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Abstract

In the last two years, even while the Covid 19 pandemic has decimated the entire world's
economy, the capacity of renewable energy sources, such as wind and solar, have continued to
grow rapidly. Electric and H> vehicles set new sales records in the market. Clean energy and
net-zero emissions (NZE) by 2050 are the target for many countries. Concentrated Solar Power
(CSP) plants, coupled with thermal energy storage (TES) or thermal batteries, have been made
dispatchable and unique among other renewable energy alternatives. Developing efficient and
cost-effective thermal batteries is one of the most challenging aspects, and the future of this
technology relies on its development. Over 80% of the CSP plants under construction have

TES, while the efficiency and high cost still need to be addressed.

Moreover, the US Department of Energy, in their SunShot research programme, decreed three
targets to develop TES: (1) Increase the operating temperature to > 600 °C; (2) ensure an
exergetic efficiency of > 95% (3); they must cost less than $15 per kWh. Metal hydrides have
been identified as potential next-generation thermal battery materials for CSP systems. They
possess high energy storage densities and have the flexibility to operate at low, medium, and
high temperatures. Also, certain metal hydrides have a unique property that allows them to
absorb and desorb hydrogen at a constant pressure. The concept of these materials as TES
materials is that by using the sunlight to heat the metal hydrides, an endothermic
thermochemical reaction takes place where H; is desorbed. When the Sun is unavailable, a
reversible absorption of Hz can be initiated that releases heat (exothermic reaction). The heat

can then be converted to electricity using Stirling engines.

In this research, calcium hydride systems were investigated as high-temperature thermal energy
storage materials. The main reasons for choosing CaH; are: (1) high gravimetric (4939 kJ.kg ™)
and volumetric energy densities (8396 MJ.m™%); (2) relatively low cost (4.4 US $/kWh-thermal)
and calcium is abundant; (3) low operating hydrogen pressure at high temperature (1 - 5 bar
between 1100 °C and 1400 °C); (4) high enthalpy of dehydrogenation (207.9 kJ.mol.H); and
(5) high exergetic efficiency. The melting point of both CaH> and Ca metal are 816 °C and
842 °C, respectively. In addition, the molten CaH is highly corrosive at the operating
temperature, and therefore, expensive tank materials are required, making them less feasible
for TES applications. Therefore, reducing the decomposition temperature of CaH. (600 -

800 °C) by adding reaction destabilising additives is the best way to transform CaH: into a



suitable TES for next-generation CSP plants. This method is known as thermodynamic
destabilisation. However, due to the complexity of the Ca - CaH. system, the reported
thermodynamic values in the literature for pure CaH> varies vastly, and no studies have been
published since the 1960s. Hence, Chapter 3 details the calculated thermodynamic and kinetic

properties of solid and molten CaH> and compares them with literature values.

The primary objective of this thesis is to examine cost-effective additives to reduce the
desorption temperature of CaH> to between 600 - 800 °C and test its feasibility as a TES for
CSP application. This investigation combines the theoretical thermodynamic predictions and
experimental techniques, and the entire methods used are explained in Chapter 2. Chapters 4
and 5 illustrate that adding Al20z or Zn to CaH: reduces the operating temperature (1 bar) from
1100 °C to 636 °C and 597 °C, respectively. The reaction between CaH> and Al,O3z occurs in
one step, with Cai12Al14033 being the main reaction product. The enthalpy and entropy of the
system were calculated as AHdes = 100 £ 2 kJ/mol. H2 and ASges = 110 £ 2 J/K. mol. H2. When
CaH> is mixed with Zn in a 1:3 molar ratio and heated, it produces three different alloys,
CaZnis, CaZni11 and CaZns, at 190, 390 and 590 °C, respectively. The enthalpy and entropy of
the reaction (CaZni; formation step) were determined as AHges = 131 + 4 kJ/mol. H2 and ASges
=151 + 4 J/K. mol. Hy. After ten H> desorption/absorption cycles, the CaH. - 3Zn system
retains 80% of the initial Hz capacity. The evaporation of Zn from the calcium zinc alloys is
the major reason for the degradation of the hydrogen capacity. These two systems (CaH: -
Al>Oz and CaHz- Zn) provide an overview of calcium hydride's thermodynamic destabilisation,
including thermodynamic and kinetic measurements, synthesis, characterisation, and thermal
analysis. Each system's cost calculation and cycling stability have been studied and compared
among other systems. However, the poor kinetics of CaH> - Al>Os and volatility of Zn are the
major problems that need to be addressed. The investigation of the CaH - 2C system (Chapter
6) showed three different reaction pathways and the release of methane gas. The possible
reaction pathways of C with gaseous Hz(g) or CaH: to form CHas(g) make the system

impractical for the TES application.

Selecting a suitable additive for CaH> and predicting the optimal reaction pathways for the
destabilisation reactions is challenging due to the variable thermodynamic predictions or the
release of unexpected gases rather than H». Therefore, Chapter 7 demonstrates, theoretically
and experimentally, the effect of several metal oxides and compares the properties (ZnO,
Fe203, ZrO2, MnO, SiO2, TiO,, CuO, NiO, Y203 and CeO,) on the destabilisation of CaHo.



The addition of ZnO, Fe>03, CuO and NiO reduce the operating temperature of CaH> to below
500 °C. Moreover, the CaH: - SiO2 and CaH: - ZrO: oxide systems were determined as the
most promising materials with a reaction temperature above 600 °C. Furthermore, all these
selected additives proved that the thermodynamic destabilisation of CaH: is achievable, and
the best candidates (such as 2CaH: - Al,O3, CaHz - Zn, CaHz - SiOz and CaH: - ZrOz2) require

cycling measurements to verify their suitability as TES systems.
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1.1 Need for renewable energy

Energy is considered a vital parameter for a country's growth, and the choice for future energy
growth must be carefully considered. There has been a constantly increasing trend of energy
consumption across the world. According to the International Energy Agency (IEA), the global
energy demand rose by 4.6% in 2021.12 This is the largest increase this decade. Electricity
plays a central role and has become the primary energy source everyone relies on for their
everyday needs. Electricity's share of the world's final energy consumption has risen steadily
and needs a parallel increase in its share of energy-related investment.?2 However, given the
limited nature of our fossil fuels, there is an urgent requirement to manage the energy crisis
and global warming due to the carbon dioxide emissions from burning these fossil fuels.
According to the prediction of the World Coal Institute, at the current consumption rate, the
remaining years of availability of non-renewable energy sources such as coal, natural gas and
oil are 130, 60 and 42 years, respectively.>*

In addition, the IEA report published in October 2020 claims that the Covid -19 pandemic has
caused significant disruption to the energy sector.® The report shows that global energy demand
and related CO2 emissions have dropped by 5% and 7%, respectively. In addition, as a part of
the Net Zero Emissions (NZE) scenario by 2050, there has been a rapid increase in the number

of countries targeting net-zero CO2 emissions, as shown in Figure 1.1.2°

50 100%

Q) ververersemmsssrsssssssssmsssssssessssesssssssssssssessssassssssessssessessssessssasssssnnsessnsssnnssl | beesss o 80%
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Figure 1.1 A rapid increase in announced net-zero CO, emmissions.?
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Hence, the long-term solution for these problems is using renewable, carbon-neutral energy
sources such as solar, wind, hydro, geothermal and biomass. In 2020, even under the Covid 19
lockdowns, the use of renewable energy sources such as wind and solar grew faster than it had
in two decades, and electric vehicle sales set a new record.? The option of utilising solar energy
has been identified as one of the most promising unconventional renewable energy sources
because it is environmentally friendly, inexhaustible, free and available in almost all parts of
the world where people live. According to the US Department of Energy, the sun delivers more
energy to the Earth in one hour than humanity consumes over a year, making solar the only
renewable energy source that can keep up with global demands.®’” However, there are many
problems associated with its use mainly it is a dilute form of energy, and its availability varies
widely with time. Consequently, large collecting areas are required as well as energy storage

methods.

1.2 Solar energy
Solar energy can be used directly or indirectly. A general classification of the various methods

of solar energy utilisation is given in Figure 1.2.8

Direct Indirect

e |

Figure 1.2 Classification of solar energy utilisation.

The International Energy Agency (IEA) announced that solar energy will contribute to
approximately 22% of the global electricity production by 2050. Several types of unique solar
technologies are available based on different concepts. An overview of these techniques is
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illustrated in Figure 1.3.° Among these, Photovoltaic systems (PV) and Concentrated solar
power plants (CSP) are the two most mature technologies and are expected to grow
significantly in the future. According to the IEA, PV and CSP can play roughly equal but
complementary roles.® PV panels can collect direct and diffuse solar irradiations, whereas CSP
plants harness direct radiation. Currently, CSP is considered the more attractive solar
technology for commercial exploitation based on its higher thermal storage efficiency than
solar PV producing direct electrical energy.* Power grids usually prefer CSP over PV as it
generates AC which can be easily distributed onto the grid. In contrast, PV generates DC, which
is then converted to AC (using inverters) for distribution.® 112 A comparison between PV and
CSP systems are listed in Table 3.% 1> However, the comparison between these two systems
will remain debatable, or in future, they may work together like a hybrid system to increase

solar energy production.

Energy Irradiation [ Available ]
converting collecting techniques
Photovoltaic )
[ Photovoltaics ~ Solar panels )
Without ‘r Concentrated
- concentrator hotovoltaic systems
Photoelectrochemical P y /
cell —
| Dye sensitized solar
! cell )

[ solar thermoelectricity )

[ Thermoelectric effect
system

" v

-
Concentrated solar
=
] power

[ Heat engine

Figure 1.3 Overview of solar technologies.®
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Table 1.1 Comparison between CSP and PV technologies.*® 1314

CSP PV
Principle Converts the direct sunlight to produce heat. | Converts direct and diffuse
Then heat can be converted to electricity | sunlight directly to electricity.
whenever required.
Type of solar | Uses reflective devices such as mirrors, | Uses PV cells made of
receiver troughs etc. semiconductor devices.
Annual electrical | 397480.2 MWh/year 264907.3 MWh/year
energy output
Capacity 45.4% 30.2%
utilisation factor
Solar to electric 17.12% 16.65%
efficiency
Simple payback | 17.5 years 4.9 years
period
Land usage Unused large flat area Installed everywhere (roof
etc.)
Life span Higher compared to PV
Grid options Power grids usually prefer CSP over PV PV is preferred more in off-
grid applications than CSP

* The values given are based on Tabuk (Saudi Arabia) CSP and PV plant

1.3 Overview of CSP technologies
The easy integration of thermal energy storage systems makes CSP dispatchable and unique
among other renewable energy generating alternatives. CSP technologies concentrate the sun's
light energy using mirrors and convert it into heat to create steam to drive turbines or engines
that produce electricity. The main components of a CSP system are:*®

> Solar receivers vary depending on the operating temperatures of the CSP systems.

There are mainly four types of solar receivers (Figure 1.4)
» A power block to convert heat energy to electricity

» A thermal storage system to account for the continuous supply.
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Figure 1.4 Different types of concentrating solar collectors.*6-%/

It has been observed that the number of publications and patents on CSP has grown
dramatically over recent years.'®> Apart from electricity production, CSP has a tremendous
potential to reduce CO2 emissions and create many progressive jobs in the industry. The first
CSP plant was built between 1984 - 1991 in the Mojave Desert, California, USA, by Luz
international Ltd.™® Nevertheless, the attempt didn't progress due to the drop in oil price, and
the venture collapsed. Then, there was no significant progress in the CSP systems for years.
However, in 2006, countries like Spain and USA started some initiatives. As a result, in 2014,
the California Energy Commission approved licences for 5 CSP plants with a total capacity of
2284 MW.13 18 |t is noted that in the period between 2010 - 2013, there was a record-breaking
number of CSP plants launched (47 plants), whereas between 2013 -2019 only 25 plants were
built. In 2018, the growth of totally installed CSP plants increased 4.3 times. The Levelised
Cost of electricity reduced to 46% compared to that in 2010.1% 1° Also, the capacity factor of
CSP plants increased from 30% in 2010 to 45% in 2019, since technology improved,
deployment occurred in areas with better solar resources and the average number of storage
hours increased.?®?* A list of worldwide CSP installed plants under construction and

development is illustrated in Figure 1.5.%2
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Figure 1.5 CSP projects around the world (based on the reference given ).?2

1.4 Thermal energy storage (TES) techniques

Due to the unreliable nature of solar power, it is required to develop effective storage systems
to overcome the instability of the source while also considering grid demands. TES materials
can be used to store heat or cold to be used anytime at any temperature, place or power
capacity.?>* Hence, CSP plants coupled with a TES unit solve the mismatch between energy
production and its use, making CSP plants unique compared to other renewable technologies.?®
The selection of a suitable Thermal Energy Storage (TES) material is the main challenge in
CSP systems. An ideal TES material should possess a high energy storage density of 0.5 - 1.0
kWh/kg and working temperatures of > 600 °C, required for high-efficiency Stirling engines.
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According to the US Department of Energy SunShot vision study, goals were set for future
research and listed main three goals by 2030.%
1. The main objective is a cost reduction of 40% compared to the CSP plants currently
operating. Specifically, to cost less than US $15/kWhn
2. Increase the operating temperature above 600 °C and
3. Increase the efficiency of the Stirling engine to achieve an exergetic efficiency

greater or equal to 95%.

Hence, identifying a cost-effective high-temperature TES material that meets these three

requirements is essential and challenging.

1.5 Different types of thermal energy storage systems

Several thermal storage systems for medium to high-temperature CSP plants have been
developed in recent years. All these TES materials involve three stages: charging, storage and
discharging using different states of matter.?* The three known categorised TES materials so

far are:

(1) Sensible heat storage materials
(2) Latent heat storage materials
(3) Thermochemical energy storage (TCES) materials

1.5.1 Sensible heat storage materials

Sensible heat storage materials (for instance, molten salt) are the most mature technology and
store/release heat by raising/lowering the temperature of the material.?’-2® The energy stored

by sensible heat can be expressed as:

Q=mCpAT 1-1

Where m is the mass of the storage material (kg), Cp is the specific heat capacity of the storage
material (J.kgt. K1), and AT is the temperature difference.

The sensible storage method usually consists of a storage medium, containers (two / one tanks)
and inlet/outlet devices. An inexpensive solid (rock, sand, or concrete) or liquid (molten salts,
mineral or synthetic oils) can be used as sensible storage. A gas medium, air storage, is also

used, but they are much bulkier compared to the other two.2%3°
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1.5.2 Latent heat storage materials

In latent heat storage, solar heat energy changes the phase of the material (also known as Phase
Change Materials, PCMs). The amount of energy stored depends upon the mass and latent heat

of the fusion of the material.?* 3132 The heat energy stored can be expressed as:

Q=mL 1-2

Where m is the mass of the material (kg) and L is the latent heat of the material (kJ.kg™).

A solid to liquid (heat of fusion) or liquid to vapour (heat of vapourisation) phase transition
can be employed. For instance, during melting, a large amount of heat is stored in the material
isothermally and is released while the material solidifies. Water, water-salt solutions, paraffin,

nitrates, chlorides, etc., are typical materials used for latent heat storage.

1.5.3 Thermochemical energy storage materials (TCES)

Thermochemical energy storage uses heat to induce an endothermic chemical reaction and
store the products separately. When energy is needed, these products are brought together,
which undergo a reversible exothermic reaction.®® The heat energy stored is linked to the
reaction enthalpy and can be expressed as:

Q=nAH, 1-3

Where n is the number of moles of the reactant and AHy is the reaction enthalpy.

At the moment, there are six categories of materials that are tested as thermochemical TES
systems. They are 1. metal hydrides 2. carbonates 3. hydroxides 4. redox system 5. ammonia
and 6. organic systems. Solar heat energy can be stored without much heat loss for a long-term
period in the thermochemical method.?* * Moreover, the TCES systems have a wide range of
applications such as waste heat recovery, transportation, and solid oxide fuel cells, as shown in
Figure 1.6. This thesis is mainly focused on the metal hydride TCES for CSP applications. The
most crucial challenge is the high energy storage density and reversibility of metal hydrides.
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Figure 1.6 Different applications of TCES system.*

1.6 Comparison of TES systems

A comparison of three different TES systems is provided in Table 1.2. In addition to the CSP
applications, all three TES technologies possess various applications such as solar space
heating, hot water production, building constructions, etc.?®> However, thermochemical storage
systems possess high volumetric and gravimetric energy densities and high operating
temperatures compared to sensible and latent heat storage materials for CSP applications.
Moreover, thermochemical systems are the most promising for long term storage due to

negligible thermal loss during storage as products can be stored at ambient temperature.

Table 1.2 Comparison of three different TES systems.23-24 3537

sensible heat by
changing the
temperature of the

material.

the phase change of
material at a constant

temperature.

Features Sensible heat storage Latent heat Thermochemical
(molten salt)
Principle Energy is stored as Energy is stored by Energy stored using

reversible chemical

reactions
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affecting storage

Density,
Diffusivity,
Specific heat capacity,

Vapour pressure etc.

conductivity,
Phase separation,
Subcooling,

Corrosion,

Melting enthalpy etc.

Energy Q=mCpAT Q=mL Q=n AH,
stored/released
Characteristics Thermal conductivity, | Thermal Thermal conductivity,

Storage density,
Supply pressure of the
reactant gas,

Kinetics,

Catalyst activity etc.

density(kWhu kg ™)

Materials Solids (rock, sand, Organic, inorganic, Metal Hydrides
concrete etc.) or liquid | Eutectic Carbonates Hydroxides
(molten salts, Redox System Ammonia
minerals, synthetic oils and Organic system
etc.)

Theoretical small = 50 Medium ~ 100 High = 500

volumetric Energy

density (kWhgm ™)

Theoretical small = 0.02- 0.03 Medium =~ 0.05 - High =~ 0.5 -1 kWh kg™

gravimetric energy 0.1

Storage temperature

Charging step

Charging step

Ambient temperature

temperature in the

CSP application

temperature temperature
Storage period Limited Limited Theoretically unlimited
Maximum operating | Molten salt - 560 °C NaCl - 800 °C CaH; - >1000 °C

Transport Small distance Small distance Theoretically unlimited

Maturity Industrial-scale Laboratory and Pilot | Laboratory and pilot-scale
scale

Technology Simple Medium Complex

“ The miscibility gap alloys which fall under latent heat category have gravimetric energy
densities of > 0.15 kWhi kg™t
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1.7 Hydrogen systems: Metal hydrides for thermochemical storage

Metal hydrides as thermochemical storage systems were first studied by Libowitz et.al. in
197438 The presence of reversible hydrogen bonds makes them suitable for various
applications such as hydrogen storage, thermal energy storage, electrochemical applications
etc. Generally, metal hydrides were studied as solid storage materials due to their increased
hydrogen storage density compared to hydrogen gas or liquid hydrogen. For instance, MgH>
has a hydrogen density of 6.5 H atoms/cm® compared with that of Hz gas (0.99 H atoms/cm?)

or liquid hydrogen (4.2 H atoms/cm?).10- 3¢

Many metals react with hydrogen to form metal hydrides, as shown below:

AH < 0, Exothermic

- »
M+XH, <) MHy+Q

<—
AH > 0, Endothermic

Here, M is a metal and M Hx is the respective hydride, X is the ratio of hydrogen to metal and
Q is the heat energy released during the reaction. At ambient and high temperatures, the
formation energy of the hydride is exothermic, the change in enthalpy (AH) will be negative,

and the reverse reaction is endothermic; therefore, AH will be positive.

A vast collection of metals, metal alloys and compounds can reversibly react with hydrogen
over a wide range of temperatures (as low —100 °C, TiCr19Hssand as high >1100 °C, LaH*"
%) and have theoretical heat storage potentials that are higher than other thermochemical
materials (Table 1.3). For example, CaH: has a very high heat storage capacity of almost 4939
kJ.kg~1.* Moreover, the unique characteristic of metal hydrides that make them potential heat
storage materials for CSP plants is that they can absorb or desorb hydrogen at constant pressure.
A metal hydride can absorb or release heat by changing the applied hydrogen pressure or
temperature.®> However, the main challenge with metal hydrides is identifying cost-effective

materials that are reversible and identifying engineering solutions.
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Table 1.3 Comparison of heat storage capacities of metal hydrides with other TES

materials.*>-46

Type of thermal energy storage Example of TES Total heat storage capacity
(TES) material (kd.kg™
Sensible heat Molten salt mixtures 153 per 100 °C
Latent heat/phase change materials NaNO; 282
Thermochemical Oxidation of C0304 1055
MgH; = Mg + H; 2814
CaH;=Ca+ H; 4939 (theoretical)

Metal hydrides can be categorised into three operating temperature ranges for CSP
applications.
1. High operating metal hydrides (600 °C - 1200 °C)
CaHz, SrHa, LiH2, YHus
2. Medium operating metal hydrides (400 °C - 600 °C)
Mg2FeHs, NaH
3. Low operating metal hydrides ( 250 °C - 400 °C)
NaMgHs, MgH:2 + 2 wt% Ni, MgH2, Mg2NiHa

According to the US Department of Energy SunShot Initiative, to reduce the cost of solar
electricity, there has been a new focus on the potential high-temperature metal hydrides (that
can operate above 600 °C) to be the next-generation energy storage material for CSP
application. The SunShot Initiative research aims to identify cost-effective promising high-
temperature metal hydrides, find the thermodynamics, test their Hz desorption absorption
properties, model and design suitable tanks and test beds, and build up a prototype and test it

under dynamic conditions.

1.8 High-temperature metal hydride (HTMH, > 600 °C) as a TES in CSP

plants

In the past years, metal hydrides with working temperatures of less than 500 °C were the
research focus. However, the new generation CSP systems must be replaced with a TES system

that will operate > 600 °C. This will increase the efficiency of the power plant by 40% of the
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currently used ones. The current molten salt systems degrade above 565 °C, limiting the upper
operational temperature. The use of the most explored MgH: and its alloys (Mgz2FeHe) is also
limited to < 550 °C as Mg metal evaporates at higher temperatures. Therefore, calcium hydride
systems, alkali earth metal hydrides of Ba and Sr and Ti hydrides are some of the few systems

which can operate in the high-temperature range (> 600 °C ). *’

A schematic of the CSP system coupled with a high-temperature metal hydride (HTMH)
thermochemical energy storage system is shown in Figure 1.7. During daytime (Figure 1.7),
the received solar radiation by the concentrator is provided to the heat engine and converted to
electricity. Any excess heat energy is used to desorb hydrogen from the metal hydride, followed
by an endothermic reaction, of which this hydrogen will be stored separately. At night (Figure
1.7), the reverse exothermic reaction occurs. The high-temperature metal hydride is allowed to
cool and absorb hydrogen, releasing heat provided to a heat engine to produce electricity.
Therefore, this system enables a continuous supply of electricity even in the absence of a solar
source. The released hydrogen can be stored either in a volumetric gas tank or another low-
temperature metal hydride. Low-temperature metal hydrides have a high volumetric capacity
for hydrogen. They can operate over a limited pressure range, but associated issues include
selecting suitable material and handling costs, synthesis, and engineering problems.®? A
compressed tank storage has a low capital cost but have the disadvantages of requiring large
volume vessel and operating pressure. However, the released Ho storage via a low-temperature
metal hydride will provide the flexibility to choose the operating temperature of the high
temperature metal hydride.

Even though metal hydrides are the potential candidates, there are many technical challenges,
from material selection (sintering, vaporisation etc.) to engineering issues (gas containment,
material compatibility) that need to be overcome to operate at temperatures greater than 600
°C.%* For the HTMH, the enthalpy, entropy, and operating temperatures determine the hydrogen
capacity and heat storage density. The main drawbacks of HTMH are cycling stability and the
overall cost of the system. Moreover, to account for a 30-year lifetime CSP plant, a metal
hydride must undergo more than 10000 cycles of hydrogen absorption and desorption without
altering its essential characteristics.3* Unfortunately, no candidate has been identified with this
stability to date. It is also necessary to enhance the thermal conductivity of metal hydrides so
that the heat enters and leaves the system as quickly as possible.
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Figure 1.7 Schematic diagram showing the working of HTMH in CSP plants.

36



1.9 Candidates hydrides for high-temperature thermal energy storage

There are no perfect practical choices for HTMH for CSP applications available so far. Sodium
hydride decomposes at 426 °C at 1 bar of H> pressure and could operate up to 659 °C at 150
bar of H pressure.*® The poor reversibility and high vapour pressure of Na limit its use as a
TES material. However, modified NaH (fluorine substitution, NaMgH2F, NaMgH3 etc.) can
enhance the operating conditions but has the disadvantage of H. high pressures above 150
bar.4°-5! Similar issues also happen for the most commonly used MgH; and its alloys, and the
operating temperatures are limited to below 550 °C. Therefore, HTMH heat storage will need
to shift away from traditionally examined Na, Mg-based materials. The potential HTMH for
heat storage can be classified into overlapping groups such as 1. simple saline or ionic hydrides
2. metallic or intermetallic 3. complex metal hydrides. The Current HTMH research mainly
focuses on CaHy, TiH2, SrH, and LiH. systems.>>>* Even though Y, Zr, La and Ce hydrides
show high operating temperature and enthalpy, they are less investigated.>® This may be due to
the high cost of these transition metals.** It can be noted that along with cost-effective CaH.
systems and attractive Ti, Ba and Sr metal hydrides, complex transition metal hydrides also
show promising properties as high-temperature TES materials. Some other potentially
identified complex hydrides are Eu2RuHs (1212 °C), Ca20OsHe (1077 °C) and LisRhH4 (912

°C).%5-%6 Moreover, a few examples that can operate > 600 °C are listed in Table 1.4.

Table 1.4 Examples of HTMH (> 600 °C) for CSP applications.

Hydride Theoretical | AH AS T [ Ref.
materials H. capacity | (kJ.mol™. | J.K™ | (°C) | (bar)
H2) mol L.
H2)
Simple CaH, = Ca+ Hj(g)| 4.8 207.9 - 950 - | 1-10 | %
Saline or lonic 1100
hydrides NaH = Na(l) + 4.2 130 165 400 - | 0.5 - | 7%
1/2H2(q) 600 | 70
LiH=Li+1/2H, | 12.6 190 135 950 - | 0.1 - | 5%
() 1150 |15 |©
SrHz = Sr+ Ha(g) | 2.2 183 138 | 1050 |1-3 |62
1150
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2CaH, + Mg +
MgNiz + 2H2(g)

Metallic and TiH10+03H, = | 1.22 165.5 - 645 - 40
intermetallic TiH16 921
hydrides of TiHi2=Ti+ 35 154 161 680 - | 1-4 |®
transition metals | 0.86H(g) 750
TiH, = Ti + Hy(g) | 4.04 147 140 775 - [1-3 |
850
ZrH, = Zr + Hy(g) | 2.16 175 146 925 -|1-3 | &
1050
YH, =Y + Ha(g) |2.21 234 157 1217 [1-3 | @
1310
CeH, = Ce + Ha(g)| 1.41 214 174 955 - [ 1-3 [
1025
LaH,= La + Ha(g)| 1.43 221 159 1115 [1-3 |&
1200
Complex NaK:AlHs = 2.25 98 150 380 - 40,63
transition metal | 2KH + NaH + Al 600?
hydrides + 3/2H2(Q)
Ca;NH + Hy(g) = | 2.07 88.7 - 500 - [ 1-10 | 4064
CaNH + CaH; 780
LiBHa(l) = LiH + | 13.88 57.3 - 460 - | - 6
B + 3/2H,(q) 688"
LiBH. (I) = LiH ¢ | 13.88 71.7 - 688 - | - 40, 65
+ B + 3/2H3(g) 1000
CasMgaFesH, = | 2.25 113.4 - 800 |31 %5, 66
2CazFeHs +4 Mg
+ MgNi+2H,(g)
2CaMgNiHs = 1.58 129 - 600 136 %5, 67

T - temperature, P- pressure
®The upper temperature is limited by the melting point of NaH =~ 638 °C and KH ~ 619 °C.
bThe melting point of LiHis ~ 688 °C. The enthalpy of melting is 21.8 kJ.mol 1.0
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1.10 Calcium hydride for high-temperature energy storage

There has been interest in using CaH> as thermochemical energy storage since the 1970s.
Kuznetsov et.al.%® in 1977 at the conference of energy conversion in the USA explained a
particular interest in the energy contained in CaH: and that could apply to various fields such
as aviation, generation and storage of energy (in homes), agriculture (in fertiliser production),
industry and transport.® It also mentioned the importance of converting solar energy into heat
and electricity and proposed a CSP model with a concentrator on top of 275 m tower with a
capacity of 100 MW electric output. A sodium loop will carry the heat from the concentrator
to the generator. The heat of formation of CaH; is - 4312 kJ.kg™* at 25 °C, and the energy
released during hydrogen absorption at 950 °C is 4494 kJ.kg™*. This provides the ability to store
1.25 kWh of solar energy per kilogram of CaH..%° The main advantages of the Ca-CaH; system

are:

1. Its high gravimetric/volumetric energy density (Figure 1.8) compared to molten salts'
current state of the art (over 20 times higher than molten salts)*

High operating temperature

Relatively low hydrogen pressure (1 - 10 bar between 950 °C - 1100 °C)®
Comparatively low cost and abundant

High enthalpy of dehydrogenation

High melting point

N o gk~ DD

High exergetic efficiencies.
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Figure 1.8 comparison of energy densities of CaH2 with molten salt.™

Due to these attractive properties, the use of CaH; as a solar thermal energy storage material
was patented in 2010.”* Bliesner et.al. and an Australian company EMC Solar proposed a
concept of using the Ca/CaH> system for a CSP plant with a continuous electric output of 100
kW using a Stirling engine with a 50% conversion efficiency.®? 1’2 The model employed low
temperature (20 °C) Ti-Fe hydride to store Hz and used boron oxide and nitrate salt tanks as

high temperature and low-temperature heat exchangers, respectively. An 18 h storage capacity
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(3600 kwh thermal energy) requires 4690 and 234 kg mass of Ca and H, respectively. The

proposal can test 50 kg of CaH.. A conceptual design of this CaH; reactor is illustrated along
with its operation, as shown in Figure 1.9.

