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 In this research, scandium stabilized zirconia thin films were fabricated by means 
of electrostatic spray deposition technique. The effect of process parameters on the 
morphology and microstructure of the resulting films was elucidated. A preliminary study on 
the influence of nozzle shape on the deposition of film using electrostatic spray deposition 
process was also observed. It was found that the geometry of the nozzle tip significantly 
affected the spray pattern during spraying and the morphology of the films obtained. With 
using the flat tip, the precursor solution was emitted along the circumference of orifice outlet 
with higher spray angle during atomization resulted in the uniformity of aerosol plume 
atomization and low powder-like agglomerates of tiny particles on the film surfaces.    
 
 The preparation of scandium doped zirconia thin films by electrostatic spray 
deposition technique using precursor solution in different solvents was revealed that the 
surface morphology of the resultant scandium stabilized zirconia films depended upon the 
surface tension of precursor solution. Dense and crack-free scandium stabilized zirconia films 
were attained using the precursor solution in the mixture of methanol and butylcarbitol at the 
ratio of 80:20 by volume for both and after heat treatment. Additionally, the cubic phase of 
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450°C.  The optimization of process parameters for the deposition of scandium stabilized 
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the flow rate of precursor solution in the mixed solvent of methanol and butylcarbitol at 1.26 
ml.h-1. Furthermore, scandium stabilized zirconia films deposited under these optimal 
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CHAPTER I 
INTRODUCTION 

 

1.1 Statements and significance of the problems 
Nowadays the crisis of global energy, especially fossil fuels, is worsened due to 

limited quantity available [1]. The demand for oil consumption increases intensively, such 
as for transportation fuels and electricity generation. Clean energy technologies use 
renewable resources to create electricity and heat. These resources are continuously 
available (like energy from the sun) or can be regenerated quickly (like plant matter 
employed in bioenergy). It also implies that these resources are used much more 
efficiently than fossil fuels - oil, coal, and natural gas - and can help reduce environmental 
problems, including climate change and poor air quality. Clean energy technologies offer 
high efficiencies, environmentally friendly energy production and economic benefits. 
Moreover, they are already being developed around the world. Fuel cell is one of clean 
technologies that convert the chemical energy of a fuel directly into electricity by 
electrochemical reactions with only heat and water as by-products. In general fuel cells are 
similar to batteries; the only difference being chemical energy is stored outside the power 
generating device. However, a battery is only capable of storing power, whereas fuel cell 
can generate power as long as fuel is being supplied. In addition to the electricity 
produced, customers may harness the resultant heat and water for cogeneration 
applications. Fuel cell benefits include ultra-low emissions, low noise, power reliability 
and high electrical efficiency. This technology allows the use of numerous different fuels, 
including hydrogen, methanol, ethanol, natural gas, methane, propane, as well as biomass 
fuels. Cogeneration for producing additional electricity or heating and air conditioning 
applications is another useful benefit obtained from fuel cell technology.  
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There are five basic types of fuel cells, differentiated by the type of electrolyte 
separating the hydrogen from the oxygen. The electrolyte is the substance between the 
positive and negative terminals, serving as the bridge for the ion exchange that generates 
electrical current. The cell types now in use or under development are alkaline, phosphoric 
acid, proton exchange membrane, molten carbonate and solid oxide. The solid oxide fuel 
cell (SOFC) is one of the most promising technologies. Up to now, it is currently being 
demonstrated in sizes from 1 kW up to 250 kW plants, with plans to reach the multi-MW 
range. SOFCs utilize a non-porous metal oxide (usually yttria-stabilized zirconia) 
electrolyte material. They are operated between 650 and 1000°C, where ionic conduction 
is accomplished by oxygen ions. Typically the anode of a solid oxide fuel cell is cobalt or 
nickel zirconia and the cathode is strontium-doped lanthanum manganite. SOFCs offer the 
stability and reliability of all-solid-state ceramic construction. High-temperature operation, 
up to 1,000°C, allows more flexibility in the choice of fuels and can produce very good 
performance in combined-cycle applications. They approach 60 percent electrical 
efficiency in the simple cycle system, and 85 percent total thermal efficiency in co-
generation applications.  

The recent trend in the development of SOFCs is to decrease the operating 
temperature below 900°C. The attractive advantages of reduced-temperature operation for 
the SOFCs are offered by a longer cell life, wider choice of materials, improved reliability, 
reduced thermal stress, and reduced material and maintenance costs. Another crucial 
benefit of reduced-temperature operation is the possibility of using low-cost metals as the 
interconnect materials. In general, two approaches are extensively applied to reduce the 
resistance of electrolyte films, either by using the alternative electrolytes with better 
oxygen ionic conductivity at lower operating temperature or by decreasing the thickness 
of the conventional YSZ-based SOFCs. So far, doped ceria materials are being widely 
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investigated as a promising candidate solid electrolyte for intermediate temperature 
SOFCs (IT-SOFCs). These materials demonstrate much higher ionic conductivity at 
relatively lower temperatures in comparison with that of the traditional electrolyte yttria-
stabilized zirconia (YSZ).  

By considering the reduction in the film thickness, another novel and cost-effective 
alternative thin-film forming approach is electrostatic spray deposition (ESD), in which a 
liquid flowing through a capillary nozzle can be subjected to a high voltage to produce a 
spray and move towards a grounded substrate, upon which it ultimately deposits and 
builds up a solid layer. This method has several advantages over conventional deposition 
techniques, such as no usage of sophisticated reactor, non-vacuum deposition condition, 
inexpensive and non-toxic precursors, easy control of substrate temperature, and defect 
reparation.  
 
1.2 The aim of research   

1. To investigate the preparation of the ceramic thin film using the electrostatic 
spray technique. 

2. To study the effect of process parameters on the resulting scandium doped 
zirconia thin film. 

 
1.3 Scope of research 

1. To explore the influence of nozzle shape on the morphology of thin film 
fabricated by ESD technique. 

2. To investigate the suitable solvent for preparing thin films of scandium doped 
zirconia by ESD method. 
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3. To determine the optimum conditions for fabricating thin film by varying the  
    following process conditions of ESD technique: 

3.1 Distance between nozzle and substrate 
3.2 Substrate temperature 
3.3 Precursor concentration 
3.4 Flow rate of precursor  

4. To characterize the resultant thin films by the following techniques: 
4.1 Thermogravimetric analysis  
4.2 X-ray diffractometry 
4.3 Scanning electron microscopy  
4.4 Energy dispersive X-ray (EDX) microanalysis  
4.5 Atomic force microscopy 
4.6 Four point probe technique 

 
1.4 Expected results and applications 

1. To understand the influence of the process parameters on thin film fabricated by 
    ESD technique. 
2. To achieve the appropriate dense thin films for solid oxide fuel cell applications. 
3. To further apply the ESD technique for other materials and applications.  
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CHAPTER II 
THEORY AND LITERATURE REVIEW 

 
2.1 Concept of fuel cells  

A fuel cell can be considered a continuously fueled battery, being an 
electrochemical generator of electric power. A cell consists of two electrodes (porous 
structure) separated by an electrolyte, which is an easy transfer medium for ions (ion 
conductor). Fuel cells convert fuel energy into electricity through electrochemical redox 
reaction. A gaseous fossil fuel, typically desulfurized natural gas, is introduced to one side 
of the cell and oxygen to the other. A reactant concentration gradient across the cell yields 
a potential difference between the electrodes. At the anode, hydrogen (and or carbon 
monoxide derived from the fuel) is oxidized, or stripped of electrons. By the potential 
difference between the electrodes, the electrons flow in the external circuit. Meanwhile, 
ions moving through the electrolyte balance the charge flow in the external circuit. At the 
cathode, oxygen accepts electrons coming from the anode via the external circuit. This 
acceptance of electrons, known as reduction, forms negatively charged oxygen ions. The 
amount of direct current electricity produced by electron flow from anode to cathode 
depends on the chemical activity and the amount of substance supplied and the loss of 
power in cell stack. However, unlike battery, fuel cell can produce direct current 
electricity for as long as it is supplied with fuel. Generally, a small size of fuel cell can 
generate direct current electricity in the range of 0.5 to 0.9 V. The combination of small 
size fuel cell to obtain fuel cell stack provides an increase in the voltage level for use in 
power plant applications. For example, solid oxide fuel cell systems, a promising 
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technology for solving critical energy and environmental problems, has electrical output 
of 1 kW obtained using rare earth doped zirconia as electrolyte material [2].   

The development of fuel cell system leads to high energy conversion efficiency up 
to 70-80% by integration with heat utilization unit. For the heat engine, the efficiency is 
limited by the Carnot cycle, the degree of combustion, heat loss to the surroundings and 
mechanical losses due to friction and the need for lubrication. Whereas, fuel cells are not 
limited by the Carnot cycle; they are expected to offer higher energy efficiencies than heat 
engine [3].      

