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Abstract

Rare-earth borohydrides have attracted great interest for energy storage applications
due to large hydrogen content and good Li-ion conductivity. However, so far the tem-
peratures for hydrogen release are too high, and the re-hydrogenation properties are
too poor for practical hydrogen storage purposes. In this thesis, the thermal stabil-
ity and decomposition route of Na,RE,(BH4)sI3 where RE = Ce, Pr, Nd, Gd, and Tb,
were investigated by in-situ synchrotron radiation powder X-ray diffraction (SR-PXD),
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The re-
sults showed that the onset temperature for the decomposition of Na,RE,(BH,)s1I5 did
not systematically change with increased Pauling electronegativity of the rare-earth
cation. It was also observed that the activation energies for the decomposition had a
positive and almost linear correlation with the cation electronegativity. Bragg reflec-
tions from unknown phases appeared in several of the samples during heating.

High energy ball-milling of NaBH4 and RECl; (RE = Tb and Yb) in the molar ra-
tio 3:1 was also conducted. An additional synthesis of NaBH, and CeCl; in the molar
ratio 5:3 was attempted as well. The phase composition and their crystal structures
were determined by room temperature SR-PXD. The synthesis resulted in the forma-
tion of two previously unreported phases NaTb(BH,4),Cl, and NaYb(BH,4),Cl,. Both
were isostructural with the previously reported monoclinic phase NaY(BH4),Cl, (space
group P2/c). The samples with TbCl; and YbCl; also contained the Na;RECI,; phase
and significant amounts of the starting materials. Large amounts of CeCl; and a solid-
solution of NaBH, and NaCl were observed for the sample with CeCls.

The thermal stability and decomposition routes of the chloride containing samples
were investigated in the same manner as the Na,RE,(BH4)sI; phases. The measure-
ments indicated that the decomposition routes for NaTb(BH4),Cl, and NaYb(BH,4),Cl,
were considerably different. NaTb(BH,),Cl, decomposed in a single step while the
decomposition route of NaYb(BH4),Cl, consisted of multiple steps.
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Sammendrag

Sjeldne jordarts borhydrider har tiltrukket seg stor interesse pa grunn av deres mu-
lighet for energilagring. Materialene har et hoyt hydrogeninnhold og gode ledning-
sevner for Li-ioner. Det kreves imidlertid heye temperaturer for hydrogenutslipp,
i tillegg til at re-hydrogeneringsegenskapene er for darlige til praktiske hydrogenla-
gringsformadl. I denne oppgaven ble den termiske stabiliteten og dekomponerings-
forlepet av Na,RE,(BH,4)513 hvor RE = Ce, Pr, Nd, Gd and Tb, analysert ved hjelp av
in-situ pulverdiffraksjon fra synkrotronstrdling (SR-PXD), termogravimetrisk analyse
(TGA) og differensial sveipe kalorimetri (DSC). Resultatene viste at starttemperaturen
for dekomponeringen av Na,RE,(BH4)51; hadde ingen systematisk endring ved ekt
Pauling-elektronegativitet av det sjeldne jordarts kationet. Det ble ogsa observert at
aktiveringsenergiene for dekomponeringen hadde en positiv og nesten linezer korre-
lasjon med kationet sin elektronegativitet. Bragg topper fra ukjente faser dukket opp i
mange av provene ved oppvarming.

Hoy-energisk kulemelling av NaBH4 og RECl; (RE = Tb og Yb) i molforhold 3:1
ble ogsd gjennomfert. En ytterligere syntese med NaBH, og CeCl; i molforhold 5:3
ble i tillegg utfort. Fasesammensetningen og deres krystallstrukturer ble bestemt
ved romtemperatur SR-PXD. Syntesene resulterte i dannelsen av de to tidligere urap-
porterte fasene NaTb(BH,4),Cl, og NaYb(BH,4),Cl,. Begge fasene var isostrukturelle
med den tidligere rapportert monokliniske fasen NaY(BH,),Cl, (romgruppe P2/c).
Provene som besto av TbCl; og YbCl; inneholdt ogsd NazRECls og betydelige mengder
av startmaterialene. Store mengder av CeCl; og en fastlesning av NaBH,4 og NaCl ble
observert for preven med CeCl;.

Den termiske stabiliteten og dekomponeringsforlopene av de kloridholdige
provene ble undersokt pd samme maédte som for Na,RE,(BH,)sI;-fasene. Madlingene
viste at dekomponeringsforlepet for NaTb(BH,4),Cl, og NaYb(BH,4),Cl, var vesentlig
forskjellige. NaTb(BH,),Cl, dekomponerte i et enkelt steg mens dekoponeringsfor-
lopet for NaTb(BH4),Cl, besto av flere steg.
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Chapter 1

Introduction

Due to the growing energy consumption in the world and the increasing concern for
global warming, discovering new and improved ways to store renewable energy has be-
come an important research topic [1]. Renewable energy can be stored in, for example,
batteries or as hydrogen and aim to replace the present use of fossil fuels. Hydrogen
gas can be produced from renewable energy by electrolysis of water and has a high en-
ergy density, making it an attractive energy carrier. The gas is converted to electricity
in a fuel cell where water is the only by-product. A significant challenge in hydrogen
technology is the development of effective storage methods [1]. At present, the most
common storage method is in high-pressure tanks that can store large quantities of hy-
drogen gas. However, the energy density in the tanks is not high enough to compete
with gasoline or coal [2]. In addition, the compression of the gas requires high energy
consumption and comes with many safety concerns. A recent explosion of a hydro-
gen tank at an Uno-X hydrogen filling station, in the suburbs of Oslo demonstrates the
current need for safer hydrogen storage methods [3].

Researchers are currently investigating alternative options for storing hydrogen,
such as solid-state hydrogen storage systems. Storing hydrogen in a solid phase en-
ables compact storage and reduces the safety concerns related to leakages and gas at
elevated pressures. Lately, metal borohydrides have been examined as possible hy-
drogen storage materials as they possess high hydrogen densities [4]. Unfortunately,
many of the metal borohydrides exhibit poor thermodynamic and kinetic properties,
which limit their technical utilization. Alkali and alkaline-earth borohydrides such as
LiBH,; and Mg(BHy,),, have large hydrogen storage capabilities. However, hydrogen
release and absorption only occur under severe conditions at elevated temperatures
[5, 6]. In contrast, transition metal borohydrides such as Ti(BH4); and Zr(BH,), are
too unstable and decompose around room temperature [7, 8]. During recent years,
rare-earth borohydrides have been considered as possible hydrogen storage materials
[9]. Compounds containing rare-earth metal cations possess a lower gravimetric hy-
drogen density compared to the alkali and alkaline-earth borohydrides. Nevertheless,
the rare-earth borohydrides have a considerable advantage as they have decomposi-
tion temperatures between 200 and 300 °C and which is considerably lower compared
to LiBH4 which decomposes at 380 °C [9, 5].

Previous research has shown that the stability of the metal borohydrides, in terms
of their decomposition temperature, has an inverse correlation with the Pauling elec-
tronegativity of the metal cation [10]. This trend is also applicable for the bimetallic
borohydrides, where the average electronegativity is used, allowing the possibility to
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tune the thermodynamic properties of metal borohydrides. Another method for mod-
ifying the thermodynamics is through anion substitution, where the BH,™ units are
partly substituted by halide ions. Examples include Li(BH,);-,Cl, and Na(BH,);_,Cl,
[9].

The evolution of batteries has made many advances during the past decade.
Lithium-ion batteries (LIBs) are currently dominating the battery market as a result
of their high energy density and long cycle life [11]. The conventional battery has a lig-
uid electrolyte, often consisting of organic polymers and have received several safety
warnings due to the electrolytes toxicity and flammability [12]. By exchanging the com-
bustible liquid electrolyte with a non-flammable solid-state electrolyte, issues related
to fire hazards and leakage can be prevented. The most significant disadvantage of
this approach is the notable reduction in ion conductivity, as the ions have reduced
mobility in a solid phase [12]. The development of a fast solid-state ion conductor is
therefore crucial for the evolution of safe, high energy density batteries.

Investigations related to lithium and sodium ion batteries (SIBs) started simultane-
ously in the early 1980s. As a result of the successful commercialization of LIBs, there
was a considerable reduction in the research related to SIBs [11]. However, solid-state
SIBs have recently been regarded as the next generation batteries to replace the current
commercial LIBs, with advantages of abundant sodium resources, low cost, and high
safety levels. Lithium and sodium are both alkali metals and have similar physical
and chemical properties. It is therefore anticipated that SIBs can achieve comparable
performance to that of LIBs, in the future [13].

During recent years properties beyond hydrogen storage, such as good ionic con-
ductivity have been observed for some metal borohydrides [1]. It has been suggested
that the compounds may be used as active materials in solid-state electrolytes or elec-
trodes, in batteries.

This study is part of a larger effort at the Institute for Energy Technology (IFE) to
synthesize and characterize novel alkali conducting materials based on the rare-earth
borohydride halides. LiCe(BH,);Cl was the first compound in this class and was found
to have high Li-ion conductivity (0.1 mSem™!) at room temperature and a decomposi-
tion temperature around 240 °C [14, 15]. The phase was made by ball-milling LiBH,
with CeCl; in a 3:1 molar ratio. Synthesis with other RECl; (RE = La, Pr, Nd, Sm
and Gd) have produced the same phase and the LiLa(BH,);Cl and LiGd(BH4);Cl com-
pounds have even shown higher conductivities, 0.2 and 0.4 mSem™! respectively at
room temperature [14].

A new compound, Na,La,(BH,)sI3 was recently synthesized by ball-milling NaBH,
with Lal; [16]. It was later discovered that the same phase could be found for other
rare-earth elements such as Ce, Nd, Pr, Gd and Tb [17]. Based on these latest findings,
it would be interesting to investigate the thermal properties and decomposition route
of the Na,RE,(BH4)sI5 phase. It is also of interest to examine whether 3 NaBH, + RECl;
can yield similar phases of LiRE(BH4);Cl or Na,RE,(BH4)s15.

Aim of the work

The goal of this study was to obtain a broader understanding of the rare-earth borohy-
dride halides. The work is a continuation of the Fall 2018 Specialization project, Syn-
thesis and characterization of sodium rare-earth borohydride halides. In the previous project
samples were synthesized from ball-milling of NaBH, and REI; (RE =Y, Ce, Pr, Nd, Gd
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and Tb) in a 3:1 molar ratio. Characterization of the as-milled iodide samples at room
temperature was conducted and discussed [17]. The present investigation had two
main objectives, the first was performing a solid-state synthesis of NaBH, and RECl;
(RE =Ce, Tb and Yb) and characterize the products. The second aim was to determine
the phase composition during heating and decomposition behaviour of the iodide and
chloride samples, by in-situ powder X-ray diffraction, thermogravimetric analysis, and
differential scanning calorimetry.



Chapter 2

Literature review

2.1 Physical and chemical properties of metal borohy-
drides

Metal borohydrides M(BH,), are compounds where boron and hydrogen form a neg-
atively charged BH,~ anion, which is counterbalanced by metal cations M"* [4]. The
borohydride anion has a tetrahedral structure with a boron atom in the centre and
hydrogen atoms in each corner. The B-H bonds are covalent, while the bonds to the
cation can either be ionic or covalent. The number of bonded BH; ™ anions to the metal
increases with increasing ionic radius of the cation [18]. The bond lengths between the
metal and BH,™ also increase with growing cation radius [19].

Alkaline-earth and transition metal borohydrides are prone to exist as various poly-
morphs [4]. One extreme example is magnesium borohydride, Mg(BH,), which retains
at least seven different polymorphs [20]. This structural flexibility is primarily due to
the directionality of the bond between the metal cation and borohydride anion. The
degree of directionality in the bond increases with increasing Pauling electronegativity,
X p, of the metal.

In the case of bimetallic compounds, the most electronegative metal will tend to
create a strong covalent bond with the BH; ™ anion, while the less electronegative metal
balances out the charge difference [4]. This trend is especially applicable for bimetallic
compounds containing an alkali metal, along with an alkaline-earth or transition metal.
In these situations, the charge balancing ion will often be the alkali metal [18].