750 kW, solar beam

4. 100 kW, engine

/

3. Ti-Fe hvdrogen storage 1. Calcium hvdride thermochemical reactor
Charging Mode
l Solar heat input
Hydrogen Stprage Tank Reaction Chamber Heat Stirling
Hydrogen stored m a 150 °C low CaH, is split into Ca and H, gas Engine
pressure powdered metal storage 2t 1000 °C to 1100 °C Heat pipe drives
tank as a hydride salt engine

I H, gas

Low Temperature Heat
Exchanger

IHZ gas

H, gas High Temperature Heat
Exchanger

Figure 1.9 A conceptual CaH reactor and its work proposed by EMC solar company.32 72
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Unfortunately, the desorption temperature of CaH: is too high for the current and proposed
next-generation CSP plants. Therefore, the decomposition temperature of CaH> can be reduced

by the thermodynamic destabilisation process, which is explained in detail in the next section.

1.10.1 Thermodynamic destabilisation of HTMH (CaHy)

The metal hydrides that operate at temperatures > 600 °C present many challenges, such as
material problems and technical difficulties. The CaH> is highly corrosive at its operating
temperature, 1000 °C, and the melting point of both Ca metal and CaH; are 842 and 816 °C.
Therefore, an expensive storage tank material requirement and other engineering issues are the
main factors that limit the use of pure CaH. as a thermochemical TES material.
Thermodynamic destabilisation of metal hydrides is one of the best approaches to reducing
pure metal hydrides' decomposition temperature. This can be achieved by adding suitable
additives to the pure metal hydride and reducing the decomposition temperature and
corresponding enthalpies. This is illustrated in Figure 1.10.

Dehydrogenated

Ca+ Hz state
AH laxge

T(lbar) high

\

- CaAy + H, Stabilised compound state
AH smallerx
T (1par) lower

ENTHALPY

- v CaH, + yA Hydrogenated state /

Figure 1.10 General enthalpy diagram showing destabilisation of CaH> by adding suitable
additives (A =Zn, C etc.)

A few examples of the thermodynamic destabilisation of CaH> as a TES material for CSP

application are discussed below:
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1.10.1.1 CaH:- Al system

Veleckis successfully showed this method of thermodynamic destabilisation of metal hydride

in 1981 using CaH, by adding Al to it.”® The reaction occurred in multiple steps
CaHz + 4Al = AlsCa + H> 1-4

CaH> + AlsCa = 2AlCa + H» 1-5

The enthalpy of the reaction 1- 4 and 1-5 found as AHges = 83 kJ.mol *.H2 at Tipar = 414 °C,
and AHdes ~ 90 kJ.mol *.Hz at Tipar = 481 °C, respectively.”>"* Ward et.al.” extended this
method (for reaction 1-6) and demonstrated the feasibility of the CaAl, system as a potential
high-temperature thermal battery for CSP applications. However, this requires 62 bar of H»

pressure at =~ 700 °C.% 737

CaHy + 2Al = CaAl, + H» 1-6

1.10.1.2 CaH: - LiBH4 system

Yang Li et.al showed CaH2/LiBHa; the complex metal hydride composite can be a potential

solar thermal storage material.”® The destabilisation reaction occurs via the following pathway:
CaH; + 6LiBH4 = 6LiH + CaBe + 10H; 1-7

The enthalpy of the reaction AHges=~ 60 kJ.mol .H,, and the equilibrium pressure is 0.482 MPa
at 450 °C.”® Additives such as TiCls, V20s, TiFs, TiO2, LiNH2, NbFs, and NbCls were
investigated with the CaH./LiBHa system to enhance the kinetic and cycling properties. It was
found that TiCls was the most effective additive that increased the hydrogen reversibility of the
CaH2/LiBH4by 9%."® However, the high price of LiBH4 will limit the use of this material for
CSP applications.

1.10.1.3 CaH: - Si system
Griffond et.al. showed the thermodynamic destabilistaion of CaH2 by adding Si.”” The reaction

occurred in 5 steps:

CaHj + 2Si = CaSi> + H» 1-8
CaHz + 2CaSi2 = CasSis + H2 1-9
CaH> + CasSis = 4CaSi + H» 1-10
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CaH> + 3CaSi = CasSis + H2 1-11
CaH> + CasSiz = Ca2Si + Hy 1-12

The enthalpy and entropy of the reaction 1-11 was calculated by Griffond et.al. as AHges= 154
+ 4 kJ.mol*.Hy, ASges= 151 + 3 J.K . mol.Hz, at Tipar = 747 + 33 °C.”"

1.10.1.4 CaH2 - MgO system
It was also proved by Griffond et.al. that MgO can destabilise CaHz:™

CaHz + MgO = CaO + Mg + Hs 1-13

The thermodynamic properties calculated were AHges = 170.7 + 25 kJ.mol~1.H2, ASges= 158.4
+ 12 kJ.mol1.H2 with an operating temperature of 805 + 61 °C at 1 bar of H, pressure.” The
loss of Mg at this temperature was one of the issues that need to be addressed for the use of

this system.

1.11 Thesis Outline

This study mainly focused on destabilised calcium hydride systems. The importance and the
reasons to choose calcium hydride and the materials selected for destabilisation are explained
in detail in the following chapters. Moreover, the systems are determined based on the
following criteria; cost, availability, operating temperature, and thermodynamic prediction.
The thesis consists of 8 chapters. The first chapter is the introduction which includes a brief
review of the background information. The second chapter summarises the materials, methods
and experimental procedures used in this study. The following six chapters are the main
research work, including two peer-reviewed published papers ( chapter 4 and 5). The entire
process carried out in the thesis can be illustrated in the flow chart (Figure 1.11). Besides, a
small outline of each chapter is also provided below:
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Identify candidate systems Selected Additives

A1,0,, Zn, C, ZnO, Fe, 0y, ZrO,,
MnO, SiO,, TiO,, CuO, NiO,

Y,0; and CeO,
Update the
pali'ameters Testing at different T,P and
A molar ratios
Analysing thermodynamics
and kinetics

Future recommendations

Figure 1.11 A summary of the studies performed in this project.

CHAPTER 2- Experimental methods
The materials and all the theoretical and experimental investigation techniques and procedures

used during this project are discussed in detail in Chapter 2.

CHAPTER 3 - Thermodynamic and kinetic properties of CaH2

Due to the complexity of the Ca - CaH. system, little research was carried out after the 1960s,
especially on thermodynamics. Moreover, the thermodynamic properties provided by different
investigators were conflicting. Hence, this chapter presents an experimental investigation of
the thermodynamic and kinetic properties of CaH2 and compares it with the literature review.

The chapter also compares the thermodynamic properties of solid and molten CaHo.

CHAPTER 4 - Destabilised CaH2 as a promising thermal battery

Chapter 4 is a peer-reviewed published paper in the Journal Physical Chemistry C in July 2020.
The chapter demonstrated that adding Al>Os to CaH> altered the reaction pathway reduced the
operating temperature at 1 bar of hydrogen equilibrium pressure from = 1000 °C to 636 °C.
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Moreover, the chapter provides an overview of calcium hydride's thermodynamic
destabilisation, including synthesis, characterisation, thermodynamic and thermal analysis. The
cost calculation and cycling capacity were also investigated to test its feasibility as a TES
material for CSP application.

CHAPTER 5 - Thermochemical energy storage performance of zinc destabilised calcium
hydride at high temperatures

Chapter 5, CaH,- 3Zn system, is also peer-reviewed and published in the Journal of Physical
Chemistry Chemical Physics in October 2020. The high enthalpy of desorption, operating
temperature close to 600 °C and cycling stabilities makes this system a potential candidate.
However, the low vapour pressure of Zn and the evolution of Zn from the calcium zinc alloys

need to be addressed for the practical use of this material.

CHAPTER 6 - Performance of calcium hydride graphite system at high temperatures

This chapter comprises the theoretical and experimental investigation of the CaH> - 2C system
that exploits the feasibility as a high-temperature thermochemical TES material for third-
generation CSP plants. This system has the highest gravimetric heat storage. Unfortunately,
due to the formation of methane gas, the CaH2-2C system shows poor reversibility, which
indicates a barrier to the application of the CaH2-2C system as a TES material for CSP

application.

CHAPTER 7 - Metal oxides for the thermodynamic destabilisation of CaH2: A
comparison of several metal oxide systems.

Chapter 7 is a complete study of pure CaH> with all possible metal oxides (ZnO, ZrO, SiO-,
MnO, Fe»03, NiO, CuO, Y203 and CeOy). It investigates and compares the effect of these
oxides on the thermodynamic destabilisation of pure CaH. Also, it identifies the reaction
pathway with each oxide and reports the feasibility of each system as a TES for CSP
application.

CHAPTER 8 - Conclusions and future perspectives

The last chapter summarises the significant outcomes of the thesis work and future

recommendations.
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2.1 Introduction

All the experiments with hydrogen were conducted in the Hydrogen lab of the Hydrogen Storage
Research Group (HSRG) within the Discipline of Physics and Astronomy at Curtin University. The
research required high-temperature conditions high-pressure hydrogen gas pressure, and the
laboratory is equipped with all the required equipment and safety systems for hydrogen research.
All materials required risk assessments and safety data sheets (SDS) before any research was
undertaken. The laboratory is equipped with two glove boxes filled with inert Argon gas, which
enables the manipulation of air-sensitive materials. It also contains eight Sievert’s gas rigs, four
manual and four computer-controlled rigs, several programmable high-temperature furnaces,
temperature-programmed mass spectrometer (TPD - MS), Differential Scanning Calorimetry
(DSC) instrument and a suite of ball mills, including a planetary ball milling machine, shaker mill
and high-pressure ball mill. In this chapter, all the research methods (theoretical and experimental)
used during this study are discussed in detail.

The material investigation used during the research can be divided into two parts:

1. Theoretical thermodynamic predictions

2. Experimental techniques

2.2 Theoretical thermodynamic predictions

This thesis focussed on the destabilisation of the HTMH, CaH>, to convert into an effective
TES (working between 600 °C - 800 °C) for next-generation CSP plants. The selection of
suitable additives for this purpose was challenging, and therefore, some theoretical predictions
were required before practical synthesis and characterisation. The theoretical calculations were
performed using HSC Chemistry software.! The standard thermodynamic data of the pure
elements were taken from the database of Scientific Thermodata Europe (SGTE) by Dinsdale
et.al.2 HSC Chemistry software, as the name suggests H - enthalpy, S - entropy and C - heat
capacity, provides whether the proposed reaction is thermodynamically favourable or not.! It
calculates thermodynamic properties of materials such as enthalpy, entropy, Gibb’s free energy
and heat capacity without considering the reaction kinetics. Moreover, the software aids to
identify the thermodynamically favourable reactions between two materials, the pathway of

the reaction, reaction products and the temperature at which the reaction occurs. An example
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of the thermodynamic graphical simulation of pure CaH, at lbar of pressure using HSC

Chemistry software is given in Figure 2.1.
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Figure 2.1 Graphical simulation of pure CaH; at 1bar of pressure.

2.2.1 Background of H, Sand G

Enthalpy (H): The thermodynamic quantity defines the total heat energy of a system. It is
equal to the sum of the internal energy of the system and the product of its pressure and volume.
The sign of the change in enthalpy in a reaction explains whether the reaction is endothermic
or exothermic. The absolute value of enthalpy cannot be measured, but the enthalpy difference
between two temperatures can be measured using a calorimeter. For the convenience of
enthalpy calculations at a higher temperature, it is chosen that the enthalpy of pure elements is
zero at its most stable state (reference state) at 25 °C and 1 bar. The heat capacity at constant
pressure can be calculated from enthalpy at a temperature T as shown in equation 2-1, and that

allows the calculation of enthalpy at any temperature as expressed in equation 2-2.

dH

Co= (e 21

H(T) = Hr (298.15) + [

298.15

CpdT + Y H,, 2-2
Where Hs(298.15) is the enthalpy of formation at 298.15 K, n is the number of moles and H,,

is the enthalpy of transformation that includes the energy absorbed/released during phase

transformations.
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Entropy (S): Is a measure of the molecular disorder of a system or the system’s thermal energy
per unit temperature. Entropy has three sources: configurational, electronic, and vibrational,
which increases with increasing temperature. Vibrational (or calorimetric) entropy can be

calculated from the heat capacity as given in equation 2-3

S(T) =5(298.15) + [0, AT+ X7 2-3
. tr
Where S (298.15) = | 28915LP 4T and H,, is the enthalpy of phase transformation at a

0 T

temperature Ty,

Heat Capacity (Cp): The amount of heat required to raise the temperature of one unit of
material by 1 kelvin. The absolute heat capacity can be calculated using equation 2-1. The heat
capacity at higher temperatures cannot be predicted using theoretical thermodynamics. It
requires an entirely mathematical model/fitting to fit experimental heat capacities. For instance
Co=A+B103T+C10°T2+D10°T? 2-4

Where A, B, C and D are coefficients estimated from experiments.

Gibb’s Free energy (G): Gibb’s free energy value determines whether a reaction is
spontaneous or not. The higher the negative value of Gibb’s free energy, the more spontaneous
reaction at that temperature will be. The general relation between G, H and S at a temperature
T can be written as shown in 2-5:

G=H-TS 2-5

G can be expressed in terms of temperature as a power series in the form as given in equation
2-6:

G=a+bT+cTIn(T)+XdT" 2-6

Where a, b, ¢, and d are coefficients and n represent a set of integers.

And S, H and Cp can be calculated using equations 2-7, 2-8 and 2-9, respectively.

s=-=2=-b-c-cln(T) - Lndr™ 2.7

H=G+T.S=a-cT-Y(n-1)dT" 2-8
26, _ 1

Cp=-T (? =-C—Yyn(n-—1)dT" 2-9

In some cases, additional contributions from pressure or magnetism can be added to the Gibbs
free energy. The pressure contribution for condensed phases can be expressed as shown in 2-

10, where A is the constant for a particular element and phase and P is the pressure.
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Gpres = AP (a0 T+ a1 T; +ap T; +a3TY) 2-10

Gibb’s free energy of compounds is a function of the Gibbs free energy of formation and a
fraction of the Gibbs free energy for each element. For instance, the Gibbs free energy of the
compound CaZny: can be calculated using equation 2-11:

“Geaznyy=AGf cazny, + GEE + 11G," 2-11

Where AGfcqzn,,= @ + b T, where a and b are constants calculated using mathematical/
computational models.

The G25¢ and 11G.°P were taken from the review article published by Dinsdale et.al.? review

and they take the form as shown below:
The G for Ca- bee in the different temperature range in J.mol ™ is:

o (298.15K <T<716K)

2 3
—7020.852 + 142.970155 T — 28.2541 T In(T) + 7.2326 x10 3 T —4.500217 x10® T + 60578

T 2-12

e (716 K<T<1115K)

2
1640.475 + 1.999694 T — 6.276 T In(T) — 16.1921 x10°3 T ~523000 T 2-13

o (1115K < T <3000 K)

2
—142331.096 + 1023.549046 T — 143.8726979 T In(T) + 32.543127 x10 3 T —1.704079 x10°®

3 -1
T +25353771. T 2-14

The G for Zn - hep in the different temperature range in J.mol? is:
e (298.15 K <T<1234.93 K)

2 3
—6809.512 + 118.502013 T — 23.8463314 T In(T) — 1.790585 x10 3 T —0.398587 x10° T —

-1
12011 T 215

o (1234.93K <T <3000 K)

9
~14695.252 + 190.566404 T— 33.472 T In(T) + 1411.773 x10% T 2-16

The models and the data for the pure elements/compounds changes according to the state and

phase (solid, liquid, a, B,Y phases) of the elements.
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2.3 Experimental techniques and general procedures

2.3.1 Sample preparation

Metal hydrides are air sensitive materials; therefore, all the chemical storage and handling were
conducted inside the argon-filled glovebox (Unilab Glovebox, MBraun, Germany) to reduce
the contamination with moisture and oxygen. The H>O/O- levels inside the glovebox were
maintained below one ppm using an automatic argon gas purifier that constantly removes
oxygen and water. Table 2.1 lists all the materials used during this research and purchased
details with purity.

Table 2.1 List of chemicals used in the project.

Chemicals State Purchased from Purity (%)
CaH, Granules Sigma Aldrich >05
Al;,O3 Powder Sigma Aldrich > 08
Zn Powder Chem supply > 08
C (graphite) Powder Sigma Aldrich <100
ZnO Powder Sigma Aldrich 99
Fex0s3 Powder Aldrich <100
SiO; Powder, <10-20 nm Aldrich 99.5
ZrO; Powder, < 100 nm Aldrich 99
MnO Powder Chem Supply >94
TiO; Powder Aldrich 99
CuO Powder Aldrich 99
NiO Powder Sigma Aldrich 99.9
Y203 Powder Aldrich 99.9
CeO, Powder, < 25nm Aldrich 99

H, Gas Core gas 99.999
Ar Gas Core gas 99.997

2.3.1.1 Ball milling

All the materials were synthesised under an argon atmosphere at room temperature using an
Across International planetary ball mill (PQ-NO04). The ball milling canisters (100 ml) and the
balls were made from 316 stainless steel and sealed by an O-ring. The powder mixture was
placed inside the canister along with balls in a fixed powder to ball ratio. The majority of
materials were synthesised in 40:1 ball (equal number of 10 mm and 6 mm diameter balls) to
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powder ratio and milled for 3 h. An example of a typical program is bi-directional mode
programming by rotation with/without pause. The samples were ball milled for varying hours
(depending on each sample) at a rotational speed of 400 rpm, and the direction of the vial was
altered every 30 minutes. Figure 2.2 shows a picture of the PQ-NO04 planetary ball mill, canister

and balls used for the synthesis.

Figure 2.2 Picture of PQ-N04 planetary ball mill, canister and balls used for the synthesis.®

2.3.2 X-ray powder diffraction studies

The initial sample characterisation to identify the crystalline phases was performed using ex-
situ diffraction studies and quantified using the Rietveld method in the TOPAS software
package. The X-ray diffraction (XRD) laboratory is equipped with two different
diffractometers. The Bruker D8 Advance diffractometer that uses a Cu K, wavelength radiation
(L = 1.5418 A, 40 kV, 40 mA) and the Bruker D8 Advance diffractometer with a Co K,
radiation (A = 1.789 A, 35kV, 30 mA).

The basic use of X-ray diffraction is to identify the crystalline peaks and phases in the samples.
An X-ray diffractometer mainly consists of three parts: X-ray source, sample holder, and
detector, as shown in Figure 2.3. The X-ray source provides X-ray radiation that hits the powder
samples, with the atoms in the sample scattering the X-ray beams in a specific direction. The
detector receives the scattered waves with a relative phase shift and measures the intensity
related to an angle of incidence. The obtained diffraction pattern represents a sample diffraction
intensity as a function of the angle between the beam source and detector, denoted as 26.
Bragg’s law (2-17) details the relationship between the distances between atomic layers in the
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crystal structure dna, wavelength and the angle of incidence between the incident ray and

scattering planes.*®
nA =2 dna Sin 6 2-17

Where n is an integer, 4 is the wavelength of the incident X-ray beam, dna is the distance
between atomic layers, 26 is the angle of incidence between the incident ray and scattering
planes. h, k and I, known as Miller indices, represent the lattice planes and determine the peak
positions on the diffraction pattern. Every crystal possesses a unique set of Bragg peaks that
appear at specific positions and can be identified through XRD. By preliminary qualitative
analysis, the different phases in the sample are identified. Then, with the Rietveld refinement
method (section 2.3.2.2), quantitative analysis of each phase's proportion and crystal properties
can be determined by fitting the profile intensity of the measured data against database

references phases using the least-squares method.®”

MODIFIED FROM
CULLITY (1956)

DIFFRACTOMETER
CIRCLE

POWDER DIVERGENT
SPECIMEN

SCHEMATIC OF X-RAY
DIFFRACTOMETER

Figure 2.3 The schematic diagram of an X-ray diffractometer.> 8

The samples were loaded and sealed into the XRD sample holders with a bubble cap (Bruker
polymethyl methacrylate, PMMA) inside the glove box, as seen in Figure 2.4(a), to avoid
oxygen/moisture contamination during data collection. The bubble cap always results in a
broad hump centred at 26 ° in the XRD pattern, as shown in Figure 2.4(b). The Bragg Brentano
Bruker D8 Advance X-ray diffractometer was used to perform the XRD experiments of all the

samples in this thesis, except samples containing iron, within a 26 range of 10 - 80° using 0.02°
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steps with 0.9 s of count time per steps. A Cu K, tube produces the unpolarised radiation beam
that targets the sample. A linear PSD (Lynx Eye) detector acquires the scattered rays. A Bragg
Brentano Bruker, Advanced X-ray diffractometer with Co K, radiation, was also used to
determine the samples' XRD patterns containing fluorescent materials (iron-containing
samples). Table 2.2 shows the instrumental parameters of the two XRD instruments and in-situ

XRD instruments.

T T N YT S O T N T S S T T T T TS T T T T YT W N T T A T A I

(a) (b)
Py v 'CaH2
\ S @ -Zn
g | @ ¢ -Cal
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Figure 2.4 (a) Image of XRD sample bubble holder and (b) example of XRD pattern using this
for CaH- 3Zn system after ball milling.x®

Table 2.2 X-ray diffraction (XRD) instrumental parameters.

Parameter D8 Advance D8 Discover Thermo Fisher ARL Equinox 5000
XRD XRD in-situ diffractometer

Radiation Cu (1.5418) Co (1.789) Mo (0.7093)

wavelength (A)

Operating Voltage 40 35 50

(kV)

Operating current 40 30 30

(mA)

Detector Linear PSD Linear PSD CPS - 120,
(2.94°- 26) (3.4° - 20) 120° curved detector, 8192 channels

Filter Ni Fe -
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Lorentz- Polarisation | 0 0 0

factor

Goniometer radii 250 217 250

Source length (mm) | 12 12 12

Sample length (mm) | 25 25 5

Fixed divergence slit | 0.3 0.3 Parallel mirror,
angle Beam height 0.7 mm
Primary soller slit 25 25 -

angle (°)

Secondary Soller slit | 2.5 25 -

angle (°)

The crystalline peaks obtained from the powder diffraction were identified by comparing them
with standard patterns. The two primary databases used for this matching process are the
International Centre for Diffraction Data (ICDD) - Powder Diffraction File Database (PDF4+)
and Crystallography Open Database (COD). The computer software package called Bruker
DIFFRAC EVA 3.0 is used to gain access to these databases. EVA has both automated and
manual search-match options. The manual options use filters and ranges to reduce the number

of matches and quickly select the correct choice.

2.3.2.1 Quantitative phase analysis using Rietveld refinement method

Quantitative analysis of all samples' X-ray diffraction patterns was performed by me with
TOPAS V-5 (Bruker AXS) software using the Rietveld refinement method. The Rietveld
method is a refinement technique that uses the non-linear least-squares method to fit a model
to the entire XRD profile. Figure 2.5 shows an example refinement using the Rietveld method
for the ball-milled CaH,-2C system. The cif or structure files for each compound or element
present in the sample were downloaded from ICCD/PDF4 and used for the fit. The blue line in
Figure 2.5 shows the original XRD pattern obtained. The red line and the grey line in Figure
2.5 show the calculated fit model and difference plot. The short vertical lines (blue and red)
indicate the compounds' Bragg reflections (CaH2 and C). The software determines the intrinsic
parameters of the phases present in the sample, such as wt% of each compound, crystal size,
the lattice parameters, preferred orientation, densities, errors etc. A good fit will have a relative
error of < 2 wt%.
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Figure 2.5 Rietveld refinement of the diffraction pattern for CaH,-2C system, blue line - raw
data, red line - fitted data, grey line - difference plot (Cu K,, 1 = 1.5418 A).

2.3.2.2 In-situ X-ray diffraction

An in-situ X-ray diffraction experiment was carried out on samples using a Thermo Fisher
ARL Equinox 5000 diffractometer. It is helpful to determine the reaction paths, which also
allows one to see phase transition at each temperature. The parameters are given in Table 2.2.
The X-ray source was molybdenum radiation with a wavelength of 0.7093 A. The powder
samples were loaded inside a quartz capillary tube (0.7 mm outer diameter, 0.01 mm wall
thickness), sealed under argon atmosphere, and mounted onto a goniometer head. The samples
were heated using a hot air blower at a heating rate range of 2 - 5 °C/min. Data were collected
for 60 s exposures while heating. The maximum temperature was limited to 750 °C. The
temperature of the hot air blower was calibrated against the known thermal expansion
coefficient of both NaCl and Ag. The NaCl and Ag mixture was loaded into the quartz tube
heated using the same conditions as the samples. The calibration was repeated every time when

the initial setup and conditions were changed.
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2.3.3 Differential scanning calorimetry (DSC) analysis

2.3.3.1 Basic theory and experimental set-up

Differential scanning Calorimetry (DSC) initially measures the material's heat capacity by
monitoring the heat flow required to raise a sample temperature at a constant rate. It is typically
used to investigate the physical transformations such as glass transitions, melting etc. The DSC
peaks help to identify whether the reaction is endothermic or exothermic, the compound's

polymorphic nature, and thermo kinetics.

The HSRG has a simultaneous thermal analyser NETZSCH STA 449 F3 Jupiter®™ equipped
with a Platinum furnace to measure the mass changes and thermal events from room
temperature to 1300°C. The sample crucibles available for use on the DSC in the lab are Al2O3,
Al or Pt pans. The choice of pan depends on material compatibility and the maximum
temperature used. The operating temperature of the Al pans is limited to 600 °C, and the
alumina pans are capable of high temperatures up to 1700 °C. The thermal conductivity and
mass of the crucible can affect the DSC peak shape; for instance, Al>O3 crucibles can have
right-shifted peaks compared to a more thermally conductive and lighter material such as in Al
crucibles. In this study, the samples were loaded into the Al,O3 crucible inside the glovebox
and sealed with lids having a pin-hole to allow gas release. The mass of the samples was
between 5 - 20 mg. However, the mass of the sample used can be varied depending on the

purpose, as shown in Table 2.3.

Table 2.3 Recommended sample mass for different thermal effects.

Thermal effect Sample mass
Glass transition 10 to 20 mg
Melting/Crystallisation 1to5(10) mg
Chemical reactions 10 to 20 mg
Specific heat 20 to 40 mg
STA/DSC high temp. Metals, glasses, ceramics Approx. 50 mg
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The loaded samples were placed on the sample carrier near the reference crucible made of the
same material. The sample environment was then closed and then evacuated and filled with
Ar. The analysis can be carried out under heating rates 2, 5, 10, 20 and 25 °C/min by heating
from 40 °C to 1000 °C. The temperature and sensitivity calibrations were carried out using In,
Zn, Al, Ag and Au reference materials for each heating rate and Ar flow rate to ensure the
accuracy of the data. This provides a temperature accuracy of £ 0.2 °C, while the balance has
an accuracy of + 20 pg. Before entering the DSC, the Ar (40 mL/min) was passed through a Zr
filter to reduce impurities in the gas stream. The Zr filter was preheated to 200 °C and connected
externally to the DSC instrument. The metallic Zirconium (Zr) has a great affinity for oxygen,
and by heating, it can easily absorb oxygen from the atmosphere.®° The DSC instrument set
up and Ar gas purification unit (Zr filter) is shown in Figure 2.6. The acquired data,
temperature, or time vs DSC signal, from the DSC system is analysed using the software
NETZSCH Proteus thermal analysis V. 8.0.

Zr powder inside Temperature Controller

Ar gas
~ purification
unit

Sample stand

Figure 2.6 Differential scanning calorimetry instrument with Ar purification unit, Al2Os3

crucible and the sample carrier.

2.3.3.2 Activation energy - The Kissinger method

When a reaction takes place inside a DSC instrument, the change in heat flow or thermal
properties of the sample is shown by a deflection or peak. If the reaction occurs at a rate of
temperature, it possesses activation energy (Ea), the minimum energy required for a reaction to

proceed. Generally, Gibb’s energy state of a reaction is always at a higher level for reactants
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than products; as shown in Figure 2.7.** The activation energy will always have a positive value
independent of whether the reaction is endo or exothermic. The Kissinger method is the most
popular method used to determine the kinetics from DSC measurements and is applicable to
very small sample sizes.'?>® The reactions of the type; solid converting into solid and gas, can

be described by the equation:

-Eq
2 =A(1-x . ew 2-18

Where % = rate of the reaction

X = the reacted fraction

A = constant

r = the empirical order of reaction
Ea = activation energy (kJ.mol!)
T = temperature in K

R = the gas constant (kJ.mol.K1)

reactants

AG <0

Gibbs Free Energy

pruduc:ts'

Reaction Progress

Figure 2.7 Illustration of activation energy for a forward reaction.

Generally, the ‘r’ in the equation 2-18 varies from 0 to 1, and the effect of the order of the

reaction on DSC curves can be illustrated as shown in Figure 2.8.5

66



I L1 1 . T | i S |
[ fele) B=GC |00 230 [l=late]

TEMPERATURE = o

Figure 2.8 Effect of order of the reaction on the shape of the DSC curves.?

