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CHAPTER I

INTRODUCTION

At present, the in ) der er the world is significantly

= A 7a . .
ST '
A fuel cell is an:'Anergy conversion w ts the chemical reaction

‘xidant into the electrical

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

the main diﬁ:ﬁnﬂbgc]ir% wlﬁjlw%fwﬂﬂhﬂﬁsupply management.

Fuel cells constime externally suplg.lied fuels and continuous electricity as long as
e GG ST VY B e o
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.



1.2 Motivation for Direct Ethanol Fuel Cell

Pure hydrogen gas (Hs) 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 methanel due to its high electrochemical activity compared
to other liquid fuels. Newertheless, methanol(€HsOH) is not only harmful for
human but also exhibits garhen tonoxide as a by-product into the atmosphere.
Almost all the methanel macde todayllis produced from methane by the Syngas

method, which is converted to cai’bon.:gionoxide and hydrogen and then formed

\ -

into methanol. L 4

Ethanol (CoH;OH) is@anoether promisé-fl:g alternative fuel due to its non-toxicity,
natural availability, high POwer dd_t;insity ;Jggl;_f-f@asibility in storage and transporta-
tion. As a result, direct ethainol fuel cef@.(_DEFC) have become an alternative
energy converter to-g:;:‘QnerL ethanol and Qxygegmg_tile‘ electricity. Performance
of DEFCs have beéri ‘e'xplored extensively; however, thie -Imain 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 AB;_,M,0O3_s 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 SrCeOs [4] and BaCeOj [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



based on Y-doped BaZrOs; (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 calculati oped BaZrO3; (BYZ) shows slightly

higher proton conductivi n tl \ The chemical stability of BYZ

is also higher than Ba “tronegativity of Zr than Ce

and the stronger of t

20
¢ (1ooun}i K

ammmm NW']’J\WEI']@ El

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



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, microstructu roton conductivity are subsequently

studied. The scope of this st hree objectives as followed:

Ee———
wx = 0.06, 0.1, 0.2, 0.3 and
imfluence of Y,03 particle size and Y

bsequently analyzed.

1. To prepare BaZr

0.4 by solid state r

content to the physi

2. To fabricate
(ii) 2-step of sputtering. flience of ication processes on the physical
properties are inspected.

The physical properties my%t;fg‘ at comprised of the particle size (Light
—*""5"‘:«;_’}_."—-'_;( o —
UB_, phase (X-ray

scattering techni (Archimedes method)

and microstructure Field emission scanning

electron microscopy).

3 o detﬂnll &L{(l ITTE IR LT SR

electrochemlcal i éedance spectrbsco %\ IS)Qechnl ue. Thé-éffect of sintering

AR AINERLL orovz e

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

and fa on p

at a temperature range of 250-600°C in various atmospheres (air, dry H:7% Hy

in Ar and wet Hy: 7% Hj in Ar).



1.5 Thesis Organization

This work entitled Proton Conductivity on Y-doped BaZrOj for Intermediate
Temperature Direct Ethanol Fuel Cell is divided into 6 chapters.
Chapter 1 is the introduction and motivations.

Chapter 2 provides backgroun

)terature reviews which are necessary for

nducting electrolytes, thin film

co-sputtering and 2—p

BYZ thin films are the? discussed and ¢ pared to the results of BYZ pellets in

Chapter 1 ﬂummmwmm

Finally, Cha,pter 6 includes therconclusion of.these studies and the suggestions

for fu@leWraa\ﬂﬂim NM’YJ\ WU'] a E]

'eﬁroton conductivities of the



CHAPTER 11

LITERATURE REVIEWS

myerts the chemical energy of
fuels and oxidants dlﬂzt v i 'he main difference between
a fuel cell and battery 1%that a fuel cell Wlll continue to produce electricity as long

as the fuel is ﬁaue(ﬂw@ w &jﬁ%@ WﬁB '] ﬂﬁmd must be disposed

after its chemlcals are used up.

A A BN nmuma FHIVE B o o
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.



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 (S ’/ /
The state-of-art of f dom1

trated in Fig 2.1 : . » o fuel ( and (ii) proton exchange

WO main technologies as illus-

membrane fuel cells

austed gas
. —D

>800°C

ST S T
REpIC

<100°C

<

AUTATETS NI

Figure 2.1: Cémparison between é)peratlonal mechanism of SOFC and PEMFC

ARIAINITUNRIINGIAY

o n SOFC is one type of fuel cell which operates at high temperatures

Oxldant

(> 800°C) and has oxygen ions (O%7) as ionic charge carriers. The half reactions

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

Anode : Hy + O*~ — HyO+ 2¢~
(2.1)

Cathode : %Og + 27 — O*"



¢ An PEMFC is another type of fuel cells which operates at low tempera-
tures (25-100°C)and uses a polymeric membrane (Nafion®) as an electrolyte. The
electrolyte enables protons to transport to the other side of electrode. The half

reactions in a Hy-Oy PEMFC are given below (Eq. 2.2):

(2.2)
2.1.2 Direct e
Direct ethanol fue other fuel cell technology, which
works similarly to the'P 1t -_:‘-' anol as a fuel instead of hydrogen.
Ethanol, a liquid fuel ds 3 \ ative fuel because of the following
reasons: (1) non-toxicity, the feasibility in the produc-
tion, storage and transpo
Ethanol is fed directl rotons (H") which are created
from the oxidatio ‘;, ......................... ode, migrate across the

electrolyte to react Eﬁh OXYE @thode The free electrons

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

ol i ‘H&l g6l 2
AW AINIURIINA Y

Anode : CyH;OH + 3H,O — 2C05 + 12H" + 12e~
Cathode : 305 + 12H" + 12¢ — 6H,0 (2.3)

Total reaction : CoHsOH + 305 — 2C 0y + 3H50



co, :

Figure 2.2: f irect eth uel cell (DEFC)

This study main | properties of electrolytes for

achieve high performance and efficiency,
e T )
quirements [7]:

. . Satdns . o
¢ High protonic conductivity
i AW S
i et

the intermediate tem

the electrolytes must

¢ Low electro C

 ——

o High stabil' ,.“‘ ironments)

|
¢ Low fuel cross-over m

I 04) (e L MTAR
Nafion® m@branes‘ are comglﬁuseﬂas grlctror}]tes in the DEFCs due to
their lﬁhw '(Tﬂ:ﬁ\ﬂ' ﬁem mmgjuﬂ m\é" Ejir 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
Nafion® 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 Nafion®. 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 mejnbrane which was modified with imidazole-
silanes showed the highestsproton conductivity. Meieover, they found out that the
sPEEK membrane in€orperated With“'.lHAp have the ethanol permeability lower
than Nafion® 117. 4 A d

Song et al. [9] compaged the _f_uei cel_ljpgrformances by feeding ethanol into two
fuel cell systems: SOFC and PEMFC. 'Ji’hey found that the direct ethanol SOFC
(800°C) exhibited ten times hlgh_el perfofmance than PEMFC (90°C). Further-
more, the performance of PEMFCS with d_Jrﬁ%rent types of fuel: ethanol, methanol

a

and hydrogen were compared The results showed thap the single DEFC had the

worst performance among all fuel cell types which resu]_ted from the slower kinetic
of ethanol oxidation €ompared to those of hydrogen and methanol.

