from 600°C to 700°C,
the phase content of the imide phase increase from 58 mol% to 78 mol%. It is therefore likely
that the strontium imide phase could be obtained single phase by quickly cooling down a

reaction product synthesised at temperatures > 700°C.

6.2.7 Discussion of Sr-N-D(H) results

From the weight gain during the synthesis, the Rietveld refinement and the CHN analysis it is
assumed that the phase content ratio of Sr,ND, SrND and SrD, is 31 : 56 : 13. With this ratio,
the weight changes observed in the thermal analysis can now be linked to a set of
decomposition or conversion steps that take place in the different atmospheres. Table 6-18
shows these steps, along with their observed and calculated weight changes and the ion

masses of the released products as found by Mass Spectrometry.
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Table 6-18: Decomposition or conversion steps for Sr-N-D in three atmospheres

Temp. Decomposition/conversion step Weight change lon/gas Eq. No
(°C) (Wt%) involved (%)
Theo. Obs.
Argon
510 - 520 Sr,ND >Sr,ND, ;+4D, ,5=0.12 -0.06 Total: (6.17)
-0.44 D
660 SrD,——>Sr +D, -0.39 2 (6.18)
715-740  2g/ND >Sr,ND, ; +1N,+52D, -3.40 -3.38 Dy, Nz (6.19)
768 — 780 Sr,ND, >Sr,N+32D, ,§=0.12 -0.87 -1.08 D (6.20)
5% Hy/argon
495-570 5. ND+SrND + SrD,—"—>Sr,NH, , + SrNH + SrH, 083~ -0.44  HD (6.21)
660 — 690 -0.47
760 2SrNH >SI,NH, ; +1N, + 52 H, -3.28 -2.89  HD, Ny (6.22)
Nitrogen
440 SrD, +1 N, ——>xSr,ND + ySIND + 2 D, +0.27*  Total: (6.23)
+0.21 Dy, HD
510-600 S ND——>Sr,ND, ,+£D, ,5=0.12 -0.06 ’ (6.17)
730 2SrND >Sr,N +D, + 1N, -3.87 Total: (6.24)
Sr,ND, ,——>Sr,N+%D, ,5=0.12 -0.40 (6.25)
-3.37 D,, HD
2SrD, +1N,——Sr,N +2D, +0.32* (6.26)

*) For 30% conversion of SrD; into 37% SraND and 63% SrND

**) 0.32 wt% is theoretical weight gain, assuming no SrD, has been converted into Sr-N-D, according to
equation (6.23)

The isotope exchange as given in equation (6.21) will be further discussed in the next

paragraph. Table 6-18 further contains are a few highly speculative conversion steps, that might

not take place, but their theoretical weight losses and decomposition products do agree with the

experimental findings. Especially the reactions described in equations (6.19) and (6.22) do not

seem to agree with the results discussed in section 6.2.2, where it was noted that with

increasing reaction temperature, more strontium imide seems to be formed than strontium
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nitride hydride. It therefore seems unlikely that strontium imide would again transform into a
nitride hydride at high temperatures. The actual atmospheres and partial hydrogen and nitrogen
pressures are however also very important for the resulting phases and stoichiometries as
already described for Ca,ND. Therefore these conversion reactions might take place in the

absence of nitrogen.

Of course, dealing with a three phase system is not ideal when trying to find out how these
materials behave thermally. The only material which has been thermally tested so far is
SrH(D),, but same should be done for SrNH(D) and SroNH(D). Synthesising these materials as
a single phase is clearly not straightforward, but SrNH(D) could be prepared by decomposing
Sr(NH,),. Chemnitzer et al. have described a synthesis route for preparing single phase

Sr,NH(D) [116], but this requires high hydrogen pressures, i.e. 200 bar.

Isotope exchange/exchange with H, atmosphere — Ca-N-D and Sr-N-D in H,

Both Ca,ND and Sr-N-D have been shown to undergo isotope exchange in a 5% H;
atmosphere. This can alternatively be viewed as exchange with the atmosphere, which
apparently is extremely rapid already at intermediate temperatures. It can be seen that the
isotope exchange in both compounds is completed within an hour, which means that these
materials have an extremely high exchange rate with their atmosphere. In the Sr-N-D case,
weight loss occurs in two consecutive steps. This two step exchange can be thought of as a
surface and bulk exchange at lower and higher temperature, respectively. For Ca,ND these two
steps seem to be convoluted. Finally it can be seen that hydrogen/deuterium exchanges as
atomic H/D. The ion mass that is mainly found by MS is mass 3, belonging to HD, which forms
by recombination of D atoms with H, in the atmosphere. These high exchange rates are
generally not observed for oxides and certainly not at these relatively low temperatures. It would

make the materials interesting for exchange membranes or as catalysts.

