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Chapter 1. Introduction

This thesis focuses on the experimental investigation of cobalt oxide-based redox systems
for thermochemical energy storage. The research includes the development of efficient
cobalt oxide-based materials for use in energy storage and the exploration of porous
cobalt oxide for application in reactor concepts. The effects of CuO doping on the redox
behavior and repeatability performance of cobalt oxide were studied. A feasible method
to enhance the repeatability performance of Cu-doped cobalt oxide materials was
developed. LiCoO.-doped cobalt oxide composites were initially proposed and
investigated for thermochemical energy storage applications. The redox behavior and
repeatability performance of the LiCoO>-doped cobalt oxide composite and its redox
process were investigated. Finally, valuable insights into cobalt oxide foams for use in
efficient and reliable thermochemical energy storage systems were provided. Cobalt
oxide foams were fabricated by a foam replica method using inexpensive polyurethane
(PU) foams as the templates. The effects of various preparation conditions on the foam-
like structure and redox performant of cobalt oxide were analyzed. The structural
evolutions of cobalt oxide foams after undergoing several reduction-oxidation cycles
were observed. A consecutive immersion approach was introduced to enhance the
structure and increase the bulk density of the cobalt oxide foam.

In the following sections of this chapter, background information regarding energy and
environmental issues, as well as thermal energy storage is briefly introduced. The
motivations of study on cobalt oxide-based redox system for thermochemical energy
storage are then summarized. Finally, the objectives of the study and the outline of this

thesis are presented.
1.1 Background

1.1.1 Global energy situation and development trends

Global energy consumption has continued to increase at an accelerating rate since the

industrial revolution, as the industrialization and urbanization around the world have

progressed rapidly. Figure 1-1 shows global primary energy consumption by fuel. The

global energy consumption has been increasing at an average rate of around 1.9% per

year over the past two decades. Fossil fuels have always played a dominant role in the
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world’s energy mix due to their relatively low cost, high energy density, and established
infrastructure for extraction, transportation, and distribution. According to data from the
BP Statistical Review of World Energy (June 2022), the fossil fuels including oil, natural
gas, and coal accounted for around 80% of the total consumption in the world in 2021.
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Figure 1-1. Global primary energy consumption by fuel (sourced from the BP Statistical
Review of World Energy (June 2022)).

On the other hand, the combustion of fossil fuels can release large amounts of greenhouse
gases, such as carbon dioxide (CO>), and other air pollutants, such as sulfur dioxide and
nitrogen oxides [2]. Thus, the significant consumption of fossil fuels has led to various
environmental issues like air and water pollution, climate change, and environmental
degradation. Figure 1-2 shows global CO, emissions from energy use, it can be observed
that the CO2 emissions dramatically increased over years. There was a decrease in global
CO; emissions from energy use in 2020 due to the reduced economic activity and travel
restrictions caused by the COVID-19 pandemic, which led to a drop in global primary
energy consumption in 2020, as shown in Figurel-1. However, the CO, emission from
energy use rebounded in 2021 and reached approximately the same level as 2019. The

main reason is the recovery of the global economy and the subsequent increase in energy
2



demand.
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Figure 1-2. Global CO2 emissions from energy use (sourced from the BP Statistical
Review of World Energy (June 2022)).

To reduce the reliance on fossil fuels and mitigate these environmental issues, there is a
growing global consensus on the need to transition towards a more sustainable and low-
carbon energy system. The concept of sustainable development has been widely accepted
as a guiding principle for human production and development. As more and more
countries, companies, and organizations have become increasingly aware of the urgency
of addressing climate change, the idea of achieving carbon net zero, which refers to the
concept of achieving a balance between the amount of carbon emissions produced and
the amount of carbon removed from the atmosphere, has gained significant momentum
in recent years. All of these agreements require a range of measures, including improving
energy efficiency, the share of renewable energy in the energy mix, and the development
of new technologies to capture and store carbon. There is an increasing progress in the
transition to renewable energy. As shown in Figure 1-3, global renewable primary energy
consumption increased over the years. Additionally, solar and wind power showed an

evident growth over the last decade, sharing approximately 24.4% and 43.9% in the
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renewable primary consumption excluding hydroelectricity in 2021.
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Figure 1-3. Global renewable primary energy consumption (sourced from the BP
Statistical Review of World Energy (June 2022)).

According to data from the BP Statistical Review of World Energy (June 2022), the
renewable primary energy consumption accounted for around 13.5% of global primary
energy consumption in 2021. While progress has been made, there is still significant room
for improvement. Low-carbon technologies with a wide range of solutions, such as energy
storage system, electric vehicles, carbon capture and storage, play vital role on

transforming the global energy system.

1.1.2 Thermal energy storage technology

Thermal energy storage (TES) technology is a technology that allows thermal energy to
be stored and released when needed. TES technology plays a vital role in creating a more
sustainable and efficient energy system. This technology is beneficial for improving
energy efficiency in buildings, industrial processes, and power plants by storing excess
thermal energy. Also, this technology can be employed in renewable utilizations, such as

storing solar thermal energy and geothermal energy. For instance, TES technology has
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been integrated into some solar power plants to store solar thermal energy during the day
or when the demand is low. The stored energy can be used to generate electricity during
the periods of low sunlight or at night or during the periods of high demand. By this way,
solar power plants with TES systems can provide a more consistent and reliable source
of electricity, even the sun is not shining [3-5]. There are several types of TES systems,
and they can generally be classified into three categories based on the type of thermal
energy form: sensible heat storage, latent heat storage, and thermochemical energy
storage systems.

1.1.2.1 Sensible heat storage

Sensible heat storage is a type of TES system in which thermal energy can be stored and
released by changing the temperature of a storage medium, without changing its phase.
The storage amount of the thermal energy can be calculated by the following equation:
Q =mxCpxAT (1-1)

where Q is the stored thermal energy, m is the weight of the storage medium, C, is the
specific heat capacity of the material and AT is the temperature change. In this regard, a
suitable storage medium used in a sensible heat storage system should has a high specific
heat capacity, which means that it can store a large amount of thermal energy in a certain
temperature change [6].

A variety of materials (commonly are liquid and solid phases), including water, oils,
molten salt, rocks, and concrete are available for sensible heat storage systems. Water is
a common choice due to its high specific heat capacity (4.18 J/g-°C), availability and
relatively inexpensiveness, while its working temperature is limited to below 100 °C,
which means that it may not be suitable for high-working temperature applications [7, 8].
Oils and molten salts have higher working temperatures than water, making them suitable
for moderate and high-temperature applications. Normally, oils (including mineral,
synthetic, silicone, and several vegetable oils) can be used in sensible heat storage at a
temperature below 400 °C [9-12]. Molten salt is another commonly used material for
sensible heat storage systems, particularly for applications at a very high working
temperature up to 600 °C. Typically, molten salt is made by melting a mixture of different
salts, such as mixture of different nitrates, mixture of different chlorides [13-19]. Several
types of molten salts, such as NaNO3z-KNO3z (commonly known as Solar salt) [20], have

been commercially used in concentrated solar power (CSP) plants. Such as the Andasol
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Solar Power Station and the Gemasolar solar thermal power plant in Spain, and the Noor
Complex Solar Power Plant in Morocco. Generally, a CSP plant mainly consists of solar
power receivers, which collects solar power by using mirrors or lenses to focus sunlight,
thermal storage systems used to store the solar thermal energy for later use, heat
exchangers, in which the working fluid (typically water) can be heated to generate steam,
steam turbines, generators [21].

Rocks and concrete are also commonly used as mediums for solar thermal power plants.
In this configuration, rocks and concrete filled in a thermal energy storage tank are heated
by circulated hot fluid, usually a heat transfer fluid such as molten salts [22-24].
Compared to molten salt, one advantage of using rocks and concrete for sensible heat
storage systems is their durability. Rocks and concrete can withstand high temperatures
and do not degrade over time, which allows them to store heat for extended periods of
time. In contrast, molten salt may corrode equipment and lose its effectiveness over time.
While rocks and concrete have lower thermal conductivity, which can limit the charging
and discharging rates.

In summary, sensible heat storage has become a mature technology using in solar thermal
power plants commercially for several decades. Generally, it offers the advantage of low
cost and simplicity. However, there are also some limitations and challenges associated
with sensible heat storage. Sensible heat storage system usually has a low energy storage
density, which requires a large storage volume. Also, sensible heat storage system is
typically limited to temperatures below 600 °C, which limit its applications in higher
working temperatures. In addition, the system should be well-insulated to prevent heat
losses.

1.1.2.2 Latent heat storage

Latent heat storage is a type of TES system in which thermal energy can be stored and
released by changing the phase of a storage medium such as melting and solidification,
without any change in temperature. The storage amount of the thermal energy can be
calculated by the following equation:

Q=mxAh (1-2)

where Q is the stored thermal energy, m is the weight of the storage medium, Ah is the
enthalpy change during the phase change. In this regard, a suitable storage medium used

in a latent heat storage system should has a high enthalpy change during the phase change,
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which means that it can store a large amount of thermal energy by changing phase [25,
26].

The storage medium used in latent heat storage systems usually are called as phase change
materials (PCMs). Theoretically, PCMs can be classified into different categories based
on phase changing forms, such as solid-gas, liquid-gas, solid-liquid, and solid-solid PCMs.
However, the phase changing process between a gas and a liquid or solid phase will
experience a significant change in volume, which can impact the design and operation of
the latent heat storage systems [27, 28]. Solid-solid PCMs generally have a relatively
small enthalpy change during the phase change compared to other types of PCMs.
Additionally, solid-solid PCMs may exhibit plastic crystal phenomena which can lead to
variations in the phase changing temperatures, making it difficult to control the
performances of PCMs. Despite these limitations, solid-solid PCMs still show the
potential applications in a variety of fields. For instance, they can be used as thermal
energy storage mediums in buildings to regulate indoor temperatures and reduce energy
consumption. Several researches focused on solid-solid PCMs were proceeded to
improve their enthalpies and stabilities [29].

Solid-liquid PCMs are the most commonly studied and used for latent heat storage
applications due to their relatively high enthalpy changes during the phase change and
small changes in volume during phase changes compared to other types of PCMs. Several
organic materials including paraffin waxes, esters, fatty acids are commonly studied and
used for latent heat storage systems in working temperatures below 260 °C due to their
low melting points and relatively low cost [27, 30-32]. Many inorganic materials
including salts [33-38], metals [39], and alloys [40] are also popular choices for latent
heat storage systems in a wide range of temperatures (from 100 to 1000 °C or higher).
Latent heat storage systems using molten salts have been widely studied and implemented
in concentrated solar power plants, in conjunction with sensible heat storage systems [35,
36, 41]. These systems operate by melting and solidifying the salts, taking advantage of
their relatively high energy storage density compared to sensible heat storage. The ability
of the latent heat storage system to store large amounts of thermal energy with a minimal
temperature change allows it to maintain a relatively constant temperature when
absorbing or releasing thermal energy. As a result, it possible to store thermal energy over

longer periods of time without significant losses or degradation. Additionally, latent heat
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storage systems are widely used in other applications such as ice storage air conditioning,
building application, refrigeration [25].

To date, latent heat storage systems have been studied in depth by researchers and have
shown promising progress in commercialization. The ongoing research and development
of the latent heat storage system is focused on developing new PCMs and improving the
performance and efficiency of PCMs for latent heat storage applications [26]. Some
PCMs can degrade over time or undergo chemical changes that can affect their thermal
properties, such as hydrated salts, which can undergo phase separation and may corrode
the metal container [42].

1.1.2.3 Thermochemical energy storage

Thermochemical energy storage (TCS) is a type of thermal energy storage system in
which thermal energy can be stored and released by reversible chemical reactions. During
the charging process, thermal energy is absorbed by a material, which triggers a chemical
reaction that converts the material into a high-energy state. The material with a high-
energy state can be maintained for long periods of time at ambient temperature until the
energy is needed. During the discharging process, the stored thermal energy will be
released by triggering the reversing chemical reaction of the material.

TCS has several prominent advantages over other types of thermal energy storage systems.
It can provide high energy storage density. Meanwhile, due to its ability to store energy
in a chemical form, it is possible to store thermal energy in a long-term storage period
and transport the stored thermal energy over long distances. Additionally, TCS systems
can be flexibly operated at a wide range of temperatures based on a series of chemical
reactions [43-45]. There are several types of thermochemical energy storage systems
based on different chemical reactions and materials, which can have different properties
and performance characteristics. General criteria for selecting suitable materials for
thermochemical energy storage were proposed [45, 46]: (1) Large reaction enthalpy to
maximize energy storage capacity and minimize storage volume. (2) Stable repeatability
for long periods of time. (3) Fast reaction rates. (4) Low degradation of the reactants in
both storage and reaction periods. (5) low toxicity and environmental impact, low cost
and abundance of the materials. Overall, the selection of suitable materials for TCS
systems depends on a balance of these criteria. The main types of TCS systems include:

Hydration/dehydration system in which a hydroxide material or a salt hydrate material
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is dehydrated by an endothermic process to produce a metal oxide or a salt and water
vapor and then the metal oxide or salt can be rehydrated to release the stored thermal
energy when it is needed. The partial pressure of water vapor and the temperature of the
system are key factors that affect the hydration and dehydration processes. These factors
determine the amount of water that can be absorbed during the hydration process and
released during the dehydration process [47-49]. This system can provide high energy
storage density (exceed 1000 kJ/kg) and is typically used for low-moderate temperature
TCS applications [45, 50]. The most studied materials for this system include
CaCly/CaCl,-nH20 [49, 51, 52], LIOH/LiOH-H0 [53, 54], CaO/Ca(OH): [55, 56] and
MgO/Mg(OH)2 [57, 58]. Generally, the salt hydrate systems are worked at relatively low
temperatures (below 200 °C) than the hydroxide systems, which can be operated at higher
temperatures (e.g., CaO/Ca(OH). can be worked at 400-750 °C [45, 55, 56]).
Carbonation/decarbonation system, also known as a carbonate looping system, in
which a metal carbonate is heated to a high temperature to release CO> and produce a
metal oxide. This reaction absorbs thermal energy, which is stored in the metal oxide.
When the stored thermal energy is needed, the metal oxide then can be re-carbonated with
CO: to release the stored thermal energy. The efficiency of this system is highly
dependent on the partial pressure of CO. and the temperature of the system [59-61]. By
controlling the temperature and pressure conditions, the reactions can be reversed to store
or release thermal energy as needed. This system can also provide high energy storage
density (exceed 1000 kJ/kg) and is typically used for high-temperature TCS applications
[45, 59]. The most commonly studied carbonation/decarbonation systems include
MgO/MgCOs system in which the working temperature is typically in the range of 400-
600 °C [62, 63], CaO/CaCOs3 system in which the working temperature can range from
600 to 1000 °C [62, 64-66], and SrO/SrCOs3 system that operates at a temperature over
1000 °C, typically in the range of 1000-1200 °C [62, 67-69].