The further study, by-~Song et ak »in=2007 [3]; showedsthe conversion rate of
the ethanol oxidation by thermodynamic calculations. They reported that when
the température 43 lésstthain 400°C, the maximum possible conversion for the
reaction’ conversion of ethanol to COy and HyO 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
veral irreversible losses, a typical fuel cell
%@ operation. There are three main

—
¢ Activation loss reactions on the electrodes)

¢ Ohmic loss—(d : e \\u§ electrolyte and electronic

¢ Concentration l@ss s ‘_ v of reactant and the removal of

is extracted. However, because of

cannot maintain its reversib

types of fuel cell losses

carrier movement at t

products of the fuel cell)
The typical I-V curve of the e
o .__._J“

output of the fuel cell at a ‘;_ UrTel itput can be calculated as given in
. S y

Eq.2.4 [7] .

ANBINENTNYINT
AN IUTTTINEAA

- Mass
Activation transport
region region

-
L - >

Ohmic region

Current Density (mA/cm2)

Figure 2.3: Schematic of fuel cell I-V curve.[10]



where

12

V = Ethermo — TNact — MNohmic — TNconc (24)

V = actual output voltage of fuel cell
Eihermo = thermodynamically predicted fuel cell voltage output

Naet = activation losses

due to reaction kinetics
Nohmic = ohmic. omi ibuic and electronic conduction

mass transport of reactants

AULINENINYINT

PAIATUAMINYAE
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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-

Barium zirconate / D x e erystal structure of ABO;3 chem-
ical formula. J fora 1 FCC lattice while Zr** occupies the
octahedral interstitial .' “unit ee At temperature above 120°C,

er of 4.193 A [13]. A unit cell

‘ Ba2+
1N o

&N

a=4.193 A

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

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

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

2+ 505 +2Y, + VS (2.5)

)m water vapor [15, 16]. When
_d

a water molecule dissociates i fwﬂ_) and proton (H*) (Eq.
2.6). The oxygen atM : \ .

2Ba0O + Y503

Y-doped BaZrOj first

2.5).

(2.6)

1‘-
1 (bz 0 o ﬁ
N

) U 3N g
(B 0es B R a Y

o o0 o7 o

G %

5 0> 0> Oo% oz

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

A number of researchers have studied the proton conductivity of yttrium-
doped BaZrOs (BYZ). The proton conductivity data of BaZr;_,Y,O3_s 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 ziz€onate doped by Ga, In, Nd, Y or Dy.
The proton conductivity was measured in the hydrogen atmosphere. The results
revealed that the BaZrOs-based€eraniics showed higlier conductivity than calcium
and strontium based-oxides. Moreox;'gr, the doped specimens BaZrggs5Yo503_5
(M=Ga, In, Y, Nd, Dy ¢showed hi(gherlébnductivities than that of pure BaZrOs.

In 2001, Kreuer et al. #1565} stud1qd the mobility and stability of protonic
defect in acceptor-dopedt parovskite type oxides (ABOj3) (i.e. SrTiOgz, SrZrOsg,
BaZrOs3; and BaTiO; systems) Th(w founa that the the formation and mobility

of protonic defects were sens1t1ve to the?ype of acceptor dopants. The highest

Sy

proton conduct1v1ty was observed in Y-doped BaZrO;{‘ in spite of its significantly

bigger ionic radius of Y3* compared to Zr*t. At 250—’-“76"00(3, the observed proton
conductivities were in range 1.9x107% Sem™' - 3.2x1072 Sem™!, which clearly
exceeded the loxide ion conductivities:

In 2004, Snijkers et al. [14] investigated the proton conductivity of sintered
BaZr§Y103_s5 samples by electrochemical impedancespectroscopy. The samples
were prepared by solid state reaction method with varying Ba-content (stoichiom-
etry and excess BaCOj3). 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 BaCOj3 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 1.5x1077 Sem™! at 100°C to 1x1072 Sem ™! 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 BaZrOs,

microstructure and grain boundary conductivity were subsequently investigated.

” ncentration to 15 mol%, the average

The results showed that by in

grain diameter was incr our t1 he grain boundary conductiv-

———
ity was increased by theee orders of mag u tudesThe total conductivities of the

samples were varied e *h"i 10~* Sem ™! at 550°C.

In 2008, Cervara | St E the ¢ foct of mo phological and structural

AN
N

nanograined samples JORE tiyits w\ sample annealed at 800°C

changes upon annea 0 mol% Y-doped BaZrO;
with 10 nm grain size was B 1075 Scm !, The higher conductivity was
observed with increasing anneali eratiires due to the higher grain boundary

contact and better ytt ain interior to grain boundary.

The total proton cond : >annealed at 1250°C and

1500°C were 2x1073 ﬂd 4x107% Sem ™ ! with grain sﬂas of about 50 nm and 200

- respe“”ﬁ‘l.lil’lﬂﬂﬂ‘ﬁﬂﬂ']ﬂ‘i
ama\mm UAIINYAY



17

2.2.4 Sintering property of Y-doped BaZrOs;

A dense Y-doped BaZrOs (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 BaZrOj3 (Fig 2.6). Several attempts

have been done to lower the BYZS'r’i g temperature.

2500 ' | . $ )

2000 : : ; X [ =
a(} o
o Tss ”|
1|=
1500 ',%41.
i
1\
Mss 4’
1000 _1I,I.
|
|
A
I
1
(] 1
100

Zr0z

Figure 2.6: Phase diagram of BaZrOj [20].

ﬂumwﬂmwmm

As observed by Babilo et al. PT the high sititering temperdture can reduce the
L R Eppral Tk T}
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 BaZrOjz 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 BaZrOs. They
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found that 4 mol% NiO, CuO and ZnO effectively enhanced the densification of
BaZrggsY0.1503_s 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 BaZrggYp2029 was

/}/.12 wt% of ZnO, the sintering tem-
9

reported by Tao et al. [22].
perature can be reduced tive density was achieved. The
T ——

proton conductivities v arious atmospheres (air, dry

H, and wet Hy /Ar ) ductivities of the samples

with 1 wt% ZnO add ut ZnO. Furthermore, the

conductivities of sa ne, ed LW ‘ LE e ™ igher than those measured
in dry 5% H,, which conduction in BaZrgsY 92029

In 2009, Peng et al perature of BaZrgss Yo 1503_s
with the addition of 1 wt% Zn . were sintered in air at temperatures
in a range of 1350~ 175)00(3 They obse ‘ size increased from 1 pm
4 pm with increasing °d to 1500°C, respectively

activation enﬁ;ﬁ afc ‘ﬁe sample sintered at
1650° exhibited jthe bﬂk proton cormctwlty 11‘1EJhe order of 1072 Sem™!.
o/
awmﬂﬂmumwma t)
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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 BaZrOs;
(BYZ) thin films are deposited by: (i) co-sputtering and (ii) 2-step sputtering
nostly depend on the processing parameters

ﬁ)‘co therefore, the principle of the

sputtering technique an&%ﬁﬁﬁﬂable’parmust be understood.

