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CHAPTER I

INTRODUCTION

1.1 Introduction

At present, the increasing of energy demand all over the world is significantly

attributed to the diminishing of fossil fuel reserves such as oil, coal and natural

gas. Experts forecast that oil reserves will exhausted in approximately 30 or 40

years, while the demand of energy has been continually increasing. Alternative

energy sources, such as solar, wind, hydrogen and biomass, may be one of the

best approaches to decline the world energy crisis. Among them, hydrogen and

biomass have gained attention as a clean and efficient source of power.

A fuel cell is an energy conversion device that converts the chemical reaction

of an alternative energy source mentioned above and an oxidant into the electrical

energy, which has an electrochemical mechanism similar to a battery. However,

the main difference between fuel cell and battery is the fuel supply management.

Fuel cells consume externally supplied fuels and continuous electricity as long as

the fuels are supplied, whereas batteries use internal fuels and must be disposed

after its chemicals are used up [1]. A number of progresses have been done on

the development of fuel cell technology during the last several decades. However,

the complicated system and high cost are the major constraint of this technology

(for examples, fuel cells require proper materials for electrolytes and electrodes; as

well as expensive metal catalysts). Therefore, there are still a lot of improvement

needed to make fuel cell technology become reality.
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1.2 Motivation for Direct Ethanol Fuel Cell

Pure hydrogen gas (H2) is a typical fuel used in fuel cells; however, it is not a

natural fuel. The production, storage and transportation of the hydrogen gas are

still under development. As a result, all of these problems stimulate researchers to

feed liquid fuel directly to fuel cells instead. One of the potential fuels, which has

been investigated, is methanol due to its high electrochemical activity compared

to other liquid fuels. Nevertheless, methanol (CH3OH) is not only harmful for

human but also exhibits carbon monoxide as a by-product into the atmosphere.

Almost all the methanol made today is produced from methane by the Syngas

method, which is converted to carbon monoxide and hydrogen and then formed

into methanol.

Ethanol (C2H5OH) is another promising alternative fuel due to its non-toxicity,

natural availability, high power density and feasibility in storage and transporta-

tion. As a result, direct ethanol fuel cells (DEFC) have become an alternative

energy converter to convert ethanol and oxygen into the electricity. Performance

of DEFCs have been explored extensively; however, the main challenges of DEFC

on the kinetic and ethanol cross over are still under consideration [2, 3].

1.3 Motivation for Proton Conducting Oxide

Acceptor-doped perovskite types AB1−xMxO3−δ with A= Ca, Sr, Ba; M= Ce,

Zr; M= Y, Sc, Ln, etc. exhibit a proton conduction ability over an intermedi-

ate temperature range of 250-600◦C. Among these oxides, researchers found that

materials based on SrCeO3 [4] and BaCeO3 [5] show a high proton conductivity.

However, these materials are unstable at high temperatures which inturn could

cause a severe problem for fuel cell applications. Therefore, the proton conductor
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based on Y-doped BaZrO3 (BYZ) is chosen for this study due to its high bulk

proton conductivity compared with other oxides and high chemical stability in

the fuel cell environment. The comparison of proton conductivities of perovskite

oxides calculated from their proton concentrations and mobilities is shown in Fig

1.1.

According to the calculation in Fig 1.1, Y-doped BaZrO3 (BYZ) shows slightly

higher proton conductivity than that of BaCeO3. The chemical stability of BYZ

is also higher than BaCeO3 because of the higher electronegativity of Zr than Ce

and the stronger of the Zr-O covalent bonds [6].

Figure 1.1: The calculation of proton conductivity in various oxides.[6]
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1.4 Research Objectives

The main objectives of this study are to fabricate and measure the proton con-

ductivities of BYZ pellets and thin films electrolytes at different doping concentra-

tions for intermediate temperature DEFC electrolytes. The correlation between

dopant concentration, microstructure and proton conductivity are subsequently

studied. The scope of this study is divided into three objectives as followed:

1. To prepare BaZr1−xYxO3−δ pellet samples with x = 0.06, 0.1, 0.2, 0.3 and

0.4 by solid state reaction method. The influence of Y2O3 particle size and Y

content to the physical properties of BYZ pellets are subsequently analyzed.

2. To fabricate BYZ thin films by two sputtering methods: (i) co-sputtering,

(ii) 2-step of sputtering. The influence of the fabrication processes on the physical

properties are inspected.

The physical properties investigated are comprised of the particle size (Light

scattering technique), phase (X-ray diffraction), density (Archimedes method)

and microstructure (Scanning electron microscopy and Field emission scanning

electron microscopy).

3. To determine proton conductivities of BYZ pellets and thin films by the

electrochemical impedance spectroscopy (EIS) technique. The effect of sintering

and fabrication process are investigated on the proton conductivities of BYZ pel-

lets and thin films, respectively. In this study, the proton conductivity is measured

at a temperature range of 250-600◦C in various atmospheres (air, dry H2:7% H2

in Ar and wet H2: 7% H2 in Ar).
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1.5 Thesis Organization

This work entitled Proton Conductivity on Y-doped BaZrO3 for Intermediate

Temperature Direct Ethanol Fuel Cell is divided into 6 chapters.

Chapter 1 is the introduction and motivations.

Chapter 2 provides backgrounds and literature reviews which are necessary for

this study. The overviews of fuel cells, proton conducting electrolytes, thin film

deposition processes etc. are elaborated and summarized.

The pellets and thin films fabrication processes are illustrated, and the char-

acterization methods and instruments for both pellet and thin film samples are

also introduced in Chapter 3.

Chapter 4 presents the effect of Y doping concentrations, sintering processes

and EIS measurement conditions on the proton conductivities of BYZ pellets.

The proton conductivities are subsequently compared to the results from previous

reported literatures.

Chapter 5 presents the physical properties of BYZ thin films deposited by the

co-sputtering and 2-step sputtering techniques. The proton conductivities of the

BYZ thin films are then discussed and compared to the results of BYZ pellets in

Chapter 4.

Finally, Chapter 6 includes the conclusion of these studies and the suggestions

for future works.



CHAPTER II

LITERATURE REVIEWS

This chapter includes the backgrounds and literature reviews of the proton

conducting oxide electrolyte studies. An overview of fuel cells and proton con-

ducting electrolytes, Y-doped BaZrO3 (BYZ), are then elaborated. Finally, the

thin film deposition processes and the deposition parameters which affect the thin

film properties are introduced.

2.1 State-of-Art of Fuel Cell

2.1.1 What is a fuel cell ?

A fuel cell is an energy conversion device which converts the chemical energy of

fuels and oxidants directly into the electrical energy. The main difference between

a fuel cell and battery is that a fuel cell will continue to produce electricity as long

as the fuel is supplied, while the battery use internal fuels and must be disposed

after its chemicals are used up.

A fuel cell consists of three main components: the cathode, anode and elec-

trolyte. The basic physical structure of fuel cell consists of an electrolyte layer in

contact with a porous anode and cathode on each side. Fuels and oxidants are

supplied to the anode and cathode, respectively. The conducting ions produced

from the fuels/oxidant from one electrode migrate across the electrolyte to react

with the oxidant/fuel on the other electrode. Electricity is then obtained as a

product of redox reactions.
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Five major types of fuel cells have been catagorized. [7].

(1) Alkaline fuel cell (AFC)

(2) Molten carbonate fuel cell (MCFC)

(3) Phosphoric acid fuel cell (PAFC)

(4) Proton exchange membrane fuel cell (PEMFC)

(5) Solid oxide fuel cell (SOFC)

The state-of-art of fuel cells is dominated by two main technologies as illus-

trated in Fig 2.1 : (i) solid oxide fuel cells (SOFCs) and (ii) proton exchange

membrane fuel cells (PEMFCs).

Figure 2.1: Comparison between operational mechanism of SOFC and PEMFC

¦ An SOFC is one type of fuel cell which operates at high temperatures

(> 800◦C) and has oxygen ions (O2−) as ionic charge carriers. The half reactions

at the electrodes are shown below (Eq. 2.1):

Anode : H2 + O2− → H2O + 2e−

Cathode :
1

2
O2 + 2e− → O2−

(2.1)



8

¦ An PEMFC is another type of fuel cells which operates at low tempera-

tures (25-100◦C)and uses a polymeric membrane (Nafionr) as an electrolyte. The

electrolyte enables protons to transport to the other side of electrode. The half

reactions in a H2-O2 PEMFC are given below (Eq. 2.2):

Anode : H2 → 2H+ + 2e−

Cathode :
1

2
O2 + 2H+ + 2e− → H2O

(2.2)

2.1.2 Direct ethanol fuel cell

Direct ethanol fuel cell (DEFC)(Fig 2.2) is another fuel cell technology, which

works similarly to the PEMFC but use ethanol as a fuel instead of hydrogen.

Ethanol, a liquid fuel, is an attractive alternative fuel because of the following

reasons: (i) non-toxicity (ii) natural availability (iii) the feasibility in the produc-

tion, storage and transportations and (iv) high power density.