Metal borohydrides have a structural resemblance to metal oxides [19]. The BH4~
and O*” anions are isoelectronic, both bearing 10 electrons. However, as the nega-
tive charge of O*” is twice that of BH,~, there will be a higher degree of structural
flexibility in the oxides. The two sets of materials also possess similar ionic and cova-
lent characteristics, where the bonding to the cation is partly ionic and partly covalent,
making them ionocovalent. This relationship has become especially apparent for the
polymorphs of Mg(BH,),, where Mg** and Si** are isoelectric and the frameworks of
the polymorphs resemble different SiO, structure types [19].

Halide substitution is an approach to modifying the physical and chemical proper-
ties of metal borohydrides, such as hydrogen release or ionic conductivity [21]. During
this process, BH, ™ anions are substituted with halide ions, such as C1~, Br™ or I result-
ing in a disordered structure. NaY(BH4),_+Cly,, and LiYb(BH4)s_,Cl, are examples of
metal borohydrides with halide substitution. The BH,™~ anion has an ionic radius of
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2.05 A, while the C1~ and Br~ ions are slightly smaller with radii of 1.81 and 1.96 A,
respectively [22, 23]. The I” ion is larger than the BH;™ unit and has an ionic radius of
2.20 A. The compound containing the smaller anion will often dissolve into the struc-
ture of the material consisting of the larger anion resulting in a solid-solution. When
the metal borohydride and the metal halide are isostructural, substitution may occur
in both compounds, leading to the formation of two solid-solutions. In some cases pro-

longed heating causes the two solid-solutions to merge into one, and has been observed
tfor LiBH,-LiBr and NaBH4-NaCl systems [4].

2.1.1 Hydrogen storage

Metal borohydrides possess high gravimetric hydrogen densities and have therefore
been researched as possible hydrogen storage materials. Examples are LiBH, and
NaBH, which contain 18.5 wt% and 10.7 wt% hydrogen, respectively [24]. At present,
there are no efficient ways of storing large amounts of hydrogen gas. The most utilized
storage method is in high-pressure tanks, however, due to their low hydrogen densi-
ties and the high energy consumption associated with gas compression, they are not an
ideal approach for hydrogen storage [2]. The metal borohydrides such as LiBH, allow
for safe and compact storage of hydrogen gas, with a volumetric hydrogen density of
121 kg H, per m® [25]. There are still several issues that need to be resolved before the
class of materials can be effectively used.

Many of the metal borohydrides possess high kinetic barriers for decomposition
and hydrogen adsorption [26]. These processes will, therefore, often occur at elevated
temperatures, restricting their technical application. Another concern is the release
of diborane gas, B,H during heating to the hydrogen desorption temperature [26].
Diborane acts as an irritant to skin and eyes and is highly flammable [27]. Metal boro-
hydrides with lower decomposition temperatures tend to release greater amounts of
diborane gas [4]. The varying concentrations of hydrogen and diborane in the released
gas may be dependent on physical conditions such as hydrogen partial pressure or
temperature. It is apparent that certain environments will promote specific reaction
paths during desorption.

There are, on the other hand, metal borohydrides that have low thermal stability
and decompose around room temperature [9]. Researchers have suggested that the sta-
bility of the metal borohydrides is dependent on the charge transfer from the borohy-
dride anion to the metal cation [10]. The decomposition temperature of the compounds
decreases with increasing Pauling electronegativity of the metal cation. Borohydrides
of metals with electronegativities greater than 1.4 are not suitable for hydrogen storage
applications, as they are too unstable.

2.1.2 Ionic conductivity

Some metal borohydrides have displayed good ionic conductivities and may, therefore,
have a possible application as solid-state electrolytes in batteries [1]. Solid-state elec-
trolytes have been widely investigated as they remove the safety concerns associated
with the toxicity and flammability of liquid electrolytes, found in most batteries used
today. Due to the low densities of the metal borohydrides, it is possible to develop
lightweight batteries with high concentrations of active material [1].
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Many of the metal borohydrides transition to a high-temperature phase upon heat-
ing, where the anions shift from an ordered to a disordered state [28]. The high-
temperature phase tends to exhibit increased ion mobility, such as for LiBH4 which
has a Li-ion conductivity of 107 Sem ™! for the high-temperature phase (110 °C) and
around 107° Sem™! at room temperature [1]. Figure 2.1 depicts the phase transition
for LiBHy, occurring at around 380-390 K. This implies that the phase transition tem-
perature must be lowered for it to be possible to attain high ionic conductivity at room
temperature. So far this has been achieved by partially substituting the BH;~ anions
with halide anions, creating a solid-solution [28].

Temperature (K)
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Figure 2.1: Arrhenius plot showing the ionic conductivity of LiBH; during
heating. The figure exhibits the phase transition from the low-temperature
(LT) to the high-temperature (HT) phase, taken from Ref. [4].

2.2 Thermodynamic and kinetic properties of metal
borohydrides

Metal borohydrides possess high gravimetric and volumetric hydrogen densities.
However, mechanisms relating to hydrogen release or absorption have shown to have
high kinetic barriers, resulting in the mechanisms only occurring at elevated temper-
atures [29]. Stable monometallic borohydrides often melt before decomposition at
slightly higher temperatures, while unstable compounds tend to decompose instantly
in the gas phase. Stable monometallic borohydrides typically decompose into com-
pounds such as metal boranes, metal hydrides or metal borides. The decomposition
products tend to be non-crystalline, and characterization techniques such as ''B NMR
are useful for identifying the amorphous phases [4].

A correlation between the decomposition temperature, 7j.. and the Pauling elec-
tronegativity of the cation has been observed for the more stable metal borohydrides
[10]. The decomposition temperature will decrease almost linearly with increasing
Pauling electronegativity of the metal cation as illustrated by the red line in Figure
2.2. Deviations from this linear behaviour have been found for compounds consisting

8
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of metals with higher electronegativities. An exponential correlation between the de-
composition temperature and the electronegativity of the metal has been proposed for
the latter (blue curve in Figure 2.2) [9]. As seen in the figure, rare-earth borohydrides
such as Gd(BH4); and Y(BH4); have decomposition temperatures of around 200-300 °C.
Their thermal stability lies between that of alkali metal borohydrides and transition
metal borohydrides, and they have therefore been considered as possible hydrogen
storage materials.

700
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500
450 — CuieH,
400 - SrBH) ] 100 ~8
350 b MSI'(B';.;,EJ ) )ca(au')' [_:EU(BN‘)' 0 .
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200 -] OMSc(BH )
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Figure 2.2: Decomposition temperature of various metal borohydrides as
a function of the electronegativity of the central metal cation, taken from
Ref. [4]. The figure also displays a comparison of the linear and exponential
correlation between the two.

2.3 Synthesis of rare-earth borohydrides

The most common synthesis routes for RE borohydrides (RE = rare-earth) are
mechanochemistry and solvent-based methods [4]. High energy ball-milling is a pop-
ular mechanochemistry method and involves a metathesis reaction between the reac-
tants, such as a rare-earth chloride and an alkali metal borohydride [9]. Reactions are
activated by the impacts between the milling medium and the grains, providing energy
and producing new and reactive surfaces. Lithium borohydride has demonstrated to
be an effective precursor for these types of reactions. When mixtures of trivalent RE
chloride and LiBH4 undergo a metathesis reaction, the outcome can either be the for-
mation of a monometallic, bimetallic or chloride containing RE borohydride, as shown
by Equations (2.1) - (2.3):

RECI3 + 3LiBH, — RE (BH,), + 3LiCl (2.1)
RECI3 +4LiBH, — LiRE (BH,), + 3LiClI (2.2)
RECI3 + 3LiBH, — LiRE (BH,), Cl + 2LiCl (2.3)
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A considerable disadvantage of ball-milling is the limited control of the reaction
conditions during synthesis [9]. The milled sample will consist of the metal borohy-
dride and the metal halide if the synthesis is successful. The metal halide phase is
generally unwanted and could potentially influence the chemical and physical proper-
ties of the sample. After ball-milling, the sample will often have low crystallinity, and
additional heat treatment is required for analysis by powder X-ray diffraction. The
heat treatment needs to be conducted carefully to prevent the decomposition of the
material.

Solvent-based methods are in some cases preferred over ball-milling, as it is easier
to separate the metal borohydrides from the by-products, hence obtaining a pure phase
sample. An example is a reaction between a metal hydride and a borane donor anion,
where a solvated metal borohydride complex is formed, as displayed in Equation 2.4.
[30]. A reaction between an alkali borohydride and a metal chloride conducted with
an organic solvent will also yield a metal borohydride product. Both reactions require
further heat treatment to remove the solvents (Equation 2.5), thus introducing the risk
of decomposition during solvent removal.

RE(BH,)s - S(CHs)s(s) — RE(BHy)s(s) + S(CHs)z(g) (2.5)

2.4 Prior studies of rare-earth borohydrides

Rare-earth borohydrides are often classified into four groups, mono-, bi-, and trimetal-
lic and halide-containing RE borohydrides [9]. The momometallic RE borohydrids can
be sub-grouped into distorted ReOs-type (a-RE(BH,)s3), ReOs-type (8-RE(BH,)3) and
alkaline-earth borohydride-type (RE(BHy),). Table 2.1 gives an overview of some of
the many reported RE borohydrides.

Table 2.1: An overview of some of the reported rare-earth borohydrides.

RE3 ion . a-RE(BHa)3  B-RE(BHa);  LiRE(BHa)s NaRE(BHa)4 LiRE(BH4)3Cl  Na2RE>(BHas)s13
radius [A]® (Cubic) (Cubic) (Tetragonal)  (Orthorhomic) (Cubic) (Monoclinic)

Sc3* 0.885 X3! X32

Y3+ 1.04 X33 X34 X35 XSS

La%* 1172 x3e ped x1e

CeS+ 1.15 X30 X38 X39 X29 X] 7

Pr3+ 1.13 X4O X39,4O X39 X29 Xl7

Nd3* 1.123 x40 x40 X X7

Sm3* 1.098 X P X%

Gd** 1.078 X3 b X7

Tb3* 1.063 X® X7

Dy3* 1.052 X33

Ho®* 1.041 x4 x4

Er3+ 1.03 X39 X29 X39

Tm3+ 1.03 X1

Yb3+ 1.008 X2 X% X4 x4

Lu®* 1.001 X30 X3 X%

10
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2.4.1 Lithium rare-earth borohydrides

There are so far four different structures reported for RE borohydride phases prepared
by mechanochemical reactions of LiBH4 with RECl; [9]. These phases are: LiIRE(BHy)s4,
a-RE(BHy)3, 5-RE(BH,4); and LiRE(BH,);CL

As stated in the introduction the first RE borohydride halide was LiCe(BH4);Cl [14].
The compound has a body-centered cubic structure with space group I43m an ionic
conductivity of 0.1 mSem™!. The phase can be formed by other large RE elements
such as La, Pr, Nd, Sm and Gd (Equation 2.3) [29, 37]. Furthermore the LiLa(BH,);Cl
and LiGd(BH4);Cl phases have higher conductivities, 0.2 and 0.4 mSem ™" respectively
at room temperature [14]. Reacting LiBH, with LaX; (X = Br and I) has resulted in
producing phases with the same structure, LiLa(BH,)3;X [39].

a-RE(BH,); has a distorted ReOs-type structure with space group Pa3 [29]. This
phase has been reported for the majority of the RE elements (Figure 2.1). a-RE(BH4);
transforms into a high-temperature phase, 5-RE(BH4); when annealed at around 199-
488 °C, depending on the type of RE cation [4]. The phase has a regular ReOs-type
structure and can display either a primitive cubic (Pm3m) or a face-centered cubic
(F'm3c) unit cell, depending on if the BH,™ units have a disordered or ordered ori-
entation, respectively. The F'm3c space group has been reported for RE =Y, Ce, Pr, Nd,
Sm, Ho, Er, Yb and Lu, while the Pm3m space group has been reported for RE = Pr,
Sm, and Yb [29, 30, 34, 38, 39, 40, 41]. Distinguishing the two structures by use of X-ray
diffraction is difficult, as the light hydrogen atoms have little effect on the diffraction
pattern compared to the much heavier rare-earth metals. The structures can be differ-
entiated by neutron diffraction. However, this technique is expensive, due to the high
costs of building and maintaining a neutron source and the need for costly isotopes
(!B and D) [44].