The temperature rises at a constant rate g = Z—Z, then differentiation of equation 2-18 gives:

d .d dx Eg 4 ZEa
E(d_)tc) :d_:(T—f—Ar(]_—x)r 1 err) 2-19

The maximum rate at a peak temperature, T, IS %(Z—f) =0, then equation 2-19 becomes,

-Eq
2ol — AT (1= 2),, 7 eFm 2-20

The product r (1 — x),,” " is independent of 4 and is nearly equal to one. Substituting and

taking logarithmic on equation 2-20:
By —n (AR = Ea -
In(Tm—Z)—In(E) R, 2-21
The equation 2-21 is known as the Kissinger equation regardless of reaction order. The
Kissinger plot is made by plotting In( T’%) VS Ti and taking the line of best fit for the data. The
slope of the line equals — %“ and the intercept gives In (Z—R) and hence E,, the activation energy,

can be determined.
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2.3.4 Temperature programmed mass spectrometry (TPD-MS)

Temperature Programmed desorption mass spectrometry (TPD-MS) was undertaken using a
Stanford Research Systems (SRS) residual gas analyser (RGA-300) to detect the gases released
from the samples as a function of temperature. The SRS RGA is a mass spectrometer
comprising a quadrupole probe, and an Electronics Control Unit (ECU), which mounts directly
on the probe’s flange and contains all the electronics necessary to operate the instrument
(Figure 2.9). The principle of operation is the same for all RGA instruments: a small fraction
of the gas molecules are ionised (positive ions), and the resulting ions are separated, detected,
and measured according to their molecular masses. RGA’s are widely used to identify the
different molecules present in a residual gas environment. They can be used to determine the

concentrations or absolute partial pressures of the components of a gas mixture.

Less than 5 mg sample was placed in a stainless-steel sample holder inside a silicon carbide
reactor that was connected to the RGA mass spectrometer. The corresponding analogue scan
(partial pressure vs mass to charge ratio) was acquired and saved using the RGA software. In
this thesis, the samples were heated from room temperature to a maximum temperature of
900 °C, with a ramp rate of 5 °C/min. Temperature data were collected using a K-type

thermocouple connected internally to the silicon carbide reactor.

==

Figure 2.9 Temperature programmed mass spectrometer - RGA300 instrument and probe.
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2.3.5 Scanning electron microscopy

A scanning electron microscope (SEM) uses an energetic and highly focussed electron beam
over a sample surface, and signals from each point of the sample are used to create an image.
The morphological analysis of the samples in this thesis was studied by field emission scanning
electron microscopy (FE-SEM) using a Neon 40EsB (Zesis, Germany) and Tescan Mira3.
These are integrated with electron backscattered diffraction/energy-dispersive X-ray
spectroscopy (EBSD/EDS) oxford instrument detectors controlled by the Aztec software at
Curtin University using secondary and backscattered electron detectors. The specimens were
prepared by placing a small amount of the sample powder onto carbon tape mounted on an
aluminium stub (without coating) inside the argon-filled glovebox. To reduce exposure to air,
the samples were transferred to the vacuum chamber of the SEM using a custom-made holder.
SEM secondary electron (SE) images were collected at an accelerating voltage of 5 kV, an
aperture size of 30 um, and a working distance of = 10 mm. In comparison, backscattered
electron (BSE) images were collected at an accelerating voltage of 10 kV, an aperture size of

60 um, and a working distance of = 7.5 mm.

2.3.5.1 Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy is an analytical technique used for the elemental analysis
or chemical characterisation. It allows qualitative and quantitative chemical composition
analysis, and the EDS spectra of each sample were acquired along with SEM (Neon 40EsB,
Zesis, Germany) and processed using Aztec software. The SEM images were edited using the
software program ImageJ.

2.3.6 Sieverts apparatus

The investigation to find energy storage properties can be broken down into three basic
categories: material development, fundamental science, and engineering development/storage
system-level performance measurements. As this research aims to find a suitable TES for CSP
application, the measurements are done for the material developments. There are mainly two
types of equipment that can be used to determine a sample's hydrogen absorption/desorption:
(1) The thermogravimetric apparatus: where the sample mass loss is measured. (2) The

volumetric apparatus (also called manometric and Sievert’s): where the hydrogen pressure
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changes, due to hydrogen sorption in the reactor, against a known volume at measured

temperature and pressure and the number of moles of hydrogen present can be measured.

This study investigated hydrogen sorption measurements using a custom-made volumetric
apparatus (Sieverts) in the Hydrogen Storage Research Group (HSRG) laboratory at Curtin
University. Three custom-made apparatus have been previously built within the group, but
during my studies, | was part of a team that built an apparatus aptly named ‘Pink panther’.
Figure 2.10 shows a complete picture of the Sieverts apparatus that we built. The rig can be
divided into main two parts. 1. Volumetric section 2. Electronic unit. The first section consists
of several volumes separated by valves and connected to a hydrogen gas cylinder, a pressure
gauge, and the thermocouples. The electronic unit controls all the automatic valves, pneumatic
valve island, power supply to the entire unit, a universal relay module, thermocouple signal

conditioner, RTD signal conditioner, the voltage to temperature converter etc.

The volumetric section of the rig (Figure 2.10) consists of 6 valves. The function of each valve

is listed below:

Valve 1 - the reference volume, which is directly connected to the hydrogen cylinder
Valve 2 - hydrogen pressure is exposed to all other parts via valve 2

Valve 3 - connected on the sample side

Valve 4 - to drop the pressure to atmospheric value

Valve 5 - connected to the vacuum

Valve 6 - calibration volume

All the valves, connectors and tube fittings are made from 316 stainless steel purchased from
Swagelok. The interconnections made airtight using Swagelok VCR gasket fittings and tube

connections.

70



Volumetric

section

Electronics

unit

Figure 2.10 The picture of the custom-built Sievert’s apparatus; the valves are numbered 1 to

6 in red.

Samples were loaded inside the SiC sample cell reactor using a stainless-steel sample holder
(insert in Figure 2.11) that was connected to valve 3 using an external manual valve with
Swagelok tubing. Silicon carbide (a-SiC) tubes, sealed at one end, with a length of 450 mm,
an outer diameter of = 16.2 mm, a wall thickness of = 2.9 mm and an inner diameter of =~ 10.4
mm were manufactured by Saint-Gobain, France. The SiC tubes were connected to Swagelok
fittings using Teflon ferrules, as shown in Figure 2.11. The heat sink was used to protect the

Teflon ferrules from melting at elevated temperatures. The H> permeation through these tubes
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is negligible at high temperatures but limited in pressure (< 25 bar) due to the brittleness of the
ceramic SiC.**!6 The data was collected using Labview software (National Instruments, USA).
The software provides live pressure, temperature readings, automated volume calibrations, and

automatic hydrogen sorption studies.

—p Thermocouple

Safety valve

_» leflon ferrule

—p Heat sink

) !ﬁ —» SiC tube

Stainless
—» Steel sample
holder

Figure 2.11 The SiC reactor with Swagelok tube fittings and thermocouple used to load the

sample and heat under pressure.

2.3.6.1 Pressure transducer and thermocouple

The temperature of the sample was measured using a standard K-type thermocouple (marked
in Figure 2.11) associated with an uncertainty of + 1.5 °C. A Rosemount pressure transducer
(model 3051S) was used as a pressure gauge to collect data with accuracy and precision of
0.02% and 0.01%, respectively. The pressure transducers display the pressure as a percentage
of the pressure range. To convert the per cent value to a pressure value in units of bar, the

following equation was used:
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2-22

__ [ %+*FS—(AtmP-100)
Pbar - 100

Where
% = the percentage reading from the pressure gauge.

FS = the full-scale pressure range of the pressure transducer in bar units.

AtmP = the atmospheric pressure reading in kPa.

2.3.6.2 Determining volumes
2.3.6.2.1 Theory

As all the hydrogen sorption measurements were performed using a volumetric apparatus, it
was essential to calculate the volumes of each part of the rig. Hence, to calculate the number
of moles of hydrogen in each volume. The pressure, temperature and volume were measured
in units of bar, kelvin and cm?®, respectively. The behaviour of hydrogen gas at high
temperatures and high pressures cannot be considered as an ideal gas. Therefore, we must

modify the basic ideal gas equation by considering hydrogen's compressibility factor (Z).
The ideal gas equation:
PV=nRT 2-23

Where n = the number of moles of gas
P = the pressure of the gas
V = the volume that the gas occupies
T = the temperature of the gas (in Kelvin)
R = the universal gas constant (8.3145 J. K. mol™?)
Hence the modified ideal gas equation including Z is:
PV=nZRT 2-24

Where the compressibility factor, Z = Z—’Z‘ Vm is the molar volume = % and V;}, is the molar
m

volume as determined from the ideal gas law.
Real gases differ from ideal gases and they follow the non-ideal gas equation. Hemmes has

given a modified van der Waals equation (non-ideal gas equation) as:’

a(P)

P+ 2am| (V= b)) =RT 2-25

where Vm = molar volume

a(P) = gas constant a
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b(P) = gas constant b
Vm is then determined via numerical means followed by the calculation for Z at any given

pressure and temperature using the free energy equation.

2.3.6.2.2 The reference side volume, sample side volume and non-ambient

sample side volume

The reference volume (Vref, equation 2-26) was volumetrically calibrated using an ethanol filled
calibration volume. The sample side volume is divided into two sections; ambient sample side
volume (Vs, equation 2-27) and non-ambient sample side volume (Vna, equation 2-28). The
ambient sample side volume was determined using the following procedure (albeit
automatically by the software), according to Figure 2.10:

1. Evacuate the whole system using valves 4 and 5 and then close.

2. Fill the reference volume (V) with hydrogen and allow for equilibrium. Measure the
pressure (Pr) and temperature (Tr).

3. Open valve 3 and allow for equilibrium, after reaching equilibrium, close valve 3 and
measure the equilibrium pressure (Pe) and temperature (Te).

4. Repeat steps 1 to 3 at least 5 times to determine the average. A wide range of hydrogen
pressures should be used to reduce systematic errors. Hence sample side volume can be

calculated using equation 2-27

The non-ambient sample side volume is determined after heating the reactor inside a furnace
to the required temperature (typically 800 °C) and follow the same procedure for the ambient
sample volume measurement. The non-ambient sample side volume is then calculated using 2-
28.

P2Veal
_ Z5T> -
Veer = 7272y 2-26
Z1T1  Z3T3
_Pr __Pe
_ ZyTy ZeTe
=V <—> 227
ZeTe

V(g zare) Vo(zere)
"\ZyTy ZeTe ZeTe

(Zere * Zonarna)
ZeTe ZenaTna

2-28

Via =

where P31 = the initial pressure in the reference volume
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T1 = the initial temperature in the reference volume

Z: = the initial compressibility of hydrogen gas in the reference volume
P> = the pressure at equilibrium

T = the temperature at equilibrium

Z» = the compressibility of hydrogen gas at equilibrium
Veal = the volume of the calibration volume.

Pr = the initial pressure in the reference side

Ty = the initial temperature of the reference side (K)

Z = the compressibility associated with Pr and T

Pe = the equilibrium pressure of the system

Te = the temperature at equilibrium (K)

Z. = the compressibility associated with Pe and Te

V = the reference side volume

Vs = the sample side volume

Tha = the temperature of the non-ambient region (K)
Zena = the compressibility associated with Pe and Tha

Vha = the sample side volume at non-ambient temperature

2.3.7 Hydrogen sorption measurements

2.3.7.1 Temperature programmed desorption (TPD) studies

Metal hydrides desorb/absorb hydrogen under specific temperature and pressure conditions,
and the rate of H> desorption/absorption is a function of temperature. TPD studies are extremely
useful to determine these conditions, in which the rate of reaction is monitored as a function of
temperature. The samples are heated in the vacuum from room temperature to 800 °C and kept
isothermal for a few hours at the highest temperature to ensure complete desorption. TPD
provides information about the onset temperature of the reaction, number of steps involved
over the temperature range, reaction kinetics, total desorbed H> pressure and H> capacity. For
instance, the differential TPD profile of a CaH2-3Zn system is given in Figure 2.12, which
shows three hydrogen desorbed peaks indicating three different reactions between CaH: and
Zn (detail in Chapter 5).

75



Differential Pressure (a.u)

100 200 300 400 500 600
Temperature (°C)

Figure 2.12 The differential TPD profile of a CaH»-3Zn system.8

If the sample is weighed precisely, the desorbed (or absorbed) H2 wt% can be calculated using

the equation:

Hy wiop = Jdes MHz 2-29

Msample

Where n . is the number of moles of hydrogen desorbed by the sample and is given by:

Nges = Nr +Ns—Ne 2-30
P,V

n, = 2-31
Z,RT,

ng = Ps(Vs— Vna) + Ps(Vna_ Vsample) 2.32

ZsRTg ZnaRTna
— PeVr Pe(Vs— Vyg) | Pe(Vna— Vsample) 2.33
€ ZRT, Z,RT, ZenaRTna
where:

nr = the initial number of moles in the reference side volume
ns = the initial number of moles in the sample side volume

ne = the number of moles at equilibrium
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R = the universal gas constant

Pr = the initial reference side volume pressure

Ps = the initial sample side volume pressure

Pe = the final equilibrium volume pressure

Vr = the reference side volume

Vs = the sample side volume

Vsample = the solid volume of sample based on sample mass and density
Ty = the initial reference side volume temperature (K)

Ts = the initial sample side volume temperature (K)

Te = the equilibrium temperature (K)

Z, = the compressibility value associated with Pr and T,
Zs = the compressibility value associated with Ps and Ts
Z. = the compressibility value associated with Pe and Te
Vha = the sample side volume at non-ambient temperature
Tha = the non-ambient temperature (K)

Zna = the compressibility value associated with Ps and Tha

Zena = the compressibility value associated with Pe and Tha

2.3.7.2 Pressure composition isotherms (PCl or PCT)

The reaction between hydrogen (H) and a typical metal (M) occurs through various stages. If
H/M < 0.1, the hydrogen dissolves exothermically in the metal, expanding the lattice. This is
called the a phase (solid solution) of the metal hydride. At H/M > 0.1, strong hydrogen -
hydrogen interaction occurs due to the lattice expansion.'® The hydride phase grows, with o +
B-phase, and reaches complete B phase when the ratio of H/M = 1. The thermodynamic
properties of the hydride formation are defined by Pressure Composition Isotherms (PCI)
which represents hydrogen dissociation pressure as a function of hydrogen concentration
(Figure 2.13). When a+f phases co-exist, there is a plateau (equilibrium pressure region) in the
isotherms. The length of the plateau region determines the amount of hydrogen stored. The

two-phase areas end in a critical temperature beyond which transition from a to 3 is continuous.
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Figure 2.13 Typical pressure composition isotherms for hydrogen absorption (left) and
corresponding Van’t Hoff plot (right) show hydride formation's enthalpy and entropy.

Schematic representation of o phase and B phase of the metal hydride is also shown.1%2°

Hence, PC isotherm (PCI) is a stepwise method to determine thermodynamic values of H>
desorption or absorption using a Sievert’s apparatus. For desorption of the metal hydride, the
sample is heated under a predefined pressure (pressure above the equilibrium pressure of
decomposition). Once the sample reaches the required isothermal temperature, a stepwise
decrease of the sample pressure is carried out, where the sample is kept at each pressure for a
predetermined time (step size). When the pressure reaches the equilibrium point, the
sample starts to desorb the gas, revealing an increase in the system's pressure. At each step,
the number of moles of H> desorbed and wt% can be calculated using the equations
2-30 and 2-29, respectively. Several PCl measurements are performed on the sample at
different isotherm temperatures, and corresponding equilibrium pressures are measured.
Using the equilibrium pressure and temperature, a Van’t Hoff plot can be constructed
(Figure 2.13).1% 2L The enthalpy and entropy of the reaction can be calculated using the Van’t
Hoff plot, the plot of 1/T vs In (P/Po). The Van’t Hoff equation for a hydrogen desorption

reaction can be written as:

ln (Pe_q ) — — 4H reaction(P'T) + ASreactiOn(P;T) 2_34
Py R.T R

The Van’t Hoff equation, developed from the definitions of Gibbs free energy of a reaction and
for an isotherm, is given in 2-35 and 2-36. Combining these two equations will lead to 2-34,

Van’t Hoff equation.
AG=AH—T AS 2-35
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AG:—RTln(PPfJ) 2-36

0

From the Van’t Hoff plot, the slope and intercept of the graph will be:

Slope = — ‘”*R+n<”> .
AS i
Intercept = %n(”) 538

Hence, the enthalpy and entropy of the reaction can be calculated as ;
AH = — Slope/R 2-39

AS = Intercept/R 2-40

2.3.8 Uncertainty calculations

In experimental science, it is impossible to obtain a true value of any quantity and is always
associated with a degree of uncertainty. However, the determination of uncertainties and
displaying error bars on the calculated AH and AS quantities from a Van’t Hoff plot is often
ignored in the literature or not reported in their method of determination or reported wrongly.
In addition, it is important to include the error bars on figures and error ranges on the values
when reporting material for hydrogen storage properties to compare the performance of
materials and precision of testing methods.

Random and systematic errors are the two types of measurement errors that lead to uncertainty.
Random errors are unpredictable and arise from uncontrollable factors such as environmental
conditions that vary from one measurement to another. This affects the precision of the
measurements cannot be eliminated, although it can be reduced by repeating the measurements
several times. Systematic errors are predictable and often come from faulty instrumentation or
imperfect calibration, affecting the measurement's accuracy. The value of systematic error will
be constant and can be reduced by recalibrating the instruments and the correct use of
experimental techniques. The significant factors in determining the uncertainties in this thesis
are associated with the temperature and pressure measurements. The mean value and standard
error are based on the standard deviation of the collection. The standard error can be calculated
by dividing the standard deviation by the square root of several measurements. The standard

deviation of a quantity in arithmetic calculation can be calculated as shown in Table 2.4.2%2°
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Table 2.4 Formulas for calculating the standard deviation with basic arithmetic

operations.?>2°

Arithmetic operation Example* Standard deviation
Addition or subtraction x=a+b+c Sy=vVa2 + b2 + c2
Multiplication or division —ab Sa S Se
g = x @2+ @4 Gy
Exponentiation x=a S =yxa
a
Logarithm X =loga , = 0.434 (22
a
Natural logarithm x=Ina g, =>a
a
Antilogarithm X = antilogio a Sx=2.303 X Sa
Natural Antilogarithm x=e? Sx=Xx$Sp

*a, b, and c are experimental variables whose standard deviations are Sa, Sp, and S,

respectively. y is a constant

2.3.8.1 Least-squares fitting

The error of a linear fit can be calculated from a set of data values using the following

equations:

Let us assume a line equation : (x and y are the data points; N is the number of data points and

4 is the symbol for the denominator)

y=mx+c 2-41
A=NYx?-(Xx)? 2-42
Theyintercept,c=Yx2 .Yy —-Yx. X xy 2-43
The slope, m = w 244
The standard deviation of they, oy = \/ﬁ SN ¥ —b—mx;)? 2-45
The standard deviation of the y-intercept, s c = oy 222 2-46
The standard deviation of the slope,cm=0y \/g 2-47
Therefore, the line equation with error can be expressed as:
y=(M*om)X+Cto 2-48
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2.3.8.2 Total least squares: Orthogonal distance regression

When you fit a model to a data, it is usually assumed that x is perfectly known, and vy is
measured with error (i.e., all the errors are in the dependent variable and no errors for the
independent variable). This is often true if the errors in the y are much higher than errors in X,
and it will not cause much difference to the curve fit. For instance, in the Van’t Hoff plot
In(P/Po) vs 1000/T, the error in x (1000/T) is very large compared to y (In(P/Po)and is the same

case for Kissinger plot, In (%) vs (1000/T). The fitting of such data (have an error on both x

and y or higher error on x than y) using standard or ordinary least squares can lead to bias in
the solution. This issue can be solved using the orthogonal distance regression (ODR) method,
known as the total least square’s method. ODR adjust both model coefficients and independent
variables to reduce the orthogonal distance (shortest distance) from the data to the fitted curve
instead of minimising the sum of squared errors in the dependent variable. Hence, ODRPACK
can give real solutions, and useful statistical information’s for linear and non-linear problems
than ordinary least squares.?® The uncertainty analysis in this thesis was carried out by
ODRPACK 95 using Igor Pro software. An example of ODR fit with error bars, and solutions
of the Kissinger plot for the CaH> system is shown in Figure 2.14. The errors in x and y were
calculated using the formulas given in the Table and displayed in the graph with the help of
Igor pro software. The slope and y-intercept errors were found by running an ODR fitting
command in the Igor pro. Hence the activation energy from Figure 2.14 can be calculated as
Ea =203 + 12 kJ.mol-1. The error in the enthalpy and entropy can also be calculated using this

method.

3 Y= (-24.414 £ 1.47)X + 10,667 + 1.64 E
-11.83 R’=0.998 2

0.90 1 0.91 0.92
1000/T (K')

T —r
0.88 0.89

Figure 2.14 Kissinger plot for CaH> system and the line fitted with errors using ODR

method.

81



2.4 References

1.

10.

11.

12.

13.

14.

15.

Roine, A. Hsc Ver.9.0.0 Https://Www.Outotec.Com/Products/Digital-Solutions/Hsc-

Chemistryl/.
Dinsdale, A. T., SGTE Data for Pure Elements. CALPHAD: Comput. Coupling Phase

Diagrams Thermochem. 1991, 15, 317-425.
Planetary Ball Mill Jars. https://cykylabequipment.en.made-in-

china.com/product/nKZJNBmxhWpX/China-High-Throughput-Horizontal-Planetary-Ball-Mill-

with-16-Channel-Ss-Milling-Jars.html (accessed December 2021).

Pecharsky, V. K.; Zavalij, P. Y., Collecting Quality Powder Diffraction Data.
Fundamentals of Powder Diffraction and Structural Characterisation of Materials 2009,
301-346.

Cullity, B. D., Elements of X-Ray Diffraction; Addison-Wesley Publishing, 1956.
Rietveld, H., A Profile Refinement Method for Nuclear and Magnetic Structures. J. Appl.
Crystallogr., 1969, 2, 65-71.

Rietveld, H., The Rietveld Method? A Historical Perspective. Aust. J. Phys., 1988, 41,
113-116.

Chan, Ngai-yui., Study of Barium Strontium Zirconate Titanate Thin Films and Their
Microwave Device Applications. 2010.

Hayes, E.; Roberson, A., Some Effects of Heating Zirconium in Air, Oxygen, and
Nitrogen. J. Electrochem. Soc., 1949, 96, 142.

Lilliendahl, W.; Wroughton, D.; Gregory, E., The Quantitative Evaluation of Oxygen in
Zirconium. J. Electrochem. Soc., 1948, 93, 235.

Khanacademy Activation Energy. https://www.khanacademy.org/science/ap-biology/cellular-

energetics/enzyme-structure-and-catalysis/a/activation-energy (accessed December 2021).

Blaine, R. L.; Kissinger, H. E., Homer Kissinger and the Kissinger Equation. Thermochim.
Acta, 2012, 540, 1-6.

Kissinger, H. E., Reaction Kinetics in Differential Thermal Analysis. Anal. chem., 1957,
29, 1702-1706.

Sheppard, D. A.; Paskevicius, M.; Javadian, P.; Davies, I. J.; Buckley, C. E., Methods for
Accurate High-Temperature Sieverts-Type Hydrogen Measurements of Metal Hydrides.
J. Alloys Compd., 2019, 787, 1225-1237.

Causey, R.; Fowler, J.; Ravanbakht, C.; Elleman, T.; Verghese, K., Hydrogen Diffusion
and Solubility in Silicon Carbide. J. Am. Ceram. Soc., 1978, 61, 221-225.

82


https://www.outotec.com/Products/Digital-Solutions/Hsc-Chemistry/
https://www.outotec.com/Products/Digital-Solutions/Hsc-Chemistry/
https://cykylabequipment.en.made-in-china.com/product/nKZJNBmxhWpX/China-High-Throughput-Horizontal-Planetary-Ball-Mill-with-16-Channel-Ss-Milling-Jars.html
https://cykylabequipment.en.made-in-china.com/product/nKZJNBmxhWpX/China-High-Throughput-Horizontal-Planetary-Ball-Mill-with-16-Channel-Ss-Milling-Jars.html
https://cykylabequipment.en.made-in-china.com/product/nKZJNBmxhWpX/China-High-Throughput-Horizontal-Planetary-Ball-Mill-with-16-Channel-Ss-Milling-Jars.html
https://www.khanacademy.org/science/ap-biology/cellular-energetics/enzyme-structure-and-catalysis/a/activation-energy
https://www.khanacademy.org/science/ap-biology/cellular-energetics/enzyme-structure-and-catalysis/a/activation-energy

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Forcey, K.; Ross, D.; Wu, C., The Formation of Hydrogen Permeation Barriers on Steels
by Aluminising. J. Nucl. Mater., 1991, 182, 36-51.

Hemmes, H.; Driessen, A.; Griessen, R., Thermodynamic Properties of Hydrogen at
Pressures up to 1 Mbar and Temperatures between 100 and 1000K. J. Phys. C Solid State
Phys., 1986, 19, 3571.

Balakrishnan, S.; Sofianos, M. V.; Humphries, T. D.; Paskevicius, M.; Buckley, C. E,
Thermochemical Energy Storage Performance of Zinc Destabilised Calcium Hydride at
High-Temperatures. Phys. Chem. Chem. Phys., 2020.

Zuttel, A., Materials for Hydrogen Storage. Mater. Today, 2003, 6, 24-33.

Bardhan, R.; Ruminski, A. M.; Brand, A.; Urban, J. J., Magnesium Nanocrystal-Polymer
Composites: A New Platform for Designer Hydrogen Storage Materials. Energy Environ.
Sci., 2011, 4, 4882-4895.

Adametz, P.; Muller, K.; Arlt, W., Energetic Evaluation of Hydrogen Storage in Metal
Hydrides. Int. J. Energy Res., 2016, 40, 1820-1831.

Bland, J. M.; Altman, D. G., Statistics Notes: Measurement Error. Bmj 1996, 312, 1654.
Cochran, W. G., Errors of Measurement in Statistics. Technometrics 1968, 10, 637-666.
Dodge, Y.; Cox, D.; Commenges, D., The Oxford Dictionary of Statistical Terms; Oxford
University Press on Demand, 2006.

Taylor, J., Introduction to Error Analysis, the Study of Uncertainties in Physical
Measurements, 1997.

Boggs, P. T.; Rogers, J. E., Orthogonal Distance Regression. Contemporary Mathematics
1990, 112, 183-194.

83



Chapter 3

Experimental investigation of thermodynamic and

kinetic properties of CaH:
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3.1 Introduction

3.1.1 Discovery and uses

The existence of CaH, has been known since 1891 by Clemens A. Winkler.! Lime (CaO) and
Mg was heated together in an atmosphere of Hz and reported a new product formulated as CaH.
In 1893 Henri Moissan produced CaH, from Ca and steam.! Later, CaH, was produced
commercially and used for many practical purposes such as a source of hydrogen, reducing
agent, catalyst, purification, condensing and drying agent and even in nuclear reactors.2 Early
CaHzwas called Hydrolith that reacts with water and releases hydrogen.® Today, CaH, remains
an effective source of hydrogen, and its high operating temperature at low pressures (1100 -
1400 °C at 1- 5 bar), storage density (4939 kJ.kg™?) and reversible hydrogen storage property
makes it attractive as a high-temperature thermal battery.*>

3.1.2 Production

Different methods are available for the production of calcium hydride. The most popular and
industrial process is synthesis from its elements Ca and H..> CaH: is prepared by heating Ca
metal under 1 bar of H, pressure at 300 to 400 °C.%3

heat

Ca+Hy, —— CaH> 3-1
Hz pressure

The reaction 3-1 is strongly exothermic and is controlled by limiting the hydrogen pressure. A
typical installation set-up for the synthesis of high purity CaH, is shown in Figure 3.1.°
According to Bulanov et.al., under a high vacuum, the reactor is packed with calcium and
heated to 400 °C and then filled with purified H> to a pressure of 5 bar. The increase in the
absorption rate of Hy is explained by the high rate of the hydrogenation reaction on the surface
of Ca. The flow of H, was controlled so that the pressure of H: in the reactor is limited, as the
increase in Hy pressure results in a temperature rise. The temperature rise may lead to the
melting of CaH>, which creates difficulties to remove it from the reactor. Higher conversions
are possible in the lower temperature ranges because the high melting points of CaH> and Ca
indicate that there are no liquid phases in the lower ranges. Increasing temperature increases

the solubility of metal and hydride in each other and thereby lowers the conversion factor.®
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Figure 3.1. Schematic of typical equipment used in the synthesis of high purity CaH2.°

3.1.3 Properties

The general properties of both Ca, and CaH are listed in Table 3.1.

Table 3.1 The general properties Ca and CaHz system.’*

Physical Properties Comments
Ca CaH:
Appearance Silvery white | White to grey | White when pure CaH.
Crystal structure Face centred | Orthorhombic
cubic
Molar mass (g.mol™?) 40.08 42.096
Melting point (°C) 839 - 852 816 - 1000 depending on the purity of both
Ca and CaH:
Boiling point (°C) 1484 -
Density (g.cm2at 25 °C) 1.54 1.7
Density (g.cm~2at X °C) 1.378 - X =842°C
1.319 - X =1100 °C
Thermal conductivity (W.cm™. | 2.00 -
K™ at 27 °C)
Heat capacity at 25 °C 25.94 41.00
(J.molt.K™)
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Heat capacity at X °C | 35.0 75.0 X =1000 °C
(J.molt.K™)

Specific heat capacity at 25 °C | 647 974

(J.kgt KD

Specific heat capacity at X °C | 35.0 75.0 X =1000 °C

(J.kgt KD

Reaction desorption enthalpy ~207.7 Different values reported by
(kJ.mol1Hy) various investigators.1122!
Theoretical Storage capacity 4.79

(wt% H>)

Practical storage capacity (wt% 2.4

H.)