Ethanol is fed directly through the anode. Protons (H+) which are created

from the oxidation process of ethanol molecules on the anode, migrate across the

electrolyte to react with oxygen molecules on the cathode. The free electrons

transport from the anode to the cathode through an external circuit. The elec-

trochemical reactions in the DEFCs are given below (Eq. 2.3):

Anode : C2H5OH + 3H2O → 2CO2 + 12H+ + 12e−

Cathode : 3O2 + 12H+ + 12e− → 6H2O

Total reaction : C2H5OH + 3O2 → 2CO2 + 3H2O

(2.3)
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Figure 2.2: Illustration of direct ethanol fuel cell (DEFC)

This study mainly focuses on the fabrication and properties of electrolytes for

the intermediate temperature DEFC. To achieve high performance and efficiency,

the electrolytes must meet the following requirements [7]:

¦ High protonic conductivity

¦ Low electronic conductivity

¦ High stability (in both oxidizing and reducing environments)

¦ Low fuel cross over

¦ Reasonable mechanical strength

Nafionr membranes are commonly used as electrolytes in the DEFCs due to

their high H+ conductivity even at low temperatures. However, their proton con-

ductivity is primarily dependent on the water content in the membrane. Thus,

the working temperature of the DEFCs is usually less than 100◦C. However, since

Nafionr gives drawbacks on the water flooding and ethanol crossover problems,

several attempts have been made to solve these problems and improve its perfor-

mance.
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In 2005, Mathuraiveeran et al. [8] pointed out the possibility of using the

composite membranes based on sulphonated poly(etheretherketone) (sPEEK) as

DEFC electrolyte instead of Nafionr. The sPEEK membranes were prepared

by a normal casting and solvent evaporation process with different silane mod-

ifier: I-imidazole, P-phosphato, A-amino and G-glycidly. The results were re-

vealed that the membrane modified with phosphatosilane showed the least ethanol

crossover. On the other hand, the membrane which was modified with imidazole-

silanes showed the highest proton conductivity. Moreover, they found out that the

sPEEK membrane incorporated with HAp have the ethanol permeability lower

than Nafionr 117.

Song et al. [9] compared the fuel cell performances by feeding ethanol into two

fuel cell systems: SOFC and PEMFC. They found that the direct ethanol SOFC

(800◦C) exhibited ten times higher performance than PEMFC (90◦C). Further-

more, the performance of PEMFCs with different types of fuel: ethanol, methanol

and hydrogen were compared. The results showed that the single DEFC had the

worst performance among all fuel cell types which resulted from the slower kinetic

of ethanol oxidation compared to those of hydrogen and methanol.

The further study by Song et al. in 2007 [3] showed the conversion rate of

the ethanol oxidation by thermodynamic calculations. They reported that when

the temperature is less than 100◦C, the maximum possible conversion for the

reaction conversion of ethanol to CO2 and H2O in DEFC was less than 14%.

As a consequence, the DEFC efficiency was inevitably decreased. Moreover, the

low operating temperature gave some disadvantages on the low fuel conversion,

slow electrode kinetic, CO poisoning of the electrocatalyst, which in turn cause the

demand for high catalyst loading. Therefore, they suggested that DEFC should be

operated at T>150◦C, at which the complete oxidation conversion was observed.
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2.1.3 Fuel cell performance

The performance of a fuel cell can be analyzed from the current-voltage (I-V)

curve, which shows the voltage output of the fuel cell at a given current. An ideal

fuel cell can always maintain at a reversible voltage no matter how much current

is extracted. However, because of several irreversible losses, a typical fuel cell

cannot maintain its reversible voltage during its operation. There are three main

types of fuel cell losses [7].

¦ Activation losses—(due to the electrochemical reactions on the electrodes)

¦ Ohmic loss—(due to ion movement across the electrolyte and electronic

carrier movement at the electrodes)

¦ Concentration loss—(due to the supply of reactant and the removal of

products of the fuel cell)

The typical I-V curve of the fuel cell is shown in Fig 2.3. The actual voltage

output of the fuel cell at a given current output can be calculated as given in

Eq.2.4 [7] .

Figure 2.3: Schematic of fuel cell I-V curve.[10]
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V = Ethermo − ηact − ηohmic − ηconc (2.4)

where V = actual output voltage of fuel cell

Ethermo = thermodynamically predicted fuel cell voltage output

ηact = activation losses due to reaction kinetics

ηohmic = ohmic losses from ionic and electronic conduction

ηconc = concentration losses due to mass transport of reactants

and products
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2.2 Proton Conducting Solid Electrolyte

Among the proton conductors, acceptor-doped BaZrO3 have drawn much at-

tention since its high proton proton conductivity was first reported by H.Iwahara

et.al [11]. Yttrium-doped BaZrO3 (BYZ) is one of the promising proton conduc-

tor for fuel cell application because of its high bulk proton conductivity and high

chemical stability in CO2 atmosphere [12].

2.2.1 BaZrO3 structure

Barium zirconate (BaZrO3) has a perovskite crystal structure of ABO3 chem-

ical formula. The Ba2+ and O2− form an FCC lattice while Zr4+ occupies the

octahedral interstitial sites in the FCC unit cell. At temperature above 120◦C,

the crystal structure is cubic with a lattice parameter of 4.193 Å [13]. A unit cell

of BaZrO3 structure is shown in Fig 2.4.

Figure 2.4: A unit cell of BaZrO3: the perovskite structure.
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2.2.2 Protonic defect formation in Y-doped BaZrO3

The defect reaction in Eq.2.5, as Y is doped into BaZrO3, yttrium atoms will

substitute in the Zr sites which cause the formation of oxygen vacancies [14].

2BaO + Y2O3 −−−−−→
2BaZrO3

2Bax

Ba
+ 5Ox

O
+ 2Y

′

Zr
+ V ••

O
(2.5)

Y-doped BaZrO3 first attains the protons from water vapor [15, 16]. When

a water molecule dissociates into a hydroxide ion (OH−) and proton (H+) (Eq.

2.6). The oxygen atom in an hydroxide ion fills an oxygen vacancy in the BYZ

structure. while the proton forms a covalent bond with the nearby oxygen lattices.

H+ atom can then hops to the next oxygen ion throughout the BYZ structure (Fig

2.5).

H2O (g) + V ••

O
+ Ox

O
←→ 2OH •

O
(2.6)

Figure 2.5: Illustration on migration of proton in perovskite oxide.[17]
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2.2.3 Proton conductivity of Y-doped BaZrO3

A number of researchers have studied the proton conductivity of yttrium-

doped BaZrO3 (BYZ). The proton conductivity data of BaZr1−xYxO3−δ has been

reported on various synthesis methods and measurement conditions.

In 1993, Iwahara et al. [17] studied the proton conductivity of sintered oxides

based on calcium, strontium and barium zirconate doped by Ga, In, Nd, Y or Dy.

The proton conductivity was measured in the hydrogen atmosphere. The results

revealed that the BaZrO3-based ceramics showed higher conductivity than calcium

and strontium based-oxides. Moreover, the doped specimens BaZr0.95Y0.5O3−δ

(M=Ga, In, Y, Nd, Dy) showed higher conductivities than that of pure BaZrO3.

In 2001, Kreuer et al. [15] studied the mobility and stability of protonic

defect in acceptor-doped perovskite type oxides (ABO3) (i.e. SrTiO3, SrZrO3,

BaZrO3 and BaTiO3 systems). They found that the the formation and mobility

of protonic defects were sensitive to the type of acceptor dopants. The highest

proton conductivity was observed in Y-doped BaZrO3 in spite of its significantly

bigger ionic radius of Y3+ compared to Zr4+. At 250-700◦C, the observed proton

conductivities were in range 1.9x10−3 Scm−1 - 3.2x10−2 Scm−1, which clearly

exceeded the oxide ion conductivities.

In 2004, Snijkers et al. [14] investigated the proton conductivity of sintered

BaZr0.9Y0.1O3−δ samples by electrochemical impedance spectroscopy. The samples

were prepared by solid state reaction method with varying Ba-content (stoichiom-

etry and excess BaCO3). The group tested the conductivity in the temperature

range of 25-900◦C with 50% relative humidity. They found that conductivity of

samples produced with excess BaCO3 was increased by 1 order magnitude with

respect to that of stoichiometric samples. At 25-300◦C, the conductivity was

dominated by proton conduction. Proton conductivity obtained in their study
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was varied from 1.5x10−7 Scm−1 at 100◦C to 1x10−3 Scm−1 at 500◦C.

In 2007, Iguchi et al. [18] fabricated Y-doped BaZrO3 samples with the doping

concentrations ranging from 5 mol% to 15 mol% at various annealing tempera-

tures. The correlations between the doping concentration of Y-doped BaZrO3,

microstructure and grain boundary conductivity were subsequently investigated.

The results showed that by increasing the Y concentration to 15 mol%, the average

grain diameter was increased by four times, and the grain boundary conductiv-

ity was increased by three orders of magnitude. The total conductivities of the

samples were varied from 1x10−6 Scm−1 at 350◦C to 4x10−4 Scm−1 at 550◦C.

In 2008, Cervara et al. [19] studied the effect of morphological and structural

changes upon annealing on the proton conductivity of 20 mol% Y-doped BaZrO3

nanograined samples. The proton conductivity of the sample annealed at 800◦C

with 10 nm grain size was about 8.7x10−6 Scm−1. The higher conductivity was

observed with increasing annealing temperatures due to the higher grain boundary

contact and better yttrium distribution from the grain interior to grain boundary.

The total proton conductivity at 500◦C of the sample annealed at 1250◦C and

1500◦C were 2x10−3 and 4x10−3 Scm−1 with grain sizes of about 50 nm and 200

nm, respectively.
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2.2.4 Sintering property of Y-doped BaZrO3

A dense Y-doped BaZrO3 (BYZ) sample is usually achieved after sintering at

temperatures higher than 1700◦C [20]. The high sintering temperature of BYZ is

primarily caused by the high melting point of BaZrO3 (Fig 2.6). Several attempts

have been done to lower the BYZ sintering temperature.

Figure 2.6: Phase diagram of BaZrO3 [20].

As observed by Babilo et al. [21], the high sintering temperature can reduce the

proton conductivity due to the loss of Ba from the BaO evaporation. Therefore,

to improve the performance of BYZ, the sintering temperature should be lowered.

Several researches have found that adding ZnO as a sintering aid could effectively

enhance the sintering property of BaZrO3 and lower the sintering temperature

down to less than 1400◦C.