The LiRE(BH,)4 phase has a tetragonal (P42c) unit cell and is reported for RE = Sc,
Y, Er and Yb [31, 35, 42]. The LiY(BH4), compound has shown low ionic conductivity,
1.26 103 mSem™"! at room temperature [35].

2.4.2 Sodium rare-earth borohydrides

There are considerably fewer reports of sodium RE borohydrides compared to lithium
RE borohydrides. Most sodium RE borohydrides are found as bimetallic borohydrides,
such as NaRE(BHy,), which has an orthorhombic structure with either a Pbcn or Cmem
space group. The phase can be synthesized by ball-milling or through solvent-based
methods [39]. The Pbcn space group has been observed for RE = La, Ce and Pr while
the C'mem space group is reported for RE = Sc, Y, Er and Yb [29, 32, 35, 36, 39, 43]. The
NaY(BH4),; phase has demonstrated Na-ion conductivity, however only at very low
levels (6.92 x 10~* mSem ™" at RT) [35].

NaRE(BH,4)Cl is a mixed-cation mixed-anion borohydride [45]. The phase has a
monoclinic structure with space group P2/c and was synthesized through ball-milling
of NaBH, and YCl; and subsequent annealing. Yttrium is the only RE element that has
produced this phase so far.

Researchers at the Institute for Energy Technology recently synthesized a new com-
pound from the mechanochemical reaction between NaBH, and Lal; (Equation 2.6)
[16]. From the reaction the Na,La,(BH4)s5I5 phase was obtained together with a solid-
solution of NaBHy and Nal. The phase has a monoclinic structure with space group
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C2/m (Figure 2.3). It has been speculated if the large structure allows for Na-ion mo-
bility, thus possibly giving the compound an application as a solid-state electrolyte in
sodium batteries.
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Figure 2.3: Crystal structure of the NayLay(BHy)s513 compound [16].

A recent study showed that the Na,RE,(BH4)5I3 compound can also be observed
for RE = Ce, Pr, Nd, Gd and Tb [17]. The compounds were synthesized by ball-milling
NaBH, and REI; in a 3:1 molar ratio. Table 2.2 gives and overview of the phases found
in each sample, Na-RE-I (RE =Y, Ce, Pr, Nd, Gd, Tb and Er) in the study. The as-milled
samples containing REI; (RE = Ce, Pr and Nd) followed the reaction given in Equation
2.6. A balanced reaction for the samples comprising of two solid-solutions, Na-Gd-I and
Na-Tb-I was unfortunately not found. It was further reported that the weight fraction
of Na,RE,(BH4)515 in the samples decreased down the rare-earth series, with the Ce
sample having the highest weight fraction and Tb the lowest. It was also observed that
the samples synthesized from the orthorhombic iodides, REI; (RE = Ce, Pr and Nd)
resulted in Na,RE,(BH,)sI; while the samples ball-milled from the tetragonal iodides,
GdI; and Tbl; contained both Na,RE,(BH4)sI; and a-RE(BH4);. Ball-milling of the the
tetragonal iodides, YI; and Erl; resulted only in the formation of the a-RE(BH,4); phase,
following the reaction given in Equation 2.7. Both Na-Gd-I and Na-Er-I contained an
oxidized phase, which could be due to contamination of the starting materials, NaBH,
and REI; or by inadequate sealing of the capillaries during PXD measurements. All
the samples contained a solid-solution of Nal and NaBHj,, while many of the samples
also had significant amounts of REI; after ball-milling. It was therefore concluded that
reactions were not successfully completed.

(5+x)NaBH, +2REL — NayRE; (BH\); Is + (3 + 1)Na (BH) (e ) I( o) (26)

3+x 34z

(8 +2)NaBH, + REL — a — RE(BH\); + 3+ «)Na(BH)(_«y[( 2y  (27)

34z 3+x
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Table 2.2: Overview of qualitative amounts, X (trace), XX (moderate
amount) and XXX (main phase), of each phases observed in the Na-RE-I
samples [17].

Na-Y-I Na-Ce-I Nua-Pr-I Na-Nd-I Na-Gd-I Na-Tb-I Na-Er-I
NayRE;(BHy)s13 XXX XXX XXX X X
a-RE(BHy); XX X XX XXX
Na(BHy)1_,I, (Nal rich) XXX XXX XXX XX XX XX XXX
Na(BHy4)1_.I, (NaBH, rich) XXX XXX
REI3 XX XXX XXX X
REOI X X

The Na-Ce-I sample contained the largest amount of Na,RE,(BH4)51; with the fewest
by-products [17]. The Rietveld refinement of the sample at room temperature is dis-
played in Figure 2.4, where both the Na,Ce,(BH4)sI; and Nal phases are included. The
weighted R-factor of the refinement was 6.779, indicating a good match with the mea-
sured data. The weight fractions of Na,Ce,(BH4)513 and Nal were 0.480 and 0.520 re-
spectively.
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Figure 2.4: Rietveld refinement of Na-Ce-I, where the blue crosses in the
diffraction patterns indicate the observed data (Y°"), while the green line
is the calculated profile (Y¥I%).  The red line is the fitted background
(Ybackground) and the turquoise line is the difference in intensity between the
observed data and the fitted profile (Yobs — yealey [17].

2.4.3 Stability of rare-earth borohydrides

The Pauling electronegativity of the RE elements ranges from 1.10 for Lanthanum to
1.27 for Lutetium [44]. Due to this narrow gap, the variation in decomposition tem-
peratures is far less pronounced in the RE borohydrides in comparison to the alkali
or alkaline-earth borohydrides. The decomposition for the monometallic trivalent RE
borohydrides, such as «, and $-RE(BH,); tend to result in the formation of the cor-
responding rare-earth hydrides and borides (Equation 2.8) [46]. The decomposition
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route of larger compounds such as LiRE(BH,4);Cl appears to be more complex, often
involving multiple steps.

a-Er(BHy)s = 0.75ErB, + 0.25ErH; + 5.75H, (2.8)

It is difficult to establish trends in the thermal decomposition of the RE borohy-
drides. The main reason for this is the use of different preparation methods [9]. An
example is the decomposition of a-Tb(BH4);. A phase pure a-Tb(BHy); sample syn-
thesized by a solvent-based method undergoes a single step decomposition at 275 °C,
while a sample synthesized by ball-milling undergoes a two-step decomposition in
the temperature range of 201-250 °C [29, 30]. In this example the ball-milled sample
was synthesized from a 3:1 mixture of LiBH, and TbCl; and the sample consisted of
a-Tb(BH,)s, LiCl and LiBH,. It is, therefore, apparent that the presence of by-products
lowers the decomposition temperature of the RE borohydride. This can be due to the
by-products acting as catalysts promoting decomposition or that a reaction between
the by-products and RE borohydride occurs.

2.5 X-ray diffraction

X-rays are electromagnetic radiation with wavelengths of 0.01 to 10 nm and are gener-
ated when charged particles such as electrons are accelerated through several £V and
collide with a metal anode, e.g. copper [47]. The impact causes a 1s (K-shell) electron
to be knocked out from the Cu atom, and an electron from an outer orbital (2p or 3p)
will immediately occupy the vacancy. When the outer electron drops down to the 1s
level, energy is released in the form of X-ray radiation. Each element has a range of
transition energies that correspond to a type of transition. For instance, a transition
from 2p to 1s is called K, and has a wavelength of 1.5418 A for Cu, while a transition
from 3p to 1s is denoted as K 3. For a Cu atom the Kj transition will have a wavelength
of 1.3922 A [44]. K, radiation has a higher intensity compared to K3 because the tran-
sition occurs more frequently. As a result of the 2p electrons having two possible spin
states with marginally different energies, the K, radiation is a doublet, having values
of K =1.54051 A and K, = 1.54433 A for copper [44].

An X-ray diffractometer (Figure 2.5) consists of an X-ray tube and an X-ray detector,
which are attached to two separate mechanical arms that are mounted on a goniometer
[44]. The sample is placed in the centre of the goniometer axis, and the arms are free
to rotate in either direction or stay stationary in one position. The X-ray tube consists
of a tungsten filament and an anode with a fixed metal target at the end, often Cu.
The filament emits a beam of accelerated electrons that strike the target, causing some
of the metal atoms to ionize and subsequently emit X-ray radiation. The anode needs
continuous cooling as the majority of the energy from the electrons is converted to heat.
The K, radiation is used for diffraction, while the weaker K3 radiation is removed,
resulting in a monochromatic beam of X-rays. The Kj radiation can be removed by
a monochromator, a Gébel mirror or by other optical methods. Another approach for
removal is using nickel foil, which absorbs the K radiation.
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Figure 2.5: Schematic diagram of an X-ray diffractometer.

Crystalline materials are compounds with atoms arranged in a repeating or periodic
array over large atomic distances. When X-rays encounter the atomic planes of a crystal,
the radiation is scattered and interfere with one another as they leave the crystal [48].
Constructive interference, i.e. the reflected beams are in-phase will occur when the
conditions of Bragg’s law are fulfilled (Equation 2.9) [47]. In the equation, A is the
wavelength of the X-rays, and ¢ is the scattering angle. dj; is the interplanar spacing,
where the subscripts hkl are the Miller indices of the atomic plane.

A= 2dhk18’in9 (29)

2.5.1 Powder X-ray diffraction

Powder X-ray diffraction (PXD) is the most common technique for identifying crys-
talline phases in a material [47]. The method can be used to determine the lattice pa-
rameters and atomic positioning of a compound. A powder sample is polycrystalline
as it contains numerous small crystallites with random orientation [44]. When X-rays
radiate a polycrystalline material, the radiation is scattered, following Bragg’s law. It
is assumed that a large number of the crystallites must have lattice planes oriented at
the Bragg angle, 2. Powder samples are often rotated during measurement, as it en-
hances the number of crystallites that contribute to diffraction. The resulting scattering
is a cone often referred to as Debye-Scherrer rings (Figure 2.6) [44].

d. diffracted
cone
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Debye-Scherrer
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Figure 2.6: Formation of Debye-Scherrer rings by powder X-ray diffraction.
Figure taken from Ref. [49].
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Diffraction patterns are useful for phase identification because every crystalline
solid has a unique pattern, which may be used as a "fingerprint" for the phase [47].
A diffraction pattern contains Bragg reflections at certain 26 angles with specific in-
tensities, measured with a fixed wavelength. The positions of the reflections express
the lattice spacing in the unit cell, while the intensities provide information about the
atomic arrangement. The intensity of a reflection, Y} is proportional to the squared
structure factor, | Fj,;;|* as shown in Equation 2.10 [44]. In the equation, f; is the atomic
scattering factor for any atom j in the unit cell, /, k£ and [ are the Miller indices of the
scattering plane and z;, y; and z; are the coordinates of atom j. The summation is over
all the atoms in the unit cell. If the atomic coordinates in a unit cell are known, the
equation can be used to determine the intensity of any reflection. This relationship is
applied in the Rietveld method, which is later presented in Section 2.5.3.