Metal hydride synthesis/dehydrogenation system in which a metal hydride is
dehydrogenated to produce a solid metal and gaseous hydrogen during an endothermic
process and then the metal hydride can be re-formed by the metal and hydrogen to release
the stored thermal energy when it is needed. Similarly, this system is significantly affected
by the temperature and the pressure. In general, in order to absorb and release hydrogen

gas, high temperatures and pressures are required to achieve optimal absorption and
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desorption rates [70-72]. However, the high pressure also affects the safety of the system.
In view of this, higher standards to prevent leakage of the system is needed. This system
has an outstanding energy storage density which can exceed 2000 kJ/kg, and it has a wide
working temperature range, typically ranging from around 250 to over 1000 °C [45, 73,
74]. Magnesium, titanium, calcium, as well as many alloys have shown potential for use
in metal hydride-based systems for thermal energy storage [73, 74].
Reduction/oxidation system, also named as metal oxide-based redox TCS system, in
which a metal oxide is reduced in an endothermic process along with the release of
oxygen and then the reduced metal oxide can be re-oxidized with oxygen to release the
stored thermal energy. In this system, air can be used as oxygen source as well as heat
transfer medium. That is to say, this system can be theoretically performed in an open-
loop system in which there are no technical requirements for gas storage units. This fact
is different from other types of TCS systems mentioned above, in which the gas storage
units are basically required such as water vapor storage in hydration/dehydration systems,
CO. storage in carbonation/decarbonation systems, and hydrogen storage in metal
hydride-based systems. This system is commonly proposed for high-temperature TCS
applications [45, 75, 76]. The most studied conventional metal oxide-based systems
include BaO/BaxO [77, 78], Mn203/Mn304 [79], C0304/Co0 [80], and CuO/Cu0 [81],
in which the working temperatures range from around 700 to 1200 °C. Additionally,
novel materials like perovskite oxides [82-84] and many multi-metal oxides like iron-
doped manganese oxides [85], lithium-manganese oxides [86, 87], copper-manganese
oxides [87] were also proposed as promising candidates for redox-based TCS applications.
This system can generally achieve a relatively high energy storage density, varying in the
range of around 200-900 kJ/kg [76].

In addition, several organic systems, such as synthesis/decomposition of ammonia [88,
89] and methane reforming [90, 91] were also proposed as potential candidates for TCS
applications. In the synthesis/decomposition of ammonia, ammonia is synthesized from
nitrogen and hydrogen along with an endothermic process and then the ammonia can be
decomposed to release the stored thermal energy and produce nitrogen and hydrogen. In
the case of methane reforming system, the excess heat source is absorbed to convert
methane into hydrogen and carbon monoxide and then the hydrogen and carbon

monoxide can be used for a variety of purposes, including power generation and fuel
10



production.

Overall, TCS has the potential to store and release energy with high efficiency, making it
a promising option for large-scale renewable energy systems and waste heat recovery
systems. However, TCS technology is still in the early stage of development. Compared
to sensible heat storage and latent heat storage technologies, it is more complex and
requires additional components such as reactors and heat exchangers and needs careful
control and management of the reactants and products. In addition, TCS systems require
relatively higher demands of operating equipment owing to the higher working
temperatures. Despite these challenges, TCS technology continues to be an active area of
research and development. Most of the research in this area is still at the lab-scale.
Ongoing research is focused on improving the efficiency and durability of the existing

TCS materials and systems, as well as developing new materials for use in TCS.

1.2 Motivation

Thermochemical energy storage is playing a vital role on renewable energy utilization
and improving the energy efficiency. In recent years, metal oxide-based redox TCS
system, which is based on reduction and oxidation of metal oxides, has attracted
increasing attention as a means of storing and utilizing thermal energy, particularly in
concentrated solar power plants due to its high working temperature and convenient
operation with air. In a typical process, high temperature air heated by solar radiation is
used to trigger the reduction of metal oxides, simultaneously partial thermal energy can
be stored in the reduced metal oxides. In the off-sun period, the thermal energy can be
released by oxidizing the metal oxides with air. Air is utilized as oxygen source and heat
transfer fluid.

The metal oxide-based redox TCS system is at an early stage of development. To date,
the development of suitable metal oxide-based TCS materials is an active area of research,
with a focus on improving the performance, stability, and scalability of these materials
for practical applications [77-87]. At the same time, gram-scale [92, 93] and kilogram-
scale [94, 95] experiments for the systems are growing faster with the advances on
materials, including designing efficient reactors, scaling up TCS systems, and optimizing
the operating conditions, as well as exploring ways to integrate the systems with some

renewable energy sources. Several metal oxides have shown the potential for use in TCS

11



applications. However, there are many challenges existed, such as BaO in BaO./BaO
system can easily react with CO2 and moisture in air, which needs higher technical
requirements for use in applications; Mn203/Mn304 exhibits a low re-oxidation kinetics,
which affects the efficiency and repeatability; CuO/Cu20 reacts at a high temperature that
close to the melting point of Cu20, which may affect the stability [45, 87]. Improving the
efficiency and durability of existing systems and developing new materials are crucial for
using metal oxide-based redox systems in TCS applications.

Cobalt oxide (i.e. Co304/Co0) was considered as the most attractive candidate for metal
oxide-based TCS application owing to its remarkable reaction repeatability and high
energy storage density (844 kJ/kg) [76, 80, 96]. The relevant redox reaction equation is
shown below:

2C0304(s) = 6Co0(s) + O2(g) (1-3)

where the right side in equation (1-3), Co3O4 reduction, is an endothermic step
corresponding to thermal energy storage, and the left side, CoO oxidation, is an
exothermic step corresponding to thermal energy release.

Significant research and efforts have been involved in the development of cobalt oxide-
based redox TCS systems. The high reaction temperature of cobalt oxide, especially the
reduction temperature is over 900 °C, limits the possible applications not only in
concentrated solar power plants but also in other areas such as industrial waste heat
recovery. According to data from a report on an actual waste heat survey in the industrial
sector in Japan [97], the electric power industry, steel industry, and chemical industry in
Japan emit the highest amounts of exhaust gas heat, constituting 35%, 14%, and 14% of
the total domestic exhaust heat, respectively. As shown in Figure 1-4, in the steel industry,
exhaust gas heat released at temperature over 500 °C accounts for 17%, highlighting a
particularly promising area for waste heat recovery. Doping with foreign metal
components (e.g., Fe, Mn, Ni, Cu, Zn, and Mg) have been proved to be an alternative
method to change the chemical parameters as well as the operating temperatures of the
cobalt oxide-based systems [80, 98-102]. For instance, appropriate amount of Fe was
found to be beneficial for the microstructural stability [98]. Ni-doping [102] and Cu-
doping [80, 100] can decrease the working temperatures, which make it possible to use
cobalt oxide-based TCS systems at relatively low temperatures. This doping approach

opens up more possibilities for the use of cobalt oxide-based TCS systems.
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Figure 1-4. Temperature distribution of exhaust gas heat for three industries in Japan
(Estimated value) [97].

Meanwhile, it should be pointed out that metal oxides in TCS systems commonly undergo
sintering behaviors during redox cycling due to the high working temperature ranges,
which are close to their melting temperatures or their Tammann temperatures [103]. In
this way, morphologies of metal oxides may be affected by the sintering, ultimately
impacting the oxygen diffusion during the re-oxidation process [76]. Block et al. [100]
reported that the cobalt-rich cobalt oxide/copper oxide compositions with 0.1 <y < 0.33
(y was the molar ratio of Cu/(Cu+Co)) showed fast kinetics. While Agrafiotis et al. [80]
proposed that CuCo204 in which the molar ratio of Cu/(Cu+Co) was 0.33 showed a slow
re-oxidation rate in the first cycle. The different repeatability behaviors of Cu-doped
cobalt oxide systems in literatures appeared to need a deeper investigation, particularly
regarding their sintering behaviors.

Additionally, as reported in literatures, a sol-gel method is a commonly used approach
for preparing multi-metal oxides [83-85, 87, 98, 100-102]. However, when it comes to
scalability and practical applications, more suitable preparation methods are needed.

At the same time, due to its excellent performance, there is a growing progress in the
scale-up investigation of cobalt oxide. Significantly, cobalt oxide system has been tested
at pilot-plant scale (90 kg) in Solar Tower Julich (Germany) [94]. However, with the
increasing amount of metal oxide powders used in the reaction and the increasing size of
the reactor in which the reaction takes place, several issues regarding the efficiency and

stability of metal oxide-based TCS systems may occur, especially when the reactor is a
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packed bed reactor which is commonly used, simple and able to store a large amount of
materials. The dense packing of metal oxide particles limits heat transfer between the
particles and the heating medium (i.e., air) as well as limits efficient contact between the
particles and oxygen, resulting in slow reaction rates and low conversion ratios [104].
Accordingly, metal oxides with foam-likes structures were proposed for use in TCS
systems [105, 106]. However, the lack of the insight into the structural stability and
preparation enhancement of the metal oxide foams limits their utilization in TCS. Further
investigation concerning the detail of the structural stability and durability of metal oxide

foams for TCS applications is needed.

1.3 Objective
The focus of this research is summarized in the following key objectives:

(1) To deep understand the behavior of Cu-doped cobalt oxide-based redox system
for TCS and improve its repeatability performance, CuO-doped cobalt oxide
composites were proposed and investigated. The effects of CuO doping on the
redox behavior and repeatability performance of cobalt oxide were explored.

(2) To develop suitable materials for TCS applications and increase more
applicability of cobalt oxide-based TCS systems, a Li-doping strategy was
proposed to tune the chemical properties of cobalt oxide. The potential of LiCoO»-
doped cobalt oxide composites for use in TCS was studied.

(3) To effectively employ cobalt oxide-based materials for TCS applications, cobalt
oxide foams were fabricated by a polyurethane (PU) foam replica method.
Valuable insights into the preparation and utilization of cobalt oxide foams for
TCS applications were provided. A consecutive immersion approach was

introduced as a means to enhance the cobalt oxide foams.

1.4 Qutline

This thesis includes five chapters. The background information and literature review
relevant to cobalt oxide-based TCS, as well as the focus of this research are summarized
in Chapter 1, as aforementioned.

Chapter 2 presents the details of the experimental study on the effects of CuO doping on

the redox behavior and repeatability performance of cobalt oxide for use in TCS
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applications. A mechanical mixing approach, which is conducive to scalability, was
employed to prepare the CuO-doped cobalt oxide composites. The effects of the doping
amount and particle size of CuO were highlighted. And then, a feasible approach to
improve the repeatability performance of Cu-doped cobalt oxide materials was proposed.
Chapter 3 presents the details of the exploration on the potential of LiCoO2-doped cobalt
oxide composites for use in TCS applications. A mechanical mixing approach was also
employed to prepare LiCoO>-doped cobalt oxide composites. The redox behavior of the
composites was experimentally investigated, especially the onset reaction temperatures
and the reaction rates. The effect of LiCoO2 doping amount on cobalt oxide was discussed.
The reduction/re-oxidation process of the composite was studied and discussed.
Additionally, the repeatability performance of the composite was tested.

In chapter 4, cobalt oxide foams were prepared by means of a foam replica method using
inexpensive PU foams as the templates. The effects of several factors, including the solid
loading of cobalt oxide slurry, sintering temperature, and sintering duration, on the
preparation of cobalt oxide foams were explored and discussed. Valuable insights were
also provided into the structural evolutions of cobalt oxide foams after several reduction-
oxidation cycles. Additionally, a consecutive immersion approach was introduced to
improve the structure and increase the bulk density of the cobalt oxide foam.

Chapter 5 presents major conclusions of this study and provides the suggestions for the

future work in the metal oxide-based redox TCS systems.
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Chapter 2. CuO-doped cobalt oxide composites

for thermochemical energy storage

2.1 Introduction

Cu doping has been proved to be a promising method for lowering the operating
temperature of cobalt oxide-based redox thermochemical energy storage (TCS) systems.
However, more investigation regarding the effect of Cu components on this system is
needed. Specifically, as reported in literatures, the repeatability performance of Cu-doped
cobalt oxide system required a deeper investigation. From the work of Block et al. [100],
the cobalt-rich cobalt oxide/copper oxide compositions with 0.1 <y < 0.33 (y was the
molar ratio of Cu/(Cu+Co)) showed fast kinetics. While Agrafiotis et al. [80] proposed
that CuCo0204 in which the molar ratio of Cu/(Cu+Co) was 0.33 showed a very slow re-
oxidation rate in the first cycle. It has been found that the morphological changes of metal
oxides might affect the oxygen mass transfer in re-oxidation process [76]. Also, Carrillo
et al. [79] have reported that the morphological change influenced the repeatability of
Mn203/Mn3O4 pairs. They concluded that different sintering mechanisms, which
depended on the particle size of the material in that work, induced different morphological
evolutions. Hence, the investigation of the effect of morphological evolution on the
repeatability performance of Cu-doped cobalt oxide is of great interest. Additionally, it
should be pointed out that Cu components were commonly used as sintering aids to
enhance densification of materials [107, 108], which might be related to the deterioration
of repeatability performance of Cu-doped cobalt oxide materials.