1 bar equilibrium temperature ~990 Varies from 950 - 1100
(°C)

Possible temperature range (°C) 1000 - 1100

Theoretical energy to weight 4934

(kJ.kg™

Practical energy to weight 2472

(kJ.kg™

Theoretical energy to volume 6508

(kJ.L ™

3.1.4 Phase diagram

Peterson and Fattore first reported the calcium-calcium hydride phase diagram in 1961, as
shown in Figure 3.2.° The calcium-calcium hydride phase diagram is similar to the barium-
barium hydride system except for the additional complexity coming from the allotropy of
calcium.? The phase diagram helps to understand the allotropic transitions relations between
liquid and solid phases of Ca and CaH: as a function of hydrogen content and temperature. A
crystal structure transition from fcc to bee (aCa to BCa) was observed in pure Ca metal at 448
+ 2 °C on heating and 442 + 2 °C on cooling. An intermediate hcp phase of Ca, yCa, may exist
in this temperature range depending on the hydrogen impurities present in the calcium. CaH>
undergoes a polymorphic transition from orthorhombic (Pnma) to cubic (Fm-3m) (aCaH> to
BCaHy) at 780 °C.! Solid solubility of CaH: in Ca is observed and reaches a maximum of 24

mole% at the peritectic temperature of 890 °C. Also, the maximum solubility of H in BCa at
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this temperature was 32% for liquid + BCaHz = fCa. Above 842 °C, beyond the melting point

of Ca, liquid Ca exists with CaHz. Also, no data is available above 980 °C.
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Figure 3.2 Phase diagram for the calcium-calcium hydride system.*°

3.1.5 Initial thermodynamic studies for the desorption of CaH>

Several authors have studied the Ca-CaH. system by conducting the desorption pressure
composition isotherm (PCI) experiments. The equilibrium pressure and corresponding
temperature for the desorption of the CaH> system from seven studies, reported by Hurd,
Moldenhauer, Kassner, Kraus, Treadwell, Bronsted and Johnson were taken, and the
corresponding Van 't Hoff plot can be derived and plotted as shown in Figure 3.3.1218 In
addition, all the significant works on the thermodynamic properties for the desorption of CaH>

system, so far available in the literature (from 1913 - 1959), are tabulated in Table 3.2.
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Figure 3.3 Van’t Hoff plot for the desorption of CaH. system from different

investigators. b 12-21

Table 3.2 The thermodynamic properties for the desorption of CaH; system from the

literature. b 12-21

No. | Investigator Year | T 7| AHges ASdes T * in | Comments
range | (kJ.mol? | (J.Ktmol? | (°C)
(°C) | Hy) Hy) at 1
bar
1 Moldenhauer 1913 | 780 - | 209 112 1593 | Supports the sub
and Roll 1027 hydride theory.
Hansen

Proved the presence
of CaH.

CaH volatile &

CaH: non-volatile.
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Bronsted 1914 | 641 197 155 997 Does not support the
747 sub hydride theory.
Mentioned the CaH
- CaH; existence.
Ephriam and | 1921 | N/A N/A N/A N/A Does not support the
Michel sub hydride theory.
Supports  type 3
equilibrium.
Condensed phases
have a composition
CaH».2Ca.
Krausand Hurd | 1923 | 734 204 158 1017 Found a three-phase
985 equilibrium.
Unknown third
phase formulated as
CaH.
Huttig and | 1926 | N/A N/A N/A N/A Supports the sub
Brodkorb hydride theory.
Kassner and | 1929 | 755 125 104 928 Supports the sub
Stempel 920 hydride theory.
Remy- Cennete | 1929 | 815 214 N/A N/A Does not support the
970 sub hydride theory.
Hurd and | 1931 | 816 205 164 977 Does not support the
Walker 936 sub hydride theory.
Stubbs 1931 | N/A N/A N/A N/A Does not support the

sub hydride theory.
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Supports Type 3

equilibrium.

Also, states that

equilibrium does not

exist.

10 | Johnson 1939 | 636 150 119 987 Does not support the
894 sub hydride theory.
Supports  type 4

equilibrium.
11 | Treadwell and | 1953 | 711 181 169 797 Supports  type 4

stitcher 941 equilibrium.
Mentioned a

solution of calcium

in calcium hydride
(nCa.CaH; +2 Hy).

“T -Temperature, AHges = desorption enthalpy, ASqes = desorption entropy

3.1.5.1 Types of equilibrium for the desorption of CaH: system

The main differences in the results and conclusions of individual investigators may be due to

the different types of dissociation equilibrium that exist in the CaH> system. The four types of

equilibrium explained in the literature are listed below:

(a) Type 1 equilibrium

The 1% type of equilibrium was reported by four investigators, Bronsted, Hurd and Walker,

Remy-Cennete and Kraus and Hurd, and they reported the decomposition reaction occurs in

one step, as shown in 3-2.12 1517 The equilibrium exists in equation 3-2 is the equilibrium

between CaH2, Ca and H2 and the equilibrium hydrogen pressure is independent of the solid

phases present. All these four studies tried to confine all materials except hydrogen.

CaH2 = Ca+H2(9)
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(b) Type 2 equilibrium

The 2" type of equilibrium was reported by other four investigators, Moldenhauer and Roll-
Hansen, Kassner and Stempel, Huttig and Brodkorb, Ephriam and Michel, found the
dissociation occurs in two steps, as shown in 3-3 and 3-4. The equilibrium contains four phases,
CaHz, CaH, Ca, and Ha, and the equilibrium Ha pressure is independent of the solid phases
present. Huttig reported a steady increase in hydrogen pressure when the system was kept at a
constant temperature.'® Moldenhauer and Roll Hansen believed that they proved the existence
of CaH.'® In the experiments, they used a compound with one half the usual amount of
hydrogen present in CaH», and the pressure measured reached a value one half the normal
magnitude. They also stated CaH: is non-volatile and that CaH is very volatile. Even though
the opinions of various investigators vary about the reaction for the dissociation of CaH>, they

all agree that molecular hydrogen constitutes the gaseous product.
CaH> = CaH + %2 H2 (g) 3-3
CaH = Ca+%H2(Q) 3-4
(c) Type 3 equilibrium

Hurd, Huttig, Ephriam and Michel and Stubb also discussed a third type of equilibrium that
consists of CaH. and metallic Ca forming a series of solid solutions, and dissociation pressure
is dependent on the composition of the condensed mixture phase.*? 2% The condensed mixture

phase had a composition of CaH,.2Ca and may vary as a decomposition function.
(d) Type 4 equilibrium

Johnson and Treadwell reported the 4" type of equilibrium similar to the 3rd type, but the
dissociation pressure depends on the condensed phase composition below 20 to 25 and above
90 to 95% CaH..1® 18 Between these limits (25 - 90%), the dissociation pressure is independent
of the composition of the condensed mixture phase. Treadwell and Stitcher concluded that the
condensed mixture contains a solution of calcium in calcium hydride, nCa.CaH,.%® Finally,
Stubbs et al. reported that there is no true equilibrium that exists in the calcium hydride

system.% 18

The disagreement in results from each investigator, as shown in Table 3.2, may be due to
differences in the experimental procedure. This includes the purity of both Ca and CaH., mode

of preparation, apparatus, the form of the reactants, the difference in melting point of Ca and
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CaHoy, surface area, allotropic formations of Ca and CaH, the solubility of Ca and CaH: and
vice versa, as explained in the previous section in the phase diagram. Also, the reactions may
be further blocked due to the presence of surface films, poor kinetics, different step sizes in
PCI's, not reaching the equilibrium plateau and CaH: phase compositional variations with the
hydrogen pressure. For the investigators who used open sample cells inside the reactors,
volatile solid products may have evaporated and deposited in the cooler parts, which could also
reabsorb Hz, reducing the equilibrium pressure. Also, the investigators used quartz reactors
which may react with calcium hydride at high temperatures and release hydrogen.® This affects
the measured equilibrium pressure. The sample cell should be closed to Ca and CaH. but be

permeable to hydrogen for better results.

Little research has been conducted on the Ca-H system since 1960, especially on
thermodynamics and kinetics. This may be due to the high-temperature requirement to achieve
reasonable pressures to perform these experiments. Therefore, in this chapter, the kinetic and
thermodynamic properties of pure CaH. are experimentally investigated and reported below.
The study's novelty lies in finding accurate thermodynamic values of solid and molten CaH>
by considering the melting points of both Ca and CaHo.

3.2 Results and discussion

3.2.1 Synthesis and initial phase analysis

Calcium hydride purchased from Sigma Aldrich ( >95% purity ) was stored and handled inside
an Ar filled MBraun Unilab glovebox to reduce oxygen (< 1 ppm ) and water ( < 1 ppm )
contamination. CaH, was ball-milled using an Across International Planetary Ball mill (PQ-
NO04) under argon atmosphere at room temperature. The samples were sealed inside a stainless-
steel vial with a 40:1 ball (equal number of 10 mm and 6 mm diameter balls) to powder ratio
and milled for 3 h at a rotational speed of 400 rpm. The XRD pattern of ball-milled CaH; is
displayed in Figure 3.4. It shows that the sample contains minor CaO impurities. The sample
includes both CaO and Ca(OH)2 as impurities, but they are not crystalline enough to produce
a peak at room temperature. However, it is clear from the in-situ SXRD data (Figure 3.7) that
at temperatures of ~ 100 °C, these peaks can be seen as the material expands, resulting in more

crystallinity than at room temperature.
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Figure 3.4 Ex-situ XRD patterns of ball-milled CaH; using Cu K, radiation (1 = 1.5418 A).

3.2.2 Mass spectrometry

To determine the release of H> gas or other gases, temperature-programmed desorption mass
spectrometry (TPD-MS) studies were performed on ball-milled CaH2 using an SRS RGA-300
mass spectrometer.??> A 3 mg of sample was placed in a stainless-steel sample holder inside a
silicon carbide reactor, connected to the RGA mass spectrometer separately, and heated from
room temperature to 900 °C with a ramp rate of 5 °C/min. As a high vacuum (< 7 x 10 ** mbar)
is employed in this technique, CaH> begins to release hydrogen at 500 °C and reaches its
highest intensity of desorption at 600 °C, as seen in Figure 3.5. The smaller peaks at a lower

temperature are due to the impurities in the CaHz sample.
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Figure 3.5 Hydrogen desorption profiles as observed by TPD-MS measurements of CaH. at a

heating rate of 5 °C/min under a high vacuum (< 7 x 10 mbar).

3.2.3 Determination of melting point

Several investigators reported varying melting points for the CaH, system ( 800 to > 1000 °C),
and no actual experimental data is available in the literature.! Hence, the melting point of ball-
milled CaH> was measured during thermal ramps while maintaining a hydrogen pressure of 6
bar to minimise the possibility of sample decomposition. The ball-milled CaH, was heated
initially from room temperature to 1000 °C and then cooled to 700 °C with a ramp rate of
10 °C/min. The heating and cooling profile were repeated three times between 1000 °C and
700 °C. A sharp thermal signal and discontinuity in the temperature derivative with respect to
time was observed at the solidus-liquidus phase transition temperature of 816 + 2 °C, as shown

in Figure 3.6.
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Figure 3.6. Melting point analysis of pure CaH: indicating sample temperature (black line) and

its differential (red line).

3.2.4 In-situ synchrotron XRD studies

In-situ synchrotron radiation X-ray powder diffraction (SR-XRD) was performed on pure CaH>
and is presented in Figure 3.7. The sample was loaded in a quartz capillary and heated using a
hot air blower from room temperature to 900 °C with a 10 °C/min heating rate under a dynamic
vacuum. The temperature of the hot air blower was calibrated against the known thermal
expansion coefficient of NaCl and Ag.2?® According to figure 3.7, the impurities CaO and
Ca(OH), are more visible at high temperatures than at room temperature. The Ca(OH). peaks
disappear after 300 °C, decomposing below that temperature. The first phase transformation is
observed at 600 °C. In addition, the presence of CaHx (0 < x < 2) in temperatures below
800 °C may support the two-step decomposition of the CaH, system (sub hydride theory) as
explained in works of literature shown in section 3.1.5. Griffond et.al. identified CaHx
possessing a pseudo cubic centred structure (Fd3m space group).?® It can represent one peak
and a series of peaks with a similar structure but different stoichiometry of CaHx solid solution.
All the peaks of CaH and CaHy phases have disappeared after 880 °C.
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Figure 3.7 In-situ SR-XRD pattern of pure CaH. with a heating rate of 10 °C/min
(A= 0.58974 A).

3.2.5 Thermodynamic properties of CaH>

As explained in section 3.1.5, the initial thermodynamic studies from several authors show
disagreement in results with no further experimental thermodynamic data measured in recent
years. None of the investigators presented the results of the thermodynamics of the CaH:
system in liquid and solid states. The temperature ranges for PCI experiments were selected
without considering the melting points of both Ca and CaH. that may affect the thermodynamic
values of the decomposition reaction. In this study, the solid to the liquid phase transition of
CaH, was found experimentally at 816 °C, as shown in section 3.2.3; therefore, the
thermodynamic measurements were carried out in two sets: (1) Above the melting point where

CaH:is in a liquid state (2) below the melting point, that of solid CaHo.

Determining the thermodynamics of CaH> was a difficult task due to the extremely slow

kinetics hence obtaining a complete PCI curve took several weeks. The low equilibrium
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pressures at the utilised temperatures caused slow Kinetics, especially at temperatures below
the melting point. In addition, the volatility of Ca after formation from CaH> and the formation
of solid solutions also caused serious experimental difficulties. The volatile calcium evaporated
and deposited on the cooler parts of the reactor, which may cause reabsorption of H» that can
reduce the observed weight per cent of hydrogen desorbed from the material. The formation of
molten surface films on the CaH. powder may also inhibit hydrogen desorption. The kinetics
of the experiments improved at higher temperatures, although this was constrained by the
maximum operating temperature of the furnace (= 1000 °C ). In addition, intermittent power
outages also prevented measurements from lasting longer than required to complete a single
PCI curve over 2 to 3 months, while obtaining three full PCI curves for a Van’t Hoff plot was
near impossible. One other factor that has been observed while studying CaH> desorption is a
steady increase of pressure at a constant temperature, as mentioned by Huttig et.al and Johnson
et.al.'®1° Overall, 14 PCI’s were performed to determine the thermodynamics of solid and

molten CaH., with the best three being plotted in Figure 3.8 and 3.9.

3.2.5.1 Thermodynamic properties of molten CaH>

Figure 3.8 shows the PCI's above the melting points of both Ca (842 °C) and CaH2 (816 °C)
and corresponding Van't Hoff plot. The measurements were conducted at 902, 912 and 932 °C.
The step size varied from one day to over 3 days to ensure complete desorption, although, as
mentioned previously, this was often impossible (Figure 3.8(c)). The corresponding enthalpy
and entropy from the Van't Hoff plot were calculated as AHges = 216 + 10 k.mol™ Hz, ASges =
177 + 9 J.Kt.mol™* Hy. Therefore, the equilibrium desorption temperature is Tees at 1 bar = 947
+ 48 °C.

98



* —e— 932°C - 3
‘52_: —»— 912 c‘C 3 _0_4§ 3
8271 _e-902°C S :
o [P 3
2 g %
w c E £
9] - T -06- 2

o 3

0.7

_ Y=(-25.972 £1.17)X+21.305 £ 1.09

:_ 3 2
- 1 R*=0.9999
h0‘8_"|'"‘l""|""|""\"
0.830 0.835 0.840 0.845 0.850
-1
1000/T (K)
||||||||| Ly wa PRI T I B B R B B BT A
—932°C |
IO:“'I""""'J""-""I""""‘I‘7
100 200 300 400

Time (hours)

Figure 3.8 (a) PCI’s at 902, 912, 932 °C, and corresponding (b) Van’t Hoff plot of molten

CaHz> (c) equilibrium pressure curves for 932 °C.

3.2.5.2 Thermodynamic properties of solid CaH>

As mentioned in the previous section, thermodynamic investigations were repeated for
temperatures below the melting points of both Ca and CaH.. Figure 3.9(a) shows the PCI's at
three different temperatures of 788, 800 and 807 °C. The PCI curves clearly show that the
decomposition of the CaH. system occurs in two steps at temperatures below the melting point
that may support the type 2 equilibrium explained in section 3.1.5. Unfortunately, despite
several attempts, it was not possible to finish measuring the PCI curves. This is due to the
extremely slow reaction Kkinetics; the waiting time for each step varied from 3 days to 3 weeks
and was still not enough to complete the hydrogen desorption (as shown in Figure 3.9 (c) ).
The Van’t Hoff plot for the second plateau region of the PCI curves was constructed (Figure
3.9(b)), and corresponding enthalpy and entropy were calculated as AHges = 172 + 12 kJ.mol ™
Ha, ASdes = 144 + 10 J.K L. mol™* Hz and hence, the equilibrium desorption temperature is Tes
at 1 bar =921 + 63 °C.
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Figure 3.9 (a) PCI’s at 788, 800, 807 °C, and corresponding (b) Van’t Hoff plot of solid
CaH> (c) equilibrium pressure curves for 800 °C.

3.2.6 Comparison thermodynamic properties with literature works

A comparison of the present thermodynamic studies of molten and solid CaH. with literature
work is presented in Figure 3.10. The grey line in figure 3.10 represents the melting point of
CaHo. It is clear from figure 3.10, all the previous studies were performed across the melting
point. If the lowest temperature values for the thermodynamics of Hurd and walker 2 (214
kJ.mol™. H, and 171 J.mol L. K™1.H,) are excluded the temperature range above the melting
point of CaH> match with molten CaH> values calculated in this study, within the uncertainty
limit. Moreover, the uncertainty in these numbers may be underestimated as the desorption

steps may not have been complete. The values in the literature may also be underestimated,
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although this is difficult to ascertain as no kinetic curves have been published. For example,
Curtis et. al. mention that 12 to 16-hour steps were used during the experiment for temperatures
above 880 °C.% The majority of investigators discussed the presence of CaHy and condensed
phase with a composition of nCa.CaH> or nCaH».Ca. The current investigation also supports
the formation of CaHx as shown in the in- situ SR-XRD studies and found that the dissociation
of CaH occurs in two steps at lower temperatures (below 816 °C) and one single step at higher
temperatures (above 816 °C). The studies which don’t support the formation of sub hydride
(CaH) interpreted the two-step dissociation as shown in Equations 3-5 and 3-6.18 Moreover,
the present studies also agree with Stubbs opinion that there is no true equilibrium in the CaH>

system, since it may change depending on the physical and chemical conditions.*8
CaHz = solution rich in CaH2 + H2 () 3-5
Solution rich in CaH2 = solution poor in CaHz +H2 () 3-6
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Figure 3.10. Comparison of thermodynamic properties of the present studies with literature

works.! 1221 The grey hashed line illustrates the melting point of CaH>.
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3.2.7 Kinetic studies

All the initial studies on the CaH> system have focused on determining thermodynamics, while
no studies have determined the activation energy for the desorption of H; from the CaH:
system. Therefore, Differential scanning Calorimetry (DSC) analysis was performed on the
ball-milled CaH> using a Netzsch (STA 449 F3 Jupiter) under Ar flow of 40 mL/min using an
Al>O3z crucible. Before entering the DSC, the Ar was passed through a Zr filter (heated to
200 °C) to reduce impurities in the gas stream. Figure 3.11(a) shows the DSC data measured
at three different heating rates of 10, 20 and 25 °C/min. Each DSC curve shows two peaks. The
first peak temperature was identical at all heating rates, indicating the solid-liquid phase
transition of CaHy, while the second peak was attributed to the decomposition of CaH,. The
melting peak determined by DSC is 802 °C, which is lower than the value of 816 °C obtained
from the melting point analysis (section 3.2.3). Sample contamination often causes a reduction
in melting point.?” In this instance may be caused by residual impurities in the Ar flow or by
slight oxidation of the sample that occurred while transferring the crucible from the glovebox
to the DSC instrument.

The Kissinger method was employed to calculate the activation energy of the CaH: system.?-
29 The three different heating rates and the corresponding peak temperature of decomposition
were used to graph the Kissinger plot, as shown in Figure 3.11(b). The activation energy of the
CaH. system was calculated as 203 + 12 kJ.mol L. This is a relatively high value compared to
other metal hydrides such as MgH, of 124 kJ.mol*.3° The increased activation energy explains

the low reaction rates during the PCI step size to complete from 3 days to weeks.
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Figure 3.11 (a) Differential scanning calorimetry pattern of CaH system (b) corresponding

Kissinger plot for CaH> system.

3.3 Summary

A critical assessment has been made on the previous studies of the CaH; system. A complete
literature review of the thermodynamic studies of CaH> has been detailed. As such, very little
research has been carried out on the CaH, system since the 1960s. Several investigators
reported different results and conclusions about the thermodynamic properties of the system.
All the thermodynamic studies were completed without considering the melting point of Ca
and CaH». Hence, the primary purpose of this study is to determine the thermodynamics of
both liquid and solid CaHo.
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A complete experimental investigation was performed on the system. The melting point of
CaH> is determined as 816 + 2 °C using a thermal ramp experiment inside a Sievert's apparatus.
The thermodynamics of CaH. above and below this point has been determined. The molten
CaH: has high enthalpy and entropy values compared to solid CaH>. The PCI curves below
816 °C show a two-step decomposition that may support the sub hydride theory for CaH
presence. In-situ SXRD studies also indicate the presence of the compound CaHyx below
810 °C. The activation energy of the system is calculated from the Kissinger plot as 203 + 12
kJ.mol™, which is a high value compared to other metal hydrides. This explains the long
waiting times for desorption during the PCI, especially at low temperatures. The slow reaction
kinetics, the solubility of Ca in CaH> and vice versa (formation of condensed mixture phase),
allotropic transformations of both Ca and CaHy, volatile nature of Ca, corrosiveness nature of
CaH; and the high-temperature requirement for a reasonable pressure makes the Ca-CaH>

system complicated and challenging to investigate.
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Abstract

Calcium hydride (CaH>) is considered an ideal candidate for thermochemical energy storage
(thermal battery) due to its high energy density and low cost. Its very high operating
temperature, and poor cycling stability are the main factors that hinder its development and
implementation as a thermal battery for concentrated solar power (CSP) plants. In this work,
CaH: was thermodynamically destabilised with aluminium oxide (Al.O3) at a 1:1 molar ratio
to release hydrogen at a lower temperature than the hydride alone. Temperature programmed
desorption measurements showed that the addition of Al,Os destabilised the reaction
thermodynamics of hydrogen release from CaH> by reducing the decomposition temperature
to ~ 600 °C in comparison to 1000 °C for pure CaH> at 1 bar Hz pressure. The experimental
enthalpy and entropy of this system were determined by pressure composition isotherm
measurements between 612 and 636 °C. The enthalpy was measured to be AHges = 100 + 2
kJ.mol™ Hz and entropy ASges = 110 + 2 J.K *mol™ H. The XRD after TPD and in-situ XRD
data confirmed the main product as Cai2Al14033. The system exhibited a loss of capacity during
hydrogen cycling at 636 °C, which was found to be due to the sintering of excess Al.Ogz, as
confirmed by X-ray diffraction and scanning electron microscopy. The hydrogen cycling
capacity was significantly improved by reducing the initial amount of Al>Os to a 2:1 molar
ratio of CaH> to Al>Os, deeming it as a highly promising high-temperature thermal battery for
the next generation of CSP plants.

4.1 Introduction

There is an increasing trend of energy consumption across the world, and according to the
International Energy Agency, the global energy demand rose by 2% in 2017.* This has been
the fastest rise during the decade, and an urgent requirement for managing the emerging energy
crisis, as well as global warming, has been deemed essential. Renewable energy such as solar,
wind, geothermal and biomass are encouraged in every country. Among these, solar energy is
by far the most prominent solution for addressing present and emerging problems such as
climate change, pollution and energy insecurity since it is unlimited, clean, and available in
almost all parts of the world.>® However, there are many problems associated with its use
mainly it is a dilute form of energy, and its availability varies widely over time. Consequently,
large collection areas and storage are required.>®

Solar photovoltaic cells (PV) and concentrated solar power (CSP) are the two most mature
technologies that utilise sunlight directly to produce electricity. From the 1990s, PV played a
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central role, while CSP gained attention in recent years and is growing at a 40% annual rate.’
Compared with PV systems, CSP has a higher life span, and on a large scale, storing heat
energy is cheaper than storing electrical energy.®® The integration of a thermal energy storage
system makes CSP dispatchable and unique among all other renewable energy-generating
alternatives. The aim of CSP technologies is to concentrate the sun’s light using solar receivers
and convert it into heat, to create steam, to drive turbines or engines, which generate
electricity.® ° Due to the intermittent nature of solar power, a reliable energy storage system is
required to overcome this instability in power generation and to meet grid demand.l® The
selection of a suitable thermal energy storage (TES) system is the focus of CSP technology.
An ideal TES system should possess high energy storage density of 0.5 - 1.0 kWh/kg, and
working temperatures above 600 °C, as required for a heat engine to operate at a higher
efficiency than the currently operating ones (up to 565 °C) for electricity production.!!

Sensible, latent and thermochemical energy storage are the three developed thermal energy
storage systems for CSP plants. Half of the current CSP plants use mature molten salt storage
technology.” Molten salts store heat depending on their temperature change, with their

maximum operating temperature limited to below = 565 °C." 1316

Thermochemical energy storage uses heat from the sun to induce an endothermic chemical
reaction. Metal hydrides are one of the most promising next-generation high-temperature
thermochemical storage materials. Libowitz et al. first studied metal hydrides as
thermochemical energy storage systems in 1974.%6 A large collection of metals can reversibly
react with hydrogen over a wide range of temperatures and have theoretical heat storage
capacities higher than other thermal energy storage systems (sensible and latent). Even though
metal hydrides are potential candidates for the next-generation storage systems for CSP plants,
there are many technical challenges, from material selection to engineering issues, that need to
be overcome and operate at temperatures > 600 °C. For instance, calcium, barium, strontium
and titanium hydrides are some of the systems that can operate in the high-temperature range
(> 600 °C) for operation in higher efficiency CSP plants.t” 18 Calcium hydride has interesting
properties, including a high heat of formation 4312 kJ/kg at 25 °C, high thermal gravimetric
heat storage capacity 4494 kJ/kg at 950 °C and a low cost compared with other metal hydrides,
for instance, cost of pure LiH is 50 US $kWhu 1, and that of CaH; is 2.84 US $kWhy, 11112

Due to the high energy density and operating temperature, CaH> was identified in 2010 as a
solar thermochemical storage material.® Ward et al. showed that CaH, could operate as a high-

temperature material with TiFeH, as a hydrogen storage tank while being economically
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suitable for solar thermochemical energy storage.!” Unfortunately, its operating temperature is
too high (> 1000 °C), and needs to be reduced to below 1000 °C. The melting point of both
CaH and Ca metal are 983 °C and 842 °C respectively, and are highly corrosive which could
lead to expensive containment vessels.??2 The decomposition temperature of CaH can be
reduced by adding suitable additives to it, and this process is called thermodynamic
destabilisation.?® Veleckis 4 successfully showed this method in 1981 by adding Al to calcium
hydride, where a multistep reaction was detected:

CaHz + 4Al = AlsCa + H» 4-1

CaH> + AlsCa = 2AlCa + H» 4-2

The enthalpy of reaction 4-1 was found to be AHees =~ 74 kJ.mol™* H; at 1 bar of H, pressure
and 414 °C.%% In 2017, Ward et al.?® extended this method and demonstrated the feasibility of
the Al.Casystem as a potential high-temperature thermal battery for CSP applications.

This work is the first ever to demonstrate the destabilisation of CaH> by adding Al>O3, and its
contribution to developing novel low-cost and highly-efficient thermal batteries that can
operate at the required conditions for the next generation of CSP plants. Aluminium oxide or
alumina is the most common naturally occurring thermally stable oxide of aluminium, which
is also known as mineral corundum or a-Al20s. Properties such as high melting point, catalytic
activity, low cost and abundance in nature make it attractive all over the world for different
industrial applications.?®?® The aim of this study was to focus on the thermal analysis,
thermodynamic characterisation and cycling stability of the CaH2-Al>O3s mixture by applying
temperature-programmed desorption (TPD), pressure composition isotherms (PCI), ex-situ and
in-situ XRD analysis. The cycling stability of the CaH.-Al>Os mixture was significantly
improved when a 2:1 molar ratio of CaH: to Al.O3 was achieved. The morphological
differences of the sample before and after cycling were studied by field emission scanning
electron microscopy (FE-SEM). The experimental enthalpy and entropy for the CaH»-Al>03
mixture between 612 and 636 °C were calculated, and so was the raw material cost, deeming

this system as a highly promising thermal battery for the next generation of CSP plants.

4.2 Experimental methods

4.2.1 Theoretical thermodynamic calculations

HSC Chemistry software?® was used to initially identify whether the chemical reaction between

CaH»-Al203 is thermodynamically favourable, without taking into consideration reaction
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kinetics. The enthalpy, entropy, Gibbs free energy and heat capacity for the different chemical
reactions between CaH» and Al.Os were calculated. Thermodynamic data for pure elements
(Ca, Al) and compounds (CaH2, Al.Oz) were collected from Dinsdale et al. and Binnewise et
al.%% 31 The phase diagram of CaO-Al.03* provided the necessary information regarding the
formation of various calcium aluminium oxide compounds at a particular molar ratio at the

temperature of interest.

