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Preface

This dissertation is submitted for the degree of Philosophiac Doctor at the Department of
Chemistry, Faculty of Mathematics and Natural Sciences, University of Oslo. The research
presented here was conducted at the Institute for Energy Technology (IFE), Technical University
of Denmark (DTU), FRM-II research reactor (MLZ), ILL neutron source, ISIS pulsed neutron and
muon source, National Laboratory of Standards and Technology (NIST), the Swiss Light Source
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Neutrons for Heat Storage (NHS) project funded by NordForsk under the supervision of Professor

Bjorn Christian Hauback and co-supervisors Professor Helmer Fjellvag and Dr. Stefano Deledda.

Chapter 1 of this dissertation explains the motivation for the work and discusses the issues of
energy efficiency and storage, focusing on thermochemical energy storage. The concept of the
work is also described where the importance of neutron imaging technique is accentuated. Chapter
2 describes the experimental techniques used throughout the research project. Chapter 3 presents
the most important findings from the scientific publications and manuscripts written during this
PhD project. Chapter 4 provides a summary of the project and an outlook for thermochemical heat

storage materials and systems.
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Abstract

Nearly three-quarters of the energy generated by society is squandered as waste heat, and industries
account for around 50 % of that. A solution to this issue can be provided by a safe and efficient
heat storage system, and ammonia sorption materials have the potential to fulfill the requirements

and accommodate for the growing demand for effective energy capture and reuse.

This dissertation contributes to the knowledge of metal halide ammines as a potential
thermochemical heat storage system, which exhibits good cyclability over a long period of time
and a high efficiency. Metal halide ammines undergo desorption and absorption of NH3-gas in a
chemical reaction, which consequently results in an uptake or release of heat, respectively. These
endothermic and exothermic reactions can be performed in a closed system, utilizing external
waste heat for NH3 release, typically in the temperature range 7 = 20 °C to 400 °C, while the heat

can be released by NH3 reabsorption.

In this dissertation new insight is provided into a thermochemical heat storage reactor prototype
using the metal halide ammine salt Sr(NH3).Cl> for low-temperature applications (40-80 °C). The
changes in kinetics and chemical- and physical properties during NHj3 cycling are studied by
neutron imaging and scattering techniques. The honeycomb-shaped scaffold has been
continuously developed throughout the PhD project, based on the results obtained from the neutron
imaging investigations. Initially, the macroscopic changes of the sample were investigated, which
were caused by expansion and contraction of the sample during NH3 ab- and desorption,
respectively. This resulted in mechanical stress and deformation of the stainless-steel honeycomb.
Thus, the honeycomb was mechanically stabilized, but further experiments revealed a poor heat-
conductivity of the honeycomb. The honeycomb was subsequently produced from aluminum,
which significantly improved the heat transfer. A further improvement was obtained by
confinement of SrCl> in expanded natural graphite, which increased the kinetics and heat transfer,
while reducing the mechanical stress on the reactor. Here it has been demonstrated for the first
time how both qualitative and quantitative analysis of thermochemical heat storage materials and

systems can be performed using neutron imaging and scattering techniques.

Moreover, a more fundamental study on mixed cation Mg1.xMn,(NH3)sCl> and Mg;..Ni(NH3)sCl2
compounds is presented and discussed with respect to tailoring the kinetics and thermal properties

of metal halide ammines towards applications for thermochemical heat storage.
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Chapter 1. Introduction

1.1 Motivation

Mankind is facing extreme ecological challenges in the coming years, already triggered several
decades ago by an unsustainable energy consumption. The exponentially growing world
population and improved living standards are depleting Earth’s resources faster than they can be
regenerated, and the world’s energy demand and consumption has increased exponentially in the
past century. The energy sources represent a major challenge, as almost 90% of the energy is
produced from fossil fuels, e.g. coal, gas and oil, which produce hazardous gases such as CO> and
NO, during combustion, commonly known as greenhouse gases.!* Consequently, the average
global temperature is increasing, which correlates with the increasing atmospheric CO>
concentration (Figure 1.1). This has a severe impact on the environment, and climate change is
observed all over the planet, resulting in unpredictable and more extreme weather conditions on

Earth, as observed in the past decades.’
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Figure 1.1. Average temperature anomaly relative to the atmospheric CO2 concentration in the

period 1850-2018. Data are obtained from ref.*




The atmospheric CO; concentration increased from 283 to 309 ppm over a century in 1850-1950s,
initiated by the invention of the steam engine in 1778 and the start of the industrial revolution.*?
The increasing combustion of fossil fuels has resulted in an atmospheric CO2 concentration of 413
ppm in April, 2020.° Over the past few decades, the global temperature has increased by
approximately 0.8 °C as compared to the 1961-1990 average temperature, and is steadily
increasing.* The correlation between global warming and greenhouse gas emissions has been
evident throughout the Earth’s history.”® Thus, a reduction of greenhouse gas emission is a
necessity to avoid global warming and the accompanying consequences. This requires a transition

towards a more sustainable society, where renewable- and environmentally-friendly energy

sources are a prerequisite.

Significant efforts are done to reduce the human impact on the environment, by implementing new
cooperations such as “The Paris agreement”, supported by the United Nations in 2016 and signed
by more than 180 countries, which acknowledges the climate changes caused by greenhouse gas
emissions, and aims to limit the global temperature rise well below 2 °C.%!° Thus, increased focus
on research and new technologies for alternative energy sources has to be enforced, also motivated

by the fact that fossil fuels will eventually be depleted, while the energy demand will remain. !!

A vast progress has been done on both research and implementation of fossil-free renewable
energy sources, in particular for wind and solar energy systems.''® However, the energy
harvested from these renewable energy sources is intermittent by nature, and depends on the
weather and the day and night shifts, and they also fluctuate over the course of a month and a year.
Thus, these sources are unevenly distributed over time, as well as geographically. Hence, energy
storage is a necessity to store the energy produced in excessive amounts and to be available for
later use.!” The efficient use of the produced energy is vital for a sustainable society, where safe

and accessible energy storage systems are needed for both large and small scale applications.?

Energy storage has received significant attention from the world energy outlook.?! In particular,
electrochemical energy conversion and storage in fuel cells and batteries are attractive, due to the
possibility for wide implementation of this technology.’>** These energy systems for mobile

applications could provide a significant reduction in greenhouse gas emissions from vehicles and

24,25 d 26,27

transportation systems, and the technology has already been widely commercialize

Additionally, highly efficient stationary battery systems have successfully been implemented by
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coupling with either photovoltaic or wind energy sources.?®>! Heat storage systems have also
gained interest for stationary applications, where they can be combined with concentrated solar
power.>>33 The use of heat storage systems combined with the renewable energy sources is another
potential way of diminishing CO; emissions by replacing the aging heating systems based on fossil
fuel combustion and providing carbon-free heating in buildings. Varying the temperature range,
thermal energy storage (TES) systems can be implemented for both large- and small-scale
applications in industry or domestic use, where the aging energy infrastructure can be replaced by

a clean and decentralized energy production.

1.2 Thermal Energy Storage

Thermal energy storage (TES) can be applied for heating, cooling, power generation and industrial
processes, where the excess thermal energy can be stored and saved for later use (Figure 1.2).3*
TES has several potential advantages, such as an increase in overall energy efficiency and energy
reliability by bringing solution for waste heat and reduction in pollution of the environment, i.e.

less CO; emissions into atmosphere.3>-3
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Figure 1.2. Illustration of thermal energy storage use: the produced and surplus heat captured by

TES can be stored and used for various high- and low-temperature applications.




The research and development of most TES systems is focused on materials, such as investigation
of storage media for various temperature ranges, storage containers and development of thermal
insulation material.* TES systems can be divided into three different categories: i) sensible heat
storage (SHS) systems, where the heat capacity and change in temperature of the material during
charging and discharging is utilized to store the energy;®’ ii) latent heat storage (LHS) systems,
which utilizes the enthalpy-change during the phase transition of a material;*® and iii)
thermochemical heat storage (THS) systems, based on endothermic and exothermic solid-
gas/liquid reaction.’® Generally, SHS and LHS systems, or a combination of both, are used in solar

thermal power plants for large scale energy storage and in buildings on a smaller scale.**#?

SHS systems are typically used for energy storage applications at the temperatures ranging from
120 °C to 1250 °C.* The heat storage medium for the SHS systems is typically rock, sandstone,
brick, soil, or concrete, which are densely packed in insulated steel vessels. The materials used for
the SHS systems are abundant, cheap and very stable throughout their operational time, but this

systems endure large heat losses.**

LHS systems operate at temperatures from 120 °C to 400 °C, utilizing heat-uptake or -release when
the storage material undergoes a reversible phase change e.g. from solid-solid, solid-liquid or
liquid-gas.*>*¢ Typical materials used for such systems are molten salts or various metals and their
alloys, and some examples are Al, Mg, Si and Zn, Zn7oSn3o and AlSi;» alloys.*’>° LHS generally

has the benefit of being a more compact system as compared to SHS.

THS systems operate at temperatures from RT to 1200 °C, utilizing the enthalpy change associated
with a chemical reaction. Reversibility is a prerequisite for these systems. When the material
releases the gas in an endothermic reaction, the thermal energy is stored chemically in the
separation of the solid and the gas. When the solid and the gas is recombined, the heat from the
exothermic reaction can be extracted. The advantage of THS systems over SHS and LHS systems
is that the heat can be stored for an indefinite amount of time. It is stored chemically and only
released upon recombination of the reactants, while SHS and LHS systems gradually lose heat to

their surroundings.

THS systems can generally operate based on e.g. hydrates, carbonates or ammines. Carbonates

have been substantially investigated for thermochemical heat storage for high temperature




applications and are relevant for concentrated solar power plants.>'3 Various relatively low price
and readily available metal hydrides have also been proposed as potential high- and low-
temperature heat storage materials.>*>> Hydrates and ammines have been investigated for their
potential applications in domestic heating for low-temperature applications.’® However, some
hydrates such as MgCl2(H20), and Na>S(H20). were reported to have a low cyclability and high
possibility for degradation if cycled at temperatures higher than 50 °C.°” In contrast, metal halide

ammines have shown an excellent cyclability and high energy density.>

Thermochemical heat storage systems. Though THS systems have advantage over the SHS and
LHS regarding high heat storage density, they face some limitations due to mass transfer that
increases the complexity of the THS reactor design.’® Both efficient heat and mass transfer are key
elements for the efficiency of the THS reactor and system. Innovative THS reactor design is a
major part of the development of THS systems, and therefore many studies have been carried out

on both reactor design and materials towards achieving optimal THS system.> %3

The ‘sorption pipes’ design that consist of an outer and an inner perforated cylindrical shell with
vermiculite-CaCl> as sorption material in between the shells has been investigated.®® During
discharge, the anhydrous salt absorbs water vapor, it turns to a solid crystalline hydrate and a high
amount of heat is released. During charge, the heat is provided in the inner cylindrical shell and
the water vapor is released. This type of reactor has a rather simple setup and achieve high energy

storage densities of more than 900 MJ-m™.

A reactor prototype containing sandwich plates with embedded metal foam with either MgCl» or
LiCl salts, an ammonia source and a thermal oil for heating has also been investigated.®* However,
the swelling of the salt during absorption, slowed down the NH3 flow, and thus preventing the
cycling at a sufficient rate. This setup was improved by reducing the mass of the salt and
implementing shell-n-tube type heat exchanger, containing heat exchanging fluid inside the tubes
and the aluminum foam placed in aluminum container. Nevertheless, a poor performance of the
reactor was observed due to the poor thermal heat transfer from the thermal oil to the tubes and
plates.®> CaCl, mixed with expanded natural graphite in a lab-scale setup was investigated using
shell-n-tube design that contained eight discs with CaCl.-ENG composite material with thermal

1.66

oil as the heat transfer fluid inside the shell.” Despite the poor heat transfer from the thermal oil,

a high desorption rate was observed with an energy storage density of 1512 MJ-m™.
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Many similar studies have been performed with different sorption materials and heat exchangers
for waste heat recovery (7 < 100 °C). For example, a SrBr2-6H>O coated heat exchanger within a
honeycomb-shaped THS reactor with an efficiency of 77 % of the reactor and the overall energy
storage density of 767 MJ-m™ has been reported.®’ Similarly, CaCl, impregnated in a mesoporous
ceramic in a honeycomb-shaped THS reactor has been studied, where the composite material was
found to absorb more water than the original ceramic material.®® After 25 cycles, no decomposition
or cracks were observed in the system. The overall heat extraction performance of the reactor was
65 % and the overall energy storage density was 272 MJ-m™. A CaCl,-NH3 system mixed with Ti
sponges within a THS reactor has also been studied, where the improvement of the heat transfer
was up to 59 % when CaCl, was embedded in Ti as the heat transfer media, as compared to
unmixed CaCl.%"" These studies suggest that by optimizing both THS reactor design and the
materials, e.g. mixing the sorption materials with a heat transfer matrix, the efficiency of the

overall THS system can be improved.

THS systems are still considered as a new type of systems and are undergoing extensive research
and development.”! In a recent review of thermochemical heat storage materials, it was reported
that the THS materials have major advantages over the conventional LHS and SHS systems in
terms of cyclability.**® Besides, they also exhibit high volumetric and gravimetric energy

densities in a wide temperature range.’>"?
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Figure 1.3. Volumetric and gravimetric energy densities of TES materials for the three primary

types of heat storage, SHS, LHS and THS. Figure from ref.”

Typical energy densities for SHS, LHS and THS based materials are shown in Figure 1.3.7> The
triangles represent sensible heat storage materials, rhombs represent latent heat storage materials
and circles depict thermochemical heat storage materials. The color indicates operating
temperatures. Heat storage materials that operate via thermochemical reactions have the potential
for significantly higher energy densities, both gravimetrically and volumetrically, as compared to
those that work on sensible or latent heat (highlighted as dark gray and light gray areas,
respectively).”> Furthermore, thermochemical heat storage materials cover a large range of
operating temperatures and can therefore be tailored to the desired application. However, the
thermochemical storage solutions require further research on the storage materials, in order to
obtain a better understanding of successful full system integration and design for practical

applications. One such promising class of storage materials is the family of metal halide ammines.




1.3 Metal Halide Ammines

Ammonia and hydrogen have been proposed as alternative energy carriers compared to fossil fuels.
However, ammonia is toxic and corrosive, but it can be safely stored in solid materials, where it is
chemically bonded in different materials, e.g. inorganic salts.”* The possibility for safe and

efficient storage of ammonia gas has been exploited for metal halide ammines.”>"®

The indirect hydrogen storage capabilities of Mg(NH3)sClz, Ca(NH3)sClo, Mn(NH3)sCl2, and
Ni(NH3)sCl, have been extensively investigated.”” All four metal chloride ammines can be
compacted to solid tablets with densities of more than 95% of the crystal density. This gives very
high indirect hydrogen densities, both gravimetrically and volumetrically. Upon heating, NH3 is
released from the salts, and by employing an appropriate catalyst, H> can be released corresponding
to up to 9.78 wt% H and 0.116 kg H/L for the Ca(NH3)sCl, salt.””” The NHj release from all four
salts have been investigated using temperature-programmed desorption employing different
heating rates. The desorption is found to be limited mainly by the heat transfer, indicating that the
desorption kinetics are extremely fast. During desorption from solid tablets of Mg(NH3)sClo,
Mn(NH3)sCl2, and Ni(NH3)6Clz2, nanoporous structures develop, which facilitate desorption from
the interior of such compact tablets.”’#%#! Density functional theory calculations reproduce trends
in the desorption enthalpies for the studied systems, and suggest a mechanism where individual
chains of the ammonia are released from the surface of the crystal, thus explaining the fast
absorption/desorption processes.?>3 This class of compounds has been extensively studied in the
past century, and the synthesis, crystal structure and thermal stability are well established.*!
Metal chloride ammines can possess high gravimetric ammonia and hydrogen capacities and the
amount of NHj; that can be absorbed varies amongst the metal halides.”>> The NH3 and Ha

contents depending on the metal cation and halide anion are presented in Table 1.1.




Table 1.1. Ammonia and hydrogen gravimetric densities of selected metal halide
79,84,92,96

ammines.

Sn?* 4 26.4 4.7 5 234 4.2 5 18.6 33
Ba 8 39.6 7.0 8 314 5.6 10 303 54
Co** 6 44.0 7.8 6 31.8 5.6 6 24.6 4.4
Ni%* 6 44.1 7.8 6 31.9 5.7 6 24.7 4.4
Fe?* 6 44.6 7.9 6 322 5.7 6 24.8 44
Mn? 6 44.8 8.0 6 322 6.4 6 24.9 44
Sr? 8 46.2 8.2 8 355 6.3 8 28.5 5.1
Mg>* 6 51.8 9.2 6 35.7 6.3 6 27.0 4.8
Li* 3 54.7 9.7 4 44.0 7.8 4 33.7 6.0
Ca>* 8 55.1 9.8 8 40.5 72 6 25.8 4.6

The chemical energy from metal halide ammines can be extracted using fuel cells, where ammonia
can be used as a fuel in either direct-ammonia fuel cells or solid oxide fuel cells operating at
temperatures about 400 °C.°7® If used for indirect hydrogen storage, ammonia is converted into
hydrogen and nitrogen, where the hydrogen can be used in a polymer electrolyte membrane fuel
cell operating at temperatures below ~100 °C.?*1% However, ammonia can be poisonous for these

fuel cells, thus an incomplete conversion is an issue. '’

Metal halide ammines have shown promising applications as ammonia storage material for on-
board selective catalytic reduction (SCR) of hazardous NO, gases from diesel cars and trucks, %>
104 and thus contribute to the reduction of greenhouse gas emission from vehicle engines. %1% The
remarkable potential of the metal halide ammines and their wide potential for application within
energy storage have deepened the research also for other possible applications, e.g. heat storage

applications.

Thermodynamics of metal halide ammines. Metal halide ammines are formed directly in an
exothermic reaction between ammonia and a dry salt, often at RT.*>!197-110 However, for some

metal halides, e.g. LiF, NaCl, KBr, MgF> and CaF,, ammonia uptake is not observed at ambient

9



conditions.!” Desorption of ammonia is achieved by heating the metal halide ammines to a
specific temperature, where NH3 is released in an endothermic reaction. The ammonia release
temperatures can vary a lot for different materials, and the release is often a multi-step process
occurring over a broad temperature interval, often with reversible ammonia ab- and desorption
from 20 °C to more than 400 °C.7>*> Thorough thermodynamic studies on different metal halide

ammines have revealed good kinetics and high cyclability for ammonia ab- and desorption.5¢:!!!