] ‘w given in Fig 2.7. A target

and substrate are placg he aul : , respectively. The process

methods. The properties of thin fi

such as power, pressure, sub

begins by bombardinggthesurfa f £ noble gas (commonly Ar)

passing through the anode da _ Lode electromagnetic field. The

BT

Power
source

High vacuum
chamber

Turbo-molecular
——  pump

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 bas - Spu | : nique using a DC power supply.
of conductive materials. The

schematic of this DC yste “ﬁg 2.8.

strate bias

Figure @ Schematic of the DC sputteﬂg system [26].

AU INENING

The systemyis consisted of a palr of electrodes ;]arget (on the cathode), and
R AT O I TR T oo
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
Si0q, Al,O3, BaZrOs. The schematic of the RF sputtering is shown in Fig 2.9.

Substrate bias
heating/cooling

shutter

13.56 MHz

Figure 2.9; i ing system [26].

By using an RF gener oL 1siudal ternative voltage is applied be-
tween cathode and anode. li. “Ehe: Iternative voltage cycles, the Ar ions are
accelerated to the farge rface with enoush enerevat0 cause sputtering. The
alternative voltage flfﬁu &3 is ﬁuttering technique is 13.56
MH hich is i io f

z (which is in a radio  frequency rangs)l

AULINYNINYINT

2.3.3 Ma&hetron sputtering

ATAADT UM ANV e

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.

@V//

The physical proper strate ch as their melting point and

thermal expansion co e film growth. Low melting

point materials suc itable to be deposited on
the substrate. The 1 ol ing sputtering process can
cause these materials ¢ difference of the thermal
expansion coefficients b ‘ o .I can cause film cracks. Table
2.1 summarizes the melti : __ / 7 ansion coefficients of materials
which are normally used as-ﬂibﬁ@%le% v the: process

fa Qs
Substraﬁ u 8 ’J Weﬂwﬁtw&@lﬁ; @sion coefficient
ma‘ceriall“II 0\“’9). L _a (10 6]@})
ﬁqﬂ&)ﬁi ai | ﬁln sl V1 | dFIE 23@ d
Au (f.c.c.) 1064 14.1
Fe (v) 1534 >14.6
BaZrOs(perovskite) 2600 7.8
Si 1412 7.6

SisN4(0) (hexagonal) 2442 2.11
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In this study, Y-doped BaZrOjs thin films were deposited on Si wafers with 700-
nm SiO, 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 SiOy surface layer is used as a buffer layer

between Si wafer and BYZ thin film.

due to higher number of gas ﬁx}ﬁeeuTL ained in the chamber, there is more
—-.ﬂ; »-’2-':' w C

probability of gas ﬂolecule collision s, can slow down the gas

movement and also les, which in turn affect

the deposition rate and propertles of the deposfced m.

YHINYNINYING

2.4.3 Substrate Temperature

ol AHUBITDYAR Yo st

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.



CHAPTER III
EXPERIMENTAL METHODS AND

CHARACTERIZATION TECHNIQUES

In this chapter, the fabrication t_ejchniquc of Y-doped BaZrO3 (BYZ) dense
pellet and thin film samples.are discussed, and the characterization methods for
the physical properties of both pe_lletl_a?d thin film samples are introduced. In
this study, the physical propertieé of tila*e starting powders and samples were ex-
amined by particle sizg distribut.i.on (P§D), archimedes method, X-ray diffraction
(XRD), scanning electron micr(;sc;ope (S]?M) and field emission scanning electron

microscope (FE-SEM). Lastly;the proton eonductivity was measured by electro-

chemical impedance spectroscopy technidﬁé—(EIS).

3.1 Pellet Samples Preparation

BaZr,_,Y;0504 Ipellet samplés | withex=20106,1071,40:2¢0.3 and 0.4 were pre-
pared by the $6lid state reaction [18, 22] (Fig 3.1). The starting raw mate-
rials were' BaCOg (Baker, ‘putity: 99.99%), 3 mol% Yttria~3tabilized Zirconia
(YSZ)(TOSOH : 99.9%), micro-Y203 (ALDRICH : 99.9%) and nano-Y,03 (<50
nm ALDRICH : 99.99%). The experiments were consisted of two parts as follow:

(i) micro-Y203-BYZ pellets:

Micro-Y,03, BaCO3 and 3 mol% YSZ powders were used to prepare pellets.

(i) nano-Y503-BYZ pellets:

Nano-Y,03, BaCO3 and 3 mol% YSZ powders were used to prepare pellets.
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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

FF

\lass loss(%)

Subsequently, 1 wt% ZnO ¢ ed to the calcined powder as an additive in
order to lower the sii mj gested by S.Tao [22] and P.Babilo
[30]. The calcined ’.i“v ot 24'h for homogeneity. The

% rll
pellet with a diametér of 13 mm were formed by uitiaxial pressing at 20 MPa,

followed by tﬁﬁlgt:j%W%JWﬂ 'T;ﬂ?ts were then sintered

at 1400°C for 10 h in air. The ?ﬂuence of YQO;), particle 51ze on the physical

e RN RAAIING 10 8



Raw Materials
(BaCO;, YSZ, Y,03)

Ball milling with ZrO, balls 24 h

Zn0O
additive

%haracterization
- Phase

- Density
- Microstructure

Proton conductivity
measurement by EIS

Figure 3.1: Experimental procedure of pellet sample preparation

26
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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 v1ew” /)},the system are displayed in Fig 3.3.
The system consists of three sputtermg guns"", ofawhich angles the desired Z-axis

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

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

Figure 3.2: Schematic of AJA the sputtering system



J‘l} <

e ——

Z-height adjuspﬁ nt
" _.—-_c'_ 3
A , :

g

line

Figure 3.3: Top and side views of AJA sputtering system

28
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3.2.2 BYZ sputtering methods

In this work, Y-doped BaZrO; (BYZ) thin films were fabricated by using two
different sputtering methods.

o Method 1 (M1): Co-sputtering of Y and BaZrOj; targets

.