 
 

 
 

Figure 1. Principle of fuel cell operation [4]. 
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2.2 Type of fuel cells [3] 
 Regarding the development of electrolyte materials utilized in fuel cells, the five 
basic types of fuel cell are classified. Low temperature types include the alkaline fuel cell 
(AFC) and polymer electrolyte membrane fuel cell (PEMFC); the medium temperature 
type is the phosphoric acid fuel cell (PAFC) and the two high temperature types are the 
molten carbonate fuel cell (MCFC) and the solid oxide fuel cell (SOFC). Whereas, direct 
methanol fuel cells (DMFC) are considered to be a variant of polymer electrolyte 
membrane technology. Each type of fuel cell has its own advantages and drawbacks 
compared to the others.  Alkaline fuel cells can use a variety of non-precious metal 
catalysts at the cathode and anode because of facile oxygen reduction kinetics at high pH 
conditions. However, it is difficult to control electrolyte leakage and electrolyte 
degradation. Although molten carbonate fuel cells can generate high concentration of 
carbon monoxide in the fuel stream (CO is a fuel), they allow rapid start-up to high 
operating temperature. Solid oxide fuel cells offer high performance, but they exhibit slow 
start-up and interfacial thermal mismatch problem.  
 

2.2.1  Alkaline fuel cell (AFC) 
 Alkaline fuel cell (AFC) is one of the first fuel cell technologies developed, 
and it is the first type widely used in the U.S. space program to produce electrical energy 
and water onboard spacecraft. These fuel cells use a potassium hydroxide (KOH) solution 
in water as the electrolyte which has a solid matrix (asbestos) including nickel, metal 
oxides, spinels and noble metals electrode. The operating temperature of AFC depends on 
the concentration of KOH used.  High concentration of liquefied KOH at roughly 85% is 
utilized for high operating temperature (at 250°C). Generally, high-temperature AFCs 
operate at temperatures between 100°C and 250°C. However, novel AFC designs operate 
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at lower temperatures of approximately 23°C to 70°C. Since CO2 poisons the KOH 
electrolyte, pure hydrogen would be required in the fuel stream, and the CO2 present in the 
ambient air should be scrubbed. CO2 can react with KOH electrolyte to form K2CO3. This 
affects the cost-efficiency of the AFCs to a great extent. NASA has utilized the alkaline 
fuel cell technology to provide electrical power for manned launch vehicles such as 
Gemini, Apollo, and the space shuttle. To solve the problem of electrolyte (KOH) leakage, 
anion conducting polymer electrolyte such as ionomers based on polyepichlorohydrin 
copolymer was used instead of a KOH aqueous solution [5]. 

 
2.2.2  Phosphoric acid fuel cell (PAFC) 

 Phosphoric acid fuel cells use liquid phosphoric acid, usually contained in a 
Teflon-bonded silicon carbide matrix, as electrolyte [6]. Porous carbon containing a 
platinum catalyst is used as both cathode for oxidizing agent and anode for fuel. The 
operating temperature of PAFC is around 200°C. PAFC power plant can achieve 
conversion efficiencies in the order of 40-45% and hot water as by-product utilized in 
domestic applications. PAFC is one of the most mature types and the first employed 
commercially. This type of fuel cell is typically used for stationary power generation. 
Moreover, some PAFC has been used in large vehicles such as city buses. The large 
number of PAFC stationary power installation around the world shows that PAFC has 
high reliability, efficiency and flexibility in a wide variety of applications [7,8]. However, 
due to the possibility of liquid loss, it is necessary to refill the electrolyte liquid, or to 
provide an excess amount of electrolyte before operation.  
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2.2.3  Polymer electrolyte membrane fuel cell (PEMFC) 
 Polymer electrolyte membrane fuel cell is also known as proton exchange 
membrane fuel cell. This cell uses a solid polymer membrane as an electrolyte and porous 
carbon containing a platinum catalyst as an electrode. This membrane is an electronic 
insulator, but is also an excellent proton conductor. Polymer electrolyte membrane fuel 
cells operate at relatively low temperatures about 80°C. Low temperature operation allows 
them to start-up rapidly or less warm-up time and results in less wear on system 
components, leading to better durability. Typically, proton-conducting fluorinated sulfonic 
acid or similar polymer, such as Nafion is used as an electrolyte. This solid electrolyte 
allows a compact construction of the fuel cell and also allows more straightforward 
operation under pressure, which can improve the performance significantly.  However, the 
catalyst commonly used in PEMFCs is the platinum with carbon or graphite as structural 
support materials. The disadvantages of using platinum catalyst are the fact that CO 
concentration of even 10 ppm causes the deterioration of cell performance. However, the 
combination of platinum/ruthenium in the electrocatalyst improves the tolerance. PEM 
fuel cells are used primarily for transportation applications and some stationary 
applications. Due to their fast startup time, low sensitivity to orientation, and favorable 
power-to-weight ratio, PEM fuel cells are particularly suitable for use in passenger 
vehicles, such as cars and buses. 
 

2.2.4  Molten carbonate fuel cell (MCFC) 
 Molten carbonate fuel cell is high temperature fuel cells that an electrolyte 
consists of a molten carbonate salt mixture (lithium and potassium carbonate) suspended 
in a porous, chemically inert ceramic lithium aluminum oxide (LiAlO2) matrix. Salt 
mixture exhibits a good ionic conductor at high operating temperature (approximately 
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650°C). The operating temperature changes of MCFC are very sensitive to cell 
performance. At the high temperature of operation the alkali carbonates form a highly 
conductive molten salt, with carbonate ions providing ionic conduction. The high reaction 
rates remove the need for noble metal catalysts and gases such as natural gas can be 
internally reformed without the need for a separate unit. In addition, the cell can be made 
of commonly available sheet metals for less costly fabrication. One feature of the MCFC 
is the requirement of CO2 at the cathode for efficient operation. The major disadvantage of 
MCFC is the very corrosive electrolyte, which impacts on the fuel cell life. Many 
researchers try to solve these problems. For example, Cassir et al. [9] used protective 
oxide coatings against the corrosive effect in the carbonates, as diffusion barriers at the 
cathode/electrolyte. Kim et al. [10] utilized Co/Ce coated Ni powder prepared using a 
polymeric precursor for cathode material to reduce the dissolution of nickel oxide cathode 
in the electrolyte.  
 

2.2.5  Solid oxide fuel cell (SOFC) 
 Solid oxide fuel cell uses ceramic oxide as solid-phase electrolyte which 
reduces corrosion considerations and eliminates the electrolyte management problems 
associated with the liquid electrolyte fuel cells. The preferred electrolyte material is dense 
yttria-stabilized zirconia which is an excellent conductor of negatively charged oxygen 
(oxide) ions at high temperatures. The anode is a porous nickel/zirconia cermet whereas 
the cathode is magnesium or strontium-doped lanthanum manganite. To achieve adequate 
ionic conductivity in such a ceramic, however, the system must operate at high 
temperature about 650-1000°C. At that temperature, internal reforming of carbonaceous 
fuels should be possible, and the waste heat from such a device would be easily utilized by 
conventional thermal electricity generating plants to yield excellent fuel efficiency. CO 
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does not act as a poison and can be used directly as a fuel. The solid oxide fuel cell is also 
the most tolerant of any fuel cell type to sulfur and can tolerant several orders of 
magnitude more sulfur than other fuel cells. Because of its high operating temperature, the 
SOFC requires a significant start-up time. Since SOFCs utilize both hydrogen and carbon 
monoxide fuel inside the cell, they can readily operate on hydrocarbon fuels such as 
gasoline, diesel fuel, coal gas, natural gas, jet fuel and alcohol. The efficiency of the solid 
oxide fuel cell used in combined heat and power (CHP) applications will be higher than 
the polymer electrolyte fuel cells for two main reasons. The first reason is that the 
hydrocarbon fuel is reformed into hydrogen and carbon monoxide fuel largely inside the 
cell. This leads to some of the high temperature waste heat being recycled back into the 
fuel. The second reason is that air compression is not required. Especially on smaller 
systems, this results in a higher amount of net electricity being produced and quieter 
operation. Owing to the high temperatures that the solid oxide fuel cell must run; they may 
not be practical for sizes much below 1,000 watts or when portable applications are 
involved. 
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Figure 2. Summary of various fuel cell types [11]. 
 

In Figure 2, the oxidation reaction takes place at the anode and involves the 
liberation of electron (for example, O2- + H2 = H2O + 2e- or H2 = 2H+ + 2e-). These 
electrons travel around the external circuit producing electrical energy by means of the 
external load, and arrive at the cathode to participate in the reduction reaction (for 
example, 1/2O2 + 2e- = O2- or 1/2O2 + 2H+ + 2e- = H2O ). It should be noted that as well as 
producing electrical energy and the reaction product (for instance, H2O and CO2); the fuel-
cell reactions also produce heat. The reaction products are formed at the anode for SOFC, 
MCFC and AFC types, and at the cathode for PAFC and PEMFC types [11]. 
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2.3 Solid oxide fuel cell (SOFC) 
 SOFC is of great interest currently for the energy conversion system due to their 
high energy efficiency (fuel input to electricity output), fuel flexibility, co-generation 
potential and high environmental performance. Moreover, it is clean, reliable, and almost 
entirely nonpolluting. Because there are no moving parts and the cells are therefore 
vibration-free, the noise pollution associated with power generation is also eliminated.    
 