These properties suggest potential applications in thermochemical heat storage systems. '!>!13

Magnesium and 3d-block metal halides. Metal halide ammines readily form from earth alkali
metals and transition metals. The ionic radii of Mg?" is similar to that of the 3d-transition divalent
metals, M?", and thus their structures show similarities.''* Their metal halides absorb six ammonia
equivalents'!>!!® to form hexammines, and a high gravimetric ammonia density of 51.8 wt % is
achieved in Mg(NH3)¢Cl.!'"!'7 This compound has also been investigated for indirect hydrogen
storage due to the high H, content of pm(Hz) = 9.2 wt%. 78081102189 No(NH;3)6Cl, thermally
releases ammonia in three steps: i) at 142 °C (4 equivalents of NH3), i7) at 230 °C (1 equivalent of
NHs) and iii) at 375 °C (1 equivalent of NH3), using a backpressure of 1 bar of ammonia.'?® A
similar three-step ammonia desorption is observed for the other metal halides hexammines, e.g.
Mn(NH3)6Cl releases 4 NHs, 1 NH3 and 1 NH3 with desorption-temperatures at 80 °C, 180 °C
and 354 °C, respectively, while Ni(NH3)sClz desorbs at 168 °C, 327 °C and 396 °C, respectively.®?
Mg(NH3)6Cl2, Mn(NH3)sCl2 and Ni(NH3)6Cl2 have the volumetric NH3 capacities of 639, 618 and
657 kg-m 3, respectively.!?! However, their usable capacities are decreased to 426, 412 and 438
kg-m > due to the release of the last 2 equivalents of NH3 at too high temperatures. The desorption
temperatures are related to the charge density of the metal cation,''” and a higher charge-density
cation binds NH3 more strongly. This is reflected by the ionic radii for Mg** (» = 0.71 A), Mn?*" (r
=0.80 A) and Ni** (r=10.69 A).!*

Mg(NH3).Cl2, Mn(NH3)Cl> and Ni(NH3)<Cl» are isostructural for all the known ammines (x = 1,
2, 6) and the metal clorides.””-!!16!7:122123 The hexammines crystallize in the K,PtCls type
structure, with a cubic unit cell and space group symmetry Fm-3m, where the octahedral units of
M(NH3)s are contained in a cubic lattice of CIl atoms, with each metal ion (M) octahedrally
coordinated by six N atoms (Figure 1.4 a). The diammines crystallize in the Cd(NH3)2Cl> type

structure, with an orthorhombic unit cell and space group symmetry Cmmm. Each CIl atom is

10



shared by two neighboring metal atoms in edge-sharing octahedral chains, and each metal ion is
octahedrally coordinated by two ammonia and four chloride in a trans geometry (Figure 1.4 b).
The monoammines crystallize in the Ni(NH3)Cl, type structure, with a monoclinic unit cell and
space group symmetry /2/m. Each CI atom is shared by three metal atoms in edge-sharing double
octahedral chains, and the metal ion is octahedrally coordinated by one ammonia and five chloride
(Figure 1.4 ¢). MCl> (M = Mg, Mn and Ni) crystallizes in the CdCl» type structure, with a trigonal
unit cell and space group symmetry R-3m.'?*12° The octahedral units of [MCls] are connected via
sharing half of the edges, resulting in layers of MCl, (Figure 1.4 d). The volume of the unit cells

decreases in the order Mn > Mg > Ni, in accordance with the decreasing ionic radii.

Figure 1.4. Crystal structures of a) M(NH3)¢Cl> (M = Mg, Mn, Ni; Fm-3m), b) M(NH3),Cl>
(Cmmm), ¢) M(NH3)Clz (12/m) and d) MCl, (R-3m). Color scheme: M — violet, N — green, Cl —

yellow. H is omitted for clarity.
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Calcium, strontium and barium chloride ammines. St(NH3)sCl> has been suggested as one of the
most promising metal halide ammines for ammonia storage, both due to a high volumetric NH3
capacity of 642 kg-m> at RT and to the favorable NH3 desorption temperatures of around 40-50
°C against a backpressure of 1 bar of NH;.!?”!?® Seven NHj equivalents are desorbed at low
temperatures (40-50 °C), whereas the last NH3 equivalent is more strongly bounded, and a
temperature of around 150 °C is required for desorption and reformation of SrClo. Thus, the
accessible volumetric ammonia density of Sr(NH3)sCl> is 562 kg:m™ for low-temperature
applications (7" < 50 °C), and this makes it the most promising metal halide ammine for low-

temperature applications.!'?’

In comparison, an octammine is also formed for calcium chloride, Ca(NH3)sCl> with a volumetric
NH; capacity of 678 kg-m . Six NHj3 equivalents are desorbed at temperatures below 100 °C, but
the last two ammonia equivalents are desorbed between 175 and 275 °C,”” lowering the accessible
volumetric ammonia density to 509 kg-m>. Ba(NH3)sCl, has a relatively low volumetric NH3
capacity of 597 kg-m > at RT, but has the advantage that all eight ammonia equivalents are released

in one step below 50 °C.7°"!2! However, BaCl, is highly toxic which limits its application.'*°

Sr(NH3)sCly crystallizes in an orthorhombic unit cell with space group symmetry Pnma and unit
cell parameters a = 12.22187(4), b = 7.47501(2), ¢ = 15.34330(5) A and V' = 1401.74(1) A3 at 20
°C (Figure 1.5 a). In the crystal structure, Sr*" is coordinated by eight ammonia molecules through
the lone pair on nitrogen, forming isolated [Sr(NH3)s]** polyhedra that are shaped as double capped
trigonal prisms.'?® CI" acts as counter ions, and the structure is built from close-packing of
[Sr(NH3)s]** polyhedra (Figure 1.5 a).'?® Depending on the partial pressures of ammonia and the
heating rate during desorption, Sr(NH3)sCl, may form either Sr(NH3).Cl> or Sr(NH3)Cls.
Sr(NH3)2Cl» is isostructural to Ca(NH3)2Cl, and crystallizes in space group Abm?2 with unit cell
parameters a = 6.1812(3) A, b =8.1532(4) A, ¢ = 12.6659(8) A and V' =638.32 A3 at 25 °C.%%!?
Sr** coordinates to four CI, forming layers of corner-sharing [Sr(NH3),Cls] octahedra in the ab
plane (Figure 1.5 b). Sr(NH3)Cl; crystallizes in space group Cmcm with unit cell parameters a =
4.4785(1) A, b=14.2403(5) A, c = 7.4883(2) A and V' = 477.57 A® at 35 °C.'?7 Sr** is seven-fold
coordinated to six chlorine atoms and one NH3; molecule, forming a capped trigonal prism which

form layers in the ac plane with NH3 pointing out from those layers (Figure 1.5 c). SrCl»

crystallizes in the CaF> type structure with a cubic unit cell, space group symmetry Fm-3m and
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unit cell parameters a = 6.9792(5) A and V' =339.95 A3 at RT.!3! The structure is built from a fcc

packing of the Sr** cations, while the CI" occupy the tetrahedral positions in the cation lattice.

) 132

Thus, each Sr** is coordinated by eight C1” in a cubic arrangement (Figure 1.5 d

Figure 1.5. Crystal structures of a) Sr(NH3)sClz (Pnma), b) Sr(NH3)2Cla (4bm?2), ¢) Srt(NH3)Cl,
(Cmcm) and d) SrCly (Fm-3m). Color scheme: Sr — violet, N — green and Cl — yellow. H is omitted

for clarity.

Tuning the thermal properties of metal halide ammines. The possibility of tuning the ammonia
storage properties of metal halide ammines has been extensively investigated, and one approach is

by formation of solid solutions.!?!"133:13% The binding energy of ammonia with the surrounding ions
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strongly depends on the elements and structures of the metal halides.'?” Thus, the binding energy
can be tailored by mixing metal halides due to the changes in the crystal structures and ionic radii

of the elements.'*’

Tunable ammonia desorption properties were demonstrated for the mixed cation compounds
CayxSri(NH3)3Cl2 and SriBax(NH3)sClo. It was found that the temperatures for ammonia
desorption could be altered by changing the mixing ratio, and thus tailored towards a desired
desorption temperature.'%%121:133:134 Qimilarly, the crystal structures and ammonia storage
properties were studied for the mixed anion compounds CaCl>-CaBr», SrCl-SrBr> and SrCl-Srly,
and the intermediate ammonia storage properties were shown.!9136137 Solid solution between
MgCl; and either MnCl, or NiCl; and their corresponding ammines has been demonstrated in this

PhD dissertation. These results will be discussed in more detail in Section 3.5.

1.4 Scope of this work

Thermal energy storage plays a pivotal role in a carbon-free energy society and is important for an
increase in the effective use of energy. This project focuses on the investigations of metal halide
ammines as potential thermochemical heat storage materials for waste heat recovery. Endothermic
and exothermic sorption reactions between metal halide and NH3 gas at temperatures in the range
20-400 °C make these systems very promising candidates for THS applications, with a prospect in
the district heating.

Materials with high energy densities, which can release the energy in controlled manner when
heated, can be favorable for heat storage applications. In this work, Sr(NH3)sCl» and its composites
with expanded natural graphite (ENG) were studied for thermochemical heat storage. This material
was chosen based on the high storage capacity and cyclability at low temperatures. Thus, it is an
excellent candidate for waste heat recovery applications, where the operating temperatures are

aimed for the range 40-80 °C.

Waste heat can be stored and saved for later use in a closed THS system with metal halide ammines
as illustrated in Figure 1.6 for metal halide ammines. Excess heat generated by an external source
can be transferred to the solid Sr(NH3)sCl2, which subsequently releases ammonia gas in an
endothermic reaction. The released ammonia gas can then be condensed in a second reservoir and

kept in a liquid state. When the connection between the desorbed SrCl» salt and liquid ammonia is
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closed, the system can be retained at ambient conditions indefinitely. Once the heat is needed, the
connection can be opened, and the ammonia can be reabsorbed by SrCl» in an exothermic reaction.
The reaction is spontaneous at RT and results in the formation of Sr(NH3)sClo. This exothermic

reaction can provide heat which can be utilized, e.g. for domestic heating.

Ammonia

Desorption

Ammonia

Absorption Heat storage

- S

Figure 1.6. Schematic representation of the operation of a THS system of metal halide ammines.
The green arrows indicate the workflow of the THS system. Desorption occurs when heat is given
into the system. When the valve is closed, the heat is chemically stored as liquefied NH3, while

the NH3 is absorbed when the valve is opened again, and the heat may be extracted.

Safe operation of the THS system during ammonia cycling is essential. Therefore, it is crucial that
the storage material is thoroughly investigated during ammonia cycling. While the crystal structure
of SrCl> and the corresponding ammines are well known (see Section 1.3), investigations of the
changes in the macro- and microstructures are scarcely reported, whilst they change significantly

during ammonia ab- and desorption, due to the significant volume changes of up to 300 %.
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Thus, for safe and efficient operation of the THS reactor, a better understanding of the variations
on different length scales is essential. This is addressed in this dissertation, and for the first time
via neutron imaging and small-angle neutron scattering. These methods provide new valuable

information on the materials during operation of the THS reactor prototype.

The main focus of this dissertation is on the use of neutron radiography and tomography. /n-situ
neutron radiography (2D) studies can provide significant knowledge on the ammonia uptake and
release processes in the material, e.g. homogeneous or inhomogeneous ammonia absorption and
desorption. Moreover, by following the ammonia desorption process, the efficiency and heat
conductivity of the reactor components (a honeycomb-shaped scaffold in our case) can be
determined. Neutron tomography (3D) studies allow in-depth investigation of the honeycomb.
Furthermore, both qualitative and quantitative analysis of the obtained neutron radiography data

can be performed, and the precise amount of absorbed or desorbed ammonia can be calculated. A

depiction of the process is illustrated in Figure 1.7.
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-

content (wt%)
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|

Figure 1.7. Demonstration of neutron imaging study process from sample preparation to neutron

imaging data analysis.

The details of the neutron imaging instrumentation and the experimental setup are described in
Chapter 2. The continuous design and optimization of the THS reactor prototype, honeycomb and

the storage material are presented in Publication I-III, and described in more details in Chapter 3.
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Chapter 2. Synthesis and Characterization Methods

2.1 Synthesis

The samples are hydroscopic and must be handled in an inert atmosphere. An Ar-filled glovebox

(< 0.1 ppm of Oz and H>0O) has been used during sample handling and during the synthesis.

2.1.1 Mechanochemical Milling and Heat Treatment

The mechanochemical technique with high-energy ball milling was used for synthesis of the
samples presented in this dissertation. This technique can reduce the particle size of the reactants
and promote solid-solid reactions. Homogeneous samples are obtained from this method, due to
thorough mixing of the reactants during the milling process and, at the same time, the particle size
is decreased due to the impact between powder and balls. This improves the reactivity of the
sample due to the increased surface area of the particles. The high force resulting from the impact
between the balls and powder may trigger formation of new compounds and polymorphs, which

may not be obtained by other synthesis methods. '

For high-energy ball milling, the sample is loaded into a vial with balls and is sealed in argon
atmosphere. Two of such vials are inserted in the ball milling equipment for mass balance. The
vials are then shaken in a complex motion that combines back-and-forth swings with short lateral
movements resulting in both high impact and grinding effect from the mechanical milling (Figure

2.1).

Figure 2.1. Schematic representation of the synthesis procedure using high-energy ball milling.

Several parameters can be altered during this type of synthesis: the milling time, the pause time

and the number or size of the balls, which all contribute to the effects induced by the
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mechanochemical treatment. Adjusting the milling time can ensure full conversion of the reaction,
while extended milling time may lead to formation of amorphous compounds. Pause time is used
to avoid overheating of the sample during milling. The number or size of balls relative to the
amount of sample (ball-to-powder ratio) should be appropriate to achieve the right grinding effect,
but a too high ratio may result in contamination from the balls.'* For planetary ball milling, the

milling intensity can be tweaked, while it is fixed for high-energy ball milling.

The synthesis of compounds presented in this dissertation were performed using a SPEX
SamplePrep 8000D Dual Mixer high-energy ball mill. The powders were placed in a 25 mL
hardened steel vial together with hardened steel balls (@ = 10 mm) in a ball-to-powder mass ratio
of 16:1. The intensity of the milling process was fixed, and the milling program was for one hour

with no pause time.

Heat treatment after mechanochemical milling was used to improve the crystallinity of the sample,
typically by keeping the sample at temperatures (7> 300 °C) for several days. The samples were
placed in a stainless-steel cylinder, sealed in argon atmosphere and placed in an in-house built
oven and heated with 1 °C-min™" and kept under isothermal conditions. The temperature during
the heat treatment is crucial parameter in order to obtain the optimal results. For example,
crystallinity of the Mgi—Mn«(NH3)sCl> and Mg;-Ni.(NH3)6Cl solid solutions presented in this
dissertation is improved by heating them up to 350 °C, while heating to higher temperatures might
result in phase separation of the compounds, melting, or decomposition. To avoid this, TGA-DSC
measurements were performed prior to heat treatment of the samples, in order to obtain precise
crystallization temperatures of the compounds or even more information about thermal properties

of the compounds (Section 2.2).

For this dissertation, mechanochemical synthesis and heat treatment were utilized for solid-solid
reactions to form solid solutions, e.g. Mgi-xMn,(NH3)sCl> and Mg1-Nix(NH3)sCl>. Additionally,
thermal treatments were used for the dehydration of the precursor materials MCl, (M = Mn, Ni),

to ensure that the compounds were water free by heating them up under dynamic vacuum.
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2.2 Thermal and Volumetric Analysis

2.2.1 Thermogravimetric Analysis and Differential Scanning Calorimetry

(TGA-DSC)

Thermogravimetric analysis (TGA) provides information on mass change during heating of the
sample. This is often combined with differential scanning calorimetry (DSC), which is used to
characterize thermal events, such as endo- and exothermic reactions. DSC signals are observed as
a difference in the heat flow between the sample and the reference. When an exothermic reaction
occurs, the heat flow decreases on the sample side due to the released energy, while for an
endothermic reaction the heat flow to the sample increases as a result of the consumed energy. The
analysis of the TGA-DSC data may provide insight into the 7) crystallization temperature; i7)
activation energies by applying the Kissinger method;'* iii) the gas release temperature, amount

of gas and decomposition pathways of the compounds, iv) melting temperature.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the mixed
cation Mgi—xMn(NH3)sCl> and Mg;—Ni«(NH3)sCl> solid solutions presented in this dissertation
were obtained using a Netzsch STA 449 F3 Jupiter apparatus. In a typical experiment, the samples
(~10-30 mg) were placed in an Al crucible with a pierced lid under protective argon atmosphere
and heated from 25 °C to 500 °C AT/At =5 °C-min"!) in an argon flow of 50 mL-min"!. For
Kissinger analysis, the samples were measured with different heating rates, A7/At = 1-40 °C-min!

to obtain the activation energies for ammonia desorption. Prior to the TGA-DSC measurements,

the baselines were obtained for each set of experiment with the same heating rates.

2.2.2 Sieverts Apparatus

Sieverts type apparatus can be used for solid-gas reactions for investigations of the reaction
kinetics. These reactions can be performed in cycles where the absorption and desorption processes
are studied. Typically, Sieverts apparatus contains a gas source, calibrated volume and an oven.
The pressure of the gas in the system is controlled during the sorption reactions at ambient or
elevated temperatures. By monitoring the gas pressure drop or increase (AP) in the system, the
number of desorbed or absorbed molecules (An) in the formula unit can be calculated using the
formula of the ideal gas (Equation 2.1). V'is the volume of the system, R is the gas-constant and 7

is the temperature.
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An in-house built Sieverts apparatus at the Department of Energy Conversion and Storage, Danish
University of Technology (DTU), was used for preparation, cycling and activation of SrCl, and
SrCl-ENG composite materials for the small-angle neutron scattering and neutron imaging
experiments (Subsection 2.3.2 and 2.3.3). Furthermore, the NH3 absorption and desorption studies
of the mixed cation Mg;--Mn,(NH3)sCl> and Mg;-Ni(NH3)6Cl> solid solutions were performed

using this Sieverts apparatus.

2.3 Structural Characterization

2.3.1 X-ray and Neutron Powder Diffraction

Diffraction techniques, such as powder X-ray diffraction (PXD) or powder neutron diffraction
(PND) are powerful tools for phase identification, characterization and structure determination of
solid crystalline compounds. Each compound results in a unique diffraction pattern dependent on
the composition, the atomic position within the crystal structure and the unit cell parameters. The
techniques are based on the coherent scattering of X-rays or neutrons, which interact with the
electrons or the nuclei, respectively. This scattering results in a diffraction pattern with Bragg

peaks at specific angles as described by the Bragg’s law:
2d -sinf =n- A (2.2)

where 2d-sinf describes the path difference between two waves enduring interference, 6 is the
reflected angle of the wave, 4 is the wavelength of the incident wave, 7 is a positive integer and d

is an interplanar distance between the lattice planes of the crystalline material (Figure 2.2).

Figure 2.2. Visualization of Bragg’s law.
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Valuable information can be extracted from the diffraction pattern. The peak positions give
information on the periodicity of the structure, the lattice parameters and the volume of the unit
cell, while the intensities of the Bragg peaks contain information on the relative positions of the
atoms within the unit cell and the thermal vibrations. Microstructural analysis of the peak shapes

can provide additional information about strain and stress of the particles.

Powder X-ray Diffraction. Powder X-ray diffraction (PXD) is a valuable tool in materials science,
due to the ease of the technique and the amount of information that can be collected from the
diffraction data. X-rays interact with the electrons and the scattering length depends on the number
of electrons. While each element has a unique scattering power, neighboring elements in the
periodic table may be challenging to distinguish from each other. Furthermore, scattering from
light elements may be negligible in compounds containing heavier elements, thus the positions of

light elements such as H are often very challenging to determine from X-rays.

The preliminary studies on some of the compounds discussed in this dissertation were performed
using a Bruker D8 Advance diffractometer with Cu— Ka radiation (Axa1 = 1.5406 A, Lx.o=1.5444
A). The samples were typically loaded into borosilicate capillaries (@ = 0.5 mm) and sealed with

glue in the glovebox. Data were usually collected in the 26 range 5 — 100°.

