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Abstract

As entering in the 21st century, energy and the environment issues are putting more and more
pressure on human beings, and the call for improving the living environment of human beings is
getting higher and higher. As a new, efficient and clean energy source, fuel cell power generation
technology has attracted widespread attention of the world.

Minimum assembly of fuel cells are composed of three major parts; a cathode, an anode and an
electrolyte. Air is supplied to the cathode and fuel is supplied to the anode (in this case H2) which
is oxidized releasing electrons. Electrons pass through to the cathode where they reduce the
oxygen at the electrode/electrolyte interface. According to the different types of electrolytes, the
fuel cells can be divided into five categories: alkaline fuel cells (AFC), phosphoric acid fuel cells
(PAFCs), molten carbonate fuel cells (MCFC), solid oxide fuel cell (SOFC), and proton
exchange membrane fuel cell (PEM FC). Among them, high-temperature solid oxide fuel cells
(SOFC) have all-solid structure and higher energy. The outstanding characteristics such as
efficiency, and wide adaptability to various fuel gases such as gas, natural gas and mixed gas are
the fastest, and the above characteristics are also the basis for its wide applications.

According to a previous report, the electrical conductivity is related with the calcined temperature.
Otherwise, the electrical conductivity of CeixLaxO2-5 (LDC) shows a specific behavior at x = 0.3.
Thus, we suspect that a local structural change also occurred in our target materials. BaCeOs has
low chemical stability under CO; and H>O atmospheres. In contrast, BaZrO; has excellent
chemical stability. However, high sintering temperature and long sintering duration are required to
obtain a high density BaZrOs; material. Therefore, in order to obtain the sample with high density,
a sintering aid ZnO would be required.

In the first part of work, we synthesized the CeixLaxO2s (x=0.1-0.5) samples with the co-

precipitation method. We researched about the starting conditions as the ratios between metal ion



and precipitating reagent were 1:20, 1:15 and 1:5, respectively. We could conclude from the
measurement results that the particle size of the calcined particles was related with the starting
material concentration and the best condition was 1:15 about the ratio of metal ion and
precipitating reagent. Then we synthesized the Cei.xLaxO25 (x= 0.1- 0.5) samples under this
condition. When we calculated the lattice parameters of each sample, the experimental data curve
was not fit with the theoretical one. From this, we suspected that there was a structure change
occurred in Ce1xLaxO25(x = 0.1- 0.5) samples.

In the second part of work, the changes in local structures of Cei.xL.nxO>-5 with Ln (La, Gd) doping
were investigated. XAFS was successfully used to clarify the coordination environments around
Ce and the dopant La and Gd. For LDC, La coordination was maintained at 7, and Ce coordination
decreased from 8 to 6 on average. It was speculated that a superstructure would be formed which
was more like a pyrochlore structure in LDC at x>0.3. For GDC, the coordination numbers for Gd
and Ce decreased from 8 to 6 on average. And oxygen vacancies had no preference for Ce or Gd
coordination. We also combined XRD results and EXAFS results together. These results explained
the changes in the lattice parameters for both LDC and GDC. The local structure change model
was designed and the electric conductivity changing at each stage of Ln (La, Gd) doping was
explained. In future studies, these results could be applied to other materials.

In the third part of work, we synthesized the BaixZri.yYyOs3 (x = 0.02, 0.04) and (y = 0.1, 0.2,
0.3) samples successfully and research about the experiment conditions with XRD measurement.
It was confirmed that the Bao.osZr0.9Y0.103-5 was the best condition. Then we added the ZnO as the
sintering aid to obtain the Bao.9sZro9Y0.103-5 + ZnO (0-3wt%) samples sintered at 1500 °C for
5h. As a result, the relative density could reach to 99.6% of Bao.9sZro.9Y0.103-5s + ZnO 3wt%. And
the electrical conductivity of Bao.gsZrosY01035 + ZnO 1wt% sample was the highest. It was
considered that the perovskite structure was destroyed so that the grain boundary resistance
increased. Then we researched to prevent BaO pellet sublimation and surface decomposition with
powder bed method. It was thought that ZnO was amorphous or existed between lattices. From

EDS result, it was found that Y precipitation on the pellet surface could be suppressed by the PB



method. It is hoped that powder bed method could prevent the BaO pellet sublimation and surface

decomposition in the future work.
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Chapter 1 Introduction

Energy is the foundation of socio-economic development. There would be no modern civilization
without the development of the energy industry. The rapid progress of science and technology,
coupled with the development of the global economy, social progress and rapid population growth,
have resulted in an increasing demand for energy in the past hundred years. As entering in the 21st
century, energy and the environment issues are putting more and more pressure on human beings.
The call is getting higher and higher for improving the living environment of human beings as
soon as possible. Nowadays we have been making unremitting efforts to use energy more
efficiently. It has become to the goals pursued for sustainable use and development of new energy
technologies which are environmentally friendly and efficient in energy conversion by the
industrial and academic communities of all the countries. Among the development of new energy
technologies, fuel cells technology has become the most attractive new energy supply technology
in recent years. It has attracted much attention by its excellent properties, such as low pollution,
low noise, high conversion efficiency, long-life and wide application range. As a new, efficient and
clean energy source, fuel cell power generation technology has been widespread hot topic of the

world.

1.1 The brief history of Fuel Cells

Fuel cells, which were first discovered in 1838 by William Grove, were referred to as wet cell
battery or Grove cell!!!. They were operated using the concept of reverse electrolysis of water. 100
years later, British engineer Francis Thomas Bacon developed a practical SkW fuel cell in 1939.
In 1955, General Electric chemist Thomas Grubb T. (Thomas Grubb) from USA, made an ion
exchange membrane which was used as an electrolyte in fuel cells. Proton exchange membrane
fuel cells were used in NASA's Gemini project V (Gemini) manned spaceflight neutral fuel cells
in 1965, the life and performance of the fuel cell are greatly improved. In the mid-1970s,

phosphoric acid fuel cells began to be installed and used commercially. Since the late 1980s, the



application of proton exchange membrane fuel cells has attracted attention in the automotive field.
In the early 1990s, several automotive companies have successively introduced fuel cell prototypes.

In 2011, Mercedes-Benz B-class fuel cell cars completed the world journey!l.

1839 William Grove invents

the gas battery’, the 1889 Charles Langer and Ludwig
first fuel cell Mond develop Grove's
invention and name the
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a 5 KW alkaline fuel cell.
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locations. J

2007 Fuel cells begin to be : :
2008 Honda begins leasing the
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and for stationary backup FCX Clarity fuel cell electric
vehicle.

power. J

Figure 1.1 The brief history of Fuel Cells.

1.2 The working mechanism of fuel cells

Fuel cell is a kind of energy conversion device. It is based on the principle of electrochemistry
which is the principle of primary battery. It converts the chemical energy stored in fuel and oxidant
into electrical energy directly, so the actual process is redox reaction. Fuel cell is mainly composed

of four parts, namely anode, cathode, electrolyte and external circuit. Fuel gas and oxidant gas are



introduced from the anode and cathode of the fuel cell, respectively. The fuel gas emits electrons
on the anode, and the electrons are conducted to the cathode through an external circuit and
combined with the oxidizing gas to generate ions. Under the action of an electric field, ions migrate
to the anode through the electrolyte, react with the fuel gas. At there, they form a loop, and generate
electric current. At the same time, the fuel cell also generates a certain amount of heat due to its
own electrochemical reaction and the internal resistance of the battery. In addition to conducting
electrons, the cathode and anode of the battery also act as catalysts for the redox reaction. When
the fuel is a hydrocarbon, the anode requires higher catalytic activity. The cathodes and anodes are
usually porous to facilitate the introduction of reaction gases and the discharge of products. The
electrolyte plays a role of transferring ions and separating fuel gas and oxidizing gas. In order to
prevent the short circuit in the battery caused by the mixture of two gases, the electrolyte is usually
a dense structurel®8],

The principle of a fuel cell is an electrochemical device with the same composition as a general
battery. Its single cell is composed of two electrodes (a negative electrode is a fuel electrode and a
positive electrode is an oxidant electrode) and an electrolyte. The difference is that the active
material of a general battery is stored inside the battery, thus limiting the battery capacity. The
positive and negative electrodes of a fuel cell do not contain active materials, but are only catalytic
conversion elements. Therefore, fuel cells are truly energy conversion machines that convert
chemical energy into electrical energy. When the battery is operating, fuel and oxidant are supplied
from the outside and react. In principle, as long as the reactants are continuously input and the
reaction products are continuously eliminated, the fuel cell can continuously generate electricity.
A fuel cell is generally composed of an electrolyte plate forming an ion conductor, a fuel electrode
(anode) and an air electrode (cathode) arranged on both sides, and a gas flow path on both sides.
The gas flow path is used to make fuel gas and air (oxidant). Gas) can pass through the flow path.
In the fuel electrode, Ha in the supplied fuel gas is decomposed into H' and €, and H + moves to
the electrolyte to react with O, supplied from the air electrode. e” Via the external load circuit,

return to the air pole side and participate in the reaction of the air pole side. The response of a



series of cases led to e through uninterrupted passage through the external circuit, thus constituting

power generation.

1.3 Classification

There are many types of fuel cells classification. According to the working temperature, it can be
divided into low temperature, medium temperature and high temperature generally. The operating
temperature is between room temperature and 500 °C, which is called low temperature fuel cell;
the operating temperature is between 500 and 800 °C, which is called medium temperature fuel
cell; the operating temperature is above of 800 °C, which is called high temperature fuel cell.
According to the different types of electrolytes, the fuel cells can be divided into five categories:
alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFCs), and molten carbonate fuel cells
(MCFC), solid oxide fuel cell (SOFC), proton exchange membrane fuel cell (PEMFC).

(1) Alkaline fuel cells (AFC)®:1%
The alkaline fuel cell (AFC), also known as the Bacon fuel cell after its British inventor, Francis

Thomas Bacon, is one of the most developed fuel cell technologies. Alkaline fuel cells must be
operated at a low temperature of 80 °C, with fast start-up, high efficiency and high power density,
and do not require precious platinum. They are among the most efficient fuel cells, having the
potential to reach 70%. The two electrodes are separated by a porous matrix saturated with an

aqueous alkaline solution, such as potassium hydroxide (KOH). Aqueous alkaline solutions do not
reject carbon dioxide (CO2) so the fuel cell can become "poisoned" through the conversion of KOH
to potassium carbonate (K>CO3). Although this type of fuel cell has developed early, it is limited
to pure hydrogen and pure oxygen as raw materials and is used in special places such as space

shuttles and submarines.

(2) Phosphoric acid fuel cells (PAFCs)!!!-14]



Phosphoric acid fuel cells are currently the fastest growing fuel cell in the market. They have many
advantages such as simple structure, stability, low electrolyte volatility. Carbonated fuel cell
devices range in capacity from 1kW to 1100kW. The operating temperature is around 200 degrees.
To improve electrode reactivity, platinum must be used as a catalyst. Phosphoric acid batteries
have a heat rejection temperature of 60 to 190 °C, which can be recycled for air conditioning or

hot water use. It is very suitable for combined heat and power systems.

(3) Molten carbonate fuel cells (MCFC)!-18]

Molten carbonic acid fuel cells use alkali metal (lithium, potassium, sodium) carbonate as the
electrolyte. Therefore, the alkali metal carbonate can only exert ion conduction function in the
molten state. So the operating temperature needs to be above the melting point, between 550 and
700 degrees. It is a medium temperature fuel cell. After the carbon dioxide is recovered by the
anode, it can be recycled to the cathode for use. Since the molten carbonic acid fuel cell is easy to
react, no precious metal is required as a catalyst, and nickel and nickel oxide can be used as the
electrode material.

(4) Solid oxide fuel cells (SOFC)!%-21]

For solid oxide fuel cells, the electrolyte is a solid, non-porous metal oxide. Ions are transported
by the oxygen ions shuttle through the crystal. Stable zirconia is usually used as the electrolyte.
Due to the high operating temperature, the battery body material is limited to ceramics or metal

oxides.

(5) Proton exchange membrane fuel cell (PEMFC)!?2-24]
Proton exchange membrane fuel cells use a cation exchange membrane as the electrolyte. Because
of'its excellent chemical stability, it can reduce the problems of electrolyte dilution and atomization.
It is also an ideal material for fixed and mobile devices.
The five fuel cells are each at different stages of development. Among them, the research and

development of SOFC is still in its infancy and has not yet been commercialized. The main



problem with SOFC is the higher manufacturing cost. At the same time, the high temperature
required for the reaction brings many technical difficulties. With the development of SOFC
materials and assembly technologies in recent years, once the cost problem is solved, SOFC is

very promising to become a new technology for centralized or decentralized power generation in

the future. Figure 1.2 shows the classification of fuel cells.

Fuel Cell Common Operating | Typical Stack | Efficiency Applications Advantages Disadvantages

Type Electrolyte | Temperature Size

Polymer | Perfluoro 50-100°C | <1kW-100kW 60% * Backup power « Solid electrolyte re- * Expensive catalysts
Electrolyte | sulfonic acid 122-212° transpor- | « Portable power duces corrosion & electrolyte « Sensitive to fuel impurities
Membrane typically tation « Distributed generation | management problems * Low temperature waste

(PEM) 80°C 35% « Transporation * Low temperature heat

stationary | * Specialty vehicles * Quick start-up

Alkaline | Aqueous 90-100°C 10-100 kW 60% « Military « Cathode reaction faster « Sensitive to CO,

(AFC) solution of 194-212°F * Space in alkaline electrolyte, infuel and air
potassium leads to high performance « Electrolyte management
hydroxide * Low cost components
soaked ina
matrix

Phosphoric | Phosphoric 150-200°C 400 kW 40% « Distributed generation | « Higher temperature enables CHP | « Pt catalyst
Acid acid soaked 302-392°F 100 kW « Increased tolerance to fuel * Long start up time

(PAFC) in a matrix module impurities * Low current and power

Molten Solution 600-700°C 200 45-50% | * Electric utility «+ High efficiency « High temperature cor-
Carbonate | of lithium, 1M12-1292°F kW-3 MW « Distributed generation | « Fuel flexibility rosion and breakdown

(MCFC) | sodium, and/ 300 kW « Can use a variety of catalysts of cell components
or potassium module « Suitable for CHP * Long start up time
carbonates, * Low power density
soaked ina
matrix

Solid Oxide | Yttria stabi- 700-1000°C | 1kW-2 MW 60% * Auxiliary power « High efficiency * High temperature cor-

(SOFC) lized zirconia | 1202-1832°F « Electric utility « Fuel flexibility rosion and breakdown

« Distributed generation | « Can use a variety of catalysts of cell components
«+ Solid electrolyte « High temperature opera-
« Suitable for CHP & CHHP tion requires long start up
« Hybrid/GT cycle time and limits

Figure 1.2 The brief introduction of different types of fuel cells!!>].