Babilo and Haile investigated the influence of transition metal oxide as an

additive on the densification and electrical properties of Y-doped BaZrO3. They
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found that 4 mol% NiO, CuO and ZnO effectively enhanced the densification of

BaZr0.85Y0.15O3−δ sintered at 1300◦C , rising from 60% to ∼86-93%. In contrast,

other additives such as V, Cr and Fe were substantially worsened the densification

behavior.

Another attemp to lower the sintering temperature of BaZr0.8Y0.2O2.9 was

reported by Tao et al. [22]. By adding 0.02-0.12 wt% of ZnO, the sintering tem-

perature can be reduced to 1325◦C, and ∼95% relative density was achieved. The

proton conductivities were subsequently measured in various atmospheres (air, dry

H2 and wet H2 /Ar ). The results showed that the conductivities of the samples

with 1 wt% ZnO addition were higher than those without ZnO. Furthermore, the

conductivities of samples measured in wet 5% H2 were higher than those measured

in dry 5% H2, which in turn confirmed the proton conduction in BaZr0.8Y0.2O2.9.

In 2009, Peng et al.[23] studied the sintering temperature of BaZr0.85Y0.15O3−δ

with the addition of 1 wt% ZnO. The samples were sintered in air at temperatures

in a range of 1350-1500◦C. They observed that the grain size increased from 1 µm

4 µm with increasing sintering temperature from 1350◦C to 1500◦C, respectively.

Moreover, BaZr0.85Y0.15O3−δ sintered at 1500◦C and 1650◦C showed the similar

activation energy of the bulk proton conductivity, and the sample sintered at

1650◦ exhibited the bulk proton conductivity in the order of 10−2 Scm−1.
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2.3 Background on The Sputtering Techniques

The sputtering technique has many advantages in terms of the uniformity, low

deposition temperature and low contamination. In this study, Y-doped BaZrO3

(BYZ) thin films are deposited by: (i) co-sputtering and (ii) 2-step sputtering

methods. The properties of thin film mostly depend on the processing parameters

such as power, pressure, substrate temperature etc; therefore, the principle of the

sputtering technique and the variable parameters must be understood.

The basic mechanism of the sputtering technique is given in Fig 2.7. A target

and substrate are placed on the anode and the cathode, respectively. The process

begins by bombarding the surface of the target by a noble gas (commonly Ar)

passing through the anode and cathode under high electromagnetic field. The

magnetic field induces ionization and plasma of positive ions and electrons. The

positive ions are then accelerated and bombarded the target. The atoms ejected

from the target are accelerated and subsequently deposited on the substrate [24].

Figure 2.7: Schematic representation of the sputtering deposition system [25].
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There are four major types of the basic sputtering systems: (i) DC sputtering,

(ii) RF sputtering, (iii) Magnetron sputtering and (iv) Reactive sputtering. This

Chapter includes the background of the first three methods.

2.3.1 Direct current (DC) sputtering

The dc sputtering is a basic sputtering technique using a DC power supply.

This technique is only applicable to the deposition of conductive materials. The

schematic of this DC sputtering system is shown in Fig 2.8.

Figure 2.8: Schematic of the DC sputtering system [26].

The system is consisted of a pair of electrodes, a target (on the cathode), and

a substrate (on the anode). After high bias is applied, secondary electrons from

the target surface are accelerated. These high energy electrons collide with atoms,

resulting in the ejection of target atoms in form of ions. The target atoms are

then deposited on the substrate surface.
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2.3.2 Radio frequency (RF) sputtering

RF sputtering technique can be used to deposit non-conductive films such as

SiO2, Al2O3, BaZrO3. The schematic of the RF sputtering is shown in Fig 2.9.

Figure 2.9: Schematic of the RF sputtering system [26].

By using an RF generator, the sinusiudally alternative voltage is applied be-

tween cathode and anode. In the alternative voltage cycles, the Ar ions are

accelerated to the target surface with enough energy to cause sputtering. The

alternative voltage frequency typically used for this sputtering technique is 13.56

MHz (which is in a radio frequency range).

2.3.3 Magnetron sputtering

The magnetron sputtering can be applied to both the DC and RF sputtering

systems. The principle of magnetron sputtering is to add a magnet of 200 Gauss

behind the target in order to trap the free electrons around the vicinity of the

target, which can sequentially enhance the sputtering deposition rate by increasing

the ionizing effect. This mechanism provides the advantage of trapping not only

the free electrons, but also the charged species on the target surface, which in

turn improve the film uniformity and homogeneity.
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2.4 Parameters in The Sputtering Technique

A variety of parameters which significantly affect the film properties and depo-

sition rates include substrate material, partial pressure and substrate temperature.

The effect of each parameter is described below.

2.4.1 Substrate materials

The physical properties of substrate materials such as their melting point and

thermal expansion coefficient are crucial factors on the film growth. Low melting

point materials such as plastic or polymer are not suitable to be deposited on

the substrate. The large amount of heat generated during sputtering process can

cause these materials to melt. In additions, the large difference of the thermal

expansion coefficients between the substrate and film can cause film cracks. Table

2.1 summarizes the melting point and thermal expansion coefficients of materials

which are normally used as substrates in the sputtering process.

Table 2.1: The melting points and thermal expansion coefficients of some substrate

materials [27, 28].

Substrate Melting point Thermal expansion coefficient

material (◦C) (10−6K−1)

Al (f.c.c.) 660 23.5

Au (f.c.c.) 1064 14.1

Fe (γ) 1534 >14.6

BaZrO3(perovskite) 2600 7.8

Si 1412 7.6

Si3N4(β) (hexagonal) 2442 2.11
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In this study, Y-doped BaZrO3 thin films were deposited on Si wafers with 700-

nm SiO2 surface layers which have a high melting point and matching thermal

expansion coefficient. Furthermore, to prevent the Si diffusion which could cause

the drop of conductivity, 700 nm SiO2 surface layer is used as a buffer layer

between Si wafer and BYZ thin film.

2.4.2 Partial pressure of Ar

The partial pressure of ionized gas ( or also known as the sputtering gas pres-

sure) affects the mean free path of the atom which indicates the probability of

collisions among gas molecules.

Argon is a common choice of the sputtering gas. At low partial pressure of

Ar, fewer gas molecules collide with one another, therefore, gas molecules can

directly transport to the surface of the film. On the other hand, at high pressure,

due to higher number of gas molecules contained in the chamber, there is more

probability of gas molecule collisions. These collisions can slow down the gas

movement and also reduce the energy of the gas molecules, which in turn affect

the deposition rate and properties of the deposited film.

2.4.3 Substrate Temperature

Substrate temperature mainly impacts on the composition, structure and mor-

phology of the film. The density and uniformity of the deposited film can be

improved by increasing the substrate temperature. Furthermore, the substrate

temperature can substantially affect the atom mobility and the rate of chemical

reaction on the the substrate.
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EXPERIMENTAL METHODS AND

CHARACTERIZATION TECHNIQUES

In this chapter, the fabrication technique of Y-doped BaZrO3 (BYZ) dense

pellet and thin film samples are discussed, and the characterization methods for

the physical properties of both pellet and thin film samples are introduced. In

this study, the physical properties of the starting powders and samples were ex-

amined by particle size distribution (PSD), archimedes method, X-ray diffraction

(XRD), scanning electron microscope (SEM) and field emission scanning electron

microscope (FE-SEM). Lastly, the proton conductivity was measured by electro-

chemical impedance spectroscopy technique (EIS).

3.1 Pellet Samples Preparation

BaZr1−xYxO3−δ pellet samples with x= 0.06, 0.1, 0.2, 0.3 and 0.4 were pre-

pared by the solid state reaction [18, 22] (Fig 3.1). The starting raw mate-

rials were BaCO3 (Baker, purity: 99.99%), 3 mol% Yttria Stabilized Zirconia

(YSZ)(TOSOH : 99.9%), micro-Y2O3 (ALDRICH : 99.9%) and nano-Y2O3 (<50

nm ALDRICH : 99.99%). The experiments were consisted of two parts as follow:

(i) micro-Y2O3-BYZ pellets:

Micro-Y2O3, BaCO3 and 3 mol% YSZ powders were used to prepare pellets.

(ii) nano-Y2O3-BYZ pellets:

Nano-Y2O3, BaCO3 and 3 mol% YSZ powders were used to prepare pellets.



25

The raw powders were mixed and ball-milled in isopropanol using zirconia

balls of 5 mm diameter. The mixed powder was then dried at 105◦C and cal-

cines at 1400◦C for 10 h. Table 3.1 shows the mass loss occurs after calcination,

corresponding to the removal of carbonates.

Table 3.1: Mass loss after calcination at different dopant concentrations

Y content (at%) Mass loss(%)

6 15.3

10 15.1

20 21.6

30 13.1

40 13.4

Subsequently, 1 wt% ZnO were added to the calcined powder as an additive in

order to lower the sintering temperature as suggested by S.Tao [22] and P.Babilo

[30]. The calcined powder was again ball-milled for 24 h for homogeneity. The

pellet with a diameter of 13 mm were formed by uniaxial pressing at 20 MPa,

followed by the cold isostatic pressing at 220 MPa. The pellets were then sintered

at 1400◦C for 10 h in air. The influence of Y2O3 particle size on the physical

properties of BYZ pellets was subsequently studied.
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Figure 3.1: Experimental procedure of pellet sample preparation



27

3.2 Thin Film Fabrication

3.2.1 Sputter deposition

The sputtering equipment used in this work is ATC 2000-F sputtering sys-

tem (AJA) located at the National Electronics and Computer Technology Center

(NECTEC)(Fig 3.2). Top and side views of the system are displayed in Fig 3.3.