In-situ Synchrotron Radiation Powder X-ray Diffraction (SR-PXD). X-rays generated by a
synchrotron ring provide a well-collimated X-ray beam with intensities several orders of
magnitude higher than conventional laboratory X-ray diffractometers, and therefore providing
rapid and high-quality diffraction data. This allows to study reactions in-sifu, i.e. data can be
collected during variable temperature or pressure, and changes in the crystalline compounds can
be detected. Thus, in-sifu measurements can provide information on the formation of intermediate
phases, decomposition products, thermal expansion, changes in the crystallite size and the crystal

structures that can be used to distinguish different compounds in the diffraction data.

For a typical SR-PXD experiment, the powdered samples were packed in a borosilicate capillary
(@ = 0.5 mm) and sealed with glue or grease. The sample was rotated during data acquisition, and
the exposure time were typically 10-30 seconds. The variable temperatures were achieved using a

cryostream or heat blower in the temperature range RT to 500 °C. The temperatures were
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calibrated using a NaCl standard.'#'¥> SR-PXD data were collected from the Diamond Light

Source and the Swiss Light Source.

Powder Neutron Diffraction. Powder neutron diffraction (PND) is complimentary to PXD studies.
The coherent scattering length of neutron are significantly different as compared to X-rays. The
neutrons interact with the nucleus of an element, but changes in a much more random fashion with
atomic number. Thus, neighboring elements in the periodic table can have significantly different
scatterings lengths (Figure 2.3). Additionally, as the neutron is scattered by the nucleus, the
scattering length is dependent on the isotope, and may differ significantly. For example, the
incoherent scattering length of natural hydrogen is 25.27 fm and its coherent scattering length is -
3.74 fm, while its isotope — deuterium has incoherent scattering length of 4.04 fm and coherent
scattering length of 6.67 fm.!** The incoherent scattering may affect the background in the
diffractogram causing high signal-to-noise ratio, and this can be resolved by substitution of
hydrogen by deuterium. By isotope enrichment of some compounds and thus changing the
contrast, the desired information e.g. hydrogen (deuterium) positions, from the sample can be
extracted. This makes PND a valuable complementary tool for PXD for determination of the

positions of atoms ‘visible’ to neutrons.

=
04 (0] Al Si Fe

Neutron cross section [
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X-ray cross section
H D

Figure 2.3. X-ray and neutron scattering cross sections. X-ray cross section is proportional to the
atomic number, while the cross section of neutron is randomly dependent on the elements and their

isotopes. Figure adapted from ref.!#
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Phase identification and Rietveld refinement. The positions and relative intensities of the Bragg
peaks are unique for a crystalline phase. Phase identification were performed using the ICSD, %’
by search-matches with the PDF-4 database!#¢ and by the EVA software (only for PXD data).
When the phase could not be identified, the unit cell were indexed in the software Free objects for
crystallography (FOX).'#7:148 The space group symmetry can be determined from a careful analysis
of systematic extinctions of the Bragg peaks. Structural solution can be performed in FOX and

used as a starting model for Rietveld refinements.

Rietveld refinements is used for structural refinement by fitting the entire calculated profile from
the model to the experimental data using a least-squares approach. This allows for extraction of
unit cell parameters, refinement of the atomic positions, occupancy refinements, quantitative phase
analysis, obtain information on displacement parameters, and the profile can be refined to extract
microstructural information.'* In this dissertation, Rietveld refinements were performed on SR-
PXD data for the mixed cation Mgi--Mn(NH3)6Cl, and Mg;—Ni(NH3)sCl> solid solutions using
the software TOPAS. 50151

Xpress beamtime for powder neutron diffraction studies of the deuterated mixed cation
Mg1-xMn(ND3)sCl> and Mg1-xNi(ND3)sClz, (x = 0.1) ammines was granted by the ISIS neutron
and muon source, and the investigation of hydrogen positions and the ammonia dynamics in the
compounds was planned. However, the experiments have been postponed to an indefinite date,

due to the temporary shutdown of the facility amid Covid-19 outbreak in Spring 2020.

2.3.2 Small-Angle Neutron Scattering

Small Angle Neutron Scattering (SANS) is a technique that is used to study the microstructure and
nanostructure (radius, shape, volume, fractal dimension, mass, etc.) of materials on length scales
from ~10 A to ~1000 A.'5? For particle or pore systems, SANS allows to perform structural
characterization of the material through the determination of the form factor (P(g)) and structure
factor (S(¢)). When the neutrons are scattered by the sample, scattering arise from both interference
from scattering entities (“scatterers”), which belong to the same object, and interferences from
scatterers belonging to different objects within a sample.!®> A visual interpretation of the

interactions between different elements of the medium is shown in Figure 2.4.
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Figure 2.4. Interpretation of the form factor P(g) and structure factor S(g). P(g) describes
interactions between elementary scatterers (yellow arrows) within the same object while S(g)
elucidates interactions of elementary scatterers belonging to different objects within the

investigated area (blue arrows). Figure adapted from ref.!%3

Generally, SANS data is described on a g-scale, where only the alterations of scattering length of
the order of ¢! are inquired in a given range of ¢.!>* This range can qualitatively be separated into
regions which give different information about the same sample. In the high g-range (around ¢ >
0.1 A", information about the size and shape of the smallest structures (or pores) can be extracted.
In the low g-range (¢ < 0.01 A™"), information about the organization of particles on larger length
scales, as well as dimensions of particle clusters, can be obtained. The whole SANS pattern,
including the intermediate g-range, can sometimes be used to model the experimental data with a

specific structural model.!>*

The preliminary results from SANS studies on microstructural changes in SrCl, and SrCl-ENG
composite materials during NH3; absorption and desorption are briefly discussed in this
dissertation. The detailed investigation is in progress and the full analysis will be described in more
detail in future publications. The data were obtained using the instrument vSANS'*° at the National
Institute of Standards and Technology (NIST), USA and LARMOR!*¢ at the ISIS neutron and

muon source, UK.
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2.3.3 Neutron Imaging

Neutron imaging is a technique that probes the structure of materials on a typical size range from
few um to several cm. It is complimentary to X-ray imaging with the advantage of high penetration
power into the bulk of the material.'>’ Neutron imaging primarily consists of neutron radiography
and neutron tomography, where two-dimensional (2D) and three-dimensional (3D) information

from the investigated sample can be extracted, respectively.

Neutron radiography. For a neutron radiography (NR) experiment, the sample is placed in a
neutron beam with an incident intensity that interacts with the object and changes its intensity
behind that object. This interaction is described by the interaction of the neutrons with the nuclei
of the atoms that are present in the object. In this process, a part of the neutron beam is transmitted
through and some are absorbed by the object. A distribution of attenuation coefficient within the
object reduces the intensity of neutrons when it goes through the object. This information is
detected by a detector array, recording 2D images, which is a projection of the object on the
detector plane. The recorded beam on the detector is the result of conversion of the neutrons into
visible light by scintillator which is then captured by a camera. Different elements within the object
have different attenuation behavior, and the neutrons going through the object carry information

of the object composition following the Beer-Lambert law:
[ =1e ™™ (2.3)

where / is the transmitted or scattered intensity, /p is the incident intensity, x is the attenuation
coefficient and x is the thickness of the object. The attenuation coefficient represents how much
each element is attenuating the neutron beam: the darker the image is, the more the object is
attenuating. While various detector systems are employed in NR (combination of film and neutron-
sensitive converter foil, neutron sensitive imaging plates, etc.), the digital imaging detectors
(combination of scintillator and CCD or CMOS cameras) have been the key factor for development
of the neutron imaging instruments nowadays. The conventional scintillators include crystalline
SLiF/ZnS, which are widely used for neutron imaging applications, however GADOX
(gadoliniumoxisulfate) scintillators, previously used only for X-ray imaging, have also been

recently exploited for neutron imaging.!®® The thickness of the scintillator is fundamental in
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achieving a high resolution and efficiency which are determined by the neutron capture probability

and high light output of the scintillator.'>

The instrumentation for neutron radiography and tomography requires a specific geometry (Figure
2.5), where a well-collimated beam, i.e. with low divergence, is important in order to obtain high
spatial resolution. Generally, neutrons are collimated by slits, apertures, or collimation systems in
order to reduce the range of directions in which the radiation moves and thus, get sharp images.
The investigated sample is placed on a sample stage, allowing translational movement in x, y and
z directions. The distance between the source and the sample (L) is also very important since the
ratio between L and the pinhole diameter D influences the incident divergence. This determines

the blur d on the detector.

Source Collimator Object Detector

Figure 2.5. Typical geometry of a neutron imaging instrument.

Thus, a higher L/D ratio results in higher resolution, that can be adjusted by either increasing the
source-to-sample distance (L) or decreasing pinhole diameter (D). However, increasing the
distance (L) can be challenging due to the need for large space, and reducing the pinhole diameter
(D) may result in reduced neutron flux. The distance between the sample and the detector (/) can
be decreased which can also help in achieving high resolution image. The captured radiography

images are then processed and saved in a computer for further data analysis.

Image analysis. For image analysis, the obtained images are normalized by open beam images, i.e.

the images of the incident beam / taken with no sample following the operation:
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p=——2 (2.4)

ToB~TDC

where p is the normalized projection, 7 is the radiography image of an object, 7pc is the dark current
image (no beam), rop is the open beam image or measured /y. This normalization of the obtained
radiography images removes the detector bias and neutron beam intensity fluctuations during

neutron imaging experiments.

Both qualitative and quantitative analysis can be performed on the normalized neutron radiography
images. Qualitative data analysis includes the visual characteristic properties of the objects, where
the presence of pores, cracks or physical changes during in-situ studies can be observed.
Quantitative image analysis allows us to calculate the precise amount of elements or materials
within an investigated object, i.e. the thickness of the specific element can be calculated based on
its neutron attenuation coefficient (Eq. 2.3). Thus, significant different neutron attenuation
coefficients give a good contrast between the elements in the sample. However, incoherent neutron
scattering can add errors to the data during image analysis. This can be a problem for hydrogen-
containing compounds, due to the high incoherent scattering cross section of H (80 barns = 8-10
2 cm?).! As a result, beam hardening effects can take place which makes transmission values
behind the sample to appear higher than the real value. This results in an underestimated thickness

of the volume occupied by the incoherent scattering element. ¢

NR has some disadvantages due to the data acquisition in 2-dimensions only. The detected signal
from radiogram (spots, agglomeration of specific material, etc.) can be local or spread over the
investigated sample volume, and the depth cannot be observed by only neutron radiography
studies. To obtain the 3-dimensional volume information, neutron tomography needs to be

performed.

Neutron tomography is utilized as an indirect method to obtain 3D images, where several neutron
radiography images are combined and reconstructed to acquire volume information. The 3D image
of an object is achieved by its rotation from 0° to 360° during irradiation and data acquisition.
Through careful analysis of the reconstructed 3D image, information about the inner structure
(pores, cracks, impurities, etc.) can be extracted. The possibility of viewing the object through
orthogonal XY-, XZ- and YZ-planes allows to discover obscured information, which is not

possible to get with neutron radiography.
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Neutron radiography and tomography studies on a specially designed THS reactor prototype
(Figure 2.6) with the SrCl> and SrCl,-ENG samples were analyzed at two different beamlines. The
first neutron imaging experiments on THS reactor prototype with the SrCl, were conducted at
NECTAR beamline'®! using thermal neutron flux with a mean energy of 28 meV at FRM-II Heinz-
Maier Leibnitz Institute, Germany. ZnS/°LiF scintillator screen combined with a CCD camera

(Andor iKon-L-BV) was used and the collimation ratio of L/D = 230 was employed.

Honeycomb - O-ring

Inlet for NH, gas

\ \ Neutron

\ ) beam
‘\ “Inner pipe

\_Heating element
with thermocouple

Figure 2.6. Schematic view of the THS reactor prototype used for neutron imaging experiments.

Figure from ref.!6?

The resolution of 200 um provided high quality neutron radiography data, which was utilized for
in-situ NH3 sorption studies of the THS reactor prototype. Furthermore, subsequent qualitative

analysis of the investigated sorption processes was performed.

The second neutron imaging experiments on THS reactor prototype with the SrCl,-ENG composite
material was performed using a cold neutron beam (4 = 2.8 A) at the NeXT instrument at the D50
beamline, ' Institute Laue-Langevin, France. The cold neutrons with the flux of 1.5-10% n/cm?*/s
were collimated to a 23 mm pinhole (L/D ~ 330) and detected using a Gadox scintillator screen
with a field of view of 10 cm x 10 cm and a given thickness of 50 um (Figure 2.7). The scintillated
light was captured by a CMOS camera (Hamamatsu Orca 4V2) providing images with a time

resolution of 1 s. Both neutron radiography and tomography experiments were conducted and
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quantitative image analysis was performed, where the NH3 spatio-temporal concentration in the

Sr(NH3)sCL-ENG composite was calculated (Section 3.2).

THS reactor Neutrons

Ammonia source

Flowmeter

P-transducer

Figure 2.7. The experimental setup for the neutron imaging experiments with NeXT.

The obtained data from neutron radiography and tomography experiments was treated using image
analysis and 3D image reconstruction software, including Imagel,'6*!% XAct,'*¢ MuhRec,'®’

TomViz!'®® and VG Studio MAX.!%°
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Chapter 3. Primary Results

This chapter describes the main results achieved during the PhD-project. Section 3.1 presents the
in-situ neutron imaging study of the SrCl2/Sr(NH3)sClz system within a THS reactor prototype and
gives a comparison of the obtained neutron imaging results with numerical modelling. This is
associated with Publication I and II. Section 3.2 describes the in-situ neutron imaging study of the
SrClo/Sr(NH3)sClo-ENG  composite materials within the upgraded THS reactor prototype
described in Publication III. Furthermore, spatio-temporal NH3 concentration in the composite
material during cycling is discussed, and the results are compared to the findings in Publication I.
Section 3.3 shows preliminary results of the microstructural analysis of the SrCl,/Sr(NH3)sCla-
ENG composite during ammonia cycling as investigated by small-angle neutron scattering.
Section 3.4 describes the latest in-situ neutron imaging investigation on the upgraded THS reactor
prototype, based on the findings in Publications I-III. Both Section 3.3 and Section 3.4 presents
unpublished results, which will be described in more detail in forthcoming publications. Section
3.5 presents the investigation of ammonia storage properties of the mixed cation
Mgi--Mn(NH3)6Cl> and Mgi-.Ni.(NH3)sClo. Publication IV contains the detailed study on the
Mgi--Mn(NH3)sCl> compounds, while the results from the Mgi-.Ni.(NH3)sCl> study form part of

a manuscript in preparation.

3.1 In-situ Neutron Imaging Study of the SrCl2/Sr(NH3)sCl2 System

This section provides an overview of important findings from the investigation of the
SrCl2/Sr(NH3)sClz system using neutron imaging, which is the main focus of this dissertation.
Neutron imaging is a technique that can provide 2D or 3D images of the inner structures of bulk
objects, that may not be obtainable by other techniques, and thus making it a unique tool for various
studies in materials science.!>!7°"!72 The nondestructive neutron probe is advantageous over X-
rays and has been widely used for archaeological and biological materials.!”>!7® The particular
strong interaction with hydrogen has resulted in significant interest of utilizing neutron imaging
for research fields like hydrogen storage materials and hydrogen-containing systems.'”’ 18! Energy
conversion devices such as fuel cells have also been widely investigated by neutron imaging

studies. 827186
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Interaction of neutrons with hydrogen has been a key element for our studies, where homogeneous
ab/desorption of NH3 in SrClo/Sr(NH3)sCly is a prerequisite. Publication I describes the results
from the very first application of neutron imaging for investigating the NHs-distribution in
materials for thermochemical heat storage systems. A specially designed THS reactor prototype
was prepared for the experiments. It contained SrCl, powder embedded in a stainless-steel
honeycomb scaffold. The THS reactor prototype is illustrated in Figure 3.1, showing the

honeycomb, the cells where the SrCl, powder was placed and the heating element.

Honeycomb
Heating element

THS reactor
prototype

Figure 3.1. Schematic representation of the THS reactor prototype and its main components.

The formation of Sr(NH;3).Cl> (x = 0-8) during NH3 cycling was studied by in-sifu neutron
radiography, where the high neutron attenuation coefficient of H easily revealed the location of

NHj3 in the sample. Thus, NH3 is visible in neutron radiograms as dark areas (see Figure 3.2).

Figure 3.2. A series of normalized neutron radiography images representing the formation of
Sr(NH3),Cl, (dark areas for increasing x) after each absorption process. a) absorption-1, b)

absorption-2 and c) absorption-3. The figure is taken from Publication 1.1
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Each absorption was followed by a desorption process at selected temperatures. The difference in
saturation degree of NH3 (x) in Sr(NH3).Cl, after each absorption was found to be a result of the
volume expansion and formation of micropores after the first cycle. The evolution of micropores
provided paths for more NHj3 to diffuse into the powder beds in the subsequent cycles. Thus, the
NH3 saturation degree increased significantly in the first three absorption steps, and is observed as
darker areas in Figure 3.2. This was further investigated by qualitative analysis of the neutron
radiography images by determination of the change in the neutron transmission /(1) over the

sample during each cycle. This is described in more detail in Publication 1.

Sr(NH3)sCl, formation is followed by a severe volume expansion during the first and subsequent
cycles. In the fourth absorption cycle the volume expansion was up to 10 % during Sr(NH3),Cl>
formation, and mainly observed in the axial direction perpendicular to the honeycomb plane. This
observation was achieved by placing the THS reactor prototype so that the powder expansion
direction is perpendicular to the neutron beam direction. During ammonia absorption, the powder
particles increased in volume, but limited to axial expansion, as the radial expansion was prevented
by the cell walls. It can also be noted in Figure 3.2 that there was some amount of
SrCl»/Sr(NH3).Cl» outside of the honeycomb. One side of the honeycomb was open for free SrCl»
and NH3 interaction, and the powder fell off the honeycomb during mounting of the THS reactor.
Besides, the significant powder expansion also contributed to the displacement of some powder

from the cells.

The stainless-steel honeycomb was utilized in this study in order to provide a homogeneous heat
distribution over the whole area of the powder bed during the NH3 desorption. However, in-situ
neutron radiography studies revealed an inhomogeneous NHj3 release from Sr(NH3),Clz due to a
non-uniform heat distribution. Careful investigation of the NH3 desorption showed that the
direction of the heat was from the heating element toward the top of the honeycomb, and not from
the walls of each cell of the honeycomb as expected (this is schematically shown in later section

3.4). Thus, the thermal conductivity of stainless steel was found to be too low for this application.

Complementary neutron tomography studies were performed on the THS reactor prototype with
different saturation states of the SrCl»/Sr(NH3)sCl> powder. In-depth analysis of the reconstructed
3D images of the THS reactor prototype and different orthogonal planes provided very important
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information. A distortion of the honeycomb back plate was discovered (see Figure 3.3), likely

caused by the powder expansion, and therefore resulting in mechanical stress on the honeycomb.

a) b)

Initial position of the honeycomb back plate

Figure 3.3. Orthogonal views of the 3D image of the honeycomb a) XY-plane and b) YZ-planes
showing the irregularity of the powder thickness over the honeycomb area and the deformation of
the honeycomb back plate due to Sr(NH3)sClz formation followed by the volume expansion. The
red dashed lines represent the position of the back plate before the absorption process. The figure

is adapted from Publication I.!%2

The back plate was only welded to the honeycomb net along the outer edges and is therefore
vulnerable to the mechanical stress resulting from the significant volume expansion of the powder.
This observation was crucial for the optimization of the THS reactor design, since the mechanical

stability of the honeycomb is required for safe and efficient operation.

