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SUMMARY

Despite obvious advantages of solid oxide fuel cells (SOFCs), they have some

problems that need to be addressed for their commercialization. The major issue is that

high operating temperatures (~800 °C) cause performance loss due to microstructural

and chemical degradation with time.

In order to overcome the performance loss, lowering the operating temperatures

of SOFCs down to below 650 °C is the straightforward approach. Doped bismuth oxide

ceramics are quite promising for low temperature SOFC electrolyte applications due

to their extremely high ionic conductivity. However, the stability of its fast-ionic

conductor phase (cubic-δ) at this targeted operating temperature is questionable.

In this work, the effects of the fabrication conditions of 28 mol% Y2O3 doped

Bi2O3 (YDB) on the phase and electrical conductivity stability was investigated. It was

shown that the sintering temperature greatly affects the phase and electrical

conductivity stability. For example, YDB ceramics sintered at 800 °C exhibited a fast,

exponential-type conductivity decay with a concomitant cubic to rhombohedral phase

transformation upon a 100-hour exposure to 650 °C. Conversely, all the YDB ceramics

sintered at higher temperatures (900-1100 °C) experienced a slower, linear

conductivity decay under the same conditions, but with no observable phase

transformation. This difference was connected to the higher amount of metastable

cubic-δ phase present in YDB sintered at 800 °C than those sintered at higher

temperatures.

Practically, it was suggested that for SOFC applications, the conventional

approach of lowering the sintering temperature to reduce the manufacturing costs

would result in poor stability in YDB electrolytes.

Keywords: Bi2O3 Based Electrolytes, Yttria Doped Bismuth Oxide, Solid Oxide

Fuel Cell, Impedance Spectroscopy, Long-Term Stability.
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ÖZET

Katı oksit yakıt hücreleri (KOYH) bilinen avantajlarına rağmen, piyasaya

sürülebilmeleri için halen bazı problemlerinin çözülmesi gerekmektedir. En büyük

sorun bu cihazların yüksek sıcaklıklarda (~800 °C) çalışmalarıdır. Bu sıcaklıklarda

KOYH bileşenleri zamanla mikroyapısal ve kimyasal bozunmalara uğrar ve bu

sebeple performans kaybı meydana gelir.

Performans kaybını önlemek için KOYH sisteminin çalışma sıcaklığını

düşürmek 650 °C’nin altına düşürmek en temel yaklaşım olarak karşımıza

çıkmaktadır. Yüksek iyonik iletkenlikleri sebebiyle katkılanmış bizmut oksit

seramikleri düşük sıcaklıkta çalışan KOYH elektrolitleri için gayet uygun

malzemelerdir. Fakat, hedeflenen çalışma sıcaklıklarında yüksek iyonik iletkenlik

gösteren kübik-δ fazının kararlılığı tartışmalıdır.

Bu çalışmada, molce %28 Y2O3 ile katkılanmış Bi2O3 (YKB)’nin üretim

şartlarının faz ve elektriksel iletkenlik kararlılığı üzerindeki etkisi araştırılmıştır.

Sinterleme sıcaklığının faz ve elektriksel iletkenlik kararlılığı üzerinde büyük bir etkisi

olduğu görülmüştür. Örneğin, 800 °C’de sinterlenmiş YKB seramikleri, 650 °C’de

100 saat ısıl işleme tabi tutulduklarında elektriksel iletkenliklerinde eksponansiyel

tipte, hızlı bir düşüş göstermişlerdir. Bu düşüşe kübik fazdan rombohedral faza

dönüşüm eşlik etmiştir. Diğer yandan, yüksek sıcaklıkta (900-1100 °C) sinterlenmiş

YKB seramikleri aynı şartlar altında doğrusal tipte ve daha yavaş bir iletkenlik kaybı

göstermişlerdir. Fakat, bu seramiklerde bir faz dönüşümü saptanamamıştır. Aradaki

bu farkın, 800 °C’de sinterlenmiş YKB seramiklerinde daha yüksek sıcaklıklarda

sinterlenmiş numunelere göre daha yüksek miktarda yarı-kararlı kübik-δ fazı

bulunması olduğu öne sürülmüştür.

Uygulama açısından bakıldığında, üretim masraflarını düşürmek için geleneksel

yaklaşım olan sinterleme sıcaklığının düşürülmesinin, YKB elektrolitlerinde düşük

kararlılığa sebep olduğu tespit edilmiştir.

Anahtar Kelimeler: Bi2O3 Tabanlı Elektrolitler, İtriya Katkılanmış Bizmut

Oksit, Katı Oksit Yakıt Hücresi, Empedans Spektroskopisi, Uzun Dönem

Stabilizasyonu.
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1. INTRODUCTION

1.1. The Energy Problem

Energy consumption of the world rises due to increasing population, developing

technology and the pursuit of a higher life standard. To meet this need of energy,

combustion of fossil fuels is still preferred predominantly. However, this way of

producing energy causes air pollution due to high CO2 emissions [1]. In addition, fossil

fuels are not renewable. Therefore, researchers have been developing new methods to

generate electricity efficiently and with no/less harmful gas emissions, such as fuel

cells. Basically, fuel cells are electrochemical devices that convert chemical energy

into electrical energy by electro-chemical reactions. The two well-known types of fuel

cells are proton exchange membrane fuel cells (PEMFCs) and solid oxide fuel cells

(SOFCs).

Solid oxide fuel cells (SOFCs) work with high efficiency (>80%) and realize

energy conversion at high temperatures which provide fuel flexibility, i.e; hydrocarbon

or hydrogen gas can be used as fuel. In the case of hydrocarbon use, the high energy

conversion efficiency enables slow depletion of resources and low CO2 emissions. On

the other hand, the case of hydrogen use allows for zero carbonaceous gas release and

provides a system which can be integrated into renewable energy systems.

1.2. The Working Principle of Solid Oxide Fuel Cells

A solid oxide fuel cell (SOFC) is based on an oxygen ion conducting, dense

(hence gas-tight) ceramic membrane (solid electrolyte) which is placed between two

porous electrodes, namely cathode and anode as schematically shown in Figure 1.
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Figure 1.1: Schematic representation of working principle of solid oxide fuel cells.

When fuel and air gases are purged from the anode and cathode sides

respectively at high temperatures, an open circuit voltage is generated, obeying the

Nernst equation. (Equation 1.1)

E = + (1.1)

Here E is the generated open circuit potential, E0 is the standard potential, R is

the ideal gas constant, n is the number of electrons, F is the Faraday constant and Pi is

the partial pressure of the relevant gas species (i.e. H2, O2 or H2O).

To convert the obtained voltage into useful electrical work, the circuit is closed

and current is drawn. The electrochemical phenomena that take place during current

flow is schematically explained in Figure 1.1. The oxygen gas at the cathode side is

reduced to oxide ions by combining with electrons via Equation 1.2. The oxide ions

are transported through the ionic conductor electrolyte to the anode side.

+ 2 = (1.2)

The oxide ions now at the fuel rich porous anode combine with the hydrogen gas

to produce water vapor and electrons (Equation 1.3). This way the circuit is completed.