Yiwr o |Foal* = | Y fiewp (2mi (hay + ky; + 12)) |” (2.10)

J

Vegard’s law

When two solids have the same crystal structure and atoms of approximately the same
size, they can dissolve into one another, forming a solid solution. The unit cell pa-
rameters of a solid solution have a linear correlation with the phase composition, as
established by Vegard’s law [48]. Vegard’s law is given in Equation 2.11 where a; and
as are the lattice parameters of Solid 1 and Solid 2 respectively, a,, is the lattice param-
eter of the solid-solution and z- is the mole fraction of solid 2 in the solid-solution.
The equation illustrates that as the amount of solid 2 increases, the lattice parameter
of the solid-solution will increase accordingly. The law portrays an ideal system, and
therefore it is not uncommon for experimental measurements to deviate from linear-
ity. Points above the ideal line are said to show a positive deviation, while points below
display a negative deviation (Figure 2.7) [48].
Qss — A7

R (2.11)

a2 — ay

a

—

positive .
” - ideal

Cell parameter

Composition

Figure 2.7: Relationship between unit cell parameters and composition in
accordance to Vegard’s law. Figure taken from Ref. [48].
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2.5.2 Synchrotron radiation

An alternative method to produce X-rays is in large synchrotron facilities. In such fa-
cilities, electrons are accelerated to velocities close to that of light and injected into
a synchrotron storage ring [44]. The ring has a diameter up to several hundreds of
meters and consists of both straight and curved sections, with multiple bending mag-
nets spread along the track at the curved segments (Figure 2.8). The magnets generate
magnetic fields that force the electrons to change direction, producing a stream of syn-
chrotron radiation, tangential to the electron path. The linear segments are fitted with
insertion devices known as wigglers or undulators. These devices emit magnetic fields
perpendicular to the storage ring and cause electron deflection in the horizontal plane.
Due to the contribution of multiple magnetic dipoles in the insertion devices, the radi-
ation emitted is more powerful than the radiation produced by the bending magnets.
The radiation from the bending magnets and insertion devices are directed towards
various beamline hutches located along the storage ring.

The radiation can have a wide range of wavelengths and will vary between syn-
chrotrons and beamlines depending on the energy of the electrons and the curvature
of their path [44]. Everything from radio frequencies to gamma-rays can be produced,
and a wide variety of diffraction and spectroscopic instruments can, therefore, be em-
ployed. Synchrotron radiation can produce high-intensity X-ray beams that can be
used for powder diffraction. This technique is called synchrotron radiation powder
X-ray diffraction (SR-PXD) and can produce high-quality powder diffraction data with
respect to intensity and resolution.

T’ Synchrotron
/ radiation

Storage ring
e /

\ / Bending magnet

Figure 2.8: Simple illustration of a synchrotron storage ring [44].

Injection of
electrons

2.5.3 Rietveld refinement

The Rietveld method is a structural refinement technique that is used to evaluate
diffraction patterns [50]. The method was initially developed for neutron powder
diffraction but has later been applied to powder X-ray diffraction [44]. A non-linear
least squared minimization of function, M is used to fit a calculated profile from a
model to a measured pattern (Equation 2.12) [50]. In the equation Y,*** and Y, are
the observed and calculated intensities at point i in the pattern respectively, while o7,
is the standard deviation of Y,**.
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N

1
M=

2
i=1 O-X/iobs

(Y;obs o }/icalc)2 (212)

The diffraction pattern of the model is calculated by use of Equation 2.13, where
S is the scaling factor, myy,; is a multiplicity factor, Ly is the Lorentz factor, Py, is a
polarization factor, A; is an absorption coefficient, F; is a structure factor and f(201*)
is the profile function [50]. The subscripts hkl are the Miller indices of the Bragg reflec-
tions that contribute to the intensity in the measured point i. ¥ is the background

intensity of a point 7 in the pattern. The background is a polynomial often given a
Chebyshev function.

Yl = S " g Liga Pt As| P f (2005) + Y (2.13)
hkl

The profile function, f(20!*) is usually a linear combination of a normalized
Gaussian- and normalized Lorentzian function, denoted as a Pseudo-Voigt function
[50]. The Gaussian and Lorentzian contributions are shown in Equations 2.14 and 2.15
respectively. In the equations, Hyx; and I'y,y; are the Gaussian and Lorentzian full-width
at half-maximum (FWHM) respectively of the peak. Gy, Gy and Gy are refinable pa-
rameters for the Gaussian peak profile, while Lx and Ly are refinable parameters that
correlate to the crystal strain and size respectively. 20* is the Bragg angle for the
atomic plane with Miller indices Fkl at point 7 in the pattern.

Hg = /G tan? (2624) + Gy tan (26005) + Gy (2.14)

1
cos (264%)

A Rietveld refinement aims to refine the different parameters so that Y,°* is as close
to Y,4¢ as possible. An indicator that can be used to determine the agreement between
the data and model is the weighted profile R-factor, R,,, [50]. If the calculated profile
is a good fit with the experimental data, a low R-factor is given.

Fhkl = LX tan (26?kl) + LY (215)

Zi]\il 21 (Y’iobs _ Y;calc)2

Ty-obs

Rup = ZNZ ey (2.16)

i 5
=1 Uy'obs
7

2.5.4 Pawley refinement

The Pawley method was developed by Pawley in 1981 and is often conducted if the
structure of a phase is unknown [51]. The Pawley and Rietveld methods are closely re-
lated, wherein both methods the position of the reflections are determined by the unit
cell parameters and space group of the refined phases. However, in a Pawley refine-
ment, the intensities the Bragg peaks are independent variables, while in a Rietveld
refinement, the intensities are determined by the atomic structure from the structure
factor. Equation 2.13 can, therefore, be rewritten as Equation 2.17, where the multiplic-
ity, polarization, absorption and structure factors are all gathered into one independent
variable, I;1;. In the equation, Iy, is the intensity of each reflection with Miller indices,
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hkl [51]. Like the Rietveld refinement the weighted profile R-factor, R,,, is used as an
indication of how well the calculated profile fits with the experimental data.

Y;calc -9 Z Ihklf (26£lkl) + Y;background (217)
hkl

2.6 Thermal Analysis

Thermal analysis involves the investigation of different physical and chemical prop-
erties of a material, as a function of temperature [44]. Two of the most commonly
used thermal analysis techniques are thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC).

2.6.1 TGA and DSC

A TGA measures the change in mass as a function of temperature or time, while a DSC
measurement shows the change in enthalpy [44]. Since heating of the sample is re-
quired in both TGA and DSC, a simultaneous instrument setup is often used (Figure
2.9). The setup consists of two identical crucibles placed on a pedestal that is mounted
to a balance. The sample is placed in the left crucible while the right crucible is empty
and used as a reference. Two separate thermocouples are situated underneath the cru-
cibles, allowing the temperature of the sample (Ts) and reference (Tr) to be monitored.
A cylindrical oven is lowered, enclosing the system and inert gas is flowed through the
system, as indicated by the arrows in Figure 2.9.
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Figure 2.9: Depiction of the simultaneous TGA and DSC apparatus.

The sample is heated at a constant rate, and a change in the mass is due to the up-
take or release of gases [44]. The change in enthalpy is monitored by the difference in
the heat flux between the sample and the reference. A positive peak in the DSC reading
relates to an endothermic reaction in the sample, while a negative peak expresses an
exothermic reaction. An endothermic peak combined with a weight loss indicates a de-
composition reaction. A phase transition, solid-state reaction or melting is expressed
by an endothermic peak with no weight loss. Exothermic signals upon heating sug-
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gest that non-equilibrium reactions, such as crystallization or reactions of metastable
phases are taking place.

2.6.2 The Kissinger analysis

The Kissinger equation can be used to determine the energy barriers for chemical and
physical transformations, such as crystallization and decomposition [52]. The temper-
ature at which the transformation rate is at its maximum is often referred to as the peak
temperature. By assuming the transformation is controlled by a single mechanism the
transformation rate, 9 can be expressed by Equation 2.18, where ¢ is time, f(«) is the
conversion function, « is the degree of transformation (0 < a < 1), A is a constant, £,

is the activation energy, R is the universal gas constant and 7 is the temperature [52].

RT

If continuous heating conditions (3 = d7'/dt) are used Equation 2.18 can be rewrit-
ten as Equation 2.19.

do E,
e fla) Aexp (— ) (2.18)

Z—;i =3 (o) Aexp (— ]f%) (2.19)

By setting the first derivative of the transformation rate to equal zero the Kissinger
equation can derived (Equation 2.20). In the equation T}, is the peak temperature while
ayy is the degree of transformation at 7),. From the Kissinger equation the activation
energy can be obtained by performing a linear regression of the plot In(f;/T}; ;) versus
1/Tn;. The method is however only an approximation as it assumes that the last term
on the right-hand side is independent of the heating rate, 5 [52].

E, AR |,
In (%) = TR +In (— o f (am)) (2.20)
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Experimental

For this investigation three samples were prepared from anhydrous sodium borohy-
dride, NaBH,4 and rare-earth chloride, RECl; (RE = Ce, Tb and Yb). In-situ synchrotron
radiation powder X-ray diffraction (SR-PXD) and simultaneous TGA and DSC mea-
surements were conducted on the newly synthesized chloride samples and the iodide
samples that were prepared during Fall of 2018 [17]. An overview of the initial sample
compositions of the iodide samples are presented in Tables A.2 and A.3 in Appendix
A.

3.1 Synthesis of materials

3.1.1 Sample preparation

Three samples were prepared and held under argon atmosphere inside an MBraun
Unilab glove-box. Two of the samples were mixed in a 3:1 molar ratio of, NaBH, and
RECI; (RE = Tb and Yb). The last sample consisted of a 5:3 molar ratio of NaBH, and
CeCl; '. The samples were given abbreviated names, as shown in Table 3.1. The RE
chlorides had different crystal structures, and these are also presented in the table be-
low. The exact sample compositions are given in Table A.1 in Appendix A.

Table 3.1: The abbreviated names and the initial composition of the samples,
together with the crystal structures of the various rare-earth chlorides.

Sample | Initial composition Structure of RECl;
Na-Ce-Cl | 5NaBH, + 3CeCl; Hexagonal (P63/m)
Na-Tb-Cl | 3NaBHy + TbCl;  Orthorhombic (C'mcem)
Na-Yb-Cl | 3NaBH, + YbCl; Monoclinic (C2/m)

3.1.2 Ball-milling

A Fritsch Pulverisette 6 ball-mill (Figure 3.1) and a 30:1 ball-to-powder mass ratio of
stainless steel balls were used to mill the samples. The reactants were added to the
ball-mill crucible and sealed shut while inside the glove-box. The powders were set
to 15 minutes milling at 500 rpm with 5-minute pauses. This interval was repeated 17

! A sample with a 3:1 molar ratio of NaBH, and CeCl; has been attempted before and showed no Bragg
reflections from unreported phases. A synthesis using a new molar ratio was therefore attempted.
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times, hence the total milling time for one sample was 6 hours. After milling the sealed
crucible was brought back into the glove-box, and the samples were transferred and
stored in small glass jars.

Figure 3.1: Depiction of ball-milling setup.

3.1.3 Hydrogen annealing station

A hydrogen annealing station (Figure 3.2) was used to heat-treat the samples. The
material was sealed in a stainless-steel autoclave inside the glove-box. The autoclave
was then connected to the gas line and placed in the cylindrical oven. The argon inside
the sample holder was evacuated and replaced with approximately 20 bars of hydrogen
gas, to prevent decomposition of the sample during heating. The samples were heated
at around 160 °C for 72 hours.

Exhaust
(pump)

Oven

Figure 3.2: Illustration of hydrogen annealing station.

3.2 Characterization

321 PXD

Initial characterization was performed using a Bruker AXS D8 Advance diffractometer.
The machine used a copper anode to supply X-rays of wavelength, A\c,,_x,, = 1.54056
Aand Aoy_k,, = 1.5444 A. Capillaries with an inner diameter of 0.5 mm were used
for the PXD measurements. The capillaries were filled with approximately 20 mm of
powder, inside the glove-box and cut to the correct length (~ 50 mm) by use of a nail
clipper. The open end was then sealed with a drop of super glue and left to dry. The
capillaries were mounted and measured for around 15 hours in transmission geometry
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often called Debye-Sherrer geometry. The measurements of the Na-RE-CI samples are
shown in Figure B.1 in Appendix B.

3.2.2 In-situ SR-PXD

In-situ synchrotron radiation powder X-ray diffraction was conducted for all the sam-
ples. The measurements of the iodide samples were performed at ESRF in Grenoble,
France, while the chloride samples were measured at Diamond in Didcot, UK.