The neutron radiography results discussed in Publication I are compared with numerical
simulations in Publication II. The modelling for the heat storage reactor was performed using the
software COMSOL Multiphysics® using the integrated thermochemistry, to model the ammonia
flow and the heat transfer for optimization of the final reactor design. The reaction advancement
was also investigated, where the saturation of NH3 was studied and the numerical values of the
absorbed or desorbed NH3 were obtained during the ab- and desorption cycles. The comparison of
the experimental (from neutron radiography) and the numerical data (from modelling) showed a
good agreement in case of both absorption and desorption processes in the SrCly/Sr(NH3)sCla
system. However, the powder thickness in the honeycomb was slightly different during the neutron
imaging experiment, as compared to the fixed thickness during the modelling. As discussed above,
during the neutron imaging experiment, the loose powder and the significant powder volume

expansion, gave an uneven distribution of powder thickness over the honeycomb. In turn, this
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resulted in slight discrepancies between the experimental and modelling data, which is discussed
in more details in Publication II. Comparison to the numerical calculations showed the possibility
of verifying a numerical model of a THS reactor by using neutron radiography data, demonstrated

for the first time.

Based on the results discussed in Publications I and II, several issues in the THS reactor prototype

were observed:

e Loose powder
e Mechanical instability of the honeycomb

e Poor heat conductivity of the stainless-steel honeycomb

These issues were the motivation for improvements in the THS reactor prototype and the
experimental setup. The upgrade of the setup and the improvement of the sample and the
subsequent study with neutron imaging is presented in the following Section 3.2, which also

describes the main results from Publication III.

3.2 SrCl2-ENG Composite Material with Enhanced Kinetics

As described in Section 3.1, the uptake and release of NH3 in SrClo/Sr(NH3)sCl2 system undergoes
severe volume expansion, providing mechanical stress to the THS system. This undesired behavior
of metal halide ammines can limit their potential in applications where safe operation is a
prerequisite. Thus, the SrCl, powder was mixed with expanded natural graphite (ENG). The porous
nature of ENG reduces the effect of the volume expansion, as the powder can freely expand and
contract in the ENG matrix without applying a mechanical stress to the THS system. The method
of ENG impregnation with salts was previously applied to various systems, resulting in enhanced
sorption reactions kinetics and thermal conductivity of the materials.®®!87-1% It has been reported
that the thermal conductivity of the SrCl,-ENG composite can be increased by up to 182 % as
compared to SrCl.'*° The diffusion path of the NH3 gas into the bulk of the salt can be reduced
due to the high porosity of ENG, thus resulting in fast NH3 diffusion. The matrix of ENG
impregnated with the SrCl> salt was mounted in the stainless-steel honeycomb inside the THS
reactor prototype and investigated by in-situ neutron imaging. The experimental setup was
upgraded with a flowmeter and a temperature sensor, which allowed for monitoring of the NH3

flow and the composite temperature during NH3 cycling, respectively.
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Publication III presents the results from neutron radiography and tomography experiments on
SrCl2/Sr(NH3)sCL-ENG composite materials within the THS reactor, which was measured at the
NeXT beamline at ILL, Grenoble, France. In the improved THS reactor, the honeycomb back plate
and the net were welded together, thus improving the mechanical stability during the NH3 cycling.
The composite material was cut into solid pellets and placed inside the cells of the stainless-steel
honeycomb. The obtained images showed the homogeneous ammonia absorption in the
honeycomb and the slight expansion of the composite material. The absorption reaction was
complete in about 2 hours, revealing higher absorption kinetics of the composite material, with
respect to the pure salt. During desorption, the NHj3 release was inhomogeneous, and the desorption
reaction went in one direction from the heating element to the top of the honeycomb (see Figure

3.4).

b)

a) 10 mm

) d)

o9 .

>

<

Figure 3.4. Normalized neutron radiography series showing the ammonia desorption from the

Sr(NH3)sCl-ENG composite at 200 °C after a) 0 min, b) 10 min, ¢) 20 min and d) 30 min.

While the Sr(NH3)3Cl.-ENG composite showed improved kinetics, and the ENG contributed to a
more efficient heat transfer within the composite material, the stainless steel honeycomb did not

provide a uniform heat distribution over the honeycomb area during ammonia desorption. The heat
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conductivity of the ENG is better than the stainless-steel. Hence, the honeycomb did not give a
benefit during the NH3 desorption processes. This is related to the poor heat conductivity of

stainless-steel as described in Section 3.1.

The spatio-temporal NH3 content in Sr(NH3)sCl> was calculated using the Beer-Lambert law (Eq
2.3), and an NHj3 uptake of up to 45.7 wt% was achieved during the first cycle (theoretical
gravimetric capacity is 46.2 wt%). The deviations in the NH3 content in the different cells are due
to deviations in the amount of powder (SrCly) over the honeycomb area. The following NH3
desorption at 200 °C resulted in desorption of 7 moles of NH3 and formation of Sr(NH3)sCl> with
an NHj3 content of 5.7 wt% (see Figure 3.5). While a homogeneous NH3 absorption was observed,
the NH3 desorption rate in the cells of the honeycomb highly depends on their relative position
and distance from the heating element. The cells closer to the heating element (cell 5 and 12)
release NHj faster than the ones further away (cell 3 and 7), as the direction of the heat is from the

lower left corner towards the top right corner, as seen in Figure 3.4.

a) 5 : : — b)

40|
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NH 3 content (wt%)

Cell-3 =—Cell-5 ===Cell-7 ===Cell-12

0 2 & 6 0 0.2 0.4 0.6 0.8
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Figure 3.5. Spatio-temporal NH3 concentration in selected cells of the honeycomb during a)
absorption-1, when Sr(NH3)Cl» is formed and b) desorption-1 when 7 NH3 equivalents are released
from the composite, resulting in the formation of Sr(NH3)Cl> at 200 °C. The figure is adapted from
Publication III.

Moreover, the temperature of the composite material was measured during NH3 cycling. The

thermocouple was inserted into the stainless-steel housing on the top of the honeycomb. The
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temperature increased up to 55 °C during the exothermic absorption process, illustrating that the

composite material meets the requirements of a THS system for low-temperature applications.

In the SrCl,-ENG composite, the ENG mainly served as a buffer allowing the SrCl, powder to
freely expand in the porous matrix during the ammonia uptake and formation of Sr(NH3)sClo,
providing mechanical stability for the material during the ammonia cycling. This was confirmed
by complementary neutron tomography studies of the composite material at its initial state SrCl»-

ENG (a) and after NH3 cycling and formation of Sr(NH3)Cl, (see Figure 3.6).

Cell walls

c) B d)

115 mm

Composite
material

Figure 3.6. Top: 3D visualization of the honeycomb at the a) initial state (SrClo-ENG) and b) the
desorbed state (Sr(NH3)Cl2-ENG). Bottom: The view of the honeycomb in XZ-plane after 3D
reconstruction, showing the change in the composite material before and after NH3 cycling: c)

SrCl,-ENG and d) Sr(NH3)ClL-ENG.

This work shows that the new SrCl,-ENG composite material gives an improvement of the THS
system due to a better mechanical stability and improved kinetics. However, poor heat conductivity
of the stainless-steel honeycomb during NHj release still represents a limiting factor. The volume
expansion maintained by the ENG matrix was crucial to reduce the mechanical stress on the

honeycomb. During the experiment it was possible to acquire additional data on the sample
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temperature and NH3 flow to/from the cell. However, the behavior of SrCl» within the ENG matrix
with respect to pore formation and SrCl particle size changes during NH3 cycling remains
unknown. An investigation of micro- and nano-structure formations in the SrCl>-ENG composite
upon NH3 sorption would provide a better understanding of the system. This can be achieved by

using SANS as discussed in the following Section 3.3.

3.3 Microstructural Evolution in the SrCl2-ENG During NH3 Cycling

This section provides a brief overview of the microstructural evolution within the SrCl,-ENG
composite as observed by SANS. The results presented in this section were obtained on the vSANS
(very small-angle neutron scattering) instrument at NIST, USA with a Q-range of 0.02 nm™! to 1.5
nm’'. Only preliminary studies of the SANS data are presented here, and a detailed investigation

is still in progress.

SANS is a valuable technique, extensively used both in the fields of soft and hard condensed
matter.!*1°7 This technique is widely applied also for the investigation of energy storage
materials, e.g. batteries, which undergo microstructural changes during charging and
discharging.!®2% Investigations with SANS of nanoscale structural features and the following
changes occurring in a material due to different handling and processing methods, as well as
resulting from changes occurring in-situ, can provide information about the bulk particle
structure.’’* Here SANS experiments were performed in order to investigate in-sifu nanoscale
changes during NH3 sorption processes in the SrCl,-ENG composite, revealing information on the

spatial evolution of the powder inside the matrix, as well as the salt morphology.

The SANS profiles of SrCl, in the initial (with no ammonia) and desorbed states (before
absorption) are shown in Figure 3.7 (a). The profiles vary between each state, in particular between
the initial state and the two subsequent desorbed states, after which the profiles are more similar
(2 and 3). These observations agree well with the ‘activation’ of SrCl in the initial cycles and
formation of micropores that allow more NH3 to be ab-/desorbed in the following cycles, see

Sections 3.1 and 3.2.
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Figure 3.7. SANS data from the powder sample for a) the desorbed states (Sr(NH3)Cl,), and b)
the absorbed states (Sr(NH3)sCl»). In the initial state the sample has no ammonia. The desorbed
state 1, 2 and 3 were obtained after heating the sample at the temperatures 64, 64 and 150 °C,
respectively. The absorbed state 1, 2 and 3 were obtained at NH3 gas pressures of 2.4, 2.9 and 1.9

bar, respectively.

There was no resolvable plateau in the signal from the initial state (yellow) that would correspond
to specific particle sizes. Instead, the linearity of the scattering curve indicates a broad distribution
of particle sizes. In contrast, after the first NH3 cycle, the signal from the sample in the desorbed
state-1 (green) shows a deviation from linearity in the range of ¢ =210 A1 to 5-102 A"! compared
to the initial state. This demonstrates a change in the size and shape of the particles. The desorption
was conducted at 64 °C (i.e. only 7 moles of NH3 are desorbed), and therefore the profile shows
the contribution from Sr(NH3)Cl. A further change in the profile is observed after one more NH3
cycle (blue), the desorption being conducted at the same temperature of 64 °C. This signal from
Sr(NH3)Cl> demonstrates that the nanostructure of the powder particles is still evolving after two

cycles. However, after the third cycle (7= 150 °C) the profile stabilizes (red).

Figure 3.7. (b) presents the SANS profile of Sr(NH3)sCl, after absorption-1 (green), 2 (blue) and
3 (red). The significant amount of hydrogen in Sr(NH3)sClz resulted in an increase of the
background up to 0.5 cm™', one order of magnitude higher compared to the SANS signal from the

powder particles in the initial and desorbed states (/(Q) ~0.05 cm™). This increase in the
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background is due to the large incoherent neutron scattering cross-section of hydrogen. The signal
from Sr(NH3)sClz in all cycles is similar, with only a small difference. This may be caused by an
increase of the amount of absorbed NH3 which is consistent with the increase in the background
with every cycle. The background signal in absorbed state-2 is relatively higher than that for the
other two absorbed states due to the higher amount of absorbed NH3 achieved by applying an NH3
pressure of 2.9 bar. The NH3 pressure during absorption-1 and -3 was lower: 2.4 bar and 1.9 bar,

respectively.

These preliminary investigations of the SrCl>-ENG using the SANS technique illustrate the
possibility of obtaining information about microscopic changes occurring in the composite
material upon NH3 cycling. Ongoing studies on the pore and particle size and shape will bring

additional insight about the SrCl2/Sr(NH3)sCl> composite in the ENG matrix.

3.4 Upgrade of the THS Reactor

This section describes the improvements applied to the THS reactor prototype, based on findings
described in Sections 3.1-3.3. An upgraded THS reactor prototype was tested and studied by in-
situ neutron imaging. It contained an aluminum-honeycomb to improve the thermal conductivity,
which was not satisfactory with the stainless-steel honeycomb. Both the SrCl2/Sr(NH3)sCl and
the SrClo/Sr(NH3)sCl-ENG composite systems were investigated at the FRM-II research reactor
in Germany using the NECTAR instrument. Complete data analysis is still in progress and will be

analyzed and submitted for publication by the end of 2020.

Figure 3.7 depicts the series of neutron radiography images of the Sr(NH3)Cl> during the NH3
release at 100 °C against 1 bar of NH3. The fully absorbed Sr(NH3)sCly (Figure 3.8 a) starts
desorbing NH3 from each cell at the same time (Figure 3.8 b), and the desorption is independent
on the distance from the heating element (located below the honeycomb), as the aluminum
honeycomb allows the fast distribution of the heat. This effect can also be seen from the NH3
desorption behavior within each cell (Figure 3.8 c), where the Sr(NH3)sCl, powder close to the
cell edges start releasing NH3 simultaneously and persist until all 7 moles of NH3 are desorbed

(Figure 3.8 d) at 100 °C, demonstrating excellent efficiency of the honeycomb.
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Figure 3.8. Neutron radiography images of Sr(NH3)sCl, during desorption at 100 °C and 1 bar of
NHj3 after a) 0 min, b) 20 min, ¢) 40 min and d) 1 hour from the start of the desorption process.

The images are open beam normalized.

This preliminary analysis of the neutron imaging data shows the significant effect the honeycomb

material can have for ensuring an efficient heat transfer.

a) b)

Heat direction

Figure 3.9. A schematic representation of the heat direction within each cell of the honeycomb

depending on the material: a) stainless-steel and b) aluminum.
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The effect of the stainless-steel vs aluminum honeycomb with regards to heat transfer within a
single cell is illustrated in Figure 3.9. The heat direction is mainly one-directional (from and away
the heating element) when stainless-steel is used, while the aluminum-made honeycomb provides
a homogeneous heat distribution coming from each side of the cell. The efficiency of the THS
reactor prototype highly depends on the efficiency of the individual components, and
homogeneous absorption and desorption of NH3 during THS reactor operation is a key element for

an efficient THS system.

3.5 Tailoring the Properties of Metal Halide Ammines

There has been several studies on optimization of the NH3 ab/desorption kinetics in metal halide
ammines and tailoring of the NH3 desorption temperature by formation of solid solutions.”%%+6:16!
This approach is used to tune the NH3 storage capability of the metal halide ammines, where both

cation and anion mixing result in intermediate properties of the final compounds.

Mg —xMnx(NH3)sCl> (x = 0.025, 0.05, 0.1, 0.3 and 0.5) mixed metal halide ammines. In this section
the study addressing the mixed cation Mg;—.Mn,(NH3)sCl> and Mgi-.Ni(NH3)sCl> solid solutions
is discussed. Publication IV reports the SR-PXD, TGA-DSC and volumetric studies with Sieverts
apparatus on Mgi—-.Mn(NH3)sCl> (x = 0.025, 0.05, 0.1, 0.3 and 0.5) mixed metal halide ammines
with reversible NH3 storage capacity in the temperature range 20-400 °C. Intermediate properties
to that of the monometallic Mg(NH3)sCl2 and Mn(NH3)sCl, metal halide ammines are observed.?%
SR-PXD data revealed that the mixed cation Mgi—.Mn(NH3)sCl> (x = 0.025, 0.05, 0.1, 0.3 and
0.5) solid solutions crystallize in a cubic unit cell with space group symmetry Fm-3m, isostructural
to the precursor materials. /n-situ SR-PXD data showed that the diammine and monoammine
compounds were formed as intermediate phases and are also isostructural to the intermediate

phases observed during ammonia desorption from Mg(NH3)sCl> and Mn(NH3)6Clo.

Rietveld refinement of the SR-PXD data for the mixed metal hexammines revealed a unit cell
volume increase with increasing of Mn content according to Vegard’s law. The DSC study of the
compounds using the Kissinger method revealed changes in the activation energies for each NH3
desorption step in Mgo.sMno.s(NH3)sCl> compared to Mg(NH3)sCl2 and Mn(NH3)6Clz. A change
in the activation energy of the first 4 moles of NH3 desorption from MgosMno.s(NH3)sCl> was
observed (Ea = 54.8 kJ-mol ™), compared to Mg(NH3)sCl> (Ea = 60.8 kJ-mol ™). This change might

43



be affected by the activation energy of the 4 moles of NH3 from Mn(NH3)6Clz (Ea = 43.5 kJ-mol”
1. However, the activation energies for the second and third NH3 desorption steps were not

significantly different from the monometallic compounds.

During in-situ SR-PXD of Mgo.sMno.s(NH3)sCl2, an intermediate compound was observed during
the final NH3 desorption from MgosMno.s(NH3)Cly (Figure 3.10 (yellow diffraction pattern)).
Similarly, an unidentified phase has also been reported for the NH3 desorption from Mn(NH3)Cly,
which has been suggested to be a result of a non-stoichiometric NH3 release from the monoammine
during formation of MnCL.2% Our in-situ SR-PXD results for Mn(NH3)sCl> and
MgosMnos(NH3)sClo suggest the formation of the hemiammines, Mn(NH3)osCl> and
Mgo.sMno s(NH3)o.5Clo, respectively. However, a precise characterization of their crystal structures
was not possible due to the short temperature range the phase was observed and the poor
crystallinity of the compound. The complementary volumetric studies on Mgo.sMno.s(NH3)sCla
confirmed a two-step process during the desorption of the final mole of NH; from

Mgo.sMno.s(NH3)Cl..
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Figure 3.10. a) /n-situ SR-PXD of Mgo.sMno.s(NH3)sCl> measured from RT to 402 °C with a
heating rate of 5 °C-min™! and 1 = 0.82646 A, and b) SR-PXD patterns at selected temperatures.

The figure is taken from Publication IV.2%

After the full NH3 desorption of Mgi-.Mn,(NH3)sCl> solid solutions at 7= 440 °C using TGA-
DSC, the samples were examined using SR-PXD. The stability of the Mg;--Mn,Cl> solid solutions

was confirmed by SR-PXD, showing the presence of only one phase, thus the solid solution does
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not phase separate. Several NH3 absorption and desorption cycles in a Sieverts apparatus

confirmed the excellent cyclability of the mixed metal hexammines.

Mg -Ni.(NH3)sCl> (x = 0.025, 0.05 and 0.1) mixed metal halide ammines. Solid solutions of
Mgi-Ni.(NH3)¢Cl> have also been studied. Also in this case, the thermal properties were
intermediate to those of Mg(NH3)6Cl> and Ni(NH3)6Cla. It was found that Mg-xNi.(NH3)sCl> solid
solutions crystallize in a cubic unit cell with space group symmetry Fm-3m, similar to the
monometallic Mg(NH3)sCl> and Ni(NH3)sClo. The NH3 desorption steps were studied by in-situ
SR-PXD and TGA-DSC.