+ = 2 + (1.3)
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During current flow, the voltage of the SOFC system drops due to three types of

kinetic losses in the cell:

 Activation losses

Voltage drop associated with the rates of the electrochemical reactions at the

electrodes.

 Ohmic losses

Losses caused by the resistance to ionic transport within the electrolyte.

 Mass-transfer losses

Also named as “concentration polarization”, mass transfer losses occur as a

result of the limited transported reactant gases to the electrochemical reaction sites at

the electrodes. Figure 1.2 shows the voltage losses in a typical I-V curve obtained from

a SOFC [2].

Figure 1.2: V-I curve to show voltage losses in a fuel cell.

1.3. Materials Selection For Solid Oxide Fuel Cells

 Electrolyte

As mentioned earlier, the electrolyte must exhibit high ionic conductivity and

no electronic conductivity to achieve open circuit potentials close to the theoretically
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predicted values from Equation 1.1 and to achieve low ohmic electrolyte losses. The

oxygen ion conductivity is a function of the oxygen diffusion coefficient and thus is

a thermally activated process, as described in the Nernst-Einstein relation in

Equation 1.4. Here, σ is conductivity, T is temperature, z is the valance, e is the

electronic charge, ci is the number of charged particles (concentration) per unit

volume, u is the jump distance, βi is the particle mobility, k is the boltzman constant,

Di is the diffusion coefficient, ∆Hm is the enthalpy change.

σ T = e T = ( ) T = ( ) = ( ) , exp ∆ (1.4)

This expression can be reduced to a simpler form by collecting all the pre-

exponential parameters together into a single factor A:

σ T = A exp (−EA / kT) (1.5),

where σ is oxygen ion conductivity, T is temperature, A is a pre-exponential term, E

is the activation energy, and k is the Boltzmann constant.

Figure 1.3 shows the temperature dependence of the electrical conductivities of

various types of electrolyte materials, in air [3]. It is interesting to note that the most

widely used SOFC electrolyte material - yttria stabilised zirconia (YSZ) with the cubic

fluorite structure does not exhibit the highest electrical conductivity at lower

temperatures (≤650 °C). However, it exhibits remarkable phase stability under both

reducing and oxidizing conditions with an ideal oxygen transfer number (tO2=1)’

rendering this material so attractive.
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Figure 1.3: Comparison of conductivity of various solid electrolytes.

Among these materials, it is evident that (Bi2O3)0,75(Y2O3)0,25 (YDB) – another

fluorite structured material - exhibits the highest electrical conductivity of 0.16 S/cm

at 700 oC [4]. At lower temperatures, such as 500 oC, ionic conductivity of YDB which

is 1.3x10-2 is ca. two orders of magnitude higher than the commonly used YSZ

(4.6x10-4) [4]. This roughly corresponds to more than a 200 °C reduction in the SOFC

operating temperature without any compromise from the electrolyte ohmic losses, if

the YSZ electrolytes could be replaced by YDB. This significant difference between

bismuth oxide and other cubic fluorite phase electrolytes such as ZrO2, CeO2 originates

from the presence of additional 25 mol% oxygen vacancies resulting from the 3+

oxidation state of Bi as opposed to the 4+ oxidation states of Ce and Zr. Figure 1.4b

provides a schematic representation of the cubic fluorite structures of ceria [4] and

bismuth oxide [5].
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Figure 1.4: Cubic fluorite structure of a) ceria and b) bismuth oxide.

However, YDB exhibits poor chemical stability under reducing conditions, i.e.,

Bi2O3 reduces to metallic Bi under hydrogen flow from the anode side at 600 oC [6].

This problem can be circumvented by adopting a bilayer electrolyte design, which

consists of a thin, dense YSZ protective layer onto the anode side of the YDB

electrolyte. But even then, the issue of the stability of the fluorite phase stability of the

YDB electrolyte must be addressed, since electrical conductivity decay takes place

upon long-term operation at 500 and 650 °C, due to ordering and cubic to hexagonal

phase transformations at the respective temperatures [7]-[10].

 Cathode

In the cathode layer, reduction of oxygen gas into oxygen ions takes place.

This requires that i) oxygen gas molecules are adsorbed onto the cathode material, ii)

oxygen gas molecules are combined with electrons to produce oxygen ions and iii)

oxygen ions are delivered to the electrolyte. To maintain these three requirements,

sufficient porosity for oxygen gas delivery, electronic conductivity and oxygen ion

conductivity must be provided within the cathode layer. This is usually realized by

forming a porous composite material that consists of an elecrocatalytically active

phase (that is also an electronic conductor) and an ionic conductor phase. The

electrocatalytic material is Sr doped LaMnO3 (LSM) and the ionic conductor phase is

YSZ in most cases [11], [12].

 Anode

In a similar fashion, for effective fuel oxidation, a porous composite material

that consists of an electrocatalytic (also an electronic conductor) material and an

ionic conductor is used in the anode side. The most best performing material has

been the Ni-YSZ composites [13], [14]. For an effective anode works efficiently in
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the SOFC system needs some properties – porosity, ionic conductivity and electronic

conductivity. Well-known materials to provide these properties are Nickel-yttria

stabilized zirconia (YSZ).
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2. LITERATURE REVIEW AND SCOPE OF THIS
WORK

2.1. Problems of The SOFC Technology

Despite their obvious advantages, SOFCs have some issues that need to be

addressed before they are commercialized. SOFCs have been known as high

temperature fuel cells since they were invented. The reason was that the YSZ

electrolyte shows acceptable ionic conductivity only at the 800-1000 °C temperature

range [15]. However, these high operating temperatures constitute an extremely harsh

environment for the SOFC components, causing performance loss with time [16]. For

example, dopant segregation takes place at the surface of the cathode materials such

as (La,Sr)MnO (LSM) and (La,Sr)CoO (LSC) upon long term operation [17]. In

addition, the nickel particles within the Ni-yttria stabilized zirconia (YSZ) composite

anode undergoes coarsening at these temperatures, yielding a loss of electrochemically

active zones, more specifically triple phase boundaries (TPBs) – the intersection of the

Ni, YSZ and gas phases [18]. Moreover, ferritic steels – cost effective candidates for

cathode side interconnect materials - oxidize and become unusable above 650 °C.

In order to overcome the issues mentioned in the previous section, operating

SOFCs at lower temperatures (≤650 °C) is the most straightforward approach. In

addition to the prevention of chemical and microstructural degradation in the electrode

materials, it also avoids long startup times, allows the use of ferritic steels as

interconnects and drops the cost of production in the system [19]. However, lowering

the operating temperature of SOFCs, results in higher electrolyte resistances. Reducing

the electrolyte thickness down to 1-10 μm range has proven ineffective by itself to

make up for the exponentially enhanced ohmic electrolyte resistances. Even if a thin

electrolyte approach is adopted, the SOFC design becomes an electrode-supported

one, which has significant drawbacks, such as; intolerance to redox cycles [20], [21]

and high-temperature electrode processing yielding coarse microstructures and thus

high electrode polarization resistances [22].