In this study, we proposed a composite of CuO-doped cobalt oxide, prepared by
mechanically mixing CuO and Co304 powders at room temperature, for use in TCS
applications. An in-depth investigation on the effects of CuO doping on the redox
behavior and repeatability performance of a cobalt oxide-based TCS system was
conducted. Significantly, the effects of the doping amount and particle size of CuO were
highlighted. It is worth noting that sol-gel method is commonly used to prepare multi-
metal oxides, but it may not be a suitable approach for large-scale production. In contrast,
the mechanical mixing method used in this study not only has the advantage of scalability

but also provides the possibility of adjusting the particle size of CuO.
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2.2 Experimental section

2.2.1 Materials preparation

2.2.1.1 Preparation of CuO powder

In view of the results reported in literatures, different particle sizes of metal oxides (e.g.,
Mn2O3z and ZrOz) were prepared by precipitation method with different precursor
concentrations [79, 109]. Precipitation method could also be utilized as a facile way to
obtain CuO nanoparticles [110]. Thereby, precipitation method using different copper
nitrate concentrations was employed in the present study to synthesize CuO powder with
different particle sizes [110]. Precursor solutions of Cu(NOz)2-2H20 (99.9%, Kanto
Chemical CO., INC.) were prepared with deionized water. The concentrations of the
copper nitrate solution were varied in the range between 0.025 and 0.5M. After stirring
at room temperature for 30 min, 1M sodium hydroxide (97.0%, Kanto Chemical CO.,
INC.) was added drop-wise with constant stirring. The addition of sodium hydroxide was
finished when the solution was in excess to a pH of 11 £ 1. The resulting precipitate was
aged and stirred for 24 h. Then, the obtained precipitate was filtered and washed with
deionized water seven times and dried at 80 °C overnight. Afterwards, the solid was
calcined at 700 °C for 4 h with a heating rate of 2 °C/min. The obtained CuO samples
prepared with copper nitrate concentration of 0.025M, 0.05M, 0.1M and 0.5M were
labeled as CuO (0.025M), CuO (0.05M), CuO (0.1M) and CuO (0.5M), respectively.
2.2.1.2 Preparation of CuO-doped cobalt oxide composites

Co0304 powder (99.99%, Kanto Chemical CO., INC.) was used as received. Certain
amount of Coz0s and CuO powder were weighed and put in a mortar. To avoid the
deviation generated in the milling process, the total weight of each sample was weighed
in ~1000 mg. Materials were carefully mixed by hand, grinding with a speed of ~2 laps
per second for 20 min. In the present work, composites doped with different CuO contents
were prepared. The CuO content, x, is defined as,

- Mcuo/Mcuo 2-1)
Mcuo/Mcuo+Mco304/Mcoz04

where mcyo Is the weight of CuO, Mcyo is the molar mass of CuO, mcozo4 is the weight

of C0304, and Mcg3o4 is the molar mass of C030s..
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2.2.2 Characterization

An X-ray diffraction (XRD; Rigaku Ultima IV) with Cu Ka radiation (40 kV/ 30 mA)
was employed to identify the crystal phases of samples. The cell parameters of CoO
phases of samples were derived from (111) (200) (220) facets, basing on Bragg’s law.
To appreciate the morphologies of samples, a scanning electron microscope (SEM; JEOL
JSM-7500FA) was exploited. ImageJ software was used in this study to obtain the particle
size distributions of samples by statistical analysis of SEM image. More than 300 particles
were analyzed for each sample.

To obtain the specific surface area (Sget) values of CuO samples, a surface area and pore
size distribution analyzer (BELSORP MAX II) with the multi-point BET method was

utilized.

2.2.3 Redox investigation of materials
The reduction/re-oxidation process of sample was performed by a thermogravimetric
analyzer (TGA; HITACHI STA7300), with each sample weight of around 10 mg.
Typically, the temperature program for one reduction-oxidation cycle consisted of a
heating step from 700 °C to 1000 °C with a dwell time of 5 min and a cooling step from
1000 °C to 700 °C with a dwell time of 5 min. Each sample was tested at a heating/cooling
rate of 10 °C/min under an air atmosphere with a constant flow of 200 mL/min. During
the reduction process, oxygen released, leading to a weight loss for the sample. During
the re-oxidation process, oxygen uptake occurred, leading to a weight gain for the sample.
The weight change, o (%), is defined as,

— mimme

x 100 (2-2)

m;
where m; is the initial weight of sample, and m; is the weight at time t. Due to the possible
impurities existed in samples, initial weight of the second cycle was determined as the
initial weight for each sample.

Moreover, the conversion ratio of reduction/re-oxidation, £, is defined as,
ﬁ =

where mo is the weight of sample at the beginning of the reduction/re-oxidation process,

Mo—Mm¢

mi—mys

(2-3)

m¢ is the weight at time t, and my is the final weight of sample after the reduction in the

second cycle.
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The charging-discharging heat values of samples during the reduction-oxidation
processes were collected by a simultaneous TGA-DSC thermal analysis system
(TGA/DSC; METTLER TOLEDO TGA/DSC 3+). Samples were tested under an air
atmosphere with a constant flow of 100 mL/min. The temperature procedure for one
reduction-oxidation cycle consisted of a heating step from 700 °C to 950 °C with
following holding for 5 min and then a cooling step from 950 °C to 700 °C with following
holding for 5 min. The heating and cooling steps were proceeded under the ramping rates
of £10 °C/min.

Additionally, an in-situ X-ray diffraction (in-situ XRD; Rigaku SmartLab 3 kW) with Cu
Ko radiation (40 kV/ 40 mA) was operated to detect the structural transformations of
samples during the reduction/re-oxidation steps. Samples were detected in a heating-

cooling cycle between 30 °C and 950 °C under an air atmosphere.
2.3 Results and discussion

2.3.1 Characterization of materials

—— CuO (0.5M)
—— CuO (0.1M)
CuO (0.05M)
1 CuO (0.025M)
. A, ol N, ‘I\ W \h P Fat
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Figure 2-1. XRD patterns of CuO samples prepared with different copper nitrate

concentrations.
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Figure 2-2. SEM images of samples: (a) CuO (0.5M), (b) CuO (0.1M), (c) CuO
(0.05M), (d) CuO (0.025M), and (e) pure C030a.

The XRD result shown in Figure 2-1 illustrates that all the CuO samples prepared by
precipitation method presented the characteristic reflections of CuO phase (PDF#01-080-
1268). Figure 2-2(a-d) show the SEM images of the CuO samples prepared with different
copper nitrate concentrations. As we can observe, all the CuO samples presented
agglomerate morphologies which were formed by similar irregular shape particles.
Meanwhile, it is possible to appreciate that the CuO samples prepared with different
copper nitrate concentrations exhibited different particle sizes. The CuO sample prepared
with a lower concentration presented a relatively small particle size. This fact can be
observed more clearly by the particle size distributions shown in Figure 2-3. By lowering
the copper nitrate concentration, the particle size distribution of the as-prepared CuO
sample narrowed and shifted toward smaller diameter. Moreover, the Sget values (Table
2-1) of the CuO samples increased from 2.01 m?/g to 6.08 m?/g when the copper nitrate
concentrations decreased from 0.5M to 0.025M. In short, the results indicate that the
concentration of copper nitrate solution affected the particle size of as-prepared CuO
powder. In addition, the morphology and the particle size distribution of pure Coz04 were
displayed in the Figure 2-2e and Figure 2-3e, respectively. Pure Co304 also presented an
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agglomerate morphology, which is the common characteristic of metal oxide powders.
Moreover, pure Coz04 exhibited a relatively large particle size distribution by comparing

with the CuO samples.
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Figure 2-3. Particle size distribution histograms of samples: (a) CuO (0.5M), (b) CuO
(0.1M), (c) CuO (0.05M), (d) CuO (0.025M) and (e) pure Co30sa.

Table 2-1 Specific surface area (Sger) values of CuO samples prepared with different

copper nitrate concentrations.

Sample name Concentration (M) Sget (M?/g)
CuO (0.5M) 0.5 2.01
CuO (0.1M) 0.1 2.58
CuO (0.05M) 0.05 2.71

CuO (0.025M) 0.025 6.08

Figure 2-4 displays the XRD patterns of pure Co304, pure CuO (0.5M), and CuO-doped
cobalt oxide composites with different CuO (0.5M) contents (x). The result confirms that
each composite exhibited Co304 phase (PDF#00-043-1003) and CuO phase (PDF#01-
080-1268). Furthermore, the higher the CuO content doped in the composite was, the

more intense the CuO diffractions presented.
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Figure 2-4. XRD patterns of pure C03Os, pure CuO (0.5M) and composites doped with
different CuO (0.5M) contents (x).

2.3.2 Redox behaviors of samples

The redox behaviors of samples were performed by TGA in two reduction-oxidation
cycles between 700 °C and 1000 °C. CuO (0.5M) was used as the dopant to prepare the
CuO-doped cobalt oxide composite. The effect of CuO doping on the redox behavior of
cobalt oxide was explored. For comparison, pure Coz0O4 and pure CuO (0.5M) were also
tested under the same condition. As shown in Figure 2-5, there was a continuous weight
loss in the first heating step for each sample, which may be attributed to two reasons: (1)
the removal of some adsorbed compounds like water and CO2 [79, 99]; (2) oxygen
vacancies were generated in the crystal lattice of metal oxide at elevated temperature
(with corresponding loss of oxygen), which caused by point defect [111, 112]. Afterwards,
there was no sharp weight loss and weight gain occurred for pure CuO (0.5M) between
700 °C and 1000 °C. As described in the introduction, CuO/Cu.0O was also considered as
a promising candidate for metal oxide-based TCS application. However, the onset
reduction temperature of CuO to Cu20 was higher than 1000 °C [81], which accounts for

the result shown in Figure 2-5. Conversely, rapid weight loss in the heating step which
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was attributed to the reduction process and rapid weight recovery in the subsequent
cooling step which was attributed to the re-oxidation process can be observed for pure
C0304 and the composites doped with CuO (0.5M). Additionally, with an increase in CuO
(0.5M) content (x), there was a decrease in the weight change (Table 2-2). The reason is
that the reactive component (i.e. cobalt oxide) content in the composite decreased as the
CuO content increased, resulting in a decrease in the oxygen release/uptake amount
during the reduction/oxidation process. It should be noted that this fact would affect the
heat storage and release capacities of the composites [101]. The charging-discharging
heat values during the reduction-oxidation processes for the samples were collected by
DSC. As shown in Table 2-2, the charging/discharging heat decreased with the increasing
content of CuO. Meanwhile, the discharging heat was lower than the corresponding
charging heat, which might be due to the relatively slow re-oxidation rate as well as the

heat loss caused by using the open alumina crucibles in DSC.
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Figure 2-5. TGA curves of pure CozO4, pure CuO (0.5M) and composites with different
CuO (0.5M) contents (x).
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with different CuO (0.5M) contents (x) and (b) Evolution of the onset re-oxidation

temperature as a function of CuO content (x).

Figure 2-6 displays the evolutions of reduction conversion in the second cycle for pure
Co0304 and the composites with different CuO (0.5M) contents (x). With the increasing of
temperature, the conversion ratio of each sample increased. As we can see, doping with
CuO shifted the onset reduction temperature from 925 °C for pure Co304 to 865 °C for
the CuO-doped composites. All the composites exhibited the same onset reduction
temperature while presented different reduction rates. As shown in Table 2-2, pure Co304
took ~3.3 min to complete the reduction, whereas the composite doped with CuO (0.5M)
content of x = 0.1 finished the reduction in ~8.1 min. It can be observed that increasing
the CuO (0.5M) content (x) from 0.1 to 0.6 improved the reduction rate gradually.
Eventually, the curves for the composites doped with CuO (0.5M) content of x > 0.6 were
nearly identical. It took ~3.4 min to obtain complete reduction.

Figure 2-7a describes the evolutions of re-oxidation conversion in the second cycle for
pure cobalt oxide and the composites with different CuO (0.5M) contents (x). As shown
in Figure 2-7a, doping with CuO lowered the re-oxidation temperature apparently.
Furthermore, increasing CuO content linearly decreased the onset re-oxidation
temperature from 890 °C for pure cobalt oxide to 825 °C for the composite doped with
CuO (0.5M) content of x = 0.6 (Figure 2-7b). When the CuO (0.5M) content (x) exceeded
0.6, there was no significant shift for the onset temperature of re-oxidation. In addition,
the composites doped with different CuO (0.5M) contents (x) exhibited an increase in the
re-oxidation rate in the second cycle, as shown in Table 2-2. In a word, doping with CuO
diminished the onset temperatures of reduction and re-oxidation of cobalt oxide.
Moreover, it is possible to tune the onset re-oxidation temperature in the range from
825 °C to 890 °C by adjusting the CuO content in the composite.

2.3.3 Redox process exploration of CuO-doped cobalt oxide composites

To study the reduction/re-oxidation process of CuO-doped cobalt oxide composite, the
structural transformation under a heating-cooling cycle for the composite doped with
CuO (0.5M) content of x = 0.6 was detected by in-situ XRD. As shown in Figure 2-8A,
the characteristic diffraction patterns of CozO4 phase (PDF#00-043-1003) and CuO phase
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(PDF#01-080-1268) can be observed for the composite at room temperature. As the
temperature increased, there was a slight shift in the diffraction peaks toward smaller
angle, which might be caused by the thermal expansion [113]. Meanwhile, the intensities
of Co304 and CuO patterns decreased. Eventually, no CosO4 phase and CuO phase were
detected at 950 °C while a single phase of CoO (PDF#00-043-1004) presented, attributing
to the reduction process. Afterwards, as shown in Figure 2-8B, C0304 phase and CuO
phase reappeared while CoO phase disappeared as the temperature decreased to room
temperature in the cooling step, attributing to the re-oxidation process. The result
confirms the structural transformation of cobalt oxide during the reduction/re-oxidation
process. Significantly, it was found that CuO was involved in the process. Cu species
might dope into cobalt oxide structure during the reduction process and separate out
during the re-oxidation process.