1.4 The advantage of fuel cells

A fuel cell is a device that directly converts the chemical energy of a fuel into electrical energy. In
theory, as long as the fuel is continuously supplied, the fuel cell can continuously generate
electricity, which has been hailed as the fourth generation power generation technology after
hydropower, thermal power, and nuclear power?>-7],

(1) High power generation efficiency

Fuel cell power generation is not limited by the Carnot cycle. Theoretically, its power generation

efficiency can reach 85% to 90%, but due to the limitations of various polarizations at work, the



current energy conversion efficiency of fuel cells is about 40% to 60%. If combined heat and power
is realized, the total fuel utilization rate can reach over 80%.

(2) Low environmental pollution

When a fuel cell uses hydrogen-rich gas such as natural gas as a fuel, carbon dioxide emissions
are reduced by more than 40% compared to the heat engine process, which is very important to
alleviate the greenhouse effect of the planet. In addition, because the fuel gas of the fuel cell must
be desulfurized before the reaction, and the electricity is generated according to the
electrochemical principle, there is no high temperature combustion process, so almost no nitrogen
and sulfur oxides are emitted, which reduces the pollution to the atmosphere.

(3) High specific energy

The specific energy of a liquid hydrogen fuel cell is 800 times that of a nickel-cadmium battery,
and the specific energy of a direct methanol fuel cell is more than 10 times higher than that of a
lithium ion battery (a rechargeable battery with the highest energy density). At present, although
the actual specific energy of a fuel cell is only 10% of the theoretical value, it is still much higher
than the actual specific energy of a general battery.

(4) Low noise

The fuel cell has a simple structure, few moving parts, and low noise during operation. Even near
an 11MW-class fuel cell power plant, the measured noise was less than 55dB.

(5) Wide fuel range

For fuel cells, as long as substances containing hydrogen atoms can be used as fuel, such as natural
gas, petroleum, coal and other fossil products, or biogas, alcohol, methanol, etc., fuel cells are very
suitable for the needs of energy diversification and can slow down the mainstream depletion of
energy.

(6) High reliability

When the load of the fuel cell changes, it will respond quickly. Whether it is above the rated power
overload operation or below the rated power operation, it can still work and the efficiency changes

little. Due to the highly reliable operation of the fuel cell, it can be used as various emergency



power sources and uninterruptible power sources.

(7) Easy to be founded

The fuel cell has an assembled structure, which is convenient to install and maintain, and does not
require many auxiliary facilities. The design and manufacture of fuel cell power plants is quite

convenient.

1.5 Solid Oxide Fuel Cells (SOFC)

In nowadays society, hydrogen energy has gradually gained attention as an effective energy
solution in the future. As an important technical support in the field of hydrogen energy, hydrogen
fuel cells have experienced the first-generation phosphoric acid fuel cell (PAFC), and the second-
generation molten carbonate fuel cell (MCFC) has developed to a third-generation solid with an
operating temperature of 500 to 1,000 °C. It is the fuel cell system with the highest energy
conversion efficiency after PAFC and MCFC. Especially as a distributed power station, it has
attracted widespread interest from scientists in various countries. SOFC is an all-solid-state energy
conversion device that uses fuel and oxidant gas to generate electricity through an ion-conducting
ceramic. So it is also called ceramic fuel cell.
Compared with traditional power generation methods, SOFC has no combustion process and
mechanical movement. It reduces the energy loss of fossil fuels greatly during energy conversion
and the damage to the ecological environment. Therefore, it has the characteristics of stable
operation, high efficiency (40% -85%), zero pollution, and no noise. The output voltage(V) under
load conditions, that is, when a current is passes through the cell is given by Ref.[?*],
V=E°-IR-Nc-Ma (1)
where, I is the current passing through the cell, E° is the open circuit potential of the cell, R is the
cell's electrical resistance, ne and 1. are the polarization losses associated with the cathode and
anode respectively.
Compared with PEMFC, SOFC has a very high energy conversion efficiency and avoids the

limitations (such as Pt) that can only use precious metal electrode materials. Eliminates the



poisoning of the CO to the electrode, reduces the fuel requirements, and enriches the types of
optional fuels (such as natural gas, gas, etc.). Compared with MCFC, SOFC has no liquid molten
salt corrosion medium, which avoids thermal corrosion of fuel cells. Therefore, SOFC has

gradually become one of the hotspots in research and application.

1.6 The working mechanism and advantages of SOFC

SOFC is made up of porous cathode, dense electrolyte and a porous anode. The electrodes must
have the property of porous, for passing through of the fuel gas and oxidant (air, oxygen, etc.)
during the operation. The SOFC can be divided into two types by their ion carriers: one is oxygen
ion conducting (O-SOFC), while the other is hydrogen ion conducting (H-SOFC), which is also
decided the types of electrolytes used. The electrolyte must have the properties as a dense structure,
low electronic conductivity, high ionic conductivity, excellent chemical stability with the fuel and
oxidant, a non-reaction with the electrode materials, and a small mismatch of the thermal
expansion coefficient with the electrodes!®.. Fig. 1.2(a) and (b) show the schemes of O-SOFC and
H-SOFC. In O-SOFC, it follows the Equation (1): the oxygen is reduced to oxygen carriers at the
cathode electrolyte interface. The oxygen carriers can then be transported through an oxide-ion-
conducting electrolyte to the anode interface using an oxygen vacancy compensation mechanism.
At the anode side, they can react with the fuel gas to create water, heat and CO»> or other emissions,
as Equation (2). The whole conduction process is represented by Equation (3). In the whole process,
in case of fuel is hydrogen, then only water is generated as waste production which is
environmentally friendly. Even if other type of fuel, CO2 would be created, but the CO; emission
per KWh is less compare to other power generating facilities.

While in H-SOFC, the hydrogen carriers are produced at the anode side follow the Equation (4).
The hydrogen carriers can then be transported through an hydrogen-ion-conducting electrolyte to
the anode interface using an oxygen vacancy compensation mechanism. At the anode side, they

combine with the oxygen ions to produce water (Equation (5)). The whole process is the same as



that of the O-SOFC by Equation (3). The production at the cathodic side, which is only water, can

avoid the pollution of fuel burning.

For O%* conduction:

Anode: H; + 0> —H,0 +2¢ (1)
Cathode: %Oz +2e—0” (2)
Whole process: Ho + %Oz—>HzO 3)

For H" conduction:
Anode: Hy—2H" + 2¢ 4)
Cathode: %02 +2H" + 2e—H,0 ®)

Excess:

fuel, H,Q mep Exhaust
Fuel: H,,
CO, CH, 4= Oxidant

Anode Electrolyte Cathode
(a)



=) Exhaust

Fuel

4=mm Oxidant

Anode Electrolyte Cathode
(b)
Figure 1.3 The schemes of two SOFC types: (a) O* carriers (O-SOFC) and (b) H" carriers (H-
SOFC), respectively.

SOFC does not have combustion and mechanical processes for energy conversion, thereby greatly
improving energy conversion efficiency and avoiding the generation of NOx, SOx, CO, CO2 and
dust and other pollutants. It is quiet and has a good guarantee for the quality of the power. The
operating temperature of SOFC is usually in the range of 500 to 1000 °C, and its by-products are
heat and water vapor. Therefore, while supplying electricity, SOFC can also provide hot water and
heating.

Compared with PAFC and MCFC, SOFC has the following advantages:

1. Higher current density and power density.

2. The anode and cathode polarization are small, and the polarization loss is concentrated in the
electrolyte.

3. Can use hydrogen, hydrocarbons, methanol and other fuels directly without using metal catalyst
4. Avoids the corrosion and sealing problems of acid-base electrolyte or molten salt electrolyte of

low temperature fuel cells.



5. Provide high-quality waste heat to achieve combined heat and power, high fuel utilization rate,
and energy utilization rate of about 80%.

6. Ceramic materials are widely used as electrolyte, cathode and anode.

7. The ceramic electrolyte requires medium and high temperature operation, which can accelerate

the reaction of the battery and simplifies the equipment.

1.7 The applications of SOFC

Baur and Preis developed the first solid oxide fuel cell as early as 1937, but it did not develop
rapidly until the early 1980s. As with all types of fuel cells, the research and development of SOFC
requires significant investment. At present, most of the research and development of SOFC are
carried out in scientific research institutions or research institutes of large companies in developed
countries. Among them, the United States, Germany, and Japan have made the fastest progress in

SOFC research.

Figure 1.4 Uses of fuel cells in military application/?],
1.Distributed power generation / cogeneration system
(1) Siemens Westinghouse Power Company!*!
In 1986, the 400 W tubular SOFC battery pack developed by Siemens Westinghouse Power

Company successfully operated in Tennessee, the United States; in 1987, 3 kW-class tubular SOFC



generator sets were installed in Tokyo, Japan and Osaka Gas Company, respectively, and
successfully carried out continuous The operation test lasted for 5000 hours, marking the
development of SOFC research from experimental research to commercial development. In 1998,
the company's 100 kW tubular SOFC power station developed by the company was operated in
the Netherlands; in 1992, two 25 kW tubular SOFCs were respectively in Osaka, Japan, For
thousands of hours of experimental operation in Southern California, the United States; in 2000,
the company designed and manufactured the world's first 220 kW SOFC / GT combined cycle

power plant.

(2) Mitsubishi Heavy Industries!*!!

Mitsubishi Heavy Industries began developing SOFC technology in 1984. From 1986 to 1989, co-
developed a tubular SOFC cell stack with Tokyo Electric Power Co., Ltd .; in 1991, a 1 kW SOFC
cell stack was run for 1000 hours; in 1993, Mitsubishi Heavy Industries developed a new 1 kW
SOFC cell stack and succeeded It operated for 3000 hours; in 1996, 10 kW atmospheric SOFC
operated continuously for 5000 hours. In 2001, Mitsubishi Heavy Industries and Electric Power
Development Co., Ltd. jointly developed a 10kW class pressurized tube-type SOFC power
generation system. This system uses natural gas as fuel and adopts internal reforming mode to
continuously work for more than 755 hours. When the 10kW system is operated at a design current
of 64 A, its electrical output power is 10.2 kW and the power generation efficiency is 41.5% (HHV).
When the current is 80A, the system's electrical output power can reach 11.5kW; in 2013,
Mitsubishi Heavy Industries' 200kW The SOFC + MGT composite power generation system has
been running continuously for more than 4,000 hours in Tokyo Gas's Senju Technology Center.
The operating temperature of the system is about 900 ° C and the power generation efficiency is
50.2% (LHV).

(3) Bloom energy!*?!

Bloom Energy is a US company dedicated to clean energy. Founded in 2001, it is headquartered



in Sunnyvale, California. The company mainly produces SOFC distributed power. The main
products are ES5, ES-5700, ES5710 and so on. Bloom Energy has provided more than 100 SOFC
systems for companies such as Google, eBay and Wal-Mart in the United States.

(4) Suzhou Huagqing Jingkun New Energy Technology Co., Ltd.

Huaxin Energy was established in 2010. Its main business includes new energy technology, new
material technology products, etc., specific products related to SOFC, such as SOFC single cells,

stacks, power generation systems and kilowatt-level test systems. Type 101, HS-102, HS-102, etc.

2.Power source

Nissan released the world's first fuel cell prototype vehicle powered by a SOFC power system.
The car is based on Nissan's e-NV200, which uses enzyme biofuel-cell technology and uses the
SOFC power system to convert stored bioethanol into electricity to power the car, with a range of
over 600 kilometers. Currently, the prototype is undergoing further field tests on Brazilian roads,
and Nissan also plans to commercialize ethanol SOFC electric vehicles in 2020131,

The biggest highlight of Nissan's SOFC electric vehicle is that the fuel used is liquid bioethanol
instead of hydrogen. Considering the serious lag in infrastructure construction such as hydrogen
refueling stations and high construction costs, and the fact that ethanol is cheaper, more convenient
and safer than hydrogen in manufacturing, transportation, and storage, ethanol SOFC electric

vehicles may break the hydrogen proton exchange membrane fuel cell vehicles "Monopoly" has

become the main force to open the global market.
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Figure 1.5 Nissan SOFC Electric Vehicle Power System



1.8 The materials of SOFC

The unit structure of SOFC includes a porous cathode and anode, a dense electrolyte, and a
connector which is needed to connect each other. The material research of SOFC is mainly the
research on the first three types of materials. The selected materials must meet the following basic
requirements: sufficient electrical conductivity at the operating temperature; good chemical
compatibility and structural stability between the various components; and matching thermal
expansion coefficients between different components. In addition, each component has its own

different requirements.

1.1.1 Solid electrolyte

Among electrolytes and electrode materials, the research and development of electrolyte materials
is the core of SOFC research and development. The electrolyte performance directly determines
the battery's operating temperature and performance. The electrolyte of a solid oxide fuel cell is
an oxygen ion conductive electrolyte. There are various oxide structures with oxide examples, such
as fluorite structure, perovskite structure, pyrochlore and brownmillerite.

The most typical subvalent dopants are Ca®" and Y**. They can produce calcia-stabilized zirconia
(CSZ) and yttria-stabilized zirconia (YSZ), respectively. YSZ can exhibit good oxide-ion
conductivity above 700 °C which is used most widely now**]. For superior ionic conductivity, Sc-
doped zirconia (ScSZ) also work well. But its use is limited by high cost of scandium. Compared
to zirconia at low temperatures, ceria particularly shows a higher ionic conductivity. The oxygen
vacancies are the main compensating defects in ceria.

With the same doping conditions, the ionic conductivity of ceria is greater than that of the stabilized
zirconia, about an order of magnitude. The reason is that Ce*" (0.97 A in 8-coordination) has a
larger ionic radius than Zr** (0.84 A), which produces more space in the structure which O* ions

migrate. In the reduced fuel environment, single-phase cation doped ceria exhibits certain



electronic conduction®*3®!. There are many works have been done to overcome Ce*" to Ce’*,
which is the ceria instability due to electronic conduction in the fuel cell operation. It is reported
that the above problem can be suppressed by doping YSZ into Sm-doped cerium oxide which can
form a composite electrolyte!*”). In the composite electrolyte, SDC grains could be dispersed into
Y SZ matrix, so that the electronic contribution is blocked by the YSZ matrix. In recent years, ceria
based double phase composite electrolytes, such as GDC-Al,O3 and GDC-NaCl, have been
researched a lot. These composite materials can effectively solve the problem of Ce** to Ce*". But
for the conductivity, such composite materials don't have good performance. The work is still
needed in the future.

Zhu and co-workers come up with a new way of nanocomposites*8#!. The idea of nanocomposites
is based on combining cerium dioxide-based nano powders with a second phase (usually an
insulating phase). At lower temperatures (300-600 °C), the nanocomposites exhibit superionic
conductivity. This introduces a new SOFC class of low temperature SOFC (LT-SOFC). In the
previous section, the characteristics, advantages and disadvantages of solid electrolytes developed

for SOFC have been discussed in detail.