Method 1 (M1) N 4

o Method 2 (M2): 2-step sput of Y-BaZrO3 target

BaZrOj3 targets. The : tering we ied out with the direct cur-

35-65 scem, respective : cssure were maintained 3-5

mTorr at all deposmon tlmes Si wafers Wlth 700-nm 5104 surface layer were used

as a substratﬂmﬂlﬂ ﬁ}l?ﬂdﬁo%oﬁ Wﬁqﬂ‘ﬁondltlons for BaZrOs

thin films depalltlon which yleld‘s an average deposition rate of 0.185 A/s are

o QAR TRNF] I T UNIINYIAY
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Table 3.2: Deposition parameters of BaZrOgs thin film

RF Power 60 watt

Operating Pressure | 3 x 1072 Torr

Argon Flow 65 sccm

condition summarized im"Table ‘ ‘powerapplied on the Yttrium target

was varied from 3-1 ' ; ere tatcd s d heated at 700°C during

the deposition. Afte . v > ’,,‘ : \;\ samples were annealed in
air at 800°C for 3h. iy
Table 3.3: Deposition param ot ot ped BaZrO; (BYZ) thin film

s i)

60 watt

1@ Torr

VQperating Pressureu 3 x 1073 Torr

WL RN BT
MG AR] TN

Deposition Time 2 hours
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Method 2 (M2)

The BYZ thin films were achieved by sputtering the modified Y-BaZrOg target.
The preparation procedures of the modified Y-BaZrOgs target were shown in Fig
3.4. Yttrium(Y) was first deposited on the BaZrOj; target at Y-window angle of
20 to 40 degrees. The conditions of ? Jlum deposition were summarized in Table

3.4. About ~365 nm of Ytt@%-l

/ sited on the BaZrOj target.

Substrate

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

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

Argon El '

[ )epOSitio

)

Subsequently, the'mog

(]
¥

supply to deposit BYZ

Table 3.5. Subsequently, the sa

e -

Table 3.5: Deposition ﬁ}gﬁg‘?}

A

RF Power 100 watt
Base Pressure 5x 1077 Torr
Operating Pressure | 5 x 1072 Torr
35 sccm

x’-' £
W

\ \ puttered using the RF power
sifion conditions were summarized in

\

ed in air at 800°C for 3h.

Anne

Ims fabricated by the M2 method

-
N

'In.—.n’
| 8e) d.X

Y

'a ]

Operating Pressurd./

3 x 1072 Torr
i _' | e
ao‘ C

i

[

YR

Substrate Temperature

Deposition Time
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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 met %"# interaction between the laser beam

and the suspended partl e las rikes an assembly of particles,

some part of the bea ransmitted. The diffracted

laser beam passes th ages on the detector. The
diffraction pattern esponds to the mean particle
size distribution, w ted to the particle size of

the powders.

The bulk densitsa_of green body and si ) samples were determined

’édium. At the beginning,
the pellet samples were dried at 105°C and weighted which was referred to as dry
¢

weight (Wd).ﬂhu%rﬁ?%ﬁ %\%fwg q\:ﬂrﬁor 30 minutes. After

that, the specﬂlen was kept und%r water for 15 minutes. The saturated weight

o O T TR B s et

using Ea 3.1.
Wy

Blﬂk density = ( W
sat sus

) X pwateT (31)

where W, = the dry weight
Wat = the saturated weight
Wus = the suspended weight.

Pwater = density of water (1 g/cm?)
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The theoretical density (p) was determined from the unit cell data as followed:

n(X_Ac + > Aa)
VcNA

p= (32)

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

Y Ac= the sum of the atomic weight of all cations in the formula unit

YA 4= the sum of

wA ) #y all anions in the formula units
Vo = the un@l N

The relatiwe densitiy =/ ' ‘ : (3.3)

3.3.3 Mlcrostructurég%éj - ng electron microscopy (SEM)
A gk E

A o e ¥ ]
et e

Scanning electrou_microscope
is used to examine tlfj morpholog saﬂpies. High-energy electron
beam generated by a h?ated tungsten ﬁlwent is scanned across the sample sur-

. o SIS IR NS P ARG producing sever

signals such as secondary electroms, back scatter electrons and, characteristic x-
tay et NTH Ao N kel bbbl o boickondol) § mmage. The
intensit; 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 wa

' lj at Thai Micro Electronic Technology
Center Thailand (TMEC). FE-SEM t focused electron beam to strike

characteristic x-rays and Auger electrons se signals are not only generated
from the primary beam impinging upoun s sample, but also from other inter-

YN\ 7

actions of atoms 'fﬂ"_L—‘“_‘E il --'-_--_f: s'and surface morphology

were observed at 50 %0 G § 1ngﬁ1e voltage of 10 kV.

ﬂumwﬂmwmm
QW']Mﬂ‘im UAIINYAY



36

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

4)

, the scattered X-ray beam creates the

angles. According to Bragg’s law
constructive interfere when is equal to the wavelengths [31] as

shown in Fig 3.5.

Inciden ! - ' Scattered
™ beam

AU neninnna.
ARAININAMANYINY

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

a
d = T (3.5)
(B2 + k2 +12)2
1
a = A (h? +k* +17)2 (3.6)

25sin 6§
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where  n = an integer.
d = a spacing between surface.
O = the angle of the radiation on the crystal surface.
A = the wavelength of the radiation.

a = the lattice parameter.

(hkl) = lattice plane identificc'hy Miller indices.

jgated by X-ray diffractrometer
(Bruker AXS), using ti \ 5418 A) and operating at 40 kV

and 30 mA. The da Lthe 2 ) ‘ of 10-90° with a step scan

of 0.05 degree.

Thin film phase ng Rigaku X-Ray diffrac-

tometer, TTRAXIII c. The measurement was operated

at 40 kV and 30 mA. e 20 range of 10-80° with a

step scan of 0.05 degree.

4

|
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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 s has been widely used at the present

because it can distinguish E

talline materials.

Impedance Deﬁni/

Electrochemical i

duction mechanism in polycrys-

nique used for measuring
the proton conductivit : i alternating potential over a
range of frequencies. When an‘a ez i ‘(Voltage) is applied across an
electrochemical cell, a cu elt"-v; € ly through the electrodes and

movement of ion through th,e_-gf&?ol?z«t . "This. movement causes the different re-

o)

ghpvnln_lnnl-l-lll---l _--m-_n_luml' A I‘I‘en‘t on the Conductlon

V. X

mechanism [33]. Im;ﬁiﬁ atio between a time-dependent

sponses between t

potential and the corregpgding time- dep&gdent current at each applied frequency

asshom@umwﬂmwmm

€7 =

el o LALLTL 3R um;a NN .

and current at time t. V, and I, are the amplitude of the voltage and current
signal, w is the radial frequency, and ¢ is the phase shift. The impedance (Z) of

the system can then be written as

Vo cos(wt) cos(wt)

Z= Iy cos(wt — @)~ cos(wt — @)
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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(jop) = cos¢ + jsing (3.9)

(3.10)
7 = leSolib) = Zo(cosip+ jsin o) (3.11)

!