4.2.2 Sample preparation

Metal hydrides are sensitive to moisture and oxygen; therefore, all chemical storage and
handling were completed inside an argon-filled glove box (MBraun, Germany), where the
H20/0: levels were less than 1 ppm. The CaHz-Al>O3 mixture was synthesised by ball-milling
calcium hydride and aluminium oxide (both purchased from Sigma Aldrich with purity > 95%
and > 98 % respectively) in 1:1 and 2:1 molar ratios, under an argon atmosphere at room
temperature using an Across International Planetary Ball Mill (PQ-N04) and employing
stainless steel vials. An equal number of 10 mm and 6 mm diameter stainless steel balls were
used with a 40:1 ball to powder mass ratio. The samples were ball milled for 3 hours at a
rotational speed of 400 rpm. The direction of the vial rotation was altered every 30 min without
pausing between each rotation.

4.2.3 Sample characterisation

Crystalline phase analysis of the starting materials and the thermally analysed samples was
done by ex-situ powder X-ray diffraction, using a Bruker D8 Advance diffractometer that uses
Cu K, wavelength radiation (1 = 1.5418 A, 40 kV, 40 mA). An airtight sample holder covered
with a polymethyl methacrylate dome was used for all air and moisture sensitive samples to
prevent contamination. Data were collected over a 10° - 80° 26 range using 0.3° divergence
slits and 0.3° antiscattering slits with a 0.03° step size. The counting time was 1.6 s/step
associated with a rotational speed of 30 rpm. Bruker EVA and the International Centre for
Diffraction Data (ICCD) PDF4 database were used to identify the phases. Quantitative analysis
of peaks present in the X-ray diffraction patterns of all samples used was completed with
TOPAS software3® using the Rietveld method.3* Both ICDD PDF4 and the Crystallography
Open Database (COD) were used for structural information.®

In-situ X-ray diffraction (1 = 0.7093 A, Mo-K,) was conducted on the CaH,-Al,O3 mixture

using a Thermo Fisher ARL Equinox 5000 diffractometer by heating from room temperature
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to 750 °C using a hot air blower with a 2 °C/min heating rate; the sample was cooled at the
maximum rate. Data were collected for 60 s exposures while heating and cooling. The powder
sample was loaded inside a quartz capillary (0.7 mm outer diameter, 0.01 mm wall thickness),
sealed under argon pressure and mounted onto a sample holder. The temperature of the hot air
blower was calibrated against the known thermal expansion coefficient of both NaCl and Ag.%®-
38

Temperature programmed desorption-mass spectrometry (TPD-MS) using a Stanford Research
Systems (SRS) residual gas analyser (RGA-300) consisting of a quadrupole mass spectrometer
was used to detect the gases released from the CaH. and CaH2-Al.O3 mixture under high
vacuum (< 7 x 10~* mbar) while heating samples to 900 °C at 5 °C/min. The RGA separates
the ionised gas molecules according to their respective masses and measures the ion currents
at each mass. A 3 mg sample of pure CaH. and CaH>-Al,Oz mixture (1:1 molar ratio) as
prepared was taken in the silicon carbide reactor and connected to the RGA mass spectrometer
separately and the corresponding analogue scan (partial pressure vs mass to charge ratio) was
obtained. Temperature data was collected using a K-type temperature sensor that connected
internally to the reactor. The data was collected every 5 s.

Thermal analysis of the CaH2-Al.Oz mixture was also studied by TPD, PCI, and cycling
measurements by using a computer-controlled Sieverts apparatus described elsewhere.*® TPD
measurements were conducted from vacuum to an H pressure of 2 bar. PCI measurements
were performed between 612 °C and 636 °C with pressure increments of 3 bar after 3 h for 636
°C and 5 h for the rest of the temperatures as waiting time. As the melting point of aluminium
is 660 °C*, the PCI measurements were constrained to < 660 °C to provide consistent
thermodynamics. The CaH2-Al>Os mixtures (1:1 and 2:1 molar ratios) were pressure cycled at
636 °C at a ramping rate 5 °C/min for 10 h steps. The hydrogen pressure increment during
charging and discharging was 10 and 3 bar respectively. For the gas measurements, a silicon
carbide (SiC) sample cell was used. The hydrogen permeation through SiC cells at high
temperature is negligible.3> #* All samples were loaded into a stainless-steel sample holder
within the SiC sample cell.

The morphological changes of the CaH2-Al.03 mixtures before and after hydrogen cycling
were studied by field emission scanning electron microscopy (FE-SEM) using a Zeiss Neon
(40EsB). The specimens were placed onto carbon tape mounted on an aluminium stub inside
the argon-filled glove box. To reduce exposure to air, the samples were transferred to the

vacuum chamber of the SEM using a custom-made holder.
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4.3 Results and discussion

4.3.1 Thermodynamic predictions

Thermodynamic predictions of the CaH> destabilisation reaction with Al,Oz at different molar

ratios were calculated as presented in Table 4.1. The predicted reaction pathways demonstrate

favourable reaction enthalpies that might meet the US DOE Sunshot’s target for the next-

generation TES systems.*? It is clear that reaction 1 and 2 from Table 1 is the most favourable

reaction, according to HSC. These two reactions are favourable in the high-temperature region,

and both significantly starts from 400 °C and 500 °C, respectively (Figure 4.1). However, these

are thermodynamically favourable according to prediction but have not been tested, and the

kinetics are unknown.

Table 4.1 Thermodynamic predictions of the reaction between CaH, and Al,Ozat 1 bar of H>

pressure.
Theoretical Enthalpy
) . operating | Theoretical | Enthalpy AHes
No. Predicted Reaction
temperature | H, wt% kJ/kg kJ.mol™?
°C H.
1 | 3CaH;+ Al,03 = 3Ca0 + 2Al + 3H,(g) 510 2.65 1446 110
12CaH, + 11Al,05; = CapAl14033 +
2 375 1.48 760 103
8AI + 12H,(g)
1.5CaH, + 2 Al,O3; = CasAl;06 +Al
3 340 1.13 528 94
+ 1.5H2(q)
1.5CaH; + 3.5 Al,03 = CaisAlsO105+
4 240 0.7 307 86
Al + 1.5H2(g)
1.5CaH; + 9.5Al,0; = Cais5Al15025
5 175 0.2 77 79

+ Al + 1.5H3(g)
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Figure 4.1 Graphical simulation of the CaH>-Al>Os mixture at 1bar of pressure.

4.3.2 Initial phase analysis

Ex-situ X-ray diffraction patterns of the starting material (CaHz and Al>O3), together with the
CaH2-Al>03 mixture (1:1 molar ratio) are presented in Figure 4.2 (a), (b) and (c) respectively.
Diffraction patterns were refined by the Rietveld method to determine their purity. It was found
that the CaH, sample comprised of 91.0 £ 1.5% CaH, with 9.0 + 1.5% CaO as an impurity
(Figure 4.3). The diffraction pattern of CaH2-Al.Oz mixture as prepared consisted of only peaks
that were assigned to CaH» (27.88 + 0.50 wt%), CaO (0.54 + 0.20 wt%) and Al>O3 (71.58 +
0.50 wt%) (Figure 4.4), indicating that CaH> and Al,O3 did not react with each other during
ball milling to form a calcium aluminium oxide. The CaO weight percentage in the CaH-Al203
mixture is lower than expected; this may be due to the ball milling process were CaO particles
have become smaller and hence their diffraction peaks broaden and are lost in the background.
It can be seen that the intensity associated with the diffraction peaks of Al.O3 is much higher

and narrower than the CaH; peaks. This is due to Al,Oz being more crystalline than CaHa.
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Figure 4.2 Ex-situ powder diffraction patterns of (a) CaHa, (b) Al20z and (c) CaH2-Al>O3
mixture as prepared using Cu K, radiation (1 = 1.5418 A).
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Figure 4.3 Rietveld refinement of the diffraction pattern for pure CaHo.
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Figure 4.4 Rietveld refinement of the diffraction pattern for the CaH>-Al.O3 mixture after ball

milling.

4.3.3 Thermal analysis

TPD-MS measurements were performed on CaH> and the CaH:-Al.Oz mixture to both
determine and compare their hydrogen desorption profiles. As vacuum was used, CaH> started
to release hydrogen at 500 °C and reached its highest intensity of desorption at 600 °C (Figure
4.5 (a)). Figure 4.5 (b) shows the hydrogen desorption profile of the CaH2-Al03z mixture, with
the main peak lowered by ~ 400 °C in comparison to pure CaH». This clearly indicates that the
addition of Al>Os to CaH> reduces the decomposition temperature. No other gasses were

detected by the mass spectrometer in the mass range 1 - 150 amu.
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Figure 4.5 Hydrogen desorption profiles as observed by TPD-MS measurements of (a) CaH:

and (b) the CaH2-Al>Os mixture in 1:1 molar ratio at a heating rate of 5 °C/min under vacuum.

Temperature programmed desorption was performed from room temperature to 800 °C on the
CaH2-Al>03 mixture. According to Figure 4.6 (b), a small amount of gas is released at lower
temperatures (200 - 550 °C) than expected, and it may be due to the presence of impurities.
The reaction between CaH2 and Al203 becomes significant from = 560 °C reaching maximum
hydrogen desorption of 1.2 wt% at = 700 °C (equivalent to 2 bar of H: pressure). The
measurement started at vacuum and reached its maximum hydrogen desorption value in less
than the 7 hours required for the system to reach 800 °C from room temperature, as observed
in Figure 4.7 Specifically, the desorption reaction was completed as soon as the required
temperature was reached with no further increase in the H> wt% was observed after the 6h
(Figure 4.7), indicating fast hydrogen desorption kinetics. The mixture was kept at 800 °C for
almost 5h with no significant change in the wt% of desorbed hydrogen.

The in-situ X-ray diffraction data of CaH2-Al.O3 mixture is presented in Figure 4.6 (a) and

compared with the TPD curve (collected separately). From Figure 4.6 (a) it is evident that the
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reaction between CaH> and Al>Oz s significant above 500 °C, which is in agreement with the
TPD curve in Figure 4.6 (b). In addition, the CaH. completely reacts by 500 °C and commences

to form a new compound Cai12Al1403s.

(a) Temperature °C)
200 300 400 0 600 700

v-CaO 'CaH2 ’4'203 V-Ca12A|14033

FPTTIYTTY UYTTY ITUOL PRTTY TTOTY FUTET FYUTY rTTTTRTTY FTTTY FYTTY PTUT PR IT

|

Desorbed H, wt%
O = a
23290

L
LU L L L L L LB L LA

I

© 0 o0 0
Or\|>-hc)

TITT T T T T[T T T T T rTe” M MR RELES RARARRALEN RARAERELED B/

200 300 400 500 600 700 800
Temperature (°C)

Figure 4.6 (a) In-situ X-ray diffraction patterns using Mo K, of 4 = 0.7093 A and (b) TPD
profiles of the CaH2-Al.O3 mixture from vacuum to a maximum Hz pressure of 2 bar.
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Figure 4.7 TPD profiles of the CaH2-Al>03 mixture from room temperature to 800 °C at a

heating rate of 5 °C/min.

The decomposition products after the TPD measurement for the CaH,-Al>Os mixture were
determined by ex-situ X-ray powder diffraction (Figure 4.8) and quantified by the Rietveld
refinement method. Cai2Al14033 was the main decomposition product (48.78 + 0.70 wt%),
along with 7.35 £ 0.30 wt% of CaO, 7.93 £ 0.40 wt% of Al and 35.90 + 0.70 wt% of unreacted
Al>O3 (Figure 4.9). These experimentally determined decomposition products are the same as
predicted in reactions (1) and (2), when combined, as seen in Table 4.1. Hence, the actual
destabilisation reaction of CaH> with Al>Os is different from the predicted reactions from HSC.
Table 4.2 shows the comparison between the predicted and experimental destabilisation

reactions for CaHz with the addition of Al,Os.
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Figure 4.8 Ex-situ X-ray diffraction pattern of the CaH>-Al>O3 mixture as prepared after the
TPD experiment (Cu Ka, 4 = 1.5418 A).
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Figure 4.9 Rietveld refinement of the diffraction pattern for the CaH2-Al.O3 mixture after
TPD.
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Table 4.2 Comparison between theoretical (Table 4.1) and experimental reactions (XRD
Rietveld data)

Theoretical Experimental
1:1 ratio of CaH2:Al;Os

1.12CaH, +11Al,03; = CapAl14033 + SAI

+12H:(g) CaH, + Al203 = 2—11C312A|14033 + %Cao + %Al +
AHges = 102.8 kJ.mol ™ Hy, 1
des ? ;AL203 + Ha(9)
ASes = 159.1 J. K~ mol™ H; Optimised 3:2 ratio of CaHz:Al,0

2. 3CaH; + Al,0s= 3Ca0 + 2A1+3HxQ) | 3CaH, + 2A1,05 = 1Cai2AlL Oz + 2Ca0 +2Al

+3H2(9)
AHges = 110.2 kd.mol™ Hy,
AHges = 100 £ 2 kJ.mol™* Hy,

- “1mal-1
ASces = 140.8 J.KZmol™ H ASaes = 110 £ 2 J.Kmol ™ H,

Pressure Composition Isotherm (PCI) measurements were performed at three different
temperatures (612, 626 and 636 °C) (Figure 4.10 (a)). The Van’t Hoff plot (Figure 4.10 (b))
was constructed by taking the mid-point values of each PCI profile (Figure 4.10(a)) as to
determine the thermodynamic values (enthalpy and entropy) of the proposed destabilisation
reaction. All three PCI profiles (Figure 4.10 (a)) show a slightly slopping pressure plateau,
which may influence the engineering of the container as hydrogen absorption and desorption
at a constant pressure and temperature is desired due to the simplicity of the system.*® The
Kinetic data for the PCI measurements at 636, 626 and 612 °C (Figure 4.11) show that the
equilibrium plateau was almost reached after each desorption step. PCI measurements were
also obtained at 645 and 655 °C (Figure 4.12), which profiles exhibited slopping plateaus, and
as such thermodynamic data from these measurements could not be trustable. The enthalpy and
entropy were determined from the Van’t Hoff plot as AHges = 100 + 2 kJ.mol™* Hz and ASges =
110 + 2 J.K L. mol™? Hy, respectively. The theoretical enthalpy and entropy were, AHges = 103
ki.mol™® Ha, ASws = 160 J.Ktmol™? H,. The mismatch between the theoretical and
experimental values may be due to the different reaction pathways observed between
theoretical and experimental. However, for a more definite answer further investigation is

required.
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Figure 4.10 (a) Pressure Composition Isotherms of CaH,-Al,O3 mixture at 612 °C (black
arrow), 626 °C (red diamond) and 636 °C (blue hexagon) and (b) corresponding Van’t Hoff
plot.
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Figure 4.11 Equilibrium pressure curves of PCI performed at (a) 636 °C with a 3 hr, (b) 626
°C with 5 hrand (c) 612 °C with 5 hr desorption step sizes.
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Figure 4.12 Comparison of Pressure Composition Isotherms of the CaH2-Al.O3 mixture
between 636, 645 and 655 °C.

In order to check the feasibility of the as prepared CaH>-Al>Os mixture (1:1 molar ratio) as a
high-temperature thermal battery, the mixture was cycled at 636 °C by absorbing and releasing
hydrogen. Figure 4.13 shows, four hydrogen desorption/ absorption cycles of the mixture. It is
noted that each cycle reaches a plateau, indicating that the kinetics of the desorption and
absorption reaction are fast enough to be completed within the 10 h of each step duration. It is
evident that after each cycle, the material degrades by 50% in comparison to the previous cycle.
After the 3 cycle, the mixture lost its reversibility with a 90% loss in storage capacity.

The reasons why the hydrogen capacity of the CaH2-Al.O3 mixture degrades may be due to:
(i) the presence of excess unreacted alumina (35.6 + 0.5 wt%) that is present in the cycled
mixture (Figure 4.14) that may hinder the reaction Kinetics, (ii) the sample may also sinter after
heating to high temperature. SEM was utilised to investigate these possibilities. The sintering
effect can be seen from the SEM micrographs of the CaH»-Al,O3 mixture before (Figure 4.15
(@) and after (Figure 4.15 (b)) cycling, where the particle sizes of the cycled mixture are

evidently bigger than the ones prior to cycling.
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Figure 4.13 H; desorption and absorption cycles of the CaH>-Al>Os mixture at 636 °C.
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Figure 4.14 Rietveld refinement of the diffraction pattern for the CaH>-Al.Os mixture after

cycling.

124



Figure 4.15 Scanning electron micrographs of the CaH2-Al.Oz mixture (1:1 molar ratio) (a)
before and (b) after 4 cycles at 636 °C.

In order to improve the reversibility of the CaH2-Al>O3 system a new mixture of CaH: and
Al;0O3 was synthesised in a 2:1 molar ratio to minimise the quantity of excess Al2Os. The
2CaH»-Al,03 mixture showed significant improvement regarding its cyclic hydrogen
reversibility as seen in both Figure 4.16 and the comparative figure of the two molar ratios

(Figure 4.17), without much loss in hydrogen storage capacity, deeming this new mixture
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promising as a high-temperature thermal battery for CSP applications. It is noted from the same
figure that each cycle has not reached a plateau, indicating that the kinetics of the desorption
and absorption reaction are not fast enough to be completed within the 10 h of each step
duration. This phenomenon could be due to the sample sintering as observed in Figure 4.18.
Moreover, the unreacted Al,Oz left over after cycling was reduced to 5.5 + 0.3 wt% (Figure
4.19) compared to 35.6 + 0.5 wt% in the first mixture.

absorption
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—
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Figure 4.16 H desorption and absorption cycles of the 2CaH,-Al>,O3 mixture at 636 °C.
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Figure 4.18 Scanning electron micrographs of the 2CaH2-Al.O3 mixture after cycling at

636 °C.
4000 o~ TIPS T AT
: I CayaAly0ss
] | CaO
30007 | ALO,
3 | Al
~~ ]
S 2000—;
o E
~ E
2 1000
0 7
C 3
Q ] do J‘u ) . }
[ 04 | II._ .u"l | e ILH.:"‘IV'W M"W*f'--""\,.-v-*m.h.ﬂ‘ \.'%‘uﬂ'vuk..-’\*V'J'w--.MJ'\**MW*N =2
- W, ",*f ‘ *‘1;" ’ -
bt ¥ 3
- Lol o (T T T T T T O T O O O A S T Y N O
. 1 | | | | | 1 | I | 1 I 1] -
—1UUD_|. -||||| | 'l"I IIIIIIII |"'|' |||"'!|II|II|||||||||||Il_
30 40 50 60 70 80
20(°)

Figure 4.19 Rietveld refinement of the diffraction pattern for the 2CaH»>-Al>Os mixture after

cycling.
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Table 4.3 shows a comparison of the CaH2-Al203 mixture with pure CaH. and the CaH2-2Al
system in terms of cost and operating conditions. It can be seen that the CaH-Al>O3 mixture
operates at a high temperature and low pressure (636 °C at 1 bar) and is a low-cost material
making it a promising high-temperature thermal battery for the next generation of CSP

applications.

Table 4.3 A comparison of three systems in terms of cost and operating conditions.

AH AH US $ (tonne) | US $ Operating
(kJ.mol™ Hy) | (kJ. kg™ (KWhgn) conditions
3CaH; + 2Al,03 % 100 908 2460 9.7 636 °C
1 bar
CaH, +2Al 122324 84 875 3631 14.9 700 °C
® 62 bar
CaH,* 162 3857 6000 5.6 1000 °C
1.2 bar

4.4 Conclusions

The feasibility of CaH. destabilised with Al.O3 and used as a high-temperature thermal battery
for the next-generation of CSP applications was investigated. Thermal desorption studies
showed that the decomposition temperature of the CaH>-Al>03 mixture was =~ 600 °C and
obtained a maximum gravimetric H> wt% of 1.2 when heated to 850 °C. Ex-situ and in-situ X-
ray diffraction studies showed that the main product of the destabilisation reaction was
Ca12Al14033. The high enthalpy of reaction, the high operating temperature at low pressure
(636 °C at 1 bar) and low materials cost of this system, makes it a promising high-temperature
thermal battery for the next generation of CSP applications. Though, due to the presence of
excess unreacted alumina and sintering effects demonstrated a poor performance upon cycling
initially, however, the hydrogen cycling capacity was significantly improved by reducing the
initial amount of Al>Os by half. Further investigation into the reaction kinetics, heat transfer,
thermal conductivity and hydrogen cycling stability over 100 cycles are required to prove its

overall efficiency as a TES material.
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Chapter 5

Thermochemical energy storage performance of zinc

destabilised calcium hydride at high-temperatures

S. Balakrishnan, M.V. Sofianos, T.D Humphries, M. Paskevicius,and C.E. Buckley, Thermochemical

energy storage performance of zinc destabilised calcium hydride at high temperatures, J. Phys. Chem.
Chem. Phys., 22, 2020, 25780-25788. https://doi.org/10.1039/DOCP04431H
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Abstract

CaH> has 20 times the energy density of molten salts and was patented in 2010 as a potential
solar thermal energy storage material. Unfortunately, its high operating temperature
(> 1000 °C) and corrosivity at that temperature make it challenging to use as thermal energy
storage (TES) material in concentrating solar power (CSP) plants. To overcome these practical
limitations, here we propose, the thermodynamic destabilisation of CaH> with Zn metal. It is a
unique approach that reduces the decomposition temperature of pure CaH, (1100 °C at 1 bar
of Hz pressure) to 597 °C at 1 bar of Hy pressure. Its new decomposition temperature is closer
to the required target temperature range for TES materials used in proposed third-generation
high-temperature CSP plants. A three-step dehydrogenation reaction between CaH» and Zn (1:
3 molar ratio) was identified from mass spectrometry, temperature-programmed desorption,
and in-situ X-ray diffraction studies. Three reaction products, CaZni3, CaZni1 and CaZns, were
confirmed from in-situ X-ray diffraction studies at 190 °C, 390 °C and 590 °C, respectively.
The experimental enthalpy and entropy of the second hydrogen release reaction were
determined by pressure composition isotherm measurements, conducted between 565 and 614
°C, as AHges = 131 + 4 kJ.mol™ Hz and ASges = 151 + 4 J.KX.mol™ H,. Hydrogen cycling
studies of CaZni: at 580 °C showed sufficient cycling capacity with no significant sintering
occurring during heating, as confirmed by scanning electron microscopy, demonstrating its
great potential as a TES material for CSP applications. Finally, a cost comparison study of

known destabilised CaH2 systems was carried out to assess the commercial potential.

5.1 Introduction

The primary objective of the next-generation concentrating solar power plants (CSP) is to
provide continuous electrical power supply at a 40% cost reduction in comparison to the plants
currently operating.! This cost reduction can be met due to the higher power cycle efficiency
achieved in a 600 - 800 °C temperature range by replacing a conventional steam power engine
with a Stirling engine.? Specifically, the US Department of Energy released the Sun Shot
research programme with a target to develop thermal energy storage (TES) materials that
operate above 600 °C, have > 95% exergetic efficiency and cost less than $15/kWhin by 2030.
Hence, the identification of a cost-effective high-temperature TES material that meets these

requirements is both essential and challenging.®”
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There are a plethora of known TES materials that can be categorised depending on their heat
storage mechanism, storage density and operating temperature. Sensible heat storage materials,
such as molten salts, are the most commonly used TES materials in the industry.® Nevertheless,
molten salts suffer from several drawbacks such as low energy density (0.02 - 0.03 kWh/kg),
corrosion and limited operating temperature (< 565 °C).8° Latent heat storage materials have
a higher energy density (0.05 - 0.1 kWh/kg) than the sensible heat storage materials, but most
of the materials presently studied have issues such as low thermal conductivity, and high
thermal losses.* 11! To overcome these drawbacks, a third category of TES materials known
as thermochemical energy storage is gaining increasing popularity due the high energy density
(0.5 - 1 kWh/kg) that these materials possess despite their increased complexity. The superior
energy storage properties are based on reversible chemical reactions that take place at high
temperatures.'>13 At present, six systems, namely hydrides, carbonates, hydroxides, oxides,
ammonia and organic are identified as thermochemical TES materials.!! The unique property
of metal hydrides to absorb and release hydrogen at a specific pressure at high temperatures,
makes them the most promising thermochemical system amongst the rest, and thereby meeting
the requirements of the next generation CSP plants.!® 1416 Calcium hydride is a promising
high-temperature metal hydride due to its: (i) low cost ($6000/tonne) and abundance, (ii) low
operating hydrogen pressure at high temperature (1 - 5 bar at 1100 - 1400 °C), (iii) high
enthalpy of dehydrogenation (207.9 ki.mol*H,), and (iv) high gravimetric (4939 kJ.kg™*) and
volumetric energy densities (8396 MJ.m™%).2- 118 |ts high operating temperature (1100 °C),
melting point of both CaH> and Ca metal are 816 °C and 842 °C, and expensive tank material
requirements to store the corrosive CaHy, are the main factors that limit the use of pure CaH:
as a thermochemical TES material.!” 202! Thermodynamic destabilisation of CaH, using
suitable additives, is one approach for reducing the decomposition temperature of CaH,, and
transforming it as a suitable TES material for the third generation CSP plants.??

The main novelty of this study lies in the selection of a relatively inexpensive and abundant
metal such as zinc ($1.93/kg), to be used as an additive in order to reduce the decomposition
temperature of CaH: as illustrated in Figure 5.1. This method successfully showed by adding
Al;03 to CaHy, where the enthalpy of the reaction was found to be AH =100 kJ.mol™ H, at
636 °C and 1 bar of H; pressure.?® CaH,-3Zn is an alternate system that exploits the feasibility
of Zn as a high-temperature thermochemical TES material for the third generation CSP plants.
The aim of this study focused on thermal analysis, and thermodynamic characterization of the
CaH»-3Zn system using mass spectrometry, temperature programmed desorption and in-situ

X-ray diffraction studies. Its cycling capacity, sample morphology before and after cycling
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using field emission scanning electron microscopy (FE-SEM) and cost analysis were also

investigated and reported.

Dehydrogenated state

A Ca (s) + ]—I2 (2) AH large
T{lhnr} ]"gh

CaZn, (s) + H, (g) Stabilised compound state
AH smaller

T 1bar) lower

AH

CaH, (s) + Y Zn (s)| | Hydrogenated state

Figure 5.1 General enthalpy diagram showing destabilisation of CaH; by adding Zn through the

formation of calcium zinc alloys.?

5.2 Experimental methods

5.2.1 Sample preparation

All chemicals were stored and handled inside an Ar filled MBraun unilab glovebox to reduce
oxygen (< 1 ppm) and water (< 1 ppm) contamination. CaHz (Sigma Aldrich, > 95% purity
powder) and Zn (Chem supply, > 98% purity powder) were mixed in a 1:3 molar ratio and
milled under an Ar atmosphere using an Across International Planetary Ball Mill (PQ-N04),
employing stainless steel vials and balls. The mixture was ball milled for 3 hours with a 40:1
ball (equal number of 10mm and 6mm diameter balls) to powder ratio. The rotational speed

was set to 400 rpm with a change of direction every 30 minutes without pausing.

5.2.2 Sample characterization

5.2.2.1 Theoretical predictions

The possible reaction pathways between CaH> and Zn were predicted using the phase diagram
of the Ca-Zn system.?>?® The volatility of solid calcium zinc alloys are linked with the vapor
pressure of Zn. The vapor pressure of pure Zn metal and Ca was calculated from room
temperature to 1000 °C. 2" Vapor pressure data of calcium zinc solid alloys were also derived

from Chiotti et al. 3’and Hodge et al. *° and the vapor pressures of eight calcium zinc alloys
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(CasZn, CasZns, CaZn, CaZn,, CaZns, CaZns, CaZni and CaZnyz) were plotted along with
pure Zn and Ca as a function of temperature in Figure 5.2. Among the eight solid alloys, Zn
rich alloys have high vapor pressures and are less volatile than Zn poor alloys at higher
temperatures (> 600 °C).