1.8.1.1. Zirconia based solid electrolytes

Zirconia-based solid electrolytes with a dopant concentration of 8-10 mol% are considered as
effective ion transport media for high performance SOFCs. Almost all of the SOFC systems
currently under development use stable zirconia because it has sufficient oxide ion conductivity
levels and has the required stability in the oxidizing and reducing atmospheres. The widely used
dopants are CaO, MgO, Y»0;, and Sc2O; and certain rare earth oxides**°). When the
concentration of the acceptor-type dopant approaches the minimum required to completely
stabilize the cubic fluorite structure, the maximum ionic conductivity in a ZrO»-based system is
observed®>?]. Higher dopant concentration can increase the combine ability between oxygen
vacancies and dopant cations to the complex defects. Generally, this trend increases as the

difference between the host and dopant ion radius increases!>3-%,



Doping aluminum cations can stabilize the zirconia fluorite cubic structure from room temperature
to the melting point (2680 °C). And it can increase the number of oxygen vacancies. At higher
dopant concentrations, the conductivity decreases due to defect ordering, vacancy aggregation, and
electrostatic interactions. It shows the highest oxide ion conductivity in ScSZ of 0.15-0.20 S-cm’
lat 1000 °C B°l,

It have been reported that various transition metal oxides co-doped with yttria-stabilized zirconia
can enhance ionic conductivity. The 8YSZ-doped Mg?* ion shows an enhanced conductivity of
8YSZMgo s with a maximum value of 0.0345 S / cm, while the conductivity of 8YSZ at 800 °C is
0.015 S/ em. YSZ meets all requirements, but due to its interaction with muscovite, the reactivity
was problematic at higher temperatures containing lanthanum oxide cathodes. It will react with La
to form a La,Zr,O7 resistive layer®”),

Recently, Lee et al. have reported a functional BiisEro4O3 (ESB) /Y0.16Z10.8401.92 material for
double-layer solid electrolyte through screen printing with ESB powder on a screen-cast NiO /
YSZ anode support. At 700 °C (OCV> 1.1 V), it has reached a maximum power density of 2.1W
/ em?, which is 2.4 times that of YSZ-based SOFC. Enhanced oxygen bonding process at the
cathode / electrolyte interface improves SOFC performance®!. Cui et al. have reported Yb,Os
doped 8YSZ material and its composite 8YSZ - 4Yb2O3 - NaClI/KCI electrolytes. For 8YSZ-
4Yb,03 - NaCl/KCI (sintered at 800 oC), a maximum conductivity of 6.1x 10"! S/cm was observed
at 700 °C. At 700 °C, the maximum power density is 364 mW/cm?", resulting in excellent fuel cell
performancel®”,

An IT-SOFC has been developed recently that includes the following components: a thin film YSZ
for manufacturing electrolytes, LSCF / YSZ as a cathode, and NiO-YSZ as an anode or a
combination of all three components NiOYSZ-LSCF to make semiconductor ions Membrane
(SIM) and device [45]. Compared with traditional SOFC, this SIM device shows higher OCV and
power output. In traditional SOFC, OCV and power output loss due to internal short circuit.

STEM-EELS analysis shows that the oxygen enrichment at the interface between NiZ-YSZ and

LSCF-YSZ is more obvious, which is consistent with enhanced fuel cell performance!®”. From



these results, it can be seen that the ESB / YSZ double layer is a viable option as a solid electrolyte

for high-performance SOFC at reduced temperatures.

1.8.1.2. Bi2Os-based electrolytes

Of all oxide ion-conducting materials, the oxide phase derived from Bi,O3; has got particular
interest due to its high ionic conductivity relative to other solid electrolytes. Bi2O3 shows a
significant polymorphism of two stable phases, a and d'°!l. High electrical conductivity occurs at
the d-phase fluorite-type structure in high-temperature. Phase d is stable only above 730 °C. The
neutron total scattering technique was used to study the local structure and ion migration path in
d- Bi205*%%3], They report that from conventional X-ray or neutron diffraction, it can be seen that
the long-range order is consistent with cubic symmetry, and the d phase local structure is very
similar to the twisted one found in the pure material phase which is stable at room temperature.
Some people believe that the asymmetric electron density around Bi** ions is essential to promote
a wide range of anion disturbances in d- Bi2O3, while the flexible cationic sublattice and sufficient
relaxation of surrounding anions promote ion diffusion.

The temperature at which the d-Bi2O3 phase stabilizes to 973-1073 K can be achieved by replacing
bismuth with a rare-earth dopant (such as Y, Dy or Er) and combining them with higher valence
cations (such as V, W or Nb)[**. Maximum conductivity was observed in systems doped with Er
(Bi1xErxO15, x =0.20) and Y (Bi1xYxO1.5, x = 0.23-0.25). These systems are stable only over the
temperature range of 1043-1143 °C, and they undergo phase changes beyond this limit and cause
a decrease in conductivity.

Adding B1,03 to scan-doped zirconia shows enhanced ionic conductivity. Higher conductivity was
observed in 10ScSZ (10 mol% Sc203) doped with bismuth oxide. The electrical conductivity of
10ScSZ doped with 1 mol% of Bi,0O3 at 1000 °C was found to be 0.33 S/cm. The undoped sample
has a rhombic crystal structure at room temperature with a conductivity lower than that of the cubic
phase. At higher temperatures, a transition to a cubic phase occurs. Adding Bi>O3 (2 mol%) to

10ScSZ stabilizes the cubic phase at lower temperatures and shows a maximum conductivity of



0.18 S/cm at 600 °C.

1.8.1.3. LaGaOs-based electrolytes

Gallium lanthanum gallate (LaGaOs3) is widely studied for IT-SOFC perovskite structure oxides.
In the large cation LaGaOs, La*" is surrounded by 12 O anions, and Ga® cations occupy 6
coordinate positions, forming a network sharing the octahedral angle of GaO4!®. By replacing
La*" into the gallium sublattice with an alkaline earth metal element (such as Mg?"), the high oxide
ion conductivity in LaGaOs can be increased to increase the concentration of oxygen vacancies. It
can provide the largest oxygen ion mobility by following the principle of minimal lattice distortion.
Compared with Ca and Ba, doping Sr results in higher ionic conductivity. Ishihara and Feng first
reported the high ionic conductivity of LaGaOs; doped with (Sr, Mg), which was La;«SrxGai-
yMg,03.5 (LSGM) in 1994[%¢67] From the literature, the maximum ion conductivity can be reached
at x = 0.10-0.20 and y = 0.15-0.20, and further doping will lead to vacancy association. Neutron
diffraction studies have determined that simultaneous doping of Sr and Mg will cause the tilt of
the GaOs octahedron with respect to the parent compound to decrease.

By doping smaller cations at the A position, a decrease in conductivity can also be observed.
Introducing a small amount of cations with variable valence (such as cobalt) at the gallium site
will increase the ionic conductivity of LSGM and cause a slight increase in electronic

68-691 ' Computational techniques were used to examine the defect chemistry and

conductivity!
migration path of oxides in lanthanum gallate, and the findings indicate that migration occurs
through vacancy jumps between the oxygen sites along the edge of the GaOs octahedron, with a
slightly curved trajectory accompanied by outward release of adjacent cations!’%7!],

In contrast, Mg-vacancy clusters have significant binding energies, suggesting greater vacancy
trapping. This is consistent with the increased activation energy for ion migration at higher Mg
doping levels in La; xSrxGa1.yMgyO3.s

In contrast, magnesium vacancy clusters have great binding energies, which is indicating greater

vacancy trapping. This is related to the increased ion migration activation energy in La;«SrxGai-



sl72. This results in two different regions or non-linear parts in

yMgyOs_s at higher Mg doping level
the Arrhenius plot of the conductivity. The doping of barium instead of strontium will affect the
octahedral inclination angle and reduce the activation energy. Therefore, the electrical conductivity
of Lao.9Bao.1Gao.sMgo202.85 is lower than that of Lag.oSro.1GaosMgo.202.85 at high temperature, but
the opposite is true at lower temperatures.

To other lanthanum-based perovskites, such as LaSrOs, LalnO3 and LaYOs, they are also used as
oxygen ion conductors!’l. Due to the problems such as phase instability, high reactivity with Ni

and volatility of gallium at high temperatures, the use of LSGM electrolytes is still small, which

leads to the formation of a LaNiO3 phase.

1.8.1.4. Doped/co-doped ceria electrolytes

Similar to zirconia, cerium dioxide also has a fluorite structure, which is a common electrolyte for
SOFC. It has excellent compatibility with SOFC electrodes. Compared with stable zirconia, doped
ceria has a higher ionic conductivity, especially at lower temperatures, which is attributed to its
large ionic radius of 0.97 A (8 times coordination). The main compensation defect of cerium oxide
1S oXygen vacancy.

Sm and Gd doped cerium oxide were the best ionic conductor in all the noble metals for IT-SOFC.
The ionic conductivity of Ceo.9Gdo.101.95 (CGO10) at 500 °C is 0.01 S/cm. Moreover, other rare
earth cations (such as lanthanum [71-73] and Nb[””!) are also used as dopants in cerium dioxide.
Arai et al. investigated the effect of doping alkaline earth metal oxides (such as CaO, SrO, MgO,
and BaO) in cerium oxide!”®l. The dopant of CaO and SrO can improve the conductivity of CeOs..
However, due to the size mismatch of Mg?"(0.89 A), Ba?*(1.42 A) and the Ce**(0.97 A), the dopant
of BaO and MgO did not significantly improve the conductivity compared to CaO and SrO.

Kim et.al. proposed the concept of the critical ion radius of a dopant. It is the ideal doped cation
radius, which has the same radius as the undoped ceria. The critical ionic radii of trivalent and
divalent dopants in cerium dioxide are 1.038A and 1.11A, respectively. For example, although the

ionic radii of Gd** (1.053 A) and Sm>" (1.079 A) are larger than the ionic radii of Y>* (1.019 A),



Gd*" and Sm** doped cerium dioxide has a higher ionic radius than Y**. Kilner et al. and Catlow
suggests that a small ionic size mismatch between the host and the dopant is responsible for the
high conductivity!”*-8!],

Herle et al. reported that two or more cations co-doping of ceria (such as alkaline earth and rare
earth cations) can increase the conductivity than only one cation doped ceria. Some kind of
materials have been investigated such as: Ceo.85Gdo.10Mgo.0501.90, Ceo0.8Gdo.2xSmxO1.90, Ce1x-
yGdxPryO2.2, Ceo.80Smo.20xYxO1.90, Ceo.70Smo.15Ge0.1502-5, Ce0.99-xGdxCuo.0102-5(0 < x< 0.3),
Ceo.8Pr0.2xDyx02-5, CeosSmxGdyNd,O19 (X, y and z = 0.2, 0.1, 0.0667 or 0 and x + y + z=0.2)
otcl82-901
By Mori et al., an effective index Ei is defined to explain the oxide ion conductivity trend of co-
doped cerium oxide electrolytes®!!. They reported that CeO,-based systems achieve the ideal

fluorite structure and show the largest ionic conductivity when the effective index approaches 1.

Fi can be defined as:

avgrc_rd
eff.ro th (2)

where, avg.rc is the average ionic radius of the cations, eff.ro is the effective ionic radius of oxygen
ion, rd is the average ionic radius of the dopant and rh is the radius of host cation.

Written by Yammamura et al., it has been reported that the oxygen vacancies ordering is suppressed
due to co-doping®?!. This promotes the configurational entropy of the system and subsequently
reduces the activation energy. The overall conductivity is increased by this. The structural entropy
S of a typical system with a constant number of oxygen vacancies CeixyM'xMyO25 can be
expressed as:

S =R[(1 -x -y)In(1 -x -y) + xInx + ylny] (3)

where ‘R’ is the gas constant (8.314 J/mol-K). Co-doped ceria systems have higher configurational
entropy than that of singly doped ceria.

From previous studies, it has been reported that the vacancies are not free which are created by the



doping of aluminum-valent cations. They combine with dopants to form related defect pairs or
clusters’®l. By Li et al., it is reported that the vacancy association of dopants leads to the formation
of ordered defect clusters. And these defect clusters further develop into ordered nano-sized
domains. Associative energy is related to two factors: (i) Golen interaction, which is an
electrostatic interaction due to different valences; (ii) elastic strain due to the size mismatch
between the dopant and the cation. They performed atomic simulation studies of defect aggregation
and ordering in atomically cation-doped ceria. It is reported that there are two possible preferred
sites for dopant-vacancy correlation pairs.

Compared with divalently doped cerium oxide, trivalent cation-doped cerium oxide shows high
ionic conductivity. For some co-doped systems, such as CeossSmo15xGdxO1.925P%, Cepx-
yMgyLayOo-(xiy2)° and Cex-yAlkLayOr-(xiy)2%), the effect of doping in ceria was analyzed using
the concepts of radius ratio (rd = rh) and effective ion index. Compared to the Ceo.35Smo.1501.925
composition, the ratio rd = rh of the Ceo.s5Gdo.1501.925 composition is closer to 1. Therefore, it
shows the maximum electrical conductivity. Compared with the composition
Ceo0.85Sm0.00Gdo.0601.925, the Ei value of the composition Ceos5Smo.09Gdo.osO1.925 is closer to 1.
Therefore, the conductivity with the composition of x = 0.06 is greater than the conductivity with

x = 0.09.

1.8.2 Cathode material®”-%%]

The main function of the SOFC cathode is to provide a place for the electrochemical reduction
reaction of the oxidant. Therefore, the cathode material must have the following properties:

(1) Stability in an oxidizing atmosphere.

(2) Have sufficient electronic and ionic conductivity.

(3) It has a catalytic effect on oxygen ionization at the operating temperature of the battery.

(4) It has sufficient porosity to make the oxidant easily diffuse to the reaction catalytic active
surface.

Sr?* doped lanthanum manganate is the most commonly used cathode material in traditional SOFC.



However, the oxygen ion conductivity of LSM is relatively low, only 107S - cm™ at 900 °C.
Therefore, LSM cannot be used as the cathode material of IT-SOFC. In order to enhance the
electrochemical catalytic performance of fuel cell cathode materials under low temperature
operation, many new cathode materials have been studied to replace LSM, such as Sm 5Sro.5CoOs.

s, La1xSrxCoi.yFey0s.5, BaxSri.xCo1yFeyO3.5 and so on.

1.8.3 Anode material®%-1%]

The main function of the SOFC anode is to provide a place for the electrochemical oxidation
reaction of the fuel. Therefore, the anode material must have the following properties:

(1) Stability under reducing atmosphere.

(2) It must also have sufficient electronic and ionic conductivity.

(3) It has electrochemical catalytic performance for fuel gas at the operating temperature of the
battery.

(4) The anode must have sufficient porosity to make the oxidant easily diffuse to the reaction
catalytic active surface.