\ . .

\ .

| \ .
I11ariz

plot as shown in Figs3. hof Nyeuist plot tey s a real (Z') part and an

a Bode plot and Nyquist

imaginary part of the : {47) e ) the x-axis‘and y-axis respectively (Fig

3.6(a)). In a Bode plot #ha absc fmpg o (|Z]) and the phase shift (¢) are

o

logw —

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 ik rimpedance, while the intermedi-
ate and the lowest frequency ones corresponded to the grain boundary and the
electrode responses, respectwely

In the Nyquist plo//fhe applied &requency increases from the right to the
left. The diameter o /Ffe hlghest -freqtiency arc represents the bulk resistance
(Rp), whereas the one at» the 111termed1al}e frequency indicates the grain boundary
resistance(Rg ). In addltlon to r(;smta;ce ‘the typical capacitance values of bulk
and grain boundary of BYZ can T)(‘ cxtracted The typical capacitance were in

.—_‘.,

the order of 107'* F and 10 < F for th(—?;bulk and grain boundary, respectively
=

[14, 36]. The low- freguencv arc corresponds to the eleetrode response(Rg), which

v |

/ J
is based on the electrochemical reactions at the intcrfere.

G, Cas. Ce
I |1 |1
1 I Iy IS
Z1 Rs Reb. R
' Low
High Frequency

Frequency

Ry, Ry + Rgs. Ry + Rg.s.+Re

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.

(a)

7l

/ PR A= kxthin film thickness

J‘dd-u \ \'
Figure 3.8: Factors for the p tont? e \leulation (a)pellets (b)thin films.
F

-‘l

i J;-*‘ dﬂ'

—_ 7 (3.12)

T
ﬂuﬂqwﬂ%€Mﬂnﬂﬁ o
ARIAINTN ANYTRY e

o — % _ % (3.15)
where V = applied voltage (V) I = Current (A)
R = Resistance () p = Resistivity (.cm)
o = Conductivity (S/cm) L = Sample thickness (cm)

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

pressed as following:

or = % exp ( RT) (3.16)
(3.17)
where E,=A
R Z : .mol)
From Eq. 3.17, the lot of IncT can determine the

The impedance _-f-:' '

»w
The set-up of tlﬂ AC

Fig 3.9. The system C@rgsts of a tube rnace, sample holder, Solartron 1260

impectnce ofldfeh hie| £ 9] 5 WBNS

The BYZ pqe]llets were coated with gold paste on both sides as electrodes and

en b o350 £, A Qo) B B e

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

\‘
nt@or this study is shown in

then loaded in a sample holder. The impedance spectra was measured in the
frequency range of 1071~ 107 Hz at 250-600°C in air, dry Hy (7% H, in Ar) and
wet Hy (7% Hy in Ar) atmospheres. The impedance spectra was measured at a

50°C interval with the ramping rate of 5°C/min.



Data analyzer

Tube furnace

T

Pt
i

pellet

Solartron

Figure 3.9: Schematic diagram of the AC-Impedance measurement
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CHAPTER IV

RESULTS AND DISCUSSIONS: BaZr;_,Y,O; ;PELLETS

Several studies have been do e '% conductivity of BaZr; ,Y,O3_;
— L Qy of the proton conductiv-

ity results from differen i ' arise the difference in the starting

powders, fabrication conditions.

Therefore, the ai pfe - influence of Y503 particle
size and the Y dopin 1 properties (phase, density
and microstructure) Ba '%G ?‘f ot 3 . Furthermore, the effects of
the sintering process andfEIS atmosphere he proton conductivity of BYZ
pellet samples are further an_qﬂg@" d. The proton conductivity results

obtained from thissstudy will be later compa :::::;v::;‘r_')’ e BYZ thin film proton
fi ‘

conductivities in théﬁ-l OWil

‘o Q/
4.1 Partfeld $fab o Ry Mapeltals| ") 7
LT ¢
RO N 1
| ‘
mol% yttria stabilized zirconia (YSZ), micro-Y,03 powder and nano-Y,O3 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(um)
3 mol% Yttria Stabilized Zirconia (YSZ) 36.08
Barium carbonate (BaCOj) 13.53
Yttrium oxide (Ygog)a' o partic 41.06
Yttrium oxide (Y203)~ WA s 7.91

After the calcinaM A s calcined powders were re-
" The parti

reases with increasing Y
concentration in bot i ( : k "* 03-BYZ. The results show
that the particle sizes """ 7 than those of micro-Y,Os3-
BYZ. The particle size larger than those of the raw

materials, which are likel catisett , eration of the powder after the

Fnd

I'powders
1
BaZrl_meOg_(;‘ Micro-Y50s3- B\% (um) | Nano-Y203-BYZ (um)

AW BRI NN 30

x= 0.10 35.69 o 505
|
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-Y5Os3
and nano-Y,03 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 BaZrOs (JCPDS no. 0C '7])399).

(@) —

A E

x=04 4

AR
7/ //A\\\\
//g A\\
I \‘L x_—0.1

Intensity (a.u.)

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

(a) micro-Y203-BYZ and (b) nano-Y,03-BYZ
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As shown in Fig 4.1(a), when x > 0.3, the Y,O3 (JCPDS no. 00-043-1036)
peak were observed within the micro-Y,03-BYZ samples. The Y503 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
Y503 micro-powder was replaced by Y,03 nano-powder, the second phase was no
longer observed (Fig 4.1(b)).

Lattice parameters of BYZ pellethere extracted from the XRD results and
plotted with respect to.¥eeontent in Fig 4.2, The results reveal that the lattice
parameters of BaZri=,Y 05 5 increaS(fs with the imcreasing Y doping concentra-
tion due to the larger ioni€ rading of V¥4 (0.90 A)incorporated into the Zr* site
(ionic radius of 0.72 A) In the nanb—YZO;;BYZ samples, the lattice parameter is
ranging from 4.179 to4.226 A With inere{eising Y content from 6 to 40 at%, whereas
that of the micro-Y,03-BYZ is. 1ncreased: from 4.160-4.188 A with increasing Y
content from 6 to 30 at%. However in the;mmro Y,03-BYZ samples, as x reaches

0.4, the lattice parameter decrease to 4. 172 A as a reeult of secondary phase.