2.3.1  Design and operation of solid oxide fuel cell [1] 
 The SOFC is based upon the use of a solid ceramic as the electrolyte. Most 
SOFC designs use a dense yttria-stabilized zirconia (YSZ) electrolyte. The SOFC is a 
solid state device and shares certain properties and fabrication techniques with semi-
conductor devices. Generally, the anode consists of metallic Ni and yittria-stabilized 
zirconia, which serves to inhibit sintering of the metal particles and to provide a thermal 
expansion coefficient comparable to those of the other cell materials. The anode structure 
is fabricated with a porosity of 20 to 40% to facilitate mass transport of reactant and 
product gases. The Sr or Mg-doped lanthanum manganite that is most commonly used for 
the cathode material is a p-type conductor. Similar to the anode, the cathode is a porous 
structure that must permit rapid mass transport of reactant and product gases. Two 
possible design configurations for SOFCs have emerged: a planar design and a tubular 
design. In the planar design, the components are assembled in flat stacks, with air and fuel 
flowing through channels built into the cathode and anode. In the tubular design, 
components are assembled in the form of a hollow tube, with the cell constructed in layers 
around a tubular cathode; air flows through the inside of the tube and fuel flows around 
the exterior. The Westinghouse cell design constructs the fuel cell around a porous 
zirconia support tube through which air is supplied to the cathode which is deposited on 
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the outside of the tube. A layer of electrolyte is then deposited on the outside of the 
cathode and finally a layer of anode is deposited over the electrolyte. A number of cells 
are connected together by high temperature semiconductor contacts. In operation, 
hydrogen or carbon monoxide (CO) in the fuel stream reacts with oxide ions (O2-) from 
the electrolyte to produce water or CO2 and to deposit electrons into the anode. The 
electrons pass outside the fuel cell, through the load, and back to the cathode where 
oxygen from air receives the electrons and is converted into oxide ions which are injected 
into the electrolyte. It is valuable that the SOFC can use CO as well as hydrogen as its 
direct fuel.  

2.3.2  Component of solid oxide fuel cell (SOFC) [1] 
 SOFC is mainly composed of two electrodes (anode and cathode), and a 
solid electrolyte. The major function of the electrodes causes the reaction between the 
reactant (fuel or oxygen) and the electrolyte. They must also, by definition, be an 
electronic conductor and bring the three phases (gaseous fuel, liquid electrolyte and 
electrode itself) to contact. At the anode side (also called the "fuel electrode"), the oxygen 
ions (O2-) are combined with fuel, such as hydrogen by oxidation reaction to produce 
electron and to form water and heat as by-products. Hence, this electrode serves as the 
negative post of fuel cell. At the cathode side (also called the "air electrode"), oxygen is 
combined with electron obtained from external circuit to generate oxygen ion (O2-) 
through reduction reaction. It is also known as the positive post of fuel cell. The SOFC 
reactions at each electrode are as follows:  
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Anode side: 
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Cathode side:    
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 The electrolyte is used to prevent two electrodes to come into electronic 

contact by blocking the electrons. Furthermore, it provides the charged ion flow from one 
electrode to another in order to sustain the overall electrical charge balance. Typically, 
materials used for SOFC electrolyte must have oxygen ion conductivity more than 0.05 
S.cm-1 at operating temperature [12].    
 The requirements of each component, such as stability (chemical, phase, 
morphology and dimension), are a chemical compatibility with other components, similar 
thermal expansion to avoid cracking during cell operation, a dense electrolyte to prevent 
gas mixing, the porous anode and cathode to allow gas transport to the reaction sites as 
well as high strength and toughness, and high fabricability.   
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Figure 3. Concept diagram of SOFC based on oxygen-ion conductors [1]. 
 

2.3.3  Materials for SOFC electrolyte [13] 
 Once the molecular oxygen has been converted to oxygen ions it must 
migrate through the electrolyte to the fuel side of the cell. In order for such migration to 
occur, the electrolyte must possess a high ionic conductivity and no electrical 
conductivity. It must be fully dense to prevent short circuiting of reacting gases through it. 
Furthermore, it should also be as thin as possible to minimize resistive losses in the cell. 
As with the other materials, it must be chemically, thermally, and structurally stable across 
a wide temperature range. For oxygen ion conductors, current flow occurs by the 
movement of oxide ions through the crystal lattice. This movement is owing to thermally-
activated hopping of the oxygen ions, moving from crystal lattice site to crystal lattice site, 
with a superimposed drift in the direction of the electric field. The fluorite oxides are the 
most common and classical oxygen ion conducting oxide materials. The fluorite crystal 
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structure consists of a simple cubic oxygen lattice with alternate body centers occupied by 
eight coordinated cations, as illustrated in Figure 4.  The cations are arranged into a face 
centered cubic structure with the anions occupying the tetrahedral sites. This leaves a 
rather open structure with large octahedral interstitial void. 
 

 
 

Figure 4. The fluorite (AO2) oxide structure. The smaller spheres represent the A cation 
sites and the bigger spheres represent the oxygen sites [13]. 

 
 The ideal fluorite structure is shown in Figure 4. This structure is relatively 
open and its shows exceptional tolerance for high levels of atomic disorder, which may be 
introduced either by doping, reduction or oxidation. Of the binary oxides, ThO2, CeO2, 
PrO2, UO2, and PuO2 possess this structure in the pure state. ZrO2 and HfO2 are stabilized 
to the fluorite structure by doping with divalent or trivalent oxides (Sc, Y, rare earth 
oxides). The addition of such dopants gives rise to the creation of oxygen vacancies, 
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which are responsible for the ionic conduction in these oxides. Doping of the fluorite 
oxides is usually performed by substituting the host cation sites with lower valence 
cations. In order to maintain charge neutrality oxygen vacancies have to be introduced, 
which allow oxygen ion migration. These oxygen vacancies supply the equivalent sites, 
allowing the oxygen ions to migrate. The maximum ionic conductivity is observed when 
the concentration of acceptor-type dopant is close to the minimum necessary to 
completely stabilize the cubic fluorite-type phase [14,15]. This concentration (so-called 
low stabilization limit) and the corresponding conductivity are, to a degree, dependent on 
the processing history and microstructural features, such as dopant segregation, impurities, 
kinetically limited phase transitions and formation of ordered microdomains [13].  
     

 
Figure 5. The crystal structure of doped ceria. In the right cube, the undoped CeO2 is 

shown, whereas in the left cube, two of the cerium ions are replaced by trivalent ions from 
the lanthanide series (dark spheres), between which an oxygen vacancy appears  

(indicated by a small sphere) [16]. 
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 By substituting the host cation sites with either rare earth or an alkaline earth 
element, just as with yttria-stabilized zirconia (YSZ), an increase of ionic conduction can 
be achieved. Zirconia (zirconium dioxide, ZrO2) in its pure form has a high melting 
temperature and a low thermal conductivity. The applications of pure zirconia are 
restricted because it shows polymorphism. It is monoclinic at room temperature and 
changes to the denser tetragonal phase at about 1000 °C. This involves a large change in 
the volume and causes extensive cracking. Hence zirconia has a low thermal shock 
resistivity. The addition of some oxides results in stabilizing the cubic phase and the 
creation of one oxygen vacancy. The conductivity increases then decreases across the rare 
earth series from Yb to La. For zirconia, Sc gives rise to the highest conductivity, but Y is 
typically utilized for reasons of cost. Because the size of Zr4+ is smaller than that of the 
trivalent rare earth cations, the maximum ionic transport is observed for Sc3+ [17]. 
Examples of dopants include Sc2O3 [18], Y2O3 [19], MgO [20], CaO [21], Al2O3 [22] and 
Bi2O3 [23]. Alkaline earth metal cation (A2+) doped ZrO2 is much less effective than rare 
earth metal doped one due to its high tendency to defect association and lower 
thermodynamic stability of the cubic fluorite type solid solution in ZrO2–AO system.  
 The amount of Sc2O3 in ZrO2 influences tetragonal phase and cubic phase in 
crystal lattice. Low content of Sc2O3 (5-7.8 mol %) shows tetragonal and cubic phase at 
room temperature whereas 8-10 mol % of Sc2O3 exhibits only cubic phase at room 
temperature [14,24]. In the other hand, the amount of Sc2O3 > 10 mol% in zirconia matrix 
gives only rhombohedral phase at room temperature [14,24], and then transforms to cubic 
phase above 750°C, resulting in the highest ionic conductivity of 10ScSZ [24].  