Traditional SOFC generally uses Ni-YSZ cermet composite materials as anode materials. Because
Ni-YSZ has relatively high catalytic performance and low price. Adding YSZ into Ni material has
three functions:

(1) The thermal expansion coefficient of the Ni material matches the thermal expansion coefficient
of other battery components.

(2) Prevent Ni particles from agglomerating and growing up.

(3) Provide an oxygen ion diffusion channel.

The anode must have a porous structure to facilitate the diffusion of the fuel reaction gas.
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Figure 1.6 The conductivity of different doping amount in LDC material!!°!],

According to a previous report, the electrical conductivity is related with the calcined temperature.
Otherwise, the electrical conductivity of Cei.xLaxO2.5 (LDC) shows a specific behavior at x = 0.3.
Usually, the conductivity of a ceria-type material has the highest value at 0.1 < x < 0.2 and

[101

continues to decrease with an increase in the amount of Lal'®'l, However, as Figure 1.2 indicates,

the conductivity of LDC shows an increasing trend again from x > 0.3. According to some previous

e 102103] For example, oxygen

studies, the electrical conductivity changes with the local structur
ordering in a rare earth C-type oxide has been detected in La,Ce>O7. The composition of La;Ce>O7
is nominally associated with the pyrochlore-type structure, which can be considered an ordered
defect fluorite-type structure. Assuming that Ln,Ce>O7 has a pyrochlore structure, the coordination
number of a larger Ln>" ion is 8, whereas that of a smaller Ce*" ion is 6, which indicates that a

disproportion in the coordination numbers occurs owing to a difference in the cation sizes. In the

case of zirconate, the electrical conductivity in Ln2Zr,07 increases with an increase in the ionic



radius of Ln** in the fluorite-type phase region, and finally shows the maximum value within the
vicinity of the phase boundary in the pyrochlore-type region. Thus, we suspect that a local
structural change also occurres in our target materials.

In the first and second part, we introduce La and Gd individually into ceria to study the local
structural change. We introduced XAFS to analyze the results. Based on the results, we obtained
the regularities of the materials with different levels of doped La and Gd as well as the relationship
between the conductivity and local structural change. The proposed method aims to be a practical
approach for solving structural problems in the future.

BaCeOs has low chemical stability under CO2 and H2O atmospheres. In contrast, BaZrOs has
excellent chemical stability. However, high sintering temperature and long sintering duration are
required to obtain a high density BaZrO3z material. Therefore, in the third part, in order to obtain a
high density sample, a sintering aid such as ZnO or CuO would be required. In addition, it has
been reported that the relative density could be improved by an introduction of A-site deficiency
in the SrTiO3-based material. In this study, we report structure changes of Bai.xZr0.9Y0.103-5 (x=0,
0.04) sintered with ZnO as a sintering aid, and characterizations of the composite materials. Also

according to the previous literaturet!®1%%!

, BaO pellet will have ublimation and surface
decomposition due to the high temperature (up to 1700 °C) to obtain a dense material. We plan to

make a new method to prevent BaO vapor and Y getting aggregation from the surface of the pellet.
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Chapter 2 Preparation and characterization of CeixLaxO2-5 powder

and sintered samples

2.1. Overview of the preparation method

The preparation methods of solid-phase electrolytes can be divided into:

1. Solid state reaction method!"*: including reduction-chemical method, thermal decomposition
method, etc.

2. Gas phase reaction method™*: including gas state synthesis method and gas state thermal
decomposition method.

3. Liquid phase reaction method™"): including sol-gel method, co-precipitation method, uniform
precipitation method, solvent removal method, alkoxide hydrolysis method, etc.

The solid-phase reaction method is one of the earliest methods used for doping CeO> powders. In
recent years, it has been widely used as a laboratory study, and it is a liquid- state synthesis method
that has developed rapidly. It will be introduced as following.

(1) Solid state method

Solid-phase chemical reactions are one of the earliest chemical reactions used by humans. Since
the beginning of the 20th century, it has been inextricably linked with solid materials science!®1°!,
The solid phase reaction method refers to a product obtained by directly reacting and synthesizing
a solid phase reactant at 1000 to 1600 degrees. It has the characteristics of no solvent, high
selectivity, high yield, and simple process. Therefore, it is the earliest method used in the synthesis
of doped CeOs».

Narrow sense solid phase reaction means that the reactant products are all solid phase. The reaction
steps are roughly as follows: first the reactants diffuse to the interface, then react at the interface,
and finally diffuse through the product. Generally, increasing the reaction temperature can increase
the ion diffusion rate. The main factors affecting the reaction rate are:

1. The surface area of the reactant solids and the contact area between the reactants.



2. The nucleation speed of the product phase.

3. Ion diffusion rate at the phase interface.

The most commonly used method is the high temperature solid phase reaction method. The
required solid raw materials are mixed, ground, and then placed in a crucible and heated for
burning. Some reactions require a certain heating and cooling process, and a different atmosphere
or vacuum is used. Before burning, the powder can also be pressed into a crucible. This can bring
the solid raw materials into close contact to accelerate the reaction.

The method has a simple process and requires only high-temperature furnaces. But the temperature
needs to be high. This method has some disadvantages for obtaining high activity and conductivity.
On the one hand, because the reactants need to be ground sufficiently for a long time, the obtained
sample is highly likely to be contaminated with other impurities. Secondly, since the solid-phase
reaction is a multi-phase reaction, the reaction mainly proceeds between the interfaces. The
interphase diffusion of ions is restricted by some uncertain factors. Therefore, the composition and
structure of the reaction products tend to be non-uniform. Greatly affected the grain conductivity.
(2) Sol-gel method!!!-1%]

The sol-gel method is a process developed for the manufacture of glass, ceramics, and many solid
materials developed in the mid-1960s. It uniformly mixes and reacts the precursors in the liquid
phase to form a stable sol system. Upon standing, it turns into a gel, and the liquid medium
contained therein is removed by evaporation or extraction.

The powder prepared by the sol-gel method has the following characteristics:

1. High chemical uniformity. This is because the sol is made from a solution, and the chemical
composition between the colloidal particles and the colloidal particles is completely the same;

2. High purity. Like other chemical methods, there are no mechanical steps in the process;

3. Ultra-fine size particles. Colloidal particle size is generally less than-. 1 micron

4. Complex oxide or non-oxide powders can be prepared, and the development prospect is good.
However, this process also has its inherent disadvantages, such as the difficulty to scale up the

output, high cost, and strict process requirements.



(3) Co-precipitation method!!¢2"]

Coprecipitation is the most common method for synthesizing metal oxide ultrafine powder
materials by liquid-phase chemical reaction. It uses various substances dissolved in water to react
to form insoluble hydroxides, carbonates, sulphates, acetates, etc. The precipitate is then
decomposed by heating to finally obtain the desired compound product. The co-precipitation
method can be widely used to synthesize composite oxide ultrafine powder materials. The
advantages of this method are:

1. The ultrafine powder material with uniform chemical composition is directly obtained through
various chemical reactions in the solution;

2. It is easy to prepare ultrafine powder material with small particle size and uniform distribution.
Preparation of CeO; by carbonate co-precipitation is the simplest wet chemical preparation method.
According to the insolubility of the metal carbonate, multiple metal ions in the solution are
simultaneously precipitated out by using an excess of carbonic acid precipitant, so that the particles
are uniformly mixed in molecular size. In addition, ammonium carbonate or ammonium
bicarbonate is used as a co-precipitant, which is not as sensitive to washing and drying as the
hydroxide precipitant, and the output is close to 100%. This method has the following advantages:
1. The rare earth metal carbonate is relatively easy to form a solid solution, which ensures a high
degree of uniformity of the cations in the precipitation precursor and the final oxide solid solution.
2. The carbonate precursor is non-gelatinous, so that the final powder has a lower degree of
agglomeration.

3. By controlling the molar ratio of metal ions and precipitant, spherical particles with regular

morphology can be obtained, thereby improving the sintering activity.

2.2 Experiment

We synthesized samples of Ce.xLaxO2-5 (0<x<0.5) using the nanoparticle growth method, which

is a type of coprecipitation method?!. First, we weighed the starting materials of Ce(NO3)3-6H,0



(purity of 99.99%, manufactured by Wako Pure Chemical Industries, Ltd.) and La(NOs3)3-:6H>O
(purity of 99.0%, manufactured by Wako Pure Chemical Industries, Ltd.) as stoichiometry, and
then dissolved them into 100 mL of deionized water. The solution was stirred and heated up to
80 °C. Subsequently, NH4sHCOs3 (purity of 99.99%, manufactured by Kanto Kagaku Co., Ltd.) was
weighed and dissolved in 100 ml of deionized water as a precipitating reagent. We next added the
reagent dropwise to a metal ion solution to form a precipitate. After aging for 3 h with stirring at
80 °C, the precipitate was collected using filtration. Next, we placed the precipitate in a drying
oven at 100 °C overnight to remove the water completely. The dried sample was disintegrated for
15 min using an agate mortar and then fired at 600 °C for 1 h. The calcined sample was
disintegrated again and mixed in a rotary ball mill using zirconia balls with ethanol as a medium
for 72 h and dried again. The sample was then grinded for 5 min in an agate mortar. After grinding,
the sample was pressed into a 13-mm disk pellet uniaxially at a pressure of 30 MPa for 2 min. The

pellets were then sintered at 1,500 °C for 5 h in air and the colour of the pellets changed to grey.

2.3 Synthesis of high density sintered compact of Ceo9La0.102-

2.3.1 The XRD pattern for different ratio of co-precipitation in synthesis of Ceo.9L.a0.102-5.

First, we considered about the influence of the ratio between metal ion and precipitating reagent.
The amount of the precipitating reagent may affect the size of the particles. We made the samples
Ceo.9Lao.102-5 that the ratio between metal ion and precipitating reagent as 1:20, 1:15 and 1:5,
respectively. Then we prepared the samples for XRD measurements. Figure 2.1 showed the XRD
results of all the samples which the ratios between metal ion and precipitating reagent were 1:5,
1:15 and 1:20, respectively. From the XRD pattern, it was confirmed that all samples have a single

phase of fluorite type structure.
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Fig. 2.1 XRD pattern of CeooLao.102s after synthesis at 1500 °C for 5 hours, synthesized as the

ratio between metal ion and precipitating reagent are 1:20, 1:15 and 1:5, respectively.

Then we calculated the lattice parameters of each samples with different ratios of metal ion and
precipitating reagent. And we made the samples in to pellets, sintered at 1500 °C for 5 hours to
measure the relative density. Table 1 showed the lattice constants and relative densities of
Ceo9Lao.102-5 synthesized at different concentration ratios. The values of these lattice constants
were close to the lattice constant 5.4477(4) A of CeooLa 1025 in which ICP measurement was
previously performed (La content: about 12.5%). In addition, there was no significant difference
between our results and the theoretical lattice constant (5.4427 A) calculated from the ionic radius
obtained from the previous report!?’l. It was considered that we synthesized the samples
successfully through the co-precipitation method. When the ration was 1:15, the relative density
reached to 96.5% which was the highest in all the three conditions. And we could get the

conclusion that the ratio of metal ion and precipitating reagent had relationships with the particle



size of our target samples. But how the amount of the precipitating reagent affects the particle size,

we still need to search the proof.

1:20 1:15 1:5

Lattice parameter [A] 5.4466(4) 5.4470(4) 5.4453(2)

Relative density [%] 87.9 96.5 90.8

Table 1 Lattice constant and relative density of CeooLao.102-s after synthesis at 1500 °C for 5 hours,

synthesized as the ratios between metal ion and precipitating reagent are 1:5, 1:15 and 1:20,

respectively.

S47005.0kV 11.9mm x25.0k SE(Y)

Figure 2.2. The SEM image of Cepolao.102s powders synthesized at 600 °C for 1 h as the ratios

between metal ion and precipitating reagent were 1:20, 1:15 and 1:5, respectively.



Figure 2.2 was the SEM image of Ceo.9Lao.102-5 powders synthesized at 600 °C for 1 h as the ratio
between metal ion and precipitating reagent were 1:20, 1:15 and 1:5, respectively. There are
usually two factors for the relative density: one is uniform particle diameter, the other is the particle
topographical features. We observed the samples with SEM measurement. According to the SEM
image, the powder sample of 1:20 ratio with a low raw material concentration had a large particle
diameter. The particle diameter and the topographical features were not uniform, either. On the
other hand, from 1:15 SEM image, it could be seen obviously that for the powder sample which
had a higher raw material concentration than the 1:20 sample, the particle diameter and the
topographical features were both uniform. Further, compare with the sample of 1:5, it was
confirmed that the particles of 1:15 were more grown uniformly. According to several literatures'>*-
21 it is said that the raw material concentration affects the nucleation state, particle size and
uniformity the particle topographical features during nucleation process. Basically, the particle
diameter is depended on the amount of nuclei generated in the initial stage. As the amount of nuclei
decreases, the particle size increases which lead to the quantity of the final product decreases. The
amount of nuclei is related to the concentration of urea (precipitant) in solution, and the amount of
nuclei increases very early when the concentration of urea is high, according to Ming-Yao Cheng
et al. However, they reported that if the concentration of nuclei was too high, the generated nuclei
would aggregate together which caused to a larger particle size and ununiform particle

s, However, based on our previous research, we investigated the particle

topographical feature
size, presence or absence of agglomeration, and sinter ability by changing the concentration of the
precipitant, no significant improvement was observed with the concentration of the precipitant.

From this, it was conceivable that the raw material concentration further affected the state at the

time of nucleation, the particle diameter, and the aggregation of particles.
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Figure 2.3. The SEM image of Ceo.9La0.102-5 surface synthesized at 1500 °C for 5 h as the ratio

between metal ion and precipitating reagent were 1:20, 1:15 and 1:5, respectively.

Figure 2.3 was the SEM image of Ceo.9Lao.102-5 surface synthesized at 1500 °C for 5 h as the ratio
between metal ion and precipitating reagent were 1:20, 1:15 and 1:5, respectively. From the SEM
image of 600 °C, the ununiform of the particle diameter was observed in the calcined particles on
the sample surface of 1:20. It could also be observed on the pellet surface after calcining at 1500
°C. In addition, we can see obviously that the vacancies existed on the surface of the calcined
pellets surface. There are a large number of pores existed on the 1:5 sample surface as well. We
can conclude that the particle size of the calcined particles is related with the starting material
concentration. Compared with all the three samples, if the metal ion concentration is high, the

particle size will be small. It is considered that the concentration of the raw material affects the



amount of nuclei generated at the time of forming the precipitate. The amount of the nuclei
particles has an effect on the presence or absence of particle growth and aggregation during aging
process. The size of the obtained particles affects the relative density of the sintered pellets. If the
particle size is large, the initial packing density is low when forming into a green body by molding
under the pressure, and it is thought that the particles did not sufficiently contact with each other
and the sintering process was difficult to proceed. While the particle diameter is small, it is
considered that it is easy for the aggregation of the samples due to the particle diameter too small
and uniform to aggregate.