Moreover, Figure 2-9 displays the XRD patterns of reduced pure cobalt oxide and the
composites with different CuO (0.5M) contents (x). These reduced samples were obtained
by heating the samples to 1000 °C in air and then cooling the samples from 1000 °C to
room temperature under a nitrogen atmosphere. The result confirms the presence of CoO
(PDF#00-043-1004) in all the samples, which was produced by the reduction of Co30a.
It is worth noting that a secondary phase corresponding to CuO (PDF#01-080-1268) was
detected for the composites with CuO (0.5M) content of x > 0.6. However, no CuO phase
was detected for the composite with x = 0.6 at 950 °C (as shown in Figure 2-8). The cell
parameters of these two CoO phases were calculated, basing on Bragg’s law. The result
shows that the cell parameter of CoO phase for the composite with x = 0.6 at 950 °C was
4.31 A while the cell parameter of the CoO phase at room temperature was 4.26 A. Thus,
the expanded CoO crystal caused by thermal expansion at high temperature might allow
more Cu species to dope into CoO crystal, leading to no CuO phase detected by XRD. In
short, the result indicates that the doping amount of Cu species in CoO crystal was limited.
This might explain the result illustrated in Figure 2-7 that the onset temperature of re-
oxidation decreased gradually with the increasing amount of Cu species in CoO crystal.
We presumed the Cu species doped in cobalt oxide was beneficial to decrease the
temperature of redox process. However, a deeper investigation is necessary and needed
in the future. Additionally, these XRD results were in accordance with the phase diagram

of copper oxide/cobalt oxide in air [114], as shown in Figure 2-10. The CuO/Co0304 binary
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mixture can transform into a singer phase of CoO at a lower temperature, compared to

pure Co304.
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Figure 2-8. In-situ XRD patterns of composite with CuO (0.5M) content of x = 0.6: (A)

In the heating step. The dashed-line zone was showed in the right panel. (B) In the

cooling step.
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Table 2-2 Onset temperature of reduction/re-oxidation, weight loss (), reaction time and charging/discharging heat for pure cobalt oxide and

composites doped with different CuO contents (x).

Weight o o 8Charging 4Discharging
% DT onset red 2 BT onset oxi 4Reduction time  2Re-oxidation time
Sample loss ] _ heat heat
(°C) (°C) (min) (min)
(%) (kJ/kg) (kJ/kg)
CuO (0.5M),x=0 925 890 6.5 3.3 11.2 541 494
CuO (0.5M),x=0.1 865 885 6.4 8.1 9.0 527 472
CuO (0.5M), x=0.2 865 870 6.2 7.6 7.6 505 457
CuO (0.5M),x=0.3 865 858 6.0 6.7 6.3 501 422
CuO (0.5M),x=0.4 865 840 5.6 5.8 5.6 446 436
CuO (0.5M),x=0.5 865 830 5.1 5.0 5.1 423 403
CuO (0.5M), x=0.6 865 825 4.5 3.4 4.6 346 317
CuO (0.5M), x=0.7 865 825 3.8 3.4 5.2 317 289
CuO (0.1M),x=0.6 865 825 4.6 35 4.6 350 328
CuO (0.05M), x=0.6 865 825 4.5 3.4 4.5 349 316
CuO (0.025M), x = 0.6 865 825 4.5 3.4 4.6 345 323

8 The data was based on the second cycle.

b The onset temperature in this work corresponds to the start temperature of sharp weight change under the configured temperature program
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Figure 2-10. Phase diagram of copper oxide/cobalt oxide in air [100, 114].
(S: Cubic spinel phase (Cos04), R: Cubic rock salt phase (CoQ), T: Tenorite phase (CuO), C:
Cuprite phase (Cu20), L: Liquid phase, N: New compound phase (Cu2C00Q3)).

2.3.4 Repeatability performances of CuO-doped cobalt oxide composites

The repeatability and stability of energy storage materials are of particular importance for
TCS applications. Hence, CuO (0.5M)-doped cobalt oxide composites and pure cobalt
oxide were subjected to 30 reduction-oxidation cycles with a heating/cooling rate of
10 °C/min. Consistent with the results reported in literatures [76, 80, 96], pure cobalt
oxide exhibited a stable repeatability behavior (Figure 2-11a and b). Figure 2-12 shows
the TGA curves and the evolutions of re-oxidation conversion in 30 cycles for the
composites doped with different CuO (0.5M) contents (x). As we can see clearly, when
the CuO (0.5M) content was x = 0.3 and 0.4, the composites presented stable repeatability
performances in 30 reduction-oxidation cycles, reaching a complete re-oxidation
conversion in each cycle. In addition, as the reduction-oxidation cycle proceeded, the re-
oxidation rate improved slightly. However, in the case of the composites with x> 0.5, the
weight change decreased gradually during the cycles. Apparently, the composite with
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CuO (0.5M) content of x > 0.5 suffered a decline of re-oxidation rate in the 30 cycles,
resulting in an insufficient re-oxidation time. The weight loss for the composite with x =
0.5 did not recover completely in the cooling step from the 12" cycle. Ultimately, g =
0.89 of re-oxidation conversion obtained after the temperature decreased from 950 °C to
700 °C in the 30" cycle. Likewise, incomplete re-oxidation in the cooling step took place
from the 10" cycle for the composite with CuO (0.5M) content of x = 0.6, resulting in a
re-oxidation conversion of g = 0.75 after the cooling step of the 30" cycle. These results
clarify that the CuO content was associated with the repeatability performance of the

CuO-doped cobalt oxide system.
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reduction-oxidation cycles and (c) SEM image taken after 30 cycles for pure cobalt

oxide.
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Figure 2-13. SEM images taken before and after 30 cycles for composites doped with
different CuO (0.5M) contents (x): (aand e) x=0.3, (b and f) x =0.4, (cand g) x = 0.5,
and (d and h) x = 0.6.
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Figure 2-13 shows the SEM images taken before and after the 30 cycles for the
composites doped with different CuO (0.5M) contents (x). The particle size of the
employed Cos04 was relatively large compared to the CuO particles in this work. Thus,
it is possible to observe from the SEM images of the fresh composites that CuO particles
dispersed on the surface of Coz04 particles. Also, agglomerate morphologies could be
appreciated for all the fresh composites. While the morphologies changed dramatically
after the 30 cycles owing to a sintering process. Typical necks formed between inter-
particles for all the composites after the 30 cycles. It can be appreciated that the
composites with CuO (0.5M) content of x = 0.3 and 0.4 presented coral-like array
morphologies with large open pores among the bulks, which were similar to the
morphology of pure cobalt oxide after the 30 cycles (Figure 2-11c). Furthermore, no CuO
particles could be distinguished from the bulk. For the composites with CuO (0.5M)
content of x > 0.5, non-uniform morphologies with less voids were exhibited. Meanwhile,
several particles still could be appreciated on the surface of the bulk after the 30 cycles.
B. Wong et al. have pointed out that the decreasing of re-oxidation conversion over
cycling might relate to the morphological changes which affected the oxygen mass
transfer [76]. Thereby, the different morphologies of the composites shown in Figure 2-
13 might explain the different repeatability performances of the composites. The large
pores in the composites with CuO (0.5M) content of x = 0.3 and 0.4 were beneficial for
the oxygen diffusion, leading to the stable re-oxidation rate and the excellent repeatability.
Whereas the relatively dense morphologies presented in the composites with CuO (0.5M)
content of x > 0.5 hindered the oxygen diffusion, leading to the low re-oxidation rate and
the deterioration in repeatability. It is reasonable to infer that CuO doping somehow
affected the sintering process of cobalt oxide which caused different morphological
changes, leading to different reduction-oxidation repeatability behaviors.

It is generally well known that solid state sintering is accompanied by coarsening and
densification phenomena (Figure 2-14). These two phenomena are usually in competition.
When the sintering process is dominated by densification, the voids among contacting
particles become smaller and disappear and the material shrinks, whereas when the
sintering process is dominated by coarsening, the particles grow by consuming the
neighboring particles and the voids among particles become larger [115-117]. As shown

in Figure 2-13, the necks within the composites were wider than those presented in pure
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cobalt oxide (Figure 2-11c). It might be due to the coarsening of cobalt oxide by
consuming the neighboring CuO particles. The individual particles presented in the
composites with x = 0.5 and x = 0.6 might be associated with an inadequate coarsening.
The high doping amount of CuO might lead to a sintering process dominated by
densification process.

%
3
O
OO ®
Figure 2-14. Schematic of two possible phenomena during solid state sintering process
[79].

To further investigate the effect of CuO doping on the morphology evolution and the
repeatability behavior of cobalt oxide-based system. CuO powders with different particle
sizes (i.e. CuO (0.01M), CuO (0.05M), and CuO (0.025M)) were utilized to prepare CuO-
doped cobalt oxide composites. The CuO content doped in the composite was determined
as x = 0.6. It is possible to appreciate the different particle sizes of the CuO particles from
the SEM images of the fresh composites (Figure 2-16 (a-c)). In addition, the values
corresponding to the redox behaviors of these composites were summarized in Table 2-
2. The composites were tested in 30 reduction-oxidation cycles by TGA with a
heating/cooling rate of 10 °C/min. Figure 2-15 displays the TGA curves and the
evolutions of re-oxidation conversion in 30 cycles for the composites. It can be observed
that doping with smaller particle sizes of CuO improved the repeatability by comparing
with the performance of the composite doped with CuO (0.5M) shown in Figure 2-12 (d
and h). The composites doped with CuO (0.1M) and CuO (0.05M) suffered a decrease in
the re-oxidation rate, leading to an incomplete re-oxidation in the cooling step from the
14" cycle for the composite doped with CuO (0.1M) and from the 17" cycle for the
composite doped with CuO (0.05M). Ultimately, g = 0.85 and g = 0.91 were obtained
after the cooling step of the 30" cycle for the composites doped with CuO (0.1M) and
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CuO (0.05M), respectively. In contrast, the composite doped with CuO (0.025M) which
presented the relatively small particle size of CuO exhibited a stable repeatability
performance, reaching a complete re-oxidation in each cooling step. Moreover, the
composite with CuO (0.025M) content of x = 0.6 was subjected to a more extreme cycling
experiment. As shown in Figure 2-17, the composite still presented an excellent

repeatability behavior in 50 cycles.
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Figure 2-15. TGA curves and evolutions of re-oxidation conversion in 30 reduction-
oxidation cycles for composites doped with CuO content of x = 0.6: (a and d) CuO
(0.1M)-doped composite, (b and e) CuO (0.05M)-doped composite and (¢ and f) CuO
(0.025M)-doped composite.
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Figure 2-16. SEM images taken before and after 30 cycles for composites doped with
CuO content of x = 0.6: (a and d) CuO (0.1M)-doped composite, (b and e) CuO
(0.05M)-doped composite and (c and f) CuO (0.025M)-doped composite.
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Figure 2-17. (a) TGA curves and (b) evolutions of re-oxidation conversion in 50
reduction-oxidation cycles and (c) SEM image taken after 50 cycles for composite
doped with CuO (0.025M) content of x = 0.6.

The SEM images taken after 30 reduction-oxidation cycles for the composites doped with
different particle sizes of CuO are shown in Figure 2-16. By comparing, the composites
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with CuO (0.1M) and CuO (0.05M) exhibited relatively high densification after the 30
cycles that there were less pores presented, whereas the composite doped with CuO
(0.025M) exhibited more pores after the 30 cycles. Moreover, the composite still
presented several open pores after 50 reduction-oxidation cycles (Figure 2-17c). Particles
could be observed hardly from the surface of the bulk for the composite doped with CuO
(0.025M), which might be due to the high degree of coarsening. The result indicates that
doping with CuO that presented relatively small particle size might be conducive to
following a coarsening-favorable sintering process, leading to a positive effect on the

repeatability performance for CuO-doped cobalt oxide composite.

2.4 Summary

In this study, the effects of CuO doping on the redox behavior and repeatability
performance of cobalt oxide for TCS applications were experimentally investigated. The
major conclusions can be summarized below:

(1) Doping with CuO significantly decreased the onset temperature of reduction by
60 °C compared to pure cobalt oxide. Meanwhile, the result verifies that the onset
temperature of re-oxidation could be tuned in the range from 825 °C to 890 °C by
altering the doping amount of CuO.

(2) The structural transformation of CuO-doped cobalt oxide composite during
reduction/re-oxidation process was confirmed by in-situ XRD. It was found that
CuO was involved in the reduction/re-oxidation process of cobalt oxide. Cu
species doped in the cobalt oxide structure during the reduction process and
separated out during the re-oxidation process.

(3) The repeatability performance of CuO-doped cobalt oxide composites was highly
affected by the doping amount of CuO. Deterioration in the repeatability
performance was observed with the increase of CuO doping amount. However,
CuO with relatively small particle size exhibited a positive effect on improving
the repeatability of CuO-doped cobalt oxide composites.

(4) Doping CuO in cobalt oxide by a mechanical mixing process was proved to be a
feasible approach to prepare Cu-doped cobalt oxide materials for TCS

applications.
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Chapter 3. LiCoO-doped cobalt oxide

composites for thermochemical energy storage

3.1 Introduction

Cobalt oxide was considered as the most attractive candidate for metal oxide-based redox
thermochemical energy storage (TCS) applications owing to its remarkable reaction
repeatability performance and high energy storage density. However, the high operating
temperature, especially the reduction temperature is over 900 °C, limits the possible
applications not only in concentrated solar power plants but also in other areas such as
industrial waste heat recovery. Currently, doping with foreign metal components in cobalt
oxide has been proved to be an alternative approach to change the chemical properties of
metal oxides. Hence, in this study, doping approach was used to lower the operating
temperature and open up more possibilities for the use of cobalt oxide-based TCS systems.
It is worthy to mention that lithium compounds were frequently used as an adjuvant or
enhancer in several TCS systems [118]. Addition with lithium compounds was found to
be beneficial to lower the dehydration temperature, improve the heat output density and
enhance the reactivity of reaction process in dehydration/hydration system (i.e.
CaO/Ca(OH). system and MgO/Mg(OH)2 system) [119-127]. Addition with lithium
compounds also was found to promote the carbonation of MgO/MgCQO3 system [128]. To
the best of our knowledge, there have been few studies reporting the effects of doping
lithium compounds on metal oxide-based TCS systems. In this study, lithium cobalt oxide
(LiCo0O32) was employed as a dopant to prepare cobalt oxide-based composites. LiCoO>
has been widely used for lithium-ion batteries. The basic reaction of LiCoO> in a lithium-
ion battery is well known to be lithium ions extraction from or insertion into a layered
cobalt dioxide matrix by varying the interlayer distance [129]. Accordingly, LiCoO2 was
exploited as the support of Pt catalyst to control the lattice strain of Pt catalyst and thus
to tune the catalytic activity in the oxygen reduction reaction [130].