The isotope exchange seems to be closely correlated with the order — disorder transition for
Ca,ND and SroND. Both processes occur at similar temperatures and involve rapid N/D or H-D
exchange within the crystal structures. The DTA data for Sr-N-D in argon and 5% H;
atmosphere confirms this, as both graphs show a clear change in slope. Whereas in argon this
change is due to the N/D order — disorder transition, in 5% H, it can be correlated to both order
— disorder as well as H-D isotope exchange. Similar behaviour was observed in CaD, and SrD,,
in which the D/H exchange could also be related to an order — disorder transition. Similar
isotopic exchange was in fact also found by Sobolev and Panov in CaH,, SrH, and BaH, [117].
These disordering and exchange processes all relate to very mobile hydrogen/deuterium
(nitrogen) species within the structure that also exchange with the atmosphere. This points to
very large chemical diffusivities for these species and this makes these materials of great

interest in membrane applications.
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7 Structural and thermal properties of Li and Na doped
Ca-N-H(D) and Sr-N-H(D)

Both Ca,ND and Sr-N-D have been doped with monovalent elements to modify their defect

chemistry. It is anticipated that substituting calcium and strontium with these elements would
result in negatively charged defects, e.g. Na,,,, - This negatively charged defect will have to be

compensated by positively charged defects, for the compounds to maintain charge neutrality.
Typical defects that might occur are hydride ion vacancies or interstitial cations. Reaction with
Na or Li might also destabilise the hydride, creating electronic defects, like F-centres. The
occurrence of defects will generally have an effect on both the structure as well as thermal or
electrical properties. This chapter studies the structural and thermal properties of Ca,NH(D) and
Sr-N-H(D) doped with small amounts of lithium and sodium. Diffraction techniques were used to
analyse the new compounds and to identify important differences between the doped and host
materials. Thermal analysis was also performed to see whether changes in thermal stability or

in stoichiometry could be observed.

7.1 Experimental

(CasxNay)2ND1s and (SrixNay)-N-D (nominally 0 < x < 0.10) were prepared by solid state
reaction of Ca,ND or Sr-N-D with NaD. The respective materials were thoroughly mixed using
mortar and pestle and subsequently pressed into pellets. The pellets were fired in two steps; 16
hours at 330°C and another 16 hours at 600°C. NaD was prepared by firing sodium metal in
pure H in a stainless steel bomb at 540°C with an initial pressure of pH, = 2.8 bar. The reaction
takes about 48 hours to complete. (Ca;,Lix)o,ND (x = 0.05) was also prepared in a similar
manner, using the fully deuterided Ca,ND sample as the parent material, described in chapter
6, section 6.1.3.1. To carry out the solid state reaction, pellets of mixed LiD and Ca,ND were
fired at 600°C in pure deuterium in a sealed stainless steel reactor for 16 hours. LiD was

prepared by firing lithium metal in pure flowing deuterium gas at 650°C for 8 hours.

The Na doped Ca,ND samples show a colour change from yellow to green. Na doped Sr-N-D
has a beige colour as opposed to the yellow — orange colour of undoped Sr-N-D. These colour
changes suggest that at least some reaction takes place.

Neutron powder diffraction was carried out on instrument D1A at ILL, Grenoble (France).
Samples were loaded into vanadium cans in a glovebox to protect the sample from moisture
and air. Indium wire between the cans and lids further operated as a gastight seal, to protect the
samples during measurements. The neutron wavelength was refined to 1.9114 A and patterns

were recorded between 0 < 20 < 158°, with a resolution of 0.05°. All neutron diffraction
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experiments were carried out at room temperature. (Cai4Lix).,ND was synthesised from a
different parent material (fully deuterided Ca,ND) and its neutron diffraction pattern was
recorded on a different day. All experimental conditions were identical, apart from the neutron

wavelength, which was refined to 1.9095 A.

7.2 Results —Atomic Absorption Spectroscopy (AAS)

Weight losses and material deposition were observed after the solid state reactions of NaD with
CayND and Sr-N-D. It was anticipated that sodium might evaporate at 600°C, so to obtain the
actual sodium content of the samples, atomic absorption was carried out. The results can be
found in Table 7-1. The actual sodium content is very small and even slightly smaller than the
solubility limits of NaF in CaF, found by Natsuhara et al. [95] (1.7 mol%). Ure [96] however
found a lower value for the solubility limit in the same NaF — CaF; system, i.e. 0.6 mol%, which

agrees better with the values found in this study.