Other than the surface of the 1:15 samples, there was no obviously vacancies to be observed. It
was considered that a high-density sintered body of 96.5% could be synthesized in the 1:15 sample
because small particle size and high uniformity were obtained under this condition. We maded all

samples under this kind of conditions in the bellow experiments.

2.3.2 Structural change with La doping of Cei1xLaxO2-5

Figure 2.4 was the XRD patterns of CejxLaxO2s (x = 0-0.5) fired at 1500 °C. From the XRD

patterns, all samples showed a fluorite-type structure with La dopant increasing, and there was no
second phase in all the XRD patterns. The lattice constants of each samples which were calculated
from the XRD peak, apparently increased with the increase of the La doping amount. But it did
not follow the Vegard rule and showed a non-linear tendency after x = 0.3. The value was shown
in Figure 2.5. This was also apparent to compare with the lattice constant obtained by theoretical
calculation®?]. From figure 2.5, it was conceivable that in the state (x = 0.3, 0.4, 0.5), although the
structure change could not be observed in the XRD pattern, a structural change had occurred.
Further, assuming that a structural change had occurred, the reason why a structure change peak

did not appear in the XRD pattern was considered as follows.
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Figure 2.4 XRD patterns of CeixLaxO2- (x =0-0.5) fired at 1500 °C for 5 h.

The peak in the XRD shows a peak peculiar to the substance depending on what basic structure
the lattice of the substance has and what kind of atoms are included. At this time, the crystal
scattering factor is used to determine the presence or absence of a peak, and is represented by the
following equation (2.1).

F=fx Z ezin:x(hu+kv+lw) ....... (2.1)

In this equation, the index of the peak to be obtained, information of the atomic position, and the
atom scattering factor (having a value substantially equal to the atomic number) represented by f

are substituted. If the value does not become 0, the peak exists. Otherwise the peak will disappear.



This is called the extinction law?’!. For example, since a peak due to superlattice reflection exists
on the (110) plane as a peak specific to the pyrochlore type, the F value is calculated using equation
(2.1). Here, in this example, LaO-doped CeO> was used, but the atomic number of La and Ce
changed by only one, and as a result, the F value was infinitely close to 0. It is probable that the

peak of the (110) plane was not confirmed.
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Fig. 2.5 Lattice constant of Ce1.xLaxO2-s (x =0-0.5) fired at 1500 °C for 5 h.



2.4 Conclusion.

In this part of work, we synthesized the Cei.xLaxO2.5 ( x = 0.1~ 0.5) samples with the co-

precipitation method. First we researched about the starting conditions about the ratio between
metal ion and precipitating reagent were 1:20, 1:15 and 1:5, respectively. We could see with three
kinds of conditions, the XRD had no difference about the final products. But the relative densities
were different with the amount of the starting materials. Then we used the SEM measurement to
check about the surface of the powders sintered at 600 °C for 1h and pellets sintered at 1500 °C
for 5 h, respectively. We could conclude that, with the powders sintered at 600 °C for 1h, the
powder sample of 1:20 ratio with a low raw material concentration had a large particle diameter
and the particle diameter and the topographical features were not uniform, either. It could be seen
obviously that for the 1:15 powder sample, the particle diameter and the topographical features
were both uniform. Further, compared with the samples of 1:5, the 1:15 powder sample was also
that the particles were grown more uniformly. To the pellets sintered at 1500 °C for 5 h, on the
sample surface of 1:20, the ununiform of the particle diameter was observed. In addition, we could
see obviously that the vacancies existed on the surface of the calcined pellets surface. There were
a large number of pores existed on the 1:5 sample surface as well. As the 1:15 pellets, the particle
size was uniform and there was no obviously pores on the surface. We could conclude that the
particle size of the calcined particles was related with the starting material concentration and the

best condition is 1:15 about the ratio of metal ion and precipitating reagent.
Then we synthesized the CeixLaxO2s ( x =0.1—0.5) samples under this condition. We measured

the XRD. We could see that all the samples appeared a single phase in the XRD patterns. But when

we calculated the lattice parameters of each sample, the experimental data was not fit with the

theoretical one. So we suspected that there was a structure change at x=0.3 of CeixLaxO2s (x =

0.1— 0.5) samples. It would be researched in the work below.



Reference

[1] Anthony R. West, Wiley and Sons, 2005.

[2] B. Gerand, G. Nowogrocki, J. Guenot, M. Figlarz, Academic press.

[3] Lev N. Sidorov, in Encyclopedia of Spectroscopy and Spectrometry, 1999, Pages 915-923.

[4] P.G. Jambrina, J. Aldegunde, in Computer Aided Chemical Engineering, Volume 39, 2016,
Pages 583-648.

[5] Bangwei Zhang, in Physical Fundamentals of Nanomaterials, 2018.

[6] P. Duran, J. Tartaj, F. Capel, C. Moure, Journal of the European Ceramic Society 24 (2004)
2619-262.

[7] Tatsuya Kawada, Natsuko Sakai, Harumi Yokokawa, Masayuki Dokiya, Iwao Anzai, Solid
State Ionics, Volume 50, Issues 3—4, 1992, 189-196.

[8] R.C. Olegario et al. , Dyes and Pigments, 106, (2014), 14-19.

[9] L. Lei, L.L. Zhang , Matter and Radiation at Extremes, 3, (2018), 95-103.

[10] C. Sun, U. Stimming, Journal of Power Sources, 171, (2007), 247-26.

[11] Hench, L. L, J. K. West, Chemical Reviews, (1990), 90: 33-72.

[12] Klein, L, Springer Verlag. (1994).

[13] Klein, L.C. and Garvey, G.J., Journal of Non-Crystalline Solids, Vol. 38, (1980), p.45

[14] Brinker, C.J., et al., J. Non-Crystalline Solids, Vol.48, 1982, p.47.

[15] Einstein, A., Ann. Phys., Vol. 19, p. 289 (1906), Vol. 34, 1911, p.591.

[16] A.-H. Lu, E. L. Salabas and F. Schiith, Angew. Chem. Int. Ed., 2007, 46,1222—-1244.

[17] Otto Hahn, Cornell University Press, Ithaca, New York, USA, 1936.

[18] Patnaik, P. Dean's Analytical Chemistry Handbook, 2nd ed. McGraw-Hill, 2004.

[19] Alan Townshend and Ewald Jackwerth, Pure & App. Chem., Vol.61, No.9, pp. 1643-1656,
1989.

[20] Harvey, D. Modern Analytical Chemistry. McGraw-Hill, 2000.

[21] B. Ravel and M. Newville, J. Synchrotron Rad., 12 (2005) 537-541.

[22] Toshihiro Moriga, et al, Solid State Ionics 31 (1989) 319-328.



[23] Seong Jae Hong and Anil V. Virkar, J. Am. Ceram. Soc, 78 (1995) 433-439.

[24] Messing GL, Hirano S, Hausner H. Ceramic Powder Science III, vol.12. Westerville:
American ceramic society; 1990. p. 129-36.

[25] Min-Young Cho, et al, Materials Letters 64(2010), 323-326.

[26] Zhigang Liu, et al, Journal of Natural Gas Chemistry 19, (2010), 313-317.

[27] Hideo Nagashima, J. Mine. Soc. Jpn. 6(3), (1963), 175-184.



Chapter 3: Local structure changes of Ce1xL.nxO2-5 (Ln = La, Gd)

solid electrolytes

3.1 Introduction

X-ray absorption fine structure (XAFS) spectroscopy is one of the most powerful tools for
describing local structures. In this technique, we adjust the X-ray energy to be consistent with the
internal electron layer in the element under study, then use it to detect the sample, and then monitor

(-3 If sufficient accuracy is used, the

the amount of X-ray absorption as a function of its energy
spectrum will show small oscillations, which is the result of the influence of the local environment
on the basic absorption probability of the target element. From the spectrum, we can also get the
distance between the absorbing atoms and neighboring atoms, the number and type of these atoms,
and the oxidation state of the absorbing elements. These are the parameters that determine the local
structure. By selecting X-rays of different energies, we can obtain such information for all elements
in the sample!*>.

When the energy of the X-rays resonates with the energy of an element inner electron shell in the
sample, a sudden rise in electrons occurs and the electron is excited to form a continuous spectrum.
Due to the shape of the spectrum, this spectrum is also called the absorption edge. In most cases,
the absorbing edges are separated, and the target element is simply selected by scanning a suitable
energy range. Along the absorption edge, as the X-ray energy increases, the absorption rate
decreases monotonically as the penetration depth of the X-ray becomes larger. As the spectrum is
expanded across a particular edge, fine structures are observed!”*!. The X-ray absorption near-side
structure (XANES) region appears when the spectral peaks and shoulders that are more than 20 to
30 electron volts wide pass through the start of the edge. The fine structure on the high energy side
of the edge where the energy decays to several hundred electron volts is called X-ray absorption

fine structure (XAFS). The fine structure in XANES and XAFS has been studied thoroughly, which

enables XAFS to be used to determine the type and local structure of chemical substances!”!.



Outside the edge region, the XAFS fine structure is superimposed in the form of a series of
undulating oscillations on the smoother absorption curve that should be isolated atoms. These fine
structures are formed due to interference between ionized photoelectron waves and backscattered
waves of some of these waves from neighboring atom pairs. With the change of the X-ray energy,
the interference conditions also change correspondingly, causing adjacent atoms to produce an
oscillating fine structure.

XAFS includes two technologies, EXAFS and XANES. EXAFS is an oscillation of the element's
X-ray absorption coefficient in the range of 30-1000 eV on the high energy side of the absorption
side. The generation of EXAFS is related to the scattering of absorbing atoms and other atoms
around it, that is, they are all related to structure. Therefore, by measuring EXAFS, we can study
the neighbor structure around the absorbing atoms, and get the parameters such as atomic distance,
coordination number, atomic mean square displacement, etc. The main feature of EXAFS method
is that it can measure different kinds of atoms separately, give the neighbor structure of specified

s19-121 The strong X-ray source can

element atoms, and also distinguish the types of neighbor atom
also be used to study the neighbor structure of atoms with very little content, and it can be used
for both ordered and disordered substances. In this way, EXAFS can be used to solve some material
structure problems that are difficult or impossible to solve by other methods.

EXAFS has the following characteristics:

1) EXAFS depends on short-range ordering and does not rely on long-range ordering, so it can
measure a wide range of samples, which can be used for amorphous, liquid, molten, catalyst active
centers, metal proteins, and impurity atoms in crystals. Structural research

2) The X-ray absorption edge has elemental characteristics. For atoms of different elements in the
sample, the atomic neighboring structure of different elements in the same compound can be
studied by adjusting the incident X-ray energy;

3) Fluorescence can be used to measure samples with concentrations as low as one part per million;

4) Polarized X-rays can be used to measure atomic bond angles in oriented samples, and can

measure surface structure.



5) Sample preparation is relatively simple and no single crystal is required. When the experimental
conditions are available, the data collection time is relatively short, and it usually takes only a few

minutes to measure a spectral line with a synchrotron X-ray source.
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Figure 3.1 Representative EXAFS absorption spectrum!!3,

3.2 XAFS measurement and analysis

3.2.1 The preparation of XAFS samples

We synthesized samples of CeixLax02-5 (0<x<0.5) for XAFS measurements using the nanoparticle
growth method, which was the same coprecipitation method as above!'”l. First, we weighed the
starting materials of Ce(NO3)3-6H20 (purity of 99.99%, manufactured by Wako Pure Chemical
Industries, Ltd.) and La(NOs3)3-6H20 (purity of 99.0%, manufactured by Wako Pure Chemical

Industries, Ltd.) by stoichiometry ratio, and then dissolved them into deionized water 100 ml. Then



we kept the solution stirred at 80 °C. We next added the reagent which was NH4sHCO3 (purity of
99.99%, manufactured by Kanto Kagaku Co., Ltd.) weighed and dissolved into 100 ml deionized
water to the solution drop by drop. After 3 h stirring, the precipitate was collected using filtration.
Next, we dried the precipitate at 100 °C overnight to remove the water completely. The dried
sample was disintegrated for 15 min and then fired at 600 °C for 1 h. The calcined sample was
disintegrated again and took a ball milling method with ethanol as a medium for 72 h and dried
again. The sample was then grinded for 5 min. After grinding, the sample was pressed into a 13-
mm disk pellet uniaxially at a pressure of 30 MPa for 2 min. The pellets were then sintered at
1,500 °C for 5 h in air and the colour of the pellets changed to grey.

Synthesis for Gd-doped CeO: powder Ce1.xGdxO2-5 (0<x<0.5) was also carried out by the same
procedure. The change of starting material is Gd(NO3)3-6H20 (Wako Pure Chemical Industries,
Ltd., 99.95% or higher purity).

3.2.2 The XAFS experiment
XAFS measurements of La- and Gd-doped ceria were conducted at the BL16B2 beamline of the

Spring-8 synchrotron facility in Japan. An aspirate amount of doped ceria was mixed with
hexagonal boron nitride powder and pressed into a 10-mm pellet uniaxially for measurement.
XAFS spectra near the Ce K-edge (40.45 keV), La K-edge (38.94 keV), and Gd K-edge (50.24
keV) were measured using transmission mode at room temperature. In addition, CeO,, La;O3, and
Gd203 were measured as reference samples. An X-ray was monochromatized using a Si(311)
double-crystal monochromator. A cylindrical Rh-coated mirror was used for elimination of the
higher harmonics. Ionization chambers were filled with Ar-diluted Kr gas (Ar:Kr = 75:25) for
measuring the incident X-ray and pure Kr gas for the transmitted X-ray, respectively.

The XAFS spectra were analyzed for both the first and second neighbor shells. Athena was used
as the analysis software for the XAFS oscillation extraction, and Artemis was used for the curve-
fitting of the XAFS oscillation*®), The XAFS analysis conditions and parameters obtained are
summarized in Tables 1 and 2, respectively. The k-range used for obtaining the radial distribution

functions for each absorbing atom (in Figure 4) was basically fixed from 3 to 13 A 1. Curve-fitting



was applied against the r-range from roughly 1.4 to 2.1 A for the first-neighbors and from 2.8 to

4.1 A for the second-neighbors, respectively.

When we analyzed the distance between La absorbing atoms in the second neighbor shell, we

assumed that the distances are mainly composed of two types of coordination. One is La-La and

the other is La-Ce. Because La is larger in ionic radius than Ce, of course, when the two types of

bond distance are obtained in the second neighbor shell, the longer one is attributable to La-La and

the shorter one is attributable to La-Ce, and the coordination number by either La or Ce will be

distributed according to the cation composition. In a similar manner, the constitution of the two

types of coordination in the second neighbor of Ce and Gd as the absorbing atoms was assumed

based on the fact that the ionic radius decreases in the following way: La*" (1.16 A in 8-fold

coordination), Ce*" (1.143 A in 8-fold coordination), and Gd** (1.053 A in 8-fold coordination)7!.