 In the case of ceria, Sm and Gd dopants give the highest values of 
conductivity in which optimal dopant concentrations are in the range of 10 to 20%. The 
main advantage of the doped ceria includes a higher ionic conductivity compared to the 
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stabilized zirconia (particularly at lower temperatures). However, ceria had not been 
considered viable for fuel cell application because of its high electronic conductivity, 
arising reduction of Ce4+ to Ce3+ at anode [25]. According to the problem, the multi-layer 
cell combination of ceria and other solid electrolytes, such as stabilized zirconia is used. 
However, thermal mismatch of electrolytes results in micro-crack [26]. In the case of co-
doping Sm0.2Ce0.8O2 with yttrium can help to enhance the ion conductivity but still remain 
the problem of thermal expansion coefficients for each material [27].  
 In order to decrease the operating temperature of SOFC, two approaches are 
now considered. One is to use new fast oxide ion conductor for electrolyte material, 
including LaGaO3 (LSGM) as a new electrolyte for intermediate temperature (773 K) 
[28,29]. In addition, doping of Co at Ga sites can improve the partial electronic conduction 
[28]. Another way is the reduction of the electrolyte thickness through various techniques 
of thin film fabrication. 
 
2.4 Thin film fabrication for SOFC electrolyte [30] 

A thin, dense film of electrolyte (approximately 40 microns thick) needs to be 
applied to the cathode substrate. A reliable way to apply the electrolyte is known as 
electrochemical vapor deposition which offers high purity and a high level of process 
control. Electrochemical vapor deposition solves the problem of depositing a dense film 
onto a porous substrate by passing oxygen through the inside of the cathode tube while 
chlorides of zirconium and yttrium are passed along the outside. They react at the tube 
surface to form YSZ and, because the reaction comes to the surface from both sides, the 
porosity is closed off. Once the porosity is closed off, the electrolyte deposition continues, 
but now the oxygen diffuses through the growing YSZ layer to react with the chlorides, 
thereby ensuring a highly dense electrolyte layer. The process, while effective, is 
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expensive and capital-intensive. Alternative electrolyte deposition methods that show 
promise are spray coating and dip coating followed by sintering. Colloidal suspensions of 
YSZ are applied in thin layers of at least 20 microns, using nanosize (5-10 nm) particles in 
order to meet the critical requirement of low porosity. Through careful engineering of the 
particle size distribution and dispersions, these deposition methods are likely to replace 
electrochemical deposition. 

CVD is a chemical process in which one or more gaseous precursors form a solid 
material by means of an activation process. The reactant vapors are (1) transported to the 
surface of a substrate and (2) adsorbed on the substrate surface where (3) the chemical 
reaction leads to a solid product for (4) crystal growth. The advantages of the CVD 
technique consist of producing uniform, pure, reproducible and adherent films at low or 
high rates. It is particularly useful in the deposition of coating in sites difficult to reach by 
other deposition techniques. The major disadvantages are the high reaction temperature, 
the presence of corrosive gases at least for halogenous compounds, and the relatively low 
deposition rates. Liu et al. [31] fabricated the SSC/SDC cathode for SOFC using 
combustion CVD technique.       

In sol-gel route, the gelation occurs through the formation of a polymeric network. 
In first step, the hydrolysis reaction leads to the hydroxyl functional group for further 
polymerization. In the second step, the polymerization results in network polymer. 
Afterwards, the desired thin film can be fabricated using other techniques, such as spin-
coating and dip-coating and then calcined to form the dense and crystalline film. 

Pulsed laser deposition (PLD) is a thin film fabrication technique where a high 
power pulsed laser beam is focused inside a vacuum chamber to strike a target of the 
desired composition. Material is then vaporized from the target and deposited as a thin 
film on a substrate, such as a silicon wafer facing the target. This process can take place in 
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ultra-high vacuum or in the presence of a background gas, such as oxygen which is 
commonly used when depositing oxides to fully oxygenate the deposited films. Many 
parameters influence this technique, including wavelength, power density, background 
gas, pressure, target composition, substrate-target distance, substrate temperature, 
substrate bias, and gas-surface interaction. PLD requires the operating temperature 

ranging from 500 to 700°C. Yang et al. [32] used PLD technique to deposit the 
SDC/ScSZ bi-layer electrolyte film with various crystallite sizes, density and interfacial 
properties. The main advantages of PLD technique are the congruent evaporation and 
good crystallinity due to the presence of high-energy evaporants and fast response time. In 
contrast, the drawbacks of PLD technique are difficult to control many parameters and 
high operating temperature required.  

Sputtering deposition is extensively utilized to grow component and alloy films in 
which one or more of the constituent elements are volatile. Low-defect-density films of 
high-melting-point materials can be grown on unheated substrates because phase 
formation is primarily governed by kinetics, rather than by thermodynamics. An evacuated 
chamber is filled with the sputtering gas. A large negative voltage is applied to the 
cathode. The sputtering gas forms a self-sustained glow discharge. RF-excitation allows 
the use of a nonconducting target or a metal target surface that has become oxidized. 
Physical sputtering of the target occurs when positive ions from the plasma that are 
accelerated across the dark space strike the target surface. Material ejected by a 
momentum transfer process is mostly uncharged and moves between the electrodes where 
it becomes thermalized and condenses on any surface. A metal oxide film is grown by 
sputtering a metal target in a discharge containing oxygen, usually in conjunction with a 
noble gas. The sputtering process can dissociate an oxidized target surface. Hence, the 
sputtered flux may consist of both metal atoms and metal oxide molecules. The metal, 
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metal oxide and oxygen species that arrive at the substrate are adsorbed and ultimately 
incorporated into stable nuclei to form a continuous film. These processes are the major 
factors in determining film chemistry, short-range atom order, crystallography and 
microstructure. Yoo et al. [33] prepared bi-layer thin film of SDC/ScSZ electrolyte having 

a maximum power density of 360 and 240 mW.cm-2 at 600° and 550°C in Ar (3%H2O) 
and air.     

Plasma spraying, which is one of the thermal spraying techniques, is a materials 
processing method for preparing coatings and free-standing parts using a plasma jet. 
Plasma spraying is a broadly applicable tool for producing a dense coating of materials 
such as metals, ceramics, polymers, and composites. The spraying method involves 
melting powdered materials in a jet of plasma gas heated to temperatures greater than 
5,000 oC. The plasma gas propels the molten powder toward the substrate, where the 
material cools to form a dense, strong deposit layer. This technique was used for 
fabricating the electrolyte for SOFC, such as Sc2O3-ZrO2 and YSZ electrolytes [34,35].  

Spray pyrolysis technique is a convenient method producing large areas of thin 
metal oxide films in a short time at relatively low cost. A metal salt solution is atomized 
onto a heated substrate to achieve the metal oxide films. Spray droplets approaching the 
substrate surface take place the pyrolytic (endothermic) decomposition.  Giampaolo et al. 
[36] fabricated homogeneous nanostructure dense ZrO2 thin film on borosilicate glass and 

aluminium substrate using light carrier gas at pyrolysis temperature of 600°C and 
deposition time of 1 h.  

High applied force is adequate to overcome the surface tension of the liquid, 
leading to the breakup and atomization of liquid droplets. Typically there are three 
different types of atomizers used for the generation of the spray: blast (using a stream of 
gas at high velocity), ultrasonic (using an ultrasonic irradiation) and electrostatic (using a 
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high voltage). The technique of atomization determines the droplet size distribution, 
efficiency and spray angle. The electrostatic atomization technique results in nearly 
monodispersed droplets and smaller droplets than other techniques. Overspray is reduced 
because of the charged droplets; therefore the electrostatic atomization increases the 
deposition efficiency [37].  

In electrostatic spray deposition (ESD), a precursor solution is atomized by 
electrostatic force into an aerosol attracted to a heated substrate. Electrostatic spray 
deposition involves many processes occurring either simultaneously or sequentially. These 
are aerosol generation and transport, solvent evaporation, droplet impact with consecutive 
spreading, and precursor decomposition. Because the dynamics of the evaporation and 
decomposition reactions are significantly temperature dependent, the substrate 
temperature plays a crucial role in spray pyrolysis. Djurado et al. [38] investigated the 
main process parameters, including substrate temperature, nozzle to substrate distance, 
solution flow rate, and deposition time. The smoothest coatings have been obtained at 
flow rate of 0.5 or 1.17 ml h-1 and the distance of 47 and 57 mm at deposition temperature 
between 375 and 450°C.      
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CHAPTER III 
INVESTIGATION OF NOZZLE SHAPE EFFECT ON Sm0.1Ce0.9O1.95 THIN 

FILM PREPARED BY ELECTROSTATIC SPRAY DEPOSITION 
 

Abstract 
Dense samarium doped ceria (SDC) thin films are deposited using electrostatic 

spray deposition (ESD) technique. The influences of nozzle shape on the distribution of 
liquid jet at the nozzle tip and the morphology of the deposited SDC films are elucidated. 
Geometries of three nozzles employed are flat, sawtooth and wedge tips. From the 
observation of jet formation, the nozzle in flat shape gives the highest distribution of 
emitted droplets. The deposited films are characterized using a combination of XRD, SEM 
and AFM techniques. XRD results reveal that the single-phase fluorite structure forms at a 
relatively low deposition temperature of 400oC. The flat spray tip provides the most 
uniform and smooth thin films, and also presents the lowest agglomeration of particles on 
thin film surface.  
 