Figure 3.11. shows the DSC study on the monometallic Mg(NH3)sCl> and Ni(NH3)sCl> and the
mixed cation Mg Ni«(NH3)sCl> hexammines, where three step NH3-desorption processes are
observed. For each step, i.e. the release of 4 NH3, 1 NH3 and 1 NH3 equivalents, respectively, a
change in the onset temperatures of the desorption is observed for the different solid solutions.
Ni(NH3)6Cl> thermally releases ammonia in three steps: i) at 168 °C (4 moles of NH3), ii) at 327
°C (1 mole of NH3) and i) at 396 °C (1 mole of NH3), using a backpressure of 1 bar of ammonia
(see Section 1.3). The NH3z release temperatures of Ni(NH3)sCly is higher than the
Mgi-Ni(NH3)sCl, hexammines, due to the higher binding energy of Ni**-NH3 as compared to
Mg?*-NHs. For the solid solutions, the desorption temperature approaches that of Ni(NH3),Cla.

2 S S S S R S ———
——Mg(NH,)Cl,
Mg g5Nig 05 (NH3)Cl,
——Mg,_ Ni_.(NH,).CI
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= Ni(NH,) CI,,

DSC [uV/mg]

0.5r

0 100 200 300 400
Temperature [°C]

Figure 3.11. DSC study of the Mg(NH3)sCl2, Ni(NH3)6Cl2 and Mgi-xNi(NH3)sCl> (x = 0.05 and

0.1) mixed metal halide ammines.

45



The results on Mg1-xNi.(NH3)6Cl2 (x = 0.025, 0.05 and 0.1) mixed metal halide ammines are part
of a manuscript in preparation. Further studies by PND are planned and Xpress beamtime was
granted by ISIS neutron and muon source in the UK to provide more insight into the hydrogen
positions and dynamics in the compounds using deuterated samples (ND3). These dynamics may
be linked to the kinetics of ammonia desorption of the mixed metal hexammines. However, the
experiments were postponed due to the temporary shutdown of the facility amid the Covid-19

outbreak in Spring 2020.

In conclusion, Mg(NH3)sCl2, Mn(NH3)6Cl> and Ni(NH3)sCl> have similar crystal structures, but
different unit cell volumes in accordance with the different ionic radii of Mg?*, Mn?* and Ni*>". The
difference in charge densities of these metal ions result in different metal-NH3 binding energies,
and therefore the NH3 desorption temperatures differ among the compounds. The similarity in the
crystal structures inspired the study of these materials aiming to achieve their solid solution with
tunable NH3 storage properties. Due to the lower NHj3 release temperatures of Mn(NH3)6Clz
compared to Mg(NH3)6Cl2, a decrease in NH3 release temperatures of Mgi—xMnx(NH3)sCl> is
observed. However, higher NH; release temperatures of Ni(NH3)sCl> compared to Mg(NH3)sCla
show the opposite trend, where the NH3 release temperatures are increased in Mg —xNi(NH3)sCla.
The binding energy for Ni?*-NHj3 is higher than the Mg?"-NH3 and Mn?*-NHj3, and therefore the
strong contribution of Ni in Mgi—Ni«(NH3)sCl> (up to x = 0.1) gives bigger shift in the NH3
desorption temperatures, compared to the Mn content in Mg;—Mnx(NH3)sCl2 (up to x = 0.5). This
observation suggests that NH3 release temperatures are mainly affected by the presence of the
metal with higher NH3 binding energy, while the metal with lower binding energy can affect the

NHj3 desorption temperatures only with high contents in the solid solution.
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Chapter 4. Summary and Outlook

Thermochemical heat storage and reutilization of surplus heat can provide a significant
contribution to the reduction of our carbon footprint. Several materials and reactor designs have
been reported in the past decades in the pursuit for efficient thermochemical heat storage systems.
Metal halide ammines have been extensively studied as indirect hydrogen storage materials.
Recently these compounds have received new interest due to their potential applications for THS
as they exhibit high energy densities and good NH3 cyclability. In this dissertation, MgCl>-based
ammines have been studied, and the NH3 storage properties were studied in the temperature range
20-400 °C. Understanding the correlation between the chemical and physical properties is
important to tailor new functional materials towards specific applications. Here it has been
demonstrated how the sorption properties of Mg(NH3),Cl> could be tailored by the formation of
solid solutions with MnCl> and NiCl,. The NHj release temperatures of the mixed metal
hexammines were decreased by the addition of MnCl or increased by the addition of NiCly, due
to different metal-NH3 binding energies as compared to MgCl,. This study suggests that metal
halides with similar crystal structures but different metal-NH3 binding energies can be mixed, and

thus the thermal stability of the compounds can be altered.

In the past decades, several advancements have been achieved in the research on THS systems,
but more insight is necessary to utilize the technology on a commercial level. The overall
development of THS systems is based on the development of each of the main components, such
as the thermochemical heat storage material, the heat exchanger design and the reactor design. In
this dissertation, all three components for the THS system were investigated using neutron
imaging. This method allows for observation of NH3 uptake and release in the powder bed due to
the high sensitivity of neutrons to hydrogen. Neutron imaging was used for investigation of heat
storage materials and systems for the first time within this research project, and thus providing
new perspectives for THS system analysis. This research provides new approaches for

investigations of thermal energy storage materials, as well as the complete reactor design.

The main aim of this dissertation was to investigate the THS reactor using neutron imaging and
continuously develop the reactor design based on the results. The materials investigated are based

on the SrCly/Sr(NH3)sCly system, which are interesting due to its high cyclability. SrCl; is
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abundant, non-toxic and inexpensive, and the thermochemistry of Sr(NH3)sCl> fulfills the
requirements for a THS reactor aimed towards applications as waste heat recovery in the
temperature range 40-80 °C. In the initial reactor design, a stainless-steel honeycomb heat
exchanger with embedded SrCl, was investigated with neutron imaging. SrCl> was cycled with
NHs, and the reaction rate was investigated by performing qualitative analysis of the NH3 content
as a function of time. A significant volume expansion was observed by neutron tomography during
NHj3 uptake, resulting in a distortion of the honeycomb due to mechanical stress. The THS reactor
design was upgraded accordingly, making it more mechanically stabilized by welding, while the
SrCl, powder was confined in an expanded natural graphite matrix to suppress powder volume
expansion. The neutron imaging results showed improved NH3 sorption kinetics of the SrCl.-ENG
composite material, while an improved heat conductivity was also observed. The spatio-temporal
NH3 concentration in Sr(NH3),Clz was calculated to follow the ab-/desorption kinetics and the
reaction advancement. The stainless-steel honeycomb did not experience mechanical stresses, but
it showed too poor heat conductivity. The THS reactor prototype was subsequently upgraded to an
aluminum honeycomb. Neutron imaging investigations of the SrClo/Sr(NH3)sCly system

embedded in an aluminum honeycomb revealed an excellent performance as a heat exchanger.

A good knowledge of the THS materials’ chemical and physical properties and an understanding
of the fundamental features relevant for a given application, are crucial for a rational design of the
THS reactor and system. Here it is demonstrated how such information can be achieved using
neutron imaging. The experiments revealed new insight into the efficiency of the sorption
processes by observing how heat is transferred within the honeycomb, and it is clearly observed
by the change in NH3 content. Understanding the heat conduction and the corresponding NHs-

sorption properties are crucial for an effective design of the THS reactor.

A numerical model to simulate the performance of a heat exchanger and a complete THS system
to investigate their potential performance for real-scale application has been developed. The
detailed numerical analysis on the heat exchanger allows to choose the heat exchanger design
suitable for the application. In our study, such a 3D model of the heat exchanger, i.e. the
honeycomb, was built in COMSOL Multiphysics, and the performance of the SrCl,-NH3 system
was validated against the experimental results obtained by neutron radiography. The comparison

between the numerical and the experimental results showed a good agreement, suggesting that the
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numerical studies can be used for predicting of the reaction behavior. Similar numerical analysis
will be performed for the SrClo/Sr(NH3)sCl-ENG composite material embedded in the

honeycomb heat exchanger.

For the SrCl2/Sr(NH3)sCl-ENG system, a compact THS reactor containing 8-10 honeycomb discs
has been designed and constructed with a second container for NH3 storage during discharge. The
optimal operating temperature of the reactor can be 80-115 °C and the NH3 pressure in the range
1-12 bar. This reactor-prototype can be operated with an energy storage capacity of 1.8-2.7 MJ.
This final reactor design and complete THS system with a large-scale reactor and heat exchangers
is now being built at The Royal Institute of Technology (KTH) in Sweden as part of this research

project initiative.

The implementation of compact and cost-effective THS systems for either small-scale domestic
heating or large-scale district heating would valorize the low-grade waste heat from industry and
could lead to a significant saving of the raw energy consumption. By balancing the energy
production and demand, THS systems can reduce peak demands, CO> emissions and energy cost,
while increasing the overall efficiency of energy systems. The future of energy storage is indeed
interesting, and the way human produces, stores and consumes energy are expected to change

significantly in the forthcoming decades.
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ARTICLE INFO ABSTRACT

Keywords:

Metal halides

Heat storage

Ammonia absorption/desorption

Strontium chloride octaammine Sr(NH3)gCl, offers high volumetric and gravimetric NH; densities and can store
and release heat upon exo-/endothermal absorption and desorption of NHj. Thus, it is a promising material for
thermochemical heat storage (THS) applications.

In the present work, in-situ neutron imaging was applied to analyze spatio-temporal development of Sr
(NH3)sCl, powder in a thermochemical heat storage prototype reactor during NH3 absorption and desorption
processes. The powder was embedded in a stainless steel honeycomb for the efficient heat transfer during the
NHj; desorption process. 2D radiography images were obtained during NH3 ab-/desorption cycles at selected
temperatures. The swelling and formation of the porous structure in SrCl, is monitored during the first cycles. A
powder bed expansion of up to 10% upon NH3 absorption was observed. Neutron tomography experiment were
also performed to acquire 3D information which revealed the deformation of the honeycomb. This neutron
imaging experiment brought crucial information for optimizing the design of efficient and safe THS systems.

Neutron radiography
Neutron tomography

1. Introduction

To support the transition from conventional fossil fuel energy
sources to decarbonized sources, a number of technologies have been
identified and are expected to have major impacts. The technologies
range from renewable energy sources to efficient energy use, where the
excess of energy can be first stored and later supplied to meet the de-
mands. The effective use of energy requires efficient storage, which can
be achieved using different methods one of them being thermal energy
storage [1]. Seasonal heat storage materials such as hydrates [2] and
ammines have been studied as thermochemical heat storage materials
for domestic heating applications [3]. However, most hydrates were
found to have poor cyclability and degrade over multiple cycles at
temperature higher than 50 °C [4]. Meanwhile sorption metal chloride
and ammonia working pairs are reported to have a very good cy-
clability and high energy density [5].

Metal ammines have for more than 15 years been studied as an
indirect storage of hydrogen due to their high volumetric and gravi-
metric hydrogen capacities [6-8]. Sr(NH3)gCl, is one of the best metal
halide ammines for NH; storage due to its high hydrogen density [9]
and high theoretical volumetric NH; density of 642 kg m ™2 at RT [10].

* Corresponding author.
E-mail address: stefano.deledda@ife.no (S. Deledda).
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It is obtained via absorption of NHj3 into SrCl,. The absorption reaction
is exothermic, while the endothermic desorption is achieved by ap-
plying heat. These exothermic and endothermic absorption and deso-
rption reactions are associated with good kinetics and make the SrCl,/
Sr(NH3)sCl, an interesting system for thermochemical heat storage
(THS) applications [10,11]. In these applications, heat provided by an
external source decomposes Sr(NH3)gCl, into NH3 gas and SrCl,. The
NH3 gas can then be condensed into liquid NHj in a separate reservoir.
In storage mode the connection between liquid NH3 and SrCl, is closed.
To recover the heat, NHj; is transferred back to the container with SrCl,,
where heat is released upon the absorption process and formation of Sr
(NH3)gCl,. By controlling the applied pressure of the NH; gas, the heat
release can be controlled and varied. Ideally, the exothermal and en-
dothermal absorption and desorption of NH; in SrCl, / Sr(NH3)sCl, can
be employed for handling waste heat (40-80 °C) from industry and be
reused for district heating [1]. The SrCl,/NH; working pair was se-
lected due to its high energy density and very good cyclability. SrCl, is
rather cheap and non-toxic. Its working temperature corresponds to the
target application, i.e. residential heating, taking advantage of low-
price renewable electricity (heat-pump + heat storage) and / or low-
grade waste heat recovery (<100 °C) readily available at most

Received 12 December 2019; Received in revised form 24 February 2020; Accepted 19 March 2020
2352-152X/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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industrial production lines.

The crystal structures of Sr(NH3)gCl,, SrCl, and their intermediates
have already been extensively studied and characterized [9,10]. How-
ever, the spatio-temporal evolution of the Sr(NH3)sCl, and NHj3 trans-
port in the system have not yet been investigated in detail. Neutrons are
very well suited to determine the distribution of NH; molecules in the
SrCl,/Sr(NH3)sCl, system due to their unique properties of “seeing”
hydrogen atoms and to the high hydrogen content in this system.

Neutron imaging is a powerful characterization technique which
can provide 2D and 3D information about the inner structure of objects
[12]. It is used as a characterization method for various energy storage
materials and systems. The strong interaction of neutrons with hy-
drogen makes neutrons an attractive probe within hydrogen storage,
where neutron radiography and tomography techniques can be used
not only for qualitative, but also quantitative studies [13-16]. Fur-
thermore, energy storage devices such as fuel cells or batteries are
studied extensively by neutron imaging. The sensitivity of neutrons to
hydrogen in water molecules allows detecting and visualizing water
distribution in fuel cells [17-20]. Neutrons are also sensitive to lithium,
which is a key element in commercial rechargeable batteries [21-25].
Further details about neutron imaging techniques, its accuracy, sensi-
tivity, and its applications in various fields of research can be found in
several review papers published in the last decade [12,26,27].

In this work, NH; uptake and release in the SrCl,/Sr(NH3)gCly
system within a THS prototype reactor, was studied by neutron ima-
ging. The specially designed THS prototype reactor contained SrCl,
embedded in a stainless steel honeycomb structure. The designed THS
reactor contains several honeycomb discs filled with SrCl, powder,
which are placed on top of each other. In this work only the half of one
whole disc was employed in order to examine the local NH3 absorption
and desorption. The honeycomb structure of the disc is used to provide
an efficient heat transfer within the volume of the disc during the NH3
desorption process, when heat is provided to the system. The high
neutron scattering cross-section of hydrogen present in ammonia mo-
lecule allowed observation of the uptake and release of NH; within
SrCl,. Absorption and desorption profiles for different regions of the
honeycomb were obtained for each absorption and desorption cycle by
in-situ neutron radiography. The results of image analysis are discussed
with respect to the homogeneity of the absorption and desorption
processes over the volume of the THS reactor and how it is affected by
the degree of the compaction of the powder, as well as how efficiently
the stainless-steel honeycomb structure conducts the heat during NH;
desorption.

To the best of our knowledge this is the first time that neutron
imaging is used to characterize a THS reactor, allowing a real-time
visualization of the changes that the sorption material undergoes during
charging and discharging. The neutron radiography data presented here
will be used to validate results from numerical simulations. A COMSOL
Multiphysics modelling was developed for the heat reactor, integrating,
with a high degree of accuracy, the thermochemistry, the ammonia
flow, the heat transfer to optimize the reactor design and achieve high
heat power and maximum use of the heat generated [28]. Neutron
imaging will help, on one hand, to validate the simulation model, and,
on the other hand, to validate or invalidate our first assumption on the
honeycomb effect on heat transfer and diffusion to the salt.

2. Experimental
2.1. The THS reactor prototype set-up

A special transportable THS reactor prototype (118 mm in length,
20 mm in width and 85 mm in height) was designed for the neutron
imaging experiment (Fig. 1). The THS reactor is made of 2 mm thick
aluminum, in order to be as transparent as possible for neutrons to
study the interior of the reactor. The THS reactor is tightly closed with a
stainless-steel lid of 85 mm in diameter and an o-ring ensured the
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sealing. The lid had two gas inlets (only one of them was used during
this experiment) and a cylindrical inlet which housed a heating element
and a thermocouple.

A honeycomb with the dimensions of 100 x 50 X 10 mm was filled
with 10 g of SrCl, salt and placed inside the THS reactor in an inert
argon gas filled glove box (<1 ppm of O, and H,0). Two absorption
and desorption cycles were performed on the SrCl, prior to the neutron
imaging experiment in order to confirm the cyclability and suitability of
the sample. The THS reactor was then connected through a stainless-
steel tube to a reservoir, which contained 100 g of Sr(NHj3)gCl, powder
that served as NH3 source and reservoir during the experiment. Manual
valves and a pressure reader (Fig. 2) were included in the connection
between the THS reactor and the reservoir. The reservoir and the pro-
totype reactor were connected to a heating element and a thermocouple
for controlling and monitoring the temperature.

The Sr(NHj3)gCl, in the reservoir was heated up to 70 °C during the
experiment which then released NH; gas that was absorbed by the SrCl,
salt in the honeycomb at RT. Upon heating the honeycomb in the THS
reactor, NH3 was released from the Sr(NH3)gCl, powder and reabsorbed
in the reservoir. The pressure of the system was remotely monitored
and logged.

2.2. Neutron imaging set-up

The neutron radiography and tomography experiments were per-
formed at the NECTAR instrument, at the FRM-II research reactor in
Garching, Germany using a white beam of thermal neutrons (mean
energy 28 meV) [29]. The sample was mounted on a stage allowing
translation along x, y and z-axes about 3 c¢m in case of radiography and
about 10 cm for tomography from the scintillator screen. The thermal
neutron beam transmitted through the sample impinged on a scintil-
lator screen ZnS/°LiF, which converted the neutrons into light. The
light was then reflected by a mirror in a light-tight box and captured by
CCD camera (Andor iKon-L-BV) with a 2048 x 2048 pixels resolution.
The experiment did not require high spatial resolution, thus the colli-
mation ratio L/D, which was about 230, provided sufficient image
quality. Prior to each experiment open beam and dark current images
were collected for normalization of the raw images using ImageJ [30].
The total acquisition time for each image including camera readout was
27 s and overall three absorption and two desorption processes were
performed. Each absorption step, except the last one, was followed by
desorption allowing us to investigate not only the absorption and des-
orption processes themselves, but also the difference between the first
and next cycles. The honeycomb with SrCl, powder was open in the
front side for free NH3 and SrCl, powder interaction.

Neutron tomography measurements were carried out by placing the
THS reactor in a vertical position and by rotating it over a 360° range.
During the tomography experiment the THS reactor was disconnected
from the reservoir. Several tomography scans, each with 1083 projec-
tions, were performed for different degrees of saturation of NHj3 in Sr
(NH3)gCl, and then 3D volume of the sample was reconstructed using
MuhRec software [31] and visualized using Tomviz software [32].

The formation of Sr(NH3)gCl,, thus NH; concentration in the sample
was defined by the normalized transmission I(A) (greyscale values be-
tween 0 and 1) in selected areas of the images, where I is the normal-
ized intensity and A is the neutron wavelength. The lower transmission I
(A) represents the higher concentration of NH3; while the higher
transmission I(A) means lower NH3 content in the sample.

3. Results and discussion
3.1. Absorption process
In-situ transmission images were obtained during NHj absorption

and desorption processes in the SrCl, powder. The series of images in
Fig. 3 show the honeycomb at the end of absorption-1 (a), absorption-2
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Fig. 1. Detailed view of the THS prototype reactor with the honeycomb inside.

>4

Fig. 2. Schematic view of the setup used for the neutron imaging experiment. The letters P and T indicate the points where pressure and temperature were measured.