In conclusion, the use of electrolyte materials with ionic conductivities much

higher than that of YSZ appears inevitable to lower the operating temperature of

SOFCs without significant performance loss.
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2.2. Literature Survey on Bismuth Oxide-based Ceramics

Bi2O3 has four polymorphs, namely, α, β, γ, δ phases [23], the latter being the

highly conductive fluorite type structure, which exists above 730 °C [24]. The cubic

fluorite phase (δ) of Bi2O3 exhibits a higher oxygen ion conductivity in comparison to

their polymorphs because i) it has 25% of the oxygen sites vacant and ii) Bi+3 cations

are highly polarizable allowing facile oxygen ion transport [25].

However, to be used in SOFC applications, bismuth oxide must remain in its

high conductivity phase δ-cubic at the temperature range between room temperature

and the operating conditions. To ensure this stabilization, bismuth oxide has been

doped with rare-earth oxides such as Y2O3 [26], Gd2O3 [27], Er2O3 [28] and etc.

Although initial studies suggested that stabilization of the cubic phase down to

room temperature was achieved by this approach [29], further investigations proved

that the observed δ-cubic phases were only metastable, and prolonged exposure to

targeted SOFC operating temperatures, e.g., 650 °C still resulted in phase

transformation from cubic to rhombohedral [29]. This phase transformation was

concomitant with a conductivity decay [30].  Another type of structural degradation

that also causes conductivity loss is anion ordering [31]. Several studies showed that

upon prolonged exposure to 500 °C, rare earth doped bismuth oxide underwent a

significant conductivity decay which was not accompanied by a phase change

observable by X-ray diffraction [10], [32], [33]. Neutron diffraction studies revealed

later that anion sublattice ordering, which causes a decrease in the number of available

vacant sites of an oxygen ion were the origin of the conductivity decay [31].

In order to avoid conductivity decay that these two mechanisms cause in doped

Bi2O3 electrolytes, a few studies were reported in the literature. For example, N. Jiang

and Wachsman suggested doubly or triply doped bismuth oxides. They reported that

and Dy2O3 and Ho2O3 doped Bi2O3 exhibits the lowest rate of degradation among them

due to the largest cation radius of the material [9]. Moreover, K.Z. Fung et al. suggest

that adding of ZrO2 into doped bismuth oxide systems is a useful way to avoid phase

transformation [34].
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2.3. Scope of This Work

Despite the intense efforts to understand the origins of the long-term instability

of the electrical conductivity bismuth oxide-based SOFC electrolytes and to avoid this

phenomena [9], [10], [24], [30], [35]-[38], very few studies focus on the fabrication of

these ceramics [39], [40]. Moreover, no studies exist in the literature on the effects of

the fabrication conditions on the long-term stability of the electrical conductivity of

bismuth oxide-based ceramics. In fact, heat treatment at a wide range of temperatures

may be required to achieve dense bismuth oxide ceramics depending on the powder

characteristics. This, in turn, may influence the amount of metastable δ-phase [41]

which may have a significant impact on the phase transformation kinetics.

In the present work, the synthesis of YDB powder via Pechini method and the

production of dense YDB ceramics by sintering disc-shaped pellets at 800-1100 °C is

presented. The effect of sintering temperature on the density, microstructure, crystal

structure, electrical conductivity and the stability of these properties upon long-term

exposure to a low SOFC operating temperature of 650 °C are determined. The results

of this study clearly show that the temperature at which the YDB ceramics are

fabricated is an important parameter that determines the electrical conductivity

degradation mechanism for the first time in the literature.
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3. EXPERIMENTAL

3.1. Powder Synthesis

To fabricate the Bi1.44Y0.56O3 electrolyte ceramics first, fine, well-dispersed

powders are synthesized via the Pechini method. This method involves the dissolution

of nitrate salts of the constituent cations in water and the polymerization of the solution

by using the appropriate chelating agents. Pechini method allows the dispersion of two

or more cations homogenously within the polymer network, allowing the achievement

of the complex oxide compounds at relatively low temperatures [42].

Yttrium(III) nitrate hexa-hydrate (Alfa Aesar, 99.8% trace metals basis) and

bismuth (III) nitrate penta-hydrate (Alfa Aesar, ACS reagent ≥98.0%) were mixed in

stoichiometric amounts, corresponding to 1.67 gram of yttrium (III) nitrate

hexahydrate and 5.5 grams of bismuth (III) nitrate pentahydrate. The two compounds

were dissolved in a mixture of nitric acid (6 g) and distilled water (6 g) by stirring at a

speed of 400 rpm. In this process, we observed that the nitrate salts are not soluble in

distilled water, as reported in the literature [43], therefore nitric acid, which serves

both as a solvent and a polymerizing agent, was added. After the solution becomes

clear, ethylene glycol (14 g) which also acts as a polymerizing agent was added and

the resultant solution was stirred for 30 minutes without heat. The mixture was then

heated up to 200 oC and stirred for another 24 hours in order to allow for the

decomposition of organics. The obtained dried gel was calcined at different

temperatures; 300, 450, 600, 700 oC for 4 hours to achieve the desired fluorite phase.

Figure 3.1 shows the flowchart of the powder synthesis procedure.
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Figure 3.1. Flowchart showing the steps followed to form YDB powders via Pechini
method.

For easy sintering of powders into ceramic electrolytes, the synthesized powder

was ball milled in ethanol for 24 hours at 140 rpm to obtain sub-micron sized, well-

dispersed powders with soft/no agglomerates. The milling was performed in a

suspension containing 6.5 grams of powder with 75 grams of ethanol and 100 grams

of ZrO2 milling media, all in a plastic bottle. The milled powder was dried in an oven

at 120 °C for 3 hours to make the powder ready for consolidation. In order to find out

the crystallite size of calcined and milled YDB particles, Scherer equation was used

for the calculation;

= . (2.1)

where Dp is the average crystallite size (nm), K is Scherer constant related to crystallite

shape, and it varies from 0.68 to 2.08 (K = 0.94 for spherical crystallites with cubic



13

symmetry), λ is the X-ray wavelength in nanometer (nm), β is full width at half

maximum (FWHM) of the XRD peak, θ is the X-ray peak position (half of 2θ).

3.2. Powder Consolidation and Sintering

For the assessment of sinterability, phase and microstructure evolution, electrical

conductivity and long-term stability, the synthesized powders were consolidated into

disc-shaped pellets by die pressing prior to sintering for the sake of robustness.

However, for the development of SOFCs with high performance, thin YDB ceramics

(e.g., thickness ≤ 200µm) must be fabricated. For that purpose, the synthesized YDB

powders were also shaped into thin sheets by tape casting (Figure 3.2).

Figure 3.2: The flow chart from YDB powder to the sintered pellets and tapes.

For die pressing; a die with a 10 mm diameter was used. 0.70 grams YDB

powder per pellet was pressed with and 0.25 ton force to obtain a preliminary

consolidation. For efficient powder packing, the die pressed green bodies were

subjected to a cold isostatic pressure of 200 MPa. The obtained pellets were sintered

at 800, 900, 1000 or 1100 °C for 6 hours in air to obtain dense ceramic bodies.