494 _- nano-YZOS-BYZ
& m icrO-YZOE-BYZ 4.226
12 4217
G 4,209
420 - 4,194
4.188
— 4,180
L 481 4.172 4.172
[ge1
416
414
412
4.10
10 20 30 40

Y content (at%)

Figure 4.2: The lattice parameter of BYZ pellets after sintering at 1400°C
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The lattice parameters obtained from BaZr;_,Y,Os3_s 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 discrep )Je crystal structures between Kreuer

et.al’s and our works may.canse tl li the lattice parameters.

4241 . 7
A
422 - . #
i
_420f -,
o 1
= s
418 | ¥ —; : :
B Kreuer(15)| 4
o < lguchi (18)|
4.16 . cied ano-Y,0,
[

40

Y content (at%)

ALY ANYNITNYINT

Figure 4.3: THe lattice parameters of BaZr;_ ZY Os_s at 0. 06< x < 0.4 obtained

o G I GBS B Y G s

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-Y,03-BYZ samples

‘ /ﬂ same as those of the nano-Y,Os3-

b s are close to the theoretical

reach ~ 55 %, which are app

BYZ. After sintering, t
density. In micro-Y2 0:4, thesd 81tles of the pellet reach ~
95%. However,the de ot 65/t0 8 ~"

c 10

4 which is likely caused by
. he incomplete solid state
reaction of large YoO3 part: 6 starting \Q‘ er. The density of nano-Y,03-

BYZ reaches over 97% and ng declin ; _ “ a \ of the sample with increasing

e -*.:‘-'-'.;_# Z/08

Relative density(%)
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5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40
Y content (at%) Y content (at%)

Figure 4.4: Relative density of green and sintered bodies of (a) micro-Y,03-BYZ

and (b) nano-Y,03-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 um . After sintering at 1400°C with the addition of
Zn0O, the dense BYZ-pellet samplﬁzs\c’a be achieved. The grain diameter of the

sintered bodies are about 1.2 pm, whic¢ ‘/yrger than those of green bodies.
Fig 4.5(c) reveal the lower density of B Y—ﬁiiet surface than that of bulk BYZ,

which could arise from(‘;

eva

-

p&)rationm sintering process of BYZ as

d S ma et al [37]! The Ba loss, which mainly

F 3 3
occurs at high temperafiire/catiges thestoichiometric variation in the BYZ pellet
v 2

—a".- i g ‘.: "vN
s \

r -ilfl
# ]

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

(d) polished Nano-Y203-BaZrgsY203_5 pellet samples
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The comparison of the microstructural images of micro-Y,03-BYZ and nano-
Y,03-BYZ at different Y contents are depicted in Fig 4.6. The grain size of
micro-Y203-BYZ are about 0.65 pum, which are smaller than that of the nano-
Y203-BYZ (~ 1.2 um). Small pores could be detected in both systems, although

the nano-Y,03-BYZ samples show fewer and smaller pores than that of micro-

Y,03-BYZ. / |
The effect of excess 'o@se in micro-Y,0O3-BYZ pellets
could result in the lowesstotal con ivity as reported by Kosasang et.al [39].

Therefore, only BYZ-pelle@Samples with nano- arting powder were chosen

X

1
1l
i¥ |

AULINENINYINT
AN TUNM NN Y
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Micro-Y,0; BYZ Nano-Y,0; BYZ

Figure 4.6: SEM images of micro-Y,03-BYZ and nano-Y,03-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 BaZr;_,Y,O3_ s pellet samples

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

the different frequency regim ig 4.7. The impedance spectra in

the high frequency regi ' onse those in the intermediate

frequency corresponded my and the lowest frequency

spectra were the result frou

-4000

-3000

ZII

-2000 —

[ A V o
PRI RETIINEINTD

AR NI0INRIINEN Y

1000 2000 3000 4000
Z'

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

BaZrygY203_5 were calculated : V arized in Fig 4.8. Below 350°C, the
grain boundary conductivity agnitude smaller than the bulk
conductivity, 1nd1catlrw Wmugh the grain boundaries
is the rate-limiting SM ' « r 400°C, the bulk and grain

boundary conductiviti imilar. M the total conductivities of

LY INGNINYINT
RINIUNRITNYIAE

S B s e py s s e S BN B
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

1000/T (K'1)

Figure 4.8: The bulk, grain boundary and total conductivities of BaZrygY (203 s

n 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 BaZr;_,Y,O3_s
(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 inargeed agreement with-iguchi et.al [38] and Tao [22]. The
increase in the grain boundaryproton conductivity is observed as x increases from
0.06 up to 0.2. The highesgt grain bohndary proton conductivity is obtained at

x=0.2, while the highest hallk (onductlwty exhibits at x=0.1. Several previously

i
\ -

reported literatures ([18],[23]) Showed 6}16 optimum doping concentration at 20
at.% BYZ for the bulk couduétfvitv Whlch is higher than the result obtained

T/R
in this study. The dlsCIepan(,y could amse,,from the difference in the starting

powders, fabrication procedures and EISf;mé@surement conditions.

The grain boundé,r_}uand_tgtal_pthn_@Qndu@tMtfgI-in this study of 20 at.%
BYZ at 500°C are 2. 84 x 1072 S/cm and 1.22 x 1072 S/cm respectively, whereas
the bulk conductwlty of 10 at.% exhibits,2.63 x 1072 S/cm at 450°C.

Moreover, as xsincreases to 0.3, the bulk, grain houndary and total proton
conductivities are substantially lowered. The decrease in the proton conductivity
may arise primarily from thefossiéf 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 ond CHIvith Y7 pellet samples in air
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Figure 4.10: Grain boundary conductivities of BYZ pellet samples in air
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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.[3 coul ﬂ ym the reduction of secondary phase
(Y203), the increase of gra ig 4&e higher density of BYZ pellet

' —
samples. Therefore, the.use of i -ff’m 5,03 powderin the fabrication process could

enhance the grain boundasy couducti 1 \ \3 activation energy.

Table 4.3: Bulk, grain boundary -.' ~ t energles of nano-Y,03-BYZ

pellets

Y contentfat §6) \ Total (eV)

6 0.69

0.64

' A.c‘ L. 0 0.58
PYd Ry A ‘

AMIANTNNNING I

~
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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 Hy (7% Hs in Ar), and wet Hy (7% Hs in Ar). The results

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

mechanism is highly dependent

str tuwmoum of protons provided

phere, there are large amount of H atoms

H, and wet Hy (Fig 4.13).
on the saturation of w.
by the atmosphere [15

extracted from both igher number of protons available

-

in the BYZ lattices. | Q» n conductivity is observed in all

\

samples measured in p 5 ) than those measured in air.