(b) and absorption-3 (c). These images were obtained by normalization
of corresponding images by the image of the sample in the initial state.
Therefore, the images show only the changes that occurred in the
sample due to NH3 absorption. The formation of Sr(NH3)gCl, appears as
dark areas during NH; uptake due to the high neutron attenuation of
hydrogen atoms [19] contained in ammonia molecules.

The different transmission I(A) at the end of each NH3; absorption
process suggests a different extent of NH; uptake (see Fig. 3). Trans-
mission values I(A) were obtained by marking a hexagonal area in one
cell of the honeycomb (cell-1, Fig. 4a) and calculating the mean value
over the selected area. Fig. 4a presents the mean I(A) change over time
in this cell. The graph shows a clear difference in transmission between
the absorption-1, absorption-2 and absorption-3. During absorption-3, a

lower greyscale value of 0.357 was reached compared to the absorp-
tion-1 and absorption-2, where the greyscale values were 0.622 and
0.551 at the end of absorption, respectively. This is the result of powder
expansion during the NHj absorption processes and formation of
macroporous structure [9], which creates paths for more NHj to diffuse
into the powder bed during the following absorption processes. For this
reason, absorption-2 and absorption-3 resulted in more ammoniated
areas in the radiography images than those observed in absorption-1
(Fig. 3). However, as seen in Fig. 4, the change in the transmission I(A)
with time, for a given absorption, does not stabilize to minimal values
suggesting that the absorption processes were not completed.

The pressure in the system was monitored during the NH3; absorp-
tion (see Fig. 4b). As the reservoir was heated and NH3; was released

i')- b)- C)-

Fig. 3. Neutron radiography images. The series of normalized images representing the sample after each absorption process (a) absorption-1, (b) absorption-2 and (c)

absorption-3.
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Fig. 4. NH; gas absorption in SrCl, contained in the THS reactor. (a) the change
in transmission I(A) in the cell-1 and (b) NHj3 gas pressure during the absorption
processes.

from the Sr(NH3)sCl, salt in the reservoir, the pressure of the system
increased to 2.5 bar, which is the equilibrium pressure of Sr(NH3)gCl, at
70 °C. Once the NH; absorption process started in the THS reactor, the
pressure was stabilized due to the equal rate of NHs release from Sr
(NH3)gCl, in the reservoir and the NH;3 absorption by SrCl, in the THS
honeycomb structure.

A more detailed analysis of the Sr(NH3)gCl, formation during ab-
sorption-2 and absorption-3 was performed on selected cells of the
honeycomb. Mean transmission values I(A) were calculated by aver-
aging over the area of the selected cells during the first 7 h of absorp-
tion. The results are plotted in Fig. 5 for absorption-2 (a) and absorp-
tion-3 (b), respectively. It can be observed that the formation of Sr
(NH3)gCl, is inhomogeneous over the honeycomb volume. The NHj3
distribution in the different cells of the honeycomb differs depending on
their position within the honeycomb. Fig. 5a shows that the topmost
cells have the lowest mean greyscale value (higher concentration of
NH3) between 0.603 and 0.528 (cell-1, -2, -3 and -4) whereas the cells
in the bottom (cell-9, -10, -11 and -12) have higher mean greyscale
values (lower concentration of NH3) between 0.756 and 0.744. The
same trend can be seen during the third absorption process (Fig. 5b).
The lowest mean greyscale value calculated was 0.459 in the cell-3,
whereas the highest value was 0.783 in the cell-11. Cell-5, -6, -7 and -8
located in the middle of the honeycomb show intermediate mean
greyscale value between 0.579 and 0.613, which means that the NH;
concentration in those cells is the intermediate between the NH3 con-
centration in the top and bottom cells.

Several reasons might contribute to these results. Firstly, it should
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Fig. 5. The change in transmission I(A) through the powder during (a) ab-
sorption-2 and (b) absorption-3. The schematic view of the honeycomb with
selected and numbered cells is included in graph a.

be noted that the NH3 gas inlet was placed at the top right of the THS
reactor, letting the powder particles on top cells absorb NH; gas earlier
than the powder contained in the lower cells. Secondly, the free space
between the THS reactor inner walls and the honeycomb allowed some
powder to fall out of the honeycomb. Therefore, the powder thickness
over the honeycomb was inhomogeneous, providing different amount
of SrCl, salt in the different cells of the honeycomb and resulting in
different NH; concentration. Finally, the honeycomb with the salt was
prepared in an inert argon atmosphere, which filled the THS reactor
prior to the start of the experiment. The THS reactor was not evacuated
before the first NH3 absorption process, so Ar gas was still present in-
side the reactor during absorption. The different densities of Ar and
NH; gases, 1.661 kg/m® and 0.717 kg/m> at RT, respectively, might
have created layers of NH; gas on the top and Ar on the bottom, pre-
venting a homogeneous NH3 gas flow towards the bottom of the THS
reactor.

The expansion of Sr(NHj3)sCl, over time during the NH; uptake was
studied by placing the honeycomb horizontally so that powder thick-
ness change is perpendicular to the neutron beam. Side-view images
were obtained while performing a NH;3 absorption process. The volume
expansion of the Sr(NH;3)sCl, powder within the honeycomb is shown
in Fig. 6. The expansion of the Sr(NH3)gCl, in axial direction with time
can be observed. The packing within the honeycomb prevented the Sr
(NH3)gCl, powder from expanding in the radial direction, while free
space between the honeycomb and THS reactor wall allowed the axial
expansion. During this process NH3 absorption over time produced a
gradual expansion of the salt by up to 10% in height.
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Fig. 6. Series of images showing the expansion of the salt during the NH; absorption process with time in selected area of the honeycomb. The white dashed line
shows the initial height of the powder. (Full-size image above the series was acquired at the 4th hour of absorption-4).

3.2. Desorption process

Neutron radiography was carried out on the THS reactor during the
desorption processes at selected temperatures. The two desorption
processes were performed at 220 °C and 100 °C at 1 bar of ammonia
pressure, and full release of NH3 was observed after 46 min and 3 h
45 min, respectively. During desorption at 220 °C Sr(NHj3)sCl, was
decomposed into SrCl, and NH3, while at 100 °C the end products were
Sr(NH3)Cl, and NH3. This is due to two-step desorption occurring in Sr
(NH3)gCl, at the given temperatures and ammonia pressure of 1 bar
[6,9,10].

Fig. 7a and b show the change in transmission I(A) in the cell-1 and
the pressure profile of the system during desorption processes. At
220 °C, the pressure increased drastically because of the large amount
of NH; gas released in a short time and started decreasing after few
minutes as NH; is absorbed in the reservoir. Fig. 7c and d show the
transmission images of the honeycomb 20 min after the start of the
desorption processes. The decomposition of SrCl,(NH3)g into SrCl, and
NHj; is almost complete after 20 min at 220 °C. The powder in the cells
closer to the heat source desorbed NHj faster than the powder in cells
further away from the heating source. It should be mentioned that the
special stainless-steel honeycomb was prepared to provide a higher heat
transfer. The hexagon-shaped cells should provide efficient heat trans-
mission from cell to cell and thus improving the NH; desorption effi-
ciency of the whole plate. The images in Fig. 7 show that heat con-
ductivity of the stainless-steel was not sufficient for ensuring
homogeneous NHj release. The NH3 desorption process within all 12
cells was analyzed and included in the supplementary information (Fig.
A1).

In order to observe the NHj release in detail, selected cells of the
honeycomb were analyzed. The rate of desorption in each cell volume
was studied by drawing lines parallel to the hexagon edges and mea-
suring the transmission I(A) integrated along those lines and plotted as
a function of time (see Fig. 8). The lines are at distance of 2 mm from
each edge of the hexagon. The NHj; gas release over time at the sides of
the cells gives us information about the heat efficiency of the total
stainless-steel net since NHj3 release takes place only when Sr(NH3)sCl,
salt is heated.

Fig. 8a shows a schematic view of the honeycomb and three cells
selected for investigation of the change of NH3 concentration during the
desorption process at 100 °C. Fig. 8b, ¢ and d illustrate the drop of NH;
content along the lines in the cell-2, 6 and 10, respectively.

In all three cells we see that the release of NH; is not uniform, and it
changes according to the heat direction. The transmission through the
absorbed NH3 along the lines also strongly depends on the position of
the analyzed area with respect to the relative distance from the heating
element. The bottom-right edges, i.e. closer to the heat source (B, C and
D) are those where NHj is released earlier, indicating that they are the
first to be heated. On the other hand, the top-left ones (A, E and F) are
those where NHj3 is released later, pointing out they are heated later.
Overall, the desorption of NH3 from powder in the top parts of one cell
happens mainly because of the heat is transferred through the salt in-
side the cell rather than from the cell walls. Besides, full NH; release
happened within 1.5 h in cell-10, which is the closest to the heating
element, whereas NHj desorption was completed after about 3 and
3.5 hin cell-6 and cell-2, the furthest from the heat source, respectively.
The different time for NHj3 release in different areas of the honeycomb
indicates that the stainless steel is not an ideal material for the efficient
heat transfer, as the desorption process is inhomogeneous both along
the honeycomb and within each cell. Similar calculations for other cells
were performed and are included as supplementary information (Fig.
A2).

3.3. Neutron tomography

Ex-situ tomography studies were performed on the THS reactor,
which was disconnected from the reservoir and placed vertically in
front of the neutron beam. 3D images of the THS reactor after one
absorption and desorption cycle (Fig. 9a), after NHj3 absorption
(Fig. 9b) and after partial NH; desorption (Fig. 9c) were obtained and
visualized. A clear contrast between Sr(NH3)gCl, and SrCl, can be ob-
served. To visualize the partially desorbed state of the salt a desorption
process during in-situ neutron radiography measurements was termi-
nated after 30 min and the scan over 360° was performed on the
sample.

In all 3D visualizations sample powders outside the honeycomb can
be noticed. This was also observed in the series of images acquired
during absorption and shown in the Fig. 3. The sample thickness irre-
gularity in the honeycomb cells confirms that the powder was initially
inside the cells. Each radiography/tomography switch during the ex-
periments required the movement of the THS reactor from horizontal to
vertical positions causing loose powder to fall from the honeycomb and
movement of the honeycomb itself loosing contact with the heating
element.
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Sr(NH3)sCl, in the Fig. 9b shows that the powder occupies a slightly
bigger volume in the cells compared to SrCl, (a), due to the SrCl,
powder expansion during NHj3 absorption and shrinkage after NH;
desorption. The 3D visualization of the partially desorbed state in
Fig. 9c¢ confirms the direction of the desorption reaction discussed
above (Fig. 8) and that the Sr(NH3)sCl, powder in the cells close to the
heating element started releasing NHj first.

The 3D visualization of the Sr(NH3)sCl, in Fig. 9b was further
analyzed by cutting orthogonal slices and studying the reactor in dif-
ferent planes. This allowed for a detailed view “inside” the investigated
sample. This is shown in Fig. 10, which displays the Sr(NH3)sCl,
powder in the honeycomb viewed through the XY and YZ-planes. The
powder separated by the cell walls can be recognized and the irregular
height of the powder both within each cell and over the honeycomb is
confirmed. Additionally, a significant deformation of the honeycomb is
observed by viewing the sample through two different planes.

In Fig. 10 the red dashed line represents the original position of the
honeycomb back plate, being flat before the experiments, but is found
bended after the NH3 absorption. This is likely caused by the SrCl,
expansion occurring during NH3 absorption and formation of Sr
(NH3)gCl,. The stainless steel cell walls kept the powder from ex-
panding in the radial direction, while the open front of the honeycomb
allowed the powder to expand in the axial direction as displayed in
Fig. 6. This volume expansion caused stresses on the honeycomb back
plate pushing it away from the honeycomb net. It should be noted that
the back plate was welded to the honeycomb only along outer edges,
but not to the entire net, making it vulnerable to potential stresses.

3.4. Feasibility of quantitative analysis of the acquired neutron imaging
data

This work was focused only on the qualitative analysis of the

obtained neutron imaging data. While it is generally possible to perform
quantitative analysis from neutron imaging data, several uncertainties
prevented us from quantifying in a reliable manner the NH; content in
the investigated sample. In principle, the NH; content in the powder
can be calculated from the neutron attenuation coefficient of NHs.
When neutrons pass through the sample, they are attenuated according
the Beer-Lambert's law:

I() = e #@Wx

where [ is an attenuated beam intensity, I, is an intensity behind a
sample, y is the neutron attenuation coefficient, A is the neutron wa-
velength and x is the thickness of the sample. Here the dependence on
neutron wavelength is neglected since the variation of the neutron at-
tenuation coefficient of NH3 and SrCl, for the herein used thermal
spectrum does not affect the presented qualitative results. For a precise
quantitative analysis, it would be proper to use monochromatic beam,
which on the other hand would result in worse time resolution. Thus,
for the presented experiment, using whole available spectrum was ad-
vantageous. The small sample thickness allows to neglect the beam
hardening effect [33].

As seen from the 2D and 3D images, some amount of powder fell off
the honeycomb causing irregularities in the powder thickness over the
volume. The honeycomb was open on one side for facilitating the in-
teraction between NH3 and SrCl,. This allowed for some of the SrCl, to
be displaced outside the honeycomb while mounting the reactor on the
sample stage. As a result, the initial thickness of the powder in the
honeycomb changed and could not be determined accurately for further
calculation of the NHz wt.%.

Finally, it should also be noted that the incoherent scattering from
hydrogen contained in the NH3 molecule results in additional errors. In
particular, incoherent scattering causes the transmission behind the
sample values to appear higher than the real values [34]. This can lead
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Fig. 8. The change of transmission I(A) integrated along the selected volumes of the powder during desorption process at 100 °C (a) a schematic view of the
honeycomb with the selected cells and the changes in transmission I(A) along the lines drawn in cell-2 (b), cell-6 (¢) and cell-10 (d). The heat direction is shown in

the graph and is approximately the same in all three cases (b).

to underestimate the thickness of the volume occupied by NH; and, in
turn, the NH3 concentration. A method for improving the quantification
of neutron imaging measurements with scintillator-camera based de-
tectors by correcting for biases introduced by scattered neutrons using
reference measurement with a grid of neutron absorbers called black
bodies (BB) was developed [35-37]. However, this method was not
applied during the neutron imaging experiment discussed in this work.

4. Summary

Neutron imaging is an excellent method for evaluating NHj; dis-
tribution in the SrCl,/Sr(NH3)gCl, system. It offers a unique possibility

a) b)

to study simultaneously NHj spatial distribution and the structural
changes in the sample such as volume expansion of the powder during
NH; absorption, which in turn might produce mechanical stresses on
the THS reactor. In this work, we showed the inhomogeneous formation
of Sr(NH3)sCl, during NH3 absorption processes which was possibly
due to the location of the NHj3 gas inlet in the reactor and the presence
of Ar in the cell at the beginning of the experiment. The latter remained
at the bottom of the cell preventing NH; absorption in some parts of the
powder. It was also shown that the stainless-steel honeycomb structure
was not efficient for transferring the heat from the heating element to
the edges of the honeycomb during the NH3 desorption processes, as
slower desorption kinetics are observed in the regions farthest away

c)

Fig. 9. 3D visualization of the honeycomb created with Tomviz software (a) fully desorbed SrCl, salt, (b) Sr(NH3)sCl, and (c) the salt with partially desorbed NH;.
The colors of the different states are arbitrary and represented by the transmission through the absorbed NHj intensities.
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Fig. 10. Deformation of the honeycomb back plate after the NH; absorption process (a) XY-plane, slice z = 394 and (b) YZ-plane, slice x = 310. The red dashed lines

represent the position of the back plate before the absorption process.

from the heater. Additional investigations by neutron tomography
showed that the back plate supporting the honeycomb structure was
deformed after the volume expansion during NH3 absorption in the
powder.

The results presented here demonstrate that neutron imaging tech-
niques are ideal and powerful tools for investigating thermochemical
heat storage prototype systems and provided critical information on
SrCl, powder behavior upon NH3 absorption and desorption reactions.
Based on these results, some improvements — e.g. a honeycomb disc
made of a material with better heat conductivity than stainless steel —
will be implemented and tested. The outcome of those tests will be
crucial for designing a safe and efficient THS reactor.
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Figure A.1. The transmission I(4) change over time during NHs desorption at 100 °C. The mean
greyscale values are taken from the area of each selected cell.
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Figure A.2. The transmission I(4) change integrated along the selected volumes of the powder

during desorption process at 100 °C a) a schematic view of the honeycomb with selected three

cells and the transmission 1(4) change along the lines drawn in cell-3 (b), cell-7 (¢) and d) cell-
11 The heat direction is shown in the graph and is the same in all three cases (b).
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Abstract: This paper describes the synthesis, crystal structure, and NHs sorption properties of Mgi-
xMnx(NH3)sClz (x = 0-1) mixed metal halide ammines, with reversible NHs storage capacity in the
temperature range 20-350 °C. The stoichiometry (x) dependent NHs desorption temperatures were
monitored using in situ synchrotron radiation powder X-ray diffraction, thermogravimetric
analysis, and differential scanning calorimetry. The thermal analyses reveal that the NHs release
temperatures decrease in the mixed metal halide ammines in comparison to pure Mg(NH23)sCl,
approaching the values of Mn(NHs)sCl2. Desorption occurs in three steps of four, one and one NHs
moles, with the corresponding activation energies of 54.8 kJ-mol, 73.2 k]-mol! and 91.0 kJ-mol-! in
MgosMnos(NHs)sClz, which is significantly lower than the NHs release activation energies of
Mg(NH3)sCl2 (Ea = 60.8 kJ-mol?, 74.8 kJ-mol' and 91.8 kJ-mol"). This work shows that Mgi-
xMnx(NH3)yClz2 (x =0 to 1, y = 0 to 6) is stable within the investigated temperature range (20-350 °C)
and also upon NHs cycling.

Keywords: metal chlorides; solid solution; mixed hexammines; ammonia storage; in situ powder X-
ray diffraction

1. Introduction

Energy storage materials and methods have gained high interest to ensure the transition to
carbon-free future. Hydrogen, as a high-density energy carrier alternative to fossil fuels, is one of the
promising solutions for energy storage systems via solid storage of hydrogen [1-4]. Several studies
have highlighted the potential of ammonia for hydrogen-based energy systems [5-8].

Metal halide ammines have been studied as indirect hydrogen and ammonia storage materials
[9-11]. Particularly Mg(NHzs)sClz has received significant attention due to its high gravimetric NHs
and H: capacity of 51.8 wt% and 9.2 wt%, respectively [12-17]. Mg(NH3)sCl2 crystallizes in the cubic
space group Fi-3m with a KoPtCle-structure type and a = 10.1899(4) A [18]. NHs is thermally released
in three steps at the temperatures of 142 °C (4 moles of NHs), 230 °C (1 mole of NHs) and 375 °C (1
mole of NHs), respectively against an ammonia pressure of 1 bar [15]. The phase-formation and
thermodynamic properties of Mg(NH3)sCl2, Mg(NHs)2Clz: and Mg(NH3)Clz have been thoroughly
studied, and the high temperatures necessary to release the two last moles of NHs hampers the
application of Mg(NH3)sCl2 as an effective energy storage system [19-22]. However, the desorption
temperatures of NHs may be tailored toward lower NHs desorption temperatures via the formation
of solid solutions, e.g., mixed cation metal halide ammines. Mn(NH3)sCl> also exhibits a high
gravimetric capacity of ammonia (44.8 wt%), and is isostructural to Mg(INHs)sCl> with a slightly larger
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unit cell parameter: a = 10.249(3) A [23]. Similar to Mg(NHs)6Clz2, NHs is released from Mn(NHs)sClz
in three steps with desorption temperatures of 80 °C, 180 °C, and 354 °C, respectively, and thus lower
than the desorption temperatures of Mg(NHs)eCl2 [13,15]. However, only the sorption cyclability of
the four first moles of NHs in Mn(NH3)sClz has been considered for ammonia storage applications,
which is found to be reversible for at least 10 cycles [10].