The system consists of three sputtering guns, of which angles the desired Z-axis

position of the substrate could be optimized. The substrate is placed on a ro-

tating stage above the target in the center of the chamber and heated by quartz

lamp from behind. The vacuum system is composed of a mechanical rotary pump

(ALCATEL) and turbo-molecular pump (Shimazu, TMP-803-LM). The vacuum

process is monitored and controlled by Pinari gauge(1 atm-10−2 mbar), Baraton

gauge (10−2-10−6 mbar), and Ion gauge (10−4-10−10 mbar).

Figure 3.2: Schematic of AJA the sputtering system
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Figure 3.3: Top and side views of AJA sputtering system
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3.2.2 BYZ sputtering methods

In this work, Y-doped BaZrO3 (BYZ) thin films were fabricated by using two

different sputtering methods.

¦ Method 1 (M1): Co-sputtering of Y and BaZrO3 targets

¦ Method 2 (M2): 2-step sputtering of Y-BaZrO3 target

Method 1 (M1)

The BYZ thin films were deposited by co-sputtering of Yttrium (Y) and

BaZrO3 targets. The Yttrium sputtering was carried out with the direct cur-

rent (DC) power supply system, whereas the radio-frequency (RF) power supply

was applied on the BaZrO3 target.

BaZrO3 thin films were first fabricated to find the optimum sputtering con-

ditions for dense and uniform films and to obtain the highest deposition rate.

The optimum deposition parameters (RF power, Ar flow rate and pressure) were

investigated. The RF powers and Ar flow rates were varied from 60-80 W and

35-65 sccm, respectively, whereas the Ar operating pressure were maintained 3-5

mTorr at all deposition times. Si wafers with 700-nm SiO2 surface layer were used

as a substrate for all thin film depositions. The optimum conditions for BaZrO3

thin films deposition, which yields an average deposition rate of 0.185 Å/s are

summarized in Table 3.2.
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Table 3.2: Deposition parameters of BaZrO3 thin film

RF Power 60 watt

Operating Pressure 3 x 10−3 Torr

Argon Flow 65 sccm

Z height 25

The co-sputtering of Y-doped BaZrO3 was subsequently performed under the

condition summarized in Table 3.3 . The DC power applied on the Yttrium target

was varied from 3-15 W. The substrates were rotated and heated at 700◦C during

the deposition. After the sputtering process, all BYZ samples were annealed in

air at 800◦C for 3h.

Table 3.3: Deposition parameters of Y-doped BaZrO3 (BYZ) thin film

RF Power 60 watt

DC Power 3-15 watt

Base Pressure 3.5 x 10−7 Torr

Operating Pressure 3 x 10−3 Torr

Argon Flow 65 sccm

Z height 25

Substrate Temperature 700◦C

Deposition Time 2 hours
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Method 2 (M2)

The BYZ thin films were achieved by sputtering the modified Y-BaZrO3 target.

The preparation procedures of the modified Y-BaZrO3 target were shown in Fig

3.4. Yttrium(Y) was first deposited on the BaZrO3 target at Y-window angle of

20 to 40 degrees. The conditions of Yttrium deposition were summarized in Table

3.4. About ∼365 nm of Yttrium film were deposited on the BaZrO3 target.

Figure 3.4: Schematic of the M2 fabrication procedure and the modified Y-BaZrO3

target
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Table 3.4: Deposition parameters of Yttrium film on the BaZrO3 target

RF Power 100 watt

Base Pressure 5 x 10−7 Torr

Operating Pressure 5 x 10−3 Torr

Argon Flow 35 sccm

Z height 25

Deposition Time 45 min

Deposition Angle 20,30,40

Subsequently, the modified Y-BaZrO3 target was sputtered using the RF power

supply to deposit BYZ thin films. The deposition conditions were summarized in

Table 3.5. Subsequently, the samples were annealed in air at 800◦C for 3h.

Table 3.5: Deposition parameters of BYZ thin films fabricated by the M2 method

RF Power 60 watt

Base Pressure 3.5 x 10−7 Torr

Operating Pressure 3 x 10−3 Torr

Argon Flow 65 sccm

Z height 25

Substrate Temperature -

Deposition Time 2 hours
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3.3 Characterization Techniques

3.3.1 Particle size by Light scattering method

Particle size and particle size distribution were analyzed by the laser light

scattering method using Mastersizer instrument. Distilled water was used as the

dispersing medium. This method utilized the interaction between the laser beam

and the suspended particles. As the laser beam strikes an assembly of particles,

some part of the beam is diffracted, absorbed and transmitted. The diffracted

laser beam passes though the condenser lens creating images on the detector. The

diffraction pattern of the diffracted laser beam corresponds to the mean particle

size distribution, whereas the intensity values is converted to the particle size of

the powders.

3.3.2 Density by Archimedes method

The bulk density of green body and sintered pellet samples were determined

by Archimedes’ method using water as the immersion medium. At the beginning,

the pellet samples were dried at 105◦C and weighted which was referred to as dry

weight (Wd). The specimens were then placed in vacuum for 30 minutes. After

that, the specimen was kept under water for 15 minutes. The saturated weight

and suspended weight were then measured. The bulk density was then calculated

using Eq. 3.1.

Bulk density = (
Wd

Wsat − Wsus

) × ρwater (3.1)

where Wd = the dry weight

Wsat = the saturated weight

Wsus = the suspended weight.

ρwater = density of water (1 g/cm3)
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The theoretical density (ρ) was determined from the unit cell data as followed:

ρ =
n(

∑
AC +

∑
AA)

VCNA

(3.2)

where n = the number of formula units within the unit cell

ΣAC= the sum of the atomic weight of all cations in the formula unit

ΣAA= the sum of the atomic weight of all anions in the formula units

VC = the unit cell volume

NA = Avogadro’s number, 6.023 x 1023 formula units/mol

By comparing the bulk density to the theoretical density, the relative density

of specimens were obtained as shown in Eq. 3.3.

The relative density =
Bulk density

Theoretical density
× 100 (3.3)

3.3.3 Microstructures by Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) is a type of electron microscopes which

is used to examine the morphology of BYZ pellet samples. High-energy electron

beam generated by a heated tungsten filament is scanned across the sample sur-

face. The electron beam interacts with atoms in the sample producing several

signals such as secondary electrons, back scatter electrons and characteristic x-

ray etc. The secondary electrons are the signal used to create an SEM image. The

intensity of this signal is converted into an image on a Cathode-Ray tube (CRT).

The CRT display represents the morphology and surface of sample [32].

In this study, microstructures of the sintered pellet samples were examined by

SEM (JEOL, JSM 6400). The sintered pellets were polished, and thin gold layer

was deposited on the surface to reduce the electrical charging.
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3.3.4 Microstructure by Field emission scanning electron

microscopy (FE-SEM)

The field-emission scanning electron microscope (FE-SEM; Hitachi model S-

4700) was used to examine surface and cross-section microstructures of BYZ thin

film samples. The equipment was located at Thai Micro Electronic Technology

Center Thailand (TMEC). FE-SEM used a highly focused electron beam to strike

and interact with the surface of sample under in an ultrahigh vacuum environment

creating a high resolution image.

FE-SEM is able to deliver ultra-high resolutions down to 1 nm. Moreover, the

ultra-high resolution operate over the complete voltage range with probe currents

up to 20 nA and are available with variable thin film technology. The signals gath-

ered from an FE-SEM may include secondary electrons, back scattered electrons,

characteristic x-rays and Auger electrons. These signals are not only generated

from the primary beam impinging upon the sample, but also from other inter-

actions of atoms near the surface. BYZ films thickness and surface morphology

were observed at 50,000-100,000 magnification using the voltage of 10 kV.
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3.3.5 Crystallography by X-Ray diffraction

X-ray diffraction is an analytical technique which is used to determine the

crystal structure of materials. When X-ray radiations are collimated toward a

crystal, the electron of crystal will scatter the beam through a wide range of

angles. According to Bragg’s law (Eq. 3.4), the scattered X-ray beam creates the

constructive interfere when the path difference is equal to the wavelengths [31] as

shown in Fig 3.5.

2d sin θ = nλ (3.4)

Figure 3.5: Schematic of XRD measurement

The lattice parameter of the cubic system can be calculated from Eq. 3.5-3.6.

d =
a

( h2 + k2 + l2 )
1

2

(3.5)

a =
λ

2 sin θ
( h2 + k2 + l2)

1

2 (3.6)
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where n = an integer.

d = a spacing between surface.

Θ = the angle of the radiation on the crystal surface.

λ = the wavelength of the radiation.

a = the lattice parameter.

(hkl) = lattice plane identified by Miller indices.

Phase analysis of pellet samples were investigated by X-ray diffractrometer

(Bruker AXS), using Cu Kα radiation (λ = 1.5418 Å) and operating at 40 kV

and 30 mA. The data were obtained in the 2Θ range of 10-90◦ with a step scan

of 0.05 degree.

Thin film phase identifications were inspected using Rigaku X-Ray diffrac-

tometer, TTRAXIII theta-theta rotating anode. The measurement was operated

at 40 kV and 30 mA. The data were obtained in the 2Θ range of 10-80◦ with a

step scan of 0.05 degree.
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3.3.6 Proton conductivity by electrochemical impedance

spectroscopy

Four main techniques are usually applied to measure the conductivity of ox-

ide samples: two-probe DC, four probe DC, fixed frequency AC and impedance

spectroscopy. The impedance spectroscopy has been widely used at the present

because it can distinguish the different ionic conduction mechanism in polycrys-

talline materials.

Impedance Definition

Electrochemical impedance spectroscopy is a technique used for measuring

the proton conductivity of the sample by applying an alternating potential over a

range of frequencies. When an alternating potential (voltage) is applied across an

electrochemical cell, a current responds accordingly through the electrodes and

movement of ion through the electrolyte. This movement causes the different re-

sponses between the potential and the flow of electrical current on the conduction

mechanism [33]. Impedance (Z) is given by the ratio between a time-dependent

potential and the corresponding time-dependent current at each applied frequency

as shown in Eq. 3.7 .