Introduction 
  Recently, solid oxide fuel cells (SOFCs) have attracted a great deal of attention 
because they can produce electricity directly by electrochemical combination of a gaseous 
fuel with an oxidant in an efficient energy-conversion and environmental friendly 
technology. While several researchers emphasize on the development of SOFCs for 
operating at extremely high temperatures (900-1000ºC), it becomes increasingly important 
to reduce the operation temperature of the fuel cell to the intermediate range of 500-800oC 
to increase the operational life and reduce the thermal mismatch between cell components 
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[1-3]. Consequently, great efforts have recently been taken to decrease the operating 
temperature of SOFCs. Two approaches are widely used to decrease the resistance of 
dense electrolyte thin films, either by reducing the thickness of the traditional yttria-
stabilized zirconia (YSZ) electrolyte or employing the alternative electrolytes of higher 
ionic conductivity at lower temperature. Doped ceria is considered to be one of the most 
promising electrolytes for SOFCs operating at intermediate temperature range due to 
cheaper materials, less thermal mismatch, and lower degradation problems [4-8].   
 Various thin-film fabrications, such as chemical vapor deposition [9], rf magnetron 
sputtering [10], laser deposition [11], plasma coating [12] or flame-assisted vapor 
deposition [13], have been used to prepare the components of SOFCs. In the past few 
years, a novel spray pyrolysis technique, electrostatic spray deposition (ESD), was 
employed to produce thin films of many oxide materials. This technique is superior to 
other film formation methods due to its simplicity, non-vacuum deposition condition and 
an economical and effective deposition with simple setup and inexpensive and non-toxic 
precursors [14-16].  

In principle, dense and thin ceramic films are needed for SOFC electrolytes. 
Therefore, the preparation of dense and thin SDC films appears to be a valuable means to 
achieve such a challenge. In this contribution, the application of electrostatic spray 
deposition to fabricate dense SDC thin films was investigated. The shape of nozzle 
requires a special attention resulting in the homogeneous thin film and the control of 
deposition area. Therefore, the effect of nozzle shapes on the distribution of liquid jet at 
the nozzle tip and the morphology of the deposited SDC films were discussed. 
Furthermore, the effect of calcination temperature on the crystallinity of the films was also 
elucidated.  
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Experimental 
Electrostatic spray deposition (ESD) setup 
The configuration of ESD setup employed to deposit SDC thin films was 

schematically demonstrated in Fig. 1(a). It consists of a precursor feeding unit, a power 
supply unit and a temperature control unit. Precursor solution was pumped towards a 
spraying nozzle by means of a peristaltic pump (Watson Marlow, 101U/R). When high 
positive voltage was applied on the precursor solution, electrostatic field was established 
between metal capillary nozzle and grounded substrate. Owing to electrostatic force 
generated, precursor solution was atomized into charged droplets. These charged droplets 
were attracted to the heated substrate, and then deposited on the substrate to form a thin 
solid layer.  
 
  Preparation of precursor solution 

Sm0.1Ce0.9O1.95 material was prepared using samarium nitrate hexahydrate 
(Sm(NO3)3.6H2O, 99.99 % purity, Aldrich Chemical) and cerium nitrate hexahydrate 
(Ce(NO3)3.6H2O, 99.99 % purity, Aldrich Chemical) as starting materials. The appropriate 
quantities of metal nitrates were dissolved in ethanol (C2H5OH, 99 % purity, Fluka) as the 
chemical precursor solution. The molar ratio Sm/Ce was equal to 0.1:0.9.  The total molar 
concentration of metal ions was 0.02 mol dm-3.   

 
  Spray patterns at the nozzle tip and deposition of samarium doped ceria film  

The spray patterns with various types of nozzles were monitored using a CCD 
digital video camera (Sony DCR-TRV17E). Precursor solution was deposited on 
aluminum foil for studying area coverage of deposition or on stainless steel (316L) for 
fabricating SDC thin films. The substrate temperature was kept at 400oC. The deposition 
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time was 2 h under ambient atmosphere, and the flow rate of the precursor solution was 
controlled at 0.84 ml h-1. The applied voltage was set at 15 kV. The substrate was placed 
above the tip of nozzle at 13 cm on a heater controlled by temperature controller. Three 
different nozzle configurations employed were demonstrated in Fig. 1(b). After 
deposition, the calcination was also carried out at 700oC for 2 h to investigate the 
crystallization formation.  

 
  Characterization 

Thermogravimetric analysis (Perkin Elmer, TGA7) was performed on the 
precursor solution with a heating rate of 5oC min-1. The phase compositions and the crystal 
structures of the as-deposited and annealed films were characterized by X-ray diffraction 

(XRD) with an automated Rigaku D/Max 2000HV diffractometer equipped with Cu-Kα 
radiation source. The film morphology and composition were examined by scanning 
electron microscope (SEM, Cam Scan, Maxim 2000S) coupled with energy dispersive X-
ray (EDX) analyzer. The film roughness was measured by atomic force microscope 
(AFM, Seiko, SPI 400 DFM mode). To examine the film thickness, scanning electron 
microscope (SEM, Hitachi, S3400N) was employed for films deposited on glass substrate. 
Additionally, the effect of temperature on the crystallinity was investigated. Therefore, the 
resultant thin films were annealed for 2 h in air at 700oC. 

 
Results and discussion  

To determine an indication of suitable deposition temperature for this study, 
precursor solution was elucidated using TGA. TG-DTG thermograms in Fig. 2 show the 
thermal behavior of this precursor solution heated up to 1000oC. The major weight losses 
below 300oC were attributed to evaporation of solvent and water, and decomposition of 
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nitrate [17]. Therefore, the substrate temperature in this observation was controlled at 
400oC. Spray patterns and droplet dispersion with three different nozzle configurations 
were recorded as images (Figs. 3 and 4). With using the wedge-shaped and sawtooth-
shaped tips, the precursor solution was emitted from the orifice of the nozzle apex. 
Therefore, the nozzle with the wedge outlet appeared one position of atomization, whereas 
the nozzle with the sawtooth outlet exhibited two positions of atomization. Furthermore, 
the deviation of the spray emission from the center axis of the nozzle was observed for the 
wedge tip. For using the flat tip, the precursor solution was ejected into spray as it 
emanated from the orifice exit with large spray angle. Similar spray pattern obtained from 
flat tip was reported by Nomura et al. [18]. This was due to the nozzle tip nearer to the 
substrate surface than other regions of the nozzle, which resulted in the maximum surface 
charge density at the apex of the nozzle. Therefore, the highest electric field generated by 
the potential difference between nozzle and substrate was achieved at the nozzle apex, 
indicating the spray position of precursor solution [19]. In addition to these spray patterns 
at the nozzle tips, the deposition patterns deposited on substrate were also considered. Fig. 
5 reveals photographs of various deposition patterns acquired at different nozzle 
geometries. It can be seen that the wedge and flat outlets presented the deposition patterns 
in circle shape (Figs. 5(a) and (c)), while the sawtooth outlet gave the deposition pattern in 
ellipse shape (Fig. 5(b)). Due to two positions of atomization for sawtooth tip, the pattern 
of deposition was shown as two rings with some overlap, which resulted in an ellipse 
pattern. Moreover, the flat tip gave the largest area coverage of deposition compared to 
sawtooth and wedge tips, respectively. It might be because that precursor solution was 
emitted along the circumference of orifice outlet with higher spray angle leading to the 
uniformity of aerosol plume atomization.  
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The SEM micrographs of SDC thin films fabricated using different nozzle shapes 
were illustrated in Fig. 6. All as-deposited coatings were fully dense and crack-free. 
However, the film prepared by flat tip showed lower powder-like agglomerates of tiny 
particles than those obtained by sawtooth and wedge tips, respectively. This is due to the 
uniformity of dispersion spray observed with the use of flat tip, as described above. Fig. 7 
displays the cross-sectional SEM images of the films deposited using various shapes of 
nozzles. The dense microstructures without cracks were observed in these images 
corresponding to the top-view SEM micrographs. In the case of using sawtooth tip, the 
resultant films had higher thickness than the films deposited using wedge and flat tips, 
respectively. It is probably due to an overlapping deposition area was observed containing 
two circle shaped-coatings, which resulted in a non-homogeneous deposition. The film 
thicknesses were approximately 560, 440 and 240 nm for sawtooth, wedge and flat tips, 
respectively. In the cross-sectional micrographs, it can be also noted that the substrate 
layer in Fig. 7(c) is different from those in Figs. 7(a) and (b) because some defects of the 
glass substrate layer was obtained from the fracture of the bi-layer film for SEM sample 
preparation.  