For tape casting, YDB powders must be dispersed in a liquid which should

possess the right rheology, green-strength and plasticity. The preparation of a tape

casting slurry starts with solvent preparation. 7.80 grams of ethyl alcohol and 16.89

grams of toluene were mixed with 2 grams of Poly vinyl butyral (PVB) and 1 gram of

dibutyl phthalate (DOP), which serve as binder and plasticizer respectively. After
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stirring for 3-5 hours, 5 grams of YDB powder, 10 grams of the binder mixture and 30

milling balls were put into a plastic container (150 ml) and ball milled for 24 hours.

Then, the resultant slurry with the dispersed powders was stirred with a magnetic

stirrer at room temperature to evaporate the solvents and obtain a more viscous slurry

suitable for tape casting. The YDB slurry was cast into tapes using a doctor blade onto

Mylar sheets (obtained from Polinas, Turkey). The as-cast tapes were dried at room

temperature, in ambient atmosphere, resulting in flexible tapes (Figure 3.3) with a

thickness of ca. 300 µm. The sintering of tapes was performed at 1000 °C for 6 hours

using a heating plan that involves a burnout step at 350 °C (Figure 3.4).

Figure 3.3: Photograph of a YDB tape after drying for 12 hours.
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Figure 3.4: Heating regime for sintering YDB tapes.

3.3. Characterization Methods

3.3.1. Crystal Structure Determination

The crystal structure of the fabricated bismuth oxide-based ceramics is crucial

to obtain the desired electrical properties. For example, bismuth oxide-based ceramics

exhibit their highest ionic conductivity in the cubic fluorite (δ) phase. Therefore, it is

crucial to determine the crystal structure of the synthesized powders, the sintered YDB

ceramics before and after long-term exposure to the targeted operating temperatures

of 650 °C.  The crystal structure determination was carried out by the X-ray diffraction

(XRD) technique using D/MAX-2200, RIGAKU -Germany with Cu Kα radiation.

3.3.2. Particle Size Analysis

Particle size distrubition (PSD) is the method for using to analysize particle size

of powders via laser diffraction. YDB powder into ethanol after ball milling for 24

hours was analysized by particle size analyzer (Malvern MASTERSIZER 2000 -

England).
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3.3.3. Density Measurements

The density of the sintered ceramic pellets was measured by dividing the mass

measured by a laboratory scale (Precisa, Switzerland) by the sample volume calculated

from the dimensions measured by a compass. To determine the sample dimensions,

six measurements were performed and their average was used to calculate the volume.

To determine the density of a YDB ceramic sintered at a certain temperature, the

average of density of five samples was calculated. In addition, density measurements

were performed via the Archimedes method to test the validity of the results obtained

from the geometrical density measurements. The relative density values were

determined by dividing the measured density to the theoretical density of 8.1 g/cm3

obtained from the PDF card number: 01-077-0375.

3.3.4. Microstructural Analysis

The microstructural evolution of the YDB ceramics during sintering and upon

long-term annealing at 650 °C, scanning electron microscopy (SEM) analyses were

performed (XL30S-FEI-USA). For the SEM analyses of the sintered ceramics, the

pellets were broken into two pieces and the fracture surfaces were analyzed. To

provide electron collection and hence avoid charging effects, the samples were

sputtered with gold.

3.3.5. Electrical Characterization

Electrochemical impedance spectroscopy (EIS) is useful technique to distinguish

electrolyte and contact resistances. In order to measure the electrochemical impedance,

usually a sinusoidal potential is applied to the electrochemical cell and the resulting

sinusoidal current along with the phase shift is measured. The applied sinusoidal

potential and the resultant sinusoidal voltage are represented by Equations 2.2 and 2.3.

= sin( ) (2.2)

= sin( + ) (2.3)
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Here, where Et is the observed potential at time t, E0 is the input voltage, It is the

resultant current at time t, I0 is the maximum amplitude of the response current, ω is

the frequency (in Hz) times 2π and φ is phase angle between input and output. In order

to calculate the impedance of the system, following Ohm’s Law, the potential is

divided by current, which can be represented in the form of Equation 2.4;

Z = = ( )( ) = ( )( ) (2.4)

The impedance is now defined in terms of an impedance magnitude, Zo and a

phase shift φ. Using Euler’s relationship, this can also be represented as;

Z(ω) = = ( ) = ( + ) (2.5)

where j is the imaginary unit. The expression given in Equation 2.5 is an impedance

function with real (Zreal = Zocosφ) and imaginary (Zimaginary =Zosinφ) components and

can be represented in the following form, called the Nyquist plot (Figure 3.5).

Figure 3.5: A typical EIS data.

In this graph, the first horizontal intercept (R1) refers to a resistance where there

is no phase shift, i.e., no capacitive phenomenon.

The electrochemical impedance spectroscopy measurements were performed on

symmetrical half-cells with silver electrodes formed by brush-painting an in-house Ag

ink on both sides of the YDB ceramics. Ag lead wires were bonded using a high-
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temperature glue (Cerastil, Panacol, Germany). Figure 3.6 shows the photographs of

symmetrical half-cell based on pelletized and tape-cast YDB ceramics. The EIS

measurements of YDB ceramics sintered at 800-1100 °C were performed at 350-650

°C in a Protherm (PTF 12/50/250, Turkey) tube furnace in stagnant air using a

Biologic-SP150 potentiostat/galvanostat/EIS analyzer.

Figure 3.6: Photograph of symmetrical half-cells based on YDB ceramics in a)
pellet and b) tape forms with silver electrodes and wires.
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4. RESULTS AND DISCUSSION

4.1. Powder Synthesis and Characterization

Bi2O3 has generally been doped with 25 mol% Y2O3 to stabilize the cubic-δ

structure with the high electrical conductivity [10], [30], [33], [40]. In this work,

similarly, 28 mol% Y2O3 was added to Bi2O3 to ensure that the composition stabilize

the cubic phase.

The crystal structure of the yttria doped bismuth oxide (YDB) powders

synthesized by a Pechini method are determined by X-ray diffraction. Figure 4.1 shows

the XRD patterns obtained from powders calcined at the 300-700 °C temperature

range. Evidently, no separate Y2O3 phases are formed upon calcination at the selected

temperature range. On the other hand, only calcination at 700 °C allows the formation

of the cubic-δ phase (PDF: 01-077-0375), while at lower calcination temperatures

peaks corresponding to the tetragonal phase (PDF: 00-054-1159) is observed.

Therefore, to obtain dense YDB ceramics with the cubic-δ structure, YDB powders

synthesized by calcining at 700 °C is used.

Figure 4.1: X-ray diffraction (XRD) patterns of YDB calcined powders.
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Since a dense structure with no interconnected porosity is strictly needed in

electrolyte materials for SOFC applications, YDB powders with high sinterability, i.e.,

small average particle size with a monodisperse distribution, are required. The particle

size analysis conducted on YDB powders calcined at 700 °C reveals a poly-disperse

particle size distribution with an average particle size of ca. 14 µm (Figure 4.2a),

suggesting that a ball milling procedure is required. Figure 4.2b shows that after ball

milling the YDB powders in ethanol using zirconia milling media, an average particle

size of ca. 200 nm with a monodisperse distribution is achieved.