The trend of the to ' \ of BYZ pellets measured in dry

H; and wet Hy are similar tg, those me air. The highest total proton

£

conductivity was obtained .at-x=0.2. w he lowest was exhibits at x=0.06

throughout the temperaturerange-ofthis studye 7\..‘ ]

sa

y §
AULINENINYINT
AN TUNM NN Y



60

.
T(°C) ()
550 500 450 400 350 300 250 550 500 450 400 350 300 250
1.0 T T T T T T T T T T T T T T T T T T T T
o5 (a) 1.0 ' (b)
i ¥ A
hi
& A
< 00+ 0.5 ;
K §
£ A
o
@ 051 0.0 ¥
ot 4
5
9 104 A
o]
1.5 A
v
2.0 T T L T T T T
12 13 14 19 Z'BW 15 16 17 18 19 20
_ 1000/T (K ')
A\ N - T1(%)
550 500 450 1 5 : 0 350 300 250
| LI — T \ =, T T T T
1.0 o (d)
¢+ O gl \
I
0.5 ‘ .
<
<
£
©Q 0.04
2 &
= v
<]
o
2.051 '
-1.0 4 !
12 13 14 15 ' 15 16 17 18 19 20

T \‘ 1000/T (K~ )

- uT - i
ﬂ U Eﬂ 0) 'ﬂ El 1] ‘%’W

2| A., .
J v 7% weph,
EURDRGEAIET i

1.0 R

L e e e e S S B
1.2 1.3 1.4 15 1.6 1.7 1.8 19 20

1000/T (K'1)

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 BaZrOj. Babilo et al. [21] showed that the barium deficiency

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

ndence of BaO loss on the proton

intered in different conditions

Ba deficiency was sho ITie loss of BaO caused the

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

defiency Waﬁ“%ﬂ G &m INYINT
o3 W b ATLHNIIVEARE o

Hovvever, 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 BaZrggY203_5 measured in air

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

ductivities of each report | E ed fo the use of different starting powders,

d. EIS measurement conditions.

et al. [15] and BaZr(ﬁb Nl S mﬂ% ZnO addition by Babilo
et al. [30] are 0.44 eV mo 47 eV, respvlvely, which are in the same range as

our results @ ENRIRAR YRRt 1A ]! ’}ﬂg‘é of 0.68:0.52 ¢V also

correspond very well to the report'by Babilo etsal. |

QW’]Mﬂ‘ﬁﬂJﬁJW]’W]MﬂEJ
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Figure 4.15: The comparison of our proton conductivities (a) bulk conductivity

(b) grain boundary conductivity of BaZrgsYo203_5 to the previously reported

literatures[15, 22, 23, 3§]



CHAPTER V

RESULTS AND DISCUSSIONS: THIN FILMS

As discussed in Chapter 4, BaZrg s Y505 5 (BYZ20) pellet sample exhibits the
highest total proton conductivity. TFhe bulk-preten conductivities of the pellet
samples are higher than #he grain boundary eonductivity at all compositions.

However, a large thickueSs of the electrolyte can reduce the fuel cell performance
due to the ohimic loss discussed ih_ChéLy'ter 2. Therefore, to further decrease the

overall electrolyte resistance o Be Com."pa}'able to that of Nafion®, the thickness

of the BYZ electrolyte must be reduced into thin film.
‘ .‘f p._

ald ¥ K
This chapter presents the physical properties and proton conductivities of BYZ

thin films fabricated by (i)_ggfsblltteringﬁ('lﬁ\;{[_l_) and (ii) 2-step sputtering (M2)

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

the conductivities of the BYZ pellets. i

5.1 XRD'Patterns of BYZ Thin Films

5.1.1.) BaZrQs. thinfilms

The uniform BaZrOgs 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 BaZrOs 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 BaZrO3z (JCPDS no. 00-006-0399) as shown in Fig 5.1.
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Figure 5.1: XRD patterss of BaZrQs ﬁlms at the substrate temperatures of room

temperature to 500°C . 5 24y 4

)
¥/

5.1.2 Y-doped BaZrOj (BYZ) thin films

The XRD pattef_hq of BY'Z thin films fabricated b:y-‘CO—sputtering and 2-step
sputtering techniqﬁéé are presented in Fig 5.2(a) and Flg 5.2(b), respectively. As
shown in Fig 5.2(a), ;c“he XRD patterns of the BYZ t’hin films obtained from the
co-sputtering method (M1) of Y and BaZrOjg targets cortespond to the perovskite
crystal structure of BaZrOg3. The €oncentrationsof Y in the B¥Z 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 (Y20O3)
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

\#/, the expansion of M2-BYZ thin film
@amples, while that of M1-BYZ

increased from 20° to 40°. As

lattice parameter is simi

thin films are the highes

4.26 - :
424 :
4.22 ;
g 420
4]
418 y
X -
4.16 PTLDim : M1
t?ﬁtﬂm:mz
_ _ A BYZ pellet
4.14 1 ‘ = 'Y I
0 [ i — (at%)
Po 0, 5 3 - > (W)
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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 t‘w ?sputterlng technique (Fig 5.4(a)) shows

/ sputtering (Fig 5.5(a)), which may

result from the higher su-bs&&%e températufe-d-u-r-l-ﬁg the deposition process.

slightly larger grain size than that of th

!’" ‘-‘_-
The thickness of W rug b the co-sputtering technique are in a range

of 130-140 nm, where ricated by the 2 step sputtering technique have

-a ‘.,': 4;.

1r nl'ﬁ’ as the Y-window angle increases from 20
% [ 4 4 \ .
o \
&b -ilfl
—

“4 -;- g

the thickness varied frot

to 40°.

Flgurﬁél SEM images (? gléulg[‘z‘mﬁ b) ‘:hge rosEJse’(l(QalﬂYZ thin films

fabricated by co-sputtering technique (M1)
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Figure 5.5: SEM images gf B‘YJZ'-thin ﬁirﬁé;‘:fabricated by the 2-step sputtering
technique (M2) after annealing at 800"(}L ‘(aﬂ)"surface (b) cross-section at an Y-

window angle of 20° ﬁcﬁm’WW&n@e 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 results also reveal that the M1-BYZ

which may be caused by several

ﬁergy peaks, which can extort

Ba composition result (i / O loss . “ gh -.,- rature during the sputtering
and annealing process the

the segregation of Y,Q4 aud '/ Jm \\ the resputtermg on BYZ film
()

._.
TTPEFY

thin film compositions had \&_;__55:}_\-» B

reasons: (i) the overlapping-of Ba and Y

. and Babilo’s report [30], (iii)

during the sputtering process s% \1- 1et al. [41].
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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 Zr3p?® binding energies are observed (Fig 5.7). When the DC power is
less than 5W, the binding energy peaks of Y3d and Zr3p?® 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

1 . ; —1
(a) : 1 :
8000 | J @ - 3
. N SR —4
5000 -| I
b —
4000 =7 g -1
—9
——10
2000 -] =
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Figure 5.7: The plot of the intensity with respect to the binding energy of M1-