Table 7-1: AA sodium content result

Compound X (nominal x (actual Na
composition)  content)
(Cai-xNax)2ND 0.02 6.6x10°
(Cai-xNax)2ND 0.1 7.9x10°
(Sr1xNay)-N-D 0.02 3.1x10°
(Sr1xNay)-N-D 0.05 1.0x10

7.3 Na doped Ca,ND — Neutron diffraction

Neutron diffraction patterns for two Na doped Ca,ND samples are shown in Figure 7-1.
Refinement of the neutron diffraction data of the Na-doped Ca,ND samples was done using the
low temperature (<650°C) model used for undoped Ca,ND. This model includes imide ion
substitution on the 16¢c and 16d sites (substitution for deuteride and nitride ions, respectively).
The refinement results are shown in Table 7-2. The occupancies for both N and D(H) on their
respective crystallographic sites have been fixed to 1, as Fourier difference maps revealed
excess residual neutron scattering length density, after refinement in the standard Ca,ND model
(as described in chapter 6, section 6.1.3). This confirms again that the actual stoichiometries of
these materials are very changeable and strongly dependent on reaction conditions. The
residual scattering density further justifies using the structural model, which includes imide ion
substitution. Also explained in chapter 6 section 6.1.3, a general formula (Cas.Nay)>Nq,D+.
AND)y., is expected. A third model was used to refine the undoped Ca,ND samples, which
involved an additional interstitial deuteride site on 8a. This has been tried for the Na doped

samples as well, but no improvement of the fit could be obtained and moreover, the occupancy
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of this site was found to be close to 0.0. Since the remaining refinement parameters using this
third model were nearly identical to the values that are already listed in Table 7-2, these results

have been omitted.

The refinement results show a significant increase in the imide content after doping. In the
general formula (Cas.xNay);N1,D1,(ND),.,, y after doping is ~0.24, whereas z amounts to 0.15.
Before doping, y and z are only 0.10 and 0.08, respectively. This seems quite surprising, as
adding a more electropositive element to the structure, namely Na, would be expected to have a
reducing effect, whereby the amount of imide ions should be reduced, whilst leaving more of

nitride hydride character.
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Figure 7-1: Neutron diffraction patterns of (Ca;xNay):NDi.5. Nominal sodium substitution is as follows: blue
x =0, red x =0.02, green x = 0.05

On closer inspection of the neutron diffraction pattern, a resemblance with the diffraction
patterns of the high temperature phase of undoped Ca,ND can be seen. The neutron diffraction
patterns of this high temperature phase were characterised by the change of relative intensities
of the (311) and (222) peaks and the (533) and (622) peaks. Similar behaviour is now observed
for the Na doped samples at room temperature. It is possible that sodium doping causes
disorder in the N and H(D) layers, which was used to characterise the high temperature neutron

diffraction data for Ca,ND. Refinement of the Na — doped data using this model however, does
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not lead to satisfactory results. In fact, divergence of the refinement model occurs, even after
fixing and correlating most parameters. It is therefore not unlikely, that the change in intensities
is mainly due to a change in stoichiometry (increase of N and D/H occupancies and imide
substitution). Disordering of the overall structure is not unlikely to happen to some extent as
well. After all, an increased amount of imide ions are substituting for the nitrides and hydrides,
which will affect the ordering. In Sr-N-D we saw a complete disorder in Sr,ND upon the
formation of a second imide phase. Also, the Ca ions are moving more towards the ideal
(Va,va,va) sites, which is indicative for disorder of the N and D ions, as the difference in

electrostatic attraction between N> and D" ions is more averaged out in a disordered system.

Table 7-2: Refinement summary for (CasxNa,);N1yD1.-(ND),.. in spacegroup F d 3 m, A = 1.9114 A. Structural
model involves imide ion substitution on 16c and 16d sites. No interstitial deuterium on site 8a was refined

Refinement parameter x=0 x =0.02 x =0.05
Actual Na content, x 0 0.007 0.008
a(A) 10.1550 (2) 10.1502 (2) 10.1521 (2)
Rp 4.16 5.50 4.27
Rwp 5.32 7.28 5.06
Rexp 2.79 3.77 3.47
x2 3.65 3.72 2.13
Ca, 32e (x,x,x)
X 0.2579 (3) 0.2545 (5) 0.2555 (4)
B (Az) 1.30 (6) 1.50 (7) 1.31(7)
N1, 16d (Y2,%,%)
B (AZ) 1.08 (4) 1.27 (6) 1.35 (6)
Occ 1.00 1.00 1.00
D1/H1, 16c (0,0,0)
B (A% 3.7 (1) 29(1) 2.3 (1)
Occ 0.75 1.00 1.00
N2, 969 (x,X,z)
imide coordinated to D1/H1
X 0.061 (4) 0.037 (3) 0.039 (4)
z 0.028 (10) -0.084 (3) -0.072 (4)
B (AZ) 3.7 (1) 29(1) 2.3(1)
Occ 0.014 (1) 0.025 (2) 0.023 (2)
D2, 969 (x,X,z)
imide coordinated to N1
X 0.562 (1) 0.438 (2) 0.470 (3)
z 0.477 (10) 0.545 (7) 0.580 (2)
B (Az) 1.08 (4) 1.27 (6) 1.35 (6)
Occ 0.016 (4) 0.041 (3) 0.039 (2)
d (Ca-N) (A) 2.462 (3) 2.493 (5) 2.483 (4)
d (Ca-D) (A) 2.620 (3) 2.584 (5) 2.595 (4)
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In Table 7-2 and Figure 7-2 it can be seen that the lattice parameter of Ca,ND changes upon
Na doping. The change does not seem to follow Vegard’s law, but generally it can be said that
the lattice parameter decreases upon Na substitution. Whether it is the Na substitution or the
small compositional changes (i.e. change in N and D(H) occupancies) that causes this change
in lattice parameter cannot be said. A decrease in lattice parameter is actually quite unexpected
as Na has a larger ionic radius than Ca and if it were the Na substitution that is responsible for
the lattice parameter change, an increase in lattice parameter would be expected. If the change
in stoichiometry would cause the change, an increase in lattice parameter would also be
expected. There is a net overstoichiometry of N and D(H) in the structure, which would give the
nitride hydride a slight imide character. The imide has a slightly larger lattice parameter than half