Z =
V (t)

I(t)
; (3.7)

where V(t) = Vocos(ωt), I(t) = Iocos(ωt-φ). V(t) and I(t) are the potential

and current at time t. Vo and Io are the amplitude of the voltage and current

signal, ω is the radial frequency, and φ is the phase shift. The impedance (Z) of

the system can then be written as

Z =
V0 cos(ωt)

I0 cos(ωt − φ)
= Z0

cos(ωt)

cos(ωt − φ)
(3.8)
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Using Euler relationship (Eq. 3.9), the impedance can be expressed as a

complex function as given in Eq. 3.10-3.11.

exp(jφ) = cosφ + j sin φ (3.9)

Z =
V0 exp (jωt)

I0 exp (jωt − jφ)
(3.10)

Z = Z0 exp (jφ) = Z0 (cos φ + j sin φ) (3.11)

The resulting impedance is usually summarized in a Bode plot and Nyquist

plot as shown in Fig 3.6. The Nyquist plot represents a real (Z′) part and an

imaginary part of the impedance (Z′′) on the x-axis and y-axis respectively (Fig

3.6(a)). In a Bode plot, the absolute impedance (|Z|) and the phase shift (φ) are

plotted with respect to the radial frequency (Fig 3.6(b)).

Figure 3.6: Schematic of (a) Nyquist plot (b) Bode plot [35].
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Impedance spectra analysis

The Nyquist plot of ionic conducting polycrystalline oxides consist of three

main semicircles, which are usually described by the equivalent circuit of R-C

element connected in series (Fig 3.7). Bauerel et at.[34] performed an analysis to

elucidate the physical meaning of each semicircle and reported that the highest

frequency semicircle corresponded to the bulk impedance, while the intermedi-

ate and the lowest frequency ones corresponded to the grain boundary and the

electrode responses, respectively.

In the Nyquist plot, the applied frequency increases from the right to the

left. The diameter of the highest frequency arc represents the bulk resistance

(Rb), whereas the one at the intermediate frequency indicates the grain boundary

resistance(RG.B.). In addition to resistance, the typical capacitance values of bulk

and grain boundary of BYZ can be extracted. The typical capacitance were in

the order of 10−11 F and 10−9 F for the bulk and grain boundary, respectively

[14, 36]. The low-frequency arc corresponds to the electrode response(RE), which

is based on the electrochemical reactions at the interfere.

Figure 3.7: Idealized Nyquist plot of ceramic oxides and its equivalent circuit[35].
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The calculation of the proton conductivity is based on the Ohm’s law (Eq.

3.12-3.15). The thickness and surface area used to calculated the proton conduc-

tivity of pellet and thin film are illustrated in Fig 3.8(a) and Fig 3.8(b), respec-

tively.

Figure 3.8: Factors for the proton conductivity calculation (a)pellets (b)thin films.

V = IR , R =
V

I
(3.12)

R = ρ
L

A
(3.13)

ρ = R
A

L
(3.14)

σ =
1

ρ
=

L

RA
(3.15)

where V = applied voltage (V) I = Current (A)

R = Resistance (Ω) ρ = Resistivity (Ω.cm)

σ = Conductivity (S/cm) L = Sample thickness (cm)

A = Cross-sectional area (cm2)
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By using the Arrhenius’s equation (Eq. 3.16), the conductivity can be ex-

pressed as following:

σT =
A

T
exp (

−Ea

RT
) (3.16)

ln σT T =
−Ea

RT
+ ln (

A

T
) (3.17)

where Ea = Activation energy (J/mol)

T = Temperature (K)

R = Universal gas constant (8.314 J/K.mol)

A = The pre-exponential factor

From Eq. 3.17, the slope of the Arrhenius plot of lnσT can determine the

activation energy of the conductivity.

The impedance measurement system

The set-up of the AC-impedance measurement for this study is shown in

Fig 3.9. The system consists of a tube furnace, sample holder, Solartron 1260

Impedance and data analyzer.

The BYZ pellets were coated with gold paste on both sides as electrodes and

then fired at 800◦C for 3 h, while the thin film conductivity was measured across

the BYZ thin film surfaces by using silver paste as electrodes. The samples were

then loaded in a sample holder. The impedance spectra was measured in the

frequency range of 10−1- 107 Hz at 250-600◦C in air, dry H2 (7% H2 in Ar) and

wet H2 (7% H2 in Ar) atmospheres. The impedance spectra was measured at a

50◦C interval with the ramping rate of 5◦C/min.
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Figure 3.9: Schematic diagram of the AC-Impedance measurement



CHAPTER IV

RESULTS AND DISCUSSIONS: BaZr1−xYxO3−δPELLETS

Several studies have been done on the proton conductivity of BaZr1−xYxO3−δ

(BYZ) at different Y concentration. The discrepancy of the proton conductiv-

ity results from different studies could arise from the difference in the starting

powders, fabrication procedures and EIS measurement conditions.

Therefore, the aim of this chapter is to study the influence of Y2O3 particle

size and the Y doping concentration on the physical properties (phase, density

and microstructure) BaZr1−xYxO3−δ pellet samples. Furthermore, the effects of

the sintering process and EIS atmosphere on the proton conductivity of BYZ

pellet samples are further analyzed and discussed. The proton conductivity results

obtained from this study will be later compared with the BYZ thin film proton

conductivities in the following chapter.

4.1 Particle Size of Raw Materials

The average particle sizes and particle distribution of raw materials (BaCO3, 3

mol% yttria stabilized zirconia (YSZ), micro-Y2O3 powder and nano-Y2O3 pow-

der), used to prepare the BYZ pellet samples are summarized in Table 4.1 and

Appendix A, respectively. The particle sizes were analyzed by the light scattering

technique.
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Table 4.1: Particle size of raw materials

Raw materials Average particle size(µm)

3 mol% Yttria Stabilized Zirconia (YSZ) 36.08

Barium carbonate (BaCO3) 13.53

Yttrium oxide (Y2O3)–micro particle 41.06

Yttrium oxide (Y2O3)–nano particle 7.91

After the calcination process, the particle size of calcined powders were re-

analyzed as shown in Table 4.2. The particle size increases with increasing Y

concentration in both micro-Y2O3-BYZ and nano-Y2O3-BYZ. The results show

that the particle sizes of nano-Y2O3-BYZ are smaller than those of micro-Y2O3-

BYZ. The particle sizes of the calcined powders are larger than those of the raw

materials, which are likely caused by the agglomeration of the powder after the

calcination process.

Table 4.2: Particle size of calcined powders

BaZr1−xYxO3−δ Micro-Y2O3-BYZ (µm) Nano-Y2O3-BYZ (µm)

x= 0.06 35.25 5.44

x= 0.10 35.69 5.95

x= 0.20 37.77 6.87

x= 0.30 37.17 6.25

x= 0.40 45.13 7.56
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4.2 XRD Patterns of BYZ Pellet Samples

The XRD patterns of the sintered BYZ pellets prepared from the micro-Y2O3

and nano-Y2O3 powders are presented in Fig 4.1(a) and (b), respectively. Most of

the XRD peaks of the sintered BYZ pellets match well with the perovskite crystal

structure of BaZrO3 (JCPDS no. 00-006-0399).

Figure 4.1: XRD patterns of the sintered BYZ pellet samples with x= 0.06-0.4

(a) micro-Y2O3-BYZ and (b) nano-Y2O3-BYZ
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As shown in Fig 4.1(a), when x ≥ 0.3, the Y2O3 (JCPDS no. 00-043-1036)

peak were observed within the micro-Y2O3-BYZ samples. The Y2O3 secondary

phase may be arise from the incomplete solid state reaction due to the large

particle size of raw materials and the low sintering temperature. However, once

Y2O3 micro-powder was replaced by Y2O3 nano-powder, the second phase was no

longer observed (Fig 4.1(b)).

Lattice parameters of BYZ pellet were extracted from the XRD results and

plotted with respect to Y content in Fig 4.2. The results reveal that the lattice

parameters of BaZr1−xYxO3−δ increases with the increasing Y doping concentra-

tion due to the larger ionic radius of Y3+ (0.90 Å) incorporated into the Zr4+ site

(ionic radius of 0.72 Å). In the nano-Y2O3-BYZ samples, the lattice parameter is

ranging from 4.179 to 4.226 Å with increasing Y content from 6 to 40 at%, whereas

that of the micro-Y2O3-BYZ is increased from 4.160-4.188 Å with increasing Y

content from 6 to 30 at%. However, in the micro-Y2O3-BYZ samples, as x reaches

0.4, the lattice parameter decrease to 4.172 Å as a result of secondary phase.

Figure 4.2: The lattice parameter of BYZ pellets after sintering at 1400◦C
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The lattice parameters obtained from BaZr1−xYxO3−δ pellets with x= 0.06-0.4

are compared to the results from the previous reported literatures [15, 18] in Fig

4.3. Kreuer et.al [15] and Iguchi et.al [18] reported the larger lattice parameter

than the results from this work. Kreuer et al.[15] found an increasing tetragonal

distortion above 10 at.%, whereas, in this study, the crystal structure of BYZ

sample remained cubic. This discrepancy of the crystal structures between Kreuer

et.al’s and our works may cause the difference of the lattice parameters.

Figure 4.3: The lattice parameters of BaZr1−xYxO3−δ at 0.06≤ x ≤ 0.4 obtained

from this study compared to the values from the previously reported literatures;

applied from Kreuer[15] and Iguchi[18].
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4.3 Microstructure of BYZ Pellet Samples

4.3.1 Densification

Densities of the BYZ green and sintered bodies are summarized in Fig 4.4 and

Appendix B. The relative BYZ green body densities of micro-Y2O3-BYZ samples

reach ∼ 55 %, which are approximately the same as those of the nano-Y2O3-

BYZ. After sintering, the densities of both systems are close to the theoretical

density. In micro-Y2O3-BYZ, when x< 0.4, the densities of the pellet reach ∼

95%. However,the density declines to 83% when x= 0.4 which is likely caused by

the occurrance of the secondary phase (Y2O3) due to the incomplete solid state

reaction of large Y2O3 particle in the starting powder. The density of nano-Y2O3-

BYZ reaches over 97% and no decline in the density of the sample with increasing

Y content is observed.