Fig. 8 demonstrates two and three-dimensional AFM images of the surface 
topography of thin films deposited by different nozzle shapes at 400oC. Root mean square 
(RMS) roughnesses of the films deposited using flat, wedge, and sawtooth tips were 
47.53, 67.84, and 77.94 nm, respectively. Obviously, the film fabricated by flat tip was 
smoother than those produced by wedge and sawtooth tips. These observations indicated 
that flat outlet is optimal for the feeding and spraying of SDC precursor solution to 
achieve thin dense films with uniformity and free of pinholes and cracks. 
 The elemental composition of the resulting thin films was identified using EDX 
analysis.  At least eighteen points on the observed films were measured and the average 
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values were reported. The observed Sm/Ce atomic ratio of SDC thin films was equal to 
0.13:0.87, which is consistent with that of the precursor solution (0.10:0.90).  
 The XRD patterns of SDC thin films deposited at 400oC and then heat-treated at 
700oC were illustrated in Fig. 9. It was found that both as-deposited and annealed films 
exhibited single phase crystallite with cubic fluorite structure. As the annealing 
temperature was increased to 700oC, stronger and sharper peaks were attained. This means 
that the overall crystallinity of SDC thin films was enhanced with the increment of 
thermal treatment. After applying the Scherrer formula to the (1 1 1) diffraction peak of 
SDC, the crystallite size for the as-deposited film are growing from 7.4 to 12.9 nm after 
heat treatment.  
 
Conclusions 

Nanocrystalline SDC thin films with dense microstructure and free of cracks have 
been successfully deposited on stainless steel substrate at a relatively low-temperature 
fabrication using ESD technique. The geometry of the nozzle tip drastically influenced the 
spray pattern during spraying and the agglomeration of particles on thin layers. The nozzle 
with flat tip resulted in the greatest uniformity and smoothness of dense coating with the 
lowest thickness of 0.24 μm. The as-deposited films were crystalline. After an annealing 
of 700oC for 2 h, the crystallinity of SDC films was enhanced.  
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Figure Captions  
 
Figure 1.  (a) Schematic diagram of electrostatic spray deposition setup, (b) geometry of 
                  three nozzles for the feeding of precursor solution. (θ = tip angle, φi = inner 
                  diameter and φo = outer diameter) 
Figure 2.  TG-DTG thermograms of precursor solution. 
Figure 3. Photographs of electrospray plume during spray at (a) wedge tip; (b) sawtooth 

tip; (c) flat tip. 
Figure 4.  Schematic sketches of spray patterns during spray at (a) wedge tip; (b) 

sawtooth tip; (c) flat tip. 
Figure 5. Photographs of deposition patterns sprayed with various nozzle geometries (a) 

wedge tip; (b) sawtooth tip; (c) flat tip. 
Figure 6.  SEM micrographs of the SDC films prepared using (a) wedge tip; (b) sawtooth 

tip; (c) flat tip. 
Figure 7.  SEM cross-sectional images of the SDC films prepared using different nozzle 

geometries (a) wedge tip; (b) sawtooth tip; (c) flat tip. 
Figure 8.  AFM topologies of the surface of the SDC thin films deposited using (a) 

wedge tip; (b) sawtooth tip; (c) flat tip. 
Figure 9.  XRD patterns of SDC films (a) as-deposited at 400oC; (b) after annealing at 

700oC. 
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Figure 1.  

0

20

40

60

80

100

120

0 200 400 600 800 1000

Temperature (oC)

W
ei

gh
t (

%
)

-16

-14

-12

-10

-8

-6

-4

-2

0

2

D
erivative w

eight (%
/m

in)

DTG 

TG 

 
 
          Figure 2.  
 
 
 
 

 
 
 
 

   ส
ำนกัหอ

สมุดกลาง



 36 

                 

 
 

(a) (b) (c) 

Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   ส
ำนกัหอ

สมุดกลาง



 37 

 
 

 
 

(a) (b) (c) 

                                                        
          Figure 4.  

 
 
 
 
 
 
 

 

   ส
ำนกัหอ

สมุดกลาง



 38 

                                                                       Figure 5. 

(a) 

(c) 

(b) 

   ส
ำนกัหอ

สมุดกลาง



 39 

     
 
 
 
 
 
 

 
   

20 μm

20 μm

20 μm

4 μm 

4 μm

4 μm

(a)

(b)

(c)

 
 
 
 
 
 
 
 
 
 
 
 
 

   Figure 6.                               

   ส
ำนกัหอ

สมุดกลาง



 40 

                         

 

(a) 

SDC Film 

      Substrate 

440 nm

(b) 

SDC Film 

        Substrate 

560 nm

(c) 

SDC Film 

       Substrate 

240 nm

   Figure 7. 

   ส
ำนกัหอ

สมุดกลาง



 41 

 

   ส
ำนกัหอ

สมุดกลาง



 42 

                   Figure 8. 
(c) 

 
 
                                                                                 

 

 

(1
11

) 

(2
00

) (2
20

) 

(3
11

) 

(2
22

) 

(4
00

) 

(3
31

) 

(a) 

(4
20

) 

(b) 

 
 

          Figure 9.  
 
 

  

   ส
ำนกัหอ

สมุดกลาง



 

CHAPTER IV 
SCANDIUM STABILIZED ZIRCONIA THIN FILMS 

FABRICATED BY ELECTROSTATIC SPRAY DEPOSITION 
TECHNIQUE FOR SOLID OXIDE FUEL CELL APPLICATION 

 

Abstract 

A cost-effective and promising simple deposition method, electrostatic spray 
deposition (ESD) is used to fabricate dense scandium stabilized zirconia (ScSZ) thin films. 
The effect of the solvent types on the surface morphology was investigated using three 
different solvents: methanol, the mixture of methanol and butylcarbitol, and the mixture of 
methanol and ethylene glycol. The data showed that the film deposited by ESD-spray with 
the mixture of methanol and butylbarbitol gave the highest smoothness of the film surface 
in comparison with the case of methanol and the mixture of methanol and ethylene glycol, 
respectively. Analysis of as heat-treated films using SEM and AFM also indicated the 
formation of the uniform, smooth and dense thin films. Chemical compositions were 
achieved by energy dispersive spectroscopy (EDX). Nanocrystalline structural 
investigations of the coatings were realized by X-ray diffraction (XRD). These studies 
indicated the formation of single-phase SDC films, at low deposition temperature of 
450oC.  

 
Introduction 

To date global crisis in energy and environment is very extreme. The solid oxide 
fuel cells (SOFCs) have been considered as an electric power energy source in the near 
future due to their efficient and environmentally friendly processes. However, the use of 
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SOFCs at high operating temperature has influenced materials and maintenance. Hence, 
the trend in the reduction of operating temperature for SOFC applications is of great 
interest. A lower operating temperature has several advantages, such as shorter start-up 
time, longer stack life-time, and metallic alloy interconnects between the individual cells 
instead of expensive ceramic materials. Typically, there are two techniques for reducing 
operating temperature: the decrease of electrolyte thickness and the use of alternative 
electrolyte materials with higher ionic conductivity [1].  

 The required properties for SOFC electrolyte are high oxygen ion conductivity 
and dense structure to achieve higher movement of oxygen ion from cathode to anode and 
to prevent the diffusion of oxidant and fuel from electrode (anode and cathode) to 
electrolyte. In general, the metal oxide materials are used as electrolyte in SOFCs, such as 
YSZ [2] and rare earth doped ceria [3] which have fluorite crystal structure. In this work, 
scandium stabilized zirconia (ScSZ) electrolyte was employed as a solid electrolyte due to 
its high oxygen conductivity at the intermediate temperature range [4].  Regarding another 
approach, a variety of fabrication techniques, such as screen-printing, slurry coating, sol-
gel, tape casting, and dry pressing, have been widely used to prepare films in both 
laboratory and industrial practices due to their simplicity, low-cost, and high productivity. 
To achieve better control on film quality, other techniques, mostly vapor processing 
approaches, such as physical vapor deposition (PVD) [5], chemical vapor deposition 
(CVD) [6], electrochemical vapor deposition (EVD) [7], plasma spray [8], metal-organic 
chemical vapor deposition (MOCVD) [9], sputtering [10], flame assisted vapor deposition 
(FAVD)[11] and aerosol-assisted chemical vapor deposition are presently available for 
fabrication of SOFC components [12]. Generally, these methods require special raw 
materials and targets, sophisticated equipment and well-controlled atmosphere, therefore 
increasing the capital investment and fabrication costs. Furthermore, the films fabricated 
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by some of these approaches require post-deposition heat treatment, which is costly and 
time consuming.  
 Recently, another novel and cost-effective alternative thin-film forming approach 
is electrostatic spray deposition (ESD), in which a liquid flowing through a capillary 
nozzle can be subjected to a high voltage to produce a spray and move towards a grounded 
substrate, upon which it ultimately deposits and builds up a solid layer. The aim of the 
present work is to investigate the effect of solvent in precursor solution on the morphology 
of ScSZ thin films prepared by ESD technique.  