The ammonia release temperatures are associated with the binding energy of NHs with its
surrounding ions, which depends on the elements and crystal structures of the metal halides as
elucidated in a recent study [24]. Formation of solid solutions has been suggested as an approach to
tailor the NHs desorption temperatures and kinetics [25-27]. The NHs binding energies were
investigated in SrCl>-CaCl: solid solutions, and they were found to be intermediate those of the two
precursors [28]. This led to studies on solid solutions of SrixBax(NH3)sCl2 and SrixCax(NHs)sClz, and
their respective NHs release properties. Sri«Bax(NHs)sClz solid solutions showed that varying the
relative ratios of metal allowed tuning of the desorption temperature of ammonia. The gradual effect
on the ammonia release temperature was observed with the optimal mixing condition of 37.5 % of
BaClz in Sri-Bax(NH3)sCl2 showing the full release of ammonia at temperature T < 100 °C of the final
mixed metal halide ammine [25]. Similarly, it was demonstrated for Sri«CaxClz solid solutions and
the corresponding Sri-xCax(NHs)sCl2 ammines that the NHs absorption and desorption properties
could be enhanced by tuning the mixing ratio [26,27]. Additionally, the ammonia storage properties
and crystal structures of the CaCl>-CaBrz, SrCl-SrBrz2 and SrClz-Srlz solid solutions have also been
investigated, and intermediate ammonia storage properties of the mixed anion metal halides were
observed [28-30]. These studies show the possibility of forming mixed metal halides with tunable
ammonia sorption properties. Solid solutions of borohydride-based ammines have also been
investigated as potential solid-state hydrogen storage materials. The solid solutions of Mg
xMnx(BH4)2:6NHs and structural similarities of Mg(BHs)2 and Mn(BH4)2 and their corresponding
ammines were studied [31,32]. Similar to the present study it revealed temperature changes for
ammonia release when compared to those of the pristine samples.

Inspired by the structural similarities between Mg(NHs3)sClz and Mn(NHs)sClz, this work
addresses an investigation of solid solutions of Mgi1«Mnx(NHs)sClo. Here we show the synthesis of
these novel series of mixed metal halide ammines with tunable properties for the NHs desorption.
We present the Mgi-«Mnx(NH3)sCl2 (x = 0.025, 0.05, 0.1, 0.3 and 0.5) solid solutions obtained by
mechanical mixing of MgCl> and MnClz, followed by annealing and subsequent exposure to
anhydrous NHs gas. The mixed metal halide ammines were systematically investigated with in situ
powder X-ray diffraction, thermogravimetric analysis, differential scanning calorimetry and
volumetric Sieverts techniques. The thermally induced ammonia release for the mixed metal halide
ammines is discussed: three NHs desorption events are observed and the crystal structures of the
intermediate ammine phases are identified and structurally characterized. The kinetics, absorption,
and desorption properties of NHs are studied. The results presented in this work show that by
changing the relative Mg/Mn ratio the NHs sorption properties can be tuned and optimized
depending on the application.

2. Materials and Methods

2.1. Sample Preparation

Anhydrous MgCl> and MnCl: powders with a purity of 99.999% were purchased from Alfa
Aesar and Sigma-Aldrich, respectively. MgixMnxCl2 solid solutions (x = 0.025, 0.05, 0.1, 0.3 and 0.5)
were obtained using a SPEX SamplePrep 8000D Dual Mixer high-energy ball mill. The powders were
placed in a 25 mL hardened steel vial together with hardened steel balls (10 mm diameter) in a ball-
to-powder mass ratio of 16:1 and sealed in an Ar-filled glove box (< 1 ppm of Oz and H:0). The ball
milling program was for one hour.

The as-milled powders were annealed to increase the crystallinity. Batches of ~0.5 g of the as-
milled powders were sealed in a stainless-steel cylinder inside a glove box, and subsequently heated
to 350 °C with a heating rate of 1 °C-sec? and kept isothermal at 350 °C for 24 hours. These samples
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are denoted “as-synthesized” samples. Subsequently, the as-synthesized samples were placed in a
high temperature stainless-steel cylinder and connected to an in-house built Sieverts apparatus. The
samples were then exposed to an NHs gas pressure of 2.5 bar at room temperature (RT) for at least 3
hours. MnCl> was ammoniated for 3 hours at T = -20 °C and 1 bar NHs. It was then stored in a
glovebox freezer at 34 °C prior to the experiments, due to instability of the Mn(NH3)¢Cl> at ambient
conditions. These samples are denoted “ammoniated” samples.

2.2. Thermal Analysis

Combined thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the
monometallic and mixed metal halide ammines were measured using a Netzsch STA 449 F3 Jupiter
apparatus. The powders (~40 mg) were placed in an alumina crucible with a pierced lid under
protective Ar atmosphere in a glove box. The alumina crucibles were shortly exposed to air (ca. 1
min) during mounting in the TGA-DSC apparatus. The powders were heated from RT to 455 °C with
a heating rate of 5 °C:min" in an Ar flow of 50 mL-min". Additionally, the batches of Mg(NHs)sClz,
MgosMnos(NH3)sCl2 and Mn(NHs)sCl: powder (~10 mg) were measured at six different heating rates
of 1, 2, 5,10, 20 and 40 °C-min for Kissinger analyses [33].

2.3. Synchrotron Radiation Powder X-Ray Diffraction

High resolution in situ temperature varied synchrotron radiation powder X-ray diffraction (SR-
PXD) experiments were performed at the Swiss Light Source (SLS), Switzerland and at the Diamond
Light Source, Oxford, UK. At SLS, data were obtained at the Material Science powder diffraction
beamline X04SA [34] using a monochromatic beam in Debye-Scherrer geometry with a Mythen
microstrip detector with a wavelength of A = 0.709396 A. At Diamond, data were obtained at the 111
beamline [35] using a wide angle position sensitive detector and a wavelength of A = 0.82646 A. In
both cases, the samples were loaded into 0.5 mm borosilicate glass capillaries in an Ar-filled glove
box (<1 ppm of Oz and H20), sealed with grease and rotated during data acquisition. The samples
were heated at 5 °C-min! from RT to 500 °C using a heat blower. The temperature was calibrated
using a NaCl standard prior to diffraction runs [36]. The powder diffraction data were normalized
and reduced, then modeled and refined according to the Rietveld method as implemented in the
TOPAS software [37].

The structural models of Mg(NHs)sClz, Mg(NHs)2Cl> and Ni(NHs)Cl: were used as starting
points for Rietveld refinements of the hexammine, diammine, and monoammine phases of the mixed
metal halide ammines, respectively. The diffraction peaks were modeled by a Thompson-Cox-
Hastings pseudo-Voigt function. The scale factor, zero-shift, unit cell parameters, atomic positions
and background were refined. The N-H and H-H distances were restrained using soft restraints
function during the Rietveld refinements.

2.4. Sorption Kinetics and Cycling

The two pristine materials MgCl> and MnClz and the mixed metal halides MgosMno.iCl> and
MgosMnosClz (m ~ 0.1 g) were studied with regards to their NHs absorption and desorption kinetics.
The absorption process was conducted under 2.5 bar of NHs at RT, while the desorption reaction was
achieved by heating the samples up to 350 °C with a heating rate of 2 °C-min" under 1 bar of NHs. A
calibrated volume consisting of a reference volume (V =482.9 mL) and a sample chamber (V =23.25
mL) was used during the experiments and the moles of absorbed and desorbed NHs were calculated
according ideal gas law using the formula below:

An =2 1)

RT’
where An is the number of NHs moles absorbed or desorbed, AP is the pressure change in the system
occurring due to absorption or desorption of NHs, V is the volume, R is the gas constant and T is the
temperature. In all cases, the number of absorbed or desorbed moles was normalized by the molar
weight of the corresponding compound. Each NHs desorption was followed by evacuation of the
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released NHs from the cylinder to avoid reabsorption of the NHs gas during cooling to RT. The NHs
desorption/absorption was cycled four times for each sample.

3. Results and Discussion

3.1. Structural Characterization of the As-Synthesized and Ammoniated Samples at RT

SR-PXD data were collected for the pristine samples, MgCl: and MnCl;, and for the as-
synthesized MgixMnxClz, (x = 0.025, 0.05, 0.1, 0.3 and 0.5) samples. The unit cell parameters are
presented in Table S1 in the Supporting Information. The diffraction patterns in Figure 1 confirm the
formation of a MgCl>-MnCl2 solid solutions, as only a single set of Bragg diffraction peaks belonging
to Mgi-«Mn«Cl2 are observed, which is positioned in between that of MgCl: and MnCl.. MgClz and
MnClL: are isostructural and crystallize in the trigonal CdCl-type structure with space group
symmetry R-3m [38,39].

i

| x=005
| x=0.025 N
l x=0 o
T T T
1.2 1.6 2.0 2.4
Q[A"]

Figure 1. SR-PXD patterns of Mgi«MnxCl2 (x = 0, 0.025, 0.05, 0.1, 0.3, 0.5 and 1) obtained at RT. All
peaks belong to the same CdCl-type phase.

The MgCl.-MnClz solid solution follows Vegard’s law approximately, as the volume is a function
of the relative content of cations and in between that of the two pristine compounds, see Figure 2a.
The larger ionic radius of Mn?* (0.83 A) as compared to Mg?* (0.72 A) results in an increase of the unit
cell volume [40]. The deviation from Vegard’s law might be due to a localized strain field caused by
difference in Mg and Mn sizes, as well as to the different outer electronic structures of the mixing
components (Mg and Mn in our case) [41]. The solid solution is maintained after ammoniation and
the deviation from Vegard’s law remains. It should be noted that a negative deviation from Vegard's
law should be also expected if contamination from iron contained in the milling media results in the
form Mgi-yMn«FeyClz. Indeed, the ionic radius for Fe?* (0.63 A) is smaller than the radii of both Mg2*
and Mn? [40]. However, even if slight contaminations from the milling media and metallic Fe cannot
be ruled out, they are expected to be very limited due to the relatively short milling time (1 hour)
used in this work. Additionally, metallic Fe must be oxidized to Fe?* in order to substitute Mg?*/Mn?*
and form Mgi~xyMn«FeyCl.. Therefore, it is most likely that the deviation from Vegard’s law observed
here might be due to the different outer electronic structures of Mg and Mn. Rietveld refinement and
structural characterization of the ammoniated samples confirm the cubic Mg(NHs)sCl2 structure for
all mixed cation hexammines (Supporting Information, Figures S1-55). Figure 2b illustrate Vegard’s
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law (blue dotted line) for Mgi«Mnx(NH3)sClz. Surprisingly, the unit cell volume for samples with x <
0.05 are lower than that of Mg(NHs)eCl.

a) b)
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266} ) 4
68} i
o 265} ¢40 *
#e+
67.5 264 : X ; : :
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xin Mg1_anxCI2 x in Mg1_anx(NH3)6CI2

Figure 2. Unit cell volumes (V) of (a) MgixMnx«Clz and (b) MgixMnx(NH3)sClz at RT divided by the
number of formula units (Z), plotted as a function of the Mn amount in the formula unit (x =0, 0.025,
0.05, 0.1, 0.3, 0.5 and 1). The blue dotted line represents Vegard’s law. The standard deviations are
within the data points.

The atomic positions of the monometallic and mixed hexammines obtained from Rietveld
refinement are presented in Table 1. During the Rietveld refinements Mg and Cl atoms are fixed in
the 4a and 8¢ positions, respectively, while the x-coordinate of N atom (24e position) is refined. N-H
and H-H distances are restrained at ~ 1.107 A and ~ 1.345 A, respectively. Mg-N and Mn-N bond
distances for the monometallic hexammines are 2.1564(7) A and 2.2100(14) A and thus similar to the
previously reported values (2.197(5) [18] and 2.270(15) [23], respectively). Mgi-«Mnx-N bond distances
are intermediate between the Mg-N and Mn-N bond distances. The unit cell parameters of the
monometallic Mg(NH3)sCl2 and Mn(NHs)sClz obtained in this study are a = 10.19579(9) Aand a =
10.26017(2) A which correspond to the values reported previously [18,23]. The unit cell parameters
for Mg1-«Mnx(NH3)sCl2 are also intermediate between the unit cell parameters of the monometallic
hexammines.

Table 1. Atomic positions of the monometallic and mixed hexammines: Mgi«Mnx (x =0 to 1) in (0, 0,
0), Clin (1/4, 1/4, 1/4) and N in (x, 0, 0)".

Compound N (x-coordinate)
Mg(NHs)6Cl2 0.21150(7), 0, 0
Mgoo7sMnoos(NHs)sCl2 - 0.21268(15), 0, 0
Mgo.0sMno.os(NH3)6Cl2 0.2132(2),0, 0
MgosMno1(NHs)eCl2 0.21363(8), 0,0
MgozMnos(NH3)sCla 0.2126909), 0, 0
MgosMnos(NHs)sClz 0.21267(10), 0,0
Mn(NHs)sCl2 0.21540(14), 0,0
* The data are obtained at RT.

3.2. Thermal Analysis

Figure 3 shows the TGA-DSC measurements performed on Mg(NHs)sClz, Mn(NH3)sCl> and
MgosMnos(NHs)sClo. The DSC measurements for the other mixed ammines are shown in the
Supporting Information (Figure S6). All the hexammine compounds are relatively stable at RT, except
for Mn(NH3)6Cl2, which slowly releases NHs in the glove box at RT. Thus, Mn(NH3)sCl2 was kept at
T'=-34 °Cin a glovebox freezer prior to the TGA-DSC measurements.

TGA-DSC data shows the desorption process of the monometallic and mixed chloride ammines
which consists of three events. With a heating rate of 5 °C-min!, the onset temperatures of the initial
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ammonia desorption of 4 NHs moles from Mg(NH3)sCl2 and Mn(NH3)sClz are observed at 121 °C and
79 °C, respectively. For the solid solution MgosMnos(NHs)sClz, the onset temperature for the first
desorption is 116 °C. The onset temperature for the next NHs release is at 179 °C for
MgosMnos(NHs)2Cls, significantly lower as compared to 211 °C in Mg(NH3)2Clz and similar to 179 °C
in Mn(NHs)2Clz. The onset temperature of the last NHs desorption of MgosMnos(NHs3)Clz is 276 °C,
which is lower than the last desorption event onset temperature of Mg(NH3)Cl2 — 289 °C. Mn(NHs)Cl2
starts desorbing the last mole of NHs at 257 °C.

T T T T 120
Mg(NH,),Cl,
2l Mg, sMng 5(NH3)6Cl, 1110
—_ Mn(NH,).Cl,
[=)] ]
§ 1 100 o\._o.
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3 190w
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® 170
P =
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ot i i i i
0 100 200 300 400

Temperature [°C]

Figure 3. TGA-DSC of Mg(NHs3)eCl2, MgosMnos(NHs)sCl2 and Mn(NHs)sCl2 measured from RT to 450
°C, AT/A t=5°C-min.

Each NHs desorption step is followed by mass loss. In the first desorption step, 4 NHs moles are
released and MgosMnos(INH3)sCl2 experience a 30.2% mass loss, while the next two desorption events
reduce the mass of the sample by 8.3% and 8.1%, respectively. The mass loss ratio 4:1:1 of the
monometallic and mixed hexammines (Supporting Information, Table S2) corresponds to the moles
of NHs desorbed in each desorption event, i.e., four moles of NHs released in the first desorption step,
and 1 mole of NHs released in the second and third step, respectively, and agrees well with the
theoretical weight loss expected from the NHs desorption. The gravimetric NHs capacities for the
monometallic and the mixed cation hexammines are presented in Table S3. SR-PXD data measured
of MgixMnx(NH3)sClz, (x =0, 0.025, 0.05, 0.1, 0.3 and 0.5) after the TGA-DSC measurements confirm
the reformation of MgixMnxClz after full NHs release, thus confirming the stability of the solid
solution (Supporting Information, Figure S7).

Kissinger analysis was performed on the DSC heat flow signals for the three desorption events
measured for Mg(NH3)sClz, Mn(NHs)sCl2 and MgosMnos(NHs)sClz to determine the activation energy
and investigate their NHs desorption kinetics. Kissinger plots for the three endothermic events with
the release of 4, 1 and 1 moles of NHs are shown in Figure 4a—c. The corresponding activation energies
were calculated for each desorption event and are presented in Figure 4d-f. The activation energy of
the first four moles of NHs desorption from MgosMnos(NHz)eCla is 54.8 kJ-mol?, which is
approximately in between that of Mg(INH3)sCl2 (Ea = 60.8 kJ-mol ') and Mn(NH3)sClz (Ea = 43.5 k]-mol-
1). For the second NHs desorption step, the activation energy for MgosMnos(NH3)2Clz is 73.2 kJ-mol ",
in between that of Mg(NH3)2Clz (Ea = 74.8 k]-mol') and Mn(NH3):Clz (Ea = 67.7 kJ-mol!). The final
desorption event of MgosMnos(NHs)Clz has an activation energy of 91.0 k]J-mol, as compared to
Mg(NH3s)Clz (Ea = 91.8 k]-mol") and Mn(NHs)Clz (Ea = 90.9 kJ-mol).
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Figure 4. Kissinger analysis of the three desorption events occurring in Mg(NH:3)sCl2 (blue),
MgosMnos(NH3)éClz (red) and Mn(NHs)sClz (black). The left column (a-c) shows the Kissinger plot
which corresponds to the release of a) 4 NHs b) 1 NHs and c) 1 NHs. g is the heating rate and Ty is the
corresponding peak temperature. The right column (d-f) shows the corresponding activation energies
(Ea) for the three desorption events as determined by the Kissinger method. The R-values for each
linear fit are included in the graphs.

The activation energies for MgosMnos(NH3)sClz in all three desorption events are significantly
lower as compared to monometallic Mg(NHs)sClz. Therefore, by obtaining the mixed metal halide
ammines, it is possible to tailor the desorption temperature and kinetics of the mixed metal halide
ammines compared to the monometallic halide ammines.

3.3. In Situ SR-PXD

The in situ SR-PXD data for MgosMnos(NH3)sClz in the temperature range RT to 402 °C, with a
heating rate of 5 °C-min”, are shown in Figure 5a, while Figure 5b shows diffraction patterns at
selected temperatures for each of the ammoniated compounds observed during heating. Rietveld
refinements of the mixed metal hexammines are presented in the supporting material (Figures S1-
S5). The in situ SR-PXD data from RT for monometallic Mg(NH3)sClz is shown in the supporting
material (Figure S6). SR-PXD data at RT contain Bragg peaks from MgosMnos(NH3)sCl2 (97.6(6) wt%)
and MgosMnos(NHs)Cla  (2.4(5) wt%). Upon heating, the Bragg peaks corresponding to
MgosMnos(NHs)sCla  disappear between 115 and 125 °C, while peaks corresponding to



Energies 2020, 13, 2746 8 of 15

MgosMnos(NHs)2Clz2 increase significantly in intensity. Upon further heating, the Bragg peaks
corresponding to MgosMnos(NHs):Cla decrease in intensity from ~230 °C and peaks from
MgosMnos(NHs)Clz appear at ~246 °C. The peaks from MgosMnos(NHs3)Clz disappear at 325 °C and
some Bragg peaks from an unknown compound appear at 328 °C (Figure 5b, yellow diffraction
pattern) before the full desorption of NHs and formation of the MgosMnosClz solid solution. The
appearance of unknown diffraction peaks might be due to a non-stoichiometric transition from the
MgosMnos(NHs)Clz monoammine to the MgosMnosClz chloride. Such behavior was previously
reported for Mn(NH:)Cl2, which was observed to release the last NHs via two or more desorption
events [13,42]. This is also observed in our data from the Sieverts measurements and will be discussed
later in Section 3.4.