SNBL BMO01 beamline at ESRF

A Dectris Pilatus 2M detector was used for the measurements at BM01. 0.5 mm capil-
laries were used for the experiments and filled the same way as for the laboratory PXD
measurements. A wavelength of \ = 0.6866 A was used and the measurements were
taken at 10, 20, 30, 40 and 50 cm, from the goniometer to the detector. The wavelength
was determined by measuring a capillary filled with LaBs and performing a Rietveld
refinement on the pattern. The samples were heated at a constant rate of 5 °C/min
from room temperature to 430 °C by a heat blower. The blower was mounted close to
the sample and consisted of a fan blowing hot air towards the tip of the capillary. The
temperature emitted by the blower and the temperature of the sample will be slightly
different, as the air will cool while travelling from the blower to the sample. A temper-
ature calibration was, therefore performed before the measurements were started. The
calibration consisted of performing an in-situ measurement on a capillary filled with
NaCl. The thermal expansion of NaCl was then used to determine the real temperature
of the sample during heating.

Beamline I11 at Diamond

Data was collected in the 20 range of 2° - 90° using a wide-angle position sensitive
detector based on Mythen-2 Si strip modules, with a wavelength of \ = 0.8245 A. The
samples were heated at a constant rate of 5 °C/min from room temperature to 410 °C
by a heat blower. A capillary filled with NaCl was used for both the determination of
the wavelength and the calibration of the heat blower.

3.2.3 TGA and DSC

The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were performed simultaneously with a Netzsch STA 449 F3 Jupiter ap-
paratus. Aluminium crucibles with pierced lids, made from the same material were
used. The crucible and lid were brought into the glove-box, where about 30 mg of
powder was added to the crucible and spread evenly on the bottom. The experiments
were conducted with heating rates of 2, 5, 10 and 20 °C/min from room temperature
to 400 °C under argon flow.
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3.3 PXD analysis

3.31 EVA

The XRD software Diffrac.Suite. EVA was used for phase identification of the one-
dimensional diffraction patterns [53]. A search of the software’s database was con-

ducted for any known compounds with similar diffraction patterns to the experimental
data. For this project, the PDF-4+ 2018 database was used [54].

3.3.2 FOX

The phases that were not found in EVA were indexed using FOX [55]. FOX is an open-
source program for the ab-initio structure determination from PXD. Unidentified peaks
belonging to the same phase were localized and selected. The program then used an
algorithm to suggest the crystal systems and lattice parameters that best corresponded
with the observed peaks.

3.33 GSASII

GSASIlis a crystallographic data analysis software based on Python [56]. The program
canbe used to assess the phase composition of a material, by use of Rietveld refinement.

Structural refinements were performed on the room temperature and in-situ SR-
PXD data. A Pseudo-Voigt function was used to describe the calculated profiles, while
the background was fit to a Chebyshev function. The refinements were conducted by
tirst refining the unit cell parameters of the phases in order to get the correct position
of the reflections. The peak profiles were then refined by altering the particle size and
strain in the phases. By modifying the temperature factors and atomic positions, the
peak intensities were refined. If the sample contained an unknown phase and a prob-
able unit cell was found in FOX, the phase was included by Pawley refinement.

The crystal structures for all the phases except Na,RE,(BHy)s15, were retrieved from
the Inorganic Crystal Structure Database in the form of Crystal Information Files (CIFs)
[57]. The structure for the Na,RE,;(BH4)s5I; phase was modeled by using a CIF for
Na,Lay(BH,4)s15, made by one of the researchers at IFE [16]. An overview of the CIFs
used for the refinements can be found in Table C.1 in Appendix C.
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Chapter 4

Results and discussion

4.1 Iodide samples Na-RE-I

This thesis is a continuation of the Fall 2018 Specialization project, Synthesis and charac-
terization of sodium rare-earth borohydride halides, where the synthesis and characteriza-
tion of the as-milled iodide samples were conducted [17]. In this chapter, the thermal
properties of the iodide samples are reported and discussed based on in-situ SR-PXD
and TGA-DSC measurements.

41.1 In-situ SR-PXD

The in-situ SR-PXD measurements showed that the Na,RE,(BH4)sI; phases (RE = Ce,
Pr, Nd, Gd and Tb) decomposed in the temperature range of 274-287 °C. After decom-
position peaks from unknown phases appeared in all the samples, except in Na-Er-I.
This suggests that chemical reactions were activated during heating, resulting in unre-
ported phases. It could also be possible that the crystallization of amorphous phases
occurred in this temperature range. The degree of iodide substitution in the solid-
solution, Na(BHy),_,I, increased from RT to 360 °C. This was also the case for the sam-
ples that contained two solid-solutions, Na-Gd-I and Na-Tb-1.

RE = Ce, Pr and Nd. The in-situ SR-PXD measurements of Na-RE-I (RE = Ce, Pr and
Nd) are shown in Figures 4.1 - 4.3, where the heat map has been divided into different
temperature regions. At room temperature the samples contained Na,RE,(BH4)sI3 and
a solid-solution of Nal and NaBH,4. The Na-Pr-I and Na-Nd-I samples had significant
amounts of the starting material, REI;. Temperature region 1 starts at RT and ends at
the decomposition temperature of the Na,RE,(BH,4)s5I3 phase. Temperature region 1
starts at RT and ends at the decomposition temperature of the Na,RE,(BH4)sI5 phase.
At the end of the region peaks from unidentified phases appear in all the three samples.
For Na-Ce-I two unknown compounds were observed after the decomposition of
Na,Ce,(BHy)515 at T =281 °C (Figure 4.1). Bragg reflections for one of the unidentified
compounds increased and then disappeared during heating in temperature region 2
(281-306 °C). The other unknown phase was present in both temperature regions 2 and
3 and also at the end of the measurement, T = 360 °C. Decomposition of Na,Pr,(BH4)s15
occurred at T = 287 °C (Figure 4.2). One unidentified phase appeared at the start of
temperature region 2 (287-360 °C) and was present throughout the whole region.
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After the decomposition of Na,Nd,(BHy)s1; at T = 286 °C, two unidentified phases
appeared in the diffraction pattern of Na-Nd-I (Figure 4.3). Bragg reflections from the
tirst phase emerged at the start of temperature region 2 (286-360 °C), while the peaks
from the other appeared at the end of temperature region 2. Both unknown phases
were present at the end of the measurement. The second unknown phase was indexed,
and Pawley refinements were conducted to evaluate if the correct structure and unit cell
parameters had been chosen. Both indexing and refinement required several attempts
to find a good match. The phase that showed the best fit had a body-centered mono-
clinic structure (space group I2/m with unit cell parameters of a = 9.724 A, b = 3.634
A, c=9.175 A and 3 = 137.88°. However, from the Pawley refinement, it was apparent
that the suggested unit cell was not a perfect fit, as there were several peaks it could
not account for.

The unidentified peaks at around 20 = 5° and 19° appeared in all the three sam-
ples at T = 280 °C. As the position of these peaks varied in each sample, it is assumed
that the unknown phase contains rare-earth atoms and is most likely a decomposition
product from Na,RE,(BH4)sI5. Since only two peaks were observed from this phase, it
was not possible to index them and assign a unit cell.
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Figure 4.1: (a) In-situ SR-PXD of Na-Ce-I measured from RT to T = 360 °C,
AT/At =5 °C/min (A = 0.6866 A). (b) SR-PXD at selected temperatures,
where Nal (x), Na;Cez(BHy)s13 (%), and unidentified peaks ().
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Figure 4.2: (a) In-situ SR-PXD of Na-Pr-I measured from RT to T = 360 °C,
AT/At =5 °C/min (A = 0.6866 A). (b) SR-PXD at selected temperatures,
where Nal (x), Prlz (o), NaPrp(BHy)s13 (%), and unidentified peaks (x).
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Figure 4.3: (a) In-situ SR-PXD of Na-Nd-I measured from RT to T = 360 °C,
AT/At =5 °C/min (A = 0.6866 A). (b) SR-PXD at selected temperatures,
where Nal (), NdIs (o), NapNd,(BHj)s13 (%), indexed phase (1) and uniden-
tified peaks (x).
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RE = Gd and Tb. Figures 4.4 and 4.5 present the SR-PXD measurements for Na-
Gd-I and Na-Tb-I. The room temperature diffraction patters showed reflections from
Na,RE,(BHy)515, REI; and a-RE(BH,4); in both samples. The samples also contained
two solid-solutions of Nal and NaBH,, where one was Nal rich while the other was
NaBH, rich. Na-Gd-I showed additional Bragg reflections belonging to GdOI at RT. At
the end of temperature region 1 the decomposition of a-RE(BH,); occurs while at the
end of temperature region 2 the Na,RE,(BH4)513 phase decomposes.

a-Gd(BHy); decomposed at the end of temperature region 1 (RT-227 °C) (Figure
4.4). At the start of temperature region 2 peaks belonging to Na;Gdls appeared, in
addition to a significant increase in the peak intensity for Na,Gd,(BHy)sI3. Simulta-
neously a drop in intensity for Gdl; and NaBH,4 occurred, suggesting that Gdl; and
NaBHj reacted to form NazGdls and some amorphous product. Decomposition of
Na,Gd,(BH4)515 took place at the end of temperature region 2 (227-274 °C). A set of
unidentified peaks appeared at the start of temperature region 3. At the end of tem-
perature region 3 (274-360 °C) there was a notable decrease in the peak intensity for
Gdl;, together with an increase in intensity for Na;Gdls and Nal.

The decomposition route of Na-Tb-I was very similar to that of Na-Gd-I (Figure 4.5).
At the end of temperature region 1 (RT-237 °C) a-Tb(BH,); decomposed and peaks
from Na3Tbls appeared. Around the same temperature there was also a noticeable
increase in the peak intensity for Na,Tb,(BHy)sI; and decrease in intensity for Tbl;
and NaBH,. Na;Tbl, is assumed to be formed by the same reaction as suggested for
Na3;Gdls. Decomposition of Na,Tb,(BH,)sI3 occurred at the end of temperature region
2(237-282 °C) and two unidentified peaks appeared. At the end of temperature region
3 (282-360 °C) the peak intensity for Tbl; decreased while there was an increase in in-
tensity for NasTbls and Nal. Both samples contained two unidentified peaks at around
20 =5° and 19°. It is assumed that the unidentified peaks belong to the same unknown
phase found in Na-RE-I (RE = Ce, Pr and Nd).
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Figure 4.4: (a) In-situ SR-PXD of Na-Gd-I measured from RT to T = 360 °C,
AT/At = 5 °C/min (A = 0.6866 A). (b) SR-PXD at selected temperatures,
where Nal (*), GdI3 (O), NazGdz(BH4)5I3 (*), NaBH4 (<>), a—Gd(BH4)3 (H),
GdOI (+), NazGdle (57) and unidentified peaks (x).
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Figure 4.5: (a) In-situ SR-PXD of Na-Tb-I measured from RT to T = 360
°C, AT/At = 5 °C/min (A = 0.6866 A). (b) SR-PXD at selected tempera-
tures, where Nal (x), Tbls (o), NayTba(BH4)515 (), NaBH4 (¢), a-Tb(BH4)3
(|), NasTbl (v7) and unidentified peaks ().

RE =Y and Er. The in-situ SR-PXD measurements of Na-Y-I and Na-Er-I are presented
in Figures 4.6 and 4.7. At room temperature the samples consisted of a-RE(BH4); and
Na(BHy); -, while in Na-Er-I additional Bragg reflections belonging to ErOI were
identified. The line between temperature region 1 and 2 marks the decomposition of
the a-RE(BH4); phase.