the nitride hydride’s lattice parameter.
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Figure 7-2: Lattice parameter of (Ca;xNa,).ND vs. x (Na content)

7.4 Lidoped Ca,ND - neutron diffraction

Ca,ND was also doped with lithium (5 mol% of Ca content), as lithium too has an ionic radius
which is relatively close to calcium. The sample that was doped is the sample that is discussed
in section 6.1.3.1 in chapter 6 and therefore has only deuterium and no hydrogen in its
structure. Furthermore it has excess neutron scattering density on both the nitride (/2'%2Y2, 16d)
and deuteride (000, 16c¢) site, which is accounted for by substituting these sites partially with

imide ions. No secondary imide phase could be observed however.

After doping with lithium, broadening of the peaks at high angle can be observed, analogue to
what is observed for the mixed Sr-N-D phase. Refinement of the pattern is possible assuming a
mixed phase of calcium imide and calcium nitride hydride. The refinement results are
summarised in Table 7-3. No sign of residual LiD could be observed, so it is assumed that all
LiD is incorporated into the Ca,ND and CaND structures. The lattice parameter for the imide
phase is 5.0913(2) A and this seems low compared to literature values (5.14 A [109, 110]). This
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could partially be caused by the deuterium in the structure. The calcium imides reported in
literature were not deuterided and will have a higher cubic lattice parameter, as described in
chapter 2, section 2.1.3. Lithium imide (LioND) reportedly has a cubic lattice parameter of
10.127 A in spacegroup F d 3 m [60], which is two times 5.064 A when converted to a single
face centred cubic cell. Hence lithium doping could also explain the strong contraction of the
calcium imide unit cell. The pattern including refinement and difference plot can be found in

Figure 7-3.

Li doping clearly has a detrimental effect on the stability of single phase nitride hydride phase.
This is possibly caused by the fact that lithium imide is far more easily formed than lithium
nitride hydride, which only seems to form upon reaction between LiH and LisN [59]. The
formation of lithium imide might then trigger the formation of a stable calcium imide phase,
instead of having imide ions randomly distributed within the calcium nitride hydride lattice.
Lithium (hydride / deuteride) is in this sense a unique dopant, as it is the only alkali metal that
reacts directly with nitrogen and hydrogen to form nitrides, amides and imides. Sodium is
practically inert towards nitrogen [58]. Therefore similar imide formation is not observed for the
Na doped Ca,ND samples. Doping with sodium does however cause an increase in the imide
substitution in Ca,ND and it also affects the imide/nitride hydride phase ratio in the strontium

based samples, as we will see shortly.

Doping Ca,ND with lithium causes a large increase in lattice parameter of the nitride hydride
phase, i.e. from 10.1238(2) A to 10.1350(2) A. Again this seems unexpected, as lithium has a
smaller ionic radius than calcium. Although a secondary imide phase has formed, there is still
excess neutron scattering density on the nitride and deuteride sites in the Ca,ND structure. This
most likely means that still some substitution by imide ions on these sites occurs. Analogous to
the Sro,ND/SrND mixed phase, the order in the Ca,ND seems to have disappeared completely.
This becomes apparent from the absence of any double cubic superstructure peaks in the
diffraction pattern. Therefore the doped nitride hydride phase will be treated as a single cubic
cell, with spacegroup F m 3 m, in which the nitride and hydride ions randomly occupy the
octahedral holes in the close packed calcium array. A slight improvement of the refinement can
even be obtained when the rhombohedral spacegroup R -3 m is used, so possibly a small
change in symmetry takes place upon lithium doping. Because of the N-D disorder, y and z in
(Cay4Lix)2N1yD1,(ND)y+, are now equal and the total imide content is very large with y+z = 0.51.
Although this imide content seems unreasonably large, it would explain why a second imide
phase develops upon Li doping. The nitride hydride phase has possibly accommodated its

maximum imide ion content and consequently a second imide phase starts to build.
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Figure 7-3: Neutron diffraction pattern of CagesLio.05-N-D; mixed imide and nitride deuteride phase (and CaO as
third phase). Observed pattern in red, refinement in black, residuals after refinement in blue and reflection

positions in green.