Homogenously distributed powder with a spherical shape would lessen the risk

of coarsening during sintering. To further investigate the powder characteristics,

scanning electron microscopy (SEM) analyses were performed on powders after ball

milling. Figure 4.3 shows that ball milling leads to a sub-micron, homogenously

distributed powders. However, along with spherical ones, a few acicular particles are

also observed (Figure 4.3).

Figure 4.2: Particle size distribution of YDB powder after ball milling.



21

Figure 4.3: A representative scanning electron microscopy image of the YDB
powder synthesized by a Pechini method after calcination at 700 °C for 4 hours and

24 hours of ball milling.

The crystallite size of the calcined powders were determined using the Scherrer

equation (2.1). The determined average crystallite size of 20 nm is even lower than

that reported in literature, (i.e., 85 nm in [44]). This difference likely originates from

the lower heat treatment temperature used in the present study (i.e., 700 °C) than that

reported in the literature (i.e., 800 °C in [44]).

4.2. Densification and Microstructure of YDB Ceramics

YDB powders were sintered at 800-1100 °C for 6 hours after consolidation into

i) disc shaped pellets by die pressing and ii) two dimentional tapes by tape casting.

Figures 4.4 and 4.5 show the pellets and tapes before and after sintering at various

temperatures. In Figure 4.4 the pellet before sintering (a) has a yellowish color and

other (b), (c), (d) and (e) exhibit different colors than (a) and each other by the effect

of sintering temperatures at 800, 900, 1000 and 1100 °C; respectively. The big color

difference seems that between (b) and other sintered samples. The difference may be

caused by scattering due to relatively porous structure of the sample sintered at 800

°C. Figure 4.5 exhibits the before and after sintering of the tape sintered at 1000 °C for

6 hours.
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Figure 4.4: Image of the pellets before sintering (a) and after sintering for 6 hours at
800 °C (b), 900 °C (c), 1000 °C (d), 1100 °C (e).

Figure 4.5: Image of the tapes before (left) and after (right) sintering at 1000 °C for 6
hours.

XRD analyses were carried out also after the sintering of consolidated powders

to determine the crystal structure of the YDB in the dense ceramic form prior to its

testing for SOFC electrolyte application. Figure 4.6 shows that cubic-δ phase (PDF:

01-077-0375) is obtained regardless the sintering temperature (800-1100 °C).

According to thereports in the literature, a wide range of heat treatment temperatures

allow the formation of pure cubic-δ phase in YDB ceramics [10], [30], [39], [40]. For

example; N. Jiang et al [10] obtained cubic-δ phase in 25YDB ceramics sintered in air

at 900 °C for 16 hours and Q. Zhen et al. [40] sintered 25YDB samples at 550, 600

and 670 for different length of time and obtained pure phase cubic after 75 minutes.
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Figure 4.6: The X-ray diffraction patterns of as-sintered YDB pellets at 800-1100 °C.

The effect of sintering temperature on the lattice parameter calculated from the

(400) XRD peaks of the cubic-δ phase shown in Figure 4.6 is provided in Table 4.1.

In the literature, Jiang et al. [33] determined the lattice parameter of 25YDB as 5.495

Å and Tan et al. [45] calculated the lattice parameter of 30 mol% Y2O3 doped Bi2O3

(30YDB) as 5.478 Å. The lattice parameters are found to lie in the 5.441-5.481 Å range

in the present study for 28YDB ceramics sintered at 800-1100 °C, which appear to be

in agreement with the literature [33], [45].

According to Table 4.1, a general decrease in lattice parameter with increasing

sintering temperature is observed. This decrease may be caused by the dopant Y3+

preferring different lattice positions at different sintering temperatures. For example;

at high sintering temperatures, Y+3 with the smaller cation radius (0.90 Å [46]) may be

replacing the larger Bi+3 cation (1.03 Å [46] substitutionally, represented as in the

Kröger-Vink notation in Equation 3.1. This would cause an overall decrease in the

lattice parameter.

→ 2 + 3 (3.1)
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Table 4.1: The change in lattice parameter of YDB ceramics versus sintering
temperatures at 800-1100 °C.

Alternatively, at lower temperatures Y+3 may be preferring the interstitials

(denoted as ...)within the Bi2O3 lattice, which would be compensated by the

generation of bismuth vacancies ( ) as shown in Equation 3.2, which would not

cause such a dramatic decrease in the lattice parameter.

→ 2 ... + 2 + 3 (3.2)

The effect of sintering temperature on the microstructure of the YDB ceramics

were determined by SEM analysis. Fracture surface image of the YDB pellets in

Figures 4.7a (and its inset) indicate that sintering at 800 °C for 6 hours in stagnant air

yields a microstructure with interconnected porosity. On the other hand, sintering

pellets at 900-1100 °C yields denser microstructures with several isolated pores

(Figures 4.7b-d).

The SEM image of a single layer YDB tape sintered at 1000 °C for 6 hours

reveals a thickness of ca. 65 microns (Figure 4.8a) with a microstructure similar to that

observed in pellets sintered at 1000 °C for the same duration (Figure 4.8b). For an

SOFC with a YDB electrolyte supported design, the optimum thickness which would

yield the highest mechanical strength and the lowest area specific ohmic resistance

must be determined. The obtained thickness of 65 microns (Figure 4.8a) is evidently

too thin for such an application. The investigations on finding the desired thickness by

fabricating tapes of variable thicknesses by setting up Doctor Blade height during tape

casting are currently underway.
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Figure 4.7: Cross-section scanning electron microscopy images of YDB pellets
sintered at a) 800, b) 900, c) 1000, d) 1100 °C.

Figure 4.8: Cross-section scanning electron microscopy image of YDB tape sintered
at 1000 °C shows the thickness of YDB tape.
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Increasing temperature in sintering conditions may lead to increasing effect upon

grain size and pore size in the structure, which is related to coarsening mechanism

being more active along with desification (Figure 4.7a-d).

The relative density and the average grain size of YDB ceramics were

determined by geometry/weight measurements and SEM image analysis via intercept

method. Figure 4.9a shows that sintering the YDB ceramics at 800 °C results in a ca.

83% relative density, which must contain interconnected porosity, in agreement with

the SEM images (Figure 4.7a). At higher sintering temperatures, relative densities

exceeding 90% (corresponding to closed porosity) is obtained (Figure 4.9a).

Figure 4.9: Effect of sintering temperature on a) the relative density and b) the
average grain size of the yttria doped bismuth oxide ceramics.



27

The results of the systematic investigation of sintering/densification of YDB

ceramics in this work were compared with reports in literature. Dordor et al. [35]

reported a 84% relative density of 22.5YDB upon 48 hour sintering at 900 °C. On the

other hand, with some isolated pores in the microstructure (similar to those shown in

Figure 4.7b-d), Wang et al. [47] achieved 96% of the theoretical density for 24YDB

ceramics upon 2 hours of sintering at 1025 °C. A similar density value was also

reported by Joshi et al. [30] as a result of sintering 25YDB samples at 1000 °C for 12

hours. These results suggest similar densification rates reported in the present work.

In contrast to these results, Zhen et al. [40] achieved a relative density of 96%

with an average grain size of ca. 100 nm in the sample that was prepared by reactive

sintering at 600 °C for 2 hours.