5.2.2.2 Powder X-ray diffraction

Ex-situ powder X-ray diffraction (XRD) was used to identify the crystalline materials in each
sample. Airtight polymethyl methacrylate domed sample holders were used to avoid oxygen
and moisture contamination during data collection. Data were collected using a Bruker D8
Advance Diffractometer with a copper X-ray tube (A = 1.5418 A, 40 kV, 40 mA) in the 10° -
80° 20 range with a 0.03° step size and 1.6 s/step count time. The diffraction peaks were
quantitatively analysed by the Rietveld method?® using the Bruker TOPAS Version 5
software.?® The structural information was extracted from ICDD PDF4 database and the
Crystallography Open Database (COD).*°

In-situ X-ray diffraction was performed using a Thermo Fisher ARL Equinox 5000
diffractometer (A = 0.7093 A, Mo-K,, 50 kV, 30 mA). The sample was loaded into a quartz
capillary tube (0.7 mm outer diameter, 0.01 mm wall thickness), sealed and then mounted onto
a sample holder inside an Ar filled glovebox. The sample was heated from room temperature
to 692 °C using a hot air blower (5 °C/min) and kept isothermal for 2 hours. Data were acquired
on a CPS 120 detector (0 - 60°,20) with a 60 s exposure time. The temperature of the hot air
blower was calibrated against the known thermal expansion coefficient of both NaCl and
Ag.31-%8

5.2.2.3 Mass spectrometry

Temperature programmed desorption-mass spectrometry (TPD-MS) measurements were
obtained using a Stanford Research Systems (SRS, RGA-300) residual gas analyzer consisting
of a quadrupole mass spectrometer.®* A 3 mg sample of pure CaH and CaH»-3Zn was placed
in a stainless steel sample holder inside a silicon carbide reactor that was connected to the
spectrometer. The samples were heated to 850 °C at 5 °C/min under high vacuum (< 7 x 10~
mbar). The corresponding analogue scan of partial pressure vs mass to charge ratio was
obtained from the RGA software. A K-type thermocouple with an uncertainty of + 1.5 °C was

connected inside the SiC tube to record the temperature of the sample.
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5.2.2.4 Temperature programmed desorption and pressure composition

iIsotherms

H> sorption properties were studied by Temperature Programmed Desorption (TPD), using a
computer-controlled Sievert’s apparatus.® CaH2-3Zn was heated to either 630 °C or 830 °C,
with 5 °C/min heating rates. The powder mixture was placed inside a stainless-steel sample
holder and then loaded into a silicon carbide (SiC) reactor. H> has a negligible hydrogen
permeation through SiC at high temperatures (> 450 °C) and therefore was chosen as the most
suitable reactor material for such measurements.®® The sample temperature was measured
using a K-type thermocouple which is kept inside the SiC reactor and direct contact with the
sample. Pressure Composition Isotherms (PCI) measurements of CaH,-3Zn were conducted on
the same apparatus to acquire the thermodynamic properties of the dehydrogenation reaction
between 565 °C and 614 °C with a 1 bar pressure step size and a 3 h equilibration time per step.
H> desorption and absorption cycling studies were performed on CaH>-3Zn at 580 °C with a
ramp rate of 5 °C/min. The H. pressure and equilibration time during desorption was = 0.8 bar

and 3 h respectively, whereas during absorption it was = 2.8 bar and 5 h.

5.2.2.,5 Scanning electron microscopy and energy dispersive X-ray

spectroscopy

Field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray
spectroscopy were carried out using a Tescan Mira3 integrated with EBSD/EDS Oxford
Instrument detectors controlled by the Aztec software. The SEM images of the CaH,-3Zn
system before and after cycling were collected using both secondary and back-scattered
electron detectors. The SEM samples were prepared inside an Ar filled glove box by placing a
small amount of powder onto a carbon tape, and then transferred to the SEM chamber with

minimum air exposure.

5.3 Results and discussion

5.3.1 Theoretical predictions
The phase diagram of the Ca-Zn system shows eight different alloys (CasZn, CasZns, CaZn,

CaZny, CaZns, CaZns, CaZni1 and CaZnys) at different molar ratios.?>? Table 5.1 indicates
theoretically possible reactions between CaH> and Zn and the corresponding theoretical H>
wit%. The vapor pressure of Zn plays a vital role in the formation and volatility of the solid
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alloy formation.?” 3° Figure 5.2 shows the vapor pressure curve of pure Ca, Zn and solid
calcium zinc alloys as a function of temperature. It shows that the vapor pressure of pure Zn is
higher than pure Ca until 600 °C, after which the vapor pressure of Zn is less than that of pure
Ca. From Figure 5.2 and the Ca-Zn phase diagram it can be seen that Zn rich alloys have higher
vapor pressures and hence are less likely to produce vaporised Zn above 600 °C.?° Moreover,

above =~ 700 °C no calcium zinc solid alloys exist.

Table 5.1Theoretical predictions of possible reaction between CaH2 and Zn and corresponding
H2 wt%.

Predicted reaction Theoretical H, wt%
1 3CaHz+ Zn = CasZn + Hy(Q) 3.15
2 5CaHz+ 3Zn = CasZns + Ha(g) 2.47
3 CaHx+ Zn = CaZn + Hy(g) 1.87
4 CaH,+ 2Zn = CaZn, + Hz(g) 1.16
5 CaHy+ 3Zn = CaZns + Hz(Q) 0.84
6 CaHx+ 5Zn = CaZns + Hz(9) 0.54
7 CaH>+ 11Zn = CaZnu + Ho(g) 0.26
8 CaHy+ 13Zn = CaZnis + Ha(Q) 0.22
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Figure 5.2 Vapour pressure curves for pure Ca and Zn and calcium zinc alloys as a function

of temperature.1*

5.3.2 Initial phase analysis

The diffraction patterns of as-supplied CaHz, Zn and ball-milled CaH»-3Zn are presented in
Figure 5.3 (a), (b) and (c), respectively. Quantitative phase analysis was used to determine the
purity of the materials using the Rietveld method. Quantitative phase analysis of the CaH>
reagent shows CaH> with a negligible amount of crystalline CaO, while the XRD and
refinement pattern for the ball milled CaH2-3Zn only shows CaH> (16.5 £ 0.8 wt%), and Zn
(83 £ 1 wt%) (Figure 5.3 (c) and Figure 5.4). This indicates that no reaction occurred between
CaH2 and Zn during ball milling to form a Ca-Zn product as expected by the high required
enthalpy of reaction.
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Figure 5.3 Ex-situ XRD patterns of (a) CaHz, (b) Zn and (c) CaH2-3Zn system after ball
milling using Cu K, radiation (A = 1.5418 A).
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Figure 5.4 Rietveld refinement of the diffraction pattern for CaH2-3Zn system after ball milling
(CuK,, 4 =1.5418 A).
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5.3.3 The destabilisation of CaH. using Zn

TPD-MS measurements were performed on CaH2 and CaH2-3Zn to compare the H: gas release
profiles as a function of temperature (Figure 5.5(a) and (b) respectively). Due to the high
vacuum (< 7 x 10~ mbar) employed in this technique, CaHz commenced H release at 500 °C
and reached the highest rate of hydrogen release at 600 °C (Figure 5.5(a)), with the single
decomposition peak indicative of a one-step decomposition reaction. The Hz desorption profile
of CaH>-3Zn (Figure 5.5(b)) consisted of three H> peaks denoting a three-step decomposition
reaction, either due to differing kinetics or thermodynamics of reaction. The first small peak
appeared at 200 °C, followed by two high intensity peaks at 300 °C and 420 °C, respectively.
H> was the only gas detected during heating to 800 °C. The three low-temperature
decomposition peaks of the CaH>-3Zn sample show that the addition of Zn thermodynamically
destabilises the CaHo.
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Figure 5.5 H; desorption profiles as observed by TPD-MS measurements of (a) CaH2 and (b)

CaH>-3Zn while heating under vacuum.

5.3.4 Thermal analysis

A TPD measurement was conducted on CaH2-3Zn by heating the sample from room
temperature to 830 °C (5 °C/min), before keeping the temperature isothermal at 830 °C for 10

hours to check the volatility of the alloy formed (Figure 5.6(a)). The measurement was
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commenced under initial static vacuum and reached a maximum H; pressure of 0.9 bar. After
2 hours at 830 °C the hydrogen pressure began to decrease. The reason for this pressure
decrease was due to: (i) zinc evaporation from the alloy as evidenced by zinc metal deposition
on the cool regions of the sample cell, and (ii) H2 reabsorption into the zinc-poor calcium metal
to reform CaH». This was confirmed from the sample’s ex-situ XRD pattern obtained after the
TPD measurement (Figure 5.7(a)), which comprised of CaH, and Zn peaks with no calcium
zinc alloy peaks being present. The TPD measurement was repeated with a maximum
temperature of 630 °C and a subsequent isotherm for 10 h. A maximum Ha pressure of 0.58
bar was reached starting from vacuum. Figure 5.6(b) illustrates the TPD profile, which exhibits
an almost isobaric profile after reaching 630 °C with reduced Zn evaporation observed in
comparison to the data obtained at 830 °C. CaZni: and CaZns alloys were the main
decomposition products at 630 °C as confirmed by the sample’s ex-situ XRD pattern obtained
after the TPD measurement (Figure 5.7(b)).

— A
£ 2

:
3
z 3

Figure 5.6 TPD profiles of CaH»-3Zn from room temperature to (a) 830 °C and (b) 630 °C.

Black solid line = pressure, red dotted line = temperature.
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Figure 5.7 Ex-situ XRD pattern of CaH>-3Zn after the TPD measurements at (a) 830 °C and
(b) 630 °C (Cu Ka, A = 1.5418 A).

5.3.5 Identifying the reaction pathway by in-situ X-ray diffraction

In-situ XRD data of CaH2 -3Zn during thermal ramping under argon is presented in Figure 5.8
(@) is compared with its differential TPD profile (Figure 5.8(b)). It is evident from the in-situ
XRD patterns that the reaction between CaH. and Zn occurs in a three-step reaction between
190 and 590 °C, which is in a good agreement with the TPD profiles. It is clear from Figure
5.8(a) the three different alloys formed are CaZnis, CaZni: and CaZns at three different
temperature ranges of 190 - 390 °C, 390 - 590 °C and > 590 °C, respectively. The experimental
reaction can be predicted from the in-situ XRD data as follows, which shows the presence of

excess CaHo.

3 10 3
CaH, +3Zn — 1—3CaZn13 + ECaHz + 1—3H2 (9) o-1
3 10 3 8 6

1—3CaZn13 + ECaHz — HCaanl + HcaHz + —143H2 (9) 5-2
3 8 3 2 18

—CaZny + — CaHz — -CaZns +-CaH2 + __Hz (9) 5-3
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Figure 5.8 (a) In-situ XRD patterns of CaH>-3Zn from room temperature to 690 °C (Mo K, of
L =0.7093 A) (b) Differential TPD profiles of CaH2-3Zn from room temperature to 640 °C.

5.3.6 Thermodynamic calculations

As the ex-situ XRD pattern of CaH>-3Zn after the TPD measurement at 830 °C did not exhibit
any solid calcium-zinc alloy present in the decomposed sample, PCI measurements were
performed at temperatures below 630 °C. The measurements were carried out at 565, 580, 600
and 614 °C (Figure 5.9(a)). The corresponding van 't Hoff plot (Figure 5.9(b)) was constructed
by plotting the midpoint values from the first plateau region of each PCI measurement to
acquire the enthalpy and entropy of reaction. The optimised form (no excess CaH>) of the above

mentioned three reactions can be written as follows:

CaHz+ 13Zn — CaZniz + H2 (Q) 5-4
CaHz+ 11Zn — CaZn11 + H2 (Q) 5-5
CaH, + ECaanl — %CaZns +H2(9) 5-6

The corresponding enthalpy and entropy of the optimised reaction 5-5, obtained from first
plateau as shown in Figure 5.9(a), were calculated as AHges = 131.5 + 4.0 kJ.mol ™ Hz, ASges =
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151.1 + 4.0 J.K"L.mol™* Hy, respectively. Therefore, the equilibrium desorption temperature at
1 bar pressure is Tdges= AH/AS = 597 + 35 °C. The pressure curves of each PCI measurement
show that thermodynamic equilibrium was reached for each of the 3 h desorption steps,
indicating fast reaction kinetics (Figure 5.10). The existence of two plateau regions in the PCI
measurements is evident from Figure 5.9(a). The second plateau region is not accurately
measured due to (i) zinc evaporation (rate is high at higher temperatures and also depends on
time exposed at that temperature) and (ii) limitation of the Sievert’s apparatus to achieve very
low pressure increments (< 1mbar). The formation of CaZni; from reaction (5) followed by
CaZns from reaction (6) during the PCI measurements were confirmed using ex-situ XRD.
Figure 5.11(a) and (b) show the XRD patterns of CaH2-3Zn measured at the regions marked as
(1) and (ii) in Figure 5.9(a) of the PCI measurement conducted at 600 °C, respectively. Figure
5.11(a) confirmed CaZny: to be the main phase with only minor CaZns peaks present, whereas
Figure 5.11(b) shows that all CaZni1 peaks have been replaced with CaZns peaks formed during

the second equilibrium pressure region. These XRD findings confirm the reactions given above

(5-4 to 5-6).
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Figure 5.9 (a) Pressure Composition Isotherms of CaH2-3Zn between 565 °C (green), 580 °C
(blue), 600 °C (black) and 614 °C (red) and (b) the corresponding van 't Hoff plot.
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Figure 5.10 Equilibrium pressure curves of PCI performed at (a) 614 °C (b) 600 °C (c) 580 °C
and (d) 565 °C with 3 h desorption step sizes.
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Figure 5.11 Ex-situ XRD patterns of CaH»>-3Zn in the marked regions (a) at (i) and (b) at (ii)
in the Figure 5.8(a) from the PCI measurement at 600 °C (Cu Ka, A = 1.5418 A).
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5.3.7 Cycling studies

CaH»-3Zn was cycled at 580 °C, which follow the proposed optimised expressed in reaction
(5-5), to assess its Hz cycling capacity and thermochemical reversibility. This temperature was
chosen in order to reduce the Zn evaporation rate from the sample. Figure 5.12 illustrates the
ten H, desorption and absorption cycles showing good thermochemical reversibility overall.
Each desorption and absorption step was 3 and 5 hrs, respectively. It is evident from Figure
5.12 that the kinetics of the desorption reaction are faster than the absorption. However, none
of the reactions were completed within the allocated step time. The evaporation of Zn from the
formed calcium zinc alloy during cycling was also confirmed from the presence of Zn metal
deposition on the colder regions of the reactor. Therefore, after the completion of the 10" cycle,
80% of its initial capacity was retained. The cycling capacity of CaH2-3Zn may be enhanced
by improving the design of the sample holder so that it can contain the evaporated Zn and also
by initially synthesizing with 1:11 molar ratio of CaH>-Zn. This may result in a complete
desorption and absorption reaction upon cycling within the allocated waiting times. Also, it
may allow more cycles without degradation as commercial thermochemical storage system
requires a cycling reliability of up to 10000 cycles over a 30-year lifespan for CSP plants. An
ex-situ XRD pattern (Figure 5.13) was obtained after the 10" desorption cycle, confirming that
CaZni; was the main crystalline phase present in the decomposed samples, as previously
confirmed from TPD, PCT and in-situ XRD studies.
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Figure 5.12 H desorption and absorption cycles of the CaH»-3Zn mixture at 580 °C.
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Figure 5.13 Ex-situ XRD pattern of the CaH>-3Zn mixture as prepared after cycling at 580 °C
(CuKa, L =1.5418 A).

5.3.8 Morphological studies

SEM micrographs of CaH2-3Zn before and after cycling are presented in Figure 5.14(a) - (c)
and (d) - (f), respectively. It is evident from Figure 5.14(a), obtained using backscattered
electrons, that CaH» and Zn are evenly distributed through the sample creating a homogenous
powder after ball-milling. No distinctive bright and dark areas were observed in the micrograph
that may have been created due to areas with inhomogeneous distributions of particles with
excessively different atomic number, as observed in Figure 5.14(d) after cycling is performed.
Specifically, the bright areas in Figure 5.14(d) indicated with yellow dashed circles are areas
rich in Zn, whereas the dark areas indicated with red circles are Ca rich, as confirmed by their
associated EDS spectra (Figure 5.15). To study the morphological differences before and after
cycling, Figures 5.14(b), (c) and (e), (f) were obtained using secondary electrons. It can be seen
from Figure 5.14(c) and (f) that the powder particles before and after cycling are relatively the
same size and the particles did not sinter or melt upon heating, as often is the case with other

metal hydrides at temperatures above 500 °C.2

150



Figure 5.14 SEM micrographs of the CaH>-3Zn mixture using (a) back scattered electrons, (b,
c) secondary electrons before cycling, and (d) back scattered and (e, f) secondary electrons
after 10 cycles at 580 °C.
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Figure 5.15 SEM images of CaH.-3Zn after 10 cycles using backscattered electrons and
corresponding EDS spectrum.
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5.3.9 Cost

A cost comparison of the present system with other destabilised CaH> systems and molten salt
is listed in Table 5.2. The cost of the raw material (CaH2-11Zn) is currently estimated as
$55/ kWhin,** 4% which is higher than molten salts and other destabilised CaH, systems, such
as Al and Al,O3 while significantly less compared with LiBH4 as shown in Table 5.2.43-4
However, the CaH>-11Zn system possesses high enthalpy of reaction and relatively low
operating pressure at the working temperature (1 bar Hz pressure at = 600 °C) compared with
the CaHz-Al system (62 bar H, pressure at = 700 °C).2* Overall the high cost, multistep
reactions and Zn evaporation issues makes the CaH»-3Zn system challenging to use as a

commercial thermochemical storage material.

Table 5.2 Cost comparison study of CaH»-3Zn system with pure CaHa, other CaH> destabilised

systems and molten salt in the CSP scenario®®.

AH Mass
_ AH uUss$ uUss$ T P _
TES Material | (kJ.mol™? required | Ref.
(kJ.kg™) | (tonne) | (kWhw) | (°C) | (bar)
Hz) tonnes P
1000
CaH: 207.9 4939 6000 4.4 1.2 265 219
597
CaH;+ 11Zn 131 172 2649 55.4 1 8920 40
3CaH, +
636
2A1,03 100 909 2460 9.7 1 1650 23
2
700
CaH, + 2Al 84 874 3631 14.9 62 1660 2341-
42
CaH; + 450
) 60 347 190500 | 1976 10 4960 43-44
6LIBH,
Molten salt
(40 NaNOs: 39 413 630 5.8 565 |- 5250 19
60 KNO3)

2Note that values were calculated in an assumption of 100% conversion of reactants.

b To generate 1TJ of energy
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5.4 Conclusions

This study has developed a novel approach to thermodynamically destabilise CaH> by adding
low cost Zn metal in a 1:3 molar ratio and investigate its potential as a TES material for third
generation CSP plants. In-situ XRD diffraction studies showed the formation of three different
calcium zinc alloys, CaZni3, CaZni1 and CaZns, at 190, 390 and 590 °C, respectively. The
enthalpy and entropy of formation of CaH2>-3Zn system was found to be AHges = 131 + 4
kJ.molt.Hz, ASges = 151 * 4 J.K"L.mol*.Hy, respectively. The CaH2-3Zn system’s operating
condition was found to be 597 £ 35 °C at 1 bar of H. pressure. Cycling studies of the material
over the first step of the reaction show reasonable thermochemical reversibility over 10 cycles.
SEM studies before and after cycling confirmed no significant sintering of the sample upon
heating. The cost of the raw material was estimated as $55/kWhw. The destabilisation of CaH:
with Zn proves that thermodynamic destabilisation can be achieved, but lower cost
destabilising agents must be found. It is challenging to predict the optimal reaction pathways
for these destabilisation reactions due to unreliable thermodynamic predictions for several

reaction products.
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Chapter 6

Performance of calcium hydride graphite system at

high temperatures
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6.1 Introduction

The reaction between CaH» and carbon was first reported in the 1920s, in which Reich et al.
mentioned that calcium hydride might react with carbon to form calcium carbide and
hydrogen.! The production of calcium carbide by reacting CaH: and graphite in different ratios
at high temperatures has also been discussed by Konar et al. to study the structural polymorphs
of CaC,? Different polymorphs of CaC, were synthesised by reacting CaH, and graphite at
temperatures of 700 °C to 1400 °C with specific molar ratios between 1:1.8 and 1:2.2. The
degassed graphite powder (heat the graphite powder at 900 °C under dynamic vacuum to
remove the moisture) and CaH. were mixed thoroughly using a mortar and pestle before being
pressed into pellets and then sealed in Ta ampoules by welding. The reactions were carried out
at temperatures between 700 °C to 1100 °C, and the significant findings were the existence of
three different crystal modifications of CaCo, as shown in Table 6.1. By varying the pressure
applied and temperature, both monoclinic forms have the potential to transform into CaC» I. A

fourth high-temperature cubic face centred CaC; IV crystal structure was also discussed.

Table 6.1 Polymorphs of CaC2.23

phase Crystal structure Phase group | Structural  Parameters

(A)
CaC: | tetragonal 14/mmm a 3.8845(1)

c 6.3969(2)
CaC: I monoclinic C2/c a 6.6479(1)

b 4.2007(3)

c 7.3335(5)

B 107.2590(3)
CaC: Il monoclinic C2/m a 7.2317(4)

b 3.8540(1)

c 7.3780(3)

107.3660(2)

CaC IV Cubic face centred Fm3m a 5.8911(6)

In addition, the interaction between solid graphite and molecular gaseous hydrogen was also
studied by several investigators. In 1968, Bernal et al. discussed the reaction kinetics between

graphite and gaseous hydrogen in the temperature range between 180 - 925 °C.* The products
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of the reaction were methane and molecular hydrogen. It was also noted that the reaction rate
increases with temperature and the temperature at which the maximum reaction rate occurs
vary with the chemical nature of reactants and products and the catalysts used.*®

As explained in Chapter 1, CaH> is identified as a promising next-generation thermochemical
energy storage material due to its high gravimetric & volumetric energy density. Due to the
corrosive nature of CaHz, the most challenging part is to find a suitable additive that
thermodynamically destabilises the CaH. and hence reduces the operating temperature.
Properties such as low cost ($ 1/kg), the low molar mass of graphite (12.011 g.mol™) and the
high theoretical gravimetric heat storage capacity (2072 kJ.kg™* for the predicted equation 6-
1) of the CaH> and graphite system makes graphite a suitable candidate for thermodynamic
destabilisation of calcium hydride.® Recently, Griffond et al. investigated CaHz mixed with
expanded natural graphite (ENG) as thermochemical energy storage (TES) material.” During
thermal decomposition, the release of an acetylene gas at 400 °C, along with CaC, and H,, was
reported.” However, the reversibility of the CaC, was unknown, as these studies were not
investigated.

In this chapter, the performance of the CaH»>-graphite system as a TES material for CSP
application was investigated both theoretically and experimentally at high temperatures. The
study focuses on the thermal analysis, thermodynamic and kinetic characterisation of the CaHa-
graphite system using temperature-programmed desorption (TPD), pressure composition
isotherms (PCIs), differential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA). Its cycling capacity and morphological changes of the sample before and after cycling

using field emission scanning electron microscopy (FE-SEM) were also investigated.

6.2 Results and discussion

6.2.1 Theoretical thermodynamic predictions

HSC Chemistry was used to initially identify whether the chemical reaction between CaH; and
2C (graphite) is thermodynamically favourable without considering reaction kinetics.®'! The
software was used to plot a graph to show how the equilibrium ratio of materials alters as a
function of temperature (Figure 6.1). The initial reactants CaH> and C were provided ina 1:2
ratio, and the possible products were predicted. The graph clearly shows that the reaction
between CaH» and 2C is thermodynamically favourable in the high-temperature region. The
reaction between CaHzand 2C starts from 500 °C, and the main reaction product was confirmed
as CaCo. It can also be confirmed from Figure 6.1 that there is no release of acetylene gas
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during the reaction between CaH, and 2C as mentioned by Griffond et.al.” The predicted

reaction and the thermodynamic conditions from HSC Chemistry software are

CaHz + 2C = CaC, + H2 (q) 6-1

and
AH =137 kJ.moI‘l.Hz, AS=177J K1 m0|_l.H2, T1bar = % =501 °C, and H» wt% = 3.05.

According to the HSC predictions, adding graphite to CaH> reduces the 1 bar hydrogen
equilibrium pressure and enthalpy of pure CaH. from 1055 °C to 501 °C and 167 kJ.mol 1.H;
to 137 kJ.molt.H, respectively. According to the prediction, this reaction is

thermodynamically favourable; however, the kinetics are unknown.
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Figure 6.1 HSC graphical simulation of CaH»-2C system at a pressure of 1 bar.

6.2.2 Synthesis and initial phase analysis

All the samples were handled inside the Ar filled glove box (O2 and H2O level < 0.1 ppm). The
graphite (Sigma Aldrich, < 100% ) was outgassed at 550 °C for 12 hours under a dynamic
vacuum to remove any moisture and then mixed with calcium hydride (Sigma Aldrich, > 95%)
in a 2:1 molar ratio. Next, the mixture was ball milled for 3 hours under an Ar atmosphere
using an Across International Planetary Ball Mill, employing stainless steel vials and balls with

a 40: 1 ball to powder ratio.
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The diffraction patterns of as-supplied CaH>, outgassed graphite and ball-milled CaH,-2C are
presented in Figure 6.2 (1)(a), (b), and (c), respectively. Quantitative phase analysis was used
to determine the purity of the materials using the Rietveld method.'? All these analyses were
performed by me. Quantitative phase analysis of the CaH- reagent shows CaH» with a
negligible amount of crystalline CaO and Ca(OH)2 (< 1%). The XRD and refinement pattern
for the ball-milled CaH»-2C shows CaH: (65 + 1 wt%), and C (35 + 1 wt%) (Figure 6.2 (1)(c)
and Figure 6.2(2)). This indicates that no reaction has occurred between the CaH» and graphite
during ball milling to form any crystalline Ca-C products.

(1)
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Figure 6.2 (1) Ex-situ XRD patterns of (a) CaHz, (b) outgassed graphite, and (c) Ball milled
CaH»-2C and (2) Rietveld refinement of the diffraction pattern for CaH»-2C system. Blue line
- raw data, red line - fitted data, grey line - difference plot (Cu K, 4 = 1.5418 A).
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6.2.3 Thermal analysis

TPD-MS (Temperature Programmed desorption- Mass Spectrometry) measurements were
performed on CaH: and the CaH»-2C mixture to compare their hydrogen desorption profiles.
As a high vacuum (< 1074 mbar) was employed in this technique, CaH; started to release
hydrogen at 500 °C and reached its highest intensity of desorption at 600 °C (Figure 6.3(a)).
Figure 6.3(b) shows the hydrogen desorption profile of the CaH>-2C mixture, with a smaller
peak at 240 °C and a prominent peak at 550 °C. The smaller peak at a lower temperature may
be due to the presence of Ca(OH)2 impurities in the CaH, sample, which decomposes below
300 °C.2 It indicates that adding 2C to CaH reduces the decomposition temperature of CaH:
slightly with a peak shift of 50 °C. No other gases, including acetylene, were detected.
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Figure 6.3 Hydrogen desorption profiles as observed by TPD-MS measurements of (a) CaH>

and (b) the CaH-2C mixture at a heating rate of 5 °C/min under a dynamic vacuum.

Temperature programmed desorption (TPD) was performed from room temperature to 800 °C
(5 °C/min) on the CaH»>-2C mixture (Figure 6.4). Figure 6.4 (a) shows the plot between time
and desorbed H> wt%, and Figure 6.4(b) is presented as temperature vs differential pressure.
The reaction between CaH> and 2C becomes significant from = 500 °C reaching maximum
hydrogen desorption of 2.8% H. at = 740 °C as shown in Figure 6.4(a). The measurement was

initiated under vacuum conditions (less than 0 bar) and reached its maximum hydrogen
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desorption value (an equivalent pressure of 2.85 bar) in less than the 3 hours required for the
system to reach 800 °C from room temperature. The mixture was kept at 800 °C for almost 7

h with no significant change in the wt% of desorbed hydrogen.
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Figure 6.4 TPD profiles of the CaH2-2C mixture with a ramp rate of 5 °C/min (a) time vs
desorbed H> wt% and (b) temperature vs differential pressure from room temperature to
800 °C.

The decomposition products for the CaH»-2C system after the TPD measurement were
determined by ex-situ X-ray powder diffraction (Figure 6.5 (1)) and quantified by the Rietveld
refinement method (Figure 6.5(2). It was confirmed that CaC, was the main decomposition
product, albeit existing in two different crystallographic polymorphs. Both room temperature

polymorphs exist in monoclinic space groups and are identified as CaC Il (C2/c) and CaC: Il
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(C2/m), with a wt% of 30 + 2 and 63 * 2 respectively (Figure 6.5(2)). Also, the wt% of CaO
was determined from Figure 6.5(2) as 7.0 £ 0.3.
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Figure 6.5 (1) Ex-situ powder diffraction pattern and corresponding (2) Rietveld refinement of
CaH2-2C system after TPD (Cu K, A = 1.5418 A).

To confirm the polymorphic transitions of CaC. and decomposition pathway of the CaH,-2C
system, the material was heated to varying temperatures of 300, 460, 580, and 700 °C under a
dynamic vacuum. The samples were placed in the stainless steel sample cells inside the SiC
reactor and heated to each temperature with a heating rate of 5 °C/min and stayed isothermal
for 10 hours and then cooled with the same ramp rate of heating. The ex-situ XRD patterns of
these materials after heating were collected and illustrated in Figure 6.6. The XRD patterns of
the room temperature and material heated to 300 °C are identical, indicating that no reaction
between CaH» and 2C occurred below 300 °C. Figure 6.6(c) shows small Bragg peaks for CaC:

I11, indicating that the reaction between CaH, and 2C commences below 460 °C. The material
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heated to 580 °C and 700 °C (Figure 6.6 (d) and (e)), show that all of the CaH. and C peaks
have completely disappeared and have been replaced by CaC: Il and CaC: 11l phases, which is

in good agreement with the XRD pattern after TPD measurements.
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Figure 6.6 Ex-situ XRD patterns of CaH»-2C system at (a) room temperature (b) 300 °C (c)
460 °C (d) 580 °C and (e) 700 °C (Cu K, 4 = 1.5418 A).

6.2.4 In-situ X-ray diffraction and differential scanning calorimetry studies
In-situ XRD data of the CaH»-2C system was collected during heating and cooling with a ramp
rate of 5 °C/min under a static argon atmosphere in a sealed quartz capillary tube, with the data
being presented in Figure 6.7 (a) and compared with DSC plot as shown in Figure 6.7(b). It is
evident from the in situ XRD and DSC patterns that the reaction between CaH, and 2C is
significant above 500 ° C, which is in agreement with the TPD curves in Figure 6-4 (b).
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Figure 6.7 (a) In-situ XRD patterns using Mo K, of 4 = 0.7093 A and (b) DSC plots upon

heating and cooling with a ramp rate of 5 °C/min for the CaH2-2C system.