The Bragg reflections for a-Y(BH,); disappeared at T = 240 °C and reflections from
an unknown compound emerged at the end of temperature region 1 (RT-240 °C) (Fig-
ure 4.6). The unknown phase was indexed, where several attempts were needed to find
a phase that showed a good fit in the Pawley refinements. The phase with the best fit
had a primitive monoclinic structure (space group P2/m) with lattice parameters of a =
3.477 A, b=4.007 A, c=7.810 A and 8 = 99.09°. The unknown phase decomposed at the
end of temperature region 2 (240-300 °C). As the unidentified phase showed peaks at 20
= 5° and 20° it is possible that this phase is the same as found in all the other samples.
This could suggest that it is not the decomposition of Na,RE,(BH,)sI; that promotes
the production of the unknown phase, but rather that the phase is amorphous at RT
and crystallizes during heating. On the other hand, the unknown compound in Na-Y-I
contained peaks that were not found in the other samples, indicating that it could be a
different phase. Upon heating the a-Er(BH,); phase decomposed at T =215 °C without
formation of any new crystalline compounds (Figure 4.7).
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Figure 4.6: (a) In-situ SR-PXD of Na-Y-I measured from RT to T = 360 °C,
AT/At = 5 °C/min (A = 0.6866 A). (b) SR-PXD at selected temperatures,
where Nal (%), a-Y(BH4)3 (||) and indexed phase ().
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Figure 4.7: (a) In-situ SR-PXD of Na-Er-I measured from RT to T = 360 °C,
AT/At =5 °C/min (A = 0.6866 A). (b) SR-PXD at selected temperatures,
where Nal (%), a-Er(BH4)3 (||) and ErOI (+).
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4.1.2 TGA, DSC and Kissinger analyses

Common characteristics of the TGA and DSC measurements were observed in a man-
ner similar to the SR-PXD measurements. The strongest peak in each DSC measure-
ment had a broad tail on the right-hand side of the peak, making it difficult to deter-
mine the number of peaks present. All the samples showed minor mass losses occur-
ring between 300 to 400 °C, indicating the release of small amounts of a volatile ma-
terial. The decomposition temperatures of both the Na,RE,(BH,)s5I; and a-RE(BH4);
phases were observed to be somewhat lower by TGA and DSC than by in-situ SR-PXD.
This was, however, expected as the build-up of hydrogen gas in the capillary creates
a back pressure that suppresses the decomposition of the phases. The back pressure
during the TGA-DSC measurements is much lower due to the pierced lid.

RE = Ce, Pr and Nd. Figure 4.8 presents the TGA-DSC measurements of the as-milled
samples from RT to 400 °C with a heating rate of 5 °C/min. The DSC data for Na-
Ce-1 showed one large endothermic peak with a smaller peak on its right shoulder at
T = 260-280 °C. The two events may be due to the decomposition of Na,Ce,(BH4)s15.
However, from the in-situ SR-PXD data, it seemed as though the Bragg reflections of
Na,Ce,(BH,4)513 disappeared simultaneously and not gradually as they would have
done in a two-step decomposition. It is, therefore, possible that the first endothermic
peak is affiliated with the decomposition of Na,Ce,(BH4)515, while the second is due
to the decomposition of an amorphous phase, or the opposite. A total weight loss of
1.92 wt% occurred during these two events. The Na,Ce,(BH,4)s5I; phase had a weight
fraction, W; = 0.480 at RT in the sample. The release of hydrogen during decomposi-
tion of NayCe,(BH4)513 accounts for a weight loss of 1.24 wt%. The remaining weight
loss can be due to hydrogen release from Na(BHy);_,L, as a result of increased iodide
substitution, decomposition of an amorphous phase or the release of diborane B,Hg or
higher boranes.

The Na-Pr-I and Na-Nd-I samples both showed single endothermic peaks in the
DSC measurements, with peak temperatures of T =263 °C and T = 265 °C respectively.
The total weight loss of Na-Pr-I was 1.62 wt%, while Na-Nd-I had a total weight loss
of 1.39 wt%. The majority of the weight loss is assumed to be the decomposition of
the Na,RE,(BH,)5I5 phases. Hydrogen in Na,Pr,(BH,)sI3 (W, = 0.414 at RT) accounts
for a weight loss of 1.16 wt% in the Na-Pr-I sample, while release of hydrogen during
decomposition of Na,Nd,(BHy)sI5 (W, = 0.360 at RT) accounts for a weight loss of 1.39
wt%. The remaining weight loss may be due to the same factors as described for Na-
Ce-I.
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(b) TGA-DSC measurement for Na-Pr-I.
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Figure 4.8: Results from simultaneous TGA and DSC measured from RT to
T =400 °C, AT /At =5 °C/min for Na-RE-I (RE = Ce, Pr and Nd).

RE = Gd and Tb. The TGA-DSC measurements of the as-milled samples from RT to
400 °C with a heating rate of 5 °C/min are shown in Figure 4.9. The DSC measure-
ment of Na-Gd-I showed a small endothermic peak at T = 227 °C and a larger peak at
T =269 °C. The first peak is assumed to be the decomposition of a-Gd(BHj);, while
the second is the decomposition of Na,Gd,(BH4)s13. The reported decomposition tem-
perature of a phase pure a-Gd(BH,); sample is T = 274 °C [30]. As discussed in the
literature review, a deviation from the reported value can be due to by-products react-
ing with the RE borohydride or promoting early decomposition by acting as catalysts,
consequently lowering the decomposition temperature of the RE borohydride phase.
At room temperature, Na-Gd-I contained six phases, and it is therefore not surprising
that the decomposition temperature of a-Gd(BH,); in the sample was lower than the
reported value. The two events in Na-Gd-I result in a total weight loss of 1.07 wt%. The
hydrogen in a-Gd(BH,4); (W; = 0.009 at RT) and Na,Gd,(BHy)sI; (W, = 0.109 at RT)
accounts for weight losses of 0.05 wt% and 0.27 wt% respectively, in the sample.

Na-Tb-I has three DSC peaks, one small peak at T = 215 °C, another at T = 250 °C
and a third at T = 266 °C. The first two peaks are assumed to be the two-step decom-
position of a-Tb(BH4);, which fits very well with reported values, T =213 °Cand T =
253 °C [29]. The last peak is presumed to be the decomposition of Na,Tb,(BH4)s15. The
total mass loss in the sample was 1.18 wt%. The hydrogen in a-Tb(BH,4); (W, = 0.035
at RT) and Na;Tb,(BH4)s5I5 (W, = 0.025 at RT) accounts for weight losses of 0.21 wt%
and 0.06 wt% respectively, in the sample. In both Na-Gd-I and Na-Tb-I it is assumed
that the excess weight loss is due to hydrogen release from Na(BH4);_,I, as a result of
increased iodide substitution, decomposition of an amorphous phase or the release of
diborane B,H, or higher boranes.
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Figure 4.9: Results from simultaneous TGA and DSC measured from RT to
T =400 °C, AT /At =5 °C/min for Na-RE-I (RE = Gd and Tb).
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RE =Y and Er. Figure 4.10 shows the TGA-DSC measurements of the as-milled sam-
ples from RT to 400 °C with a heating rate of 5 °C/min. Two large endothermic peaks
were present in the DSC measurement of Na-Y-I and are assumed to be a two-step de-
composition of a-Y(BHy);, with peak temperatures at T = 244 °C and T = 263 °C. The
mass loss occurred in two abrupt steps with an overall weight loss of 1.90 wt%. The
observed mass loss is almost equal to the calculated hydrogen content of the a-Y(BH,);
phase 1.88 wt%, where the weight fraction of a-Y(BH,); in the ample was 0.207 at RT.

The Na-Er-I sample had a small, broad endothermic DSC peak at T =261 °C, which s
assumed to be the decomposition of a-Er(BH,);. The reported decomposition temper-
ature of a phase pure a-Er(BHy); sample is T = 277 °C [46]. Na-Er-I was a multi-phase
sample consisting of three phases at room temperature. It is, therefore, possible that
the decomposition temperature of a-Er(BH,); was affected by the presence of the other
phases. As the peak was so broad, it was difficult to determine if the signal was one
broad peak or multiple narrower peaks. The overall weight loss of the sample was 0.99
wt%. The a-Er(BH,4); phase (W; = 0.163 at RT) had a hydrogen content of 0.93 wt% in
the sample, which is quite close to the samples mass loss.
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(a) TGA-DSC measurement for Na-Y-I.
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Figure 4.10: Results from simultaneous TGA and DSC measured from RT to
T =400 °C, AT /At =5 °C/min for Na-RE-I (RE =Y and Er).

An inverse correlation between the decomposition temperature of the metal borohy-
drides and the Pauling electronegativity of the metal cation has been well-established.
The increasing cation electronegativity results in a greater pull on the electrons in the
BH,;™ units, thus destabilizing the B-H bond. The onset temperature, 7,,,.; from the
DSC peaks for the decomposition of Na, RE,(BH4)sI3 have been plotted against the Paul-
ing electronegativities, x p of the rare-earth cations (Figure 4.11a). For Na-Ce-I where it
was uncertain if Na,Ce,(BH4)sI3 decomposed in one or two steps, the onset tempera-
ture of the largest peak has been plotted. From Figure 4.11a there seems to be no sys-
tematic change in the onset temperature when the cation electronegativity increases.
This is surprising as the data does not follow the reported trend. It is important to note
that the range in the electronegativity for the RE cations is narrow (1.10 to 1.27), and
therefore the decomposition temperatures are expected to only have small variations.

A Kissinger analysis was conducted for the decomposition of Na,RE,(BH,)s15 (Fig-
ure 4.12). For Na-Ce-I the peak temperature of the largest peak was used for the anal-
ysis. From the analysis, the activation energies for each decomposition were found
and have been plotted against the electronegativity of the rare-earth cations in Fig-
ure 4.11b. The figure shows a positive and almost linear trend, suggesting that as the
electronegativity of the cation increases the more energy is required to activate the
decomposition of Na,RE,(BH,)s15. The decomposition temperature of a phase is deter-
mined by the kinetics and thermodynamics of the decomposition reaction. A decom-
position reaction with a high activation energy will exhibit slow kinetics. As all the
Na,RE,(BH4)515 phases had around the same onset temperature, the Na,Gd,(BH4)s15
and Na,Tb,(BH4)s1; phases are assumed to be the least thermodynamic stable phases
as they have the highest activation energies. It, therefore, seems as though the thermo-
dynamic stability of the Na,RE,(BH4)sI; phases decreases with increasing electroneg-
ativity of the rare-earth cation.
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Figure 4.12: Kissinger analysis for the decomposition of Na,RE»(BHy)s13 (RE

= Ce, Pr, Nd, Gd and Tb).
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CHAPTER 4. RESULTS AND DISCUSSION

4.2 Chloride samples Na-RE-CI

4.2.1 Extent of reaction and phase composition

SR-PXD data collected at room temperature was used for phase identification. The
diffraction patterns were imported to the EVA software, where the background was
subtracted, and a search for all known crystalline phases consisting of the relevant
elements was carried out. The SR-PXD patterns of the samples, Na-RE-CI (RE =Ce, Tb
and Yb) are shown in Figure 4.13, where the most intense Bragg reflections for each
phase are identified and marked in the figure. A qualitative analysis based on the
diffraction data is summarized in Table 4.1.

From Figure 4.13 it is apparent that the Na-RE-CI samples behave differently from
the Na-RE-I samples. There are no indications that a Na,RE,;(BH,4)5Cl; phase has
been formed in any of the samples, instead significant amounts of NaRE(BH4),Cl, and
NazRECls were present in Na-Th-Cl and Na-Yb-Cl. It is therefore proposed that the
two samples follow the reactions given in Equation 4.1-4.3. This reaction path was
proposed by Ravnsbazk when the NaY(BH4),Cl, phase was first reported, where it is
suggested that reaction 4.2 and 4.3 are competing reactions [45]. However as both
samples contained peaks from unknown phases, it is possible that other competing
reactions are also taking place. The Na-Ce-Cl sample only contained CeCl; and a solid-
solution of NaBH,4 and NaCl at room temperature. All the samples contained consider-
able amounts of the starting materials (RECl; and NaBH,), indicating that the reactions
were not completed. This can be due to many factors such as unsuitable milling con-
ditions.