             
 Experimental  

Electrostatic spray deposition (ESD) setup 
A schematic diagram of the equipment used in this work for ESD was shown in 

Fig. 1. This system was composed mainly of three parts: (1) an electrostatic spray unit, 
including a high DC voltage power supply and a stainless steel nozzle (THD Ltd. No.22); 
(2) a liquid feeding unit, using a peristaltic pump (Watson Marlow, 101U/R); (3) a 
temperature control unit, including a temperature controller and a heating element. A DC 
voltage of 15 kV was applied between a nozzle and a stainless steel (316L) substrate. 
Precursor solution was emitted at the orifice of the nozzle and consequently, a spray was 
deposited as a thin layer on the substrate.  

 
Preparation of precursor solution 
10ScSZ (90 mol% ZrO2-10%mol Sc2O3) thin films were synthesized using 

zirconyl nitrate hydrate (ZrO(NO3)2.xH2O, ~27% (Zr, gravimetric),  Fluka) and scandium 
nitrate hydrate (Sc(NO3)3.xH2O, 99.9 % purity, Aldrich Chemical) as raw materials 
dissolved in various solvents at total concentration of 0.01 mol.dm-3. In this work, 
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precursor solution was prepared using different three solvents: methyl alcohol (CH3OH, 
99.9% purity, Carlo Erba), mixed solvent of methyl alcohol and butylcarbitol (2-(2-
butoxy-ethoxy)ethanol (99% purity, Carlo Erba)) in the ratio of 80:20 (defined as Me/Bu) 
and mixed solvent of methyl alcohol and ethylene glycol (99.5% purity (Carlo Erba)) in 
the ratio of 80:20 (defined as Me/EG). The precursor solution was pumped toward the 
nozzle at a flow rate of 0.84 ml h-1. The substrate temperature, the deposition time and the 
nozzle-to-substrate distance were controlled at 450oC, 2 h, and 13 cm, respectively.  
 
Characterization 

Thermogravimetric analysis (Perkin Elmer, TGA7) was performed on each 
precursor solution at a heating rate of 5 oC min-1. The surface tension of all precursor 
solutions was measured using Nüoy tensiometer (KRUSS model K8ST) at room 
temperature. The phase compositions and the crystal structures of the as-deposited and 
annealed films were characterized by X-ray diffraction (XRD) with an automated (Bruker 
D8 advance) diffractometer equipped with Cu-Kα radiation source. The film morphology 
and composition were examined by scanning electron microscope (SEM, Hitachi, 
S3400N) coupled with energy dispersive X-ray (EDX) analyzer. The film roughness was 
measured by atomic force microscope (AFM, Seiko, SPI 400 DFM mode). To examine 
the film thickness, scanning electron microscope (SEM, Hitachi, S3400N) was employed 
for films deposited on glass substrate. Additionally, the effect of temperature on the 
crystallinity was investigated. Therefore, the resultant thin films were annealed for 2 h in 
air at 700 oC. The electrical conductivity was measured by DC four point probe technique 
under oxygen gas using a Keithley 6517 A. The four electrodes were prepared using 
platinum paste by screen printing method. After screen printing, it was heated under 
ambient atmosphere at 400 oC for 1 h.       
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Results and discussion  
The suitable deposition temperature of different three solvent systems was 

investigated by TGA technique, as demonstrated in Fig. 2.  TG-DTG thermograms of all 
precursor solutions represent that major weight loss of the precursor solution occurred 
before 400oC was assigned to the evaporation of solvent and water, and the decomposition 
of nitrate [13]. Thus, the deposition temperature for the fabrication of ScSZ thin films in 
this work was controlled at 450oC.  

The SEM micrographs of all ScSZ thin films deposited at 450oC using various 
solvents were shown in Fig. 3. The dense microstructures with free of cracks were 
achieved for all conditions. Nevertheless, the film prepared using methanol and the 
mixture of methanol and butylcarbitol showed spherical agglomerates on the surface 
whereas those obtained using the mixture of methanol and ethylene glycol exhibited 
agglomerates with dimple-like feature. That might be because precursor solution in the 
mixture of methanol and ethylene glycol had the highest surface tension. From the 
measurement, the surface tension of precursor solution in various solvents was 25.8, 26.1 
and 28.9 mN. m-1 for methanol, the mixture of methanol and butylcarbitol, and the mixture 
of methanol and ethylene glycol, respectively. After the charged droplets impinged the 
substrate surface, the spreading of solution droplets will occur on the surface [14]. When a 
liquid has a high surface tension (strong internal bonds); it will form a droplet, whereas a 
liquid with low surface tension will spread out over a greater area (bonding to the surface). 
In other words, the lower surface tension allowed the higher spreading of solution droplets 
to form the film layer on the substrate. However, after hitting the heated substrate, the 
agglomerates were located on the film layer. On the contrary, the precursor solution with 
higher surface tension allowed the lower spreading of solution droplets, resulting in the 
dimple-like surface after impinging at the substrate surface. Nonetheless, the agglomerate 
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size of all as-deposited ScSZ films decreased after heat treatment at 700oC. The cross-
sectional SEM images of all as heat-treated films deposited with different three solvents 
(Fig. 4) also reveal the dense and crack-free microstructures. This observation was also 
consistent with the results of the top-view SEM micrographs, as illustrated in Fig. 3. 
Additionally, with using the mixture of methanol and butylcarbitol, ScSZ films showed 
the smoothest surface compared to those deposited using methanol and the mixture of 
methanol and ethylene glycol.  

Fig. 5 displays AFM images of the surface topology of as heat-treated thin films 
deposited using various solvents. Root mean square (RMS) roughnesses of the films were 
20.6, 11.8, and 22.3 nm for using methanol, the mixture of methanol and butylcarbitiol, 
and the mixture of methanol and ethylene glycol, respectively. Apparently, the ESD-
deposited film using the precursor solution in mixed solvent of methanol and butylcarbitol 
was smoothest. These results indicated that ESD technique is optimal for the fabrication of 
dense, uniform and crack-free ScSZ thin films.  

The elemental compositions of all as heat-treated ScSZ thin films deposited using 
different solvents were justified using EDX analysis. At least fifteen points on all studied 
films were measured and the average values were exhibited. The observed Sc:Zr atomic 
ratio of all ScSZ thin films was approximately 0.17:0.83, which is in a good agreement 
with that of the starting solution (0.18:0.82).  

The XRD patterns of ScSZ thin films deposited at 450oC and heat-treated at 600 
and 700oC using the mixture of methanol and butylcarbitol were demonstrated in Fig. 6. It 
was found that as-deposited films exhibited single phase crystallite with cubic fluorite 
structure. The sharp peaks were observed at the planes (111), (200), (220), (311) and (222) 
that are characteristics of cubic structure of ScSZ film [14]. It can be seen that all films 
have a preferred growth orientation of (1 1 1). After applying the Scherrer formula to the 
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(1 1 1) diffraction peak of 10ScSZ, the crystallite size in an as-deposited film increased 
from 21.1 nm to 23.5 and 27.5 nm after heat treatment at 600 and 700oC, respectively. 

The four-point probe method of electrical conductivity measurements at a function 
of temperature exhibited that the electrical conductivities tend to increase with increasing 
temperature [15], as demonstrated in Fig. 7. In our studies, ScSZ films had the electrical 
conductivity of 0.33 S cm-1 at temperature of 800oC close to the results reported in the 
literature [16] with 0.36 S cm-1 1000oC [17]. The activation energy obtained was 1.09 eV. 
The microstructures of heat-treated samples were significantly related to the electrical 
properties of the electrolyte. The grain size increased as an increase in the sintering 
temperature which resulted in an increase in electrical conductivity. Moreover, it was 
found that these resultant ScSZ films can be used as electrolyte in SOFC applications 
owing to the electrical conductivity more than 0.05 S cm-1 [1].  
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Conclusions 
Dense thin films of ScSZ have been successfully deposited on stainless steel by a 

simple and efficient ESD technique using starting materials of zirconyl nitrate hydrate and 
scandium nitrate hydrate in methanol, the mixture of methanol and butylcarbitol, or the 
mixture of methanol and ethylene glycol. The cubic phase of nanocrystalline ScSZ films 
was obtained at a relatively low temperature deposition at 450oC. The effectiveness of 
ESD-coating can be increased by adjusting the solvent types to fabricate dense thin films 
with crack-free surface. Optimal conditions for the fabrication of the most uniform, 
smooth, dense and single phase SCSZ films with crack-free by ESD technique were 
considered to be both before and after thermal treatment at 700oC and using the mixed 
solvent of methanol and butylcarbitol.  
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Figure Captions  
 
Figure 1.  Schematic diagram of electrostatic spray deposition setup. 
Figure 2.   TG-DTG thermograms of precursor solution in three different solvents.  
Figure 3.  Top-view SEM micrographs of as-deposited ScSZ coating deposited at 450oC 

and post-deposition heat-treated ScSZ films at 700oC using various solvents on 
the top of glass substrate (5000X). 