In this study, we proposed a composite of LiCoO»-doped cobalt oxide, prepared by a
mechanical mixing process, for use in TCS applications. The redox behavior of the

composites was investigated, especially the onset reaction temperatures and the reaction
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rates. The optimum doping amount of LiCoO, was determined. The reduction/re-
oxidation process of the composite was explored and discussed. Additionally, the

repeatability performance of the composite was tested.

3.2 Experimental section

3.2.1 Materials preparation

C0304 powder (99.99%, Kanto Chemical CO., INC.) and LiCoO. powder (99.988%,
Toshima Manufacturing CO., Ltd.) were used as received. Certain amount of Co304 and
LiCoO2 powder were weighed and put in a mortar. To avoid the deviation generated in
the milling process, the total weight of each sample was weighed in around 1000 mg.
Materials were carefully mixed by hand, grinding with a speed of ~2 laps per second for
20 min. In this work, samples with different doping amounts of LiCoO> were prepared.
The molar ratio, X, is defined as,

- MLico02/MLicoo2 3-1)
MLico0o2/MLico02+Mc0304/McCo304

where miicoo2 is the weight of LiCoO32, and MLicoo2 is the molar mass of LiCoO,. Mcezo4

is the weight of C030a, and Mcozo4 is the molar mass of C030a.

3.2.2 Characterization

The crystal structures of samples were identified by an X-ray diffraction (XRD; Rigaku
Ultima IV) with Cu Ka radiation (40 kV/ 30 mA). The cell parameters of CoO phases of
samples were derived from (111) (200) (220) facets, basing on Bragg’s law.

The morphologies of samples were collected by a scanning electronic microscope (SEM,;
JEOL JSM-7500FA).

3.2.3 Redox investigation of materials

The reduction/re-oxidation process of the sample was performed by a thermogravimetric
analyzer (TGA; HITACHI STA7300). In general, reduction and re-oxidation steps were
performed in an air atmosphere under a constant flow of 200 mL/min. Typically, the
temperature program for one reduction-oxidation cycle consisted of a heating step from
700 °C to 1000 °C with following holding for 5 min and then a cooling step from 1000 °C

to 700 °C with following holding for 5 min. Heating/cooling steps were performed with
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ramping rates of £10 °C/min. Also, the repeatability performance of the composite was
performed by TGA with appropriate temperature procedures. Each sample was weighed
in approximately 10 mg. During the reduction process, oxygen released leading to a
weight loss of sample. During re-oxidation process, oxygen uptake occurred leading to a
weight gain of sample. The weight change, a (%), is defined as,

o =" %100 (3-2)
m;

where m; is the initial weight of sample, and m; is the weight at time t. Due to the possible
impurities existed in samples, initial weight of the second cycle was used as the initial
weight for each sample.

Moreover, the conversion ratio of reduction/re-oxidation, £ (%), is defined as,

B="2"T % 100 (3-3)

Moo=y
where mo is the initial weight of sample before the reduction/re-oxidation process, m: is
the weight at time t, and my is the final weight of sample after the reduction/re-oxidation
process.
The apparent activation energy of reduction and oxidation for samples were calculated by
isoconversional Friedman method [86, 131, 132], which is represented by the following

equation:

E

i (G)] = mlar@®) - o (3-9)

where i is the heating rate (K/min), g is the conversion ratio, A is the pre-exponential
factor, f(B) is the reaction model, E is the apparent activation energy (J/mol), R is the gas
constant (8.314 J/K/mol), T is the temperature (K) at which the extent of conversion £ is
reached under the heat rate i. For each given g, the apparent activation energy E is
determined from the slope of the plot of In[i-(df/dT)] against 1/T. The apparent activation
energy of reduction was calculated based on the heating rate of 5, 10, 15 and 20 K/min.
The apparent activation energy of oxidation was calculated by reduced samples based on
the heating rate of 1, 3, 5 and 10 K/min. To obtained reduced samples, the as-prepared
samples were heated to 1000 °C in air, and then cooled down to room temperature in
nitrogen.

To study the heat charging and discharging during reduction and re-oxidation process, a

simultaneous thermogravimetry-differential scanning calorimetry (TG-DSC, NETZSCH
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STA449F3) was carried out. The temperature procedure consisted of a heating step from
30 °C to 1020 °C with following holding for 30 min and then a cooling step from 1020 °C
to 100 °C with following holding for 5 min. Both heating and cooling steps were
performed in an air atmosphere under a constant flow of 100 mL/min with certain
ramping rates.

In addition, the reduction/re-oxidation process was analyzed by in-situ X-ray diffraction
(in-situ XRD; Rigaku SmartLab 3 kW) with Cu Ka radiation (40 kV/ 40 mA). The powder
patterns were recorded during a heating/cooling process between 30 °C and 1000 °C

under an air atmosphere.

3.3 Results and discussion

3.3.1 Characterization of materials

Figure 3-1 shows the XRD patterns of these samples. All mixed samples presented the
characteristic reflections of LiCoO> phase (PDF: 01-070-2685) and Co304 phase (PDF:
00-043-1003). No new diffraction peaks were detected after mixing process. Figure 3-2
shows the SEM images of these samples. Each sample shows an agglomerate morphology
with terraced structure made of particles. Obviously, different particle sizes can be
observed between C0304 (> 1um) and LiCoO2 (< 0.5um). Therefore, it is possible to
distinguish LiCoO: particles from Co304 particles. As we can see in the images taken
from mixed samples, individual LiCoO: particles dispersed on the surface of Coz04. What
is more, different amounts of LiCoO: particles can be observed.
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Figure 3-1. XRD patterns of Co3O4, LiCoO. and mixed samples with different molar

ratios (x)




Figure 3-2. SEM images of (a) Coz0s4, (b) LiCoO2 and mixed samples with molar ratios
of (¢)x=0.1, (d)x=0.2, (e) x=0.3,(f)x=0.4, (g) x=0.5, (h) x=0.6, and (i) x = 0.7.

3.3.2 Redox behaviors of samples

The redox behaviors of samples with different molar ratios (x) were explored. Figure 3-3
shows the TGA results of samples with different molar ratios (x). The redox performances
of pure LiCoO> and cobalt oxide were also tested. As shown in Figure 3-3, there was no
reversible reaction occurred for pure LiCoO> under the configured temperature program.
In terms of mixed samples and pure CosOa, there was an initial weight loss before the
rapid weight loss for each sample in the first heating step, which may be attributed to two
reasons: (1) the absorbed compounds like water, CO2, and O, were irreversibly eliminated
[79, 99]; (2) oxygen vacancies were generated in the crystal lattice of metal oxide at
elevated temperature (with corresponding loss of oxygen), which caused by point defect
[111, 112]. And then, a rapid weight loss occurred with the increasing temperature from
700 °C to 1000 °C for each sample due to the oxygen release in reduction process.
Subsequently, the weight of each sample increased with the decreasing temperature from
1000 °C to 700 °C due to the oxygen uptake in re-oxidation process. Apparently, different
redox behaviors with respect to reduction/re-oxidation temperature and weight change
can be observed among mixed samples and pure Coz0s. The reduction/re-oxidation
temperature will be discussed in Figure 3-4 and Figure 3-5. The important matter about
reduction/re-oxidation temperature illustrated in Figure 3-3 is that the mixed samples
exhibited relatively low reduction/re-oxidation temperature in comparison with pure
C0304.

In terms of the weight change, it is clearly visible that the weight change corresponding
to the amount of oxygen release/uptake decreased with increasing doping amount of
LiCoO:z (i.e., with increasing molar ratios (x)). The weight loss upon reduction was nearly
o= 6.5% and the main weight gain upon re-oxidation was nearly a = 6.3% for pure Co3Oa.
In the case of mixed samples, the rapid weight loss for the mixed samples with molar
ratios of x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 were nearly a = 6.4%, 5.9%, 5.5%, 5.2%,
4.6%, 4.0%, and 3.3%, respectively. Then, in the subsequent re-oxidation process, the
main weight gain for the mixed samples with molar ratios of x = 0.1, 0.2, 0.3, 0.4, 0.5,

0.6, and 0.7 were nearly a = 6.2%, 5.7%, 5.3%, 5.1%, 4.5%, 4.0%, and 3.3%, respectively.
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A slight deviation of weight change between reduction and re-oxidation steps occurred

for the samples with molar ratios (x) < 0.5. When the molar ratios (x) > 0.5, the weight

recovered completely. As we can observe in Figure 3-3, the re-oxidation rate of the

samples with molar ratios (x) < 0.5 became relatively low in the concluding part of re-

oxidation process, leading to partial weight gained slowly.
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Figure 3-3. Thermogravimetric curves of samples with different molar ratios (x)

Table 3-1 The onset temperature of reduction/re-oxidation and weight change of

samples with different molar ratios (x)

Sample  ®Tonset red (°C)  #Tonsetoxi (°C)  °Weight loss (%)  °Weight gain (%)
x=0 925 890 6.5 6.3
x=0.1 875 870 6.4 6.2
x=0.2 875 855 5.9 5.7
x=0.3 875 845 9.5 5.3
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x=0.4 875 825 5.2 5.1

Xx=0.5 875 825 4.6 4.5
Xx=0.6 875 825 4.0 4.0
x=0.7 875 825 3.3 3.3

2 The onset temperature in this work corresponds to the start temperature of sharp weight
change under the configured temperature program.

b The data of weight loss obtained from the second cycle.

Conversion ratio of reduction and re-oxidation were calculated by eq. (3-3) from the
weight change of each sample in reduction and re-oxidation steps performed by TGA
with ramping rates of £10 °C/min. Figure 3-4 shows the conversion ratio of reduction as
a function of temperature during the second cycle for samples with different molar ratios
(X). As seen in Figure 3-4, the conversion ratio of reduction for each sample increased
gradually with increasing temperature. The reduction process of pure Coz04 took place
between 925 °C and 955 °C and completed in 3 min. In terms of mixed samples, the
reduction process of each mixed sample started at approximately 875 °C, which was
lower than that of pure Co3Os. When the molar ratio was x = 0.1, the reduction process
of the sample took 6.5 minutes and finished at around 940 °C. With the increasing molar
ratios from x = 0.1 to 0.4, the reduction rate became faster. When the molar ratio was x =
0.4, the reduction process took 3 min and finished at around 905 °C. Then, as we can
observe from Figure 3-4, similar reduction profiles were exhibited for the mixed samples
with molar ratios of x = 0.4, 0.5, 0.6, and 0.7. Thus, the mixed sample exhibited an
optimum reduction rate when the molar ratio (x) was higher than 0.4. The results reveal
that doping with LiCoO: contributed to lowering the onset temperature of reduction for
pure Co304. Much more interesting, doping amount of LiCoO, was not related to the
onset temperature of reduction but impacted on the reduction rate.

Figure 3-5a shows the conversion ratio of re-oxidation as a function of temperature during
the second cycle for samples with different molar ratios (x). As shown in Figure 3-5a, the
re-oxidation process of each mixed sample started at a lower temperature in comparison

with pure Cos0a. Also, it is worthy to note that the onset temperatures of re-oxidation for
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mixed samples were obviously different, which differed from the reduction process
illustrated in Figure 3-4. Furthermore, Figure 3-5b illustrates the evolution of the onset
temperature of re-oxidation as a function of molar ratio (x). When the molar ratio
increased from x = 0 to 0.4, the onset temperature of re-oxidation decreased linearly. The
onset temperature of re-oxidation for samples with molar ratios of x =0, 0.1, 0.2, 0.3, and
0.4 were approximately 890 °C, 870 °C, 855 °C, 845 °C and 825 °C, respectively. And
then, the onset temperature was constant at 825 °C when the molar ratio increased from
x = 0.4 to 0.7. As shown in Figure 3-5a, the conversion ratio of re-oxidation for each
sample increased gradually with decreasing temperature. The conversion ratio of pure
Co0304 reached nearly £ = 95% in 8.5 min when the temperature decreased from 890 °C
to 805 °C. Afterwards, the concluding part of the re-oxidation took place slowly in a wide
temperature range. When the molar ratio was x = 0.1, the conversion ratio for the mixed
sample reached nearly g = 95% in 8.5 min with decreasing temperature from 870 °C to
785 °C. Similarly, the concluding part for the mixed sample also took place slowly. With
increasing molar ratios from x = 0.1 to 0.7, the re-oxidation rate was improved gradually,
as shown in Figure 3-5a. When the molar ratio was x = 0.4, the conversion ratio of the
mixed sample reached nearly f = 95% in approximately 6 min with decreasing
temperature from 825 °C to 768 °C. The results illustrated in Figure 3-5 indicate that
doping with LiCoO: leaded to a decrease in the onset temperature of re-oxidation.
Moreover, doping amount of LiCoO> impacted on the onset temperature of re-oxidation
as well as the re-oxidation rate. The onset temperatures of reduction/re-oxidation for
samples with different molar ratios (x) were also summarized in Table 3-1. Accordingly,
the optimum molar ratio for the composite was determined as x = 0.4 with respective to
the onset temperature of reduction/re-oxidation, weight change and reduction/re-

oxidation rate.
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Evolution of the onset re-oxidation temperature as a function of molar ratio (x)