9NaBH, + RECl; — NaRE(BH,)sCls + NaCl (4.1)
3NaCl + RECl; — NagRECI, (4.2)
(1 —xz)NaBH,;+ xNaCl — Na(BHy4),-.Cl, 4.3)

Table 4.1: Overview of qualitative amounts, X (trace), XX (moderate
amount) and XXX (main phase), of each phases observed in the Na-RE-CI
samples at RT.

Na-Yb-ClI Na-Tb-Cl Na-Ce-Cl
RECI; XX XXX XXX
NaBH, XX XX
Na(BH,),_.Cl, XXX
NaRE(BH,),Cl, XXX XXX
NagREC16 X X
Unidentified phase X X
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Figure 4.13: Figure showing phases present in each sample at RT. NaBHj (),
RECI;3 (o), NaRE(BH4)>Cl> (A), NazRECI (7) and unidentified peaks (x).
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CHAPTER 4. RESULTS AND DISCUSSION

3NaBH; + YbCl;. At room temperature the sample consisted of NaYb(BH,),Cl,,
Naz;YbCls, YbCl; and a small amount of NaBH,. An unidentified phase was also ob-
served, corresponding to multiple small reflections. Several attempts were made to
perform a structural refinement of the sample with different plausible phases, to iden-
tify the phase. However a suitable phase was not found. The refinement of Na-Yb-Cl at
RT is shown in Figure 4.14, where NaYb(BH,),Cl,, NazYbClg, YbCl; and NaBH,4 were
included. The weighted R-factor of the refinement was 3.451, indicating a good match
with the measured data. Table 4.2 presents the weight fractions of the phases.
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Figure 4.14: Rietveld refinement of Na-Yb-CI from SR-PXD data collected at
RT. The blue crosses in the diffraction patterns indicate the observed data
(YPs), while the green line is the calculated profile (Y¥I%). The red line is
the fitted background (Ybackground) 411 the turquoise line is the difference in
intensity between the observed data and the fitted profile (Yobs _ yealey,

Table 4.2: The weight and mole fractions of the phases present in Na-Yb-Cl.

Phase Weight fraction [)] Mole fraction [(]
YbCl; 0.155 0.059
NaBH4 0.275 0.772

As no solid-solution of NaBH,; and NaCl was formed it is assumed that the sam-
ple followed Reactions 4.1 and 4.2. There were no traces of NaCl in the sample, in-
dicating that all NaCl produced in Reaction 4.1 was consumed in Reaction 4.2. This
means that in theory the sample should have a 3:1 molar ratio between NaYb(BH,),Cl,
and Na;YbCls,. However, this is not the case as the molar ratio was determined to be
approximately 1.6:1. This strengthens the theory that other competing reactions are
taking place, producing non-crystalline phases. By adding up the number of moles
for Na, BHy, Yb and Cl separately. the molar ratio between them was determined. As
the ratio between Na and Yb was not 3:1 but rather 4.7:1 it is assumed that some Yb is
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CHAPTER 4. RESULTS AND DISCUSSION

present in an amorphous phase. A 1:3.4 ratio was found for Yb and Cl which is another
indication that there is a non-crystalline phase containing Yb in the sample. The ratio
between Na and BH,; was 1.1:1, suggesting that small amounts of BH, is also present
in an amorphous phase.

3 NaBH, + TbCl;. The diffraction pattern for Na-Tb-Cl at RT had strong resemblance to
the Na-Yb-Cl pattern, with the exception of the large difference in crystallinity between
the two samples, especially for the RECl;. Peaks for NaTb(BH,),Cl,, NazTbCls, TbCl;
and NaBH, were identified. The sample also contained one Bragg reflection from an
unidentified phase. It is assumed that the remaining reflections of this minor phase lies
beneath the peaks of the main phases. Figure 4.15 shows the refinement of Na-Tb-CI at
RT, where NaTb(BH,),Cl,, Na3TbCls, TbCl; and NaBH, were included. The refinement
showed a good fit with the measured data with a weighted R-factor of 7.782. Table 4.2
presents the weight fractions of the phases.
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Figure 4.15: Rietveld refinement of Na-Tb-Cl from SR-PXD data collected at
RT. The blue crosses in the diffraction patterns indicate the observed data
(Y°b%), while the green line is the calculated profile (Y<¥). The red line is
the fitted background (Ybackground) 511 the turquoise line is the difference in
intensity between the observed data and the fitted profile (Yb® — Y<ak),

Table 4.3: The weight and mole fractions of the phases present in Na-Tb-Cl.

Phase Weight fraction [)] Mole fraction [0]
NaTb(BH,),Ch 0512 0.454
Na3;TbClg 0.301 0.171
TbCl; 0.152 0.143
NaBH, 0.035 0.232
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Na-Tb-Cl followed Reactions 4.1 and 4.2 as no solid-solution of NaBH,; and NaCl
was present. Like Na-Yb-Cl all NaCl produced in Reaction 4.1 was consumed in Reac-
tion 4.2. The molar ratio between NaTb(BH,4),Cl, and Na3;TbClg should therefore be
3:1. The experimental data gave a molar ratio of 2.7:1 between the two phases, which
is quite close to the theoretical value. The small deviation may be due to the presence
of a competing reaction, producing amorphous phases. The molar ratios of Na, BH,,
Tb and Cl in the sample were determined. A 1.6:1 ratio was found for Na and Tb in-
dicating that significant amounts of Na is incorporated in a non-crystalline phase. The
molar ratio of Tb and Cl was approximately 1:3, while the ratio of Na and BH,; was
1.1:1. This suggests that small amounts of BHj is also present in an amorphous phase.

5NaBH; + 3CeCl;. At RT the sample contained Bragg reflections for CeCl;
and Na(BH4);_,Cl,. The composition of the solid-solution was determined to be
Na(BH4)074Cly36 from Vegard’s law. Figure 4.15 shows the refinement of Na-Ce-CI at
RT, where CeCl; and NaBH, were refined phases. The refinement had a weighted R-
factor of 5.025. Table 4.4 presents the weight fractions of the phases.
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Figure 4.16: Rietveld refinement of Na-Ce-Cl from SR-PXD data collected at
RT. The blue crosses in the diffraction patterns indicate the observed data
(Y°"s), while the green line is the calculated profile (Y¥I%), The red line is
the fitted background (YPacksroundy and the turquoise line is the difference in
intensity between the observed data and the fitted profile (Yb® — Y<3k),

Table 4.4: The weight and mole fractions of the phases present in Na-Ce-Cl.

Phase | Weight fraction [)] Mole fraction [(]]
CeCl; 0.488 0.160
NaBH, 0.512 0.840
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The molar ratios of Na, BH,, Ce and Cl were very different from the 5:3 ratio of the
reactants, NaBH, and CeCl;. A 15.7:3 ratio of Na andCe suggests that large amounts of
Ce is included in an amorphous phase. The molar ratio of Ce and Cl was 1:4.9 which
is another indication that Ce is incorporated in a non-crystalline phase. Na and BH,
had a ratio of 0.75:1 which signals that signification amounts of Na is also present in
an amorphous phase.

4.2.2 In-situ SR-PXD

The in-situ SR-PXD measurements showed that NaYb(BH,),Cl, and NaTb(BH,),Cl, de-
composed at very different temperatures, T = 130 and 280 °C respectively. This result
was surprising because the electronegativites for Yb and Tb are quite similar, suggest-
ing that their decomposition temperature would be closer. During heating peaks from
unknown phases appeared in all the samples, indicating that either reactions were ac-
tivated during heating or that amorphous phases became crystalline. The degree of
chloride substitution in the solid-solution, Na(BHjy);_,Cl, increased for Na-Ce-Cl from
RT to 420 °C. Two solid-solutions Na(BHy);_,Cl, were formed in both Na-Tbh-Cl and Na-
Yb-Cl with increasing chloride substitution at elevated temperatures.

RE = Yb. Figure 4.17 shows the in-situ SR-PXD measurement of Na-Yb-Cl, where the
heat map has been divided into temperature regions that indicate when decomposi-
tion and formation of phases occurred. At room temperature the sample contained
NaYb(BH4),Cl,, NazYbCls, YbCl;, NaBH,4 and one unknown minor phase (Table 4.2).
When heated from RT the peak intensity for NaYb(BH,),Cl, slowly decreased until all
the peaks were gone at the end of temperature region 1 (RT-130 °C). Simultaneously
peaks from orto—Yb(BH,), and NaCl started to appear, suggesting that they are decom-
position products of NaYb(BH4),Cl,. At the start of temperature region 2 the sample
was comprised of two solid-solutions of NaCl and NaBH,4, where one was NaCl rich
and the other NaBH, rich. Upon heating through temperature region 2 (130-290 °C)
Bragg reflections for YbCl; disappeared, while reflections for the orto—Yb(BHjy), phase
increased before decomposition of the phase at the end of the region. The Yb;Cl;5 phase
was formed at the start of temperature region 3 and during further heating there was
a clear increase of NaCl in the sample, as the Bragg reflections became more intense
and shifted towards lower 26 values. At the end of temperature region 3 (290-370 °C)
the unidentified phase that was present at RT decomposed and peaks from a new un-
known phase appeared. Simultaneously the peak intensity for Yb;Cl;5 declined while
the amount of NaCl kept increasing. In temperature region 4 (370-420 °C) the reflec-
tions for Yb;Cl;5, NaBH, and Na3;YbCl, disappeared during heating and YbHCI and
YbCl, were formed. YbHCI and YbCI, were present at the end of the measurement
and are most likely decomposition products of Yb;Cl;s and Nas;YbClg, with hydrogen
contribution from NaBHj.
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Figure 4.17: (a) In-situ SR-PXD of Na-Yb-Cl measured from RT to T = 420
°C, AT /At =5°C/min (\ = 0.8245 /i). (b) SR-PXD at selected temperatures,
where NaBH4 (¢), YbCls (o), NaYb(BH4),Cly (A), NazYbClg (v7), NaCl (x),
orto—Yb(BH4), (#), Yb;Cli5 (=), YbHCI (), YbCI, (&%) and unidentified
peaks (x).

RE = Tb. The in-situ SR-PXD measurement of Na-Tb-Cl is presented in Figure 4.18.
Bragg reflections from NaTb(BH,),Cl,, Na;TbCls, TbCl; and NaBH, were observed at
RT (Table 4.3). Upon heating the reflections of NaTb(BH4),Cl, slowly decreased until
the phase decomposed at the end of temperature region 1 (RT-280 °C). The decomposi-
tion products of NaTb(BH4),Cl, are most likely amorphous as no new peaks appeared
at this temperature. As the sample was heated through temperature region 2 (280-330
°C) the amount of Na3;TbCls decreased and a significant shift in the 26 position of the
Bragg reflections for Na(BH4);_,Cl, was observed. The movement towards larger 26 in-
dicates a reduction in the unit cell and is assumed to be due to the formation of NaCl.
This suggests that Na;TbCls and NaBHj reacted to form NaCl and possibly some amor-
phous products. At the start of temperature region 3 (330-420 °C) the sample consisted
of two solid-solutions of NaCl and NaBH,, where one was NaCl rich and the other
NaBH, rich. In temperature region 3 diffraction peaks from TbCl; decreased and nar-
row peaks from an unidentified phase appeared at the end of the region.