La K-edge
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Ce K-edge

Gd K-edge
GDC

Cd K-edge
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0
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0.2
03
04
05
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0 0 0 0 0O 00 00 M Z

s02
1816+0.368
1627+0.360
1.729£0.238
1.739+0.242
156240349
1440£0312
1.816+0.368
17940211
1.715+0.228
1686+0.254
16770246
1.755£0.202

sS02
1810£0.368
132620546
134220439
126120422
117320436
105120449
1816+0.368
1.354£0.630
134220438
1.27240.385
1183:0.269
1.090£0.308

EQ
-9.439£2 840
-5.625+2 895
-6.421+1781
-3687+1794
-7.387+2 880
-8.680+2822
-9.439+2 840
-7.533+1 656
-9.890+1932

-15280+£2.192
-11889+2.195
-12.487+1.750

EQ
-8.439£2 840
-1318+5231
-2.259+4 269

-10.150+£4.527
-11505+5.089

-5.034+5689
-8.439£2 840
-0.992+5832
-2.259:+4 269
0.008+0.003

-11575+3.062

-5.099+3761

R
235320014
2.458+0.018
246320012
246340013
2.460+0.020
2.450+0.019
235340014
2.338+0.009
231840011
220540011
2.285x0.012
2.268+0.009

R
2.353x0.014
23010032
2.364x0.024
2.350£0.023
2.348+0.026
23410030
2.353x0.014
23940037
2.364x0.024
235140021
2.348x0.015
2.341+0.019

82
0.008+0.002
0.008+0.002
0.010£0.001
0.01110.002
0.011+0.002
0.011x0.002
0.008+0.001
0.010+0.001
0.011+0.001
0.011+0.001
0.012+0.001
0.012+0.001

A2
0.008+0.001
0.010+0.004
0.008+0.003
0.007+0.002
0.007+0.003
0.006+0.003
0.007+0.001
0.001+0.004
0.008+0.003

-89951+3997

0.007x0.002
0.007+0.002

R-factor
0.0041
0.010
0.0036
0.0035
0.0087
0.0084
00041
0.0029
0.0015
0.0018
0.0017
0.0010

R-factor
0.0041
0.0227
0.0154
0.0119
0.0060
0.0082
0.0041
0.0283
0.0154
00127
0.0072
0.0118

Table 1 XAFS analysis condition and obtained parameters of 1st shell for LDC and GDC.



absorbing

scattering atom composition N 502 EO R 62 R-factor
atom

0 0 = = = = =

01 12 5.832+3991 -49.165+6.650 397240017 0.003+0.001 0.008

n 02 24 14.899+15.547 5.366+7.731 3.957+0.118 0.026+0.016 0.004

03 36 8.805+3.609 -12.316+9.656 3.964+0.008 0.006+0.001 0.065

04 48 4.164+2.106 -12.411+4.260 3.960+0.004 0.008+0.001 0.021

la 005 162 7.392+5.333 -3.448+4.739 3.840+0.026 0.012+0.003 0.006

01 108 3.274+1.704 -3.152+4.166 389640041 0.013+0.004 0.008

ce 02 96 2.087+0.594 -12.290+2.476 3.853+0.008 0.007+0.001 0.004

03 84 5.621+19.455 -1958+6.211 3.873+0.136 0.006+0.009 0.065

04 72 3914+14.503 -5.005+3.465 3.865+0.146 0.008+0.012 0.021

LoC 005 g 3.229+3.688 8.409+7.695 3.862+0.025 0.010+0.003 0.006

01 12 3.274+£1.704 0.225+28.297 3.896+0.041 0.013+0.004 0.012

La 02 24 2.087+0.594 -21314+37.558 3.853+0008 0.007+0.001 0.024

03 36 5621+19.455 -11.137+50.831 3.873+0.136 0.006+0.009 0.024

04 48 3914+14.503 -8.2464+54.036 3.865+0.146 0.008+0.012 0.034

Ce 005 162 3.229+3.688 -9.076+10291 386240025 0.010+0.003 0.030

01 108 1653+1.124 -13.039+1.960 3.837+0015 0.006+0.002 0.012

ce 02 96 2.109+3.069 -11.077£7.629 3.833+0.036 0.009+0.002 0.024

03 84 0.707+5.883 0.172+126.236 3.786+0.289 0.003+0.019 0.024

04 72 0.719+6.541 3.039+143315 378340281 0.004+0.022 0.034

05 6 111941508 1.009+21.066 3.781+0039 0.006+0.003 0.030

st scattering atom composition N 502 EO R 62 R-factor
atom

0 0 = = = = =

01 12 40.625+55.241 -2001+8.770 399340072 0.011+0.006 0.003

cd 02 24 5.427+12.783 0.978+11.823 392540072 0.006+0.013 0.004

03 36 4.221+7813 -7.049+12.120 3.806+0.047 0.007+0.009 0.004

04 48 7.181+5.059 -7.058+5.608 3.850+0.060 0.018+0.011 0.110

cd 05 6 0994+0.840 -44.575+8.590 383840033 0.005+0.003 0.067
0 12 = = = = =

01 108 3719+4.318 7.079+7.892 3.881+0.047 0.009+0.005 0.003

ce 02 96 1074+2.815 6.818+12.947 3.830+0.080 0.004+0.013 0.004

03 84 1737+3509 0.048+10.131 3.806+0.049 0.006+0.010 0.004

04 T2 0.697+0517 1888+11.298 379410041 0.007+0.003 0.110

05 6 0.963+0.889 1.842+7438 381040043 0.013+0.007 0.067
GDC 0 0 B B B B -

01 12 3719+4.318 -5.023+10.177 388140047 0.009+0.005 0.010

cd 02 24 1074+2815 -32.092+21.350 3.830+0.080 0.004+0.013 0.021

03 36 1737+3509 -43570+18.188 3.806+0.049 0.006+0.010 0.089

04 48 0.697+0517 31.930+4.399 379440041 0.007+0.003 0.003

Ce 005 fg 0.963+0.889 35.886+4.837 381040043 0.013+0.007 0.002

01 108 1383+0.351 -15.586+2.314 383240006 0.005+0.001 0.010

ce 02 96 1.949+0.374 -11.336+2.178 381740011 0.007+0.001 0.021

03 84 2187+0.656 -20.524+3895 377740021 0.008+0.001 0.089

04 T2 0.995+0.437 -13.686+2.630 377240019 0.006+0.001 0.003

05 6 1154+0321 -13.529+2 406 374340012 0.006+0.001 0.002

Table 2 XAFS analysis condition and obtained parameters of 2nd shell for LDC and GDC.

3.3 Results and discussion

3.3.1 The local structure change of LDC and GDC

According to a previous report, the solubility limit of Gd in the fluorite type structure was within
the compositional range of 0.4 < x < 0.512], It was also demonstrated that peaks assigned to the
rare earth oxide C-type Gd>Os3 appear when x reached 0.5. As shown in the powder X-ray
diffraction patterns for CejxLaxO25 (0 < x <0.5), LDC and Cei«Lax02-5 (0 <x <0.5), and GDC,
however, no impurities were contained in these samples. One possible reason for the difference is
due to the difference in the firing temperature. The GDC samples used in this experiment were

fired at 1,500 °C, whereas those in the report were fired at 1,300 °C. The higher temperature leads



to a more disordered atomic arrangement in the lattice, and the C-type structure can be considered
as the superstructure of the fluorite type structure. The oxygen deficiency might be affected by the

firing temperature as well.
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Figure 3.1 The lattice parameters of CeixLnxO2-5 (Ln=La, Gd) (0=x=0.5).

Figure 3.1 showed the lattice parameters of the LDC and GDC with an increasing doping amount
of La and Gd, respectively. For both LDC and GDC, the lattice parameters increased gradually
with the amount of doped Ln. The changes in the lattice parameters in LDC were obvious and
larger than those of the lattice parameters in the GDC. In the curve of the lattice parameters in the
LDC, the trend of change as a function of x was similar with the previously reported results/?*!,
although the values were somewhat different. Interestingly the lattice constants increased linearly

with an increase in x but with a bend point at x = 0.4. Thus, we considered that there was a drastic



structural change in the composition between x = 0.3 and x = 0.4 in LDC.

For GDC, the increase in the lattice parameters with an increase in the doping amount was not as
obvious as in LDC. In the curve of the lattice parameters in GDC, the trend of change in the
value was similar with previously reported results [>>2*. The change was extremely smooth, and
no abrupt changes in the compositional dependence of the lattice parameters were detected. Our
data were between the results of the previous studies, which supports their correctness. Some
previous results had reported that the local structure changes from a fluorite type structure to a
rare earth C-type structure with x = 0.4%). From this, we considered that there may be different

structural changes in the LDC and GDC.
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Figure 3.2 The EXAFS spectra near the CeK, LaK and GdK of Ce;.xLaxO2-5 and Ce1.xGdxO2-5.

Figure 3.2 showed the absorption spectra near the Ce K absorption edge and the La K absorption



edge in the LDC, and those near the Ce K absorption edge and Gd K absorption edge in the GDC.

The energy of the absorption edge is related to the electronic state of the X-ray absorbing cations.

From the Ce K spectra in the LDC and GDC, we could see that the peak position of the absorption

edge was not clearly changed with an increase in the amount of dopant. This indicated that in both

LDC and GDC, most of the CeO» valence was 4+ and was not changed to 3+ as the amount of Ln

doping increases. The structural change was not caused by the change in Ce valence. Nolan

claimed that a reduction of Ce*" to Ce®" in La-doped CeO, was preferably caused by the

introduction of La*"1%31, However, neither a peak shift nor a change in shape was observed in the

spectra.
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Figure 3.3 Fourier transforms (FTs) of k3-weighted EXAFS oscillation of LDC and GDC.
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Figure 3.3 showed the peaks of the radial structural functions of the Ce K absorption edge and La
K absorption edge in LDC, and the Ce K absorption edge and Gd K absorption edge in GDC. In
LDC, the peak representing the first close distance of the Ce K absorption edge graph shifted to
the left as the La doping amount increased, and the peak of the second proximity distance also
shifted slightly to the left. By contrast, the graph of the La K absorption edge showed almost no
change in position even when the La doping amount increased. This suggested that the coupling
length around the Ce decreased and that the coupling length around the La did not change.
However, in GDC, all peaks of the Ce K absorption edge and Gd K absorption edge shifted to the
left as the amount of Gd doping increased. From this result, it was conceivable that the coupling

lengths around the Ce and Gd all decreased.
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Figure 3.4 Ln-O inter atomic distance in CeixLnxO2.5 (0=x=0.5) (Ln=La, Gd).



Figure 3.4 showed the curves of the Ln-O inter atomic distance in CeixLnxO25 (0 <x <0.5) (Ln
= La, Gd). These curves were calculated using the first shell of the XAFS results. From these
curves, we could see that the La-O distance increases slightly at approximately 2.460 A before x
= 0.4 and decreases slightly to 2.448 A at x = 0.5. The sum of the ionic radii of 7-fold La** and 4-
fold O* was 2.480 A, and that of 6-fold La®" and 4-fold O* was 2.412 A>3] which were depicted
on the right side of Figure 5. In total, the distances remained constant with the 7-fold coordination
of La, whereas the distances of Ce and O clearly changed from 2.353 A atx=01t02.270 A atx =
0.5. The sum of the ionic radii of 8-fold Ce*" and 4-fold O* was 2.350 A and that of 6-fold Ce**
and 4-fold O* was 2.250 A. This indicated that the Ce changed from a 7-fold coordination to a 6-
fold coordination on average. According to the analysis shown in Figure 3, there was no valence
change in the local structure. We therefore considered that, as the factors affecting the Ce
coordination change, oxygen vacancies were introduced owing to the doped La. In addition, the
oxygen vacancies were completely surrounded with Ce*".

By contrast, for GDC, the distance of Ce and O changed identically as that in the LDC. This
indicated that the Ce changed from an 7-fold coordination to a 6-fold coordination on average,
similar to LDC. However, for the Gd and O pair, the distance decreased simultaneously with that
of Ce and O, which was changed from 2.391 to 2.346 A. These Gd-O distances were close to the
sum of the ionic radii among 8-fold Gd**, 7- or 6-fold Gd**, and 4 fold O%*, which are 2.433, 2.380,
and 2.318 A, respectively. This indicated that some of the coordination of Gd changed from 7- to
6-fold on average. We considered the main factor for the coordination change to be the many
oxygen vacancies occurring in GDC. In addition, oxygen vacancies were statistically introduced
and surround the Ce*" and Gd**. It could also be observed from Figure 3.4 that, within the amount
of La and Gd doping, the gap between the Ce-O distance of LDC and GDC became gradually
larger. This was caused by the amount of oxygen vacancies surrounding Ce**. This was further
convincing proof of our conclusion.

There are usually two factors affecting the distance between the cations and oxygen, 1.e. cation’s

coordination number and valence (bond strength by Pauling)!?®). For LDC, La*" with a 7-fold



coordination radius is much larger than Ce*" with 8- and 6-fold coordination sizes. However, the
valence of La is lower than that of Ce. In the case of LDC, the coordination of La showed a constant
7-fold with increasing from x = 0.1 to 0.5, whereas the coordination of Ce gradually decreased
almost linearly from 8 to 6.3. This meant that the contribution of the valence to the distance of La-
O was higher than that of the radius. The ability for La to catch up with O* was higher than that
of Ce, and thus it could maintain the stability of the local La-O structure. Thus, the oxygen
vacancies were surrounded with Ce*" instead of La*". Unlike fluorite-type and the usual
pyrochlore-type structure, La had a 7-fold coordination. Thus, the local cubic structure could not
completely maintain the fluorite type either form a pyrochlore type structure with an increase in
La. We believed that it formed a superstructure that was more like a pyrochlore type structure in
LDC at x = 0.3. By contrast, for GDC, the size of the 6-fold coordination of Gd** was similar to
the 8-fold coordination of Ce**. The Gd coordination gradually decreased at the same pace as the
Ce coordination. The ability for Gd to catch up with O* was the same as that of Ce, and thus it
could not maintain a stable local Gd-O structure. This was the reason why the oxygen vacancies
were statistically distributed around the Ce*" and Gd**. In a rare earth C-type structure, Gd*" had
6-ford coordination, and in a fluorite-type structure, a 6-or 7-fold coordination was considered,
and thus it was thought that the coordination number did not change significantly even if the doping
amount of Gd increased. Thus, in the local area of the GDC, it finally formed a rare earth C-type

structure by x > 0.41%],
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Figure 3.5 Ln-Ln inter atomic distance in Ce1-xLnxO2-5 (0=x=0.5) calculated by 2nd shell (Ln=La,
Gd).