The effect of LiCoO, doping on the redox rate of cobalt oxide was further investigated.
Figure 3-6 displays the evolution of reduction/re-oxidation conversion ratio as a function
of temperature for pure Co304 sample and the mixed sample with a molar ratio of x = 0.4
under different heating/cooling rates. As shown in Figure 3-6A, the curves of reduction
step under different heating rates were nearly identical for the pure CozO4 sample and the
mixed sample. While in the case of re-oxidation step, it can be observed that the higher
cooling rate exhibited opposite effect on the re-oxidation for pure Co304 sample and the
mixed sample, leading to incomplete conversions for these two samples when the cooling
rate was higher than 10 °C/min. Nonetheless, the mixed sample with a molar ratio of x =
0.4 presented a faster re-oxidation under the higher cooling rate by comparing with pure
Co0304 sample, resulting in the higher conversion ratio. As we can see, f = 45%
conversion obtained for pure CosO4 sample under the cooling rate of 20 °C/min, while g
= 76% conversion obtained for the mixed sample under the same cooling rate. The result
indicates that doping with appropriate amount of LiCoO contributed to improving the
re-oxidation rate of cobalt oxide-based system under a high cooling rate, which might
extend the applicability of the composite in terms of operation conditions. The heat-
charging/discharging result under a heating/cooling rate of 20 °C/min was measured by
DSC with alumina open crucibles. As shown in Figure 3-7, pure CozO4 exhibited a small
exothermic peak corresponding to 289.8 kJ/kg, while the mixed sample exhibited a sharp
exothermic corresponding to 423.8 kJ/kg. The ratio between charging and discharging
heat for pure Co304 and the mixed sample were 0.46 and 0.74, respectively. This
difference in the discharging heat for these two samples under the cooling rate of

20 °C/min may be owing to the different re-oxidation rates as shown in Figure 3-6B.
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and (B) oxidation in air (8 = 50%)

As reported in Figure 3-8, the apparent activation energy of reduction for the mixed
sample with a molar ratio of x = 0.4 and pure C0304 are 435.17 * 8.39 kJ/mol and 524.85
* 54.64 kJ/mol, respectively. Meanwhile, the apparent activation energy of oxidation for
the mixed sample with a molar ratio of x = 0.4 and pure Co304 are 173.88 + 16.11 kJ/mol
and 265.78 + 19.49 kJ/mol, respectively. By doping with LiCoO,, the apparent activation
energy of reduction and oxidation were decreased. The result indicates that doping with

LiCoO> can make reduction and oxidation of cobalt oxide occur more easily.

3.3.3 Redox process exploration of LiCoO2-doped cobalt oxide composites

To understand deeply about the effect of LiCoO. on the reduction/re-oxidation process
of cobalt oxide, in-situ XRD was utilized to explore the process. Figure 3-9 (A-D) shows
the in-situ XRD patterns of the mixed sample with a molar ratio of x = 0.4. Figure 3-9A
shows the XRD patterns in the heating step, as we can observe, the sample exhibited both
LiCoO2 phase (PDF: 01-070-2685) and Coz04 phase (PDF: 00-043-1003) clearly at room
temperature. When temperature was higher than 850 °C, the intensity of diffraction peaks
decreased with the increasing temperature. Ultimately, the XRD patterns at 950 °C
exhibited a single phase of CoO (PDF: 01-076-3829). This behavior demonstrates that
both Co304 and LiCoO: were converted into CoO. It seemed that the Li species inserted
into the CoO lattice and formed a CoO-based solid solution. The in-situ XRD patterns
shown in Figure 3-9B illustrates the re-oxidation process in the cooling step. As we can
observe, LiICoO> phase and Co304 phase reproduced while the CoO phase vanished with
the decreasing temperature. It should be noted that the structure is detected by in-situ
XRD only when the amount of the material is enough. Consequently, no CoO phase was
tested by in-situ XRD when the temperature decreased to 800 °C, which differed from
the result illustrated in Figure 3-5 obtained by TGA. The important matter verified by in-
situ XRD is that LiCoO> was involved in the reduction/re-oxidation process.

Figure 3-9C shows the localized in-situ XRD patterns within the 26 range from 17.5° to
20° in the heating step. The diffraction peak corresponding to the LiCoO2 (003) facets
shifted from 18.92° at 30 °C to 18.42° at 890 °C, corresponding to an increase in layer

spacing of LiCoO2 from 4.69 A to 4.81 A. Similarly, Figure 3-9D shows the localized in-
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situ XRD patterns within the 26 range from 30° to 33° in the heating step. The diffraction
peak, corresponding to the Cos04 (220) facets where present abundant of Co®* [133, 134],
shifted from 31.26° at 30 °C to 30.82° at 890 °C, corresponding to an increase in the
relevant lattice spacing of CosO4 from 2.86 A to 2.90 A. In addition, as we can observe
from Figure 3-9A, other diffraction peaks of LiCoO> phase and Co304 phase also shifted
toward the lower angle side. This behavior means that other facets of LiCoO2 and C0304
crystals also expended in the heating step.

Figure 3-9E shows the in-situ XRD patterns of mixed samples with different molar ratios
(x) at 950 °C and Table 3-2 shows the lattice parameter of the CoO phase at 950 °C for
these samples. A single CoO phase (PDF: 01-076-3829) was detected for the mixed
samples with molar ratios of x = 0.3 and 0.4. When the molar ratio was x > 0.5, a
secondary phase corresponding to LiCoO> phase (PDF: 01-070-2685) can be observed.
Meanwhile, the lattice parameter of CoO decreased from 4.28 A to 4.24 A when the molar
ratio (x) increased from 0.3 to 0.6, which might be due to the insertion of Li species.
Afterwards, the lattice parameter was constant when the molar ratio was x > 0.6. The
result indicates that the amount of Li species in the CoO structure increased with the
increasing of LiCoO2 doping amount. Nonetheless, the amount of Li species in CoO
structure was limited. This result might account for the different onset temperatures of re-
oxidation for mixed samples with different molar ratios (x), as illustrated in Figure 3-5 of
Sec. 3.3.2. With an increase in the doping amount of Li species in CoO lattice, the onset

temperature of re-oxidation decreased gradually.

Table 3-2 Lattice parameters of CoO phase at 950 °C for mixed sample with different

molar ratios (x)

Mixed sample x=0.3 x=04 x=0.5 Xx=0.6 x=0.7

4L attice parameter
A)
4L attice parameter is derived from (111) (200) (220) facets based on in-situ XRD analysis

4.28 4.27 4.25 4.24 4.24
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Figure 3-10. Plausible reduction/re-oxidation process of LiCoO.-doped cobalt oxide

composite

Combined the in-situ XRD results with the redox behaviors discussed in Sec. 3.3.2, a
plausible reduction/re-oxidation process of the LiCoO.-doped cobalt oxide composite
was proposed, as shown in Figure 3-10. In heating step, the lattices of LiCoO2 and C0304
slightly expanded with increasing temperature. It is known that lithium ions will extract
from or insert into the layered cobalt dioxide matrix of LiCoO> by varying the interlayer
distance [129, 130]. Thus, partial lithium ions extracted from the layered cobalt dioxide
matrix when the interlayer distance of LiCoO; increased from 4.69 A to 4.81 A (De-
lithiation process). Simultaneously, the extracted lithium ions inserted into CosO4 lattice,
which may render the Coz04 crystal more fragile and stimulate the reduction of Coz04 to
start at lower temperature, as discussed in Figure 3-4 of Sec. 3.3.2. Ultimately, LiCoO:>
and Coz04 converted into CoO-based solid solution. In cooling step, the reverse oxidation
process occurred. The CoO-based solid solution converted to LiCoO2 and Co0304 in
relatively low temperature, which may be owing to the doping lithium ions in CoO lattice.
At the same time, the lithium ions inserted into the layered cobalt dioxide matrix of
LiCoO> (Lithiation process). We assumed the insertion of lithium into Co3z04/CoO has a

positive effect on the reduction/re-oxidation process. As a further issue, deeper
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investigation is necessary and required.

3.3.4 Repeatability test

To examine the repeatability of the composite. The mixed sample with a molar ratio of x
= 0.4, which exhibited an optimum redox behavior, was subjected to 50 runs of
reduction/re-oxidation by TGA under an appropriate temperature range. Figure 3-11
shows the TGA result of the subjected sample with 50 runs of reduction/re-oxidation. a
= 5.2% weight lost and a =5.1% weight recovered in the second cycle, and o = 5.2%
weight lost and « = 5.2% weight recovered in the 50" cycle. This result demonstrates the
feasibility of this composite for TCS application as it can be reused for several cycles.
Figure 3-12 displays the relevant SEM images of the mixed sample with a molar ratio of
x = 0.4. It can be observed that remarkable changes occurred in the morphology of the
sample during reduction/re-oxidation cycles. Differing from the as-prepared sample, the
used samples presented coral-like morphologies caused by a thermal sintering. Moreover,
LiCoO; particles could not be distinguished from the bulk. As we can observe from the
image taken after 2 cycles, the necks with diameter of around 1pm formed between the
neighboring particles. Meanwhile, open macro-pores presented among the necks. It is
worth noting that the size of the large pores in the bulk increased from cycle to cycle,
indicating that further sintering occurred during the subsequent reduction/re-oxidation
cycles. The large pores within the coral-like structures maybe conducive to the diffusion

of oxygen and facilitate the re-oxidation.
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Figure 3-12. SEM images of the mixed sample with a molar ratio of x = 0.4: (a) as-

prepared sample, (b) after 2 cycles, (c) after 30 cycles, and (d) after 50 cycles.

3.4 Summary

In summary, LiCoO2-doped cobalt oxide composites were initially proposed and explored
for TCS applications. The composites were facilely obtained by a mechanical mixing
process, which is advantageous to scale-up research and practical applications. The major
conclusions are summarized below.

(1) Doping with LiCoO> diminished the onset temperature of reduction and re-
oxidation by 50 °C and 65 °C, respectively. Doping with an appropriate
amount of LiCoO2 contributed to improving the re-oxidation rate of cobalt
oxide-based system under a high cooling rate, resulting in a significant
increase in the discharging heat (423.8 kJ/kg) compared to pure cobalt oxide
(289.8 kJ/kg) under a temperature cooling rate of 20 °C/min. Doping with
LiCoO> was found to decrease the apparent activation energy of reduction and
oxidation of cobalt oxide.

(2) In-situ XRD results confirmed that LiCoO2 was involved in the reduction/re-
oxidation process of cobalt oxide. The insertion amount of Li species on cobalt
oxide appeared to relate to the onset temperature of re-oxidation.

(3) Excellent repeatability performance of this composite was attested in 50

cycles.
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Chapter 4. Fabrication of cobalt oxide foams for

thermochemical energy storage

4.1 Introduction

To date, several reactor concepts for metal oxide-based redox thermochemical energy
storage (TCS) systems have been proposed. For instance, packed beds [93, 104, 135],
moving-beds [136], and rotary kilns [92]. The advantages of a packed bed reactor such
as simplicity, ease of operation, and ability to store a large amount of thermal energy per
unit volume of the storage material make it a popular choice for metal oxide-based TCS
systems [104]. While the dense packing of metal oxide particles in a packed bed reactor
limits the heat transfer between the particles and heating medium (i.e., air) as well as
limits the efficient contact between the particles and oxygen, resulting in low reaction
rates and low conversion ratios [93]. In fact, the concept of porous structures, including
honeycomb-like and foam-like structures, has been used in several metal oxide-based
applications such as V20s-WO3/TiO2 honeycomb catalysts for DeNOy [137] and CeO-
foams for thermochemical CO splitting [138], which can provide a high surface area to
volume ratios and high porosity, allowing for more contact between metal oxides and
reactant gases. Porous structures made from metal oxides have also shown promising
results in TCS applications [105, 106, 139]. However, further investigation for
optimization and improvement are still needed. It should be noted that unlike ceramic
foams, which are generally used as inert porous supports, metal oxide foams used in TCS
systems are subjected to a high temperature range to undergo a phase change. During this
process, reduction occurs, leading to the depletion of oxygen from the metal oxide foams,
followed by oxidation, resulting in the insertion of oxygen back into the metal oxide
foams. As demonstrated in the previous chapters as well as in literatures [76, 79], the
micro-morphology of metal oxides can highly affect the oxidation kinetic. Furthermore,
the morphology can undergo continuous changes during reduction-oxidation cycles,
which may potentially influence the long-term stability of the porous structure of metal
oxides. Therefore, the preparation of a metal oxide foam for TCS should take both of the
reaction kinetic of metal oxide and the long-term stability of the porous structure into

account. Meanwhile, understanding the morphological change of porous metal oxides
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during the reduction-oxidation cycles is critical for optimizing their properties and
performance for TCS applications. Hence, this study focuses on the detail of the structural
stability and durability of metal oxide foams for TCS applications.

In this study, cobalt oxide foams were prepared using the widely used foam replica
method, which is simple and commonly employed for fabricating ceramic foams [140].
Inexpensive polyurethane (PU) foams were used as the templates. The effect of the solid
loading of cobalt oxide slurry, sintering temperature, and sintering duration, on
preparation of cobalt oxide foams were explored and discussed. Valuable insights into
the structural evolutions of cobalt oxide foams during their reduction-oxidation cycles
were provided. Moreover, a consecutive immersion approach was used to improve the

structure and increase the bulk density of the cobalt oxide foam.
4.2 Experimental section

4.2.1 Fabrication of cobalt oxide foams

The cobalt oxide foams were fabricated by means of a PU foam replica method [140]. PU
foams with different pore densities (i.e., ~50 ppi, ~20 ppi, and ~13 ppi, the term “ppi”
stands for “pores per inch”, indicating the pore density of a foam) purchased from
MonotaRO Co., Ltd. were used as templates. Figure 4-1 displays the morphologies of PU
foams as captured by a stereomicroscope and shows the diameter distributions of the
struts within the PU foams. Open cells with different pore sizes are visible for the PU
foams with different pore densities. The PU foam with a higher pore density had a
relatively large pore size and exhibited a relatively large diameter in the struts.
Furthermore, the struts of the PU foams used in this study exhibited a cross-section in the
shape of a triangle as illustrated in Figure 4-2. C0304 powder (99.99%, Kanto Chemical
CO., INC.) with a median particle diameter of around 2 pm (Figure 2-3) was used as
received. Polyacrylamide (PAM) was employed as a dispersant to stabilize cobalt oxide
particles in the slurry.
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Figure 4-2. Image of the cross-section of a PU foam with 13 ppi.