At temperatures above 550 °C, the two polymorphs of CaC,, CaCz | (14/mmm) and CaC: Il
(C2/m), was observed from the in situ pattern and can be compared to the two endothermic
peaks in the DSC scan. Also, the in situ data show the structure transition of CaC> when cooling
from tetragonal CaCz | (14/mmm) to monoclinic CaC, Il (C2/c) at 450 °C that is precisely
correlated with the DSC cooling and second heating curve as shown in Figure 6.7(b). The
tetragonal structure of CaC, (CaC: I (14/mmm)) is unstable at room temperature but present at

high temperature and, hence, cannot be identified by the ex-situ XRD measurements.?
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6.2.5 Kinetics of CaH,-2C system

Kinetics of the CaH2-2C system were calculated by DSC analysis using a Netzsch (STA 449
F3 Jupiter) under Ar flow of 40 mL/min with an Al.Oz crucible to load the sample. The three
DSC curves with heating rates of 20, 10 and 5 °C/min and the corresponding first peak
temperatures of decomposition are labelled as shown in Figure 6.8 (a). Using these heating
rates and peak temperatures, Kissinger graph®* is plotted to calculate the activation energy of
the system, as shown in Figure 6.8 (b). The activation energy Ea for the CaH>-2C system was
calculated as 215 + 12 kJ.mol ™2, close to the value 203 + 12 kJ.mol ™ obtained for pure CaH.
in chapter 3 (section 3.2.8). This comparison indicates adding 2C might not alter or improve
the Kinetics of decomposition of CaH.. The higher the activation energy, the lower the reaction

kinetics. Therefore, the high value of Ea for the CaH-2C system indicates slow kinetics.
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Figure 6.8 (a) Differential scanning calorimetry pattern of CaH>-2C system and corresponding

(b) Kissinger plot for hydrogen release from the CaH,-2C system.
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6.2.6 Thermodynamics of CaH»>-2C system

To determine the thermodynamics of the CaH2-2C system, eight PCI’s were performed in the
temperature range of 580 - 670 °C. Generally, as the sample desorbs the gas for the hydrogen
desorption PCI analysis, the volumetric gas system will reveal an increase in pressure, as
explained in chapter 2, Section 2.3.7.2. However, for the CaH,-2C system, during each
desorption PCI experiment, a steady increase in pressure was not observed. It showed an
unexpected decrease in pressure at some temperatures, as shown in Figure 6.9. Moreover, when
the PCI’s were repeated at the same temperature and initial conditions, it was found that the
pattern was not reproducible, as shown in Figure 6.9 (a) and (b). It is clear from Figure 6.9 (a)
and (b) even though performed at the same temperature of 625 °C, the pressure curves are
different. In the first experiment, a decrease in pressure was initially observed before the system
pressure remained constant after further steps. In the second experiment, an increase in pressure
during the first step was observed, followed by a gradual decrease in the system pressure in the
following steps. Figure 6.9 (c) shows desorption of only 1.3 wt%, while in Figure 6.9 (d), the
pressure remained constant throughout the steps, although a small change in pressure at 3 bar
was observed. The PCI at 660 °C was repeated (Figure 6.9 (e)), and a different pattern was
again obtained with a pressure decrease observed below 1 bar (see insert in Figure 6.9 (e)).
This trend was observed in almost all performed PCI’s in the temperature range from 580 to
670 °C, and therefore it was not possible to identify an equilibrium plateau on the pressure vs
H> wt% plots. Hence, it was impossible to determine the thermodynamics of the system. XRD
data were collected after PCI to determine the decomposition products after PCI. It was clear
from the XRD after PCI measurements and from the quantification (Figure 6.10 (1) & (2)) that
there was an excess of CaH> present (38 £ 1 wt%) and less carbon (4 £ 1 wt%) being available
to react with CaH>. The wt% of formed CaC: I, CaC: Il and CaO was quantified as 14 + 1,
40+ 1 and 4 + 1, respectively. The presence of CaH> remaining after the PCI measurement was
due to the loss of carbon in the form of methane gas, which was later confirmed by TPD-MS
analysis of the final system gas composition. As explained in the literature, this may be due to
the reaction between graphite and gaseous hydrogen, which means fewer moles of H» gas and
hence a decrease in the system pressure.*® The reaction can be written as shown in equation
6-2.

C+2H2(g) — CH4 (g) 6-2
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Figure 6.9 Examples of hydrogen pressure curves of CaH»-2C system at 625 °C, 630 °C and

660 °C while performing PCI’s.
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Figure 6.10 (1) Ex-situ powder diffraction pattern and corresponding (2) Rietveld refinement
of CaH.-2C system after PCI (Cu K, radiation, 1 = 1.5418 A).

6.2.7 Methane production at moderate H> pressures

To confirm the loss of carbon during the PCI experiment, the CaH»-2C material was heated
from room temperature to 600 °C (ramp rate of 5 °C/min) under 6 bar of H» pressure to avoid
the decomposition of the system at elevated temperature based on the thermodynamics
calculated in HSC Chemistry. A gas sample was extracted using a stainless-steel double-ended
sample cylinder (77 cm?®) and connected to a mass spectrometer for compositional analysis. As
shown in Figure 6.11, the TPD-MS analysis revealed the release of methane gas along with
hydrogen and therefore explains the unexpected pressure decrease observed during desorption
PCI measurements. From the mass spectrometer a partial pressure of methane (3.7 x 107> mbar)

was observed of which was almost equal to that of H, (3.6 x 10> mbar) with a composition 51

172



and 49%, respectively. Methane and hydrogen were the only two species of gas observed with

no acetylene release detected, which is contradictory to the findings of Griffond et.al.’
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Figure 6.11 Major gases released measured by TPD-MS on the CaH»-2C system.

As explained in section 6.2.5, the inconsistent and non-equilibrium patterns of the PCI curves
make it difficult to find the reaction thermodynamics of the system. However, to test the
reversibility of the system, an absorption and desorption was performed after a desorbed PCI
(corresponding to one sorption cycle). Figure 6.12 (1) and (2) shows the XRD pattern and
corresponding Rietveld refinement of the CaH.-2C system after second desorption, which
shows excess CaHz and no more carbon available to react with CaH,. Almost 56 + 2 wt% of
CaH2 and 0 wt% C remained to react after 2"¢ desorption. This explains the degradation of the
system after the first cycle. The products formed have a wt% of 30 + 3,6 £ 1 and 9 + 1 CaC»
I11, CaC: Il and CaO, respectively. The availability of graphite to react with CaH; after each
cycle will be less as it absorbs H, and forms methane gas under Hz pressure. The reversibility
is the crucial parameter determining the potential application of this material as a TES in CSP
plants. Therefore, the formation of methane gas may ultimately limit the use of the CaH»>-2C

system as a TES material.
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Figure 6.12 (1) Ex-situ powder diffraction patterns and corresponding (2) Rietveld refinement
of CaH-2C system after cycling (4 = 1.5418 A).

As discussed in the previous section (6.2.5), it is difficult to measure the thermodynamics of
equation 6-1 experimentally due to the formation of methane gas and slow kinetics. Hence, the
theoretical thermodynamic calculations were repeated using HSC Chemistry software to
include methane as a product, and the data plotted in Figure 6.13. It is clear from Figure 6.13
that the formation of acetylene (C2Hy) is not thermodynamically favourable, and only methane
gas is found, a prediction that is in good agreement with the TPD-MS observations. As such
an alternate theoretical reaction pathway between CaH> and C was predicted, as shown in
equation 6-3. The Gibbs free energy values of a reaction determine whether the reaction is
thermodynamically favourable or not and if AG < 0, the reaction will occur spontaneously. The
AG values of equation 6-3 are more negative compared to equation 6-1, as shown in Figure

6.14. Hence, it may also explain the formation of methane during experiments. Therefore, it is
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hard to explain the exact reaction pathway of the CaH»-2C system, and it is possible that the

three reactions (6-1, 6-2 and 6-3) may occur at the same time.

2CaH2+5C — CaCy+ CHas (9) 6-3
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Figure 6.13 Graphical simulation of CaH,-2C system at 1 bar of pressure including CHs4as a

reaction product.
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6.2.8 SEM

The morphological changes of the CaH,-2C system before and after one cycle were studied by
field emission scanning electron microscopy (Figure 6.15 (a) & (b)), and the corresponding
energy dispersive X-ray Spectroscopy (EDS) spectra also acquired and presented in Figure
6.15 (c) & (d)) respectively. It is evident from Figure 6.15 (a) that after ball milling CaH2 and
C are evenly distributed throughout the sample, having brighter regions representing Ca rich
regions. Figure 6.15 (c) shows the EDS spectra of the ball-milled CaH2-2C system, which
confirms the elemental compositions of Ca, C and O only; no other impurities were found as
expected. The powder particle size of the cycled mixture is almost 2 um bigger than the

prepared ball-milled ones, which may be due to the thermal expansion or due to the sintering.

It can be seen from Figure 6.15 (b) that the particles are sintered or melted after heating.
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Figure 6.15 SEM micrographs of the CaH-2C system and corresponding EDS spectra (a & )
as prepared (b & d) after cycling.
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6.3 Summary

The Calcium hydride graphite mixture was synthesised in a 1:2 ratio by ball milling and
experimentally investigated and its feasibility as a TES material for CSP applications is
reported. Temperature programmed desorption (TPD) and XRD data after 800 °C showed
CaC; as the main decomposition product. In situ XRD studies revealed different polymorphic
transformations of CaC, as CaC> | (I4/mmm) and CaC; Ill (C2/c), while heating. Also, it
confirmed the transformation of CaCz | to CaC> Il (C2/m) while cooling. DSC analysis and
corresponding Kissinger plot calculated the activation energy of the system as 215 + 12
kJ.mol . Thermal analysis and mass spectrometry studies revealed the formation of methane
gas in addition to hydrogen under Hx pressure. The theoretical data from HSC chemistry
software shows that the methane formation (6- 3) is more thermodynamically favourable than
hydrogen production in reaction (6-1), which is also confirmed experimentally. Unfortunately,
the formation of methane gas, the possibility of three different reactions occurring at same time,
the slow reaction rate, and the poor reversibility indicates a barrier to applying the CaH2-2C
system as a TES material for CSP application. However, the system may be used for industrial
methane and calcium carbide production. Industrial methane production could be less feasible
due to the high cost associated with material itself, CaH> ($6000/tonne) compared to the other
available methods as the current average market price of methane around the world is $0.95

per litre 1>
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Chapter 7

Metal oxides for the thermodynamic destabilisation
of CaH2: A comparison of several metal oxide

systems.
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7.1 Introduction

Calcium can be used as a reducing agent in metallic or hydride forms. P.P Alexander was the
first person who discovered that calcium hydride might be used as a reducing agent for
producing pure metals from their metal oxides.!? The reduction process was used in the
preparation of chromium, titanium and uranium and was patented in 1934.% It was noted that
the calcium reduction reaction is more exothermic than the calcium hydride reduction reaction;
a portion of the heat of the reaction will be required to break the bonds of hydride.* The general

reduction reaction between CaH» and a MO (metal oxide) can be expressed as shown in 7-1.
MO + CaHz = M + CaO + Ha(g) 7-1

As explained in chapter 2, finding a suitable additive is the most important and demanding one
to convert CaH> into a suitable TES for the next generation CSP plants. The thermodynamic
destabilisation of CaH» with AlO3 and Zn was achieved and reduced the operating temperature
of pure CaH> to 636 and 597 °C, respectively (Chapter 4 & 5). However, adding C to CaH>
(Chapter 6) did not destabilise as theoretically expected. It is difficult to predict the exact
reaction pathway due to variable or unrealistic thermodynamic predictions for various reaction

products.

Metal oxides are comparatively cheaper, have high melting and boiling points, are less volatile,
more stable, safer to handle in air and more readily available. Therefore, this chapter details
the effect of some commonly available oxides (as shown in Table 7.1) on the thermodynamic
destabilisation of CaH». A brief literature review, theoretical thermodynamic predictions, and

these oxides' specific features are given in the next section.

Table 7.1 The selected ten different oxides for the destabilisation of CaH> and their physical

properties.
Oxide | Chemical | Manufa | Purity | Molar Density | Melting | Cost Ref
formula | cturer | (%) mass (9. | (g.cm™) | point (US$
mol %) (°C) per
tonne)”
1 zZinc ZnO Sigma | 99 81.38 5.61 1975 1234 ST
oxide Aldrich
2 Zircon | ZrO; Aldrich | 99 123.21 5.68 2700 10,000 810
ium
(1v)
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oxide
(<100
nm)

3 Silicon | SiO; Aldrich | 99.5 60.08 2.65 1710 2500 1113
dioxid
e (<10
- 20

nm)

4 Manga | MnO Chem > 94 70.93 5.43 1842 8000 1415
nese supply
)

oxide
5 Ferric | Fe,03 Aldrich | <100 | 159.70 |5.24 1565 580 16-17
oxide
6 Titani | TiO; Aldrich | 99 79.86 4.23 1840 1400 9 18-
um 19

(V)
oxide
7 Nickel | NiO Sigma- | 99.9 74.69 6.67 1955 5000 20-21
(m Aldrich
oxide
8 Coppe | CuO Aldrich | 99 79.54 6.31 1326 2000 2223
r (1)
oxide
9 Yttriu | Y203 Aldrich | 99.9 22581 |5.01 2400 3000 24-25
m (1)
oxide
10 | Ceriu | CeO; Aldrich | 99 17211 | 7.22 2600 1500 26-21
m (1V)
oxide
(<25
nm)

*The prices in USD were chosen as an average from a range of given price lists in the market

from the references provided in the table.

7.2 Literature review

Pure zinc oxide (ZnO) is a soft white powder but naturally occurs as a rare mineral zincite.?® It
has been considered an attractive material for various applications due to its unique physical
and chemical properties. These applications include solar cells, gas sensors, surface acoustic
wave devices and light emitters.?®3! ZnO is also commonly studied as a heterogeneous catalyst
among transition metal oxides.®? It has high melting and boiling points (1975 °C and 2360 °C)
and exists as a hexagonal wurtzite structure (P6zmc) under ambient pressure conditions.!? 3133

According to HSC Chemistry software, the reaction between CaH. and ZnO is highly
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exothermic and requires extremely high pressures. The reaction is predicted as shown in 7-2
with AH = — 105 kJ.mol™1.Hz at T = 25 °C under a pressure of 9.9 x 10%* bar.

CaH2+ ZnO — CaO + Zn + Hz(g) 7-2

Zirconium oxide (ZrO2), also known as zirconia, is a white crystalline oxide of Zr with a
monoclinic structure (P21/c) at room temperature and tetragonal (P42/nmc) and cubic (Fm3m)
at high temperatures.®% It is a hard material used in ceramics, dentistry, and diamond
stimulant.3” The theoretical thermodynamic predictions from HSC Chemistry software showed
the reaction pathway (7-3) with CaZrOs and Zr metal as the main reaction products. The
enthalpy of the reaction was found as AH = 69 kJ.mol*.H; at Tipar = 246 °C, and hence the

reaction is endothermic.
2CaH2 + 3ZrO2 — 2CaZrO3 + Zr + 2H2(g) 7-3

Meerson et.al.>® detailed a reduction reaction between CaH and ZrO; at 1000 °C, yielding pure
Zr metal and its hydride ZrHo e4. A reaction pathway consisting of four steps has been suggested
(equation 7-4 to 7-7), which results in an aggregate reaction as expressed in 7-8.

CaH2=Ca+ H: 7-4
ZrOz + 2H2 = Zr + 2H,0 7-5
H20 + Ca = CaO + H: 7-6
Zr + 0.32H2 = ZrHo64 7-7

Then 2 (7-4) + 7-5 + 2 (7-6) + 7-7 gives:
2CaH2+ ZrO2 = ZrHoes + 2Ca0 + 1.68H2 7-8

Silicon dioxide (SiO>) also known as silica, exists in a tetrahedral structure and is naturally
found as quartz, the second most abundant mineral in the earth's crust.®® It is the main
component in sand and hence applied in the construction industry and suitable for the
production of glass, food, cosmetics, pharmaceutical, and semiconductor technology. The SiO>
nanocomposite (SiO2 nanoparticles dispersed in lithium carbonate and potassium carbonate
solution) has recently attracted attention for solar thermal energy applications, such as
enhancing materials' thermal properties and phase change materials (PCMs).*° SiO; also can
act as a multiple porous fire-resistant supporting material.**** According to theoretical
thermodynamic predictions, the reaction between CaH2 and SiO- is endothermic from room
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temperature to 780 °C, and above 780 °C, the reaction became exothermic. The reaction can

be predicted as follows:
2CaHz + SiO2 — 2Ca0 + Si + 2H2(9) 7-9

Among the transition metals, due to the range of valance states, Mn has the highest number of
oxides such as MnO, Mn304, Mn203, MnO2, MnOs and Mn0Oy7, each with varying crystal
structures.** Manganese oxide materials are highly attractive for electrochemical energy
storage applications. The low hysteresis, high theoretical specific capacity and high density
make manganese (11) oxide (MnO) a potential anode material for lithium-ion batteries.*>-8 It
adopts a rock salt structure. It is also a significant component of fertilisers and food additives.*
Equations 7-10 and 7-11 illustrate the predicted reaction between CaH, and MnO and MnO,
respectively. MnO is the selected candidate in this investigation, and according to the
thermodynamic predictions, the reaction (7-14) is possible at T = 25 °C with AH = — 68
kJ.mol*.H; under high pressure (1.5 x 10*' bar).

CaHz2+ MnO; — CaO + Mn + H20 7-10
CaHz2+ MnO — CaO + Mn + Hz(g) 7-11

Iron (I11) oxide or ferric oxide (Fe203) is one of the three principal oxides of iron and the
cheapest among all the selected oxides (US $ 580/tonne). Oxides of iron are suitable oxygen
carriers; they show multiple phase transitions and are ideal for either chemical looping
combustion or hydrogen production.>®! The most common form of Fe;0s is a-Fe;Os in the
rhombohedral crystal structure. It also possesses a high melting point of 1539 °C and is most
important in the steel and iron industries application.'? 34 %2 According to HSC Chemistry
software, the exothermic reaction between CaHzand Fe2O3, as shown in 7-12, has a AH =178
kJ.molt.H; at T = 25 °C under extremely high pressure (1.1 x 102 bar).

3CaH2 + Fe203 — 3Ca0 + 2Fe + 3H2(g) 7-12

Titanium oxide (TiO2) or titania has high popularity in the surface science of metal oxides,
with its primary uses being as heterogeneous catalysts; in solar cells for the production of
hydrogen and electric energy; as a gas sensor; as a corrosion protective coating, and also
applications in Li based batteries and electrochromic devices.>*° It is comparatively easy to
prepare by sputtering and annealing.>® The theoretical predictions from HSC Chemistry

software shows an endothermic reduction reaction between CaH> and TiO2 which produces
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pure Ti metal (7-13). The enthalpy of the reaction was AH = 16 kJ.mol LH; at T=25°C at a

pressure of 4.3 x 10° bar.
2CaH2 + TiO, — 2Ca0 + Ti + 2Ha(g) 7-13

However, Meerson et.al. shows an alternate reaction pathway between CaH» and TiO: that
produces TiHo27 at 1000 °C, similar to the reaction between CaH; and ZrO». The resultant

reaction can be written as:
2CaH2+ TiO2 — 2Ca0 + TiHo27 + 1.865H2(Q) 7-14

Nickel (1) oxide (NiO) is the principal oxide of nickel and has a rock salt structure.®® It has
found application in semiconducting devices, batteries, solar cells and catalysts due to its
peculiar electrical, optical, thermal and magnetic properties.>*® NiO is also an attractive
material for preparing nickel cermet for the anode layer of fuel cells.>® The reaction between
CaH; and NiO from HSC Chemistry software (7-15) with AH =—213 kl.mol L.H; at T = 25
°C that requires extremely high pressure (4.6 x 10* bar).

CaHz + NiO — CaO + Ni + Ha(g) 7-15

Copper (I1) oxide or cupric oxide (CuO) is one of the two stable oxides of copper. It is
considered an electrode material for next-generation rechargeable Li-ion batteries due to its
high theoretical capacity, safety, and is environmentally benign.®®6! It also has potential
application in storage devices, sensors, catalysts and solar energy transfer.8-%% The predictions
from HSC Chemistry show that CaH> reduces CuO into pure Cu metal, as shown in equation
7-16.

CaHz + CuO — CaO + Cu + Hz(g) 7-16

Yttrium (I11) oxide (Y203), also known as yttria, is a c-type structured (modified fluorite cubic
structure) rare earth oxide, which is stable in air up to 2325 °C.%*%" Due to its high thermal
structural stability, it has promising applications in high-temperature coatings, solid oxide fuel
cells and nuclear engineering.5* %72 Theoretical calculations show, at high temperatures, Tipar
= 1180 °C, the endothermic reaction between CaH2 and Y203 occurs as shown in equation
7-17 with AH = 151 kJ.mol1.H;

3CaH2+ Y203 — 3Ca0 + 2Y + 3H2(g) 7-17

Ceric oxide or cerium(IV) oxide (CeO) is also a rare earth metal oxide of cerium, with

particular applications in the purification of the element from ores, and as an important
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commercial product.”>"® It can be used in the thermochemical water-splitting process for
hydrogen production and polishing hard materials with a relative hardness of 6-7 on Moh's
hardness scale.”®"® According to the theoretical predictions, the endothermic reaction between
CaH; and CeO; is endothermic and occurs at Tipar = 407 °C with AH = 95 kJ.mol1.H..

2CaH2 + CeO, — 2Ca0 + Ce + 2H2(Q) 7-18

Interestingly, no research or literature review is available on these metal oxides on the
thermodynamic destabilisation or reaction with CaH>. Hence, this chapter discusses the
synthesis, characterisation, thermal analysis, and suitability of each CaH.-oxide system as a
TES material for CSP applications.

7.3 Results and discussion

7.3.1 Synthesis and characterisation

All chemicals were handled inside an Ar filled MBraun Unilab glovebox maintained at an
oxygen and water level of < 1 ppm. CaH. (Sigma Aldrich; >95% purity) and each oxide,
purchased and purity as shown in Table 7.1, were mixed separately in a 1:1 molar ratio and
ball-milled using a planetary ball mill. The samples were sealed inside a stainless-steel vial
with a 40:1 ball (equal number of 10 mm and 6 mm diameter balls) to powder ratio and milled
for 3 h at a rotational speed of 400 rpm. The XRD patterns of each CaHz-oxide system after
ball milling are displayed in Figure 7.1. All the XRD patterns except Fe>Os were obtained from
a Bruker D8 Advance diffractometer using Cu K, radiation. The XRD analysis of Fe containing
samples with Cu radiation creates polychromatic radiation (high background level) due to its
fluorescent nature. Hence the diffraction patterns of the CaH2-Fe2O3 system were collected

using a Bruker D8 diffractometer with a Co K, radiation.

The XRD patterns after ball milling help to identify any reactions that occurred between CaH>
and oxides. However, depending on the oxides' hardness, density, and molar mass, the intensity
of the CaH. peak varies or is amorphous after ball milling. Moreover, in most cases, the peaks
of CaHz and oxides overlap. It is evident from Figure 7.1(8), CaH. reacted with CuO and
reduced CuO to Cu and CaO during ball milling. Moreover, XRD patterns do not show the
crystalline peaks of any reaction products for any oxide system except CuO. Due to the
nanoparticle size (< 10 nm) of SiO2 used for the synthesis of the CaH>-SiO> system, it was
challenging to identify the crystalline peaks of the SiO> compound after ball milling (Figure
7.1(3)). However, in the CaH2-Y203 system, due to the hard nature of Y203 (similar to
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diamond), it was difficult to locate the CaH> peaks after ball milling. Also, after ball milling
the CaH2-CeO; system, it was challenging to find the crystalline peaks of both CaH2 and CeO-
(Figure 7.1(10)). Ball milling may have reduced the particle size, or due to the relatively hard
nature of CeO2, the compound became amorphous and hence challenging to locate the peaks
using XRD analysis.
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Figure 7.1 Ex-situ powder diffraction patterns of as prepared (1) CaH»-ZnO (black), (2) CaH.-
ZrO> (blue), (3) CaH2-SiO (green), (4) CaH2-MnO (pink), (5) CaH2-Fe O3 (red), (6) CaH»-
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CaH»-CeO2 (grey) in 1:1 molar ratio.
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7.3.2 Thermal analysis

7.3.2.1 Differential scanning calorimetry (DSC) & temperature

programmed desorption analysis

DSC analysis was performed on the CaH»- oxide systems using a Netzsch (STA 449 F3 Jupiter)
under Ar flow of 40 mL/min using Al2Oz crucibles. The Ar was passed through a Zr filter
(heated to 200 °C) to reduce oxygen impurities in the gas stream before entering the DSC. The
samples were heated from room temperature to 900 °C with a ramp rate of 20 °C/min. The
TGA data did not provide helpful information as no increase or decrease in mass was observed.
The DSC peaks assist in identifying whether the reaction between CaH. and oxide is
endothermic or exothermic. Overall an endothermic reaction is required for the material to find
use as a TES for CSP application. TPD analysis on each CaH;- oxide system was performed
from room temperature to ~ 800 °C with a ramp rate of 7 °C/min, with all the measurements

starting from the vacuum.

The DSC data of each system is presented in Figure 7.2(a) & (b) and compared with its
differential pressure obtained from temperature-programmed desorption (TPD) studies (Figure
7.2(c) & (d). In addition, Figure 7.3(a) & (b) shows the experimental desorbed H> wt% vs
temperature and (c) & (d) pressure vs temperature. XRD was again conducted after TPD to

determine the reaction products (Figure 7.4.1 and 7.4.2).
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The significant findings from the DSC, TPD experiment, and subsequent quantitative XRD are

listed below:

(1) CaH2-ZnO - It is clear from the differential TPD profile (Figure 7.2(c(1))), that the reaction
between CaH. and ZnO started at 100 °C, with the first peak maximum at 200 °C and the
second at 330 °C. The maximum hydrogen desorption capacity reached was ~1.55 wt%, which
correlates with the theoretical wt% of 1.6, at =~ 800 °C (Figure 7.3(a(1))), equivalent to a
pressure of 1.61 bar (Figure 7.3(c(1))). DSC analysis (Figure 7.2(a(1))) also shows two
exothermic peaks with the first peak maximum at 200 °C that matches with TPD studies. The
second peak was obtained centred at 390 °C (broad peak in the temperature range
385 - 411 °C), which contradicts the peak at 330 °C in the TPD curve. This may be due to the
Zn melting peak overlapped with a reaction peak (the melting point of Zn is 419 °C). The XRD
measured after TPD measured up to 410 °C (Figure 7.4.1(1(a)) shows that the CaH. reduced
ZnO into Zn and CaO. The corresponding Rietveld refinement (Figure 7.5(a)) provided a
composition of CaO and Zn as 68 + 1 wt% and 28 + 1 wt%, respectively with some unreacted
CaH (2 £ 1 wt%) and ZnO (3 + 1 wt%). The XRD measured after TPD at 800 °C shows only
CaO peaks (Figure 7.4.1(1(b)). This is because zinc evaporates while heating to 800 °C and is
seen deposited on the cooler sides of the reactor. The quantitative XRD refinement (Figure
7.5(b)) shows only 100 wt% of CaO. As a result, the reaction between CaH and ZnQO is limited
to below 420 °C and can be described by equation 7-19 and matches with the theoretically
predicted reaction in equation 7-2. The reversibility of the reaction was also tested by
performing a hydrogen absorption experiment at 400 °C under an Hz pressure of 40 bar using
a stainless-steel reactor. The XRD after absorption (Figure 7.6) nearly matched with XRD after

desorption at 410 °C, indicating the reaction is irreversible.

CaH2+ ZnO — CaO0 + Zn + Hz(g) 7-19
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(2) CaH2-ZrOz - The DSC data (Figure 7.2(a(2)) measured shows two endothermic peaks at
400 °C and 757 °C, while the differential TPD curves (Figure 7.2(c(2)) indicates one significant
peak at 400 °C and a broad curve with an onset temperature of 600 °C and a maxima at 720
°C. This two-step reaction pathway was later proven by in-situ XRD studies (Section 7.3.2.2).
A maximum of 0.75 wt% hydrogen (Figure 7.3(a(2))) was desorbed experimentally (theoretical
wt% = 0.6) at ~ 800 °C with a maximum pressure of 0.68 bar (Figure 7.3(c(2))). In Figure
7.4.1(2), XRD after TPD identified CaZrOs and ZrH>as the main decomposition products. The
Rietveld refinement of the data (Figure 7.7) shows CaZrOs, CaO and ZrH. with a wt% of 62 £
2,18 + 1 and 20 + 2, respectively. The reaction can be expressed as shown in 7-20, which
combines the two predicted reactions 7-3 and 7-8. Moreover, the reversibility of the reaction
7-20 needs further testing, which requires a temperature above 700 °C as the decomposition
peak of ZrH is at 700 °C.%

2CaHz + 2Zr0z — CaZrOs + CaO + ZrH, + Ha(g) 7-20
K T T S S N TN S A TN N N | T T N T N [N T N T T A T T N T N N L
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Figure 7.7 Rietveld refinement of CaH2-ZrO; system after TPD (Cu K, A = 1.5418 A).