As we could see in Figure 3.5, for LDC, the curves of the second neighboring La-(La, Ce) distance
and Ce-(La, Ce) distance were not synchronous with each other with an increase in x. The second
neighboring contains two types of distance information: Ln-Ln and Ln-Cel?”!. For LDC, the second
neighboring La-(La, Ce) distance was first maintained (x = 0.1-0.4) and then slightly decreased (x
= 0.5). This was because the La-O local structure is more stable than Ce, and thus the oxygen
vacancies always surround Ce. The La-(La, Ce) distance was then stable and the Ce-(La, Ce)
distance shortens with an increase in La. At the early stage of La doping, the distance contribution
of the La-La pairs was extremely small. The distance of the Ce-Ce pairs made up the majority and

Ce could maintain the 8-fold coordination because of the charge compensation. With an increase



in the La doping, the La-La pairs gradually played a key role in the neighboring distance. Thus,
the distance became stable at approximately 3.857 A (x = 0.3-0.4), whereas the distance of the
Ce-Ce pairs changed significantly because the Ce changes fromed an 8-fold coordination to a 6-
fold coordination. Thus, the second neighboring Ce-(La, Ce) distance shortened gradually with an
increase in the La dopant (x = 0.2—0.5). By contrast, for GDC, similar to the first stage of the La-
( La, Ce) second neighboring distance, the distances of Gd-(Gd, Ce) and Ce-(Gd, Ce) first
increased gradually (x = 0.1-0.2). However, they then decreased simultaneously with the
continuing of the Gd doping. This was because the local Gd-O structure is not as stable in GDC as
La-O was in LDC. The oxygen vacancies occured around both Gd and Ce. Then, the Gd-(Gd, Ce)

distance and Ce-(Gd, Ce) distance were both shortened with an increase in Gd.

3.3.2 The research about XRD and XAFS results

. Ce . La . Gd O Oxygen . Oxygen vacancy

Scheme 1 The identical model of LDC and GDC at x=0.5.

Scheme 1 showed an identical model of LDC and GDC at x = 0.5 according to the XAFS results.
According to the higher ability of La®" in catching up with O, the oxygen vacancy was more like
stable while the oxygen vacancies surround Ce*" could move easily. So for LDC, the oxygen

vacancy surrounded La was different with the one surrounded Ce. But for GDC, the oxygen



vacancies were the same as the similar ability of catching up with O%*. As we could see in scheme
1, when the La concentration was low (x = 0.1), the La atoms were surrounded by Ce metal atoms
and thus there were few chances to meet with other La atoms. Thus, with La, which had a larger
ionic radius doping into the structure, the neighboring distance increases. When the La
concentration was gradually introduced, the La atoms could have the chance to combine and
stabilize. The curves of the second neighboring Gd-(Gd, Ce) and Ce-(Gd, Ce) distances became

extremely synchronous with an increase in X.
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Figure 3.6 Ln-Ln inter atomic distance in Ce1xLncO2-5 (0=x=0.5) calculated by 2 shell (Ln=La,
Gd).

Figure 3.6 showed the lattice constants of LDC and GDC and the alignment of the second
proximity distance. LDC and GDC had a fluorite-type structure with a low doping amount.
Because they were doped at a high amount, they were in an ideal position owing to the similar
fluorite-type structure, and cations were present at the position of face-centered cubic lattice. We
could then calculate the lattice parameters and the distance between the Ln-Ln.

As the Ln was doped into cerium oxide, the lattice parameter changed more gradually whereas all
(Ce, Ln)-O and (Ce,Ln)-(Ce, Ln) distances decrease. At the early stage of doping, the amount of
Ln was small, and the contribution of the Ln-Ln distance was not a major lattice parameter. Thus,

the lattice parameter was close to the Ce-Ce distance. In other words, Ce-Ce was the framework



of the cubic structure. With gradual Ln doping, the contribution of the Ln-Ln distance increased,

finally becoming the main framework in the cubic structure. This indicated that our XAFS results

could fit the XRD results extremely well. In addition, it explained the relationship between the

structural change and lattice parameter. It provided a new way to combine the two methods

together to obtain the local structural information for the target materials.

3.3.3 The relationship between local structure change and electric conductivity
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Figure 3.7 Electric conductivities of CeixLnxO-5(Ln=La, Gd)(0=x=0.5) in the air.

Figure 3.7 showed the electrical conductivities of Cei-xLnxO2-5(Ln = La, Gd) (0 <x <0.5) in air.

The electrical conductivity of Ce1xGdxO2-5 was referenced from Seo et a

1 [24

1. According to the



results above, we considered the relationship between the electric conductivities and the local
structure in the following way: For LDC, at the first stage of x = 0—0.1, La was introduced into the
CeOz cubic structure and replaced one Ce atom. Because La had almost no opportunity to meet
with other La atoms, there was an stable oxygen vacancy caused by its local structure between La
and Ce, which could form an oxygen access allowing O* to pass through. Thus, oxygen vacancies
surrounded by Ce atoms occured. Owing to the slight amount of La, the oxygen accesses were not
completely formed. Thus, at the x = 0.1 stage, the main reason for the increase in conductivity was
the increase in the amount of free oxygen vacancy. At x =0.1-0.3, when the amount of La increased,
the oxygen vacancies caused by the local structural change in La increase but still could not
effectively form an oxygen access. By contrast, the amount of free oxygen vacancies clearly
decreased. These two reasons caused the conductivity to decrease from 0.1 to 0.3. As with x =0.2—
0.3, the structure began to change from fluorite to a superstructure and some oxygen accesses were
built up, which appeared as the rate of decrease becomes less sharp as that of x =0.1-0.2. At x =
0.3-0.4, the amount of La continuously increased, as did the ordered degree of the superstructure.
In addition, the stable oxygen vacancies increased, clearly forming an oxygen access, which was
the main reason why the conductivity increased from 0.3 to 0.4. At x = 0.4-0.5, the ordered degree
of the superstructure increased. The amount of free oxygen vacancies decreased, which was the
main reason for the lower conductivity.

For GDC, the main factor affecting the conductivity was the number of oxygen vacancies. Thus,
like the other materials that had a doped metal element, the number of oxygen vacancies first
increased and then decreased with the continual doping of the metal element. When a large amount
of Gd was doped, the order degree of the C-type structure increased, whereas the oxygen vacancies
remained in a statistically distributed state. Thus, the conductivity of the GDC appeared to first

increase and then decrease.



3.4 Conclusion

In this part of work, the changes in local structures of CeixLnxO»-5 with Ln (La, Gd) doping were
investigated. XAFS was successfully used to clarify the coordination environments around Ce and
the dopant La and Gd. For LDC, La coordination was maintained at 7, and Ce coordination
decreased from 8 to 6. It was speculated that because a superstructure would be formed which was
more like a pyrochlore structure in LDC at x>0.3, the oxygen vacancies could be attracted by the
larger La**. For GDC, the coordination numbers for Gd and Ce decreased from 8 to 6. In the GDC,
oxygen vacancies had no preference for Ce or Gd coordination.

We also combined XRD results and EXAFS results together. These results explained the changes
in the lattice parameters for both LDC and GDC. The local structure change model was designed
and the electric conductivity change at each stage of Ln (La, Gd) doping was explained. In future

studies, these results can be applied to other materials.
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Chapter 4: Structure changes of BaixZri.yYyOzs-s electrolyte

materials

4.1 Introduction

At elevated proton conductivity, some perovskite oxides also show higher temperatures, which
acceptor-doped cerium-barium and zirconate ['*) are applied in solid oxide fuel cells (SOFC). They
are also the most promising materials for other applications such as gas separators and pumps ,
hydrogen sensors, and electrochemical reactors for hydrogenation or dehydrogenation of
hydrocarbons!*>!. However, the doped barium cerate shows poor ability to the thermal, mechanical,
and chemical stability. It appears weak points especially under the hydrogen or hydrocarbon gases
conditions contaminated by gaseous and minor components, such as CO2, CO, SO, H>S and water
vapor'®7l. Therefore, their application has proven problematic in fuel cells. On the other hand,
barium zirconate appears excellent mechanical and chemical stability, and also sufficient bulk
proton conductivity. It is considered as the promising material for SOFC applications!®!!.
However, two other important limitations exist in the noble metal element doped barium zirconate
(such as BaZrixYxOs3-5 (BZY)) on its usefulness!%!*]. The first one is, to obtain a dense material,
a high sintering temperature is required (up to 1700 °C), which is the reason of BaO pellet
sublimation and surface decomposition. Another one is, the overall conductivity is poor due to the
extremely high grain boundary resistance in this kind of material. In such case, there are many
complex technologies researched to prepare BZY electrolyte films in order to overcome the
conductivity limitation caused by high grain boundary resistance. This is the main method now in
the research to reduce the total electrolyte resistance and improve the fuel cell efficiency. But it
has not been achieved a suitable way so far. To solve the problem above, there is another way to
modify the materials used. Dope elements into the material to enhance the required function is
considered as the simplest and most effective way to control the solid electrolytes performance

without degrading other wonderful properties. Until now, there are many publications on this kind



of topic. Most of the published literatures are attempted on doped barium zirconate to improve
electrical properties. They have been focused on using various of doping elements (or sintering
aids) to improve the sinterability. It can also be helpful on BZY physical and chemical surface
appearance with reducing sintering temperature. For changing formulations, there are several
effective techniques of wet chemical pathways, such as sol-gel, combustion, co-precipitation,
peroxide processes 1411, Several sintering aids can also have the efforts on reducing the sintering
temperature of perovskite-type ceramics. However, there are only a few sintering aids which can
efficiently promote the zirconia-based perovskites densification in the liquid-phase to sinter at
lower temperatures such as Li>O, LiF, and ZnO?%%], Although this is the easiest way to obtain the
dense films, more work are still need to be taken in the future when using these fluxes. Because
their incorporation can have great affection on the mechanical and electrical properties of the
electrolyte. In the previous literature, it was found that with small amount sintering aids (about 1
wt.%) of ZnO, it can improve the BZY pellet's technical efficiency on manufacturing and reduce
the sintering temperature to 1400-1450 ° C without decreasing its electrical properties?>?*!. So in
this work, we researched about the effect of composition of the Ba;.«Zri., Y035 to the conductivity.
And we also researched about the effect of the powder bed method(PB) to the BZY surface

composition.

Figure 4.1 Bao.96Zr0.9Y0.103.5 + ZnO 1wt% of PB method before and after sintering at 1600 °C.



4.2 Experiment

BaixZriyYy0s3;5 (x = 0.02, 0.04) and (y = 0.1, 0.2, 0.3) were synthesized by solid state method.
BaCOgs, ZrO2 and Y203 were used as starting materials and weighed by stoichiometric ratio. The
weighed samples were mixed for 45 minutes and calcined from 1200 ° C to 1380 ° C for 24 hours,
respectively. The samples were characterized by XRD and then ball milled for 24 hours. Water or
acetone was used as the solvent. After that, they were dried under low pressure. After above steps,
the samples were mixed for 10 minutes, and structural analysis was performed by XRD. The
pellets were molded at 30 N for 2 minutes. The pelletized samples were fired for 5 hours (1400 °
C.-1600 ° C).

1 wt%, 2 wt% and 3 wt% of ZnO were added to the dried sample of Bao.9sZro.9Y0.103-5, and mixed
for 45 minutes, respectively. The samples molded into pellets at 30 N for 2 minutes, and the
density was calculated from the diameter, thickness and mass of the green pellets which were fired.
The samples were sintered from 1300 ° C to 1600 ° C. The density of the obtained sample was
calculated, and the rate of change in density was compared with the green pellets.

The sintered sample was formed using a diamond cutter, and platinum paste was applied to both
surfaces of the sample, and the platinum electrode was sintered at 800 ° C for 2 hours. The
conductivity of this sample was measured at 700-500 ° C under a humid atmosphere and a

hydrogen reducing atmosphere using an alternating current impedance method.



4.3 Results and discussions

First we synthesized the BaZri«YxO3-s (x=0,0.1,0.2) with solid state method. We measured the
samples with XRD method. Figure 4.2 is the XRD pattern of BaZr;xYxOs.5 at 1600°C. From the XRD
pattern, we could see that the target materials which took BaZrOs; as the mother phase were
synthesized. However, it was observed that the intensity of Y203 which was the impurity phase

increased according to the doping amount of Y.
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Figure 4.2 The XRD pattern of BaZri«xYxOsz.5 at 1600°C.
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Figure 4.3 The Lattice constant of BaZr1xYxOz3-s at 1600°C.

We calculated the lattice parameters of three samples from the XRD patterns. Figure 4.3 was the
Lattice constant of BaZr1.xYxO3-s at 1600°C. From figure 4.3, we could see that when the doping
amount of Y increased are from 0 to 0.1, the lattice parameter got higher obviously. Astoy =
0.1-0.2, the lattice constant did not change significantly considering the error bars. From

this result, we could conclude that to the solid state method under our experiment condition, it
was possible to synthesize when the Y doping amount was y = 0.1 because the lattice parameter
changed obviously. But as to the amount of Y was 0.2, it was difficult to obtain the target

products. So we focused on the conditions of the amount of Y was 0.1.
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Figure 4.4 The XRD pattern of Bai-xZro.9Y0.103-5(x=0, 0.04) at 1600°C for 5h.

Then we investigated the affection about the composition of Ba. We prepared two samples of
Ba1-xZro.9Y0.103-5 (X = 0, 0.04). Figure 4.4 shows the XRD pattern of Bai1xZro.9Y0.1035 (X =0,
0.04) sintered at 1600 ° C for 5 h. From the XRD patterns, we could see that the XRD peak of
two samples showed a single BaZrOs phase. That indicated the synthesis of Bai.xZro.9Y0.103-
5(x=0, 0.04) was successful. However, the peak of (222) Y03 was appeared in both samples at
around 29 °, and the relative intensities were 0.19 and 0.06, respectively. From this result, it was
considered that more Y** could be doped compared to Ba composition of 1 by changing the Ba

composition to 0.96.
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Figure 4.5 The Lattice constant of Bai-xZro.9Y0.103-5(x=0, 0.04) at 1600°C for 5h

Then we calculated the lattice constant of BaixZro.9Y0.1035 (x = 0, 0.04) which are sintered at
1600 ° C for 5 h from Fig. 4.4. The lattice constant decreased with decreasing the amount of Ba.
In the reference, there are some research on BaZrosY0.203-5 materials in which the Ba site was
similarly deleted, the lattice constant tends to decrease with decreasing the Ba composition(?®],
It could be the proof of our experimental result. This result was considered from the ion radius of
each element Ba, Zr, Y, and indicates that Ba?* (12 coordination) = 1.61 A, Zr** (6 coordination)
=0.72 A, Y®* (6 coordination) = 0.9 A, respectively. It was considered that lattice contraction had
occurred because Ba?*, which had the largest ionic radius, was taken out from the structure. These
results supported the stable existence of BaZrOsz even if it was in the state of being deficient in Ba
site, and think that it was possible to dope larger Y3* to Zr** site by deficient in Ba?* which was

the largest ion radius.
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Fig. 4.5 (a) The XRD pattern of Bao.osZro.96Y0.103-5 +3wt%Zn0O before sintering and after
sintering at 1300°C for 5h. (b) the expansion figure of 35°- 38°.