Table 7-3: Refinement results for 5 mol% Li doped Ca;ND. Two phase system: phase 1 is (Cag.ssLio.o5)2N1.yD1.
+(ND),., phase, spacegroup F m 3 m. Phase 2 is Ca ¢sLio0sND (imide), spacegroup F m 3m. A = 1.9095 A

Refinement parameter  Phase 1: Phase 2:
(Cag.e5Li0.05)2N1-yD1.2(ND)y+2 Cao.o5Lio.0sND
a(A) 5.0675 (2) a(A) 5.0913 (2)
Calli, 4a (0,0,0) Calli, 4a (0,0,0)
B (A% 1.84 (8) B (A% 0.7 (1)
N1/D1, 4b (12,%,%) N1, 4b (1%,%,",)
B (A?) 1.52 (6) B (A?) 1.25 (9)
N2/D2, 96g (x,X,z) D1, 96j (0,y,z)
X 0.445 (2) y 0.330 (5)
z 0.670 (1) z 0.069 (13)
B (A% 1.52 (6) B (A?%) 13 (10)
Occ 0.0058 (1)
d N-D (A) 0.934 (10)
v (Ca-D-N) 146.0° (7)
Phase content (mol%)  39* Phase content (mol%) 61*

Ro
Ruwp
Rexp

2
X

4.18
5.04
4.11
1.50
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Table 7-4: Refinement results for 5 mol% Li doped Ca;ND. Two phase system: phase 1 is (Cag.gsLio.05)2N1.yD1.
(ND),., phase, spacegroup R -3 m. Phase 2 is CaygsLisosND (imide), spacegroup F m 3m. A = 1.9095 A

Refinement parameter  Phase 1: Phase 2:
(Cag.esLi0.05)2N1-yD1.2(ND)y+2 Cao.g5Lio.0sND
a(A) 3.5872 (4) a(A) 5.0922 (3)
c(A) 8.7636 (10)
c 0.9974
YA
V (A% 97.66 (2) V (A% 132.04 (1)
CalLi, 3a (0,0,0) CalLi, 4a (0,0,0)
B (A?) 1.72(7) B (A% 0.8 (1)
N1/D1, 3b (0,0, ¥4) N1, 4b (V2,%,%)
B (A?) 1.51 (6) B (A?) 1.23 (9)
N2/D2, 36i (x,y,z) D1, 96j (0.,y,2)
X 0.1450 (4) y 0.334 (5)
y 0.3006 (8) z 0.074 (9)
z 0.520 (2) B (A% 12 (10)
B (A?%) 1.51 (6)
Occ 0.011 (1)
d N-D (A) 0.924 (15)
y (Ca-D-N) 143.5 (13)
Phase content (mol%)  43* Phase content (mol%) 57*
Rp 4.09
Rup 4.97
Rexp 4.11
x2 1.47

*) CaO phase included in calculation

A good refinement is obtained when assuming two main phases are present: (CaggsLigo5)2ND
and CaggsligosND). There is however the possibility of a third phase with very close lattice
geometry, Ca doped Li,ND. This phase will be less dominant as only 5 mol% Ca was
substituted for Li. Also, Li has a negative neutron scattering length, so a possible contribution to
the pattern will partly counteract those of the previous two phases. Still, a mixture of three
phases, which might even form solid solutions with even closer lattice parameters, could be
present, making this system very complicated and hard to analyse using diffraction techniques

only.
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7.5 Na doped Sr-N-D — neutron diffraction

From neutron diffraction pattern refinements, it seems that both SrND and Sr,ND are doped
with sodium. The Sr-N-D material was doped with nominally 2 mol% and 5 mol% Na by metal
content. Sro,ND shows a small volume contraction upon doping with Na, whereas the cubic
lattice parameter of SIND shows a generally decreasing trend, with a being smallest for the
nominally 2 mol% doped sample, i.e. a = 5.4941(6) A as compared to 5.4997(3) A for the
undoped material. The decreases in volume and lattice parameter, respectively, are likely to be

caused by the substitution of strontium with the smaller sodium ion.
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Figure 7-4: Unit cell volume of Sr,ND vs. Na content
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Figure 7-5: Cubic lattice parameter of SrND vs. Na content

No more SrD, phase could be observed after the solid state reaction with sodium. In the
undoped Sr,ND/SrND mixed phase, the nitride hydride : imide phase (molar) ratio was 37 : 63.
After doping with nominally 2 and 5 mol% NaD, the imide content has increased to 68 mol% and
72 mol%, respectively. This seems counter intuitive, as the sodium is expected to have a
reducing effect that would result in more nitride and hydride ions as opposed to imide ions. The
process that does take place, however, is probably more like what was observed for Li doped

Ca,ND, which caused the development of a stable calcium imide phase. The alkali metals
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clearly prefer to be surrounded by imide ions rather than nitride and hydride ions. This effect is
also seen in the Sro,ND phase, where the Sr occupancy has now dropped to 0.60, which
suggests that 67% of the nitride and hydride ions are actually substituted by imide ions. This
seems very high for this phase to still be a stable nitride hydride phase, but the general trend is

consistent.