Figure 4.4: Relative density of green and sintered bodies of (a) micro-Y2O3-BYZ

and (b) nano-Y2O3-BYZ
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4.3.2 Microstructure

The SEM images of green bodies, sintered bodies, cross-sectioned and polished

samples are displayed in Fig 4.5. The green bodies have porous microstructures

with a small grain size of 0.32 µm . After sintering at 1400◦C with the addition of

ZnO, the dense BYZ-pellet samples can be achieved. The grain diameter of the

sintered bodies are about 1.2 µm, which are larger than those of green bodies.

Fig 4.5(c) reveal the lower density of BYZ pellet surface than that of bulk BYZ,

which could arise from the BaO evaporation during sintering process of BYZ as

suggested by Snijker et.al [14] and Shima et.al [37]. The Ba loss, which mainly

occurs at high temperature, causes the stoichiometric variation in the BYZ pellet

sample.

Figure 4.5: SEM images of (a) green body (b) sintered body (c) cross-section and

(d) polished Nano-Y2O3-BaZr0.8Y0.2O3−δ pellet samples
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The comparison of the microstructural images of micro-Y2O3-BYZ and nano-

Y2O3-BYZ at different Y contents are depicted in Fig 4.6. The grain size of

micro-Y2O3-BYZ are about 0.65 µm, which are smaller than that of the nano-

Y2O3-BYZ (∼ 1.2 µm). Small pores could be detected in both systems, although

the nano-Y2O3-BYZ samples show fewer and smaller pores than that of micro-

Y2O3-BYZ.

The effect of excess porosity and secondary phase in micro-Y2O3-BYZ pellets

could result in the lower total conductivity as reported by Kosasang et.al [39].

Therefore, only BYZ pellet samples with nano-Y2O3 starting powder were chosen

for further proton conductivity measurements.
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Figure 4.6: SEM images of micro-Y2O3-BYZ and nano-Y2O3-BYZ sintered bodies

with 6-40 at.% Y contents
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4.4 Proton Conductivity of BYZ Pellet Samples

4.4.1 Impedance spectra analysis

Bulk and grain boundary resistances of the BaZr1−xYxO3−δ pellet samples

were obtained by least square fitting the equivalent circuit to the EIS results in

the different frequency regimes as shown in Fig 4.7. The impedance spectra in

the high frequency regime referred to the bulk response, those in the intermediate

frequency corresponded to that of the grain boundary and the lowest frequency

spectra were the result from the electrode response [38].

Figure 4.7: The impedance spectra of BYZ pellet sample in the different frequency.
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4.4.2 Temperature dependence on the proton conduction

mechanisms of BYZ pellets

The conductivities of BYZ pellet samples were measured over the tempera-

ture range of 250 - 600◦C. The bulk, grain boundary and total conductivities of

BaZr0.8Y0.2O3−δ were calculated and summarized in Fig 4.8. Below 350◦C, the

grain boundary conductivity is about 1 orders of magnitude smaller than the bulk

conductivity, indicating that the proton migration through the grain boundaries

is the rate-limiting step at low temperatures. At T >400◦C, the bulk and grain

boundary conductivities become similar. Moreover, the total conductivities of

BaZr0.8Y0.2O3−δ are close to the grain boundary conductivities, meaning that the

grain boundary is an important parameter affecting on the overall proton migra-

tion in the BYZ samples.

Figure 4.8: The bulk, grain boundary and total conductivities of BaZr0.8Y0.2O3−δ

in air
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4.4.3 The Y content dependence on the proton conductiv-

ities of BYZ pellets

The bulk, grain boundary and total proton conductivities of BaZr1−xYxO3−δ

(BYZ) pellet samples with x= 0.06, 0.1, 0.2, 0.3 and 0.4 are summarized in Fig

4.9-4.11 respectively. The results reveal the dependence of the proton conductivity

on the Y doping concentration. The grain boundary conductivity is lower than

that of bulk, which is in a good agreement with Iguchi et.al [38] and Tao [22]. The

increase in the grain boundary proton conductivity is observed as x increases from

0.06 up to 0.2. The highest grain boundary proton conductivity is obtained at

x=0.2, while the highest bulk conductivity exhibits at x=0.1. Several previously

reported literatures ([18],[23]) showed the optimum doping concentration at 20

at.% BYZ for the bulk conductivity, which is higher than the result obtained

in this study. The discrepancy could arise from the difference in the starting

powders, fabrication procedures and EIS measurement conditions.

The grain boundary and total proton conductivity in this study of 20 at.%

BYZ at 500◦C are 2.84 x 10−2 S/cm and 1.22 x 10−2 S/cm, respectively, whereas

the bulk conductivity of 10 at.% exhibits 2.63 x 10−2 S/cm at 450◦C.

Moreover, as x increases to 0.3, the bulk, grain boundary and total proton

conductivities are substantially lowered. The decrease in the proton conductivity

may arise primarily from the loss of BaO during the sintering process of BYZ. BaO

evaporation could change the defect chemistry of the dopant substitution in BYZ.

Fewer oxide ion vacancies may be created if Y substitutes a Ba site instead of a

Zr site resulting in the lower number of incorporated water molecules and protons

in BYZ samples as suggested by Zuo [40]. The bulk, grain boundary and total

conductivities of all BYZ pellet samples at 350◦C are compared and summarized

in Fig 4.12.
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Figure 4.9: Bulk conductivities of BYZ pellet samples in air

Figure 4.10: Grain boundary conductivities of BYZ pellet samples in air
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Figure 4.11: Total conductivities of BYZ pellet samples in air

Figure 4.12: Bulk, grain boundary and total conductivities of BYZ pellet samples

with different Y contents at 350◦C in air .
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The activation energies of the bulk proton conductivity at all Y doping con-

centrations are lower than that of grain boundary conductivity Table 4.3. The

activation energy of the bulk proton conductivity is in the range of 0.42-0.47 eV,

while that of the grain boundary proton conductivity is between 0.68-0.82 eV.

The lower values of grain boundary activation energies compared to those

reported by Kosasang et al.[39] could arise from the reduction of secondary phase

(Y2O3), the increase of grain size (Fig 4.6), and the higher density of BYZ pellet

samples. Therefore, the use of nano-Y2O3 powder in the fabrication process could

enhance the grain boundary conductivity and lower its activation energy.

Table 4.3: Bulk, grain boundary and total activation energies of nano-Y2O3-BYZ

pellets

Y content(at.%) Bulk (eV) G.B.(eV) Total (eV)

6 0.44 0.82 0.69

10 0.47 0.72 0.64

20 0.47 0.68 0.59

30 0.45 0.71 0.56

40 0.42 0.72 0.58
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4.4.4 The proton conductivities measured in different at-

mospheres

The EIS measurement on BYZ pellets were performed under the following

atmospheres: air, dry H2 (7% H2 in Ar), and wet H2 (7% H2 in Ar). The results

show that the conductivity of BYZ pellets increases in the following order: air, dry

H2 and wet H2 (Fig 4.13). The proton conduction mechanism is highly dependent

on the saturation of water in the structure and the amount of protons provided

by the atmosphere [15]. In H2 atmosphere, there are large amount of H atoms

extracted from both H2O and H2, leading to higher number of protons available

in the BYZ lattices. Therefore, the higher proton conductivity is observed in all

samples measured in proton loading resource (H2) than those measured in air.

The trend of the total proton conductivities of BYZ pellets measured in dry

H2 and wet H2 are similar to those measured in air. The highest total proton

conductivity was obtained at x=0.2, while the lowest was exhibits at x=0.06

throughout the temperature range of this study.
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Figure 4.13: Total conductivities of BYZ pellet samples (a) 6 at.% (b) 10 at.%

(c) 20 at.% (d) 30 at.% and (e) 40 at.% in different atmospheres
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4.4.5 Dependence of BaO loss on the proton conductivities

The previously reported literatures [21]-[23] observed that the loss of BaO

during sintering process had a significant impact on the reduction of proton con-

ductivity of Y-doped BaZrO3. Babilo et al. [21] showed that the barium deficiency

lowered the conductivity of Y-doped BaZrO3 by two orders of magnitude. There-

fore, this work was performed to study the dependence of BaO loss on the proton

conductivity of BYZ. The BYZ pellet sample were sintered in different conditions

as followed:

¦ (i) Covered-pellet:

The BYZ pellets were sintered in the BYZ-saturated system.

¦ (ii) Uncovered-pellet:

The BYZ pellets were sintered in air.

The comparison of total proton conductivity that was covered and uncovered

during sintering are displayed in Fig 4.14. At x=0.06, the proton conductivities

of covered pellets were obviously higher than that of uncovered. It was clear that

Ba deficiency was show to lower the conductivity. The loss of BaO caused the

incorporation of Y atoms into Ba sites. The possible defect reaction with Ba

deficiency was shown in Eq. 4.1 [40].

2Bax

Ba
+ Y2O3 + V ••

O
→ 2Y •

Ba
+ Ox

O
+ 2BaO (4.1)

However, when x ≥ 0.3, the discrepancy between proton conductivities of

covered and uncovered samples were reduced, which may arise from the BaO

evaporation on surface.
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Figure 4.14: Total conductivities of BYZ pellet samples (a) 6 at.% (b) 10 at.%

(c) 20 at.% (d) 30 at.% and (e) 40 at.% sintered in different atmospheres.
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4.4.6 Comparison of the proton conductivity with the re-

sults from the previously reported literatures

The bulk and grain boundary conductivities of BaZr0.8Y0.2O3−δ measured in air

are summarized and plotted for a comparison with the results from the previously

reported literatures [15, 22, 23, 38] in Fig 4.15.