Next we introduced ZnO as the sintering aid into Bao.esZro.96Y0.1035. We compared the samples
of Bao.96Zr0.96 Y0.103-5 +3wt%Zn0O before sintering and after sintering at 1300°C for 5h. We also
take the XRD measurement for them. Figure 4.5 (a) is the XRD pattern of Bao.o6Zro.06Y0.103-
5 +Zn0O(1-3)wt% before sintered and after sintered at 1300 ° C for 5 h. An enlarged view is shown
at 35 ° -38 ° in Fig. 3.5 (b). In the addition range of ZnO 0-3 wt%, the relative density was
improved as the amount of ZnO increased. It was considered that the sinter ability was improved
because the ZnO was added as a sintering aid to become a liquid phase so that the particles were
easily diffused in the sinter process.

As for ZnO, it could be seen from Fig. 4.5 (b) that ZnO doped with 3 wt% relative
to Bao.osZro.96Y0.103-5 disappears after sintering. It was considered that ZnO was evaporated. So

that the ZnO peak was not detected by XRD measurement because it was evaporated or doped



with Bao.geZro.96Y0.103-5. However, when ZnO was added, the color of the pellet changed from

white to black. From the colour change, it was difficult to say that it has evaporated in general.
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Figure 4.6 XRD pattern of Bao.9sZro.9Y0.103-5 + ZnO (0-3) wt% sintered at 1500 ° C for 5 h.

Under the above experiment conditions, we synthesis the samples of Bao.96Zro.9Y0.1035 + ZnO
(0-3) wt% sintered at 1500 ° C for 5 h. Figure 4.6 shows the XRD patterns of each sample. From
these XRD pattern we could see that the ZnO peak was not detected in all samples. All the

samples were single phase which suggested the target samples were successfully synthesized.
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Figure 4.7 SEM image and relative density of Bao.gsZrooY0.103-5 + ZnO (0-3) wt% sintered at
1500 ° C for 5 h.

We took the SEM measurement for all the samples of Bao.9s6Zr0.9Y0.103-5 + ZnO (0-3) wt%
sintered at 1500 ° C for 5 h. Figure 4.7 is the SEM image and relative density of
Ba0.96Zr0.9Y0.103-5 + ZnO (0-3) wt% sintered at 1500 ° C for 5 h. From the SEM images, we
could obviously see that the pores were disappeared gradually with the amount of ZnO added in.
It was through melting mode of the Bao.g6Zr09Y0.103-5 + ZnO 3 wt% sample. The relative density
of each samples were also increasing with the ZnO doping in. The samples density of ZnO 2wt%
and 3wt% were all over 95%. And the sample density of ZnO 1wt% was nearly 90 %. They were
all appropriate to higher electric conductivity than the ZnO 0wt% samples.
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Figure 4.8 Electrical conductivities of Bao.9sZro.9Y0.103-5 + ZnO (0-3) wt% sintered at 1500 ° C

for 5 h in humid air atmosphere.

So, we took 4 samples to AC impedance analysis measurement. Figure 4.8 shows the electrical
conductivities in a humid air atmosphere. From Figure 4.8, we could see that when ZnO addition
amount was 1wt%, it showed the maximum value of all the electric conductivities in the
measurement temperature range (700-500 °C). However, when the added amount of ZnO
exceeded 2 wt%, the electrical conductivity was significantly reduced. These results showed that
the electrical conductivity could be improved by increasing the relative density up to 1 wt%.
However, at 2 wt% or more, the Zn component was present in a trace amount in BZY and it was
doped in BZY locally. It was thought that the perovskite structure was destroyed so that the grain

boundary resistance was increased. And the ZnO formed a resistive phase.
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Figure 4.9 Area analysis and spectrum of Bao.osZro9Y0.103-5 + ZnO 3wt% sintered at 1500 ° C for

5h.

Next we took the EDS measurement of Bag.geZrooY0.103-5 + ZnO 3wt% sintered at 1500 ° C for 5

h. Figure 4.9 shows the area analysis spectrum of Bao.96Zr0.9Y0.103-5 + ZnO 3wt%. From the

results of the area analysis, it was confirmed that a phase derived from Y>03 was deposited on

the surface of the pellet of Bag.9sZro.9Y0.103-5 + ZnO 3wt%. It was thought to be the reason of the

decrease in electrical conductivity in figure 4.8. The segregation of Y203 on the surface formed a

resistance phase. Further, it was considered that since Y** was removed locally, it did not act as a



dopant and decreased the electrical characteristics of the material. However, in the EDS, the Y**
excess phase was observed, while the Y** deficiency phase could not be identified. Thus, more

detailed investigation is required.

Ba osZ1,,Y,,0,; Baamount(PB) Ba amount Y amount(PB) Y amount
Zn0O 0wt% 0.98 0.97 0.1 0.1
ZnO 1wt% 0.97 0.84 0.1 0.11
ZnO 3wt% 0.83 0.66 0.26 0.3

Table 1 Ba composition by XRF analysis of Bao.ssZr0.9Y0.103-5 + ZnO (0-3wt%) powder sintered
at 1500 ° C for 5 h with and without PB method.

BaygeZrngY010,.5 Baamount(PB) Ba amount

Zn0O Owth 1.02 1.00
Zn0O 1wth 1.18 1.01
Zn0O 3wth 1.04 1.00

Table 2 Ba, Y composition by XRF analysis of Bao.g6Zro.9Y01035 + ZnO (0-3wt%) pellet surface
sintered at 1500 ° C for 5 h with and without PB method.

Table 1 is the Ba composition by XRF analysis of Bao.ssZro.9Y0.103-5 + ZnO (0-3wt%) powder
sintered at 1500 ° C for 5 h with and without PB method. From Table 1, we could see that the
evaporation of Ba was not seen under the sintering conditions in both methods. Table 2 is the Ba,
Y composition by XRF analysis of Bao.osZr0.9Y0.103-5 + ZnO (0-3wt%) pellet surface sintered at
1500 ° C for 5 h with and without PB method. From Table 2, it could be seen that the Ba
composition ratio decreased and the Y composition ratio increased with the addition amount of
ZnO in both methods. These results suggested that ZnO was related with the formation of the
Y203 phase on the pellet surface. In addition, the Ba composition ratio of the pellet surface of the

sample which was added with 3 wt% of ZnO sintered by the PB method and the pellet surface



sintered without PB method were 0.83 and 0.66, respectively. And the Y composition ratio was
0.26 and the other one was 0.27, respectively. From the above data, it was considered that the

formation of the Y203 phase on the pellet surface could be suppressed by the PB method.

/n Ba /r Y
Zn0O Owt% 0 0.96 0.9 0.1
/n0O 1wt% 0.042 0.96 0.9 0.1
/Zn0O 3wt%  0.11 0.96 0.9 0.1

Table 3 (1) Theoretical composition of Bao.ssZr0.9Y0.103.5 + ZnO (0-3wt%) sintered at 1500 ° C
for 5 h.

/n Ba /r Y
Zn0O Owt% 0 1.00 0.9 0.1
/n0O 1wt% 0.0019 1.01 0.9 0.1
/n0O 3wt% 0.0079 1.00 0.9 0.1

Table 3 (2) XRF composition of Bao.gsZr0.9Y 01035 + ZnO (0-3wt%) powder sintered at 1500 ° C
for 5 h.

Table 3 (1) and (2) compare the theoretical and experimental of each element composition in the
Ba0.96Zr0.9Y0.103-5 + ZnO (0-3wt%) samples with the XRF measurement. In figure 4.10, the
remaining amount was shown. As shown in Figure 4.10, in all the samples which ZnO was
added, a smaller amount of Zn remained than in Table 3 (2) even though the peak for Zn was not
detected. Considering the above results and the fact that ZnO peak was not detected in XRD, we
concluded that the ZnO was doped into BZY as amorphous. And since it had a tendency to

increase the lattice constant, it was doped in the interstitial. So the peak could not be confirmed

by XRD probably.
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Fig.4.10 Comparison of ZnO composition in Table 3 (1), (2).

We want to research about the effect of relative density due to suppression of Y precipitation on
the surface by the PB method. Table 4 is the relative density of Bao.ssZro9Y0.103-5 + ZnO (0-
3wt%) sintered at 1500 °C for 5h with and without PB method. As Table 4 result, all samples
showed similar values of relative density regardless with or without the PB method. It could be
concluded that the deposition of yttrium oxide on the surface did not affect the improvement of
the density. Fig.4.11 is the lattice constant of Bao.ssZr0.9Y0.103-5 + ZnO (0-3wt%) sintered by PB
method at 1500 °C for Sh. Compared with the lattice parameters of Bag.esZr0.9Y0.103-5 + ZnO (0-
3wt%) sintered at 1500 °C for Sh without PB method, there was only a little difference which
was considered as the composition of Ba changed. From this result, it could be expected that the
decrease in electrical conductivity caused by adding ZnO at 2 wt% or more could be avoided.

And powder bed method could prevent the BaO pellet sublimation and surface decomposition.



Relative density Relative density (PB)

ZnO Owth 74.40% 72.50%
ZnO 1wth 86.70% 86.00%
ZnQO 2wth 95.60% 96.00%
ZnQO 3wt 99.60% 99.10%

Table 4 The relative density of Bao.esZrosYo10s- + ZnO (0-3wt%) sintered at 1500 °C for 5h

with and without PB method.
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aaaaaaaa

Fig.4.11 The lattice constant of Bao.geZro.9Y 01035 +ZnO (0-3wt%) sintered by PB method at

1500 °C for 5h.



4.3 Conclusion

In this part of work, we synthesized the Bai.xZriyYyOs.5 (x = 0.02, 0.04) and (y = 0.1, 0.2, 0.3)
samples successfully and researched about the experiment conditions with XRD measurement. It
was confirmed that the Bao.osZr0.9Y0.103-5 was the best condition. Then we added the ZnO as the
sintering aid to obtain the Bao.9sZro9Y0.103-5 + ZnO (0-3wt%) samples sintered at 1500 °C for
5h. We took XRD, and AC impedance analysis measurements to research about the affection of
Zn0O added into the samples. From the result, we could see that ZnO was effective as a sintering
aid. As a result, the relative density could reach 99.6% of Bao.96Zro.9Y0.103-5 + ZnO 3wt%. And
the electrical conductivity of BaogsZrosYo1035 + ZnO 1wt% sample was the highest. It was
considered that the reason was the perovskite structure was destroyed so that the grain boundary
resistance was increased.

Then we tried to prevent BaO pellet sublimation and surface decomposition with powder bed
method. XRD showed that ZnO was not confirmed as a peak after sintering, but XRF showed that
a small amount of Zn remained. Therefore, it was thought that ZnO was amorphous or existed
between lattices. From EDS result, it was found that Y precipitation on the pellet surface could be
suppressed by the PB method. It is hoped that powder bed method could prevent the BaO pellet

sublimation and surface decomposition in the future work.
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Chapter 5. Summary

In the first part of work, we synthesis the CeixLaxO2s ( x = 0.1~ 0.5) samples with the co-
precipitation method. We research about the starting conditions about the ratio between metal ion
and precipitating reagent are 1:20, 1:15 and 1:5, respectively. We can see with three kinds of
conditions, the XRD has no difference about the final products. But the relative densities are
different with the amount of the starting materials. Then we use SEM measurement to check about
the surface of the powders sintered at 600 °C for 1h and pellets sintered at 1500 °C for 5 h,
respectively. We can conclude that with the powders sintered at 600 °C for 1h, for the 1:15 powder
sample, the particle diameter and the topographical features are both uniform than the other two.
To the pellets sintered at 1500 °C for 5 h, the 1:15 pellets, the particle size is uniform and there is
no obviously pores on the surface. We can conclude that the particle size of the calcined particles
is related with the starting material concentration and the best conditions are 1:15 about the ratio
of metal ion and precipitating reagent.

Then we synthesis the Ce1xLaxO2-5 (x = 0.1- 0.5) samples under this condition. We measured the
XRD. We can see that all the samples appeared a single phase in the XRD patterns. But when we
calculated the lattice parameters of each sample, the experimental data is not fit with the theoretical
one. So we suspect that there is a structure change at x=0.3 of CeixLaxO2.5 (x =0.1—0.5) samples.
In the second part of work, the changes in local structures of CeixLnxO2.5 with Ln (La, Gd) doping
were investigated. XAFS was successfully used to clarify the coordination environments around
Ce and the dopant La and Gd. For LDC, La coordination was maintained at 7, and Ce coordination
decreased from 8 to 6. It was speculated that because a superstructure would be formed which was
more like a pyrochlore structure in LDC at x>0.3, the oxygen vacancies could be attracted by the
larger La**. For GDC, the coordination numbers for Gd and Ce decreased from 8 to 6. In the GDC,
oxygen vacancies had no preference for Ce or Gd coordination.

We also combined XRD results and EXAFS results together. These results explained the changes

in the lattice parameters for both LDC and GDC. The local structure change model was designed



and the electric conductivity change at each stage of Ln (La, Gd) doping was explained. In future
studies, these results can be applied to other materials.

In the third part of work, we synthesis the Bai.xZriyYyO3.s (x = 0.02, 0.04) and (y = 0.1, 0.2, 0.3)
samples successfully and researched about the experiment conditions with XRD measurement. It
is confirmed that the Bag.96Z10.9Y0.103-5 is the best condition. Then we add the ZnO as the sintering
aid to obtain the Bao.96Z10.9Y0.103-5 + ZnO (0-3wt%) samples sintered at 1500 °C for 5h. We took
XRD, and AC impedance analysis measurements to research about the affection of ZnO added
into the samples. From the result, we could see that ZnO was effective as a sintering aid. As a
result, the relative density could reach 99.6% of Bao.g6Zro.9Y0.1035 + ZnO 3wt%. And the electrical
conductivity of Bao.geZro.9Y0.103-5 + ZnO 1wt% sample was the highest. It was considered that the
reason was the perovskite structure was destroyed so that the grain boundary resistance was
increased.

Then we tried to prevent BaO pellet sublimation and surface decomposition with powder bed
method. XRD showed that ZnO was not confirmed as a peak after sintering, but XRF showed that
a small amount of Zn remained. Therefore, it was thought that ZnO was amorphous or existed
between lattices. From EDS result, it was found that Y precipitation on the pellet surface could be
suppressed by the PB method. It is hoped that powder bed method could prevent the BaO pellet

sublimation and surface decomposition in the future work.
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