Table 7-5: Refinement results for nominally 5 mol% Na doped Sr-N-D. Two phase system: phase 1 is
(SrogeNag01).ND in spacegroup R -3 m, phase 2 is SrygNagND (imide) in spacegroup Fm 3 m.A=1.9114 A

Phase 1 Phase 2
Refinement parameter  (Srg.g9Nap.01)2ND Sro.99Nap.01ND
a(A) 3.8691 (6) a(A) 5.4958 (5)
c(A) 9.447 (2) -
V (A% 122.47 (4) V (A% 166.00 (2)
Sr/Na, 3a (0,0,0) Sr/Na, 4a (0,0,0)
B (A?) 0.0 (1) B (A?) 3.0(2)
Occ 0.60 (1)
N, 3b (0,0, %) N, 4b (V2,%,"%)
B (A?%) 5.1(2) B (A% 22(1)
Occ 0.50
D/H, 3b (0,0, %) D/H, 96j (0,y,z)
B (A% 5.1(2) y 0.344 (4)
Occ 0.50 z 0.098 (4)
B (A?) 4.4 (9)
d (N-D) (A) 1.01 (1)
v (Sr-D-N) 132.1° (7)
Phase content (mol%) 28 72
Rp 4.15
Ruwp 5.32
Rexp 3.26
x2 2.66

7.6 Thermal analysis

7.6.1 Na doped Ca,ND

It was shown using neutron diffraction that the stoichiometries of the Ca-N-H(D) system are very
changeable and seem to depend strongly on the partial nitrogen and hydrogen (deuterium)
pressures during synthesis. Also the doping has an effect on the presence of imide ions inside
the nitride hydride structure and in the case of Li doped Ca,ND, the imide phase becomes a
stable secondary phase. Changes in the N and H(D) stoichiometry should be reflected in the

thermal analyses of these compounds, as different amounts of hydrogen and nitrogen should be
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released by the compounds. It is further interesting to see whether the imide ions inside the

nitride hydride structure have a different thermal stability than the nitride and hydride ions.

Figure 7-6 and Figure 7-7 show the TGAs for Na doped Ca,ND (nominally 5 mol%) along with
its undoped parent material in an argon atmosphere. A few differences can readily be seen.
Firstly, a larger weight loss occurs at low temperatures, i.e. 309°C, which is too large to be due
to decomposition of surface hydroxides. Very similar weight losses occur at 580 — 590°C,
whereas Na doped Ca,ND again loses more weight at 707°C. The total weight loss for Na
doped Ca,ND amounts to 2.98 wt%, which is in excellent agreement with the theoretical weight
loss of a compound with composition (Cag.gg2Nag.00s)No.75D0.85(ND)o.40 that decomposed fully into
CayN. The different weight losses along with masses of the released gases as recorded by MS
are listed in Table 7-6. It can be seen that the main ion mass found for the weight loss at 309°C
is m18 (m17), which could be a water molecule as expected from Ca(OH), decomposition. The
weight loss seems too large though and therefore it is thought that the ion mass represents a
NDH, (NDH) ion, which is likely to be due to release of the imide ions in the nitride hydride
structure. The weight loss would only account for a loss of 0.023 formula units of imide. The
consecutive weight loss at 596°C mainly involves the loss of deuterium (HD) and is therefore
believed to be simply due to deuterium loss from the Ca,ND structure (giving Ca,ND45, 0.10 <
< 0.33). The weight change represents a loss of 0.17 formula units of deuterium. In the last step
at 707°C the remaining 2.40 wt% is released, resulting in complete decomposition into Ca,N. It
is interesting to see that when the imide ion decomposes, it is released in the form of ammonia
(ND picking up H from moisture in the mass spectrometer), whereas the nitride ion is mainly
released as molecular nitrogen (N,, m28). This behaviour is not observed at higher
temperatures though, as ammonia is not stable and will decompose itself into nitrogen and

hydrogen/deuterium.
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Figure 7-6: TGA for undoped CazN; ¢sDos3 (red) and (Ca;xNay)2N1.10D1.10 (green)
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Figure 7-7: TGA for (Cas.xNay);2N1.10D1.10 in argon (green), showing MS trail for m3 (red), m4 (blue), m18 (purple)
and m28 (black)

Table 7-6: TGA results for (Cai.xNay)2N4.10D1.10 in argon

Temperature (°C)  Weight loss (wt%) lon mass involved Gas involved

309 -0.31 m18 (m17) NDH;
596 -0.28 m3 (m4) HD (D2)
707 -2.39 m3 (m4), m28 HD (D2) & N2