In situ SR-PXD data for Mn(NHs)6Cl2 in the temperature range RT to 406 °C, with a heating rate
of 5 °C-min! confirms the presence of such intermediate phase at 307 °C (Figure S9). However, due
to the fast heating rate and, therefore, dominant peaks from Mn(NHs)Cl2and MnCl: phases in the
diffraction pattern, it was challenging to index it and extract the unit cell parameters for Mn(NHs):-
3Clz. The same applies for the diffraction pattern of possible MgosMnos(NHs)1-5Cl2 phase at 328 °C
from the in situ data for MgosMnos(NH3)sClz (Figure 5), where the dominant diffraction peaks from
MgosMnos(NHs)Cl2 make the indexing challenging. Observation of these intermediate diffraction
patterns suggests that the transition of Mn(NHs)Clz to MnCl2 and MgosMnos(NH3)Clz2to MgosMnosClz,
which was described as non-stoichiometric process [42], in our study undergoes by stoichiometric
NH: releases of 6 moles.
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Figure 5. (a) In situ SR-PXD of MgosMnos(NHs)sCl2 measured from RT to 402 °C with a heating rate
of 5 °C-minZand A = 0.82646 A and (b) SR-PXD data at specific temperatures.

The NHs desorption temperatures are decreased significantly for MgosMnos(NHs)sCl2 as
compared to monometallic Mg(NH3)¢Cl2 (Figure S8), confirming the results from TGA-DSC analysis.
The first NHs desorption step of 4NHs moles and transformation from MgosMnos(NHs)eCl2 to
MgosMnos(NH3)2Clz (T =125 °C) is 20 °C lower than observed for Mg(NH3)sCl2 (T = 146 °C). All NHs
is desorbed from MgosMnos(NHs)éClz at T = 337 °C, significantly lower than reported for Mg(NHs)Cl2
(T =375 °C) [15]. The first desorption step of Mg(NHs)sClz2 at 146 °C is similar to the temperature
reported in the literature (T = 142 °C) [15].

Rietveld refinements of the hexa-, di-, monoammine and chloride are shown in Figure 6, and
Table 2 summarizes their structural information.
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Figure 6. Rietveld refinements of the SR-PXD data for (a) MgosMnos(NH3)sCl2 at RT (Rwp=1.48 %), (b)
MgosMnos(NHs)2Clz at 214 °C (Rwp= 3.17 %), (¢) MgosMnos(NHs)Clz at 280 °C (Rwp= 5.02 %), and (d)
MgosMnosCl2at 402 °C (Rwp=3.19 %); showing the experimental (black circles), calculated (solid green
line) and the difference plot (solid black line). The vertical ticks mark the Bragg peak positions for the
corresponding compounds. A=0.82646 A. In (a) vertical ticks mark MgosMnos(NHas)sCl2 (97.6(6) wt%,
black) and MgosMnos(NHs)2Clz (2.4(5) wt%, red).

Rietveld refinement of MgosMnos(NHs)sClz at RT is performed using the structural model of
Mg(NHs)eCl> (Figure 6a). Two phases are present in the sample, which are identified as
MgosMnos(NH3)sCl2 and MgosMnos(NHs):Clz with the refined phase fractions to 97.6(6) wt% and
2.4(5) wt%, respectively, which might be resulted from partial NHs release at RT. MgosMnos(NHz)sCl2
crystallizes in a cubic unit cell, a = 10.22037(8) A at RT with space group Fm-3m and is isostructural
to Mg(NH3)sClz. Octahedral MgosMnos(NHs)s complexes are contained in a cubic lattice of Cl atoms,
with each MgosMnos atom octahedrally coordinated by six N atoms.

MgosMnos(NHs)2Cl2 was refined using the Mg(NHs)2Clz structure as a starting point. Figure 6b
shows the Rietveld refinement of the SR-PXD data for MgosMnos(NHs)Clz at 214 °C. For the
diammine MgosMnos(NHs)2Clz, space group Cmmm [43], each Cl atom is shared by two neighboring
MgosMnos atoms in edge-sharing octahedral chains.

The monoammine MgosMnos(NHs)Clz is isostructural to Ni(NHs)Clz, which crystallizes in a
monoclinic unit cell with space group I2/m [44] where each Cl atom is shared by three MgosMnuos
atoms in edge-sharing double octahedral chains. Both broad and narrow diffraction peaks are
observed for the monoammine phase (see Figure 6c), indicating the presence of structural disorder
or stacking faults in the structure, resulting in a marked difference between the experimental and
calculated patterns.

The Rietveld refinement of the fully desorbed MgosMnosCl2 at 402 °C is shown in Figure 6d.
MgosMnosClz structure, space group R-3m, is formed by the octahedra of Cl atoms with central
MgosMnos atoms sharing half of their edges, and thus resulting in layers of MgosMnosCla.
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Table 2. Structural parameters for the present MgosMnos(NHs)yCl2 (y = 6, 2, 1 and 0) phases
investigated in this study.

22:2:121 MgosMnos(NH3)sClz MgosMnos(NHs)2Cl: MgosMnos(NHs)Cl:© MgosMnosClz
T (°C) RT 214 280 402
Crystal Cubic Orthorhombic Monoclinic Trigonal*
system
Space group Fm-3m Cmmm 12/m R-3m
a(A) 10.22037(8) 8.258(5) 15.575(1) 3.69494(3) A
b (A) - 8.290(4) 3.756(1) -
c(A) - 3.812(2) 14.453(1) 17.8698(4)
B(°) - - 106.55(3) -
V (A3) 1067.58(3) 261.0(2) 810.6(9) 211.28(6)
4 4 2 8 3

* Hexagonal parameters are used in this work.

3.4. NHs Cycling and Kinetics

Studies of the NHs sorption kinetics and cyclability of the pristine and mixed metal halides with
the lower and higher Mn contents (MgosMno.1Cl2 and MgosMnosClz2) were performed using a Sieverts
apparatus. The results from the desorption cycles performed on MgosMno.1(NH3)sCl2 are presented in
the supporting information (Figure S10). The fifth NHs absorption process (after four cycles) of
pristine MgClz, MnClz and MgosMnosClz are presented in Figure 7. For absorption, the applied NHs
gas pressure was ~2.5 bar and the processes were conducted at RT. The moles of absorbed NHs were
calculated (see Equation 1), where An is calculated from the pressure drop, AP, occurring during NHs
absorption. The observed pressure drop was AP = 0.33 bar and the final pressures at the end of
absorption were 2.21 and 2.22 bar for MgCl> and MgosMnosClz, respectively. MnClz only absorbed 5.5
moles of NHs, which corresponds to a pressure drop of only AP =0.29 bar reaching a final pressure
P = 2.23 bar. This indicated that not all the MnCl> powder had reacted with NHs, despite the still
relatively high value of the final pressure of absorption. Indeed, due to the large volume expansion
of the metal chloride during ammonia absorption, some clogging may occur and prevent ammonia
from reaching all the salt crystals [16]. On the other, it cannot be excluded that that the absorption
reaction stops because the equilibrium pressure for Mn(NH3)sCl2 at RT is higher than the final
pressure reached during absorption (P = 2.23 bar). A more detailed thermodynamic study using
pressure-composition-isotherms is needed to clarify this in detail. MgClz absorbed 6 moles of NHs in
less than 1000 seconds, while MgosMnosCl2 absorbed 6 moles of NHs in 6000 seconds. Similarly, the
NHs absorption rate for the pristine halides are very different: Four moles of NHs is absorbed in
MgCl2 in about 200 seconds, while it took about 800 seconds to absorb the similar amount of NHs in
MnCl.. The rate of absorption for MgosMnosClz is similar to that of MnClz, indicating that Mn plays a
predominant role for governing the kinetics of the hexammine formation.
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Figure 7. NHs absorption processes of Mg(NHs)sCl2 (blue), MgosMnos(NHs)sCl2 (yellow) and
Mn(NHzs)sClz (purple).

The NHs desorption processes during cycling were carried out upon heating with a constant
heating rate of 2 °C-min" from RT to 350 °C under an initial NHs pressure of 1 bar, see Figure 8. The
moles of desorbed NHs were calculated using Equation 1 and the pressure increase, AP = 0.32 bar,
due to NHs release. The three desorption steps of NHs were observed as a pressure increase and An
was calculated. For MgosMnos(NH3)2Cly, the first 4 moles of NHs starts desorbing at around 100 °C
and are fully released at 166 °C. The resulting MgosMnos(NH3)2Cl> desorbs one mole of NHs in the
temperature range from 240 °C to 260 °C, forming MgosMnos(NHs3)Clz. The final NHs desorption step
occurs above 300 °C. However, the transformation from monoammine to fully desorbed mixed metal
chloride, MgosMnosClz, does not proceed via a single step as for the previous desorption. Instead it
undergoes through two discrete steps, consistent with the observations of a different crystalline phase
in the in situ SR-PXD experiments.

(<2}
L

(3]

====Desorption-1
——Desorption-2 |
=—=Desorption-3
Desorption-4

L 1]

50 100 150 200 250 300 350
Temperature [°C]

Mole of desorbed NH3 [mol]
w

Figure 8. A series of NHs desorption from MgosMnos(NHs)sClz. The four cycles confirm the stability
and cyclability of the mixed metal halide after several ab/desorption cycles.

For some hexammines, M(NHz3)sCl2 (M = Mg, Ni), the desorption consists of three events [13]. In
contrast, Mn(NH3)sCl2 was reported to undergo non-stoichiometric NHs release in the last desorption
step [13,42]. In our study, we observe two separate steps, and from the number of desorbed NHs
moles calculated from AP in Sieverts studies, 0 seems to be equal to 0.5. Furthermore, the NHs
desorption studies of MgosMno.1(NHs)eCl2 (Figure S10) suggest that this phenomenon does not occur
in MgixMnx(NHs)sCl> with low Mn content, as the last decomposition step occurs as a single event.
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This indicates that sufficiently high amount of Mn in MgixMnx(NH3)sClz results in a change in the
physical behavior to be similar to that of Mn(NHs)eCl.

These results suggest that by changing the relative Mg:Mn ratio in MgixMnx(NH3z)sCl2 the NH3
sorption propertied can be tuned and optimized. For instance, substituting Mg in Mn(NHs)sCl2
increases its stability, avoiding NHs desorption at RT. Furthermore, due to the low weight of Mg, the
gravimetric capacity increases, with increasing Mg content. Finally, increasing the relative content of
magnesium can be beneficial if cost reduction is desirable.

A thorough investigation of the NHs desorption reaction enthalpies is planned for further
thermodynamic studies of the MgixMnx(NH3)sCl> hexammines by applying pressure composition
isotherm (PCI) studies.

4. Conclusions

A series of novel mixed metal halide ammines, Mgi-«Mnx(NHs)sClz, with a usable ammonia
capacity in the temperature range 20-350 °C were synthesized and characterized. The crystal
structures of the different ammine phases are identified and investigated by in situ SR-PXD. All Mg
xMnx(NH3)sCl2 solid solutions crystallize in a cubic unit cell with space group symmetry Fm-3m and
unit cell parameters intermediate that of the two monometallic materials, Mg(NHs)sCl> and
Mn(NHs)sClo. DSC analysis reveal a decrease in the onset temperature for NHs desorption for the
solid solutions as compared to the monometallic Mg(NHs)eCl. Activation energies for each
desorption step are calculated and show the possibility of tailoring the activation energies for the
NHs release in mixed metal chloride hexammines. The lower activation energies for NHs desorption
in Mn(NHs)sCl2 resulted in a lowering of the activation energies for the solid solution
MgosMnos(NHs)sClz. Finally, NHs reversibility measurements reveal that the solid solution has a high
stability, thus making them promising candidates for solid-state NHs storage systems.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/13/11/2746/s1, Table
S1: Structural parameters for the MgClz, MnCl2 and MgixMnxClz (x = 0.025, 0.05, 0.1, 0.3 and 0.5) solid solutions
obtained for this study, Figure S1: Rietveld refinement of SR-PXD data of Mg(NHs)sCl2 at RT, Figure S2: Rietveld
refinement of SR-PXD data of Mgo.ssMnoos(NHs)sClz at RT, Figure S3: Rietveld refinement of SR-PXD data of
MgosMno.1(NHs)sClz at RT, Figure S4: Rietveld refinement of SR-PXD data of MgozMnos(NHs)sCl2at RT, Figure
S5: Rietveld refinement of SR-PXD data of Mn(NH3)sClz at RT, Figure S6: DSC measurements performed on
Mg(NHs)sClz, Mn(NH3)sCl2 and Mgi-xMnx(NH3)sClz, Table S2: The NHs desorption onset temperatures of
Mg(NH3)sClz, Mn(NHs)sClz and MgixMnx(NHs)sClz, Table S3: The gravimetric NHs capacities of the
monometallic and mixed cation hexammines investigated in this study, Figure S7: SR-PXD patterns of Mgi-
xMnxCl2 after one cycle of NHs absorption and desorption, Figure S8: In-situ SR-PXD of Mg(NH3s)sCl2 measured
from RT to 227 °C, Figure S9: In-situ SR-PXD of Mn(NHz3)sCl2 measured from RT to 406 °C, Figure S10: NH3
desorption upon cycling of MgosMno.1(NHs)sCl.
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Table S1. Structural parameters for the MgCl, MnCl> and Mg, -MnxCl> (x = 0.025, 0.05, 0.1,
0.3 and 0.5) solid solutions obtained for this study*.

Compound Space a,b (A) c(A) V (A%
group

MaCl, R-3m | 3.6403) | 17.675(1) | 202.875(3)
Mgo.975sMno.025Cl> R-3m 3.639(7) | 17.680(5) | 202.854(1)
Mg .0sMno.0sCl R-3m | 3.639(9) | 17.681(6) | 202.887(1)
Mo oMo, Clz R-3m | 3.634(6) | 17.633(3) | 203.217(3)
Mgo-MnosCly R3m | 3.652(1) | 17.662(1) | 204.095(3)
Mo sMnosCly R-3m | 3.668(4) | 17.637(3) | 205.601(6)
MnCl, R-3m | 3.712) | 17.59(7) | 209.79(4)

*All unit cell parameters are obtained at RT.
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Figure S1. Rietveld refinement of SR-PXD data of Mg(NH3)sCl> at RT, showing the experimental
(black circles), calculated (solid green line) and a difference plot (solid black line) below. The
vertical ticks mark the Bragg peak positions for Mg(NH3)sClo. Ry, = 2.22 %. 2= 0.709396 A
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Figure S2. Rietveld refinement of SR-PXD data of Mgo.9sMno.os(NH3)sCl> at RT showing the
experimental (black circles), calculated (solid green line) and a difference plot (solid black line)
below. The vertical ticks mark the Bragg peak positions for Mgo.osMno.os(NH3)sCl2. The black

arrow is pointing at a peak which is likely coming from an impurity oxide phase. R, = 3.58 %.
2=0.82646 A
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Figure S3. Rietveld refinement of SR-PXD data of Mgo.oMno.1(NH3)sCl> at RT showing the
experimental (black circles), calculated (solid green line) and a difference plot (solid black line)
below. The vertical ticks mark the Bragg peak positions for Mgo.oMno.1(NH3)sCl> (black) and
Mgo.oMng.1(NH3):Cl> (blue vertical ticks). Ruy = 1.32 %. 1=0.82646 A
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Figure S4. Rietveld refinement of SR-PXD data of Mgo.7Mno 3(NH3)sCl> at RT showing the
experimental (black circles), calculated (solid green line) and a difference plot (solid black line)
below. The vertical ticks mark the Bragg peak positions for Mgo.;Mno.3(NH3)sCl> (black) and
Mgo.7Mno 35(NH3)>CL> (blue vertical ticks). Ry, = 1.38 %. 2=0.82646 A
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Figure S5. Rietveld refinement of SR-PXD data of Mn(NH3)sCl> at RT showing the experimental
(black circles), calculated (solid green line) and a difference plot (solid black line) below. The
vertical ticks mark the Bragg peak positions for Mn(NH3)6Clo. Ry = 2.57 %. 2=0.82646 A
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Figure S6. DSC measurements performed on Mg(NH3)sCl2, Mn(NH3)sCl> and the Mg;-
Mny(NH3)sCl> (x = 0.025, 0.05, 0.1 and 0.3) solid solutions in the temperature range RT to 455
°C, with a heating rate of 5 °C min™’.

Table S2. The NH; desorption onset temperatures of Mg(NH3)sCl>, Mn(NH3)sCl> and Mg;-
“Mny(NH3)sCl> (x = 0.025, 0.05, 0.1 and 0.3) with a heating rate of 5 °C min’.

4NH3; NH3 NH;

Compound Tempera Mass Temper | Mass loss | Temper | Mass loss

ture (°C) | loss (%) ature (%) ature (%)
c0) c0)

Mg(NH3)6Cl2 130.9 33.6% 228.7 8.7% 316.0 8.5%
Mgo.975Mno.025(NH3)6Cl2 128.7 33.4% 225.5 8.8% 317.1 8.6%
Mgo.9sMno 05(NH3)6Cln 126.5 33.5% 225.0 8.7% 316.3 8.5%
Mgo.oMno.1(NH3)6Cl, 127.9 33.3% 224.3 8.7% 310.9 8.6%
Mgo.7Mno.3(NH3)6Clo 127.7 30.7% 223.2 8.3% 298.3 8.0%
Mn(NH3)6Cla 79.8 29.3% 178.8 7.8% 256.6 7.3%




Table S3. The gravimetric NH3 capacities of the monometallic and mixed cation hexammines
investigated in this study.

Compound NH3 (wt%)
Mg(NH3)6Cl2 51.8
Mgo.975Mno.025(NH3)6Cl2 51.6
Mgo.9sMno.05(NH3)6Cl2 51.4
Mgo.9Mno.1(NH3)sCl2 51.0
Mgo.7Mno 3(NH3)6Cl2 49.5
Mgo.sMno.5(NH3)sCla 48.0
Mn(NH3)sCly 44.8
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Figure S7. SR-PXD patterns of Mg;..Mn,Cl> after one cycle of NHz absorption and desorption.
The fully desorbed sample was obtained after the TGA-DSC measurement from RT to 455 °C
with the heating rate of 5 °C -min™,
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Figure S§8. In-situ SR-PXD of Mg(NH3)sCl> measured from RT to 227 °C with a heating rate 5
°C-min!. The blue pattern represent the Mg(NH3)>Cl> at T~146 °C. ,=0.709396 A
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Figure §9. In-situ SR-PXD of Mn(NH3)sCl> measured from RT to 406 °C with a heating rate of 5
°C-min”!. The red pattern represent the Mn(NH3)osCl> at T~307 °C. A=0.82646 A.
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Figure S10. NH; desorption upon cycling of Mgo.oMno.1(NH3)sCl>.