TRTAN 300

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

(b) Zr3p3:3W (C) Y3d:10W and (d) Zr3p*: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 divi v distinct regions, which may be due

to the two different ionie. At T< 400°C, the activation

energies of all M1-BY -0.52 eV, which is similar to

the activation energ es in BYZ pellets (0.42-0.47
eV). Therefore, the erature range is likely the
proton conduction 1 At b, activation energies vary from

1.08 to 1.32 eV, whic
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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 highe / BYZ thin films (400°C). At T<

450°C, the activation e@B\Q thme in a range of 0.48-0.59 eV,
while At >450°C, the( ' \65 179 e The change fn

the activation energy

2 s em 1K)
goT(S cm
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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 H,

The EIS measurement on the M2-BYZ thin films were also performed under
wet Hy (7% Ha 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 Hy are compared’in Fig 5.11. At 1< 450°C, the conductivities of
M2-BYZ thin films in_wet H, ave sﬁ,ghtly higher than those measured in air.
However, at T>450°C._the proton con%lﬁctivities of M2-BYZ thin film in wet H,

are lower than the oxidg'ion Conductivi"j;ie'é in air.
The activation energigs arcin & range'of 0.63-0.68 eV, which are close to the
‘ .‘f p._
activation energy of BYZ pellet total pi“_(r)'ﬁ'qq conductivity (0.58 eV to 0.69 eV).
d [ ki #4204

As suggested by Kreure et al: 5], theﬁﬂ’qon conduction mechanism is highly

ST R o

dependent on the _séjcuration of water and proton loa_-‘ai_ng resource (Hy). There

are large amount ofH atoms extracted from both HQO’_E‘md Hs,, leading to higher
number of protons available in the BYZ lattices. Therefore, the higher proton
conductivity igobserved 1n all samples measured in wet Hs than those measured
in air. Furthermore, the proton conduction can overcome the oxide ion conduction
at highytemperature'due to the higher mumber of protons and lower number of
oxide ion vacancies from the water incorporation supplied by the wet Hy. As a
result, only one activation energy of the conductivities, which is corresponding to

the proton conduction, is observed.
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Figure 5.11: Total conductivities of M2-BYZ thin film in air and wet Hs
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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 b %”undary resistance. The total resis-
tance of the BYZ pellet al = Rpur + Rg... However,

as shown in Fig 5.12 thin film shows only one

elongated semicircle esistance of the BYZ thin

film cannot be clea total resistance of the BYZ

-4000

-3000

-2000

sl
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Figure 5.12: The impedance spectra of (a) pellet (b) thin film
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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.
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Figure 5.13: Conductivities of, BY/Z,thin-film,compared, to-those of BYZ pellets

The BYZ thin‘filn condactivities aré plotted foi coniparisduiwith 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 me:
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CHAPTER VI

CONCLUSIONS and FUTURE WORKS

6.1 Conclusions

-

BaZr;_, Y03 s (with Twi% ZnO addition) pellet samples with x= 0.06, 0.1,
0.2, 0.3 and 0.4 were fabri¢atec by, mé&m of solid state reactions. The influence of
micro-Y,03 and nano- ¥50g powders Dfl the BYZ physical properties was stud-
ied. The XRD results reyeal that. the IHICI‘O Y503-BYZ and nano-Y,03-BYZ pellet

samples match with the peroyskite struct‘ures. I micro-Y,03-BYZ, the secondary

phase (Y203) was observed Wherrx o 0“3* due to the incomplete solid state re-
J 4 ,u

action. However, once Y203 mmm pow&@ was replaced by Y,0O3 nano-powder,

the secondary phase was no longer observed The denblty of micro-Y,03-BYZ

samples, when x< O:'Zl reached ~ 95%. However,the de’héity declined to 83% when
x= 0.4 which was likély caused by the secondary phase due to large Y,03 particle
size in the starting powdert.} The density of nanosY5>O3-BY Zsamples reacheed over
97% and no deelined 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 Hs
(7% Hy in Ar) and wet Hy (7% Hs 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 Hs environment,
thus confirms the proton conduction mechanism.

The M1-BYZ thin films were obtained by the co-sputtering technique on the
Y and BaZrOj targets under the DC and RE.power supplies, respectively. During
the co-sputtering, the substrate temBerature was set to 700°C to obtain dense
and polycrystalline BYZ«thin fils. The Y, 05 segregation was clearly observed
as DC applied power‘on the Y targeﬁl 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 4onig condu,_c_tian ri?éqhanisms. The activation energies were
in the range of 0.46-0:52 ¢V and _1.08—1"33)2‘ eV, which were corresponding to the
proton conduction and oxide ion 'Conduétdb.n mechanisms respectively.

The M2-BYZ thin films wére obtamedﬁy fhe 2-step sputtering technique. The

process was modlﬁed by the DC sputtermg of yttrlum metal at Y-window angles

of 20°, 30° and 40° 'oﬂ fche surface of BaZrOg3 target to tham the BYZ target. The
thin films of BYZ wete subsequently deposited by RE-sputtering technique on the
Si substrates. AAfter;the sputtering process, the M2:BYZ thin films were annealed
at 800°C in airgfor 3h to form the polycrystalline films. The XRD analysis showed
the YSZabd perovikite phase of BaZrQ4 in all samiplest The aihotnt 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.



82

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 th — eta lef@( Z thin films, the oxygen gas
should be flown into t( h terjng process.

2. To eliminate ioh O \ face conduction, the EIS mea-

,.\\ \ be performed.
AN

sting of the anode, cathode and

surement across the thi ¢
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\e.
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3. The complete 1ge

electrolyte, should be fa 1 film deposition technique, and the

single cell will be test to i erformance of the DEFC using BYZ

thin film as the electrolyte.
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APPENDIX A

Particle Size Distribution (PSD)
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Figure A.1: The particle sizes distribution of raw materials (a) BaCOj3 (b) 3 mol%

Yttria Stabilized Zirconia (c) micro-Y203 (d) nano-Y,03 powders
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Figure A.2: The particle size distribution of micro-Y»03-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-Y;03-BYZ (a) 6 at.% (b) 10

at.% (c) 20 at.% (d) 30 at.% (e) 40 at.%




APPENDIX B

Densities rof Z Pellet Sample

een a@ bodies of micro-Y,03-BYZ

Table B.1: Relative d

P —
BaZri_,Y,O03_;s ntered body densities(%)
x= 0.06 93.66
x= 0.10 95.22
x= 0.20 95.42
x= 0.30 92.67
x= 0.40 83.32

Table B.2: Rela i d E\".‘, es of nano-Y,03-BYZ

i

BaZr,_,Y,03_s | Green body densit&ej(%) tSintéred body densities(%)

g
x:o%,tt JPES §WE| ”i§98.43
x= 0.10 57.70 aL 98.70
x= 0.30 57.35 98.60
x= 0.40 55.20 97.16
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