7.6.2 Lidoped Ca-N-D

As described in section 7.4, doping of Ca,ND with Li causes the development of a stable imide
phase and the resulting material is a mixed phase of imide and nitride hydride. Figure 7-8 shows
the TGA for both undoped and Li-doped Ca,ND, which shows a dramatic increase in weight
loss after doping. It can also be seen that the first loss of nitrogen occurs at lower temperature,
i.e. 631°C for Li-doped Ca,ND as opposed to ~760°C for undoped Ca,ND. Clearly the imide
phase is less stable than the nitride hydride and interconversion between the two takes place,
as observed in the Sr-N-D system. The final weight losses of 2.59 and 4.35 wt% agree well with
conversion from imide to nitride hydride with concomitant loss of overstoichiometric nitrogen and

deuterium from the nitride hydride phase. The suggested decomposition mechanism is now:

(CaHLiX )2 N1,04D1_21%(C31,XUX )2 N, 04D, 04 -0.16 wt% (7.1)
(Ca,_ Li,)ND—=2"C—1(Ca,_,Li,),ND++N, +1D, -6.74 wt% (7.2)
(Ca1—xLix )2 N1.04D1404 ﬂ)(caLxLix )2 ND + %N2 + 0_§4D2 -0.29 wt% (73)
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Figure 7-8: TGA for Cai,Lix-N-D in argon (red) and Ca,ND (green), showing MS trail for m4 (blue) and m28
(purple)

Table 7-7: TGA results for Ca;Lix-N-D

Temperature Weight loss lons involved Gases involved
(°C) (Wt%)

213 -0.20 m18, m4 H»0, D,

571 -0.07 m4 D-

631 -2.59 m4, m28 D2, N2

751 -4.35 m4, m28 D2, N2

7.6.3 Na doped Sr-N-D
The TGA for the Na doped Sr-N-D system looks similar to that of its parent material, although

some differences can readily be observed. As observed for Na doped Ca,ND, a larger weight
loss can be seen at low temperatures (199°C), which is hard to attribute to decomposition of
surface hydroxides alone. This is followed by a weight loss at 510°C, which is smaller than the
same weight loss observed for undoped Sr-N-D, i.e. 0.11 wt%. This can be explained by the
absence of a SrD, phase, which was present in the undoped Sr-N-D system and decomposed
along with some deuterium loss from SroND to form SroND45. For this Na doped system this
weight loss now reflects the loss of 0.26 formula units of deuterium from Sr,ND. The large final
weight loss of 4.90 wt% can be ascribed to both Sr,ND4s and SrND decomposing into SroN
(theoretical weight loss of 5.32 wt% for Sr,ND : SrND = 0.28 : 0.72). Again, as this step takes
place at too high temperatures, the released imide ions are not being seen on the MS as

ammonia ions, but rather as N, and HD (D).
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It seems that after doping, some of the imide ions are metastable and are already released at
low temperature, i.e. 199°C. It is difficult to verify this from MS data, as the related ion masses
for imide release and surface hydroxide decomposition are identical (m18). If the weight loss
were due to surface hydroxide decomposition alone, this would mean the sample would have
picked up a lot of hydroxides inside the sealed container in the glovebox. In this case it would
mean these compounds are extremely moisture sensitive, much more than for instance ‘pure’

hydrides.
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Figure 7-9: TGA for undoped Sr-N-D (red) and (Sri.xNa,)-N-D (green)
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Figure 7-10: TGA for Na doped Sr-N-D (green), showing MS trail for m3 (red), m4 (blue), m18 (purple) and m28
(black)
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8 Conclusions

The work in this thesis relates to the preparation and structural and electrical characterisation of
calcium and strontium hydrides, imides and nitride hydrides. Conventional solid state methods
in controlled atmospheres were used to synthesise these materials. Due to their highly sensitive
nature towards air and moisture, special care was taken during handling, syntheses and testing

to avoid decomposition reactions.

Both calcium and strontium hydride (CaH, and SrH;) were successfully synthesised by reacting
the metals with hydrogen gas. Neutron diffraction and thermogravimetric results suggested a
small substoichiometry of hydrogen (deuterium) of the as prepared materials, which is most
likely due to long equilibration times of the M — MH, system below the synthesis temperature.
High temperature neutron diffraction data, thermal analysis and electrical testing all suggest an
order — disorder transition taking place in the hydrides’ structures. This transition most likely
involves rapid exchange between the two hydride crystallographic sites. In the electrical
properties this transition manifests itself in a lowering of the activation energy of the bulk ionic
conductivity above the transition temperature. If the activation energy below the transition
temperature is assumed to consist of an intrinsic defect migration and creation term, a lowering
of this activation energy is to be expected above the transition temperature, due to the
disappearance of the defect creation term. The conductivity is assumed to be purely ionic in
nature (hydride ion conduction). This assumption seems to be validated at lower temperatures
by the appearance of a Warburg type impedance, caused by a hydrogen diffusion limitation in
the electrodes. The hydride ion conduction is good in these undoped materials: the total
conductivity for CaH, at 1000K is 0.01 S/cm, whereas this is even higher for SrH,, with 0.01
S/cm at 830K.