4.3. Electrical Properties of YDB Ceramics

For YDB ceramics to be useful for SOFC applications, their ionic conductivity

must be sufficient. Therefore, electrochemical impedance spectroscopy (EIS)

measurements were performed on the YDB ceramics using Ag contacts to determine

their electrical conductivity. The measured electrical conductivity results in EIS will

be same as the ionic conductivity value since the transference number of YDB for the

oxygen ion conductivity is unity in air [48].

The advantage of the EIS technique is that it distinguishes the electrolyte

resistance from that of the contact. An example Nyquist plot obtained by the EIS

measurements performed on the YDB ceramics sintered at 800 °C is given in Figure

4.10. The first intercept at the horizontal axis is named as the area specific resistance

1 (ASR1) and the distance between the first and the second intercepts of the semi-

circle is named as the area specific resistance 2 (ASR2, Figure 4.10). The semi-circles

in general suggest that there is a capacitive element parallel to the observed resistance,

which usually points to an electrochemical process (e.g., oxygen

adsorption/desorption, oxygen reduction and etc.) at Ag electrodes at this temperature.

The oxygen ion conduction of bismuth oxide based ceramics in our measurement with

the temperature range (350-650 °C) exhibits an ohmic (non-capacitive) behavior [49].

Therefore, the ASR1 is assigned to the resistance to the ion conduction within YDB,

while ASR2 is ascribed to the oxygen reduction/evolution processes at the Ag

electrode surface.
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Figure 4.10: Representative Nyquist plot obtained at 650 °C from the symmetrical
half-cell consisting of Ag electrodes and yttria doped bismuth oxide ceramic

electrolyte sintered at 800 °C.

Figure 4.11 shows the Nyquist plots of the EIS data collected from YDB

ceramics at 450, 550 and 650 °C. In all samples, ASR1 shifted to lower values, as

expected from a thermally activated oxygen ion conduction. ASR2, earlier ascribed to

oxygen reduction/evolution processes at the Ag electrodes also show a similar trend,

consistent with a thermally activated electrochemical process. The only exception

appears to be the transition from 450 to 550 °C in the YDB ceramic sintered at 800 °C

(Figure 4.11a). This is considered to be due to the microstructural evolution of the Ag

electrode fabricated from an in-house ink during the heating up process.
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Figure 4.11. The Nyquist plot shows ASR values of 4 YDB samples sintered at 800-
1100 °C.

From the ASR1 data collected at a wide range of temperatures (350-650 °C), the

electrical conductivity values of the YDB ceramics were calculated using the

following equation:

σ = (3.3),

where T is the thickness of electrolyte, i.e., the distance between electrodes.

The dependence of the electrical conductivity of the YDB ceramics on

temperature is provided in Figure 4.12. YDB ceramic sintered at 800 °C, exhibits an

Arrhenius-type of temperature dependence of conductivity with a single activation

energy of 1.01 eV (± 0.03). This sample also exhibits slightly higher electrical

conductivity than those sintered at higher temperatures, which is likely connected to

its more open structure, evidenced by the larger lattice parameter (Table 4.1). Overall,

similar conductivity values with Arrhenius type of temperature dependences are
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observed in samples sintered at 900-1100 °C below 600 °C. An increase in

conductivity in an irregular manner is apparent at higher temperatures (Figure 4.12).

In the literature, a decrease in the slope of the Arrhenius graph of electrical

conductivity has been reported for almost all rare-earth doped Bi2O3 ceramics [10],

[31], [32], [50]. This phenomenon has been attributed to the order-disorder transition

taking place at around 600 °C [10], [31], [33], [50]. However, to capture the slope

decrease clearly, a new sample was used to avoid any structural changes that may take

place during measurement [32]. The irregular nature of the conductivity increase

observed above 600 °C in the present case (Figure 4.12) is possibly caused by such

changes in the sample. Below 600 °C, activation energy values of 1.11 eV (± 0.02),

1.15 eV (± 0.02) and 1.07 eV (± 0.01) are calculated for YDB ceramics sintered at

900, 1000 and 1100 °C respectively; seen in Table 4.2. These values are in agreement

with those reported for 25YDB by Tan et al. [45].

When the electrical conductivity values are compared, the highest conductivity

value of 0.1 S/cm is observed for the YDB sintered at 800 °C. This observed

conductivity value is identical to that reported in the literature, i.e., 0.11 , 0.07 and 0.18

S/cm were reported at 650 °C [51],  600 °C [44] and 700 °C [30] respectively. Even at

lower annealing temperatures – 500 °C, Lee et al. [44] observed an ionic conductivity

of 0.015 S/cm for YDB ceramic sintered at 800 °C which is similar to the conductivity

value (0.011) observed in this study when the same sintering temperature is used

(Figure 4.12).
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Figure 4.12. Temperature dependence of the electrical conductivity of yttria doped
bismuth oxide ceramics sintered at 800, 900, 1000 and 1100 °C for 6 hours, in air.

Table 4.2. Activation energy values with error bars for YDB samples sintered at
various sintering temperatures.

4.4. Long-term Stability of YDB Ceramics

4.4.1. Background and Approach

Since the long-term stability of the high ionic conductivity of the bismuth oxide-

based ceramics is crucial for their applicability in SOFCs, significant research focused

on this issue [10], [30], [31], [33], [47]. Experiments have shown that the commonly

used 25 mol% Y2O3 doped Bi2O3 (YDB) exhibits a fast decay in the ionic conductivity
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with time upon prolonged exposure to 650 °C [10]. The same study has also shown

that this conductivity decay is accompanied by a phase transformation from cubic-δ to

rhombohedral [10]. The conductivity degradation due to this phase transformation has

been supported by the investigations on the Bi2O3 - Y2O3 phase diagram, suggesting

that the cubic-δ phase observed at ≤650 °C in many studies [10], [31]-[33], [52] are

only metastable and that a 25 mol% Y2O3 doped Bi2O3 (25YDB) should eventually

transform into a mixture of rhombohedral (denoted as I in Figure 4.13) and C-type

cation-ordered cubic (denoted as II) structures (Figure 4.13) [41].

Many studies exist on the effect of the amount and type of dopants on the

structural stability of bismuth oxide at 650 °C [30], [53], [54]. The effect of fabrication

temperature, on the other hand, on the structural and electrical conductivity stability

has not been studied yet. A gas-tight YDB ceramic with less than 10% porosity is

required for SOFC and oxygen separation membrane applications and achievement of

this density may be possible upon sintering at a wide range of temperatures, depending

on the powder characteristics. For example, Joshi et al sintered 25YDB pellets at 1000

°C [30], while Zhen et al. was able to achieve ca. 95% relative density upon sintering

25YDB at 550-670 °C [40], both observing pure cubic-δ phase in their room-

temperature X-ray diffraction studies. On the other hand, according to the phase

diagram by Watanabe given in Figure 4.13 [41], the former fabrication condition

corresponds to the phase stability region of pure cubic-δ, while the latter is in the

rhombohedral + C-type cation ordered cubic two-phase region (denoted as I+II in

Figure 4.13). Therefore, the cubic-δ phase observed by Zhen et al. is entirely

metastable [40], while that reported by Joshi et al [30] is entirely stable.