Figure 4-3 displays the schematic diagram of the fabrication process. The slurries of
cobalt oxide were prepared with distilled water, using a tornado stirrer (AS ONE SS-P1).
The dispersant content was determined to be 0.2 wt.% of the solid loading of the slurry.
The PU foams were immersed into the slurry at room temperature for 10 min. Afterwards,
the loaded PU foams were squeezed to remove the excess slurry. Then the loaded PU
foams were dried at 70 °C overnight. Finally, the green bodies were calcinated in an
electric muffle furnace (ADVANTEC FUW232PB) under air atmosphere. The
temperature progress consisted of three typical steps. A slow heating process was
conducted from room temperature to 600 °C with a heating rate of 2 °C/min to remove
the PU foam without damaging the framework of the solid coating. Then the temperature
was increased to the given sintering temperature with a heating rate of 15 °C/min.
Subsequently, the samples were calcinated at the given sintering temperature for several

hours.
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Figure 4-3. Fabrication process of cobalt oxide foams.

4.2.2 Characterization

The photographs of samples were taken using a digital camera (SONY HDR-PJ590V). A
stereomicroscope (OLYMPUS SZX16), equipped with a microscope digital camera
(OLYMPUS DP23) and a control unit (DP2-AOU), was used to appreciate the
morphologies of the obtained foam-like structures. Additionally, the diameter of struts
within the PU foams was measured using this setup. More than 200 struts were measured
for each PU foam. A scanning electron microscope (SEM; JEOL JSM-7500FA) was
utilized to observe the microscopic features of the cobalt oxide samples.

A vernier caliper was used to obtain the linear shrinkage of the foams caused by the
thermal treatment process, by measuring the linear dimensions of the foams before and
after the thermal treatment. The linear shrinkage, y (%) is defined as,

y=|5=]x100 @)

where D;j is the initial linear measurement of the green body foam, and D is the finial
linear measurement after the specified thermal treatment.
A thermogravimetric analyzer (TGA; HITACHI STA7300) was carried out to test the
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reduction/re-oxidation repeatability behaviors of cobalt oxide. Typically, the temperature
program for one reduction-oxidation cycle consisted of a heating step from 700 °C to
1000 °C with a dwell time of 5 min, followed by a cooling step from 1000 °C to 700 °C
with a dwell time of 5 min. Each sample was tested at a heating/cooling rate of 10 °C/min
under air atmosphere with a constant flow of 200 mL/min. In the reduction process,
oxygen released, leading to a weight loss for the sample. In the re-oxidation process,
oxygen uptake occurred, leading to a weight gain for the sample.

To observe the morphological evolutions of the larger-sized cobalt oxide foams after
several reduction-oxidation cycles. An electric muffle furnace (ADVANTEC
FUW232PB) under an air atmosphere was used. For the reduction process, the foams
were heating from room temperature to 1000 °C at a rate of 10 °C/min and held at 1000 °C
for 10 min. The subsequent re-oxidation process was performed through natural cooling.
The bulk density, which is related to the thermal energy storage capacity of the cobalt
oxide foam, can be calculated by the formula below:

_ weight of foam after calcination (4_2)

volume of foam after calcination

Meanwhile, the porosity of the cobalt oxide foam can be calculated by the formula below:

weight of cobalt oxide / density of cobalt oxide
P=1 — g f / yof (4_3)

volume of foam

where the density of cobalt oxide is 6.11 g/cm?® [141].
4.3 Results and discussion

4.3.1 Effect of the solid loading of cobalt oxide slurry

The solid loading of a slurry, which refers to the amount of solid in the slurry, can affect
the effective coating of solid on PU foams. A high solid loading can increase the contact
points between inter-particles for the green body. Meanwhile, a slurry with an appropriate
viscosity can enhance the adhesion between particles and PU foams, while one with too
high viscosity can affect the entering and filling processes of the slurry into PU foams,
leading to non-uniform coating and even distorting the PU foams. In general, as the solid
loading increases in a slurry, the viscosity also tends to increase [142]. Accordingly, to
obtain a balance between the viscosity and effective coating, slurries with different solid
loadings (ranging from 50 wt.% to 80 wt.%) were used to prepare cobalt oxide foams. It

should be pointed out that the onset reduction temperature of the employed cobalt oxide
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powder was ~ 925 °C. Thus, the sintering temperature of the green bodies was initially
decided at 900 °C to avoid the phase change of cobalt oxide. All the green bodies were
sintered at 900 °C for 5 hours. Additionally, each PU foam was cut into a dimension of

20 mm x 20 mm x 10 mm.

13 ppi 20 ppi 50 ppi
()
80 wt.% i .
20 ppi 50 ppi
(b)
50 wt.% .
60 wt.% .
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Figure 4-4. Photographs of (a) green bodies and (b) cobalt oxide foams fabricated with

different solid loadings.

The photographs captured by a digital camera for the green bodies and the corresponding
cobalt oxide foams fabricated with different solid loadings are shown in Figure 4-4. It is
visible for all the green bodies that cobalt oxide particles were coated on the PU foams.
However, for the green bodies prepared with a solid loading of 50 wt.%, the cobalt oxide
foams fabricated using PU foams with different pore densities exhibited different degrees
of collapse or subsidence after the given thermal treatment. Conversely, cobalt oxide
powders were successfully shaped into form-like structures after the given thermal
treatment for the samples using relatively high solid loadings.

More details can be observed from Figure 4-5 to Figure 4-8, taken by a stereomicroscope.
It is evident that open cells with several closed faces existed within the green bodies. As
shown in Figure 4-5, cobalt oxide solid did not spread evenly across the surfaces of PU
foams for the green bodies prepared with the solid loading of 50 wt.%, resulting in the
fracture of the struts that were supposed to interconnect the pores of the foams after the
thermal treatment. For the foams prepared with a solid loading of 60 wt.%, cobalt oxide
solid was evenly coated across the surface of the PU foams while the polygonal
morphologies of the struts remained visible, as shown in Figure 4-6. This observation
confirms that the solid coating has a small thickness. Consequently, when the employed
PU foam possessed a relatively low pore density (i.e., 13 ppi), a considerable number of
visible cracks and fractures can be observed in the struts from the obtained cobalt oxide
foam. Whereas, the cobalt oxide foams using PU foams with 20 ppi and 50 ppi presented
quite uniform morphologies after the thermal treatment. Upon increasing the solid loading
to 70 wt.%, the green bodies prepared using PU foams with13 ppi and 20 ppi exhibited
relatively thick coatings. After the thermal treatment, the resulting cobalt oxide foams
presented smoother surfaces and textures. However, as shown in Figure 4-4b, the cobalt
oxide foam prepared using a PU foam with a relatively high pore density (i.e., 50 ppi)
showed a visibly uneven distribution of cobalt oxide, with cobalt oxide solid stacking
within the foam. When the solid loading increased to 80 wt.%, non-uniform morphologies
were observed in the green bodies. Some of the struts of the 13 ppi and 20 ppi PU foams

were thickly coated by cobalt oxide solid, while other parts of the struts remained exposed.
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After the thermal treatment, a significant number of visible cracks were observed in the
struts of the cobalt oxide foams fabricated using PU foams with 13 ppi and 20 ppi.
Additionally, as shown in Figure 4-4 and Figure 4-8, a large amount of cobalt oxide solid
stacked within the foam using a 50 ppi PU foam.

In brief, the solid loading of cobalt oxide slurry can affect the coating uniformity and
thickness within PU foams, which ultimately affects the formation of struts within cobalt
oxide foams. Meanwhile, it is important to consider the pore density within a PU foam
when selecting a suitable solid loading. In this case, 60 wt.% of solid loading was suitable
for the evenly coating of cobalt oxide solid on a 50 ppi PU foam, while 70 wt.% of solid
loading was beneficial for the preparation of cobalt oxide foams using PU foams with 20
ppi and 13 ppi.

500 pm 500 pm




Figure 4-5. Images of foam structures prepared with a solid loading of 50 wt.%: (a)
green body using a 13 ppi PU foam, (a’) cobalt oxide foam fabricated with a 13 ppi PU
foam, (b) green body using a 20 ppi PU foam, (b’) cobalt oxide foam fabricated with a

20 ppi PU foam, (c) green body using a 50 ppi PU foam, and (c¢’) cobalt oxide foam

fabricated with a 50 ppi PU foam.
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Figure 4-6. Images of foam structures prepared with a solid loading of 60 wt.%: (a)
green body using a 13 ppi PU foam, (a’) cobalt oxide foam fabricated with a 13 ppi PU
foam, (b) green body using a 20 ppi PU foam, (b’) cobalt oxide foam fabricated with a

20 ppi PU foam, (c) green body using a 50 pp1 PU foam, and (¢’) cobalt oxide foam

fabricated with a 50 ppi PU foam.
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Figure 4-7. Images of foam structures prepared with a solid loading of 70 wt.%: (a)
green body using a 13 ppi PU foam, (a”) cobalt oxide foam fabricated with a 13 ppi PU
foam, (b) green body using a 20 ppi PU foam, (b’) cobalt oxide foam fabricated with a

20 ppi PU foam, (c) green body using a 50 pp1 PU foam, and (¢’) cobalt oxide foam

fabricated with a 50 ppi PU foam.
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Figure 4-8. Images of foam structures prepared with a solid loading of 80 wt.%: (a)
green body using a 13 ppi PU foam, (a’) cobalt oxide foam fabricated with a 13 ppi PU
foam, (b) green body using a 20 ppi PU foam, (b’) cobalt oxide foam fabricated with a

20 ppi PU foam, (c) green body using a 50 ppi PU foam, and (c’) cobalt oxide foam

fabricated with a 50 ppi PU foam.

4.3.2 Effect of sintering temperature and sintering duration

As discussed in the previous chapters, cobalt oxide particles can undergo a sintering
process in high temperature range, which may ultimately affect the properties of cobalt
oxide foams. During the sintering process, the particles in the green body will diffuse and

bond with the inter-particles along with densification and coarsening phenomena.
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Therefore, a suitable sintering condition including sintering temperature and sintering
duration should be determined for the preparation of the cobalt oxide foams. In this study,
the sintering temperatures before and after the phase change of cobalt oxide were selected
for investigating the effect of the sintering temperature on the formation of cobalt oxide
foams. Each PU foam was cut into a dimension of 20 mm x 20 mm x 10 mm. The cobalt
oxide slurry was prepared with a solid loading of 70 wt.%.

Figure 4-9 shows the photographs of cobalt oxide foams fabricated with different
sintering temperatures. In addition, all the green bodies were sintered at the given
temperature for 5 hours. Foam-like structures were obtained for all the samples after the
specified thermal treatments. The linear shrinkage of the foams was calculated by eq. (4-
1). As shown in Figure 4-10, all the samples presented similar degree of shrinkage when
the sintering temperature was 800 °C. The cobalt oxide foams shrunk to a greater degree
as the sintering temperature increased, indicating a higher degree of sintering. For
instance, in the case of the cobalt oxide foams prepared with 20 ppi PU foams, around 2%
of shrinkage occurred for the foam fabricated with the sintering temperature of 800 °C,
while approximately 9.2% of shrinkage presented in the foam sintered at 1100 °C. The
relevant SEM images for the foams were displayed in Figure 4-11. For the foam calcined
at 800 °C, the individual cobalt oxide particles were still visible, indicating that the
particles had not yet fused together completely. While when the sintering temperature
was 900 °C, necks formed between inter-particles due to the sintering process. A coral-
like structure with open pores among the bulk was observed, demonstrating that the cobalt
oxide foam presented a dual-scale porosity. Similar morphologies with coral-like
structures were observed in the foams that were sintered at 1000 °C and 1100 °C.
Furthermore, as the sintering temperature increased, the necks became wider, and many
neighboring particles fused together to form a relatively large bulk. This fusion also led
to the elimination of voids among these particles, thereby contributing to a greater degree
of shrinkage.

It is interesting to note that, in the case of the cobalt oxide foams fabricated with the
sintering temperature of 1100 °C, the cobalt oxide foam using a PU foam with relatively
thin struts presented a greater degree of shrinkage, which may correspond to a denser
morphology within the foam. Approximately 8.7%, 9.2%, and 11.2% of shrinkage

occurred in the foams fabricated using PU foams with13 ppi, 20 ppi, and 50 ppi,
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respectively.
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B
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Figure 4-9. Photographs of cobalt oxide foams fabricated using different sintering

temperatures.
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Figure 4-10. Linear shrinkage against sintering temperature for cobalt oxide foams

fabricated using PU foams with different pore densities.
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Figure 4-11. SEM images of cobalt oxide foams (using 20 ppi PU foams) fabricated
using different sintering temperatures: (a) 800 °C, (b) 900 °C, (c) 1000 °C, and (d)
1100 °C.

As discussed in the previous chapters, the morphology of cobalt oxide highly affected the
re-oxidation kineties. Accordingly, cobalt oxide foams fabricated with different sintering
temperatures were cut into smaller dimensions for analysis using TGA to confirm the
redox repeatability behaviors. As illustrated in Figure 4-12, the samples exhibited stable
repeatability behaviors over 10 reduction-oxidation cycles when the sintering
temperatures were 800 °C and 900 °C. Each cycle exhibited a weight change of 6.5 %
(the stoichiometric value: 6.64%). The increased weights observed in the first heating
step for the samples calcined at 1000 °C were attributed to the oxidation of CoO, which
was produced by the reduction of Co30Os in the sintering treatment and was not fully re-
oxidized in the natural cooling. The subsequent reduction in the first heating step resulted
in a weight loss of 6.0%, indicating that the initial oxidation was incomplete. However, a
consistent weight loss of 6.5% was achieved in the subsequent cycles. In the case of the
samples calcined at 1100 °C, the weight loss in the first heating step was lower than 6.5%
for each sample and increased from cycle to cycle. Additionally, the sample fabricated
using a PU foam with thinner struts exhibited a relatively low weight loss in the first heat
step, which is consistent with the result shown in Figure 4-10. The relatively low weight
loss may be attributed to the denser morphology within the sample, which could hinder
the diffusion of oxygen, leading to a higher degree of incomplete oxidation in the natural
cooling process.