Figure 4. Cross-section view of post-deposition heat-treated ScSZ films at 700oC using 
different solvents (a) methanol; (b) the mixture of methanol and ethylene 
glycol; (c) the mixture of methanol and butylcarbitol.  

Figure 5.  Two and three-dimensional AFM topologies of post-deposition heat-treated 
ScSZ films at 700oC (a) methanol; (b) the mixture of methanol and ethylene 
glycol; (c) the mixture of methanol and butylcarbitol.  

Figure 6.  XRD patterns of as-deposited ScSZ films and post-deposition heat-treated 
SDC films at 600 and 700oC. 

Figure 7.  Electrical conductivity of ScSZ films as a function of temperature. 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 

  
 Regarding thin film fabrication, electrostatic spray deposition (ESD) technique is a 
very efficient deposition method due to a wide choice of precursors, simple and cost-
effective set-up, ambient pressure operation, and good control of the surface morphology. 
The major process parameters such as: substrate temperature, nozzle-to-substrate distance, 
precursor solution, liquid flow rate and nozzle shape can be tuned to achieve films with 
dense, uniform and crack-free appearance. The geometry of the nozzle tip drastically 
affects the spray pattern during spraying and the agglomeration of particles on thin 
coatings. The nozzle with flat tip causes the greatest uniformity and smoothness of dense 
coating with the lowest thickness of 240 nm. The flat spray tip provides the most uniform 
and smooth thin films, and also presents the lowest agglomeration of particles on thin film 
surface. Furthermore, the flat tip gives the largest area coverage of deposition compared to 
sawtooth and wedge tips, respectively. Because precursor solution is emitted along the 
circumference of orifice outlet with higher spray angle leading to the uniformity of aerosol 
plume atomization.  
 All three different solvent systems in precursor solution including methanol, 
mixture of methanol and butylcarbitol, mixture of methanol and ethylene glycol give the 
dense and crack-free ScSZ films. However, the film deposited using the mixture of 
methanol and butylcarbitol presents the highest smoothness of the film surface in 
comparison with the case of methanol and mixture of methanol and ethylene glycol, 
respectively. Since the dynamics of the evaporation and decomposition reactions are 
strongly temperature dependent, the substrate temperature plays an important role in spray 
pyrolysis. Optimal substrate temperature, nozzle-to-substrate distance and liquid flow rate 
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for the deposition of uniform, dense and crack-free ScSZ films by electrostatic spray 
deposition was found to be 500oC, 11 cm and 1.26 ml h-1, respectively. 

The electrical conductivities of the resulting nanocrystalline ScSZ films are of 
semiconducting nature and with activation energy of approximately 1 eV, indicating a 
large potential for use in SOFC applications. This investigation clarified that 
stoichiometric, uniform, crack-free, dense single-phase ScSZ thin films with higher 
electrical conductivities than 0.05 S.cm-1 at a relatively low temperature of 600oC  
appropriate for intermediate temperature solid oxide fuel cell (IT-SOFC) application are 
successfully deposited by a low cost electrostatic spray deposition method.  
 The present work does not only give a crucial information about the fabrication of 
thin film electrolytes for intermediate temperature solid oxide fuel cell applications but 
also is a useful guideline to develop and scale up for a mass production in the future.  
 

 

   ส
ำนกัหอ

สมุดกลาง



REFERENCES 
 

1. A. Boudghene Stambouli, E. Traversa, Renew. Sust. Energ. Rev. 6 (2002) 433–455. 
2. Y. Mizutani, K. Hisada, K. Ukai, H. Sumi, M. Yokoyama, Y. Nakamura, O. 

Yamamoto, J. Alloys Compd. 408–412 (2006) 518–524. 
3. C. Song, Catal. Today  77 (2002) 17–49. 
4. http://nanopedia.case.edu/NWPrint.php?page=fuel.cells 2 May 2007 
5. D. Stoica, L. Ogier, L. Akrour, F.Alloin, J-F Fauvarque, Electrochim. Acta (2007) 

doi:10.1016/j.electacta.2007.03.034 
6. S. Dheenadayalan, Rak-Hyun Song, Dong-Ryul Shin, J. Power Sources 107 (2002) 

98-102. 
7. N. Sammes, R. Bove, K. Stahl, Curr. Opin. Solid State Mater. Sci. 8 (2004) 372–378. 
8. J.C. Yang, Y.S. Park, S.H. Seo, H.J. Lee, J.S. Noh, J. Power Sources 106 (2002) 68-

75. 
9. V. Albin, L. Mendoza, A. Goux, A. Ringuedé, A. Billard, P. Briois, M. Cassir, J. 

Power Sources 160 (2006) 821–826. 
10. M. H. Kim, M. Z. Hong, Y.-S. Kim, E. Park, H. Lee, H.-W. Ha, K. Kim, Electrochim. 

Acta 51 (2006) 6145–6151. 

11. B. C. H. Steele, A. Heinzel, Nature 414 (2001) 345-352. 

12. S. P. S. Badwal, K. Foger, Ceram. Int. 22 (1996) 257-265. 
13. S. J. Skinner, J. A. Kilner, Mater. Today (2003) 30-37. 
14. O. Yamamoto, Y. Arati, Y. Takeda, N. Imanishi,Y. Mizutani, M. Kawai, Y. 

Nakamura, Solid State Ionics 79 (1995) 137-142. 
15. M. Leoni, R.L. Jones, P. Scardi, Surf. Coat. Technol. 108–109 (1998) 107–113. 

   ส
ำนกัหอ

สมุดกลาง

http://nanopedia.case.edu/NWPrint.php?page=fuel.cells


 80 

16. K. Schwarz, PNAS 103 (2006) 3497. 
17. V.V. Kharton, F.M.B. Marques, A. Atkinson, Solid State Ionics 174 (2004) 135– 149. 
18. Z. Lei, Q. Zhu, Solid State Ionics 176 (2005) 2791 – 2797. 
19. Y.-Y. Chen, W.-C. J. Wei, Solid State Ionics 177 (2006) 351 – 357. 
20. Z. Lei, Q. Zhu, Mater. Lett. 61 (2007) 1311–1314. 
21. Z. Lv, R. Guo, P. Yao, F. Dai, Mater. Des. 28 (2007) 1399–1403. 
22. S. Tekeli, Mater. Des. 28 (2007) 713–716. 
23. S. Sarat a, N. Sammesb, A. Smirnova, J. Power Sources 160 (2006) 892–896. 
24. C. Haering, A. Roosen, H. Schichl, M. Schnfller, Solid State Ionics 176 (2005) 261–

268. 
25. B.C.H. Steele, Solid State Ionics 129 (2000) 95–110. 
26. F.M.B. Marquesa, L.M. Navarroa, Solid State Ionics 100 (1997) 29-38. 
27. X. Sha, Zhe Lü, X. Huang, J. Miao, L. Jia, X. Xin, W. Su, J. Alloys Compd. 424 

(2006) 315–321. 
28. T. Ishihara, J. Tabuchi, S. Ishikawa, J. Yan, M. Enoki, H. Matsumoto, Solid State 

Ionics 177 (2006) 1949–1953. 
29. S. M. Haile, Acta Mater.  51 (2003) 5981–6000. 
30. J. Will, A. Mitterdorfer, C. Kleinlogel, D. Perednis, L.J. Gauckler, Solid State Ionics 

131 (2000) 79–96. 
31. Y. Liu, W. Rauch, S. Zha, M. Liu, Solid State Ionics 166 (2004) 261–268. 
32. D. Yang, X. Zhang, S. Nikumb, C. D.Petit, R. Hui, R. Maric, D. Ghosh, J. Power 

Sources 164 (2007) 182–188. 
33. Y. Yoo, J. Power Sources 160 (2006) 202–206. 
34. C.-X. Li, C.-J. Li, H.-G. Long, Y.-Z. Xing, X.-J. Ning, C. Zhang, H.-L. Liao, C. 

Coddet, Solid State Ionics 177 (2006) 2149–2153. 

 

   ส
ำนกัหอ

สมุดกลาง



 81 

35. X.-J. Ning, C.-X. Li, C.-J. Li, G.-J. Yang, Vacuum 80 (2006) 1261–1265. 
36. H. Ruiz, H. Vesteghem, A.R. Di Giampaolo, J. Lira, Surf. Coat. Technol. 89 (1997) 

77-81. 
37. C.H. Chen, F.L. Yuan, J. Schoonman, Eur. J. Solid State lnorg. Chem.  35 (1998) 

189-196. 
38. R. Neagu, D. Perednis, A. Princivalle, E. Djurado, Surf. Coat. Technol. 200 (2006) 

6815–6820. 
 

 
 

 
 

 
 

 

   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง



   ส
ำนกัหอ

สมุดกลาง


	Title_page
	Abstract
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Bibliography
	Appendix