In the present work, we investigate the effects of sintering temperature on the

phase and electrical conductivity stability of Y2O3 doped Bi2O3, for the first time in the

literature. The Y2O3 doping amount is selected as 28 mol%, while the sintering is

carried out at 800, 900, 1000 and 1100 °C to ensure that i) the powder compacts can

be sintered to acceptable density, and more importantly ii) three different phase

stability regions in the Watanabe’s phase diagram are covered, as marked by red circles

in Figure 4.13 [41].
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Figure 4.13: A phase diagram shows stable and metastable phase regions for YDB
components.

Table 4.3: A collected data according to phase diagram of Watanabe.
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4.4.2. Effect of Sintering Temperature on The Long-Term Stability of
YDB Ceramics

It is desirable that the relatively high electrical conductivity of YDB ceramics is

maintained upon long-term operation. Although studies in this matter have previously

been carried out in the literature [10], [30]-[33], the effect of sintering temperature on

the longevity of the electrical conductivity of YDB ceramics has not been investigated

yet. Figure 4.14 shows the dependence of the normalized electrical conductivity values

on the time the YDB ceramics sintered at 800-1100 °C are exposed to 650 °C, in

stagnant air. The conductivity of the YDB ceramics sintered at 900, 1000 and 1100 °C

increases slightly in the first 10 hours, but then decreases linearly in the remaining 90

hours of the experiment (Figure 4.14). Interestingly, the YDB ceramic sintered at 800

°C exhibits a much faster, exponential-type decay in the normalized electrical

conductivity (Figure 4.14). This suggests that the conductivity decay takes place via

the same mechanisms in YDB ceramics sintered at 900, 1000 and 1100 °C, while in

the YDB sintered at 800 °C, a different mechanism governs the conductivity decay.

Figure 4.14. Changes in the electrical conductivities of the yttria doped bismuth
oxide ceramics sintered at 800, 900, 1000 and 1100 °C with time upon prolonged

exposure to stagnant air, at 650 °C.

In order to determine whether the conductivity decay is related to any phase

transformations, XRD analyses were performed on the YDB samples sintered at these
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four temperatures after exposure to 650 °C for 100 hours (Figure 4.15). Evidently, the

fluorite structure is retained in all samples but the one sintered at 800 °C, which

exhibits diffraction peaks belonging to the rhombohedral phase (Figure 4.15). From

the intensities of the most intense peaks of the cubic and rhombohedral phases, the

amount of the rhombohedral phase is roughly calculated as 16 mol%. The sample that

exhibits a different (faster) conductivity decay kinetics is the only one that undergoes

phase transformation from cubic to rhombohedral. On the other hand, since the stable

phases are rhombohedral and C-type ordered cubic at the operating temperature of 650

°C (Figure 4.13), it is reasonable to expect that eventually all samples will consist of a

mixture of these two phases. A freshly prepared batch of YDB ceramics were subjected

to 300 hours of annealing at 650 °C and their XRD analyses were performed to

determine whether any secondary phase formation takes place in the samples sintered

at temperatures higher than 800 °C. Evidently, still solely δ-cubic phase is present in

the YDB samples sintered at 1000 and 1100 °C (Figure 4.16). The main rhombohedral

phase peak is now only barely detectable in the YDB sintered at 900 °C (Figure 4.16-

inset), while the amount of the rhombohedral phase increased from 16 to 25 mol% in

the YDB sintered at 800 °C (Figure 4.16).

Figure 4.15: X-ray diffraction patterns obtained from the yttria doped bismuth oxide
ceramics sintered at 800, 900, 1000 and 1100 °C for 100 hours after prolonged

exposure to stagnant air, at 650 °C.
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Interestingly, even after 300 hours, the only YDB ceramic that undergoes

significant phase transformation from cubic to rhombohedral, YDB sintered at 800 °C,

is the one that has a significant amount of metastable cubic-δ phase in the as-sintered

state (50 mol%, Table 4.3). This sample is also the one with the highest lattice

parameter (Table 4.1), which we attribute to the dominance of … formation over

(Equations 3.1 and 3.2). Fung et al. proposed that the phase transformation in YDB

ceramics takes place via a nucleation and growth mechanism and its rate is controlled

by the cation diffusion [54]. In the present case, it is proposed that the cation diffusion

(and hence the cubic to rhombohedral phase transformation) is facilitated by the

formation of … and ,,, defects that exist in higher amounts in the YDB sintered at

800 °C. This also suggests that the preference of the Y3+ of the interstitials rather than

the regular Bi3+ sites occurs predominantly in the metastable cubic-δ phase of the YDB

ceramics. This argument is supported by the appearance of a small rhombohedral peak

after 300 hours at 650 °C in the YDB sintered at 900 °C, which contains ca. 12 mol%

metastable cubic-δ phase (Table 4.3) and has the second highest lattice parameter. On

the other hand, the conductivity decay in the YDB sintered at 900 °C in the first 100

hours of exposure to 650 °C is not concomitant with cubic to rhombohedral phase

transformation since i) no trace of rhombohedral phase formation is observed in the

XRD data collected after 100 hours of annealing at  650 °C (Figure 4.15) and ii) the

conductivity decay kinetics of YDB sintered at 900 °C resembles that of YDB

ceramics sintered at 1000 and 1100 °C, which remain cubic even after 300 hours of

annealing at 650 °C (Figure 4.14).  Therefore, the conductivity decay observed in the

samples sintered at 900, 1000 and 1100 °C must be occurring via the same mechanism.
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Figure 4.16: X-ray diffraction patterns obtained from the yttria doped bismuth oxide
ceramics sintered at 800, 900, 1000 and 1100 °C for 300 hours after prolonged

exposure to stagnant air, at 650 °C.

However, crystal structure change in some of YDB samples was shown via XRD

above, microstructural investigation of those samples needs to be performed via SEM.

The samples sintered at 800-1100 °C analysized via SEM after 100 and 300 hours

longevity test at 650 °C as shown in Figure 4.17. Platelet type morphology indicative

of the presence of the rhombohedral phase (as evidenced by the XRD analysis in

Figure 4.16-4.17) was observed in YDB ceramics sintered at 800 °C (Figure 4.17a)

and platelet like structure expand all the structure after 300 hours annealing (Figure

4.17e). However, the structure of the sample sintered at 900 °C did not show any phase

transformation between as-sintered (Figure 3.7b) and 100 hours annealed (Figure

4.17b) state, a platelet like structure evidence started to be seen after 300 hours

longevity test (Figure 4.17f).

On the other hand, the as-sintered microstructures of the YDB ceramics sintered

at 1000-1100 °C (Figure 4.7) remains unchanged (Figure 4.17cdgh).
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Figure 4.17: Scanning electron microscopy images of the fracture surfaces of the
yttria doped bismuth oxide ceramics sintered at a and e) 800, b and f) 900, c and g)

1000, d and h) 1100 °C for 100 hours (a-d) and 300 hours (e-f) after prolonged
exposure to stagnant air at 650 °C.
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In the literature, two sources of electrical conductivity loss in bismuth oxide-

based ceramics upon long-term operation have been mentioned [10], [28], [31], [33].