Further, the impact of sintering duration on the preparation of cobalt oxide foams was
also studied. Figure 4-13 shows the SEM images of cobalt oxide foams sintered at 900 °C
for varying durations. When the samples sintered at 900 °C for a duration of 3 hours or
less, individual cobalt oxide particles with distinct particle boundaries remained visible.
When the sintering duration increased to 4 hours, typical sintering behaviors became
evident, including the formation of necks between particles, smoothing of particle
boundaries, and coarsening.

Overall, the results demonstrate the significance of sintering conditions for carefully

controlling the sintering process of cobalt oxide particles to achieve a desired foam-like
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structure and a stable redox repeatability performance for TCS applications. If the
sintering temperature is too low, cobalt oxide particles may not bond adequately. This
can result in a less compact and less interconnected structure. On the other hand, if the
sintering temperature is too high, over-sintering can occur, leading to excessive
densification which may hinder the oxygen diffusion during the oxidation of cobalt oxide.
Additionally, the sintering duration should also be long enough to ensure a complete

sintering process.
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Figure 4-12. TGA curves of cobalt oxide foams fabricated with different sintering
temperatures: (a), (a’), and (a’”) sintered at 800 °C; (b), (b’), and (b’’) sintered at

900 °C; (c), (¢’), and (c’’) sintered at 1000 °C; (d), (d”), and d’’) sintered at 1100 °C.
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Figure 4-13. SEM images of cobalt oxide foams (using 20 ppi PU foams) sintered at
900 °C for varying durations: (a) 1 hour, (b) 2 hours, (c) 3 hours, and (d) 4 hours.

4.3.3 Structural evolutions of cobalt oxide foams during thermal cycling

As the stability and durability of cobalt oxide foams for TCS application are important,
cobalt oxide foams prepared with the solid loadings of 60 wt.% and 70 wt.% were
subjected to several heating-cooling cycles for observing their structural evolutions. The
heating-cooling cycles were performed by an electric muffle furnace under an air
atmosphere. Figure 4-14 and 4-15 display the morphologies of the cobalt oxide foams
after several heating-cooling cycles. After one heating-cooling treatment, there were no
significant changes observed in the morphologies of all the cobalt oxide foams (compared
with Figure 4-6 and Figure 4-7). Meanwhile, the cracks formed during the preparation
process remained visible. After 10 heating-cooling cycles, varying degrees of struts
distortion were observed in the foams. In the case of the cobalt oxide foams fabricated
with a solid loading of 60 wt.%, the distortion of the struts was evident for the foams
fabricated using PU foams with 50 ppi and 20 ppi, even leading to the fracture of the

struts for the foam fabricated using a 50 ppi PU foam. When it comes to the cobalt oxide
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foams fabricated with a solid loading of 70 wt.%, as shown in Figure 4-15, similar
phenomena presented in the foams fabricated using PU foams with 50 ppi and 20 ppi.
Whereas, a relatively minor distortion of the struts was observed in the cobalt oxide foam
fabricated with a 13 ppi PU foam. Figure 4-16 shows the SEM images of the cobalt oxide
foam before and after several heating-cooling cycles. The voids among the cobalt oxide
bulk became larger after 10 heating-cooling cycles, indicating that the cobalt oxide foam
underwent continuous sintering during the heating-cooling cycles. This continuous
sintering could lead to expansion and contraction of the struts, which could potentially
affect the stability and durability of the cobalt oxide foams. Another possible factor that
may have contributed to the distortion of the struts is the unbalanced thermal stress
produced by a non-uniform temperature distribution [143]. In order to achieve a clear
observation, larger-sized cobalt oxide foams were fabricated by cutting PU foams with
pore densities of 50 ppi, 20 ppi and 13 ppi into blocks with dimensions of 100 mm x 80
mm %X 10 mm. The green bodies were prepared with a solid loading of 70 wt.% and
sintered at 900 °C for 5h. As shown in Figure 4-17, the cobalt oxide foams fabricated
using PU foams with pore densities of 50 ppi and 20 ppi presented evident deformation
in their structural geometry after the 10 cycles. In fact, the foam produced from a 50 ppi
PU foam experienced significant cracking. Conversely, the cobalt oxide foam fabricated
with a 13 ppi PU foam maintained relatively flat surfaces. It is worth noting that struts
with a relatively large diameter appeared to be effective in resisting distortion.
Furthermore, the presence of larger pores within the foam might be conducive to the flow

of air, resulting in more effective heat transfer.
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Figure 4-14. Images of cobalt oxide foams prepared with a solid loading of 60 wt.%: (a)
using a 13 ppi PU foam and being subjected to one heating-cooling cycle, (a’) using a
13 ppi PU foam and being subjected to 10 heating-cooling cycles, (b) using a 20 ppi PU
foam and being subjected to one heating-cooling cycle, (b”) using a 20 ppi PU foam and
being subjected to 10 heating-cooling cycles, (c) using a 50 ppi PU foam and being
subjected to one heating-cooling cycle, and (¢”) using a 50 ppi PU foam and being
subjected to 10 heating-cooling cycles.
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Figure 4-15. Images of cobalt oxide foams prepared with a solid loading of 70 wt.%: (a)
using a 13 ppi PU foam and being subjected to one heating-cooling cycle, (a’) using a
13 ppi PU foam and being subjected to 10 heating-cooling cycles, (b) using a 20 ppi PU
foam and being subjected to one heating-cooling cycle, (b’) using a 20 ppi PU foam and
being subjected to 10 heating-cooling cycles, (c) using a 50 ppi PU foam and being
subjected to one heating-cooling cycle, and (¢”) using a 50 ppi PU foam and being
subjected to 10 heating-cooling cycles.
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wt.% using a 20 ppi PU foam: (a) as-prepared sample, (b) after one heating-cooling

cycle, and (c) after 10 heating-cooling cycles.

=
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Figure 4-17. Images taken after 10 heating-cooling cycles for cobalt oxide foams
fabricated with a solid loading of 70 wt.%: (a) using a 13 ppi PU foam, (b) using a 20
ppi PU foam, and (c) using a 50 ppi PU foam.

4.3.4 Fabrication of cobalt oxide foams with a consecutive immersion approach
The cobalt oxide foam fabricated using a 13 ppi PU foam demonstrated relatively stable
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structural durability, making it suitable for long-term TCS applications. However, there
were visible cracks observed in the foams, as described above. Herein, a consecutive
immersion approach, which is an alternative method to increase the thickness of struts
within ceramic foams [144], was employed to improve the solid coating of the cobalt
oxide foam. In this case, a solid loading of 70 wt.% was used for the first immersion, and
the dried green body was calcined at 800 °C for 3 hours. Afterwards, the obtained foam
was re-immersed using a cobalt oxide slurry with a relatively low solid loading and then
dried at 110 °C. This re-immersion process can be repeated several times. Finally, the
foam was calcined at 900 °C for 5 hours. As shown in Figure 4-18, cracks were evident
within the cobalt oxide foam fabricated with just one immersion. Similar morphology can
be also observed in Figure 4-7 (a’) that were calcined at 900 °C for 5 hours. However,
after three additional consecutive immersions, it becomes apparent that the cracks were
improved or eliminated due to the filling of cobalt oxide solid. Moreover, with the
increasing number of re-immersions, the loading amount of cobalt oxide increased, as
shown in Figure 4-19. The bulk density, calculated using eq. (4-2), increased from
approximately 0.39 g/cm?®for the cobalt oxide before the re-immersion approach to 0.78
g/cm? for the foam with three additional re-immersions. Theoretically, the thermal energy
storage density for the cobalt oxide foam fabricated using a 13 ppi PU foam could be

approximately 658.32 kJ/L, and the corresponding porosity was 87%.

Figure 4-18. Images of a cobalt oxide foam using a 13 ppi PU foam: (a) fabricated

before a consecutive immersion approach and (b) fabricated with three additional

consecutive immersions.
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Figure 4-19. Loading percentage against the number of re-immersions.

4.4 Summary

In this study, cobalt oxide foams were prepared by means of a foam replica method which
involves using inexpensive PU foams as the templates for use in TCS applications.
Valuable information and a consecutive immersion approach for preparing cobalt oxide
foams were provided. The major conclusions are summarized below.

(1) The solid loading of the cobalt oxide slurry could impact the structure of cobalt
oxide foams by affecting the coating uniformity and thickness within the PU
foams. Moreover, the pore density of employed PU foams should also be
considered as a factor for selecting a suitable solid loading.

(2) Careful control of sintering conditions, including sintering temperature and
sintering duration, was crucial in achieving the desired foam-like structure and
stable redox repeatability performance for TCS applications. Relatively low
sintering temperatures or short sintering durations could result in insufficient
sintering, leading to a less compact and less interconnected structure. It should
also be noted that excessively high sintering temperatures could cause over-
sintering of cobalt oxide, resulting in a dense morphology with few voids that may
impede oxygen diffusion.

(3) The cobalt oxide foams exhibited continuous structural evolutions during their
reduction-oxidation cycles. The struts with a relatively large diameter within a PU
foam appeared to be conducive to resisting the foam distortion.

(4) The utilization of a consecutive immersion approach in the preparation of cobalt
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oxide foams could repair cracks within the foams and increase their thermal

storage densities.
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Chapter 5. Conclusions and future works

5.1 Conclusions

In this study, cobalt oxide-based redox systems for use in thermochemical energy storage
(TCS) were experimentally investigated, including the development of efficient cobalt
oxide-based materials and exploration of porous cobalt oxide for application in reactor
concepts. The main conclusions are summarized below.

In chapter 2, to deeply understand the behavior of Cu-doped cobalt oxide-based redox
system for TCS and improve its repeatability performance, CuO-doped cobalt oxide
composites were proposed and investigated. The effects of CuO doping on the redox
behavior and repeatability performance of cobalt oxide were explored. Doping with CuO
significantly decreased the onset temperature of reduction by 60 °C compared to pure
cobalt oxide. The result verifies that the onset temperature of re-oxidation could be tuned
in the range from 825 °C to 890 °C by altering the doping amount of CuO. The results
collected from in-situ XRD demonstrate that CuO was involved in the reduction/re-
oxidation process of cobalt oxide. Cu species doped in the cobalt oxide structure during
the reduction process and separated out during the re-oxidation process. Meanwhile, the
repeatability performance of CuO-doped cobalt oxide composites was highly affected by
the doping amount of CuO. Deterioration in the repeatability performance was observed
with the increase of CuO doping amount. However, CuO with relatively small particle
size exhibited a positive effect on improving the repeatability of CuO-doped cobalt oxide
composites. Hence, doping CuO in cobalt oxide by a mechanical mixing process is a
feasible approach to enhance the repeatability performance of Cu-doped cobalt oxide-
based redox system. CuO-doped cobalt oxide composite is a promising candidate for
storing thermal energy in a lower temperature range.

In chapter 3, to develop suitable materials and increase more applicability of cobalt oxide-
based TCS systems, the potential of LiCoO.-doped cobalt oxide composites for use in
TCS applications was studied. Doping with LiCoO2 diminished the onset temperature of
reduction and re-oxidation by 50 °C and 65 °C, respectively. Doping with an appropriate
amount of LiCoO> contributed to improving the re-oxidation rate of cobalt oxide-based

system under a high cooling rate, resulting in a significant increase in the discharging heat
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(423.8 kJ/kg) compared to pure cobalt oxide (289.8 kJ/kg) under a temperature cooling
rate of 20 °C/min. Doping with LiCoO2 was found to decrease the apparent activation
energy of reduction and oxidation of cobalt oxide. Also, in-situ XRD results confirmed
that LiCoO> was involved in the reduction/re-oxidation process of cobalt oxide. The
insertion amount of Li species on cobalt oxide appeared to relate to the onset temperature
of re-oxidation. Additionally, the excellent repeatability performance of this composite
was attested in 50 cycles. Thus, LiCoO2-doped cobalt oxide composite is a promising
alternative for TCS applications operated in a relatively low temperature range.

In chapter 4, cobalt oxide foams were prepared by means of a foam replica method using
inexpensive polyurethane (PU) foams as the templates. Valuable insights into the
preparation and utilization of cobalt oxide foams for TCS applications were provided. It
was found that the solid loading of the cobalt oxide slurry could impact the structure of
cobalt oxide foams by affecting the coating uniformity and thickness within the PU foams.
Moreover, careful control of sintering conditions, including sintering temperature and
sintering duration, was crucial in achieving the desired foam-like structure and stable
redox repeatability performance for TCS applications. Relatively low sintering
temperatures or short sintering durations could result in insufficient sintering, leading to
a less compact and less interconnected structure. Conversely, excessively high sintering
temperatures could cause over-sintering of cobalt oxide, resulting in a dense morphology
with few voids that impede oxygen diffusion. Moreover, it was found that the cobalt oxide
foams exhibited continuous structural evolutions during their reduction-oxidation cycles.
The struts with a relatively large diameter within the PU foam appeared to be conducive
to resisting foam distortion. In addition, a consecutive immersion approach was
introduced for preparing the cobalt oxide foam. The result verifies that the re-immersion

approach could repair cracks within the foam and increase the thermal storage density.

5.2 Future works
Based on the results have been obtained in this study, following works and suggestions
should be done in the future.
(1) In the present study, Cu-doing and Li-doping have been verified as feasible
approaches for extending the possibility of cobalt oxide-based TCS systems in

relatively low working temperatures. However, we assumed the insertion of Cu
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and Li into cobalt oxide have positive effects on the reduction/re-oxidation
process, further investigation concerning the micro-mechanisms of Cu and Li
species in the corresponding systems should be done.

(2) Sintering effect is a common issue in metal oxide-based TCS systems.
Investigation concerning the careful control of the sintering process for other
metal oxide-based redox systems is of interest.

(3) Cu-doing and Li-doping cobalt oxide composites with porous structures can be
fabricated. And the parameters of these porous materials should be assessed by

using them in a reactor.
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