The BaZr0.8Y0.2O3−δ (BYZ20) bulk conductivity results from this study (Fig

4.15(a)) are in a very good agreement with Kreuer et al.’s [15]. The bulk conduc-

tivity are slightly lower than that of BaZr0.85Y0.15O3−δ reported by Iguchi [38],

whereas the grain boundary conductivity results are close to Iguchi et at.’s report

as shown in Fig 4.15(b). Moreover, the bulk and grain boundary conductivities ob-

tained in this study are much higher than BaZr0.8Y0.2O3−δ and BaZr0.85Y0.15O3−δ

reported by Tao et al. [22] and Peng et al. [23].The difference of the proton con-

ductivities of each report could be related to the use of different starting powders,

synthesis procedures, sintering parameters and EIS measurement conditions.

The bulk activation energies of BaZr0.8Y0.2O3−δ (BYZ20) observed by Kreuer

et al. [15] and BaZr0.85Y0.15O3−δ (BYZ15) with 4 mol% ZnO addition by Babilo

et al. [30] are 0.44 eV and 0.47 eV, respectively, which are in the same range as

our results. Besides, our grain boundary activation energies of 0.68-0.82 eV also

correspond very well to the report by Babilo et al. [30].
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Figure 4.15: The comparison of our proton conductivities (a) bulk conductivity

(b) grain boundary conductivity of BaZr0.8Y0.2O3−δ to the previously reported

literatures[15, 22, 23, 38]



CHAPTER V

RESULTS AND DISCUSSIONS: THIN FILMS

As discussed in Chapter 4, BaZr0.8Y0.2O3−δ (BYZ20) pellet sample exhibits the

highest total proton conductivity. The bulk proton conductivities of the pellet

samples are higher than the grain boundary conductivity at all compositions.

However, a large thickness of the electrolyte can reduce the fuel cell performance

due to the ohimic loss discussed in Chapter 2. Therefore, to further decrease the

overall electrolyte resistance to be comparable to that of Nafionr, the thickness

of the BYZ electrolyte must be reduced into thin film.

This chapter presents the physical properties and proton conductivities of BYZ

thin films fabricated by (i) co-sputtering (M1) and (ii) 2-step sputtering (M2)

methods. The proton conductivities of the BYZ thin films are then compared to

the conductivities of the BYZ pellets.

5.1 XRD Patterns of BYZ Thin Films

5.1.1 BaZrO3 thin films

The uniform BaZrO3 thin films were deposited by the RF-sputtering tech-

nique at the substrate temperatures of room temperature up to 500◦C. The XRD

pattern of the as-deposited BaZrO3 thin films with the substrate temperatures

upto 400◦C shows amorphous structures. However, as the substrate temperature

reaches 500◦C, the films become polycrystalline and exhibit the perovskite crystal

structure of BaZrO3 (JCPDS no. 00-006-0399) as shown in Fig 5.1.
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Figure 5.1: XRD patterns of BaZrO3 films at the substrate temperatures of room

temperature to 500◦C .

5.1.2 Y-doped BaZrO3 (BYZ) thin films

The XRD patterns of BYZ thin films fabricated by co-sputtering and 2-step

sputtering techniques are presented in Fig 5.2(a) and Fig 5.2(b), respectively. As

shown in Fig 5.2(a), the XRD patterns of the BYZ thin films obtained from the

co-sputtering method (M1) of Y and BaZrO3 targets correspond to the perovskite

crystal structure of BaZrO3. The concentration of Y in the BYZ film is increased

with the increasing DC power supplied to the Y target.

When the DC power applied on the Y target is greater than 5 W, yttria (Y2O3)

segregation is observed, which suggests the saturation of Y and the depletion of

Ba in the BYZ thin films. When the BYZ thin films are deposited by the 2-step

sputtering (M2) method, the yttria stabilized zirconia (YSZ) phase appears as a

secondary phase instead (Fig 5.2(b)), which could be caused by the Ba depletion

during sputtering process as observed by Chen et al. [41].
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Figure 5.2: XRD patterns of Y-doped BaZrO3 (BYZ) thin films

(a) Deposited by the co-sputtering technique at DC powers of 3-15W.

(b) Deposited by the 2-step sputtering technique at different Y-window angles of

20-40◦.
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The lattice parameter of the M1-BYZ thin films is expanded from 4.145 to

4.245 as the DC power reduces from 5W to 3W. However, the lattice parameters

of the 10-Watt and 15-Watt BYZ thin films cannot be determined from the XRD

result due to the overlay of the yttria and BYZ peaks. The lattice parameter

of M2-BYZ thin films is expanded from 4.158 to 4.182 when the Y-window angle

increased from 20◦ to 40◦. As shown in Fig 5.3, the expansion of M2-BYZ thin film

lattice parameter is similar to that of BYZ pellet samples, while that of M1-BYZ

thin films are the highest among all samples.

Figure 5.3: The lattice parameters of BYZ thin films deposited by co-sputtering

(M1) and 2-step sputtering (M2) compared to those of pellets.
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5.2 Microstructure of BYZ Thin Films

The microstructure of M1-BYZ and M2-BYZ thin films are presented in Fig

5.4 and Fig 5.5, respectively. The dense and uniform BYZ thin films consisting

of nano-scale grain were obtained from both fabrication methods. However, the

BYZ thin film surface deposited by the co-sputtering technique (Fig 5.4(a)) shows

slightly larger grain size than that of the 2-step sputtering (Fig 5.5(a)), which may

result from the higher substrate temperature during the deposition process.

The thickness of BYZ thin films by the co-sputtering technique are in a range

of 130-140 nm, whereas those fabricated by the 2-step sputtering technique have

the thickness varied from 163 to 214 nm as the Y-window angle increases from 20

to 40◦.

Figure 5.4: SEM images of (a) surface (b) the cross-sectional BYZ thin films

fabricated by co-sputtering technique (M1)
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Figure 5.5: SEM images of BYZ thin films fabricated by the 2-step sputtering

technique (M2) after annealing at 800◦C: (a) surface (b) cross-section at an Y-

window angle of 20◦ (c) cross-section at an Y-window angle of 30◦ (d)cross-section

at an Y-window angle of 40◦
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5.3 Uniformity and Depth profiling of M1-BYZ Thin Films

The uniformity of the M1-BYZ thin films can be confirmed by the XPS depth

profiles as shown in Fig 5.6. The XPS results reveal that the compositions of

(Ba, Y, Zr and O) of the BYZ thin films remain constant throughout the entire

thickness of the film. However, the XPS results also reveal that the M1-BYZ

thin film compositions had very low Ba content which may be caused by several

reasons: (i) the overlapping of Ba and Y binding energy peaks, which can extort

Ba composition result (ii) the BaO loss at high temperature during the sputtering

and annealing process as observed in the BYZ pellet and Babilo’s report [30], (iii)

the segregation of Y2O3 and YSZ phases and (iv) the resputtering on BYZ film

during the sputtering process as suggested by Chen et al. [41].

Figure 5.6: The XPS depth profile of M1-BYZ thin film with DC power 20 Watt
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Moreover, as the DC power supplied on the Y target decreases, the shift of the

Y3d and Zr3p3 binding energies are observed (Fig 5.7). When the DC power is

less than 5W, the binding energy peaks of Y3d and Zr3p3 are increased, indicating

that another oxidation state is formed in the M1-BYZ thin film. Contradict to

the XPS results, XRD results show no secondary phase in 3W sample and the

Y2O3 phase in 5W sample.

Figure 5.7: The plot of the intensity with respect to the binding energy of M1-

BYZ thin films with different DC sputtering power on the Y target (a) Y3d:3W

(b) Zr3p3:3W (C) Y3d:10W and (d) Zr3p3:10W
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5.4 Proton Conductivity of BYZ Thin Films

5.4.1 The EIS result of M1-BYZ thin films in air

The conductivities of the M1-BYZ thin films with 3W, 5W and 10W DC

sputtering power on the Y target are presented in Fig 5.8. The conductivities of

the M1-BYZ thin films are divided into two distinct regions, which may be due

to the two different ionic conduction mechanisms. At T< 400◦C, the activation

energies of all M1-BYZ thin films are in a range of 0.46-0.52 eV, which is similar to

the activation energy of the bulk proton conductivities in BYZ pellets (0.42-0.47

eV). Therefore, the conduction mechanism in this temperature range is likely the

proton conduction mechanism. At T> 400◦C the activation energies vary from

1.08 to 1.32 eV, which may correspond to the oxide ion conduction mechanism as

suggested by Kreuer et al. [15] and Chen et al. [41].

Figure 5.8: Conductivities of M1-BYZ thin films in air
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5.4.2 The EIS result of M2-BYZ thin films in air

The conductivity of BYZ thin film deposited by the 2-step sputtering technique

of 20,30 and 40◦ Y-window angles are shown in Fig 5.9. Similar to what observed

in the M1-BYZ thin film results, the ionic conductivity are separated into two

distinct regions. However, the transition temperature of the M2-BYZ thin films

is at 450◦C, which is higher than that of M1- BYZ thin films (400◦C). At T<

450◦C, the activation energies of BYZ thin films are in a range of 0.48-0.59 eV,

while At >450◦C, the activation energies are about 1.65-1.75 eV. The change in

the activation energy are likely caused by the two ionic conduction mechanisms

as mentioned in the previous section. The values of the total conductivity at all

Y-window angles are very close to each other. The M2-BYZ thin film with 40◦

Y-window angle shows the highest proton conductivity at 400-550◦C.