The ordering of the oxygen sublattice is one of the sources and it does not induce any

changes in the XRD patterns [10], [28], [33]. Although this phenomenon resembles

the present case of YDB ceramics sintered at 900-1100 °C, the fact that anion ordering

that takes place upon long-term operation at temperatures below 600 °C and that the

conductivity decay is much faster than that observed here in Figure 4.14 [10], [28],

[33] rules this possibility out. Another source of conductivity decay reported in the

literature is the transformation of the δ-phase into a rhombohedral structure with lower

ionic conductivity [10], [31], [33]. This type of degradation is reported to take place at

650 °C [10], [31], [33] and is in agreement with the XRD data (Figure 4.15-4.16) and

the platelet-type particles observed in the SEM images (Figure 4.17aef) indicating the

formation of rhombohedral phase under the same experimental conditions in the YDB

ceramic prepared by sintering at 850 °C. It should be noted that a different type of

conductivity decay kinetics is seen in the YDB ceramics sintered at 900-1100 °C with

no signs of phase transformations except 900 °C with the little amount of platelet-type

structure occurs after 300 hours annealing, despite being subjected to the same long-

term stability testing conditions (Figure 4.15, 4.16, 4.17).

Here, for the interpretation of the effect of sintering temperature on the longevity

of the electrical conductivity of YDB ceramics, we revisit the phase diagrams proposed

by Datta and Meehan [29] and Watanabe [41]. The former asserts that the δ-phase

should be stabilized by 28 mol% Y2O3 addition at temperatures higher than 500 °C

[29]. On the other hand, Watanabe suggests that the cubic δ-phase observed in similar

compositions at temperatures below 940 °C is only metastable and upon long-term

exposure to these temperatures, transformations into the stable phases will take place

eventually [41]. This means that the cubic δ-phases observed here upon sintering at

800 and 900 °C are in part metastable, while cubic δ-phase observed upon sintering at

1000 and 1100 °C are completely stable. In fact, upon a detailed examination of the

phase diagram by Watanabe [41], upon sintering at 900 °C, only a small amount (12

mol%) of triclinic phase should be stable along with a majority of (88 mol%) cubic δ-

phase (Table 4.3). On the other hand, the stable phase composition of the YDB

ceramics should lie at a 1:1 mixture of cubic δ and cation-ordered cubic phases (Table

4.3). Assuming that any amount of cubic δ-phase that, in fact would be replaced by

another phase upon long-term heat treatment at the given sintering temperatures would
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be metastable, it can be deduced that the YDB ceramics sintered at 800 and 900 °C

contain respectively 50 and 12 mol% metastable cubic δ-phase (Table 4.3).

According to the data given in Table 4.3 [41], upon long-term operation at 650

°C, the YDB ceramics sintered at 1000 and 1100 °C should both undergo phase

transformations from a 100 mol% stable cubic δ into a mixture of rhombohedral (46

mol%) + cation-ordered cubic (54 mol%). Hence, a similar conductivity decay kinetics

(as seen in Figure 4.14) corresponding to a similar phase transformation kinetics may

be expected. The YDB ceramic sintered at 900 °C also consists mainly of a stable

cubic δ phase (88 mol%), therefore a phase transformation kinetics (hence a

conductivity decay kinetics, Figure 4.14 similar to that observed in YDB ceramics

sintered at 1000 and 1100 °C is logical. The fact that no phase transformation is

observable in the XRD patterns of YDB ceramics sintered at 900-1100 °C may be due

to the small amounts of newly formed phases that are not detectable by XRD at this

point.

Differential thermal analysis (DTA) has been used in the literature on bismuth

oxide based materials to determine whether any phase transformations or ordering has

taken place upon long-term operation. For example, Kruidhof et al. attributed the

endothermic peak observed at 748 °C when a YDB ceramic with the rhombohedral

structure was heated up to the rhombohedral to cubic phase transformation [31]. On

the other hand, the endothermic peak observed by Jiang et al [33] at 630 °C was

attributed to the order-disorder transition taking place in a YDB ceramic that had been

exposed to 500 °C for 500 hours. In the present study, we performed DTA analyses on

YDB ceramics exposed to 650 °C for 300 hours (Figure 4.18). Evidently, the YDB

sintered at 800 °C exhibits an endothermic peak at 746 °C, which indicates the

transformation of the rhombohedral phase observed in Figures 4.15 and 4.16 to δ-

cubic. This result is in agreement with that reported by Kruoidhof et al. [31] and

suggests that no detectable phase transformations take place in the YDB ceramics

sintered at 900-1100 °C in the present study.
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Figure 4.18: The DTA analysis of the sintered YDB samples at 800-1100 °C refered
as a to d, respectively; after annealing at 650 °C for 300 hours.
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5. CONCLUSION

The aim of the work was to fabricate the fast ion conductor yttria doped bismuth

oxide (YDB) and investigate the effects of the fabrication conditions on its long-term

stability at the relevant solid oxide fuel cell (SOFC) operating temperatures (i.e., 650

°C). For this purpose, YDB powders synthesized by a Pechini method was

consolidated and sintered at 800-1100 °C. Relative densities exceeding 90% with no

interconnected porosity was achieved.

The electrical conductivity of the YDB ceramics were determined via

electrochemical impedance spectroscopy, which allowed the separation of the

resistance to the ion conduction within the YDB ceramic from that of the contact. The

determined ionic conductivity values of ca. 0.1 S/cm at 650 °C were in the range of

those reported in the literature. The long-term stability of the electrical conductivity

revealed that upon prolonged exposure to 650 °C, YDB ceramics sintered at 800 °C

exhibited an exponential-type of conductivity decay, while a slower, linear-type of

conductivity decay took place in samples sintered at 900, 1000 and 1100 °C. Post-

mortem characterization of the YDB samples subjected to long-term testing was

carried out by X-ray diffraction (XRD) and scanning electron microscopy (SEM)

analyses to determine the causes of the difference in the conductivity decay

characteristics. XRD analyses revealed that even after 300 hours of exposure to 650

°C, only the YDB sintered at 800 °C had significant amounts of rhombohedral phase

transformed from the high conductivity cubic-δ phase. Confirming this finding, SEM

images showed significant amounts of platelet-type of grains within the microstructure

of the sample sintered at 800 °C.

The relative stability of the YDB ceramics sintered at 900, 1000 and 1100 °C

was connected to the premise that they contain either no or smaller amounts of

metastable cubic-δ phase in their as-sintered state, in accordance with the phase

diagram by Watanabe [41]. The YDB ceramic sintered at 800 °C, also the sample with

the highest amount of metastable cubic-δ phase, had the largest lattice parameter

suggesting that of … and ,,, were predominantly present. The presence of these

defects were connected to more facile cation diffusion and thus faster cubic to

rhombohedral transformation in the YDB sintered at 800 °C.
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From a practical point of view, for SOFC applications it is preferable that the

YDB ceramics are sintered at temperatures which no metastable cubic-δ phase would

be present, i.e., 900-1100 °C. These temperatures also ensure relative densities higher

than 90%.
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