(3) CaH2-SiOz2 - Both the DSC curve (Figure 7.2(a(3))) and the differential TPD profile (Figure

7.2(c(3))) show two steps of reaction. The first one in the TPD was a slow Ha release process
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in the range 200 to 600 °C, and the second one (580 - 760 °C), which is centred at 700 °C and
was relatively faster and more prominent. The DSC signal showed a small rise at 400 °C and
the second (580 - 730 °C) more prominent one peaked at 640 °C. The third peak in the DSC
shows the melting of CaH> that melts at 815 °C. These observations matched the in-situ XRD
patterns (discussed in section 7.3.2.2) and identified the two reaction pathways. This system
shows the highest capacity of hydrogen desorption of 1.77 wt% up to 800 °C (Figure 7.3(a(3))),
equivalent to a pressure of 1.27 bar (Figure 7.3(c(3))). It was noted that the H> wt% increased
to 1.91 after waiting at 800 °C for 5 hours isothermally. The main decomposition products
confirmed using XRD after TPD were Ca;SiO4, CaO and Si, as shown in Figure 7.4.1(3).
Quantitative Rietveld refinement was performed to compare the as-prepared sample and after
TPD at 800 °C samples. It was difficult to determine the exact wt% of SiO». The intensity of
the crystalline peaks of the SiO2 (powder size of < 10 nm for synthesis) after ball-milling was
too low or became amorphous compared to CaH2 peaks. Hence, the refinement (Figure 7.8(a))
underestimated the wt% of SiO2 as 10 + 2, instead of the expected 58%, while the wt% of CaH>
was determined as 90 + 2. However, the quantitative analysis after TPD (Figure 7.8(b)) gives
CazSi04 as the significant component, with 90 £ 3 wt%, while CaO and Si represent 2 + 1 and
3+ 1 wt%, respectively. In addition, the refinement after TPD shows excess SiO2 (5 + 3), which
was also later proved by in-situ studies. Hence, the reaction can be written as shown in 7-21

and the optimised reaction can be written as displayed in 7-22:
CaH, + Si0; — Ca;Si04 + -Ca0 + -Si +,Si0z + Hz (g) 7-21

4CaH; + 3Si0; — CazSiO4 + 2Ca0 + 2Si + 4H; (g) 7-22
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Figure 7.8 Rietveld refinement of CaH>-SiO> system (a) as prepared (b) after TPD (Cu K, 4
=1.5418 A).

(4) CaH2-MnO - DSC studies of this system (Figure 7.2a(4)) show a single exothermic peak
at 750 °C that is in good agreement with the TPD profiles (Figure 7.2c(4)). The reaction
between CaH2 and MnO started at > 400 °C and reached maximum H; desorption of 1.77 wt%
at 800 °C (agrees with the theoretical value of 1.78 wt%), with an equivalent pressure of 1.52
bar (Figure 7.3(a & c(4))). The XRD after TPD (Figure 7.4.1(4)) and refinement (Figure 7.9)
shows Cap.0sMno.e7 (27 + 1 Wt%, space group 143m), which matches with Mn (16 + 1 wt%,
space group P4.32) peaks along with CaO (57 £ 1 wt%). Hence the reaction can be written as
shown in 7-23

CaH2+ MnO — Cap .70 + Cao.0sMno.o7 + 0.03Mn + H2(g) 7- 23
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Figure 7.9 Rietveld refinement of CaH2-MnO system after TPD (Cu K, 4 = 1.5418 A).

(5) CaH2-Fe20s3 - Two exothermic peaks at 300 °C and 512 °C were shown by DSC studies
(Figure 7.2(a(5))), while the differential TPD analysis revealed only one peak at 280 °C (Figure
7.2(c(5))). The TPD curve (Figure 7.3(a & c(5))) clearly shows that the system reached a
maximum Ha desorption of 0.58 wt% at 800 °C with an equivalent pressure of 0.33 bar. The
desorbed H> wt% showed a rise from 0.58 to 0.76 after waiting at 800 °C for 5 hours
isothermally. The primary decomposition products from XRD after TPD at 800 °C were
CaoFe20s and Fe as shown in Figure 7.4.1(5), and the reaction can be expressed as shown in
7-24. 1t is noted from the literature that Ca2Fe>Os undergoes polymorphic transitions at higher
temperatures and hence the second peak in the DSC studies shows the crystal transformation
of CapFe0s.8! Rietveld refinement of the XRD data (Figure 7.10) reveals CazFe,Os and Fe

with a wt% of 69 + 1 and 31 £ 1, respectively. As the quantitative analysis shows no excess
Fe2O3 or CaH: after TPD, the reaction 7-24 can be balanced by adding a iOz(g) as shown in

7-25. Therefore, the reaction between CaH2 and Fe>O3 should release O2(g) along with Hz(Q);

however, this needs further testing.

CaHz + Fe203 — ~CazFez0s + Fe + Hz(g) 7-24
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CaHz + Fe203 — %CazFezos + Fe + iOz(g) + Hz(9) 7-25
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Figure 7.10 Rietveld refinement of CaH,-FeO3 system after TPD (Co K, 4 = 1.789 A).

(6) CaH2-TiO2 - The DSC signal (Figure 7.2(b(6))) obtained was unfortunately not strong
enough to distinguish between endothermic or exothermic peaks. However, the differential
TPD (Figure 7.2(d(6))) shows a peak at 300 °C that can be compared with an exothermic peak
in the DSC analysis at 300 °C. In addition, the TPD profile shows a second slow event from
400 - 800 °C, centred at 640 °C. Figure 7.3(b & d(6)) illustrates a maximum H, wt% and
pressure obtained after TPD at 800 °C as 1.57 and 0.75 bar, respectively. XRD after TPD
confirmed the reaction products as CaTiOs, Ti and CaO, as shown in Figure 7.4.2(6). However,
the quantitative Rietveld refinement data (Figure 7.11) determined the composition of the
material to be CaTiOz, Ti and CaO as 44 + 4, 4 + 3 and 29 + 2 wt%, respectively, with an
excess of unreacted TiO2 (19 = 2 wt%). Hence, equation 7-26 shows the reaction between CaH>
and TiO.. The optimised form of the reaction 7-26 can be written as shown in 7-27, without

excess TiO2:
CaHz + Ti0z — -CaTiOz +-Ca0 + -Ti +-TiOz + Hz(g) 7-26
4CaH; + 3TiO2 — CaTiOs + 3Ca0 + 2Ti + 4Hx(q) 7-27
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Figure 7.11 Rietveld refinement of CaH-TiO2 system after TPD (Cu K, A = 1.5418 A).

(7) CaH2-NiO - It is clear from the DSC (Figure 7.2(b(7))) and TPD data (Figure 7.2(d(7)))
the reaction between CaHzand NiO occurs in a single step. The single peak obtained from DSC
(340 °C) and TPD (240 °C) differ by a temperature of 100 °C. However, the DSC peak
demonstrates the reaction as an exothermic reaction. Figure 7.3(c & d(7)) illustrates the
maximum Hz wt% of 1.2 at 800 °C with an equivalent pressure of 0.8 bar. The system showed
an increase in Ho wt% (1.45) after waiting at 800 °C for 5 hours isothermally. The XRD after
TPD (Figure 7.4.2(7)) and corresponding quantitative XRD refinement (Figure 7.12) prove that
the CaH. reduced NiO into pure Ni (46 = 1 wt%) and CaO (45 + 1 wt%). In addition, 5 + 2
wit% of NiO and 4 £ 2 wt% of CaH> were also found unreacted. However, the reaction can be
written as shown in 7-28 and exactly matches with the theoretically predicted reaction 7-15:
CaH2 + NiO — CaO + Ni + Hx(g) 7-28
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Figure 7.12 Rietveld refinement of CaH.-NiO system after TPD (Cu K, /4 = 1.5418 A).

(8) CaH2-CuO - DSC (Figure 7.2(b(8))) and TPD analysis (Figure 7.2(d(8))) did not show any
significant peaks of reaction, as expected because all the CaH, and CuO had reacted during
ball milling, as seen in the XRD after ball-milling (Figure 7.1(8)). The CaH. reduced CuO into
Cu and formed CaO. The reaction products remained the same as the ball-milled products even
after heating up to 800 °C (Figure 7.4.2(8)), which agrees with DSC results. The corresponding
refinement (Figure 7.13) confirms the same wt% for CaO and Cu (50 £ 1). The reaction can be
written as shown in 7-29 and agrees with the predicted reaction 7-16.

CaH2+CuO — CaO + Cu + Hz(g) 7-29
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Figure 7.13 Rietveld refinement of CaH2-CuO system after TPD (Cu K, A = 1.5418 A).

(9) CaH2-Y203 - The DSC signal (Figure 7.2b(9)) and differential TPD profiles (Figure
7.2d(9)) did not show any significant peak until 800 °C. The theoretical predictions showed
that Y203 is a thermally stable compound and that a temperature of > 1000 °C at 1 bar Hy is
required to complete the reaction. The literature also noted that YOz is highly stable even at
temperatures above 2000 °C and is used as a high-temperature protective coating.5% 6872
However, the TPD curve (Figure 7.3(b & d(9))) shows a slow release of H, from 200 °C and
reaches 0.48 wt% H> and pressure of ~ 0.22 bar at 800 °C , which is close to the theoretical
value of 0.7. However, the DSC curve shows an endothermic peak at 846 °C, which could be
due to the melting of Ca metal overlapping with the reaction between the CaH»>-Y203 system.
Hence, the reaction could be completed if the temperature were increased to 900 °C.
Quantitative refinement of the XRD data (Figure 7.4.2(9)) collected after TPD and on the ball-
milled sample was analysed (Figure 7.14). The refinement on the sample after ball milling
(Figure 7.14(a))) shows 93 £ 1 wt% Y»03 and 7 = 1 wt% which contrasts with the expected
theoretical values of 85 and 15 wt%. This is due to the amorphous nature of CaH: peaks after
ball milling. However, the refinement after TPD at 800 °C (Figure 7.14(b))) gives CaO (15 *
1 wt%) and Y (3 = 1 wt%) along with excess of Y203 (70 £ 2 wt%) and CaH> (12 + 1 wt%).
This shows that the highest temperature of the reaction applied was not enough to complete the

reaction between CaH; and Y20s. Hence, according to the XRD refinement after TPD, the
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reaction can be written as 7-30 and the optimised form of the reaction can be written as shown

in 7-31, without excess CaH; and Y20s.

4CaH; + 4Y,03 — 3Ca0 + 2Y + CaH: + 3Y203 + 3H2(qg) 7-30
3CaH2 + Y203 — 3CaO + 2Y + 3H2(g) 7-31
- IS I N N [N T S TN SN AN S N T TN NN SN TN SN NN N TN T S TN [N SN T SN NN SO T S 1
ERRAC) | CaH, | CaO 3
SL 30 I [ T R I I T T T N T T T R R B I 3
> Fhgn o mir o1 noooani (T O T O I A 1 B =
2 11”
_g | | | | | I | I I | | | | | I | I 11 g_
E L LU U R R I BRI DL R T monm g

26 (%)

Figure 7.14 Rietveld refinement of CaHz-Y203 system (a) as prepared (b) after TPD (Cu K,
4 =15418 A).

(10) CaH2-CeO2 - The DSC signal (Figure 7.2b(10)) and differential TPD profiles (Figure
7.2d(10)) did not show any significant peak until 800 °C. The TPD curve (Figure 7.3b & d(10))
reached a maximum desorbed H> wt% of 0.52 at 800 °C with a pressure of 0.18 bar , and the
DSC shows an endothermic event at 800 °C. It was difficult to locate the peaks in the XRD
pattern due to the amorphous nature of the sample after ball milling. However, Figure 7.15
illustrates the Rietveld refinement of the samples after ball milling and TPD at 800 °C. Figure
7.15(a) shows the composition of the sample to be CeO2 (94 = 2 wt%) and CaH> (6 + 4 wt%)
after ball-milling. It was difficult to find the exact amount of CaH> due to the amorphous nature
of the particles after ball milling with CeO>. Moreover, the refinement after TPD (Figure
7.15(b)) shows Ce (18 = 2 wt%), CaO (30 + 2 wt%) and Ce203 (23 + 1 wt%) with excess CeO>

(29 £ 1 wt%). It is noted from the literature that when there is a shortage of oxygen, cerium
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(IV) oxide (CeO3) can be reduced to cerium (I11) oxide (Ce20s) at high temperatures.82-8 The
wide peak in the DSC at 800 °C could be the combination of the reaction between CaH,-CeO-
and the melting of Ce (the melting point of Ce is 795 °C). However, the reaction can be written
as:

CaH; + CeO; — CaO +-Ce +Ce;03 + =CeO; + Hz(9) 7-32

The optimised reaction can be written in as shown in 7-33, the reaction could be completed

without excess CeO: if the initial synthesis were done at a molar ratio of 8:7, CaH:CeO..

8CaH: + 7Ce0O2 — 8CaO + 3Ce + 2Ce203 + 8H2(qg) 7-33
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Intensity (a.u.)
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Figure 7.15 Rietveld refinement of CaH>-CeO> system (a) as prepared (b) after TPD (Cu K,
4 =15418 A).

7.3.2.2 In-situ Xray diffraction studies of CaH>-SiO> and CaH2-ZrO>
systems

From the above discussed CaH»-oxide systems, CaH.-ZrO, and CaH>-SiO, showed the most

favourable characteristics as a TES material for CSP applications. Compared to the other
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systems, from the DSC curves, both these systems release H. in endothermic reactions (Figure
7.2(a(2) & (3)). The CaH.-ZrO- system has a high operating temperature (> 740 °C), and CaH»-
SiOz has a high desorbed H2 wt% of 1.76, and SiO- is relatively less expensive (US $ 2.5/kg).
Therefore, in-situ XRD was performed on both CaH2-ZrO; and CaH2-SiO2 systems to identify
the two steps of reaction pathways, using a Thermo Fisher ARL Equinox 5000 diffractometer
(A = 0.7093, Mo-K,, 50 kV, 30 mA). The samples were loaded into a quartz capillary tube,
sealed, and then mounted to the sample holder inside an Ar filled glove box. The samples were
heated from room temperature to 742 °C with a ramp rate of 5 °C/min using a hot air blower
and remained at 742 °C for ten minutes isothermally. The data was collected every 60 s. Figure
7.16 shows the in-situ XRD patterns for the CaH2-ZrO- system, and the red line of temperature
reading shows the last 10 minutes of isothermal data. It can be seen, from Figure 7.16, that the
reaction between CaH, and ZrOz occurs in a two-step reaction between 400 °C ( new peaks at
20~ 14.5 and 17 °) and = 720 °C ( for instance, 20 = 10, 21, 22.5 and 25 °),, which is in good
agreement with DSC and TPD profiles.

V-CaH, 0-2rO, 4-CaO J- CazZrO; & -ZrH, e -Zr

§ 4 a8
s

IIIIIIIIIII]IIIIIIIIIII'IIIII

va O O w oY
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12 16 20 24
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Figure 7.16 In-situ XRD patterns for the CaHz-ZrO: system from room temperature to 742 °C
(A=10.7093, Mo Ky,).
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It can be seen from Figure 7.16 that the first reaction starts at = 400 °C, and the new reaction
products formed are ZrHz2and Zr and CaO at 20~ 14.5 and 17 °, respectively. It was also noted
that excess CaH; and ZrO» were present with these products. Therefore, the first reaction can

be written as follows:
7 7 7 1 9 21
2CaH2 + 2ZrO; — " CaO + = Zr = ZrH: + " CaH2 + 3 ZrO; + P H2(9) 7-34

At 720 °C, the second reaction and a new product, CaZrOz (peaks at 260 =~ 10, 14, 21, 22.5 and
25 °),along with CaO, Zr and ZrH», was found. Unfortunately, due to the maximum temperature
limitation (742 °C) for the in-situ instrument used, it was not possible to record the complete
reaction. However, the second reaction products can be compared with XRD after TPD at ~
800 °C (Figure 7.4.1(2)), which shows that all the Zr reacted to form CaZrOz and can be written

as follows:
2CaHy + 2210, — CaZrOs + CaO + ZrHz + Hz (g) [

The CaH2-SiO> system is similar to the CaH-ZrO> system having two reaction steps that match
with the DSC and TPD studies, as shown in the in-situ analysis in Figure 7.17. The first reaction
between CaH; and SiO occur in the temperature range of 200 and 600 °C. At ~ 200 °C, it is
clear from Figure 7.17 that the CaO and Si are the new products formed with excess unreacted

CaH> and SiO». Hence the first step of reaction can be expressed as shown in 7-36:
CaH; + Si0z — > Ca0 +5 Si +~CaHa + 2 Si0; + H; () 7-36

The second reaction starts at ~ 600 °C, and all the CaH2 and SiO- are reacted at 740 °C with
the main decomposition product as Ca»SiO4 as shown in Figure 7.17, which is correlated with
XRD after TPD analysis (Figure 7.4.1(3)). The second reaction step can be expressed as given

in 7-37, and the optimised reaction can be written in a 4:3 molar ratio as written in 7-38.
CaH; + Si0; — - Ca;Si04 + 2 Ca0 + 5 Si +=Si02 + Hz (g) 7-37

4CaH: + 3Si0O2 — CazSiO4 + 2Ca0 + 2Si + 4H2 (Q) 7-38

Therefore, adding ZrO. and SiO> to CaH: reduces the decomposition temperature to 755 °C
(Figure 7.2(3)) and 740 °C (Figure 7.6), respectively. However, the thermodynamic properties

and cycling stability of these systems need to be tested.
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Figure 7.17 In-situ XRD patterns for the CaH2-SiO2 system from room temperature to 742 °C
(A=0.7093, Mo K ).

7.4 Summary

The CaH> and different metal oxides were synthesised separately in a 1:1 molar ratio, and the
effect of these oxides on the thermodynamic destabilisation of CaH for the CSP application
was investigated. All the oxides can be used for the thermodynamic destabilisation of CaH..
The reactions can be either exothermic or endothermic, which is confirmed using DSC analysis,
and an endothermic reaction is favourably required for the TES application. The XRD after
TPD verified the reaction products. The CaH> reduces ZnO, MnO, NiO, and CuO into
corresponding Zn, Mn, Ni, and Cu metals. In addition, the CaH. reduced Fe,O3 into CaFe,Os
and pure Fe, which could release O2(g) along with Hx(g) that needs to be tested. The reaction
of CaH2 with Y203 was incomplete, and it requires an operating temperature of ~1000 °C to
finish the reaction. The reaction of CaH. with CeO, also requires a higher operating
temperature, and conversion of CeO- into Ce,O3 makes it challenging. The CaH - ZrO,, CaH>
- SiO; systems showed the most promising results. The in-situ XRD studies of CaH>-ZrOg,
CaH-SiO; systems showed a two-step reaction which is in good agreement with DSC and TPD

investigation. The cycling stability of CaH»-ZnO was tested and found to be irreversible. It can
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be noted that the exothermic reduction reactions are hard to reverse. However, the experimental
thermodynamic values and the cycling capacity of the systems are unknown and need to be
tested. Moreover, the samples need to be resynthesised in the optimised molar ratios to obtain
optimum results while determining the thermodynamic properties and the H. desorption

absorption cycles. A complete summary of the findings is concluded in Table 7.2.

Table 7.2. Summary of the results of the CaH-oxide systems.

Sample Practical Desorbed
i1 The reaction Theoretical H.
in1:1 Hz wt% Comments
molar  [Pathways Hz wt%o Pressure
at 800 °C
ratio (bar)
Operating
temperature 200 -
410 °C.
CaH;+ ZnO —
1 [P ] oo zn+ 16 155 161 | The destabilisation
Zn0 Ha(g) was achieved.
Exothermic and
irreversible.
Two-step
endothermic
reaction.
2CaH, + 2710, Operating
L, CaztOs + temperature 400 -
o || cao+ ziH, + 0.6 0.75 0e8 | 0O
Zr0
? H2(g) The destabilisation
was achieved.
The formation of
ZrH, may affect the
reversibility of the
system, which
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requires further

testing.

CaH; + Si0; —
%Ca28i04 +
lcao+ Lsi+
2 2

§Sio2 + Ha(q)

Two-step
endothermic

reaction.

Operating
temperature 200 -
760 °C.

CaH,+ | Optimised Lo7 L7 L7 The destabilisation
Sio, reaction in 4:3 ' ' ' was achieved.
molar ratio
The cycling
4CaH; + 3Si0O; capacity needs to be
— Ca,Si0, + tested.
2Ca0 + 2Si +
However, the TPD
2H2(9)
analysis shows slow
kinetics.
Operating
temperature 600 -
750 °C.
CaH,+ MnO —
CaH, + Cap.970 + 0.03Mn The destabilisation
1.78 1.77 1.52 )
MnO + Cago3sMnoo7 + was achieved.
H
2(0) Exothermic, needs
further
investigation.
The destabilisation
CaH; + Fe; 03 — was achieved.
CaH, + 1
-CasFe0s + Fe + 0.9 0.58 0.33 -
Fe,0 2 Operating

202(g) + Ha(9)

temperature 200 -
320 °C.
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Releases oxygen.

Exothermic and

irreversible

CaH, + TiO, —
1caTios +3ca0
4 4

+1Ti + 1Tio, +
2 4

Operating
temperature 200 -
720 °C.

The destabilisation

was achieved.

Ha(g) Excess TiO, found
CaH, + imi unreacted.
T_02 Optimised 1.65 1.57 0.75
i S
2 reaction in 4:3 Comparatively high
molar ratio H, Wt%.
4CaH; + 3TI0; — Needs more
CaTiOs+ 3Ca0 + investigation  that
2Ti + 4H.(9) need to be
synthesised in 4:3
molar ratio.
Operating
temperature 200 -
300 °C.
CaH, + CaH;+ NiO — The destabilisation
) ) 1.72 1.2 0.8 _

NiO CaO + Ni + Ha(g) was achieved.
Exothermic, low-
temperature
reaction.
Exothermic reaction

CaH;+ CuO —
CaH, + occurred at room
CaO+Cu+ 1.65 0.14 0.29 )
CuO temperature during
Ha(g)

ball milling.
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4CaH, + 4Y,0;3
— 3Ca0 + 2Y + Reaction was not
CaH; + 3Y,03 + completed.
3H:(0) Needs higher
CaH; + Optimised temperature =~ 1000
9 o 0.56 0.48 0.22
Y203 reaction in 3:1 °C.
molar ratio .
Further testing at
CaH: + Y203 — high  temperatures
3Ca0 +2Y + required.
Hz(9)
CaH; + CeO; —
Ca0 +=Ce +
ice203 + %Ceoz Conversion of CeO:
+ Ha(g) to CeO; and
formation of pure
CaH, + Optimised Ce.
10 ceo, reaction in 8:7 0.9 0.52 0.18
. Excess CeO; found.
molar ratio
8CaH, + 7Ce0, Needs further
5 8Ca0 + 3Ce + investigation.
2Ce, 03+ 8H2(g)
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The need for clean energy and a focus on zero emissions has promoted tremendous progress in
the solar energy development sector, including PV and CSP. Energy storage technology
illuminates the mismatch in time between solar power supply and peak power demand. Long
term electric energy storage using batteries has been proven to be economically unviable
compared to thermal energy storage (TES) systems. Concentrated Solar Power (CSP) plants
integrated with a thermal battery is a prominent way to overcome the intermittent nature of
solar energy and provide a continuous energy supply. Moreover, the next-generation CSP
plants require a TES material that can operate above 600 °C to increase efficiency and reduce
cost. Metal hydrides are ideal TES candidates as they can operate above 600 °C. Therefore,
this thesis has focused on solar energy storage using high-temperature metal hydride for CSP
applications. The primary material chosen as a high-temperature metal hydride was calcium
hydride due to its attractive properties, including high energy densities and operating
temperature. A brief literature review about TES systems for CSP application, high-
temperature metal hydrides, thermodynamic destabilisation of CaHz and experimental methods

used in this thesis was discussed in the first two chapters.

The next section of the thesis determined the thermodynamic properties (both solid and molten)
and the desorption reaction kinetics of CaH.. Little research has been conducted in recent years
to find the thermodynamic properties of pure CaH, with the prior studies conducted in the
1960s. Moreover, each former investigator reported conflicting thermodynamic results and
conclusions. It was challenging to determine the thermodynamic properties of pure CaH due
to the very low-pressure (< 0.01 bar) or high temperature (> 1000 °C) requirements, volatile
nature of Ca, the solid solubility of CaH> in Ca and vice versa and the poor reaction kinetics
(Ea = 203 + 12 kJ.mol ™). The experimental thermodynamic values of molten CaH, and solid
CaH; were determined as AHges (Molten CaHz) = 216 + 10 kJ.mol *.Hz, ASges (molten CaHy) =
177 £ 9 J.K 1.mol™.Ha, Tges 1 bar (molten CaHz) = 947 + 48 °C and AHges (solid CaHy) = 172
+ 12 kJ.mol ™. Hz, ASees (solid CaH) = 144 + 10 J.K L.mol ™. Hz Tqes 1 bar (solid CaHy) = 921
+ 63 °C, respectively.

The following four chapters detailed the thermodynamic destabilisation of CaH: using
additives. Chapters 4 and 5 are peer-reviewed published articles that describe the addition of
Al;Oz and Zn to CaH2altered its desorption pathway and reduced the temperature of desorption
to 636 °C and 597 °C at 1 bar of H. pressure, respectively. The initial synthesis of CaH: -
Al,O3was in a 1:1 molar ratio, and the system degraded faster during cycling ( after 3" cycle

mixture lost its 90% H> storage capacity) due to the presence of excess Al2Os. Hence synthesis
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was carried out in a 2:1 molar ratio, i.e., reduced the amount of Al>Os in half, which improved
the cycling capacity of the system. The reaction occurred in a single step, and Cai2Al14033 was
the main product with AHges = 100 + 2 kJ.mol1.H,. The sintering of the materials and slow
reaction rates are the main issues addressed with this system. Moreover, in future, the addition
of some catalysts (Ni, salts etc.) can be tested to improve the kinetics and cycling ability of the
system. The CaH> - 3Zn system showed excellent reaction kinetics, and the desorption was
completed in less than three hours. The reaction between CaH> and Zn yielded three different
calcium zinc alloys, CaZni3, CaZni: and CaZns, at 190, 390 and 590 °C. The enthalpy of
reaction was determined as AHges = 131 + 4 kJ.mol*.H2 and exhibited a consistent ten H;
desorption/absorption cycles (80% of initial capacity retained). The system degrades due to the
evaporation of Zn from the calcium zinc alloys, especially at high temperatures (> 600 °C).
Therefore, the system may be suitable for low-temperature operations. However, the material
showed no significant sintering after heating which is confirmed by scanning electron
microscopy. Hence, in future, the design of an appropriate sample holder, such as closed iron
tubes, to avoid Zn escaping from the alloys could improve the cycling stability of the system
and its potential as a thermal battery.

According to theoretical predictions, the CaHz - 2C system (Chapter 6) was most promising
due to its high theoretical gravimetric energy density (2072 kJ.kg™) compared with other
selected systems. Unfortunately, the release of methane gas made the system degrade faster.
The system lost its reversibility with a 90% loss in storage capacity after the first cycle. The
availability of unreacted C to react with CaH to form CaC> and Hz(g) decreased after each
desorption. The formation of methane and possible different reaction pathways between CaH>
and C made the system impractical as a thermal battery for CSP application. The system could
be used for methane production. However, this may also be less favourable commercially due

to the high cost associated with these materials than the current market price of methane.

The metal oxides are cheaper and more stable (with high melting and boiling points) than pure
metals. Hence, in the Chapter 7, investigated the performance of several commonly available
oxides (ZnO, Fe;0s3, ZrOz, MnO, SiO,, TiO2, CuO, NiO, Y203 and CeOz) on the
thermodynamic destabilisation of CaH». The endothermic desorption is a favourable condition
for TES application. Also, the exothermic reduction reactions are hard to reverse. However,
CaH> - Zn0O, CaH> - Fe203 and CaHz - NiO releases H» below 500 °C, whereas the CaH, - CuO
system reacted entirely while ball-milling at room temperature. CaH. reduced MnO and TiO>
into Mn, CaO, CaTiOsz and Ti, respectively at 750 °C and 640 °C. CaH: - Y203 requires a higher
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temperature (= 1000 °C) to complete the reaction. Moreover, in CaHz - CeO; system, CaH>
reduced CeO; into Ce, CaO and Ce»O3. However, the XRD refinement found an excess of CeO-
unreacted after TPD at 800 °C. Moreover, CaH: - ZrO2 and CaHz - SiO2 were determined as
the most promising systems due to their high operating temperature (> 600 °C). In addition,
the formation of ZrH> from the reaction between CaH; and ZrO, along with CaZrOs, requires
a temperature of > 700 °C to reverse (the decomposition temperature of ZrHz is 700 °C).
Furthermore, a kinetic study of different materials and cycling stability need to be verified to
determine their feasibility as a TES material.

This thesis studied the destabilised CaH2 systems operating in the temperature range 600 - 800
°C. Moreover, the investigation proved that the thermodynamic destabilisation of CaH» can be
achieved by adding the selected elements (Zn & C) and oxides ( Al203, ZnO, Fe;0s3, ZrO,
MnO, SiOz, TiOz, CuO, NiO, Y203 and CeO). These destabilised calcium hydride systems
can be competitive high-temperature thermochemical energy storage material and promising
solutions for the CSP plants. For example, the CaHz-Al.O3 system has an operating temperature
of Tdes 1 bar = 636 °C, and the cost of the material is US $9.7 kWhw, hence deeming it as a

highly promising thermal battery for the next generation CSP application.

Furthermore, as the research to find a practically suitable high-temperature material for next-
generation CSP plants continues, CaH» with other additives or complex metal hydrides can be
investigated for CSP application. Metal hydride research is multifaceted and effectively stores
large amounts of hydrogen safely. Also, thermochemical energy storage materials, especially
high-temperature materials, have various applications rather than CSP. They can be used in
industries for waste heat recovery, transportation, space heating, buildings, and fuel cell

applications.
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