RE = Ce. At room temperature the sample showed only Bragg reflections of CeCl; and
Na(BH,);-,Cl, (Figure 4.19). During heating through temperature region 1 (RT-310 °C)
two new sets of Bragg reflections appeared, while the peak intensities for CeCl; and
Na(BH4);-,Cl, were drastically reduced. One of the sets of Bragg reflections were from
NaCl. It seems reasonable to assume that NaBH, from the solid-solution and CeCl;
reacted, increasing the molar fraction of NaCl in the solid-solution from 0.36 to 0.80,
in addition to forming some amorphous phase containing Ce. The other set of peaks
corresponded to CeOCl and it therefore, seems as though the sample has been contam-
inated by air or that the reactants contained some contaminants. Upon further heating
in temperature region 2 (310-420 °C) the intensity of the Bragg reflections for CeOCl
increased and two Bragg reflections from an unidentified phase were observed at the
end of the region. The unknown phase could be the amorphous phase that was formed
by the reaction between NaBH, and CeCl; and has crystallizing during further heating.
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Figure 4.18: (a) In-situ SR-PXD of Na-Tb-CI measured from RT to T = 420
°C, AT /At =5°C/min (A = 0.8245 A). (b) SR-PXD at selected temperatures,
where NaBH, (¢), TbCl3 (o), NaTb(BH4)>Cl, (A), NazTbClg (s7), NaCl (x)
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Figure 4.19: (a) In-situ SR-PXD of Na-Ce-CI measured from RT to T = 420
°C, AT /At =5°C/min (A = 0.8245 A). (b) SR-PXD at selected temperatures,
where NaBHy (¢), CeClz (o), NaCl (x), CeOCl (+) and unidentified peaks

(x).
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4.2.3 TGA and DSC measurements

A Kissinger analysis was not conducted for the chloride samples as the TGA-DSC mea-
surements varied greatly from each sample. Na-Tb-Cl and Na-Ce-Cl showed minor
mass losses occurring at T = 300 to 400 °C, indicating the release of small amounts
of a volatile material. Like the iodide samples, the decomposition temperatures of the
phases were observed to be somewhat lower by TGA and DSC than by in-situ SR-PXD.

RE = Yb. Figure 4.20 presents the TGA-DSC measurements of the as-milled sample
from RT to 400 °C with a heating rate of 5 °C/min. By comparing the TGA-DSC
data with the in-situ SR-PXD measurement, it seems as though the sample behaved
differently during the two types of measurements. The DSC measurement shows an
exothermic event with a peak temperature of T = 160°C and a weight loss of 0.75 wt%.
It is suggested that NaYb(BH4),Cl, is a metastable phase and upon heating sponta-
neously decomposes, which could result in an exothermic event with mass loss. The
NaYb(BH4),Cl, phase had a weight fraction, W; = 0.290 at RT in the sample. The
release of hydrogen during decomposition of NaYb(BH,),Cl, accounts for a weight
loss of 0.79 wt%, which is close to the observed weight loss. From the SR-PXD data
orto—Yb(BH,); is assumed to be a decomposition product of NaYb(BH,4),Cl, and de-
composes at T = 290 °C. However, the TGA-DSC measurement shows no sign of the
orto—Yb(BH,), decomposing at this temperature. There is nor any indication of the
formation of Nas;YbCls around T = 300 °C, as seen in the diffraction pattern. The DSC
data showed an endothermic peak with a peak temperature T = 382 °C and a weight
loss of 0.89 wt%. This event is most likely the decomposition of orto—Yb(BHy), as it is
the only remaining phase that contains hydrogen apart from NaBH,4, which is stable to
505 °C [45]. The orto—Yb(BH,), phase (W; = 0.323 at 130 °C) had a hydrogen content
of 1.28 wt% in the sample, which is slightly higher than the observed mass loss.
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Figure 4.20: Results from simultaneous TGA and DSC measured from RT to
T =400 °C, AT /At =5 °C/min for Na-Yb-CI.
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RE = Tb. The TGA-DSC measurements from RT to 400°C with a heating rate of 5
°C/min of the as-milled sample is shown in Figure 4.21. In the temperature region of
T = 250-300 °C there was a large endothermic peak in the DSC plot, with a peak tem-
perature of T = 279 °C. This event may be due to the decomposition of NaTb(BH,),Cl,
and the reaction between Na;TbCls and Na(BH4);_,Cl,. NaY(BH,4),Cl, was reported to
decompose at T = 250-270 °C [45]. Y and Tb have similar Pauling electronegativity’s,
1.22 and 1.21 respectively, thus it is expected that the two compounds should have
similar decomposition temperatures [58]. The total weight loss of the sample was 2.10
wt%. The hydrogen in NaTb(BH,4),Cl, (W} = 0.335 at RT) accounts for a weight loss of
0.96 wt% in the sample. It is assumed that some of the weight loss is due to hydrogen
release from the reaction between Na;TbCl; and Na(BH4);_,CL, producing NaCl. De-
composition of an amorphous phase or the release of diborane B,H¢ or higher boranes
can also explain the excess weight loss.
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Figure 4.21: Results from simultaneous TGA and DSC measured from RT to
T =400 °C, AT /At =5 °C/min for Na-Tb-ClI.

RE = Ce. Figure 4.22 shows the TGA-DSC measurements of the as-milled samples from
RT to 400 °C with a heating rate of 5 °C/min. The DSC measurement showed two very
weak endothermic peaks with peak temperatures at T = 297 and 317 °C. There was an
overall weight loss of 1.52 wt% in the sample, where one of the events is most likely due
to the increased chloride substitution in Na(BH,4);_,Cl.. The other peak can be caused
by the formation of CeOCl or the decomposition of an amorphous phase.

47



CHAPTER 4. RESULTS AND DISCUSSION

2.0
=—Ce

1517 Endotherm 1

1.0

0' 5 b 260 280 300 320 340

DSC [mW/mg]

0.0 -

100.0 |

99.5 1

99.0 1

98.5 1

TGA [Wt%]

98.0 1

97.5 w T T r r .
50 100 150 200 250 300 350 400

Tsamp/e [ ° C]

Figure 4.22: Results from simultaneous TGA and DSC measured from RT to
T =400 °C, AT /At =5 °C/min for Na-Ce-ClI.
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Chapter 5
Further Work

A natural progression of this work is to measure the ionic conductivity of both the
Na,RE,(BH4)513 and NaRE(BH,),Cl, phases, to determine if it is possible to use the
material as a solid-state electrolyte for sodium batteries. Both the rare-earth iodides
and chlorides have been investigated and have shown very different results. It would,
therefore, be compelling to perform similar synthesis with rare-earth bromides, to ex-
amine if the samples resemble the iodides, chlorides or form completely new phases.

It would also be of interest to synthesize samples using other rare-earth chlorides
and sodium borohydride and investigate if any new phases or other NaRE(BH4),Cl,
phases are formed. This would also allow the opportunity for the assessment of any
trends down the rare-earth series. The weight loss in the TGA-DSC measurements for
both the iodide and chloride samples were assumed to be mostly hydrogen. Perform-
ing mass spectroscopy during TGA-DSC measurements would be informative, as it
would give data that could be used to identify the volatile compounds that leave the
samples during decomposition.

Further research could also be conducted on achieving a higher yield of the
NaRE(BH,4),Cl, phase by altering the milling conditions. Three of the samples were
contaminated by oxygen. By investigating where the oxygen came from, contamina-
tion of future samples could be avoided.
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Chapter 6

Conclusion

This study set out to provide a deeper insight into the rare-earth borohydride halides.
A thermal investigation of the iodide samples, Na-RE-I (RE =Y, Ce, Pr, Nd, Gd, Tb and
Er) that were synthesized during Fall 2018, has been conducted. TGA-DSC measure-
ments showed that the Na,RE;(BH,4)s1; phases decomposed in a single endothermic
step in the temperature range of T = 260-280 °C. The results indicated that the onset
temperature for the decomposition of Na,RE,(BH4)s5I;5 does not change systematically
with increased Pauling electronegativity of the rare-earth cation. It was also observed
that the activation energies for the decomposition had a positive and almost linear cor-
relation with the cation electronegativity.

High energy ball-milling of NaBH, and RECl; (RE = Tb and Yb) in a molar ra-
tio of 3:1 resulted in the formation of two new NaRE(BH,),Cl, phases and Naz;RECl.
NaTb(BH4),Cl, and NaYb(BH4),Cl, were determined to be isostructural to the already
reported NaY(BH,),Cl, phase [45]. As both samples contained significant amounts of
the starting materials it was concluded that the synthesis conditions were not optimal.
Large amounts of CeCl; and a solid-solution of NaBH, and NaCl were observed for
the sample synthesized from NaBH, and CeCl;.

The thermal stability and decomposition routes of the chloride samples were inves-
tigated in the same manner as for the iodide samples. The measurements indicated
that the decomposition routes for NaTb(BH4),Cl, and NaYb(BH4),Cl, were consid-
erably different. NaTb(BH4),Cl, decomposed in a single step, Ti,se = 268 °C, where
the decomposition product was an amorphous phase. The decomposition route of
NaYb(BH4),Cl, contained multiple reactions and decomposed into orto—Yb(BHj,),
NaCl and a non-crystalline phase. It was also observed that the Na-Yb-Cl sample be-
haved differently during the in-situ SR-PXD measurement than in the TGA-DSC mea-
surements.
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Appendix A

Sample Preparation

A.1 Chloride samples, Na-RE-CI

Table A.1: Mass and molar composition of Na-RE-I samples.

Sample m—iff [01 meo [g] mreci, [8] mMyasm, [8] nrECI MOl nNepH, [MO]

Na-Ce-Cl g 1.001 0.797 0.204 0.00323 0.00539
Na-Tb-Cl 3 1.001 0.701 0.300 0.00264 0.00793
Na-Yb-Cl 3 1.000 0.711 0.289 0.00254 0.00763

A.2 Todide samples, Na-RE-I

Table A.2: The abbreviated names and the initial composition of the sam-
ples, together with the crystal structures of the various rare earth iodides.

Sample | Initial composition Structure of REI;
Na-Y-I 3NaBH, + Y13 Trigonal (R3h)
Na-Ce-1 3NaBH, + Cels Orthorhombic (C'mem)
Na-Pr-1 3NaBH, + Prlj Orthorhombic (C'mem)
Na-Nd-I | 3NaBHy + NdI;  Orthorhombic (C'mem)

Na-Gd-I | 3NaBH, + GdI; Trigonal (R3h)
Na-Tb-1 3NaBH, + Tbl; Trigonal (R3h)
Na-Er-1 3NaBH, + Erl; Trigonal (R3h)
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APPENDIX A. SAMPLE PREPARATION

Table A.3: Mass and molar composition of Na-RE-CI sample.

Sample | =% [0] mye [g] mrer, [8] mMyesa, [8] nrer [mol] nyepm, [mol]
Na-Y-I 3 1.000  0.805 0.195 0.00171 0.00514
Na-Ce-I 3 1.000  0.821 0.179 0.00158 0.00473
Na-Pr-I 3 1.000  0.821 0,179 0.00157 0.00472
Na-Nd-I 3 1.000  0.822 0.178 0.00157 0.00470
Na-Gd-I 3 1.000  0.826 0.174 0.00154 0.00461
Na-Tb-I 3 1.000  0.826 0.174 0.00153 0.00459
Na-Er-1 3 1.001  0.829 0.172 0.00151 0.00454
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Appendix B

Laboratory PXD
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Figure B.1: Laboratory PXD measurements of the Na-RE-CI samples.
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Appendix C

Crystal Information Files

Table C.1: Crystal Information Files used for phases in the Rietveld refine-

ments.
Phase Crystal System Space Group Ref.
NaBH, Cubic Fm3m [35]
NaX (X =Iand Cl) Cubic Fm3m [59]
CeCls Hexagonal P63/m [60]
TbCl3 Orthorhombic  Cmem [61]
YbCl, Monoclinic C2/m [62]
REI; (RE = Ce, Pr and Nd) Orthorhombic  Cmem [60]
REI; (RE =Y, Gd and Tb) Trigonal R3h [63]
a-RE(BHy)3 (RE =Y, Gd, Tb and Er) | Cubic Pa3 [35]
NaRE(BH,),Cl,; (RE = Tb and Yb) Monoclinic P2/c [45]
NazRECls (RE = Tb and Yb) Trigonal R3h [64]
REOQOI (RE = Gd and Er) Tetragonal P4/nmm [65]
CeOCl Tetragonal P4/nmm [65]
Yb(BHy,)» Orthorhombic  Pbca [66]
Yb,Cli5 Orthorhombic  Pnma [67]
YbHCI Tetragonal P4/nmm [68]
YbCl, Orthorhombic  Pbca [69]
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