Figure 5.9: Conductivities of M2-BYZ thin films in air
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5.4.3 Proton conductivities of M2-BYZ thin films in H2

The EIS measurement on the M2-BYZ thin films were also performed under

wet H2 (7% H2 in Ar) atmosphere. The results do not show the two separated

regions of the conductivities as observed from the measurement in air (Fig 5.10).

There is only one activation energy throughout the temperature range of this

study.

The conductivities of M2-BYZ thin film with 20◦, 30◦ and 40◦ Y-window angles

in air and wet H2 are compared in Fig 5.11. At T< 450◦C, the conductivities of

M2-BYZ thin films in wet H2 are slightly higher than those measured in air.

However, at T>450◦C, the proton conductivities of M2-BYZ thin film in wet H2

are lower than the oxide ion conductivities in air.

The activation energies are in a range of 0.63-0.68 eV, which are close to the

activation energy of BYZ pellet total proton conductivity (0.58 eV to 0.69 eV).

As suggested by Kreure et al. [15], the proton conduction mechanism is highly

dependent on the saturation of water and proton loading resource (H2). There

are large amount of H atoms extracted from both H2O and H2, leading to higher

number of protons available in the BYZ lattices. Therefore, the higher proton

conductivity is observed in all samples measured in wet H2 than those measured

in air. Furthermore, the proton conduction can overcome the oxide ion conduction

at high temperature due to the higher number of protons and lower number of

oxide ion vacancies from the water incorporation supplied by the wet H2. As a

result, only one activation energy of the conductivities, which is corresponding to

the proton conduction, is observed.
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Figure 5.10: Conductivities of M2-BYZ thin film with 20 open angle in wet H2

Figure 5.11: Total conductivities of M2-BYZ thin film in air and wet H2
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5.5 Comparison of the BYZ thin film conductivities to

those of the BYZ pellets and the result from the pre-

viously reported literatures

As discussed in Chapter 4, the impedance spectra of BYZ pellets exhibit two

semicircles, referred to the bulk and grain boundary resistance. The total resis-

tance of the BYZ pellet was calculated using Rtotal

.
= Rbulk + RG.B.. However,

as shown in Fig 5.12, the impedance spectra of BYZ thin film shows only one

elongated semicircle. The bulk and grain boundary resistance of the BYZ thin

film cannot be clearly distinguished. Therefore, only total resistance of the BYZ

thin film was extracted from the EIS results.

Figure 5.12: The impedance spectra of (a) pellet (b) thin film



78

The total conductivity of M1-BYZ, M2-BYZ thin films and BYZ pellets are

compared in Fig 5.13. The total conductivities of M1-BYZ and M2-BYZ thin films

are about 100 times higher than those of the BYZ pellets.The proton activation

energies of both M1-BYZ and M2-BYZ thin films are in the same range as the

bulk conductivities of the BYZ pellets.

Figure 5.13: Conductivities of BYZ thin film compared to those of BYZ pellets

The BYZ thin film conductivities are plotted for comparison with those of BYZ

pellets and the BYZ pellet results from previous reports [15, 38] in Fig 5.14. The

conductivity of BYZ thin films are higher than those from the previous reports.

The differences in microstructure, ionic conduction mechanisms and impurities

could be possible contribution to the high conductivity observed in this study.

Since BYZ thin film fabricated by sputtering technique has low impurities, the

blocking resistance on the grain boundary is subsequently decreased. As a result,
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the high conductivity on BYZ thin film is observed. A surface conduction of

BYZ thin films could have a possible effect on the high conductivity in this study

because there are higher number of proton available on the surfaces and the surface

may be a faster diffusion pathways than bulks. However, the activation energy

is higher than the bulk activation energy of Kreuer [15] and Iguchi [38] reports,

which may caused by the reasons mentioned above.

Figure 5.14: The comparison of the proton conductivities of M1-BYZ and M2-

BYZ thin films to the results from the previously reported literatures and BYZ

pellets from this study.



CHAPTER VI

CONCLUSIONS and FUTURE WORKS

6.1 Conclusions

BaZr1−xYxO3−δ (with 1wt% ZnO addition) pellet samples with x= 0.06, 0.1,

0.2, 0.3 and 0.4 were fabricated by mean of solid state reactions. The influence of

micro-Y2O3 and nano- Y2O3 powders on the BYZ physical properties was stud-

ied. The XRD results reveal that the micro-Y2O3-BYZ and nano-Y2O3-BYZ pellet

samples match with the perovskite structures. In micro-Y2O3-BYZ, the secondary

phase (Y2O3) was observed when x ≥ 0.3, due to the incomplete solid state re-

action. However, once Y2O3 micro-powder was replaced by Y2O3 nano-powder,

the secondary phase was no longer observed. The density of micro-Y2O3-BYZ

samples, when x< 0.4 reached ∼ 95%. However,the density declined to 83% when

x= 0.4 which was likely caused by the secondary phase due to large Y2O3 particle

size in the starting powder. The density of nano-Y2O3-BYZ samples reacheed over

97% and no declined in the density of the sample was observed with increasing Y

content.

The conductivity of the pellet samples was measured by EIS under air,dry H2

(7% H2 in Ar) and wet H2 (7% H2 in Ar) atmospheres. The EIS measurements

in air showed the optimum concentrations for bulk and grain boundary conduc-

tivities at 10 at.% and 20 at.%, respectively. The activation energy of the bulk

proton conductivity was in the range of 0.42-0.47 eV, while the grain boundary

proton conductivity was between 0.68-0.82 eV. The 20 at.% BYZ pellet sample
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exhibited the highest total proton conductivity throughout the temperature range

of 250-500◦C in all atmospheres. By comparing the EIS results under the different

atmospheres, the highest conductivity was observed in the wet H2 environment,

thus confirms the proton conduction mechanism.

The M1-BYZ thin films were obtained by the co-sputtering technique on the

Y and BaZrO3 targets under the DC and RF power supplies, respectively. During

the co-sputtering, the substrate temperature was set to 700◦C to obtain dense

and polycrystalline BYZ thin films. The Y2O3 segregation was clearly observed

as DC applied power on the Y target higher than 5W. The total conductivities

of M1-BYZ thin films were divided into two distinct regions, which may be due

to the two different ionic conduction mechanisms. The activation energies were

in the range of 0.46-0.52 eV and 1.08-1.32 eV , which were corresponding to the

proton conduction and oxide ion conduction mechanisms, respectively.

The M2-BYZ thin films were obtained by the 2-step sputtering technique. The

process was modified by the DC sputtering of yttrium metal at Y-window angles

of 20◦, 30◦ and 40◦ on the surface of BaZrO3 target to obtain the BYZ target. The

thin films of BYZ were subsequently deposited by RF sputtering technique on the

Si substrates. After the sputtering process, the M2-BYZ thin films were annealed

at 800◦C in air for 3h to form the polycrystalline films. The XRD analysis showed

the YSZ and perovskite phase of BaZrO3 in all samples. The amount of YSZ phase

separation increased with the increasing Y-window angles. The conductivities of

M2-BYZ thin films were higher than those of the pellet samples but were slightly

less than that of M1-BYZ thin films. The proton conduction had the activation

energies in range of 0.48-0.59 eV, while the activation energies of the oxide ion

conduction were between 1.65-1.75 eV, close to that of the M1-BYZ thin films.
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The EIS measurements on the M1-BYZ and M2-BYZ thin film surfaces re-

vealed the high conductivity of 100 times those of the pellet samples. The dis-

crepancy of the conductivity between BYZ pellet and thin films may be caused by

the difference of the microstructure, ionic conduction mechanism and impurities.

6.2 Future Works

1. To ensure that no Y metal left in the BYZ thin films, the oxygen gas

should be flown into the chamber during the co-sputtering process.

2. To eliminate the contribution of the surface conduction, the EIS mea-

surement across the thin film thickness should be performed.

3. The complete DEFC single cell , consisting of the anode, cathode and

electrolyte, should be fabricated using the thin film deposition technique, and the

single cell will be test to investigate for the performance of the DEFC using BYZ

thin film as the electrolyte.
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APPENDIX A

Particle Size Distribution (PSD)

Figure A.1: The particle sizes distribution of raw materials (a) BaCO3 (b) 3 mol%

Yttria Stabilized Zirconia (c) micro-Y2O3 (d) nano-Y2O3 powders
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Figure A.2: The particle size distribution of micro-Y2O3-BYZ (a) 6 at.% (b) 10

at.% (c) 20 at.% (d) 30 at.% (e) 40 at.%
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Figure A.3: The particle size distribution of nano-Y2O3-BYZ (a) 6 at.% (b) 10

at.% (c) 20 at.% (d) 30 at.% (e) 40 at.%



APPENDIX B

Densities of BYZ Pellet Sample

Table B.1: Relative density of green and sintered bodies of micro-Y2O3-BYZ

BaZr1−xYxO3−δ Green body densities(%) Sintered body densities(%)

x= 0.06 56.92 93.66

x= 0.10 56.58 95.22

x= 0.20 55.86 95.42

x= 0.30 55.33 92.67

x= 0.40 54.05 83.32

Table B.2: Relative density of green and sintered bodies of nano-Y2O3-BYZ

BaZr1−xYxO3−δ Green body densities(%) Sintered body densities(%)

x= 0.06 57.81 98.43

x= 0.10 57.70 98.70

x= 0.20 56.33 98.90

x= 0.30 57.35 98.60

x= 0.40 55.20 97.16



APPENDIX C

JCPDS

BaZrO3 (JCPDS no. 00-006-0399)

Figure C.1: The JCPDS of Barium Zirconate
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Y2O3 (JCPDS no. 00-043-1036)

Figure C.2: The JCPDS of Yttrium Oxide
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YSZ (JCPDS no. 00-030-1468)

Figure C.3: The JCPDS of Yttrium Zirconium Oxide
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