Upon reacting CaH, and SrH, with NaH, very little sodium enters the host materials’ crystal
structure (0.02%). The reaction with NaH however leads to a significant lowering of the
hydrogen content in CaH, and SrH,. This lowering of H-content is paralleled with the creation of
electronic defect, F-centres. These extrinsic defects do not seem to have any effect on the
electrical properties of CaH,, whereas significant changes are observed for SrH,. The low
temperature conductivity of SrH, is increased by half an order of magnitude, whereas the high
temperature regime, which is dominated by intrinsic defects, is negatively affected by the

presence of these extrinsic defects [118].

The nitride hydride of calcium (Ca,NH) could be obtained as a single phase material, by either
reacting calcium metal or calcium hydride in an atmosphere of 5 — 7% H, and 1 — 7% N, in
argon. The actual partial hydrogen and nitrogen pressure do affect the overall stoichiometry of

the resulting compound and it is believed that imide ions (NHZ') substituting for hydride and
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nitride ions is a major chemical defect. These imide ions are randomly distributed within the
nitride hydride’s crystal structure and therefore do not constitute as a separate phase. Ordering
of nitride and hydride ions gives rise to a double cubic structure, in which calcium is cubic close
packed, whereas nitrogen and hydrogen alternately occupy the octahedral holes. At high
temperature (~600 — 650°C) disordering takes place, leading to a simple cubic structure. Upon
reaction with sodium hydride (NaH), the imide content seems to be increased, which also
seems to lessen the N-H ordering in Ca,NH. Reacting calcium nitride hydride with 5 mol%
lithium hydride (LiH) on the other hand induces the development of a stable secondary imide

phase, whilst completely disordering the nitride hydride phase.

When applying the same reaction conditions to strontium metal, a mixture of strontium imide
(SrNH) and nitride hydride (SroNH) is formed. Whereas single phase strontium nitride hydride is
reported to have a similar ordered structure as its calcium analogue [116], in the mixed phase
its structure is fully disordered, with nitride and hydride randomly occupying the octahedral holes
in the distorted strontium cubic close packing. The hydrogen position in the strontium imide
phase was located using Fourier difference maps of the neutron scattering length density. Its
most likely position is disordered around the nitrogen on a 96j site within the F m 3 m
spacegroup. Both the nitride hydride and the imide phase are doped with Na, upon reaction with
NaH. This can be concluded from the increase in lattice volume for both phases. Sodium
solubilities in both Ca,NH and Sr,NH — SrNH are small, i.e. only 0.7 — 1%.

The disorder observed in both nitride hydrides and hydrides is due to high mobility of the
hydrogen (and nitrogen) within the crystal structures. The disordering for hydrides roughly takes
place around 350 — 450°C, whereas in the nitride hydrides this is at higher temperatures, i.e.
450 — 650°C. This high mobility could also be correlated with a very fast exchange of lattice
hydrogen (deuterium) with the atmosphere. This process was observed when performing
thermogravimetric analysis on the deuterided compounds in hydrogen containing atmospheres.
Complete replacement of deuterium by hydrogen was observed within a short time. Moreover,
the onset temperature of this isotope exchange process matches the nitride — hydride and
hydride disordering temperatures very well, indicating that these processes are indeed related
and involve rapid movement of hydrogen and nitrogen within the lattice. This high chemical
mobility could be of great interest in such application as hydrogen exchange membranes.
Furthermore, the rapid exchange of isotopes offers great potential in the area of nuclear fusion,

where different hydrogen isotopes are used as fuels.
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9 Suggestions for future work

All of the materials prepared and studied in this work have shown rapid exchange with hydrogen
in the atmosphere and this is believed to be due to high mobility of the hydrogen and nitrogen
ions in the materials’ crystal lattices. New experiments studying the hydrogen (and possibly
nitrogen) flux in these materials in typical membrane setups would be of great interest.

The electrical properties of the nitride hydrides have not been studied properly, yet. Good
control of the material’'s stoichiometry is required before these tests are undertaken. The
stoichiometry will probably affect the electrical properties drastically, as electronic defects might
occur to compensate for hydride and nitride ion deficiencies. The occurrence of imide ions on
the other hand will probably affect the electrical properties negatively.

More studies are needed to get a full picture on the hydride ion conduction mechanism in
calcium and strontium hydride. In this work it was tried to introduce hydride ion vacancies to
improve the ionic conductivity. This was however only partially successful, as the dopant was
volatile and hardly soluble in the host materials. Hydride ion vacancies can also be created by
doping nitride ions on the hydride ion sites. For every doped nitride ion, two hydride ion
vacancies should be created. Therefore doping CaH, with Ca,NH could be of interest. The
effect of interstitial hydride ions has not been studied yet, either. They can be introduced by

doping with trivalent elements, like lanthanum, neodymium and gadolinium.
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